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Series Preface

Renewable resources and their modification are involved in a multitude of important processes
with a major influence on our everyday lives. Applications can be found in the energy sector,
chemistry, pharmacy, the textile industry, paints and coatings, to name but a few fields.

The broad area of renewable resources connects several scientific disciplines (agriculture,
biochemistry, chemistry, technology, environmental sciences, forestry . . .), but it is very diffi-
cult to take an expert view on their complicated interactions. The idea of creating a series of
scientific books focusing on specific topics concerning renewable resources is therefore very
opportune and can help to clarify some of the underlying connections in this field.

In a very fast-changing world, trends do not only occur in fashion and politics; hype and
buzzwords occur in science too. The use of renewable resources is more important nowadays;
however, it is not hype. Lively discussions among scientists continue about how long we will
be able to use fossil fuels, opinions ranging from 50 years to 500 years, but they do agree that
the reserve is limited and that it is essential to search not only for new energy carriers but also
for new material sources.

In this respect, renewable resources are a crucial area in the search for alternatives to fossil-
based raw materials and energy. In the field of energy supply, biomass and renewable-based
resources will be part of the solution alongside other alternatives such as solar energy, wind
energy, hydraulic power, hydrogen technology and nuclear energy.

In the material sciences, the impact of renewable resources will probably be even bigger.
Integral crop use and the use of waste streams in certain industries will grow in importance,
leading to a more sustainable way of producing materials.

Although our society was much more based on renewable resources centuries ago (almost
exclusively so), this disappeared in the Western world in the nineteenth century. Now it is
time to focus again on this field of research. This should not mean a refour a la nature, but it
does require a multidisciplinary effort at a highly technological level to perform research on
new opportunities, to develop new crops and products from renewable resources. This will be
essential to guarantee a level of comfort for a growing number of people living on our planet.
The challenge for coming generations of scientists is to develop more sustainable ways to create
prosperity and to fight poverty and hunger in the world. A global approach is certainly favoured.

This challenge can only be met if scientists are attracted to this area and are recognized for
their efforts in this interdisciplinary field. It is therefore also essential that consumers recognize
the fate of renewable resources in a number of products.



xiv  Series Preface

Furthermore, scientists do need to communicate and discuss the relevance of their work so
that the use and modification of renewable resources does not follow the path of the genetic
engineering concept in terms of consumer acceptance in Europe. In this respect, the series will
certainly help to increase the visibility of the importance of renewable resources.

Being convinced of the value of the renewables approach for the industrial world, as well
as for developing countries, I was delighted to collaborate on this series of books focusing
on different aspects of renewable resources. I hope that readers will become aware of the
complexity, interactions, interconnections, and challenges of this field and that they will help
communicate the importance of renewable resources.

I would like to thank the staff from Wiley’s Chichester office, especially David Hughes,
Jenny Cossham and Lyn Roberts, in seeing the need for such a series of books on renewable
resources, for initiating and supporting it and for helping to carry the project through to the end.

Last but not least I want to thank my family, especially my wife Hilde and children, Paulien
and Pieter-Jan, for their patience and for giving me the time to work on the series when other
activities seemed to be more inviting.

Christian V. Stevens

Faculty of Bioscience Engineering
Ghent University, Belgium

Series Editor ‘Renewable Resources’
June 2005



Preface

The world is becoming increasingly aware of the fact that fossil raw materials are a finite
resource. Their use needs to be reduced considerably in order to achieve sustainable develop-
ment, defined by the UN Brundtland Commission in 1987 as: ‘development that meets the needs
of the present without compromising the ability of future generations to meet their own needs.’

In the chemical products sector, bio-based raw materials are the only renewable alternative
to replace fossil carbon sources. In some product categories, such as detergents, renewable
resources already hold a large share of the used raw materials due to their superior suitabil-
ity and functionality. In the major chemical product category (with respect to the annually
produced amount) of plastics, however, renewable resources still play a very small role.
Nonetheless, steadily increasing numbers of bio-based polymers and products thereof have
been developed. Moreover, the number of scientific papers for this topic is growing rapidly.

This book, as a part of the ‘Wiley Series on Renewable Resources’ presents a wide range of
bio-based plastics and highlights some of their applications. Emphasis is placed on materials
that are presently in use or show a significant potential for future applications. The book
contains an up-to-date, broad, but concise overview of basic and applied aspects of bioplastics.
The main focus is on thermoplastic polymers for material use. Elastomers, thermosets and
coating applications, like natural rubber or alkyd resins, will be covered in other volumes in
the series.

The book is organized in several chapters and deals with the most important biopoly-
mer classes like the different polysaccharides (starch, cellulose, chitin), lignin, proteins and
(polyhydroxy alkanoates) as raw materials for bio-based plastics, as well as with materials
derived from bio-based monomers like lipids, poly(lactic acid), polyesters, polyamides and
polyolefines. Additional chapters on general topics — the market and availability of renewable
raw materials, the importance of bio-based content and the aspect of biodegradability — provide
important information related to all bio-based polymer classes.

On behalf of all the authors, I would like to invite you to enter the world of bio-based
plastics. Enjoy reading!

Stephan Kabasci

Fraunhofer-Institute for Environmental, Safety,
and Energy Technology UMSICHT, Germany
July 2013
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1

Bio-Based Plastics — Introduction

Stephan Kabasci
Fraunhofer Institute for Environmental, Safety, and Energy Technology UMSICHT, Germany

The world is becoming increasingly aware of the fact that fossil raw materials are a finite
resource. Around the year 2010, circa 7 X 10° t of fossil carbon were being extracted from
oil, coal and natural gas reservoirs annually. This demand has led to a considerable increase
in fossil raw material prices, threatening the world’s economy, and has been responsible for
the rise in atmospheric carbon dioxide concentration over the past two centuries, affecting the
world’s climate. The massive use of fossil materials also presents an ethical problem. It can be
foreseen that within a few generations these resources will be depleted. Their use needs to be
reduced considerably in order to reach a sustainable level of development, defined by the UN
Brundtland Commission in 1987 as: ‘development that meets the needs of the present without
compromising the ability of future generations to meet their own needs’.

More than 90% of raw fossil material utilization is for the purpose of satisfying the world’s
energy demand. A small fraction is converted to chemical products. Regarding the energy
sector, several alternative technologies have already been developed. Wind, water, solar and
geothermal sources can be used to set up a sustainable energy supply. Worldwide they already
constitute, for example, 20% of electricity generation. Increasing the proportion of energy that
is produced from renewable sources is a social and political goal in a lot of countries.

In the chemical products sector bio-based raw materials are the only renewable alternative
to replace fossil carbon sources. In some chemical product categories like, for example,
detergents, renewable resources already make up a large share of the raw materials used due to
their superior suitability and functionality. In the major chemical product category (with respect
to the annually produced amount) of plastics, however, renewable resources still play a very
small role. Nonetheless, steadily increasing numbers of bio-based polymers and products have
been developed in recent years. The number of scientific papers on this topic is still growing
rapidly while it remains at a constant level for traditional fossil-based polymeric materials.

Bio-Based Plastics: Materials and Applications, First Edition. Edited by Stephan Kabasci.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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This book covers a wide range of different bio-based plastics and highlights some of their
applications.

1.1 Definition of Bio-Based Plastics

According to the Technical Report 15392, drawn up by the Technical Committee CEN/TC 249
of the European Committee for Standardization (CEN) in August 2009, ‘bio-based plastics’
are plastics derived from biomass. ‘Plastics’, as laid down in EN ISO 472, are materials that
contain as an essential ingredient a high polymer and which at some stage in their processing
into finished products can be shaped by flow. ‘Biomass’ means nonfossilized and biodegradable
organic material originating from plants, animals and micro-organisms. Biomass is considered
as a renewable resource as long as its exploitation rate does not exceed its replenishment by
natural processes.

Although the above definition describes bio-based plastics rather unambiguously, some
confusion still can be noticed, mainly due to the use of the inaccurate term ‘bioplastics’. The
prefix ‘bio-’ in bioplastics sometimes is used not to indicate the origin of the material (‘bio-
based’) but to express a ‘bio’-functionality of the material, in general either biodegradability
or biocompatibility.

Biodegradable plastics can undergo decomposition processes induced by micro-organisms
in composting or anaerobic digestion processes. Decomposition must proceed down to the
ultimate stage of small molecules like methane (CH,) and/or carbon dioxide (CO,), water
(H,0) and mineral salts. Different national and international standards (e.g. ASTM D 6400,
EN 13 432, ISO 17 088) have been developed, in which the process criteria (e.g. temperature
and time) of test procedures and methods to analyse ultimate decomposition are laid down.
Only if materials tested according to one of the standards yield more than the required minimum
decomposition rate may they be designated as ‘biodegradable’ with reference to the testing
method. The process of biodegradation is closely linked to the molecular structure of the
polymer, it does not depend on the origin of the material. Some fossil-based polymers, like
polycaprolactone (PCL), or poly(butylene adipate terephthalate) (PBAT), are biodegradable
according to these standards. On the other hand, there are bio-based plastics, like polyethylene
(PE), from sugar cane, which are resistant to biodegradation.

Biocompatible plastics are used in medicinal applications, and the prefix ‘bio’ indicates
that the polymer, when being immersed in a living organism (human or animal), does not
harm the body or its metabolism in any way. These biopolymers can also be based on fossil
raw materials or on renewable resources. They may be durable in the body, as in the case of
artificial blood vessels, or they may disintegrate and be resorbed in the body, as in the case of
resorbable suture threads.

Another form of ambiguity arises from the definition of ‘biopolymers’ in biochemistry.
These are polymers synthesized by living organisms (animals, plants, algae, micro-organisms)
like polysaccharides, proteins, lignin or nucleic acids. They exhibit different functions in the
organisms like energy storage (starch, proteins, polyhydroxyalkanoates), structural materials
(lignin, cellulose, chitin, proteins) metabolism (proteins — enzymes, nucleic acids) or infor-
mation storage (nucleic acids). Direct industrial exploitation of native biopolymers is possible
after extraction and purification, that is, by physical processes. Further industrial exploitation
is possible by applying chemical functionalization processes to the natural polymers. Results
of these physical or chemical processes can be bio-based plastics, like polyhydroxyalkanoates
(PHA), or cellulose acetate (CA). On the other hand, bio-based plastics do not need to be
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Figure 1.1 Overview of bio-based plastics.

derived from natural polymers. Poly(lactic acid), one of the most important bio-based plastics,
is being produced by chemical polymerization of the bio-based monomer, lactic acid.

Figure 1.1 gives an overview of bio-based plastics. The distinction between materials
based on natural polymers and those polymerized from bio-derived monomers can be seen
from this.

Returning to the CEN definition of ‘bio-based plastics’ as plastics derived from biomass,
while there is no difficulty in attesting a physically extracted natural biopolymer like poly-
hydroxybutyrate (PHB) to be 100% bio-based, applying chemical modifications to natural
polymers or using bio-based monomers together with petrochemical monomers in a poly-
condensation reaction for example yields partially bio-based products. For example, 1,3-
propanediol is being produced in the United States from corn starch using a biotechnological
process. This monomer is 100% bio-based. By combining it with fossil-based terephthalic
acid in a polycondensation reaction, a polyester, namely poly(propylene terephthalate) also
known as poly(trimethylene terephthalate) (PTT), is being produced. This polyester is partially
bio-based. International standardization on defining and measuring the bio-based fraction in
such a material still is underway. Looking, for example, at the bio-based carbon atom content
of PTT yields a bio-based fraction of 3/(3 + 8) = 27%. Nevertheless, different calculations,
for example taking all chemical elements into account, are possible in principle.

1.2 A Brief History of Bio-Based Plastics

Looking at the historic development of plastics production, we can see that in the beginning it
was not driven by using fossil raw materials. Quite the contrary —a lot of thermosets, elastomers
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and some thermoplastics were originally developed on the basis of renewable resources. Thus,
the history of bioplastics in its first stages stands for the history of polymeric materials in
general.

According to the German Plastics Museum, the first mention of a raw material for plastics
production in the year 1530 was casein, a milk protein. A Bavarian Benedictine abbey keeps
the recipe for producing artificial horn from casein. In the last decades of the eighteenth century
and the first half of the nineteenth century, natural rubber was modified and used for different
applications. This development ranges from the simple natural rubber eraser, described by
Priestley in 1770, to Hancock’s masticator in 1819, Goodyear’s vulcanization process and T.
Hancock’s hard rubber, which was intended as a substitute for ebony, both in 1841. Soon after,
in the mid-1840s, linoleum based on linseed oil (Walton) and cellulose nitrate (Schonbein)
were invented. In 1854, J.A. Cutting was the first to use camphor as a plasticizer for cellulose
nitrate to produce films. After an intermediate development step from Parkes, who presented
the compound ‘Parkesin’ in 1856, this material combination, cellulose nitrate and camphor,
was optimized by J. W. Hyatt, who created the first thermoplastic material, ‘celluloid’, in 1868.
His invention was initiated by a contest for the development of a substitute material for ivory
to produce billiard balls.

This bio-based plastic celluloid and its developer Hyatt gave rise to the plastics industry in the
United States and worldwide. The production of celluloid billiard balls by the Albany Billiard
Ball Corporation started in 1869, and three years later Hyatt constructed the predecessor
of an injection moulding machine to produce parts in various shapes from celluloid. At
the end of the nineteenth century the protein casein once again came under the focus of
bioplastics development. In 1897 Krische and Spiteller invented Galalith, also known as
Erinoid, a thermoset material from formaldehyde-hardened casein that was mainly used for
the production of buttons and jewellery. In 1908, Eichengriin developed cellulose acetate, a
transparent material with similar characteristics to cellulose nitrate, but with the huge advantage
of being less flammable. Ten years later he also laid the foundation for the further rapid
development of the plastics industry by inventing a manual piston injection moulding machine
to process plasticized cellulose acetate. However, with crude oil becoming available at low
prices and based on the theoretic works of Staudinger, in the 1920s and 1930s, the majority
of fossil-based plastics types that are presently used (e.g. PE, PVC, PS, PA, PMMA) were
developed. In these same decades, two important bio-based plastics were investigated in detail.
Polyhydroxyalkanoates, which are synthesized as energy storage materials by several micro-
organisms, were isolated and described by Lemoigne in 1925. Poly(lactic acid) (PLA) had been
synthesized in 1913 and W.H. Carothers, one of the outstanding polymer chemists of that age,
investigated the synthesis and the material in detail in 1932. Because of its biocompatibility
and the ability to be resorbed in the human body, PLA and co-polyesters of lactic acid and
glycolic acid have been produced for medical applications since the 1950s. Another bio-
based raw material, castor oil, was exploited from the 1940s, when undecenoic acid, one
of the pyrolytic degradation products of ricinoleic acid, was firstly used in the production of
polyamide 11. After this, some decades of massive growth in production of fossil-based plastics
followed and materials like PE, PVC, PS, PMMA and later on PP have been dominating the
plastics world.

In parallel to the upcoming environmental protection movements of the 1980s, the awareness
of the need for replacing fossil-based raw materials increased. The use of starch for the
production of bioplastic materials was investigated and the first materials based on this research



Bio-Based Plastics — Introduction 5

entered the market in the 1990s. In that same decade, high-volume production of PLA for
nonmedicinal use started and the first tests of biodegradable PHA packaging materials were
performed. Ten years later, considerable production capacity for several types of bio-based
polymers had built up. With the advent, in particular, of fully bio-based drop-in materials, like
bio-polyethylene (Bio-PE), and partially bio-based drop-in materials, like bio-poly(ethylene
terephthalate) (Bio-PET with bio-derived ethylene glycol), production capacities of bioplastics
surpassed 1 million tin 2011.

1.3 Market for Bio-Based Plastics

Looking at the different types of plastics and their applications large differences in the share
of bio-based materials can be found. In 2010, the German Federal Agency for Renewable
Resources presented data for the German market in the year 2007, which was analysed in
three different sectors: thermoplastic and thermoset resins, elastomers, and man-made fibres
(Figure 1.2).

The proportion of bio-based materials in each of the sectors of elastomers and fibres
accounted for almost 40% due to the use of 290 000 t of natural rubber and 300 000 t
of cellulosic fibres. The market size for thermoplastics and thermosets amounted to circa
15.8 million t, of which circa 12.5 million t accounted for rigid materials, mainly in packaging,
building and construction, automotive and electronics industries as well as for furniture and
consumer goods. A volume of 3.3 million t is attributed to adhesives, paints and lacquers,
binders and other polymeric additives. In these areas it is estimated that bio-based materials
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Figure 1.2 Share of bio-based plastics in the German market (as of 2007). (Data from the German Federal
Agency for Renewable Resources.)
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hold a share of circa 10%, while in the sector of rigid materials the bio-based plastics market
size of 45 000 t merely amounts to circa 0.4% of the total market size.

A lot of market studies focus on thermoplastic bio-based plastics as rigid materials, describ-
ing the present status of these materials and predicting future growth rates. In this plastics
application segment, global annual production capacity of bio-based materials surpassed 1
million t in 2011. Despite the low absolute value, bio-based plastics saw a rapid increase in
production capacity, for example from 2003 (100 000 t) to 2007 (360 000 t), with a continuous
average growth rate of 38% p.a.

For the near future this trend will continue. According to a study from the European
Bioplastics association and the University of Applied Sciences and Arts of Hannover, this
value will increase fivefold to an estimated 5.8 million t in 2016. The main driver of such an
enormous expected rise is attributed to the 2011 decision of a leading worldwide soft drink
company to substitute all of their PET bottles by (at least) partly bio-based PET, in which the
ethylene glycol unit is derived from bioethanol — accounting for 4.6 million t. Thus, production
capacity for bio-based drop-in commodity plastics (Bio-PET and Bio-PE) will largely overtake
that of biodegradable materials. Poly(lactic acid), for example, was the predominant bio-based
plastics material from 2000 to 2010, with annual production capacities of 100 000—-150 000 t
in this decade. This bio-based and biodegradable resin is predicted to undergo a twofold
production capacity increase up to circa 300 000 t in 2016, too. Despite this rise, its share of
the overall bio-based plastics market will drop from circa 35% to merely 5%.

Looking generally at the broad range of bio-based plastic types, most studies agree upon
a growth of production capacities due to more and more companies entering and investing in
the market. In 2009, circa 20 companies held 90% of the bioplastics market. By 2015 more
than 250 and by 2020 over 2000 companies are expected to be at that market. Asia and South
America will most likely have the highest growth rates and investments in the next decade.

Caused by the foreseen increase in Bio-PET production until 2016, bottles together with
other packaging applications will be the dominant usage sectors of bio-based plastics. Never-
theless, progress in the development of processing and functional additives like, for example,
flame retardants will also enhance the use of bio-based plastics in semi-durable and durable
applications like transportation, construction, electronics, furniture and consumer goods in
general. Key issues in all of these areas in general are material-, process-, and eco-efficiency.
Common requirements for distinct materials in mass production are process efficiency, high
performance and price adequate performance. They can be met by intelligent design, cheap
and reliable material choices, as well as by improvements in process design and develop-
ment. These optimization steps together with rising prices for fossil raw materials can allow
bio-based plastics to reach the limits of maximum technical substitution potential, which was
calculated to be 90% of the total consumption of plastics and fibres, based on the material mix
of 2007.

1.4 Scope of the Book

This book focuses on bio-based plastics. It emphasizes materials that are presently in use or that
show a significant potential for future applications. It presents a broad, up-to-date but concise
overview of basic and applied aspects of bioplastics. The main focus is on thermoplastic
polymers for material use. Elastomers, thermosets and coating applications, like, for example,
natural rubber or alkyd resins, will be covered in other volumes of the series.
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The book addresses the most important biopolymer classes like polysaccharides, lignin,
proteins and polyhydroxyalkanoates as raw materials for bio-based plastics, as well as materials
derived from bio-based monomers like lipids, poly(lactic acid), polyesters, polyamides and
polyolefines. Additional chapters on general topics — the market and availability of renewable
raw materials, the importance of bio-based content and the issue of biodegradability — will
provide important information related to all bio-based polymer classes.
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2.1 Introduction

Starch is a natural product from renewable resources, produced during photosynthesis as food
reserve for plants and vegetables. It is the second most abundant biomass material in nature. It
is found in plant roots, stalks, and crop seeds. The most important industrial starch sources are
crops such as corn, wheat, potato, tapioca and rice. By refining these crops several byproducts
can be obtained such as oil, bran, gluten, dextrin, sugar (glucose, fructose, HFCS), ethanol
(for beverages and bio-fuels) and starch.

Starch is, in general, a low cost and readily available product but in recent years it has been
subjected to financial speculation as several natural and fossil raw materials, so its price can
fluctuate substantially from one year to the next. This fact arises from the change in nutrition
habits in emerging countries and from the use of crops and byproducts as fuel sources. In this
regard, the percentage of starch and ethanol for fuels production on the overall corn production
in the United States, was 16 and 25% respectively in 1990, and has moved to 4 and 77% in
2009 [1].

Worldwide, the main sources of starch are corn (82%), wheat (8%), potatoes (5%) and
cassava (5%), from which tapioca starch is derived. Worldwide production of corn in 2010
was approximately 800 x 10° ton. The main corn producer in 2010 was the United States
(331 x 10° ton), China (158 x 10° ton), Brazil and EU-27 (57 x 10° ton each) [1].

In the United States, 39.4% of the corn production in 2010 was used as livestock feed, 10.5%
was processed into food, seed and industrial products (excluding ethanol) and the 34.9% was
converted to ethanol. The remaining 15.2% was exported [2].

Besides the food, pharmaceutical and paper industries, the availability of starch associated to
its renewability aroused, since the late 1980s, an increasing interest in the sector of polymers.
Starch can either be used as an alternative to polymers based on petrochemicals due to its

Bio-Based Plastics: Materials and Applications, First Edition. Edited by Stephan Kabasci.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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intrinsic polymeric structure, or as a source of glucose syrup for the production of renewable
monomers through fermentation processes.

The first alternative, because of the use of the natural polymeric structure of starch as such,
permits the environmental impact of resulting renewable products to be minimized, preserving
at the same time the property of starch as easily biodegradable in almost all the different envi-
ronments: soil, composting, water. Starch-based products are therefore particularly suitable
for those applications where the risk of dispersion in the environment is high or the risk of
polluting biodegradable streams — such as food and yard waste — is significant.

In starch-based bioplastics, starch is fully utilized with a yield very close to 100%, whereas in
starch-derived bioplastics, synthesized from monomers resulting from fermentation of glucose
syrup, the yield is generally less than 45%, and more complex processes and a less efficient
use of resources are involved.

Starch-based polymers include a wide range of final properties, they can be as flexible as
polyethylene or as rigid as polystyrene. They can also be soluble or insoluble in water and
sensitive or mostly insensitive to humidity. Such properties explain the interest in this kind of
product.

Polymeric materials are performance products that cover an impressively wide range of
applications. This is the reason why many different polymers have been developed since the
1940s and combined in a very large number of alloys. Moreover, the amount of petrol used for
the production of polymers is about 5% of total consumption, whereas 90% is going in energy
and fuels.

This simple consideration and the fact that the annual fuel consumption worldwide is of
1.5 x 10” ton and that the worldwide production of corn is only of 0.8 - 10° ton illustrates the
risks connected with the extensive production of ethanol from starch. The use of renewable
resources becomes beneficial as much as it is oriented to performance products, with the aim
of maximizing efficiency of resources, instead of mass products in a replacement logic.

The peculiar properties of starch limit the number of applications where the use of starch-
based bioplastics is advisable in terms of in-use performances and end-of-life behaviour. It
means that with starch-based bioplastics it is not possible to just think in terms of replacement of
traditional plastics and they represent a perfect opportunity to redesign systems with attention
to the efficient use of resources.

This chapter reviews the main topics related to starch in polymer technology taking into
account all the different forms in which starch can appear (native, gelatinized, retrograded,
destructurized, complex) giving more details for those which are related to starch-based
polymers.

2.2 Starch

Starch is obtained from crops by refining in several steps, depending on the crops source. For
instance, corn starch is extracted from kernel by wet milling in order to split the kernel and
remove the oil-containing germ. Finer milling separates the fibre from the endosperm, which
is then centrifuged to separate the less dense protein from the densest starch.

The starch slurry is then washed in a centrifuge, dewatered and dried. Either prior or
subsequent to the drying step, the starch may be processed in a number of ways to improve its
properties.

Starch is comprised of two major components: amylose, a mostly linear a-d-(1,4)-glucan
(Figure 2.1a); and amylopectin, an a-d-(1,4) glucan (Figure 2.1b) that has a-d-(1,6) linkages
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Figure 2.1 Molecular structure of amylose (a) and amylopectin (b).

at the branch point. The linear amylose molecules of starch have a molecular weight of 0.2-2
million, while the branched amylopectin molecules have molecular weights as high as 100-400
million [3,4].

These two macromolecules are arranged in granules having a size ranging from 2 to 100 pum
depending on the source (corn, potato, etc.) and genotype. These grains have a kernel (hilum)
from which an alternate lamellar structure of crystalline and amorphous shells emanates. The
shells are constituted of blocklets having a size from 20 to 500 nm formed of amylopectin
clusters and amylose. Blocklets are alternated lamellar structures of crystalline and amorphous
amylopectin arrangements.

The ratio of the two polysaccharides varies according to the botanical origin of the starch.
The so-called ‘waxy’ starches contain less than 15% amylose, ‘normal’ starches 20-35%
and ‘high amylose’ starches more than about 40%. The moisture content of air-equilibrated
starches ranges from about 10-12% (cereal) to about 14—18% (some roots and tubers).

Native granules yield X-ray diffraction patterns, which, although they are generally of low
quality, can be used to identify the several allomorphs [5]. In native form, both amylopectin
and amylose have a double helix structure with hydrogen bonds between these helices, either
direct or through the water molecules in the unit cell.
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Such an ordered structure is able to deflect polarized light, so if native starch granules are
observed by means of polarized optical microscopy, Maltese crosses will be detected.

This structure is an almost perfectly left-handed sixfold one. Depending on the starch
genotype, three different crystal native forms can be detected: A (cereal starches), B (tuber
starches and cereal starches rich in amylose), and C (smooth pea and various beans) [6]. The
difference between A and B type is due to how the double helices are packed and how many
water molecules are incorporated in the crystal cell.

In the A type structure, the double helix gives rise to a monoclinic lattice with space group
B; (a=2.083nm, b = 1.145 nm, ¢ = 1.058 nm, y = 122.0°), which contains four maltotriosyl
units (12 glucose residues) per unit cell and two water molecules per maltotriosyl unit [7]. The
B type structure has a hexagonal lattice with space group P6; — Cé (a=b=1.852nm,c=
1.057 nm, y = 120°) that contains four maltotriosyl units and 36 water molecules [8].

The C type structure, or so-called C polymorph, is a combination of the A and B crystalline
form [9]. The A allomorph (60% of the total polymorph) is mainly located in the outer part of
the granules whereas the B allomorph (40% of the total polymorph) is mainly located in the
inner part of it [10].

Native starch cannot be treated as a traditional polymer because the arrangement of amylose
and amylopectin leads to the already explained grain structure. As observed by Donovan [11]
this grain structure has a melting process related to the amount of water contained in it.

The melting mechanism of such systems is described by the Flory—Huggins theory of
polymer-diluent interaction, which correlates the melting temperature of the dilute polymer
T, to that one of the undiluted polymer 7' as a function of the volume fraction of the diluent:

1 1 R V, )
T—m—T—WQ—A—m'Vl'(VI—X'Vl) (2.1)
Where:

T,, = melting point of the crystalline polymer plus diluent (water) (K)
T = melting point of undiluted polymer crystallites (K)
R = gas constant
A H, = fusion enthalpy per anhydroglucose repeating unit
V,, = volume fraction of anhydroglucose repeating unit
V| = volume fraction of diluent (water)
X = Flory—Huggins interaction parameter

T? for starch crystallites is approximately 257 °C, which is above the degradation temper-
ature of amylose and amylopectin macromolecules.

For this reason starch, unless used as a polymer filler (see section 2.3), has to be transformed
in order to change its original structure allowing its macromolecules to be treated as those of
a thermoplastic polymer (see section 2.4).

Besides structural modification, starch can undergo chemical modification, which can give
it different hydrophilic, swelling, rheological, physical and chemical properties. Examples of
chemical modification of starch are esterification, etherification or crosslinking of hydroxyl
groups, or oxidation of anhydroglucose repeating units.

Both native and chemically modified starches can be structurally modified in order to be
used like polymers either alone or in combination with specific synthetic polymers.

In conclusion, a starchy material is converted into thermoplastic starch (often called TPS)
by melting in closed devices such as heated extruders or other closed devices capable of
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securing temperature, pressure and shear conditions. Starch that has undergone a thermoplastic
transformation does not show the typical melting peaks of native starch at specific water content
under DSC analysis in sealed vials and can be defined as thermoplastic starch.

In case of starch blends with synthetic polymers the presence of starch in form of submicron
particles dispersed into the matrix is a clear demonstration that a thermoplastic transformation
occurred on starch itself.

2.3 Starch-Filled Plastics

The use of native starch as filler in traditional plastics such as polyolefins nowadays is [12—15]
less popular than in the past. Nevertheless, in this paragraph a short review of such kinds of
products will be disclosed.

When blended with starch beads, PE films [16] deteriorate on exposure to a soil environment.
The microbial consumption of the starch component, in fact, leads to increased porosity, void
formation, and the loss of integrity of the plastic matrix.

Generally [17] starch is added at fairly low concentrations (6—15%); the overall disintegra-
tion of these materials is achieved by the use of transition metal compounds, soluble in the
thermoplastic matrix, as pro-oxidant additives that catalyse the photo and thermo-oxidative
process [18-21].

Starch-filled polyethylenes containing pro-oxidants have been used in the past in agricul-
tural mulch film, in bags, and in sixpack yoke package. Commercial products based on this
technology were first sold by Ecostar and Archer Daniels Midland Companies [22]. Accord-
ing to St Lawrence Starch technology, regular cornstarch was treated with a silane coupling
agent to make it compatible with hydrophobic polymers, and dried to less than 1% of water
content. It was then mixed with the other additives such as an unsaturated fat or fatty-acid
autoxidant to form a masterbatch that is added to a commodity polymer. The polymer could
then be processed by convenient methods, including film blowing, injection moulding, and
blow moulding.

When processing this sort of materials, temperature has to be kept below 230 °C to prevent
decomposition of the starch, and exposure of the masterbatch to air had to be minimized to
avoid water absorption.

Direct addition of starch and pro-oxidant without the masterbatch step can also be used.
Since this requires some specific equipment, it is only practical for large volumes [20].

It has been claimed that under appropriate conditions the disintegration time of a buried
carrier bag, made of Ecostar with up to 6% starch, will be reduced from hundreds of years to
three to six years [17].

The noncompliance of these materials with international standards of biodegradability in
different environments, the high concern for the increasing presence of plastic debris in the
marine environment, even favoured by their tendency to fragment, and their potential negative
impact on recyclability of traditional plastics, should prevent this technology from being
considered as a preferred industrial option.

Other attempts at fully or partially biodegradable starch-filled plastics were studied
such as starch/poly(e-caprolactone) (PCL) [23], others which are partially biodegradable,
starch/poly(vinyl chloride)/poly(e-caprolactone) (PCL) [24] or starch/modified polyesters
[25]. In all these cases, starch granules are used to increase the surface area available for
attack by micro-organisms.
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Today, PSM (HK) Co. Ltd. (a subsidiary of Engrowth Investments Limited incorporated in
BVI) is one of the few companies which still use starch-filled plastics producing raw materials
for injection moulded products usually for catering purposes [26].

2.4 Structural Starch Modifications

Modifications of the native starch form can be made by means of thermal and mechanical
treatments where the amount of water has an essential role. Referring to Equation 2.1, when
starch is heated at a water volume fraction above 0.9 a pure gelatinization phenomenon (and
afterwards gelation and retrogradation) or jet-cooking occurs. On the contrary, when the water
volume fraction is low (e.g. below 0.45), a real melting of starch crystallites occurs [11,27]
and thermoplastic starch can be obtained [27].

24.1 Starch Gelatinization and Retrogradation

Starch gelatinization occurs when aqueous suspensions of native starch granules are heated
above a characteristic temperature (the gelatinization temperature) [28]. It is an irreversible
process in which granules swell, leading to loss of molecular order and crystallinity [9, 29]
along with a loss of birefringence. Moreover, swelling of starch granules is also accompanied
by leaching of starch molecules (mainly amylose).

The gelatinization process can be observed by the differential scanning calorimetry (DSC)
technique. Depending on the amount of water present in the system, several endotherm peaks
can be detected (Figure 2.2). If the water volume fraction is significantly above 0.45 (conditions
that can be referred to gelatinization) a single endotherm peak, pointed as G is observed [11].

On the other hand, if the water volume fraction is below 0.45 more than one endotherm
peak is observed. The first two peaks (M; and M») are the most relevant ones. The first peak,
assigned as M; (which becomes less intense when water volume fraction decreases) occurs
at the same temperature of the single endotherm G and is due to crystallites destabilization
occurring when amorphous zones swell. The second peak, assigned as My, is related to the
crystallites melting, and (as shown by Flory—Huggins theory — Equation 2.1) the higher the
water volume fraction (V) is, the lower the melting temperature of the polymer is. For instance
(Figure 2.2): for potato starch if V; is approximately 0.5 M, occurs at circa 85 °C, if V is
approximately 0.3, M, occurs at circa 110 °C [11].

When a gelatinized starch system is cooled, an increase in viscosity is observed due to
re-association of starch molecules. This phenomenon, called retrogradation, is characterized
by gradual increase in rigidity and a phase separation between solvent and polymer chains.
The reassociation of starch molecules (both amylose and amylopectin) gives rise to short-
range molecular order and crystallization of double helical aggregates in the B lattice form
[9]. Starch retrogradation depends on a large variety of factors such as the source of starch,
its concentration, cooking and cooling temperature speeds, pH and the presence of solutes
(lipids, electrolytes, sugars).

Both amylose and amylopectin take part in the retrogradation process and network structure
formation and up to four different steps of ordering have been postulated [30]. The first one,
which takes place in a few hours, has been ascribed to gelation of the solubilized amylose in the
intergranular space forming double helices structures. The second and the third one, for which
days are needed, have been ascribed to chain reordering and crystallization of amylopectin.
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Figure 2.2 DSC thermograms of potato starch obtained at a heating rate of 10 °C/min, labelled with volume
fraction of water present. (Reprinted with permission from reference [11], Copyright 2013, Wiley.)

The fourth step involves phase separation of water (syneresis) due to excessive retrogradation
of starch chains [30-33].

Like gelatinization, retrogradation phenomenon can be studied by DSC. For instance, if
gelatinized corn starch is stored in conditions suitable for retrogradation (i.e. 5 °C for sev-
eral hours or days) and a DSC scan is performed, two endotherms peaks will be detected
(Figure 2.3).

These two peaks are pointed as Gr and M;r and are correlated with the G and M, peak in
the gelatinization phenomenon. Gr and M;r are mainly due to amylopectin, which, after the
gelatinization process, can rebuild its structure under appropriate time-temperature conditions
giving rise to new thermal transitions close to the original ones [34]. Gr and M r are detectable
both in normal starches and in waxy (high amylopectin content) starches (in this case Gr and
M;r are more pronounced) [34,35].

One practical effect of starch retrogradation is on bakery products: recrystallization of
amylopectin has a great role in staling of baked products during storage. As amylopectin
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Figure 2.3  DSC thermograms of retrograded waxy corn starch with intermediate water content after initial
heating to 120 °C and immediate quenching and storage at 5 °C for 0, 1, 2, 3, 4, 5, 10, 18 h, 1, 3, 5, 10, 15 and
20 days, respectively (from bottom). (Reprinted with permission from reference [34], Copyright 2013, John Wiley
& Sons, Ltd.)

crystallization depends on T, (glass transition temperature; the lower, the easier crystalliza-
tion), which is related to the water content in the baked products, staling can be reduced by
increasing the T, of the baked system. Amylose crystallization also has an important role as
the more it is crystallized the less it is digestible by enzymes [29].

2.4.2 Starch Jet-Cooking

Jet-cooking of starch is another method used to destroy the crystallinity of starch in excess of
water [9]. By injecting steam into a slurry of starch while it passes through a mixing device,
such as a Venturi nozzle, against a back pressure, the stream of high-velocity steam intimately
and smoothly mixes the slurry and quickly raises its temperature. This system provides shear
rates and temperatures needed to swell and destroy starch granules at a certain extent. Usually
temperatures of 120 °C or higher are reached and starch concentrations up to 30% are used
for the slurry dispersion. The final concentration is in the range of 2-14% and is obtained by
adding preheated water in the desired amount in order to achieve a proper starch dilution and
cooling of the slurry to 60-70 °C.

One of the main industrial uses of starch jet-cooking is in the paper industry for paper
sizing [36].

2.4.3 Starch Extrusion Cooking

A different form of starch gelatinization is extrusion cooking technology [37]. As described
by Conway in 1971 [38], extrusion cooking and forming are characterized by sufficient work
and heat being applied to a cereal-based product to cook all the ingredients to obtain a crunchy
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foam though a die. The effects of processing conditions on the starch and on the texture of the
extruded products have been studied by several researchers [39-45]. Cooked foamed materials
with different starch viscosity, water solubility and water absorption have been prepared by
altering the moisture content of the raw product and the temperature or the pressure in short
extruders specifically designed for this purpose.

It has been demonstrated that an extrusion-cooked starch can be solubilized without any for-
mation of maltodextrins and that the extent of solubilization depends on extrusion temperature,
moisture content of the starch before extrusion and amylose/amylopectin ratio. For instance,
Mercier et al. [39] determined the properties of different types of starch and considered the
influence of the following parameters in a short twin-screw extruder: moisture content between
10.5 and 28%, barrel temperature between 65 and 250 °C, residence time between 20 seconds
and 2 minutes. It was demonstrated that corn starch, after extrusion cooking, gave a solubility
lower than 35%, while potato starch solubility was up to 80%.

Hanna ef al. [42] observed that the degree of gelatinization of ordinary corn (30% amy-
lose) and waxy corn (1% amylose) decreased with increasing moisture content but increased
with increasing temperature. Corn starches were extruded between 17.8 and 42.2% moisture
contents and extruder barrel temperatures of 116, 120, 140, 160 and 164 °C. Screw speeds of
93.5, 100, 130, 160 and 166.5 rpm were used to generate different residence times.

2.4.4 Starch Destructurization in Absence of Synthetic Polymers

In the patent literature, the terminology ‘destructurized starch’ [46-65] refers to a form of
thermoplastic starch described as molecularly dispersed [56]. Destructurization of starch is
defined as melting and disordering of the molecular structure of the starch granules as a
molecular dispersion [55,56]. It means that, at the same time, the native crystallinity of starch
and its granular structure disappear.

This is achieved by heating the starch above the glass transition temperature (7%) and the
melting temperatures (7,,) of its components, until they undergo endothermic transitions under
shear, temperature and pressure for a time sufficient to destroy also the granular structure. As
already stated, the water volume fraction required has to be below 0.45 and preferably below
0.28 [27].

Starch can be destructurized using extrusion technologies in specific conditions. Sufficient
work, heat and time have to be applied to a cereal-based starch product in the presence of
plasticizers to destructurize it. The best plasticizer for starch is water in quantities lower than
45%. Other plasticizers are glycols such as glycerol and sorbitol. Whereas thermoplastic starch
can contain a certain amount of granular residue and a few Maltese crosses can be detected in
polarized light microscopy, destructurized starch is substantially free from those features.

After having undergone destructurization, starch does not show its native crystallinity any
more and loses its structure characterized by left-handed double helixes, as reported above.

Nevertheless, other forms of crystallinity, different from the native ones, induced by the
interaction of the amylose component with specific molecules, can be observed. These
types of crystallites are characterized by single helical structures and are known as V
complexes [66].

The disappearance of the crystalline structure of the starch granule may be determined using
conventional light microscopy techniques [67].

When native starch is observed using phase contrast microscopy, starch granules ranging
from 2 to 100 wm (depending on starch source) in size are detected (Figure 2.4a). If the
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Figure 2.4  Phase contrast microscopy of native (a), gelatinized (c) and destructurized potato starch (e). Polarized
optical microscopy of native (b), gelatinized (d) and destructurized (f) potato starch.

same sample is observed using polarized light microscopy, Maltese crosses due to starch
birefringence will be detected (Figure 2.4b).

When gelatinized starch is observed using phase-contrast microscopy, swollen starch gran-
ules are detected (Figure 2.4c). The swelling factor (SF), which is the ratio between the
volume of the swollen starch granule and the one that is not swollen, can vary from 10 to 50
and depends on the source of the starch, on the size of the granule that is not swollen and on
the final temperature reached during the gelatinization process [9]. As mentioned before, gela-
tinization process gives rise to disordered structures but swollen granules or ghosts of swollen
granules are still visible. Nevertheless, swollen granules are not able to deflect polarized light
any more. So, if the same sample is observed using polarized light microscopy, a dark area
will be seen (Figure 2.4d).

When destructurized starch is observed using phase-contrast microscopy, there are no more
starch granules but a continuous surface is detected (Figure 2.4e). Amylopectin and amylose
macromolecules, which behave like polymer macromolecules in the bulk, are arranged in a
disordered way (just local points of V lattice structure can eventually be formed). This sort of
amorphous structure is not able to deflect polarized light, so, if the same sample is observed
using polarized light microscopy, a dark area will be seen (Figure 2.4f).
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Another term that can be found in the literature is ‘thermoplastically processable starch’
(TPPS), defined as a thermoplastic starch that is substantially water free. TPPS is a form of
destructurized starch that is obtained without water, because, instead of it, other high boiling
point plasticizers or additives are used [68—73].

If plasticizers are not removed from TPS (or TPPS) in order to avoid that the glass transition
temperature of these systems becomes too high, they can be processed as a traditional plastic
[27, 56, 74] as their melt viscosity is comparable with those of traditional polymers [75].

This aspect makes possible the transformation of destructurized starch in finished prod-
ucts through traditional manufacturing technologies for plastics in absence of water. Their
sensitivity to humidity, however, makes TPS or TPPS alone unsuitable for most of the
applications [76].

2.4.5 Starch Destructurization in Presence of Synthetic Polymers

Starch can undergo a thermoplastic transformation up to destructurization in the presence of
different synthetic polymers to satisfy a broad spectrum of market needs. Destructurized starch
composites can reach starch contents higher than 50%.

With some of these polymers, a real complexation of single helical amylose with the
polymer backbone can happen, which gives rise to supramolecular structures characterized
by V-type crystallinity. This sort of modified amylose crystallinity is the same mentioned in
section 2.4.4 and has been widely studied with small molecules such as alcohols, glycerol,
dimethylsulphoxide, fatty acids, or iodine [66].

Complexation of starch by macromolecules can give rise to even more stable complexes
playing an important role on the final properties of the starch-based polymer. Unlike amylose,
the majority of amylopectin does not interact with the complexing agent and remains in its
amorphous state.

In the following paragraphs, a resume of the state of the art related to starch destructurization
with synthetic polymers will be made.

2.4.5.1 Ethylene-Acrylic Acid Copolymer (EAA)

Otey has studied the interactions between ethylene-acrylic acid copolymer (EAA) and gela-
tinized starch since 1977 [77-83].

In these formulations, a further compatibilization of EAA with starch can be made by using
ammonium hydroxide. In fact, it has been demonstrated that a fraction of starch interacts
[84, 85] with EAA after neutralization with ammonium hydroxide or other bases during
gelatinization and extrusion, providing not only partial miscibility between the two polymers,
but also enhancing the formation of molecular complexes.

Formulations based on thermoplastic starch, EAA and polyethylene (PE) in different ratio,
are suitable for film production. In Table 2.1 a few examples of such compositions (some of
them containing also polyvinyl alcohol, PVOH) with their related tensile strength properties
are reported. As can be seen, the film obtained with a gelatinized starch level of about 50%
shows good tensile properties.

In 1989, studies on EAA-thermoplastic starch films containing 40% by weight of EAA
(acrylic acid content 20% by weight), processed at water content lower than 2%, led to
destructurization of starch, improved processability and film properties with elongation at break
up to 200% without the need for ammonia or sodium hydroxide [86]. Observing these materials
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Table 2.1  Influence of starch/EAA ratio and of partial replacement of EAA with PE or PVOH on the tensile
strength and elongation of starch/EAA films [83, 87]. (Reproduced with permission from C. Bastioli, Handbook of
Biodegradable Polymers, 2005. © 2005, Smithers Rapra.)

Starch (%) EAA (%) PE (%) PVOH (%) Elongation (%) UTS (MPa)
10 90 — — 260 23.9
30 70 — — 150 22.2
40 60 — — 92 26.7
40 40 20 — 66 23.9
40 25 25 — 85 21.7
40 20 40 — 34 20.1
40 55 — 5 97 32.0
40 40 — 20 59 39.7

Notes: UTS: ultimate tensile strength; EAA: ethylene-acrylic acid copolymer; PE: polyethylene; PVOH: polyvinyl alcohol.

by means of microscopic analysis, at least three different phases were found: one consisting
of destructurized starch, one consisting of synthetic polymer alone and a third described as
‘interpenetrated’, characterized by a strong interaction between the two components

It has also been seen that the use of urea in EAA-starch films enhances the tear propagation
resistance and reduces ageing phenomena due to segmental motion in amorphous starch
[87,88].

Unfortunately, due to the lack of biodegradability of EAA, films based on such formulations
do not comply with the international biodegradation standards, precluding their use in most
packaging applications.

2.4.5.2 Ethylene-Vinyl Alcohol Copolymers (EVOH)

Thermoplastic starch and ethylene-vinyl alcohol copolymer (EVOH) copolymer systems,
depending on the processing conditions, starch type and copolymer composition, can gen-
erate a wide variety of morphologies and properties [§9-98]. Different microstructures have
been observed as a function of different hydrophylicity of the synthetic copolymer: from a
droplet-like to a layered one [92]. An in-depth description of this aspect will be presented in
section 2.4.6.

The products based on thermoplastic starch and EVOH show mechanical properties suitable
to meet the needs of specific industrial applications [99]. Their mouldability in traditional
processing technologies is comparable with that of traditional plastics such as PS, ABS and
LDPE [95]. The main limitation of these materials is the high sensitivity to low humidity, with
consequent embrittlement.

To improve their characteristics, such as migration phenomena and physical ageing, specific
types of plasticizers were selected [99], whereas boric acid, borax or other saline compounds
were used to improve transparency [98]. With this sort of materials it is possible to obtain final
products by film blowing, injection moulding, blow moulding or thermoforming and it is also
possible to foam these compositions giving rise to products having cushioning characteristics
close to expanded polystyrene (EPS-55).

Biodegradation of these products has been tested in different environments [90]. Ten months
of aerobic biological treatment performed by a high-sensitivity respirometric test, brought to
the degradation of more than 90% w/w of a product consisting of 60% of maize starch and
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natural additives and by 40% of EVOH copolymer (ethylene content 40% by mole) [90,91].
If, in the same composition, an EVOH with ethylene content of 29% instead of 40% by mole
was used, the reduced ability to generate interpenetrated structures, showed, in the Sturm
test, a significantly higher initial biodegradation rate [90]. Furthermore, the semi continuous
activated sludge test (SCAS) and biodegradation in lake water of a product consisting of 70%
maize starch plus natural additives and 30% EVOH, supported the hypothesis of a substantially
different biodegradation mechanism for the two components [91]:

e Starch, even though significantly shielded by the interpenetrated structure, seems to undergo
hydrolysis by extracellular enzymes.

e Ethylene-vinyl alcohol copolymer appears to be biodegraded through a superficial adsorp-
tion of microorganisms, eased by the increase of available surface that occurred during the
hydrolysis of starch.

The presence of starch improves the biodegradation rates of these synthetic polymers, where
a fundamental role is also played by size and distribution of ethylene blocks. Attempts to speed
up the biodegradation rate by modification of EVOH copolymers with carboxyl groups have
been pursued but the degradation rate of thermoplastic starch and EVOH composites is too
slow to consider them compostable according to international test standards.

2.4.5.3 Polyvinyl Alcohol (PVOH)

The combination of starch with a water soluble polymer such as PVOH (or polyalkylene
glycols) has been widely considered since 1970 [100]. Since the early 1990s these compositions
have been mainly studied for starch-based loose-fill production as a substitute for expanded
PS [101-107], using compositional water as expanding gas. In this kind of blends, not only
natural starch but also modified ones such as hydroxy propylated high amylose starch can be
used, especially to improve foam resilience and density [101-105].

Optimization of composition and the foaming process have been pursued during the
years in order to improve finals foams properties, leading, for example to foam densities of
8-6 kg/m? [108-110].

2.4.5.4 Aliphatic Polyesters (APE)

Starch can also be destructurized in presence of more hydrophobic polymers totally incom-
patible with starch, such as aliphatic polyesters [111].

It is difficult to process aliphatic polyesters having low melting points by conventional
techniques for thermoplastic materials, such as film blowing and blow moulding. It has been
found that the blending of starch with aliphatic polyesters allows their processability and
biodegradability to be improved.

Particularly suitable polyesters considered in the past have been poly-e-caprolactone (PCL)
and its copolymers. Nevertheless, films made of thermoplastic starch and PCL are tacky as
extruded, rigid, and have low melt strength at temperatures over 130 °C. Moreover, due to the
slow crystallization rate of such polymers, the complete cooling process needs a long time
after production of the finished articles, giving an undesirable change of properties with time.

Other APE having a higher melting point that can be used in presence of destructurized
starch are those formed by the reaction of glycols such as 1,4-butandiol with succinic acid,
sebacic acid, adipic acid, azelaic acid, dodecanedioic acid, or brassylic acid.
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The presence of compatibilizers between starch and aliphatic polyesters is preferred. Some
examples are amylose/EVOH V-type complexes [92], and starch-grafted polyesters. The use
of chain extenders such as diisocyanates and epoxides is preferred. Such materials are charac-
terized by excellent compostability, excellent mechanical properties, and reduced sensitivity
to water.

2.4.5.5 Aliphatic-Aromatic Polyesters (AAPE)

The most important achievement of recent years in the sector of starch technology is related to
the creation of micro and nanostructured composites of thermoplastic starch with polyesters
of different type and particularly with aliphatic-aromatic polyesters. This technology has been
developed and patented by Novamont [112, 113]. In these families of products, starch gives
a technical contribution to the mechanical performances of the finished products in terms of
high toughness and excellent performances stability at different humidities and temperatures.
Such products can cover a wide range of demanding applications in the film sector and
meet the different needs in terms of end-of-life conditions as home compostability and soil
biodegradation.

The development of new aliphatic and aliphatic-aromatic copolyesters containing monomers
from vegetable oils, covered by a range of Novamont’s patents, have further improved and
widened the performances of these products from an environmental and technical point
of view.

One of the main applications of this sort of product is related to shopping bags: the sub-
stitution of traditional plastics with biodegradable ones in this field can greatly reduce the
environmental impact of this sort of product. Moreover their reuse for the separate collection
of organic waste can help to enhance organic waste value, converting it into high-quality com-
post. Again referring to ‘cradle-to-cradle’ applications, these products can be useful substitutes
for traditional plastic in agricultural mulch films.

Such development has justified the significant industrial investment made by Novamont to
build the first local biorefinery of this type in Europe, which comprises plants for the production
of nanostructured starch and polyesters from vegetable oils. Moreover, new investments on
monomers from vegetable oils from local crops will permit a further up-stream integration of
the biorefinery.

This family of tailor-made products has permitted Novamont to work on many case studies
to demonstrate the opportunity given by biodegradable and bio-based plastics to rethink entire
application sectors, looking at them with a ‘cradle to cradle’ approach. In this way entire
agro-industrial nonfood chains (or chains that are synergic with food) in the production of raw
materials, the way in which the finished products are used and disposed of, and finally the
effect on the local areas involved in the project are considered.

2.4.5.6  Other Polymers

Thermoplastic starch can also be blended with other polymers such as polyolefins [115]. In
this sort of blend, a compatibilizer such as ethylene-maleic anhydride copolymer can be used
in order to make hydroxyl starch groups and anhydride copolymer groups to react and obtain
ester bonds. This sort of esterification helps to compatibilize the starch (hydrophilic) with
polyolefins (lipophilic).
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Other studies have been performed on polyamide/high amylose starch and acrylic copoly-
mers/high amylose starch systems [55, 115-117].

The noncompliance of these products with the international norms of biodegradability and
compostability, however, prevented significant market growth in Western countries.

Thermoplastic starch and cellulose derivative systems have been also reported [98, 111, 118,
119], particularly with cellulose acetate and butyrate in presence of glycerine and epoxidized
soybean oil [118].

These materials are especially suitable for injection moulding technology and have been
industrially used for compostable cutleries.

2.4.6 Additional Information on Starch Complexation

Novamont’s Mater-Bi starch-based technology implies processing conditions able to destroy
the crystallinity of amylose and amylopectin, in the presence of macromolecules, such as
specific polyesters, which are able to form a complex with amylose. They can be of nat-
ural or synthetic origin. The specification of the starch, that is, the ratio between amylose
and amylopectin, the nature of the additives, the processing conditions and the nature of
the complexing agents allow engineering of various supramolecular structures with very
different properties.

For example, destructurized starch and vinyl alcohol copolymer composites, materials con-
taining starch with an amylose/amylopectin ratio above 20/80 w/w do not dissolve even under
stirring in boiling water. Under these conditions a microdispersion constituted by microsphere
aggregates is produced, whose individual particle diameter is lower than 1 pm (Figure 2.5).

Figure 2.5 Mater-Bi technology: Droplet-like structure (dark grey: amylopectin; light grey: amylose; black:
complexing agent). (Reproduced with permission from C. Bastioli, Handbook of Biodegradable Polymers, 2005.
© 2005, Smithers Rapra.)
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Figure 2.6 Mater-Bi technology: Layered structure (dark grey: amylopectin; light grey: amylose; black: complex-
ing agent). (Reproduced with permission from C. Bastioli, Handbook of Biodegradable Polymers, 2005. © 2005,
Smithers Rapra.)

A droplet-like structure, where a core of an almost amorphous amylopectin molecule is
surrounded by complexed amylose molecules, has been confirmed by transmission electron
microscopy (TEM) analysis of film slices [90]. The droplet size is comparable with that of the
microdispersion obtained by boiling.

On the other hand, the morphology of materials in film form, containing starch with an
amylose/amylopectin ratio below 20/80 w/w, gradually loses the droplet-like form, generating
layered structures (Figure 2.6). In this case the starch component becomes partially soluble.
The layered structure consists of submicron layers of amylopectin molecules intercalated by
layers of complexing agent, such layers being compatibilzed by complexed amylose. The
two structures and the many others derived from them explain the wide range of mechanical,
physico-chemical, and rheological properties as well as the different biodegradation rates of
Mater-Bi products.

Fourier transform infrared (FTIR) second-derivative spectra of thermoplastic starch and
vinyl alcohol copolymer systems with droplet-like structure, in the range of starch ring
vibrations between 960 and 920 cm~!, provide for an absorption peak at about 947 cm~!
(Figure 2.7), as observed for amylose when complexed (V-type complex) by low-molecular-
weight molecules such as butanol and fatty acids.

This peak is attributed to starch ring vibrations [92, 120], and does not correspond to
crystalline or gelatinized amylose but to a complexed one, which results when amylose
assumes V-type structures conformations after destructurization. Comparable starch-based
materials with an amylose content close to zero, even in presence of complexing agents, do
not show any peak at 947 cm™!.

V-type structure formation can be also detected, by X-ray diffraction analysis and
13CP-MAS solid state NMR [121-124].
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Figure 2.7  FTIR second derivative spectrum of corn starch (dashed line), and destructurized with EVOH (solid
line).

As far as X-ray diffraction analysis is concerned (WAXD), characteristic peaks of different
V-type structures can be detected on destructurized starch in presence of complexing agents
either molecular or macromolecular ones.

As stated above, V lattices forms of complexed amylose are mainly characterized by sin-
gle left-handed helical forms, which surround the complexing agent. With certain complexing
agents, it is possible that the left-handed structure is stabilized by the formation of supramolec-
ular structures where the complexing agent is on the outer side of the amylose single left-handed
helical [125].

V-type amylose structures nomenclature is still not univocal. Moreover, these forms have
different stabilities and transitions from a less stable form to a more stable one can be achieved
by changing the environmental storage conditions (such as temperature and humidity) [126—
128]. Depending on the numbers of anhydroglucose repeating units present in the helical
pitch, which are correlated with the complexing agent used, slightly different V-type amylose
structure can be obtained.

Usually, starch destructurization in presence of synthetic polymers, gives rise to Vg and Eg
structures (always a V-type one). The latter is especially obtained with high mechanical stress
and low moisture content [129].

Referring to starch destructurized in the presence of EVOH copolymer, this sort of compo-
sition leads to the Vg structure (WAXD patterns are reported in Figure 2.8).

Vinyl alcohol copolymers, as well as butanol, leave the amylopectin conformation
unchanged. A model has been proposed considering large individual amylopectin molecules
interconnected at several points per molecule as a result of hydrogen bonds and entanglements
by chains of amylose/vinyl alcohol copolymer V complexes. This structure has been defined
in the literature as ‘interpenetrated’ [92].

The amount of V-type structure present in the final formulation affects the biodegradation
rate of starch. The more amylose is complexed the less the biodegradation rate is. This
aspect is confirmed by second derivative FTIR spectra which show the 947 cm~! peak
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Figure 2.8 WAXD patterns of corn starch: Native (a), destructurized with EVOH (b). The solid line pattern
corresponds to the starch destructurized with EVOH, while the dashed line corresponds to the EVOH pattern.

increasing with biodegradation, due to a delayed microbial attack of complexed amylose
relative to amylopectin [92]. Furthermore the complexation degree is responsible for water
vapour permeability (WVTR) of thermoplastic starch and EVOH blends ranging from 820 to
334 gm~2d~! (30 wm thickness, according to Lissy method) [94].

The droplet-like structure of destructurized starch, having an amylose/amylopectin ratio
above 20/80 w/w in presence of EVOH copolymer, has been identified as responsible for
the peculiar rheological behaviour of this sort of composition, which is characterized by
strong pseudoplasticity at high shear stresses as well as yield stress at lower ones and
by high levels of melt elasticity [130]. Notwithstanding the peculiar rheological behaviour
shown by these systems, traditional processing techniques such as film blowing can be
easily applied.

The sort of droplet-like structure developed by Novamont (see Figure 2.5) is easily dis-
persible in rubbers and allows a decrease of hysteresis in the final rubber compositions, which
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is useful for low rolling resistance treads in tyres. The first industrial application in this
field was made by Goodyear in 2001, when the tyre Biotread GT3 was launched in Europe
[131-133].

Novamont’s recent developments in this sector have been achieved in the EU Biotyre project
(LIFEO6 ENV/L/000118), which have led Goodyear to produce for BMW a new tyre with
a ‘BioTRED’ compound and a tyre structure optimized to achieve a reduction in rolling
resistance of 34% (higher than the original target of 30%), which corresponds to a 5-6%
decrease in fuel consumption. This tyre is used in the BMW 1-Series model and partner BMW
foresees using BioTyres in other car models (e.g. for the BMW 3-Series).

2.5 Starch-Based Materials on the Market

Europe is the largest biodegradable polymers-consuming region, with about half of the global
total. In 2009, despite the economic crisis, growth was in the range of 5-10%, depending
on products and applications. The following factors have contributed to and will continue to
contribute to growth:

e improvement of the properties and processing of biodegradable polymers;

e growing consumer interest in sustainable plastic solutions (e.g. eco-friendly packaging) and
the reduction of greenhouse gas emissions;

e increasing support at the local and state levels for these kinds of products and for addressing
needs about solid waste disposal; and

e cxistence of large-scale composting facilities.

The largest share in terms of volume corresponds to the starch-based plastic market. The
main applications are compost bags, shopping bags, loose-fill packaging and mulch films.

Novamont, following the recent start-up of its seventh line dedicated to the production
of Mater-Bi film grades in Terni, claims an internal production capacity of 120 000 ton/year.
Established in 1990, its expertise grew out of the Fertec research facility set up by Montedison,
the chemical unit of Ferruzzi agro-industrial group in 1989, expanded through the acquisition
of the bioplastics IP of Warner-Lambert in 1997 (Warner-Lambert suspended the manufacture
of starch-based materials in 1993) and the Eastar Bio patents of Eastman in 2004. Nowadays,
the company holds a patent portfolio that includes more than 90 patent families and 800
internationally registered patents.

German company Biotec has been jointly owned by Sphere and Stanelco, from the United
Kingdom, since 2005, creating Biosphere. The Sphere Group compounds starch, copolyesters
and other materials into a variety of grades of bioplastic resin under the Bioplast trademark. Its
factories, based in France, the United Kingdom and Spain, manufacture biodegradable carrier
bags, bin liners, catering objects and refuse bags. It claims that its production capacity is
20000 t/year.

Plantic Technologies Ltd is an Australian research company that offers products for ther-
moforming based on hydroxypropylated nongenetically modified high amylose corn starch.
Its production capacity is of 7500 ton/year [134].

BIOP Biopolymer Technologies Ag entered the market with a starch-based material con-
taining an additive consisting of a vinyl-alcohol/vinyl-acetate copolymer [135]. The material
is sold under the Biopar trademark.
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Cardia Bioplastics Ltd (Australia) in 2008 acquired the resins business established in 2002
as Biograde Limited. Their Product Development Centre and manufacturing plant is in Nan-
jing, China. Cardia Bioplastics Ltd commercializes a biomaterial obtained mixing starch and
biodegradable polyesters in the presence of a transesterification catalyst [136].

In the Netherlands, Rodenburg built up a plant for the transformation of potato wastes gen-
erated by the fried potatoes industry. The waste is fermented and it can be used in combination
with natural fibres as well as being blended with other biopolymers. The resulting granulate
was mainly used for the injection moulding of slow-release devices. Notwithstanding the
claimed capacity of 40 000 ton/year, the products sold under the Solanyl trademark did not
get significant market share [137].

2.6 Conclusions

After more than 20 years of research and development, starch-based materials have achieved
specific in-use performances and can replace traditional plastics in different application sectors.
They are able to offer original solutions both from the technical and the environmental point
of view.

Starch-based bioplastics constitute a class of materials able to reduce significantly the
environmental impact in terms of energy consumption and greenhouse effect in specific
applications. If they are engineered to be compostable through the action of living organisms,
these types of materials can also permit ‘cradle-to-cradle’ solutions through agro-industrial
nonfood chains. They even offer a possible alternative to traditional materials when recycling
is unpractical or uneconomical or when environmental impact has to be minimized.

Today, some of the bioplastics available in the market are used in specific applications where
biodegradability is required, such as composting (bags and sacks), fast-food tableware (cutlery,
cups, plates, straws, etc.), packaging (soluble foams for industrial packaging, film wrapping,
laminated paper, food containers), agriculture (mulch film, nursery pots, plant labels), hygiene
(nappies back sheet, cotton swabs), slow release of active molecules in the agricultural and
pharmaceutical sectors.

The world market for biodegradable plastics, which started as a niche one, has grown
significantly in the last few years, reaching a total capacity of 664 000 ton/year production in
2010 where a significant amount is represented by products coming partially or totally from
renewable resources. The global biodegradable market in terms of volume is expected to grow
to 2 330 000 metric ton in 2016 at an estimated compound average annual growth rate (CAGR)
of 20.24% from 2011 to 2016 [138].

Without intending to produce a comprehensive treatise on starch, authors’ desire was to
illustrate the large variety of starch forms and their use in polymer technology, in order to
provide basic information about this topic and a resource for further in-depth study.
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Cellulose and Cellulose Acetate
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3.1 Introduction

Cellulose is the most abundant natural polymer on earth with annual growth rates in the 10'?
ton range [1] thus constituting a virtually inexhaustible source of raw material for creating
environmentally friendly and biocompatible products that are not in competition with the food
chain. Mainly produced by plants for the use as a skeletal component, cellulose is a semirigid
polysaccharide of well defined chemical configuration capable of forming an extended, stable
system of hydrogen bonds. Because of these intramolecular and intermolecular bonds, the
hypothetical melting point of cellulose is above its degradation temperature and thus cellulose
cannot be processed like a thermoplastic. The use of plasticizers, as it is common practice,
for example in the case of starch (Chapter 2), does not work here either. However, via either
direct or derivative-based methods, cellulose can be shaped into films, fibres, and nonwovens
covering a great many of the application areas of thermoplastic materials.

On the other hand, the huge number of hydroxyl groups along the polymer chain offers
the unique possibility to derivatize the carbohydrate backbone in a multitude of ways thus
changing the properties of this molecule. Novel materials have been and are being developed
as derivatives of this plentiful naturally occurring polymer. Main groups are ethers and esters.
Cellulose ethers, often water soluble, are used, for example, as wallpaper adhesives, viscosity
regulators, or additives in the building industry. Main applications for cellulose esters, on the
other hand, are found in explosives, coatings, cigarette filter tow, LCD displays, membranes,
and, of particular interest here, plastics. The latter use is facilitated by the inhibition of
hydrogen bond formation because the hydroxyl functionalities are blocked to a large extent by
the substituents. In combination with appropriate plasticizers, cellulose esters such as cellulose
acetate (CA), cellulose butyrate (CB), or cellulose acetate-butyrate (CAB) can be processed

Bio-Based Plastics: Materials and Applications, First Edition. Edited by Stephan Kabasci.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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like common thermoplastics. Well known examples of the use of this kind of material are
frames for spectacles, combs, tool handles and jewellery.

This chapter first gives an overview of cellulose raw materials and their molecular and
supermolecular structures. The principles of shaping cellulose into fibres, films, and nonwovens
by means of solution techniques are then outlined followed by a section on properties and
market applications of these materials. Derivatives of cellulose are presented with special
emphasis on thermoplastic cellulose esters, typical plasticizers, and promising reinforcing
materials. Finally, recent developments and future prospects of cellulose materials are reviewed
as far as the above applications are concerned. This book does not cover the important
applications of cellulose and ligno cellulose fibres for reinforcing thermoplastics, like wood
plastic composites (WPC) and natural fibre reinforced plastics (NFRP), since in these cases
cellulose does not substitute a thermoplastic.

3.2 Raw Materials

The main, and most important by far, source of cellulose is wood, which is a complex
composite structure of three main components — cellulose, hemicelluloses, and lignin — as
shown in Figure 3.1.

The naturally occurring cellulose fibres in the primary and, more importantly, the secondary
cell wall provide strength and stiffness to the wood composite structure. They are ‘glued’
together by lignin, which is in turn linked to cellulose by hemicelluloses. Lignin is built up of
the three phenylpropane derivatives p-coumaryl, coniferyl, and sinapyl alcohol, constituting
an irregularly linked extended network. The third major wood component, hemicellulose, is a
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Figure 3.1 Main constituents of wood.
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mixture of various branched polysaccharides with relatively low molecular weight including
pentose and hexose monomers such as xylose, arabinose, mannose, and galactose.

In order to isolate the cellulose fibres, various pulping procedures are applied, of which
sulfate cooking (the Kraft process) is the most common. The final product is called wood pulp
and worldwide production capacities are in the order of 150 x 10° tons per year. The majority
goes into paper making and related industries but roughly 2% is processed into high quality
so-called dissolving pulp, having cellulose fractions higher than 93%. This dissolving pulp is
used for the production of fibres, films, and cellulose derivatives, such as ethers and esters, the
latter being the source of cellulose-based thermoplastics.

Another traditional source of cellulose is represented by vegetable fibres found in plants
like cotton (seed fibres), hemp, flax, jute (bast fibres), and sisal (leaf fibres), to name but a
few. Most applications for these fibres are found in the textile sector as fabrics but ropes,
tapes, and isolating materials are also manufactured. Cotton linters, the small fibres adhering
to the cotton boll after removal of the long textile fibres (lint), play a role as a raw material for
producing cellulose esters. No lignin and no hemi celluloses are present and only some minor
amounts of wax, fat, cuticle and ash [2] have to be removed in order to obtain a high-purity
(>98% cellulose) starting material for the esterification. This kind of pulp is produced in small
quantities, however, with typical worldwide amounts of 200 000 tons per year [3].

In particularly pure form and high crystallinity, cellulose is synthesized by certain bacteria
(e.g. Acetobacter xylinus) and occurs in certain algae (e.g. Valonia ventricosa). These sources
are important for basic research and are not used to produce thermoplastic cellulose material.

3.3 Structure
3.3.1 Cellulose
3.3.1.1 Molecular Structure

The cellulose molecule is a polysaccharide built up of six-membered sugar rings of anhydroglu-
cose units (AGUs) which take the *C; chair configuration. The AGUs are linked through (1
— 4) glycosidic bonds such that, in contrast to amylose in starch which is built up of the same
AGUs but is a(1 — 4) linked, a rather straight chain configuration is easily generated by a
rotation of the successive AGU by 180° (Figure 3.2). The chemical repeating unit is CcOsH;g
with a molar mass of 162 g/mol while the structural unit is cellobiose (one AGU plus another
rotated by 180°) as indicated by the square brackets in Figure 3.2. A sense of direction along
the chain can be defined, say, from the reducing end at C1 to the non-reducing end at C4,
that is, in Figure 3.2, the chain would point from right to left. Two parallel chains can then be
either parallel in the strict sense or antiparallel (see below).

H
HO "9 = O HO]: = 2 OH ! OH N
4 H OH
HO 0 0 5260 0
H H| n oH e
- =l N

Figure 3.2 Chemical structure of cellulose molecule with atom numbering.
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3.3.1.2  Degree of Polymerization (DP)

The number of AGUs constituting a chain is called the degree of polymerization (DP). The
weight average DPs of native celluloses can be as high as 10 000 (intrinsic viscosity mea-
surement of nitrated cellulose) for cotton fibres in the secondary cell wall [4]. Purified cotton
linters are reported to have DPs in the range of 1000 to 3000 [5] or even 4000 [6], whereas
wood pulps cover a range from 600 to 1000 according to early work in reference [5]. A
comparison of wood pulp DPs for 30 representative samples of paper and dissolving grade
pulps manufactured from different wood species and by means of different pulping processes
is given by Siholta et al. [7]. As compared to ref. [5], the DP range reported here has a higher
upper limit: DPs as high as 1910 for a spruce sulfite paper pulp and 1830 for a spruce sulfite
dissolving pulp were found (values from intrinsic viscosity in cadoxen). More recent studies of
dissolving pulps in LiCI/DMACc (lithium chloride/N,N-dimethylacetamide) solution with gel
permeation chromatography using MALLS/RI (multi angle light scattering/refractive index)
detection measured weight average DPs of 1500 to 1600 for acid sulfite cooking and 1000 to
1100 for the prehydrolysis Kraft process [8].

During processing and often for the sake of processing cellulose into fibres or films, the
DP is reduced considerably depending on the type of processing (see below). Typical values
are in the order of 300 (Viscose) to 600 (Lyocell) for this type of material, which is called
regenerated cellulose [9].

3.3.1.3 Supermolecular Structure — Natural Cellulose

In nature, cellulose is synthesized in or at the cell membrane by large membrane-associated
enzyme complexes often called terminal complexes (TC) [10, 11]. They produce crystalline
arrays of many parallel (in the above strict sense) chains by adding glucose molecules to the
nonreducing end of the precursor chain with rates between 300 and 1000 glucoses per minute
and chain [12]. These arrays are called microfibrils. The lateral size of these microfibrils
can vary from 3 nm (approximately 36 chains) in ‘elementary fibrils’ up to 20 nm (more
than 1000 chains) in certain algae [10, 11]. The arrays have the well defined crystal structure
of cellulose I with two sub-allomorphs occurring as mixtures [13]: the triclinic cellulose I,
dominant in bacterial and algal celluloses and the monoclinic (space group P2;) cellulose Ig
found predominantly in higher plants.

In Figure 3.3 the crystal structures of cellulose I, (Ieft) and Ig (right) are compared [14]. All
chains are parallel, pointing from top to bottom in the lower two parts of the figure. The top
part shows a view along the chain direction. Hydrogen bonded sheets are formed designated I,
I1, and IIT in the middle part of the figure, where the main difference between I, and Iy is seen
best: an upward slippage of one AGU-length (c/2 in crystallographic terms) of the hydrogen
bonded sheet III in I, produces the structure of Ig with slight conformational changes. This 3
structure is thermodynamically preferred.

Although the natural cellulose is thought to be synthesized in the above manner in
conjunction with crystallization, native celluloses have a considerable fraction of less
ordered, noncrystalline, often called amorphous regions. Degrees of crystallinity (the per-
centage of crystalline material) measured with the X-ray method according to Ruland and
Vonk range from some 40% in dissolving wood pulps up to 80% in bacterial and algal
cellulose [15].



Cellulose and Cellulose Acetate 39

Figure 3.3 Comparison of the crystal structures of Cellulose I, (left) and Ig (right). Top: viewed along the
chain axes, middle: perpendicular to the chain axes and in the plane of the hydrogen bonded sheets, bottom:
perpendicular to the chain axis and the hydrogen bonded sheets. (Reprinted with permission from ref. [14],
Copyright © 2003 American Chemical Society.)
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3.3.1.4 Supermolecular Structure — Regenerated Cellulose

Processing of cellulose into fibres, films and sponges is performed by solution methods where
the supermolecular structure of the natural cellulose materials is broken up and the chains do
rearrange into a typical crystal structure known as cellulose II. A more detailed account is given
in reference [16]. In Figure 3.4 the crystal structure according to Langan et al. [17] is shown
as viewed along the chains (similar to Figure 3.3, top) in the upper part and perpendicular to
the chains in the lower part, where only two chains, one at the corner and one at the centre of
the unit cell, are depicted.

The transition from cellulose I to cellulose II is irreversible; cellulose II is the thermody-
namically more stable arrangement. In contrast to cellulose I the chains do not point in the
same direction as seen in Figure 3.4, bottom. The corner chain points upwards whereas the
centre chain points downwards. This poses some difficulties in explaining the solid-state phase
transition from natural cellulose to cellulose II after alkali treatment and thus an interdiffu-
sion model was proposed for chains from adjacent natural cellulose crystallites of opposite
orientation [19].

Degrees of crystallinity for cellulose II products are in the range from 25%, which is typical
for viscose fibres, to 45% for Lyocell fibres [16].

Besides the cellulose II crystal structure other crystalline arrangements do exist, namely
cellulose IIT and cellulose IV [19]. Neither has industrial relevance. Cellulose III is obtained
by treatment of cellulose I and cellulose II with liquid ammonia to give cellulose III; and Iy,
respectively. Cellulose IV is obtained by heat treating cellulose III in glycerol to give either
cellulose IVy or IVy.

3.3.2 Cellulose Derivatives
3.3.2.1 Molecular Structure

The three hydroxyl groups per sugar ring in the cellulose chain (Figure 3.2) offer the possibility
for a multitude of chemical substitution reactions. A simple basic concept for the characteri-
zation of the substitution is the average degree of substitution DS. It is thrice the ratio between
the substituted OH functionalities and the number of OH-groups prior to the reaction, that is,
if all OH-groups are substituted then DS = 3. In the majority of cases DS is lower than 3
and a number of hydroxyl groups remain unsubstituted. This brings in a certain heterogeneity,
which can be found (i) between amorphous and crystalline regions, (ii) along a single chain,
(iii) between chains, and (iv) according to differences in the reactivity of the OH-groups at
positions 2, 3, and 6 [12].

The most important group of cellulose derivatives for thermoplastics application and the
only one used commercially in this field is cellulose esters. Apart from camphor plasticized
cellulose nitrate as the first thermoplastic (celluloid), acetate, propionate or butyrate, are the
most common hydroxyl group substituents, as shown in Figure 3.5.

Typical degrees of substitution for plastics applications [21] are DS(acetate) = 2.5 for
cellulose acetate, DS(propionate) = 2.6 and DS(acetate) = 0.1 for cellulose acetate propionate
(CAP), and DS(butyrate) = 1.8 and DS(acetate) = 1.1 for cellulose acetate butyrate (CAB).
In the industrial process of catalysed esterification, chain scission is a competitive reaction
that can, however, be fairly well controlled under appropriate conditions [22]. Degrees of
polymerization of commercial products can be estimated from literature data [22-25] to be in
the range of 200 to 300.
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Figure 3.4 Crystal structure of cellulose Il according to ref. [17]. Top: viewed along the chain axes, bottom:
perspective view perpendicular to the chain axes, one corner and one centre chain selected. (Reprinted from ref.
[18] with permission from Elsevier.)
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Figure 3.5 Chemical composition of most common cellulose esters.

3.3.2.2  Crystal Structure

The supermolecular structure of cellulose derivatives — in the present case cellulose esters —
is strongly influenced by the degree of substitution and the substitution pattern. With the
exception of cellulose triacetate (CTA, fully substituted, DS = 3), most commercially used
cellulose esters have a DS of less than three or, in the case of mixed esters, do not have a regular
substitution pattern. Therefore, a proper crystallization with well defined X-ray interferences
is normally not observed and the materials appear amorphous.

For CTA, there are two crystalline polymorphs, CTA I originating from native cellulose,
and CTA II obtained from Cellulose II or by complete dissolution of native Cellulose I. As for
Cellulose II, an anti-parallel chain arrangement is observed for the CTA 1II crystal structure.
Proceeding from a CTA II crystal structure proposed by Roche ef al. [26], Zugenmaier [27]
published the atomic coordinates of a refined orthorhombic model. The a — b projection of
this model perpendicular to the chain direction is shown in Figure 3.6.

The two parallel chains on the a-axis can be transformed by the symmetry operations to
their antiparallel counterparts shown on the right side of the unit cell. Hydrogen bonds are
no longer formed because all hydroxyl groups are substituted by acetyl moieties and CTA
becomes a thermoplastic.

Single crystals of regioselective, fully substituted mixed esters with acetate, propionate und
butyrate substituents and DPs between 46 and 84 were synthesised and structurally investigated
by Iwata et al. (see [28] for references). Results are summarized by Zugenmaier [27] and many
structures resemble the CTA II chain arrangement.

3.4 Principles of Cellulose Technology

In order to produce shaped bodies from cellulose pulp, other methods than common melt
processing have to be employed (see section 3.1). The paper-making process is the most
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Figure 3.6  Crystal structure of cellulose triacetate according to Zugenmaier [27], projection onto the a—b plane.
(Reprinted from [27] with permission from Elsevier.)

well known technology, existing, in principle, for over three thousand years. Paper is formed
by aggregating intact cellulose I fibrils by aqueous methods employing basically interfibril-
lar hydrogen bonds to preserve the shape after drying. Recent developments have used this
principle with finer fibrils after opening the natural fibrillar structure up to the microfibril-
lar level [29] by appropriate methods [30]. In this way, the so-called hemp stone or, more
recently, Zelfo material is obtained and marketed as sheets of various densities, thicknesses,
and colours (www.zelfo-technology.com, accessed 21 June 2013). While the above methods
use native cellulose entities without changing their crystalline cellulose I structure and without
mobilizing individual chains, solution methods often with prior derivatization are employed
to produce cellulose fibres, films, nonwovens, sponges, and cellulose derivatives. This is
not straightforward because the strong hydrogen intermolecular bonds (see above) render
cellulose insoluble in most common organic solvents. Finding appropriate solvents for cellu-
lose is a whole branch of cellulose chemistry and ionic liquids represent a promising recent
example [31].

3.4.1 Regenerated Cellulose

If the cellulose has gone through a solubilized state, the material obtained after precipitation is
called regenerated cellulose. To attain this solubilized state, two major processing principles
are industrially implemented nowadays (Figure 3.7): derivative methods and direct methods. In
the former, a cellulose derivative is produced after activation of cellulose by, as a rule, swelling
in NaOH (alkalization). Cellulose becomes accessible to the substituents since Na™ ions are
built in to the cellulose I crystal structure disrupting the intermolecular hydrogen bonds giving
the Na-cellulose I crystal structure [32]. The cellulose derivative is then dissolved in alkali and
spun into a salt-containing acidic precipitation bath such that the pure cellulose is regenerated.

For the direct method special solvent systems are employed without chemical modi-
fication of the cellulose chains. Some examples are LiCI/DMAc (lithium chloride/N,N-
dimethylacetamide), DMSO/TBAF (dimethyl sulfoxide/tetra-n-butylammonium fluoride),
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Figure 3.7  Process principles in regenerated cellulose technology, example fibre spinning: derivative methods
(left), direct methods (right). (From ref. [1].)

sodium hydroxide/urea and superphosphoric acid. Industrial processes (Lenzing Lyocell) use
N-methylmorpholine-N-oxide monohydrate (NMMO) as the solvent.

Not only fibres can be produced with such technologies. Once the cellulose or its derivative
is dissolved, this dope can be shaped into other bodies like hollow fibres for membrane appli-
cations (artificial kidney), membrane films, packaging films (e.g. Cellophane), self-adhesive
tapes (Sellotape), or sponges.

In particular the NMMO technology has inspired new developments, recognizing that the
cellulose/NMMO/water solution can be considered in many aspects as a melt. As an example,
cellulose has been shaped by a blown-film process similar to conventional thermoplastics
[33,34]. A schematic of the blow-extrusion process is shown in Figure 3.8.

Using this process the longitudinal and transverse properties of the film can be adjusted by
changing the orientation of the cellulose chains according to the drawdown and blowup ratios.
A balanced property profile can easily be obtained without resorting to elaborate transverse
film drawing equipment. Moreover, the morphology and pore structure of the films can be
tailored by the precipitation regime (hard or soft) which can be different in baths 1 and 2 thus
allowing gradient morphologies to be produced.

Another example of melt-like processing of cellulose in NMMO/water [35] is the so-called
melt-blown nonwovens process, which is widely used for conventional thermoplastics. The
basic principle is shown in Figure 3.9. As in the thermoplastic case, filaments are produced
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Figure 3.8 Schematic of the blow-extrusion of cellulose-NMMO dope into blown film. (From ref. [1].)

by extrusion through a melt-blow nozzle and aerodynamic drawing by a strong stream of
hot air to increase orientation and decrease the fibre diameter. Before deposition of the final
nonwoven, solidification has to be accomplished between nozzle and conveyor belt to prevent
the formation of a more or less continuous film. In contrast to thermoplastics, which are
basically cooled down, cellulose has to be coagulated by appropriate means. In the NMMO
case, water is sprayed onto the filament curtain to accomplish coagulation and preserve the
filament integrity. Further down the curtain, ambient air is used for temperature reduction.

Aerodynamic drawing

/ with hot air

Ambient air

Melt blow nozzle

Filaments — X

Conveyor belt

Water spraying

Figure 3.9  Principle of producing melt-blown cellulose nonwovens.
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Table 3.1 Typical degrees of substitution for acetate (DSac),
propionate (DSp,), and butyrate (DSg,) moieties in technical cellulose
esters used for moulding compounds. (Data calculated from ref. [22].)

CA CAP CAB
DSAc 2.18-2.51 0.14-0.43 0.90-1.18
DSPr 2.11-2.71
DSBu 1.39-1.65

In such a way, cellulose nonwovens with their excellent performance characteristics in terms
of moisture absorption, softness and strength, can easily be produced for various application
areas such as hygiene, medicine, or household.

3.4.2 Organic Cellulose Esters — Cellulose Acetate

The large-scale industrial synthesis of organic cellulose esters is practically restricted to the
production of esters from a few aliphatic fatty acids with up to four carbon atoms, namely
cellulose acetate (CA), cellulose acetate propionate (CAP), and cellulose acetate butyrate
(CAB) [22]. Typical degrees of substitution for plastic moulding compounds are presented in
Table 3.1 with data calculated from ref. [22].

All three have their importance in the field of plastic materials, whereas CA is by far the most
widely produced derivative (expected to reach 980 000 metric tons by 2015 — see http://www
.prweb.com/releases/cellulose_acetate/flake_plastics_filter_tow/prweb8067438.htm, accessed
21 June 2013) mainly used for cigarette filter tow, which is, however, not melt spun but
produced by dry spinning in acetone. Since synthesis methods for CA and the mixed esters
mentioned basically differ only in the starting materials (acid and acid anhydrides), only the
CA process is described briefly in the following section.

3.4.2.1 Industrial Synthesis of Cellulose Acetate

Although intensive scientific work has been devoted to strategies for the synthesis of cellulose
organic esters, especially with regard to homogeneous reaction conditions and in view of the
advent of ionic liquids as reaction media [36], the principles employed for cellulose acetate
production have remained the same for decades. Nowadays, only the ‘acetic acid process’, that
is, the use of acetic acid as the solvent and acetic acid anhydride as reactant, in combination
with sulfuric acid as the catalyst, is of industrial relevance [37].

A rough schematic of the ‘acetic acid process’ [37,38] is shown in Figure 3.10. In addition,
to run an economically feasible process, acetic acid is constantly recovered from the respective
processing steps and acetic anhydride is manufactured therefrom on site.

High-quality dissolving cellulose pulp, either from cotton linters or from high quality
wood pulp (cellulose content above 95%) is activated in a pretreatment step by mechanical
disintegration and swelling in the aqueous acetic acid solvent in order to make accessible
the cellulose hydroxyl groups for the acetylation reaction. Often at the same time, sulfuric
acid is added as the catalyst. As soon as acetic anhydride is introduced in the next step, the
derivatization reaction starts. This being exothermic, the temperature must be controlled by
some means, either by cooling or by adding frozen acetic acid. As the reaction proceeds,
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Figure 3.10  Schematic of the industrially used “Acetic Acid Process’ to produce cellulose diacetate.

cellulose acetate is produced and dissolved in the reaction mixture ending in a homogeneous
cellulose triacetate (CTA) solution. Conditions, in particular temperature, have to be controlled
carefully, because chain degradation is a competing reaction and too low a DP would result
in inferior product properties. The reaction is stopped by adding water or diluted acetic acid,
destroying the excess anhydride. Sulfuric acid is usually not neutralized because it is needed
as the catalyst for the subsequent hydrolysis.

Both for the plastics applications in view and for the manufacture of cigarette filter tow
by dry spinning, a fully substituted cellulose acetate (degree of substitution DS = 3) is not
suitable. Therefore, a hydrolysis step follows the acetylation in which the DS is adjusted to
2.4 to 2.7 to give so-called cellulose diacetate (CDA). In the standard process, hydrolysis is
controlled by the concentration of water (5 to 15%), usually added in the stopping step after
acetylation, the reaction time (3 to 10 hours) and the temperature (between 60 and 80 °C).
Again, chain degradation has to be taken into account. The faster, high-temperature hydrolysis
at 140 to 150 °C with neutralized catalyst is another option.

Finally, often after a dope concentration process in which a certain amount of acetic acid is
removed, the resulting CDA is precipitated in the form of flakes or powder, washed and dried.
For plastics applications where the CDA is subject to high temperatures both in the plasticizing
and the shaping processes, CDA is stabilized and bleached. Especially bound sulfuric acid
remnants have to be removed either by boiling under pressure or by heating in 1% mineral
acids during stabilization [22]. These residual, neutralized sulfate esters exacerbate chain
degradation and thus further reduce the already narrow window between decomposition and
melt flow temperatures [21].
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3.4.2.2 Plastification

For the thermoplastic processing of cellulose homo esters and mixed esters with short aliphatic
chain acids, plastification is a necessity [39]. Even for solvent-cast CDA films, plasticizers are
incorporated to improve processability and various final product properties such as brittleness
[40]. On the one hand, cellulose itself is a semirigid polymer and, as described previously, not
fusible. Only when the hydrogen bonds are broken up by substitution can melt flow be brought
about, albeit at relatively high temperatures, since the stiff backbone is still present. On the
other hand, and this is the more severe point in practice, the melting (or rather softening) point
is rather close to the onset of thermal chain degradation — that is, there is a narrow processing
window between melt flow and decomposition [21], especially for CA.

Therefore, in order to produce plastic moulding compounds with reasonable melt flow
characteristics, as a rule, 15 to 35% plasticizer is added for CA and 3 to 25% for CAP
and CAB [22]. In Figure 3.11 the melt flow index (MFI), as a measure of melt viscosity, is
shown for typical cellulose ester moulding compounds as a function of plasticizer content.
Obviously, as expected, the esters with longer side chains are more flexible and need consid-
erably less plasticizer than the shorter chain esters to reach the same flowability at a given
temperature.

Moreover, melt flow is achieved for much lower temperatures than the melting points of the
plasticizer-free polymers. The latter are shown in Figure 3.12 for CAP and CAB [41]. Various
compositions are represented in the triangular diagrams. Pure cellulose is located at point C
whereas pure CA can be found on the AC axis, with CTA at 44.8% acetyl content, pure CP on
the PC axis, CB on the BC axis, and the mixed esters on the triangular plane. Melting point
data are given for cellulose esters having DS from 2 to 3. Obviously, CA does not melt below
240 °C irrespective of the DS in the range between DS = 2 (34.9% acetyl content) and DS =
3. Using plasticizers (Figure 3.11) reasonable MFIs for CDA can be obtained at temperatures
as low as 190 °C or, at least 210 °C with the positive effects mentioned on polymer molecular
mass preservation.
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Figure 3.11  Melt flow index of cellulose ester moulding compounds as a function of plasticizer content. (Data
calculated from ref. [22].)
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Figure 3.12  Melting points of CAP and CAB as a function of composition. (Adapted with permission from ref.
[47]. Copyright © 1942 American Chemical Society.)

A lot of plasticizers typically with two ester groups have been described in the literature [39]
including aliphatic diesters of phthalic acid, like diethyl phthalate, and diesters of aliphatic
dicarboxylic acids like dibutyl adipate or azelate [22] as well as glycerol triacetate (triacetin),
citrate esters, and phosphates [39]. Although these kind of plasticizers work well for decades in
various applications, the accelerated retention test shows [39] that exudation and volatilization
must be taken into account and can cause changes in the material performance. Thus, attempts
have been made to synthesize long-chain esters of cellulose (LCCEs) with acid chain lengths
of up to 20 carbon atoms (see [21] and references cited therein), which could be processed
without external plasticizers. Positive results are reported for cellulose acetate hexanoate and
cellulose acetate nonanoate [21] but these esters did not go into production.

3.4.2.3 Processing of Cellulose Acetate

Cellulose acetate is the most important cellulose ester and various processing techniques
for forming shaped bodies exist for this polymer. The mixed esters discussed above, CAP
and CAB, are used predominantly for injection moulding applications in suitably plasticized
form and are marketed as pellets. This is done for CA as well, but additionally, alternative
processing routes are available where solution methods play an important role. This is in
particular the case for fibre spinning and (thinner) film manufacture where cellulose diacetate
(CDA) is dissolved in acetone and dry spun or solvent cast. Moreover, the traditional solvent-
using block process is employed for obtaining sophisticated, multicoloured thick sheets for
applications like spectacle frames.

3.4.2.3.1 Fibres Both textile filament yarn and cigarette filter tow are produced from
CDA by dry spinning out of acetone solution. A schematic of the dry spinning process [42] is
presented in Figure 3.13. The CDA flakes are dissolved in acetone and TiO; is added to change
the lustre from bright to dull, which is preferred in cigarette filter tow. Filtration is essential to
remove the slightest impurities like gel particles, and so on. In a series of spinning cabinets,
more than 10 000 filaments are spun for a typical filter tow. The solvent acetone rapidly
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Figure 3.13  Dry spinning of CDA for the production of filter tow. (Reproduced from [42] with permission from
John Wiley & Sons, Ltd.)



Cellulose and Cellulose Acetate 51

CA flake Acetone Additives
| | |

Fitation

Solvent D i
recovery eaeration
)
S
9 09 > © D i

2 © & __©

o s A

Film
batching Drying cabinet War

rin Casting band

Figure 3.14 Schematic of the Clarifoil® process for casting CDA film. (Reproduced with kind permission of
Clarifoil, UK, 2012.)

evaporates, the fibre solidifies, is stretched and acetone is recovered. Typical titers range from
1.7 to 5 dtex and a star-like cross section with three rays resembling a ‘Mercedes’-star is
preferred by spinning through triangular orifices. A crimp is added before drying and baling
for the cigarette filter application.

Textile yarn (acetate fibres) is produced in a similar fashion but with much fewer filaments
per spinning site (20 to 160) and overall yarn titers between 44 and 670 dtex [43]. Melt
spinning is not, to the authors’ knowledge, found in the literature.

3.4.2.3.2 Films Acetoneislikewise used as the solvent for commercial cast film production
from CDA [43]. A schematic of the Clarifoil® process to produce CDA cast film is shown
in Figure 3.14. Dope preparation is similar to the dry spinning process but with the addition
of adding plasticizer, normally diethyl phthalate in concentrations in the range between 10
and 25%.

The dope is cast on a continuously moving steel band and the solvent is removed by a
countercurrent of hot air. For drying, a horizontal festoon dryer has been proven most efficient.
A typical film thickness would be 50 wm. Applications are found in stationery, tapes, labels,
seals and so on.

In a quite similar fashion, CTA films are produced but with an appropriate solvent mainly
consisting of dichloromethane [44]. Applications are found as special photographic films and
protective films for polarizing plates in LCD displays.

3.4.2.3.3 Plastic Materials For the various methods of plastic processing, special DS
values are preferred for each processing technique as shown in Table 3.2 [45].

For blow and injection moulding, as well as extrusion, pellets are produced prior to the
final shaping of the desired body. The CDA powder is mixed in a dry blender with plasticizer
(essentially phthalic esters) and other additives such as colorants and the mixture is aged or
‘matured’ at 60 to 80 °C for a few hours to allow for diffusion of the plasticizer. Subsequently,
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Table 3.2  Preferred degrees of acetate substitution
DS for various plastic processing techniques.

Processing technique

2.49 Blow moulding

2.41 Injection moulding and casting
2.34 Film extrusion

2.28 Block process

the material is extruded and pelletized to give the desired injection or extrusion moulding
compound.

A traditional method, the so-called block process, to manufacture sheet material of thickness
between, say, 4 to 8 mm, is specific to cellulose diacetate and found nowhere else in the industry.
Sophisticated coloured and patterned designs, as demonstrated in Figure 3.15, can be obtained
and used for fashion articles and eye glass frames. The process is time consuming and can take
up to 6 weeks to complete. From a soft paste, which is produced by slow mixing CDA flakes,
plasticizers, and solvent, subsequently filtered and coloured, a sheet is formed and placed in a
press to obtain a single colour block of dimension 700 x 1400 x 300 mm?>. The block, rich in
solvent, is cut into sheets which can either be kiln-dried for 10 to 20 days, or combined with
other sheets of different colours to obtain another block. This can be repeated 3 to 4 times and
finally, sheets are cut again and dried. The high solvent concentration, the long times involved,
and the control of the temperature allow the migration of the colorants to give particularly
subtle effects of shading.

3.5 Properties and Applications of Cellulose-Based Plastics

The property profile of cellulose-based plastics and cellulose products used in typical plastics
applications covers a broad range where the intrinsic cellulose properties can be recognized to
different degrees. So, hydrophilicity is a prominent feature for pure cellulose products, which
is reduced as the number of ester substituents and their chain length is increased. Equilibrium
moisture content of cellulose fibres, for example, is around 12% while the moisture regain of
diacetate fibres is 6.5% and of triacetate fibres 3.2% [43]. In this respect, propionic and butyric
esters are superior when fully substituted, but even mixed esters of the CAP and CAB types

Figure 3.15 Examples of designs possible using the block process in sheet manufacture. (Reprinted with permis-
sion from Mazzucchelli 1849, Italy.)
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can have advantages over CA [41]. However, plastification has to be taken into account and
the low moisture regain values of polymers like polypropylene or polyethylene terephthalate
cannot be reached.

In the following, only a rough account of selected, primarily mechanical properties can
be given and for more information the reader is referred to the literature cited. Applications
resulting from the typical property profiles will be mentioned and some numbers will be given
reflecting the respective production volumes.

3.5.1 Fibres

With the processes described in sections 3.4.1 and 3.4.2.3, fibres with excellent textile proper-
ties can be produced. The high moisture regain of the hydrophilic cellulose structure predestine
these fibres for moisture regulation in textile structures either alone or in combination with
synthetic fibres.

Typical tensile properties of cellulose-based fibres are shown in Table 3.3. The numbers
given represent characteristic values that can be varied in a certain range. Here the viscose
process is particularly versatile [16] and both textile (viscose) and technical (rayon) fibres can
be spun by appropriate changes in the spinning set-up. Lyocell fibres tend to be stronger and
stiffer than textile viscose but suffered from pronounced wet fibrillation in the first development
stage of the textile Lyocell [48]. The data given is from the Lyocell filament yarn NewCell
manufactured by Akzo Nobel NV, the Netherlands, which is out of production at present.
Finally, acetate fibres are inferior in mechanical performance due to lack of chain orientation
[16], which is not a critical point in the cigarette filter application. Textile applications cope
with that as well and the silk-like hand of ‘acetate rayon’ is appreciated.

As for viscose fibres, these are mostly produced as staple fibres for textile and nonwoven
applications. In 2011, world production was 3.246 million tons [49] while filament yarn
for textile and technical applications reached 332 000 tons in 2011 [49] with a share of
technical yarns of 56 000 tons. Technical viscose fibres, also called rayon or viscose rayon, are
used mainly as carcass reinforcing fibres in fast-running and run-flat tyres. Lyocell fibres are
produced only as staple and virtually exclusively by Lenzing AG, Austria, with a production
capacity of 140 000 tons in 2011 [50].

Cellulose man-made fibres are typically:

highly absorbent;
soft and comfortable;
easy to dye;

they drape well.

Table 3.3  Typical tensile properties of cellulose-based fibres.

Strength Modulus
Fibre type [cN/tex] [MPa] [cN/tex] [GPa] Elongation [%] Ref.
Viscose 21 308 704 11 24 [46]
Rayon 55 825 1300 19.5 13 [47]
Lyocell (NNMO) 40 603 2060 31 9 [46]

Acetate 13 195 340 5.1 20 [16]
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These characteristics determine their major uses (http://www.fibersource.com/f-tutor/
rayon.htm, accessed 21 June 2013):

e Apparel: accessories, blouses, dresses, jackets, lingerie, linings, millinery, slacks, sport
shirts, sportswear, suits, ties, work clothes.

o Home furnishings: bedspreads, blankets, curtains, draperies, sheets, slipcovers, tablecloths,
upholstery.

e Industrial uses: industrial products, medical surgical products, nonwoven products, tire
cord.

e Other uses: feminine hygiene products.

Acetate fibres are used mainly for the production of cigarette filters with a global production
volume of filter tow of 740 000 tonnes in 2009, which is an increase of 170 000 tonnes since
the year 2000 [52]. Textile acetate yarns experienced a 30% decline to 42 000 tonnes in 2009
[52]. Main applications for the later are women'’s linings, woven fashion, woven satins, circular
knits, men’s linings, tricot knits, woven velvets, home furnishings, coffin linings, medical and
ribbons [43].

3.5.2 Films

Cellulose films like Cellophane™ or NatureFlex™ (trade names of Innovia Films Ltd.) are
classically manufactured via the viscose process. A wide variety of film types is commercially
available, for example, from said Innovia Films Ltd with a thickness range from 19 to 45 pm,
uncoated or coated with sealable layers and with typical mechanical properties of the basis
films as shown in Table 3.4.

Stronger films are available, too, with machine direction tensile strengths of 180 MPa and
key attributes for the uncoated (NatureFlex™) films are described (www.innoviafilms.com,
accessed 22 June 2013) as:

excellent transparency and gloss;

highly permeable to moisture;

excellent gas and aroma barrier;

anti-static, easy tearing and anti-mist;

both sides of the film are receptive to inks and adhesives;

excellent dead fold characteristics;

certified compostable in both industrial and home composting environments;
suitable for anaerobic digestion;

coloured versions are available.

Table 3.4  Typical tensile properties of cellulose-based films in machine (MD) and transverse (TD) directions.

Strength (MPa) Modulus (GPa) Elongation (%)
Film type MD D MD TD MD TD
Cellophane? 125 75 4.7-5.4 3.7 25 75
NMMOa? 163 76 4.1 2.9 5-40 2-30
NMMOb? 114 82 4.7 4.4 5-40 2-30
Cast CDAP 90 sim.© 2.8 sim.© 20-40 sim.¢

Notes: *From ref. [48]. PFrom ref. [40]. “Similar to MD value.


http://www.fibersource.com/f-tutor/rayon.htm
http://www.fibersource.com/f-tutor/rayon.htm
http://www.innoviafilms.com
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That makes the films suitable for markets and applications such as:

Twistwrap;
lamination;
high-speed glued bags;
tapes;

premade bags.

The cellulose films can be coated to give additional property advantages in terms of sealabil-
ity and as barriers. Even aluminium metallized types are available with extremely high barriers
to moisture vapour, aromas, and gases still being compostable according to the industrial com-
posting standards DIN EN 13 432, ASTM D 6400 and AS 4736, and Vingotte OK Compost
Home protocol. Innovia cellulose film production capacity is reported to be around 30 000
tonnes per year (http://www.sustainablebizness.com/PkgForum/InnoviaAnaPkgForum.pdf,
accessed 22 June 2013). Markets addressed are:

bakery;

confectionery;

soft cheese;

snack food;

cereals;

condiments;

medical;

petri dishes;

home and personal care;
cosmetics.

New processing routes for underivatized cellulose have been addressed by developing a
blown-film process using NMMO as the solvent (Figure 3.8) allowing for a broad variability of
film properties in the draw-down (longitudinal, MD) and blow-up (transverse, TD) directions
[48]. Tensile characteristics have been included in Table 3.4 for a more anisotropic film
(NMMOa) and a film with balanced properties in MD and TD (NMMOb) demonstrating the
capabilities of the blown-film process.

Cellulose diacetate cast films, also included in Table 3.4, are much less hydrophilic than
uncoated cellulose but retain, due to their only partial substitution of hydroxyl with acetate
groups, a certain moisture sensitivity, providing the films in many end uses with a ‘breathabil-
ity’ to moisture vapour. Films have long been recognized as providing excellent transparency
and very high gloss values [40]. But also matt films can be produced by casting on bands with
roughened surfaces. The Clarifoil Company Ltd., United Kingdom, produces films in a thick-
ness range between 14 and 500 wm addressing the following applications (www.clarifoil.com,
accessed 22 June 2013):

Print lamination in high gloss, matt and Satiné and Semitone,
Invisible mending tape with easy tear characteristics,
Window Cartons, especially for food packaging,

Label stock for temper-evident and security labels,

Optical films for polarized sunglasses, display screens,
Scuff-resistant Semitone,

UV-absorber film.


http://www.sustainablebizness.com/PkgForum/InnoviaAnaPkgForum.pdf
http://www.clarifoil.com
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Finally, CTA films play an important role in optical applications due to their anti-curl
property and their low in-plane birefringence even when the polymer is oriented in combination
with high transmittancy (as PMMA), low haze (better than PMMA), and a refractive index of
1.48 [44]. Anti-curl is basically a bad shape memory when rolled off from the storage roll, a
requirement for the colour negative film, the only left application of CTA film in the category
of photography.

More important nowadays is the use of CTA as a protective film for polarizing plates
particularly in LCD displays for TVs, personal computers, and mobile phones. The unique
combination of properties mentioned above plus the sufficient permeability for vapourized
water from the water-based adhesive used to join the polarizing and the protective film, still
make CTA a choice material despite competition from other polymers [44].

Apart from the solution methods, CDA, CAP, and CAB films can be manufactured by
conventional extrusion to furnish the markets mentioned above.

3.5.3 Moulded Articles

Classical thermoplastic processing methods such as injection moulding, blow moulding and
extrusion, can only be performed with compounds having a distinct softening point followed
by a region with flow properties required for each technique and sufficiently below the decom-
position point of the polymer. This is the case for a series of plasticized cellulose esters,
such as CA, CAP, and CAB, with appropriate degrees of ester substitution and plasticizer
content. A set of typical properties of commercially available materials of this kind is given
in Table 3.5 [52]. Obviously, the more plasticizer is used, the lower are stiffness, strength,
heat distortion temperature (HDT), and Vicat softening temperature, while impact strength at
room temperature is increased. This latter tendency is seen also at lower temperature (—40 °C)
but is less pronounced. This and the appreciable loss in ductility might be due to the fact
that the plasticizers are solidified at this temperature. Moreover, what is seen from the table
is that the shortest substituent, acetate, produces the stiffest materials for a given plasticizer

Table 3.5 Typical properties of moulding compounds from cellulose acetate (CA), acetate propionate (CAP)
and acetate butyrate (CAB) [52].

CA CA CA CAP CAP CAP CAB CAB CAB

Property 105-21 105-27 105-33 360-07 360-12 360-16 285-05 285-10 285-23
Plasticizer [%] 21 27 33 7 12 16 5 19 23
Density [g/cmS] 1.29 1.28 1.27 1.21 1.2 1.19 1.2 1.19 1.16
Yield strength [MPa] 47 33 26 41 32 27 41 33 17
Breaking strength [MPa] ~ 50 36 30 41 33 30 51 43 20
Elongation at break [5] 20 25 30 50 45 45 55 50 50
Flexural modulus [GPa] 2.7 2.1 1.7 1.8 1.4 1.2 1.7 1.4 0.8
Rockwell Hardness R 106 82 59 95 78 68 94 78 -

Notched Izod [J/m] at 140 190 220 200 420 >530 160 240 450
20°C

Notched Izod [J/m] at 43 48 53 85 107 123 85 96 123
—40°C

HDT-A [°C] 84 73 63 82 75 72 83 74 52

HDT-B [°C] 92 83 74 92 83 80 93 85 68

Vicat temperature [°C] 122 109 100 107 96 92 115 104 88
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concentration. For example, 21% plasticizer content in CA results in a stiffness of 2.7 GPa,
while only 16% are sufficient for a stiffness level of 1.2 GPa in CAP.

Additional valuable properties of this family of cellulose moulding compounds include
clarity, high gloss, colourability, a warm and pleasant feel, and suitability for direct and
prolonged contact with human skin. Detailed information on chemical resistance is available
[53]. The resistance against non-polar solvents such as hydrocarbons is good, but poor for
more polar ones like ketones, esters, acids and alkalis in higher concentration. Applications
include:

tool handles;

eyewear (frames and safety glasses);
safety shields;

appliance parts;

pen barrels;

displays and signage;
toothbrush handles;
costume jewellery;

hair ornaments;

combs;

toys and sporting goods;
casino chips;

buttons and sequins;
cosmetics and personal care.

3.6 Some Recent Developments

Marketwise, cellulose fibres including acetate have seen an increase of 8% from 2008 to
2009 [51]. This is due to a considerable rise in CDA filter tow production (+30% [51])
owing to the change in smoking habits towards filter cigarettes, especially in Asia. In other
aspects, cellulose-based, in particular textile acetate, fibres have to cope with the competition
from synthetic alternatives, such as polyester and polyamide fibres. The situation for films
is likewise and mostly higher priced packaging, textile fashion, and special applications,
such as protective films for polarizer plates, are served. Frames for spectacles continue to be
an important application for moulding compounds and sheets. The increased awareness of
environmental issues such as the limitation of fossil resources and the CO, footprint as well
as the absence of competition with the food sector make cellulosiscs an attractive alternative
for the future. Research is constantly continued both in the field of cellulose itself and with
respect to cellulose esters. Some recent developments are discussed below without any claim
to completeness and with consideration of own work.

3.6.1 Cellulose

Higher strength and modulus technical cellulose fibres have been spun from phosphoric acid
by the Acordis research group of Boerstoel ef al. [54] giving fibres with strengths of 1.7 GPa,
moduli of 44 GPa and elongations at break of 5% [54]. This ‘fibre B’ never went into
production though, probably due to the impractical solvent. Concentrated acids are, however,
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not completely uncommon in high-performance fibre spinning, as, for example, aromatic
polyamides (Kevlar) are spun from anhydrous sulfuric acid.

A liquid crystalline system for fibre spinning of cellulose carbamate from NMMO solution
is described in reference [55]. Cellulose is regenerated analogous to the viscose method
(derivative process) and fibres are obtained with strengths of almost 1 GPa and moduli of 49
GPa. Compared to ‘fibre B’, a much easier process is used, which is much closer to industrially
implemented dope preparation (similar to the viscose process) and spinning procedures (from
the NMMO process).

The manufacture of cellulose blown films from NNMO solution [48] was mentioned in
Section 3.5.2 and mechanical values of a more anisotropic film as well as a more balanced
type are included in Table 3.4 demonstrating the versatility of the process.

Finally, recent developments in dissolving cellulose in ionic liquids should be mentioned
along with the utilization of this kind of solvent for the derivatization of cellulose [56,57]. Even
bacterial cellulose (high DP and high crystallinity) can be dissolved in suitable ionic liquids.
Under mild conditions and within short reaction times at low temperatures (65 to 80 °C) and
low excess of reagent, various cellulose esters and carbanilates, dendronized cellulose and
trimethylsilyl cellulose can be obtained. Still, ionic liquids are expensive, industrial processes
for cellulose shaping and derivatizing are not in place and NMMO is preferred as a solvent.
However, with economy-of-scale effects on the part of ionic liquids and with new possibilities
as to cellulose functionalization, new processes using this kind of solvent seem to have a
bright future.

3.6.2 Cellulose Acetate and Mixed Esters

In the course of the recent revival of bio-based polymers [58], cellulose esters have gained
attention as matrix materials both for macroscopic and nano composites. In a series of papers,
Seavey, Glasser, et al. have investigated continuous cellulose fibre reinforced cellulose ester
composites of which the last is dealing with commercial matrix and fibre options [59]. A sort
of hand lay-up with acetone solutions was used as the manufacturing method. For various
commercial CABs and Lyocell fibres moduli between 15 GPa and 21 GPa were obtained
in unidirectional (UD) composites while for cross-ply (CP) architectures, the values were
between 10 and 15 GPa. Strengths go up to 310 MPa for UD composites and to 210 MPa for
CP materials.

Another topic attracting much attention in recent years is the use of nanoscaled particles for
modifying polymer properties, including mechanical properties. Due to the extremely large
surface and thus interaction area with the matrix polymer, small amounts of the nano fillers in
the range of a few per cent are sufficient to cause appreciable changes in polymer properties.
Especially nanoscaled layered silicates, such as organo-modified montmorillonite, were tested
in conjunction with cellulose acetate injection moulding compounds. In a key paper, Park
et al. [60] use CDA with a DS of 2.45 together with triethyl citrate as the plasticizer and an
organo-clay (Cloisite 30B, Southern Clay Co.) modified with methyl tallow bis-2-hydrohyethyl
ammonium. Adding 5% clay to a composition with 20% plasticizer, tensile strength could be
improved from 70 MPa to 105 MPa, modulus from 4.1 to 4.8 GPa, while elongation at break
did not change much (8.5% vs. 7.2%). A certain embrittlement is noticed in notched Izod
impact strength the average value decreasing from 39 J/m to 26 J/m. However, the standard
deviations are so high that the significance of this finding is doubtful. Nevertheless, nano-clay
reinforcement has been proven to be a viable method for modifying CA properties.
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In another paper [61], CDA was compounded with organo-modified and unmodified nano-
clay both with and without glycerol triacetate (triacetin) as a plasticizer. The most striking
results were obtained without plasticizer and with unmodified clay, Na™ being the interlayer
cations. Tensile strengths as high as 178 MPa and moduli of 8.4 GPa were found in injection
moulded test bars for 5% clay loading. The bars showed a core-shell structure with highly
oriented molecules in the shell part, obviously generated by the shear forces in the injection
moulding process. Structure investigation revealed that the clay was not exfoliated and another
reason had to be found to explain the behaviour. More detailed investigations [62] showed
that the presence of the clay reduced the thermal degradation of CA enabling the longer
chains to be oriented in the injection process. Moreover, it was shown that the sodium ions
play the decisive role probably in neutralizing residual sulfate groups from the sulfuric acid
catalyst. This novel type of bio-nano-composite might be suitable for replacing oil-based
high-performance plastics in applications where high strength and stiffness is essential.

3.7 Conclusion

Cellulose is one of the essential bio-based polymers available in large quantities as a renewable
feedstock for a variety of traditional applications and, as research and development progresses
in this field, future applications. The synthesis work done by nature to produce this polymer
chain with its characteristic features can be used, after isolation from wood, plants, and so on,
either directly or taken as a basis for chemical modification. In doing so, CO, captured from the
atmosphere during plant growth is stored in the final product. Moreover, as to cellulose esters,
cellulose acetate as the most prominent example can in principle be synthesized completely
from biogenic resources using acetic acid from fermentation processes. This is not done at
present for economic reasons, but the financial environment may change in the future. The
actual CO, footprint of cellulose products is strongly determined by isolation and processing
conditions which are improved continuously in this respect. In comparison, for poly(lactic
acid) made from maize or sugar cane, or starch itself, there is an apparent competition with
the food chain. This is not the case for cellulose which is used as a structural material in nature
and by men.

The extended intra- and intermolecular hydrogen bond system of cellulose rendering it
non-meltable can be broken up by esterification up to a point where thermoplastic processing
is possible, albeit with the use of plasticizers. So far, mainly acetate, propionate, butyrate, and
mixed esters therefrom, have gained industrial importance. The use of plasticizers is not a
necessity per se and attempts have been made to use internal plastification with longer ester
chains. Certainly, the semirigid nature of the ether-linked anhydroglucose chain of cellulose
will impose a certain rigidity on any derivative intended for thermoplastic processing. However,
a suitable choice of the substitution pattern and the appropriate processing conditions will allow
for a variety of thermoplastic shaping processes. Currently, many possible applications are
precluded for economic reasons and high priced products prevail. This might change in the
future when the vision of a bio-based economy starts to assume shape.
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Materials Based on Chitin
and Chitosan
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4.1 Introduction

Chitin (poly-B-(1 — 4)-N-acetyl-D-glucosamine) is a natural, renewable polysaccharide of
major importance widely synthesized in a number of living organisms (Figure 4.1). Chitin
occurs in nature as semicrystalline microfibrils found as structural components in the exoskele-
ton of arthropods or in the cell wall of fungi and yeasts. The main commercial source of chitin
comes from crab and shrimp shells. Chitin is infusible and difficult to solubilize for processing
into different conformations (film, bead, sponge, etc.). The question of its solubility is a major
problem in view of the development of processing and uses of chitin as well as for its char-
acterization. Partial deacetylation, under strong alkaline conditions, allows the applications of
chitin to be extended by producing chitosan. Chitosan is a random copolymer with a molar
fraction DA (degree of acetylation) of B-(1 — 4)-N-acetyl-D-glucosamine and a fraction
(1-DA) of B-(1 — 4)-D-glucosamine (Figure 4.1). It is the most important chitin derivative in
terms of applications [1, 2].

In this chapter, the main characteristics of chitin and chitosan and the more conve-
nient techniques used for their characterization will be presented together with their main
physical properties. Furthermore, the materials obtained with these polysaccharides will be
described. It is important to recall that chitin is a natural polymer that is also biocompatible
and biodegradable, an important advantage for biomedical and pharmaceutical applications.
Good film forming properties is valuable for packaging or other applications in the domain
of materials.

Bio-Based Plastics: Materials and Applications, First Edition. Edited by Stephan Kabasci.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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NH,

CH2OH

Figure 4.1 Repeat unit of: (a) chitin (poly( N-acetyl-B-D-glucosamine)), and (b) chitosan (poly(D-glucosamine).
(c) Structure of partially acetylated chitosan characterized by an average degree of acetylation DA.

4.2 Preparation and Characterization of Chitin and Chitosan
4.2.1 Chitin: Characteristics and Characterization

In industrial processes, chitin is extracted from crustaceans by acid treatment to dissolve cal-
cium carbonate followed by alkaline extraction to solubilize proteins. In addition, a decolour-
ization step is often applied to remove the residual pigments and to obtain a colourless product.
These treatments need to be adapted to each chitin source due to differences in the ultrastructure
of the initial materials.

In the solid state, chitin mainly occurs as two allomorphs, the a- and B-forms, which are
differentiated by infrared and solid state NMR spectroscopies and X-ray diffraction [3, 4].
a-chitin is the most abundant, occurring in krill, lobsters and crab tendons, shrimp and crab
shells. It also results from recrystallization of B-chitin in solution treated with strong aqueous
HCI (over 7N) and washed with water because the a-form is thermodynamically more stable
than 3-chitin [5]. B-chitin is found in association with proteins in squid pens [3, 6] or in
the tubes synthesized by pogonophoran and vestimetiferan worms [7, 8]. In the solid state,
the chains are parallel in (3-chitin and antiparallel in a-chitin. Their crystalline structures were
reviewed in different papers [1, 4, 9—13]. Chitin is insoluble in all the usual solvents while
taking into account their crystalline forms (o or 3) because the reactivity of B-chitin is larger
than that of the a-isomorph, which is important for enzymatic and chemical transformations
of chitin [14].

Only few data are available on the physical properties of chitin in solution due to the
difficulties in dissolving this polymer. Solubilization would be necessary to characterize molar
mass but also for processing because chitin cannot be processed in molten state. The cohesion
of this polymer is too large due to stabilization by a dense hydrogen bond network and thermal
decomposition instead of melting occurs upon heating.
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One of the most popular systems to solubilize chitin is the following: a complex is formed
between chitin and LiCl (at 5 wt% in the solvent used), in which Li is coordinated with
the carbonyl group of acetylated units, and this complex becomes soluble in dimethylac-
etamide (DMAc) and in N-methyl-2-pyrrolidone (NMP) [15-18]. Austin also used formic
acid, dichloroacetic and trichloroacetic acids and interpreted the data in terms of solubility
parameters [15]. Other solvents were tested: saturated solution of lithium thiocyanate [19,20],
phosphoric acid [21], and alkali [22-25]. Solubilization of chitin in aqueous NaOH (16 wt%,
[23]) is obtained at temperatures lower than O °C. That method allows the preparation of
films regenerated in water at 25 °C or in methanol. In these conditions, depolymerization,
deacetylation and destructuration of the crystalline material are observed depending on the
time of contact between chitin and alkali [23,24, 26]. A review on chitin and chitosan including
the question of solubility was recently published in relation to fibre processing [27]. Other
solvents such as (CaCl, 2 H,O)-saturated MeOH at room temperature were suggested [28,29],
and chitin hydrogels are regenerated by dilution in water. Hexafluoroisopropyl alcohol [30] or
hexafluoracetone sesquihydrate [31] were also proposed as solvents. The advantage of these
solvents is that one can produce fibres by wet and dry spinning [31]. An aqueous mixture of
8 wt% NaOH and 4 wt% urea at —20 °C was shown to be a good solvent in which the chitin
solution is stable. Molecular weight and DA are only slightly reduced, but the solution turns
into a gel when temperature increases [32]. More recently, ionic liquids, especially 1-butyl-
3-methylimidazolinium acetate (BminAc), at room temperature, are proposed as new good
solvents for native chitin, which is regenerated in water or methanol [33,34].

As soon as the average fraction of D-glucosamine is high enough (in the range of 0.5),
this partially deacetylated chitin (degree of deactylation (DD) > 0.5) is named chitosan and
characterized by a DA < 0.5. Chitosan becomes water soluble in acidic conditions due to
—NH, protonation. Under this state, it is possible to obtain a complete characterization of the
polymer but it may be considerably different from the starting material especially in terms of
molar mass reduction during deacetylation. In these conditions, the existence of free -NH,
groups available on C-2 position of D-glucosamine units along the chains allows to perform
specific reactions in homogeneous conditions.

The most convenient technique to determine the DD of native chitin or the DA of chitosan
is the solid state *C or >N nuclear magnetic resonance (NMR) spectroscopy as discussed
recently [35,36]. Figure 4.2 shows the 3C NMR spectra obtained, in solid state, on chitin and
chitosan with different DAs.

There is a good agreement between the values of DA obtained in the different experiments
demonstrating the advantage of solid state NMR well adapted to all the range of acetylation
degrees (see Table 4.1). Infrared spectroscopy was also often used but it is more delicate to
interpret due to the difficulty in adopting a convenient base line. This was also discussed
previously for samples with different DAs [37].

The second important characteristic of chitin is the molecular weight but its measurement
needs polymer solubilization and absence of aggregates in the solution. Few data concern
the determination of intrinsic viscosity in different solvents and the relation with molecular
weight obtained by light scattering eventually associated with a SEC equipment [38]. These
characteristics are given in Table 4.2 in which the parameters K and a used in the Mark—
Houwink relationship ([n] = KM? ) are given as well as the dn/dc useful to analyse light
scattering results.

The agreement between K and a parameters does not look very good but this may be related
to the quality of the solution. The origin of chitin as well as the conditions of extraction and
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Figure 4.2 '3C CP-MAS NMR spectra of chitin and chitosan with different degrees of acetylation. A = Chitin;
B = chitosan obtained by homogeneous reacetylation to DA~0.6; C = commercial chitosan from Pronova with
DA~0.2; D = deacetylated chitosan. (Reproduced with permission from [36]. Copyright © 2000, American
Chemical Society.)

purification are important to solubilize it (in absence of aggregates) and to obtain valuable
data in light scattering and viscosity.

4.2.2 Chitosan: Preparation and Characterization

Chitosan results from the deacetylation of chitin and it becomes soluble in aqueous acidic
medium when the average DA is lower than 0.5. In fact, this limit depends on the distribu-
tion of acetyl groups along the chains. Chitosan fully deacetylated may be reacetylated in
homogeneous phase. In these conditions, solubility is observed up to DA~0.6 due to a random
distribution of the acetyl groups.

Table 4.1  Degrees of acetylation of chitin and chitosan obtained by liquid state ('H) and solid state ('>C and
T5N) NMR on 4 samples having different degrees of acetylation (same samples as in Figure 4.2). (Reproduced
with permission from [36]. Copyright © 2000, American Chemical Society.)

Samples A B C D
DA from "H NMR (liquid state) insoluble 0.58 0.21 acetyl traces
DA from 13C NMR (solid state) 0.99 0.61 0.20 0
DA from >N NMR (solid state) 1 0.63 0.20 0

Table 4.2 Mark-Houwink parameters for chitin characterization.

Solvent K (mL/g) a T(°C) dn/dc Ref.
2.77 M NaOH 0.1 0.68 20 0.145 [22]
DMAC/LICl 5% 7.6 x 10—3 0.95 30 0.091 [38]

DMAC/LICl 5% 2.4 x10-1 0.69 25 0.1 [39]
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Conditions for deacetylation are numerous. It is needed to prepare an alkaline solvent,
usually concentrated KOH or NaOH in aqueous solution eventually in the presence of a co-
solvent, and to adopt a high temperature, usually from 80 to 140 °C, for a long time, from
2 to 6 hours, in one step or two successive 2-hour reactions [40,41]. The regeneration of
chitosan or derivatives from their solutions takes place in water at pH = 7.5-8 where chitosan
is usually insoluble, and allows films, sponges, powders and fibres to be obtained. Chitin, being
a semi crystalline polymer, usually insoluble in the medium used for deacetylation, reacts in
a heterogeneous way. Therefore, the distribution of the -NH, groups along the chain may be
irregular and give some blockwise arrangement which will control the solubility in aqueous
medium even when DA < 0.5 with the risk to favour chain aggregation [42]. Solubilization of
chitosan occurs by protonation of the -NH, function on the C-2 position of the D-glucosamine
repeat units (Figure 4.1). This step is necessary for characterization but also to process chitosan
for applications.

The first step is to characterize chitosans by their molecular weights, DA and eventually by
the distribution of acetyl group along the chain. To characterize chitosan, different solvents
based on acetic acid are proposed. It is suggested that 0.3 M acetic acid be adopted with 0.1
or 0.2 M sodium acetate aqueous solution. The presence of an external salt is needed to screen
the long-range electrostatic repulsions between the charged chains. Chitosan is also soluble in
acetic acid or hydrochloric acid at pH lower than 6 (its intrinsic pK being around 6.5) [1].

The determination of chitosan average DA may be performed by different techniques from
which infrared spectroscopy, elementary analysis, and potentiometric titration are mentioned
in literature, but 'H liquid state [36, 43] and solid state '*C NMR [36, 44, 45] have to be
preferred. Presently, one considers that 'H NMR is the most convenient technique for soluble
samples. An example is given in Figure 4.3.
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Figure 4.3 TH NMR spectrum of chitosan in D,O, pD~4, temperature 85 °C, concentration 5 g/L.
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Figure 4.3 gives the 'H spectrum obtained for chitosan with a low degree of acetylation
(DA~0.06). The integral of the signal at 2.09 ppm @ allows the determination of the acetyl
content by reference to the integrals of H-1 signals at 4.94 ppm for the D-glucosamine residue
(D and at 4.65 ppm for the H-1 of the N-acetyl-D-glucosamine unit 2) at 85 °C; the signal at
3.26 ppm (3 is attributed to H-2. The '*C and N solid state NMR were also tested and
discussed recently (see Figure 4.2). These techniques were used in the whole range of acetyl
content from 0 to 100%. Results are given in Table 4.1: A is an a-chitin, B is a homogeneous
reacetylated chitosan and C, D are commercial samples [36]. >N NMR is especially inter-
esting as it gives only two signals related to the amino group and to the N-acetylated group
respectively. It was concluded that a good agreement exists in all the range of DA, whatever the
state of the sample and the NMR technique used. As mentioned previously, another important
characteristic of chitosan is the distribution (random or blockwise) of acetyl groups along the
chain because it may influence the solubility of the polymer and the interchain interactions
due to hydrogen bonds and hydrophobic character of the acetyl group. This distribution was
evaluated from '*C NMR measurements [46,47]. Diad and triad frequencies were determined
for homogeneous and heterogeneous chitosan with different degrees of DA.

The second important characteristic of these polymers is the molecular weight distribu-
tion and the average molecular weight as well as the intrinsic viscosity. The first difficulty
encountered in the measurement of these values concerns the solubility of the samples and the
dissociation of aggregates often present in polysaccharide solutions [48,49].

The question of choice of the solvent for chitosan characterization was examined. Different
systems were proposed including an acid at a given concentration for protonation and a
salt to screen the electrostatic interactions. The solvent is important also when molecular
weight (or the viscometric-average molecular weight with polydispersed samples) has to
be calculated from intrinsic viscosity using the Mark-Houwink relationship [n] (mL/g) =
K M?. For the determination of the K and a parameters, an absolute molecular weight detection
system is needed. Usually, light scattering is used, which is very sensitive to aggregates,
resulting in an overestimated MW value. Some data for the Mark—Houwink parameters are
given in Table 4.3. It was demonstrated that the aggregates perturb not only the molecular
weight determination, especially by light scattering, but also the viscosity determination [50].

To avoid these artefacts, it was proposed that 0.3 M acetic acid/0.2 M sodium acetate
(pH = 4.5) be used as solvent since there was no evidence for aggregation in this mixture [50].
At that time, it was demonstrated that the value of DA modifies the K and a parameters. In this
solvent, the absolute M values were obtained from steric exclusion chromatography (SEC)
equipped with online viscometer and light-scattering detector, allowing the Mark—Houwink
parameters to be determined without fractionation and also the relation between the radius of
gyration and the molecular weight.

A more recent analysis of the molecular weight distribution by SEC using a triple detection
(viscosity, concentration, molecular weight) has been described [51-53]. It was performed on
heterogeneous chitosans, obtained from commercial sources after solid state treatment and

Table 4.3  Mark-Houwink parameters for chitosan in different conditions.

Solvent K (mL/g) a T(°0) dn/dc Ref.
0.15M AcOH/0.1TM AcONa 0.05<DA<0.23 — — 25 0.192 [52]
0.3M AcOH/0.2M AcONa 0<DA<0.03 7.9 x 1072 0.796 25 0.190 [53]

0.02M acetate buffer/0.7M NaCl 8.43 x 1072 0.92 25 0.203 [55]
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on homogeneous chitosans with different molecular weights obtained by reacetylation of a
highly deacetylated chitosan by G. Roberts [53,54]. The DA of these acid-soluble chitosans
varied from 0.02 up to 0.61. The data confirm that the Mark—Houwink parameters depend
only slightly on the degree of acetylation. This point will be discussed later in relation with
the persistence length. It was also shown that the DA has a negligible influence on dn/dc
in the 0.3 M acetic acid/0.2 M sodium acetate solvent [53], and a value of dn/dc = 0.190
was obtained. The average values of the Mark—-Houwink parameters and dn/dc, given for
chitosans characterized by DA over a large range covered, are valid for heterogeneous as well
as homogeneous samples. Recent studies propose to use 0.15 M acetic acid/0.1 M Na-acetate
as solvent and an average dn/dc = 0.192 [51,52].

The relatively high values obtained for the parameter a are in agreement with the semirigid
character of this polysaccharide. To validate this conclusion, chitin and chitosan molecular
modelling [56,57] were investigated and the data predicted were compared with experimental
results obtained by SEC. The importance of the stiffness of polymers is that their dimensions
and their related hydrodynamic volume and viscosimetric contribution depend directly on the
semirigid character of the chains reflected by the persistence length. This property is directly
related to the performance of chitosan and chitin used in solution. Chitosan in acid medium
being a polyelectrolyte, the actual total persistence length Lt at a given ionic concentration
contains the intrinsic contribution Lp and the electrostatic contribution Le, calculated fol-
lowing the Odijk treatment. The electrostatic contribution is null in external salt excess [58].
The conformational analysis of chitin with different degrees of deacetylation confirms that
chitin and chitosan are semirigid polymers characterized by a persistence length that depends
moderately on the degree of acetylation of the molecule. From this analysis, chitosan, free of
acetyl groups, has an intrinsic persistence length Lp of 9 nm when the electrostatic repulsions
are screened. Lp increases when DA increases up to 12.5 nm for DA = 0.6, above that it
remains constant up to pure chitin at 25 °C.

The local stiffness is related to the conformation of the molecule and especially to the
intrachain hydrogen bond network stabilizing the chain [1]. Concerning chitosan with dif-
ferent DA, experimental results from steric exclusion chromatography using three detectors
on-line give Lp~11nm, Lp being nearly constant for 0 < DA < 25%. Up to 60% acetyla-
tion, the stiffness of chitosan is not much influenced by the degree of acetylation and Lp
increases to 15 nm in agreement with modelling prediction [53, 56]. The small variation of
the persistence length with DA is in direct relation with the small variation observed on the
Mark—-Houwink parameters. The stiffness of the chain plays a large role in the rheological
behaviour of the molecule but also, even in dilute solution, in the existence of interchain hydro-
gen bonds forming multimers that perturb all the characterization of these polysaccharides.
The aggregation has been discussed recently and the causes analysed. It seems that hydro-
gen bonds as well as hydrophobic attractions play a role, whatever the degree of acetylation
[48,49].

4.3 Processing of Chitin to Materials and Applications
4.3.1 Processing of Chitin and Physical Properties of Materials

Chitin, like other polysaccharides derived from cellulose, has good film-forming properties. It
is a semicrystalline polymer and the morphology of the materials prepared depends on the con-
ditions of processing. The stability of chitin-based materials is promoted by the establishment
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of a hydrogen bond network between extended chains. Chitin adds original properties to the
new materials as being biocompatible, biodegradable and nontoxic, with antimicrobial activity
and low immunogenicity. It is also insoluble in water with some hydrophilic character and
moisture controlling. Chitin can be processed in the form of films, beads, sponges and fibres
with good physical properties as soon as solutions are able to be prepared in a good solvent.
Recently, a short review presented the applications of chitin and chitosan-based nanomaterials
[59]. Chitin may also be used in blends with other polymers or as microfibres and incorporated
in composites.

Fibres were first developed by Austin [60] and then by Hirano [61-63] in solvents mentioned
previously, especially the DMACc/LiCl system. The fibres were obtained by wet-spinning [63].
A recent review presents the different fibres obtained from chitin solution and some of their
physical properties [27]. In addition, chitin solutions may be casted to obtain films [64, 65] or
regenerated under sponge or bead conformation in dependence of the use. Fibres were often
proposed for textile applications [66—68].

Blends were prepared with cellulose or silk as soon as a common solvent was available [63,
69-71]. Recently, ionic liquids were used. The solvent 1-ethyl-3-methyl-imidazolium acetate
completely dissolves raw crustacean shells allowing to recover high purity chitin powder or
films and fibres by direct spinning [72]. Films of poly(e-caprolactone) (PCL) blends with
a-chitin and chitosan were produced. They are completely biodegradable and the crystallinity
of PCL is suppressed in the blends due to hydrogen bond interaction between PCL and
polysaccharides [73]. Blends were also realized with poly (3-hydroxybutyric acid) (PHB) and
chitin or chitosan. They show faster biodegradation than the pure-state component polymers
[74,75].

Composites were also prepared using chitin fibres (length 5 mm, fineness 2.3 0.5 dtex)
dispersed in a chitosan solution and regenerated with alkali in a mould. After washing and
drying, the product shows excellent mechanical properties [76]. Another reinforcement of
chitosan film was obtained with chitin whiskers (width 5-70 nm; length 150-800 nm). The
optimum tensile strength is found for an amount of whiskers around 2.96%, and the percentage
of elongation at break decreases compared to that of pure chitosan. Addition of a-chitin
whiskers and heat treatment helped to improve the water resistance of the material [77].

4.3.2 Applications of Chitin-Based Materials

The main development is in medical and pharmaceutical applications for wound-dressing
material [2, 64] or for controlled drug release [78,79], taking into account the biodegrad-
ability, low toxicity, physiological inertness, antibacterial properties, hydrophilic character,
gel forming properties and affinity for proteins. Chitin also accelerates wound-healing [66].
Chitin is inert in the gastrointestinal tract of mammals but biodegradable due to the presence
of chitinases widely distributed in nature and found in bacteria, fungi and plants and in the
digestive systems of numerous animals. Chitinases are involved in host defence against bac-
terial invasion. Lysozyme from egg white, fig and papaya plants degrade chitin and bacterial
cell walls [80, 81]. The influence of the degree of acetylation was studied and shows that a
certain degree of deacetylation is necessary to allow hydrolysis in dependence of the enzyme
mechanism.

Highly crystalline chitin nanofibres/chitosan glycolate composite was prepared as biocom-
patible support of medicaments in spray, gel and gauze giving good results for a variety of
wound dressings [82]. A composite porous wound dressing was prepared with (3-chitin and
chitosan (in a ratio 0.1-1) giving good blood absorbability and yielding strength [83].
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Chitin is also used as excipient and drug carrier under film, gel or powder forms for
applications involving mucoadhesivity [84]. A recent review describes the use of chitin and
chitosan as biomaterials in different biomedical applications [85]. Different applications of
chitin and that of few chitin derivatives are described in a recent book devoted to chitosan [86].

Another interesting application is a composite material made of hydroxyapatite-chitin-
chitosan as bone filling material for guided tissue regeneration, for treatment of periodontal
bone defects; it forms a self-hardening paste [87, 88].

Chitin was used also to immobilize enzymes and whole cells. Enzyme immobilization was
used for applications in food industries such as clarification of fruit juices and processing of
milk with a- and $-amylases and invertase fixed on chitin [89]. Chitin is also used for the
treatment of environmental pollutants [90,91], or in biosensors [92,93].

Chitin has been used in columns to isolate pure lectins and determine their structure [94].
Chitin and 6-O-carboxymethylchitin activate peritoneal macrophages in vivo, suppress the
growth of tumour cells in mice and stimulate nonspecific host resistance against Escherichia
Coli infection [95]. Chitin is used for biological activity as mentioned previously: oligomers
were claimed as anticancer drug and the DP = 5 is active to control the photosynthesis of
maize and soybean [96].

Regenerated chitin derivative fibres were used as binder in a paper-making process. N-iso-
butyl chitin fibres were added at 10% yield to reinforce the breaking strength of paper [97,98].
Chitin fibres and/or chitosan fibres with diameter <100 nm and an aspect ratio >5 were used
in pneumatic tires and give a good abrasion resistance [99].

4.4 Chitosan Processing to Materials and Applications
4.4.1 Processing of Chitosan

Often, in the literature, the polymer used is either chitin (high degree of acetylation) or
chitosan (DA < 0.5). Chitosan is easier to use to prepare hydrogels, films, fibres or sponges
as previously mentioned. Most of these materials are used in the biomedical domains where
chitosan biocompatibility is needed [85]. Solutions of chitosan are prepared in acidic conditions
and processed to the needed conformation (cast for a film, spun for fibres, freeze dried
for sponges etc.) and immersed in a precipitation alkaline solution, washed and dried. The
processing of chitosan is easier than that of chitin but the stability of the materials is lower due
to the larger hydrophilic character and especially the pH sensitivity [100]. For better stability,
chitosan may be crosslinked by reagents such as epichlorohydrin [101], diisocyanate [102], 1,4-
butanediol diglycidyl ether [103], or glutaraldehyde [104]. Specific crosslinking was performed
on a blend made of starch and chitosan. Starch was oxidized to produce a polyaldehyde reacting
on the -NH, group of chitosan in the presence of a reducing agent [105]. The same reaction was
realized with oxidized maltodextrins, galactomannans and methylcelluloses [106]. A natural
cross-linker named genepin was also used recently [107, 108]. Many chitosan hydrogels are
obtained by treatment with multivalent anions as oxalic acid [109,110] or citric acid [111-114].
Tripolyphosphate is used to crosslink chitosan [115, 116].

The following example is particularly interesting: chitosan in the presence of B-
glycerophosphate gives a thermoforming gel at temperatures over 37 °C and was developed,
on the basis of research by Buschmann and coworkers, by Biosyntec in Canada under the trade
name BST-Gel™ . These products are well adapted for drug delivery, tissue repair, rheumatol-
ogy and reconstructive chirurgy. The gel BST-CarGel (MD) is proposed for articular cartilage
repair [117,118].
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Blends or composites were also prepared especially by Hirano in the same way as
mentioned previously for chitin [63]. Other systems were proposed in the literature and
listed previously [1,2]. Some of them are described in detail, for example, chitosan/
polyamide 6 and chitosan/polyamide 66 [119,120], chitosan/cellulose using a common solvent
[121, 122], chitosan/poly(oxyethylene) (POE) [123], chitosan/polyvinylpyrrolidone (PVP),
chitosan/polyvinyl alcohol (PVA) [123, 124], chitosan/polycaprolactone [124—126], chitosan/
collagen [127], chitosan/PHB [128], and chitosan/cellulose fibres [129]. In some case, the
polymers are crosslinked in the blends [130]. Hydrogels or films have been prepared by mix-
ing chitosan solution with monomers, initiator and cross-linker followed by copolymerization
[131,132].

Recently, reinforcement of chitosan film with carbon nanotubes was tested. This composite
demonstrates a large increase in the tensile modulus with the incorporation of only 0.8% of
multiwalled carbon nanotubes [133]. Many papers concern bio-inorganic composites, includ-
ing hydroxyapatite, which increases the mechanical properties and mimics the nanostructure
of bone [88, 134, 135].

Chitosan derivatives. Due to the chemical structure of chitosan, specific reactions can be
performed on the amino group in C-2 position of the glucosamine unit, especially by reductive
amination reaction. Also two —OH groups are available on C-3 and C-6 positions [1,2]. The
more interesting is to test reactions on the C-2 position. Two different types of derivatives may
be recognized: (i) derivatives obtained by chemical modification and introduction of different
substituents, (ii) grafted copolymers on C-2 position.

Cationic derivatives (quaternized chitosan like trimethylchitosan ammonium), and anionic
derivatives (—-N— and/or O— carboxylated chitosans) are charged polysaccharides and water
soluble in a wide range of pH, especially in neutral and alkaline pH where chitosan is not
soluble [136-138]. Alkylated chitosans behave like polymeric surfactants but stabilize lipidic
membranes in contrast to simple charged surfactants. The mechanism suggested is flat adsorp-
tion on the external leaflet of the vesicles in a patch-like model [139-144]. But a sulfated
alkylated chitosan (S-C10-chitosan) was suggested to be incorporated into the lipidic mem-
brane without toxicity [145]. In addition, alkylated chitosan with a side chain C10 or C12
behaves as an amphiphilic polymer and forms a physical gel in presence of external salt in
acidic conditions. The salt screens the electrostatic repulsions between the cationic chains
[140]. Chitosan substituted with cyclodextrin (CD) was also prepared in relation with the
ability of CD to encapsulate hydrophobic molecules, for example, drugs or lipidic substances
[146-148]. It was shown that new physical gels may be obtained by mixing chitosan-CD with
chitosan-adamantane [149].

Another class of materials are the thermoreversible gels obtained when LCST polymers
such as PNIPAm [150-152], PEOP [153], or methylcellulose [154] are grafted on chitosan.
Figure 4.4 shows the variation of mechanical moduli to stepwise periodic changes in temper-
ature from 10 to 30 °C.

For chitosan-g-methylcellulose, whatever the temperature, G’ > G indicating loose inter-
chain interactions, and G’ increases strongly when temperature increases just as for initial
methylcellulose (with a hysteresis on decreasing temperature). On the other hand, for chi-
tosan, G’ < G and both moduli remain nearly constant when temperature varies (with no
hysteresis). Few results are shown in Figure 4.5.

The physical cross-linking in these amphiphilic polymers is based on hydrophobic interac-
tions between side chains which counterbalances the electrostatic repulsions between cationic
chitosan chains in acidic condition [154].
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Figure 4.4 Variations in mechanical moduli, G’ (e) and C"’ (o), for 1% (w/w)chitosan-g- PNIPAm solution in
10% aqueous acetic acid to stepwise periodic changes in temperature between 10 and 30 °C (w = 1 rad s™7;
vy = 5%). (Reproduced with permission from [150]. Copyright © 2009, American Chemical Society.)
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Figure 4.5 Storage modulus (G’ in Pa.) for chitosan-g-methylcellulose in 0.3 M acetic acid solution as a function
of temperature. Comparison with initial chitosan. Filled symbols for temperature increase and open symbols for
temperature decrease.
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Electrostatic complex. Chitosan being a polyelectrolyte is able to form interesting elec-
trostatic complexes with other oppositely charged macromolecules to give hydrogels. The
properties of these complex materials depend on the polymer concentration, temperature, pH,
ionic concentration, and so on. Few examples are given in the following.

Electrostatic polyelectrolyte complexes (PEC) are mentioned in the literature involving
chitosan and synthetic or natural polymers such as PAA and CMC [155, 156], xanthan, car-
rageenan, alginate [157-162], pectin [163,164], heparin, hyaluronan (HA) [165-169], sulfated
cellulose, dextran sulfate, or N-acylated chitosan/chondroitin sulfate. Many systems were cited
in the literature [2, 170]. The electrostatic interaction was discussed in relation with the stiff-
ness of the backbone and the nature of the ionic groups involved. Especially, with alginate or
HA, a pH-dependent complex is formed, whose stability depends on the ionic concentration,
The complex formation was investigated in dilute solution by potentiometry (pH) and con-
ductivity to determine the fraction of ion pairs (<COO~ * NH;—) formed in dependence of
the experimental conditions [164, 166].

Electrostatic interactions between chitosan and lipidic vesicles are also important in the
biological and pharmaceutical fields due to chitosan’s bioadhesive and permeabilizer roles
[171-173]. The coating of liposomes with chitosan increases their biocompatibility and sta-
bilizes the composite membrane against pH and ionic concentration shocks as shown using
different techniques from which 3Ip NMR [172, 174] demonstrates the electrostatic interaction
of chitosan and polar phosphate head groups.

One aspect of these electrostatic complexes now in development is the preparation of layer-
by-layer polyelectrolyte capsules or films based on charged biocompatible polysaccharides
or chitosan/synthetic polyelectrolytes. Core-shell phospholipid nanoparticles were stabilized
via layer-by-layer self-assembly of anionic alginate and cationic chitosan and were proposed
for protein release [175]. Using chitosan and different anionic polyelectrolytes (hyaluronan,
alginate, nucleic acid) to encapsulate E. coli cells, it was concluded that the cellular activity was
not affected by the multilayer assembly [176,177]. Complex beads were obtained by dropwise
addition of Na-alginate into a chitosan-CaCl, solution. The swelling of the beads is different
from that of Ca-alginate beads, with a maximum swelling at pH 9 [178]. Oligo-chitosans or
small molecular weight chitosans were also complexed with alginates to give capsules with
controlled permeability [179, 180].

Chitosan and alginate electrostatic complexes have been mostly used so far for biological
applications [158,159, 181] as well as the complex formed between DNA or RNA and chitosan
(oligomers or polymers) actually under investigation in many laboratories [182—-185]. An
investigation on the mechanism and cooperativity of complexation was recently published
[186]. It was proved that the charge density and DA of chitosan is essential for the stability. A
minimum degree of polymerization (DP) (and charges) around 6-9 is necessary. The stability
of this complex based on oligomers is reduced above pH = 7.4, around the physiological pH,
which seems highly relevant for gene delivery applications and interpreted as one of the reason
for the high transfection activity of oligomer-based complexes observed [186].

4.4.2 Application of Chitosan-Based Materials

The main applications of chitosan and the electrostatic complexes discussed are antithrom-
bogenic materials, controlled-release encapsulation of drugs, immobilization of enzymes and
cells, and gene carriers. The advantage of chitosan in such materials is its biodegradability but
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also its hydrophilic property in addition to the polar groups able to form secondary interaction
(—OH and —NH, groups involved in hydrogen bonds with other polymers) and antibacterial
activity. The main promising developments at present are in pharmaceutical and biological or
biomedical domains and, at a lower level, in cosmetics and food [187-193].

The main properties and specific qualities of chitosan are:

Biodegradability Film forming
Biocompatibility Hydrating agent
Bioadhesivity Renewable

Polycationic substance Absorption promoters
Antifungal Non-toxicity
Antibacterial Non-allergenic
Immunoadjuvant Anticholesteremic agent

Antithrombogenic

(Reproduced with permission from reference [2]. Copyright Elsevier, 2012.) They explain the
great interest of many researchers as well as industries in applications of chitosan and specific
derivatives.

The cationic character of chitosan in acidic medium is unique. It is the only pseudonatural
cationic existing polymer. The film-forming property and biological activity of chitosan also
open new applications. In Table 4.4, the main applications of chitosan as biomaterials are
recalled. In particular, the drug-delivery applications are available by oral, nasal, parenteral
and/or transdermal administration.

Wound-dressing materials and tissue engineering are important domains under development
[194-200]. New adhesives were proposed recently [201,202]. Especially Az-chitosan was
shown to be nontoxic, cytocompatible and mechanically suitable in peripheral surgeries [202].
Chitosan is suitable for transmucosomal administration of drugs [203].

Concerning chitosan derivatives, the mucoadhesivity of chitosan and its cationic deriva-
tives is recognized and has been proven to enhance the adsorption of drugs especially at
neutral pH. N-trimethyl chitosan chloride interacts with the negatively charged cell mem-
branes [204, 205]. N-lauryl-carboxymethylchitosan being an amphiphilic polymer forms
micelles solubilizing taxol, which becomes more efficient. This type of chitosan derivative
was found to be safe in terms of membrane toxicity and it could be useful as carrier for
hydrophobic cancer drugs [206,207]. Chitosan or derivatives were used for gene transfection.
For N-alkylated chitosan, it was shown that transfection efficiency increases upon elongating
the alkyl side chains but levels off after the number of carbons in the side chain exceeds
8 [208]. Quaternized chitosan was also used for the same purpose [209]. Porous chitosan
(and derivatives) microspheres were prepared to deliver antigens in a controlled way
[210]. This type of particle was loaded with Newcastle disease virus vaccine and tested
in vitro and in vivo [211]. In tumour therapy, delivery of As,O3; adsorbed on chitosan was
proposed [212].

An interesting application concerns the chitosan- calcium phosphate cement. Chitosan or
chitosan glycerophosphate mixed with calcium phosphate and citric acid forms an attractive
injectable self-hardening system for bone repair or filling indications [134, 213, 214].



76  Bio-Based Plastics

Table 4.4 Main applications of chitin and chitosan as biomaterials. (Reproduced with permission from [2].
Copyright © John Wiley, 2008.)

Forms Applications Route of delivery/Properties

Beads Drug delivery Oral

Microspheres [76] Enzyme immobilization Oral, Implantable, ocular, injectable

Coatings Surface modification Chitosan increases mucoadhesivity of
Textile finishes alginate capsules

Fibers Medical textiles Biodegradable

Nanofibers [75] Suture

Guided bone regeneration
Scaffold for nerve tissue regeneration

Films Wound care
Dialysis membrane

Powder Adsorbent for pharmaceutical and
medical devices
Surgical glove powder
Enzyme immobilization

Sponge [77] Mucosomal hemostatic dressing
Wound dressing
Drug delivery
Enzyme entrapment

Shaped objects Orthopaedics
Contact lenses
Solutions Cosmetics Moisture holding
Bacteriostatic agent Oral, nasal
Hemostatic agent Complex formation — Gene delivery

Anticoagulants
Antitumor agent
Gels Delivery vehicle
Implants, coating
Tissue engineering
Tablets Compressed diluent Oral, bucal
Disintegrating agent

Capsules Delivery vehicle

Chitosan and chitosan with immobilized enzymes found application in a large range of
applications due to the original properties of chitosan itself [190, 215]. A review for applica-
tions in food was published previously but it seems that this domain is not in development
[216,217]. Packaging [218] and paper industry are also concerned [98, 219-221]. In paper
fabric, it may be used for paper reinforcement or as coagulant of wastewater. In textile industry,
some application of chitosan is also mentioned in the literature as it was for chitin [61, 63,
222]. Another field where the specificity of chitosan still is to be recognized is cosmetics
(especially for hair treatment in relation with electrostatic interaction) (Table 4.5) [1].

The last point to discuss is biological activity in agriculture because chitosan has antivirus
and antiphage activities [223]. It inhibits the growth of bacteria and bacterial infection and
stimulates the natural defences in plants. A mechanism was proposed through the octadecanoid
pathway [224].
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Table 4.5 Specific characteristics for applications of chitosan in hair treatment. (Reproduced with permission
from [1]. Copyright © Elsevier, 2006.)

Properties Uses
Aqueous solution interacting with negatively charged hairs (electrostatic Shampoos
interaction) Hair tonics
Antistatic effect (due to hydrophilic character), it maintains moisture in Rinses,
low humidity and hair style in high humidity Permanent wave agents
Removing sebum and oils from hairs (due to hydrophobic character) Hair colorants
Lacquers,
Hair sprays

Time release deliveries
(chitosan beads, gels or granules)
Antibacterial and antifungal activities
Thickening polymer
Role on surfactant stability; stabilize emulsion
Make hair softer, increase mechanical strength
Protecting elastic film on hairs, increasing their softness

4.5 Conclusion

In this chapter, the characteristics of chitin were described. This was followed by a discussion
on the solubilization necessary to process the polysaccharide to obtain new materials. Its fibre
and film-forming performances are recognized and allow application in the textile domain or
in packaging. Nevertheless, the more important applications are in the domain of biomaterials
due to the hydrophilic character and antimicrobial properties.

The characterization and processing of chitosan were then described. Solubility in acidic
media is a valuable property, extending processing methods and the domains of application.
The polysaccharide may be processed as fibre, film, sponge, bead, gel or solution. Due to the
presence of free -NH, groups, specific modifications can be performed on the C-2 position of
the D-glucosamine unit.

Chitin and chitosan can be blended with synthetic or natural polymers (proteins, DNA,
alginate, hyaluronan, etc.) or introduced as fibres in composite materials. The majority of the
applications covered in the literature seem to be that in the biomedical and pharmaceutical
domains. Many of these applications are mentioned in this review.
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5.1 Introduction

Most of the energy, organic chemicals and synthetic organic polymers in the world are obtained
from fossil resources such as petroleum and natural gas. To preserve resources, the utilization
of biomass must be an obligatory topic for the future. It requires ecological innovations in
future product design and has to initiate new approaches in material development based on
raw material from renewable resources [1-22]. Current bio-based materials do not fully meet
industrial and customers’ requirements in all cases. For example, wood, a traditional construc-
tion material, remains competitive in a challenging environment due to high resistance against
impact, thermal loading and styling opportunities. Disadvantages are the high costs, splintering
on breakage and the use of environmentally harmful glues when shaping complex profiles via
layered configurations. Plastics including all types of composites show a broad range of prop-
erties that meet differing needs for products in various industrial branches and mass consumer
applications [23]. Disadvantages are softening at higher temperatures, shrinkage on processing
and environmental problems on recycling — especially in case of multicomponent compounds,
composites and sandwich structures. Driving forces of the research for these environmentally
friendly materials are the branches of mass consumer, automotive, construction and electronic
industries which have to aim towards a zero-waste strategy, CO, saving in manufacturing
and product responsibility at long term to keep competitiveness in a global market [1-22]
(see also http://www.biocomp.eu.com/uploads/Final_Summary_Report.pdf, accessed 22 June
2013). A new substitute should meet both requirements: saving wood resources for processed
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wooden parts of complex shapes, and saving crude oil for synthetic plastics [24-37]. The
lignin matrix composite family ARBOFORM [24-34] uses lignin as main component, which
is superabundantly available from the worldwide output of pulp mills in masses surpassing
50 x 10° tons every year. The use of lignin in ARBOFORM needs no further chemical pro-
cessing in contrast to extracts from biorefinery techniques. Mechanically treated natural fibres
can be incorporated without any additional processing in chemical engineering.

In the following, results are reported from research into and development of novel engineer-
ing plastics with properties as expected from classical engineering plastics or wood. These
comprise high stiffness and impact strength, surface smoothness, various functionalities like
flame retarding, thermal and electrical conductivity, various colours, full absence of processing
chemicals, and modifications of formulations. Approaches for advanced bioinspired materi-
als are outlined. Selected examples provide an overview on diversified applications to mass
consumer goods and industrial parts, developed earlier or being under detailed investigation
currently. They demonstrate the relations of formulation and material properties, as well as
appropriateness for the targeted applications.

5.2 Approaches for Plastics Completely Made from Natural Resources

Much work has been done on using chemical raw materials from biomass to produce materials
similar to synthetic plastics, especially when considering high-quality engineering ones. An
enormous amount of money was spent on these developments but there was only limited
success. The reasons were that the resulting materials had to compete with the mass pro-
duction synthetic polymers like polyethylene and polystyrene. Past and recent reviews and
textbooks (see e.g. references [1-22]) give a detailed overview on the current development
and the progress achieved [15-17]. The approach to biocomposites is shown schematically in
Figure 5.1. Some examples of these materials at a mature state of development are:

e Starch: only useful in low-grade applications; if higher quality material is made then
admixtures of synthetic polymers are required.

e Poly (lactic acid) PLA, poly (hydroxybutyrates) PHB: mainly useful in the packaging
industry for bottles, beakers, and so on where these materials have to compete with cheap
synthetic plastics. In addition, there are no established production and processing facilities
in operation. Therefore, the acceptance at the market is difficult.

e Natural fibres incorporated in synthetic polymeric matrices (mainly polypropylene): had a
real industrial success; natural additives like lignin were also used.

Natural fibres show many advantages over glass fibres when used as reinforcement of
synthetic polymers (see Table 5.1): the relatively high density of glass fibres (=~ 2.5 g/cm?)
compared to cellulose or ligno-cellulose fibres of 1.5 g/cm?® makes lightweight applications
possible.

Composites from natural fibres have not yet been fully established in high-tech industry
because a sufficient quality for engineering applications is not adequately offered (e.g. by
Natural Fiber Composites Inc. and North Wood Plastics). Fibres are available from many plants
(highlighted of high quality): for example, wood, abaca, coir, cotton, flax, hemp, henequen,
istle, jute, kenaf, ramie, sisal or sunn.

An approach to use also biopolymers, like PLA, PHB, starch, resins from furfuryl alcohol
and vegetable oils in wood like plastics has often been considered in the past [2, 8, 9, 14-22,
35-44]. Compounding of the fibres with the thermoplastic biopolymers provides granules
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Figure 5.1  Plastic-like materials from biomass. (© Fraunhofer ICT, 2013.)

for injection moulding or extrusion of model products and profiles. The research has already
achieved improvement of temperature stability, a 50% increase in impact strength and a
flame resistance fulfilling classifications appropriate for extensive use in electronic products.
An example of a successful broad research approach gave the Biocomp project (see e.g.
Biocomp project final report [14-17] and recent reviews [19-22]). Advanced processing
methods involve cone extrusion, film stacking and long fibre direct processing. Thermoset
processing uses all important types of related methods like vacuum infusion, compression

Table 5.1  Properties of natural fibre reinforced synthetic plastics materials.

Material Density (g/cm®)  Tensile strength (MPa)  Failure strain (%)  Bending modulus (GPa)
E-Class fibres 2.40

Natural fibres 1.15-1.50

pPp? 0.91 26 >50 1.55

PP + Glass? 1.14 80 7 4.10

PP + Woodfibres® 1.04 26 5.4 3.30

2Stamylan (DSM).
bStamylan (30% glass fibres).
“WPC (PP + 40% wood fibres).
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moulding, bulk moulding compounding (BMC) and sheet moulding compounding (SMC). It
is based on low emission furan resins, one and two component versions, and samples with
hemp and flax fibre mats achieved mechanical properties up to half of those with polyester
resins. The flame retardancy is remarkable even without additives. In all steps of processing,
standard methods of characterization are applied, especially those needed for a database and
the specific characterization for end users. Near-infrared spectroscopy (NIR-spectroscopy) is
included to be used as an online/inline measurement procedure to assure sustained qualities of
materials, to measure fibre content and component and additive concentrations. It enables the
determination of the curing kinetics of thermosetting resins. Test samples are investigated by
standard test procedures for obtaining mechanical properties and thermal behaviour as well as
by methods to analyse failure mechanisms. Mechanical properties of the materials are improved
by increasing the quality of the natural fibres by selection and various pre-treatment methods.
Modifiers and additives improve impact strength and temperature stability. The development
of parts for applications uses the measured material properties as basis for the design and
tool construction, the processing and simulation techniques. A lot of industrial applications
require flame retardancy. Various model and industrial parts are available, which demonstrate
the performance of the materials developed and opportunities for their application. Work in the
near future aims at further material improvement and material functionalizing using additives
to fulfil high classes of fire resistance, impact strength and temperature stability.

Raw and refined linseed oils are highly unsaturated (and reactive) and are obtained by
simple pressing of linseed, hence without use of solvents. They are free of pesticide residues,
heavy metals, mycotoxins and biogenic amines, as the manufacturing process is constantly
monitored by corresponding trace analysis tests. Under ambient conditions, the partial pressure
of the oils is practically nil, so that there are no VOC issues. Vegetable oils are biodegradable,
have no toxicity or eco-toxicity and are, of course, renewable materials. They are available
worldwide in very large amounts.

Biomass-based furan resins use furfuryl alcohol (FA) [17]. It has affected the success
of the rather old biomass-based chemical industry. This reactive alcohol plays a vital role
in the production of foundry sand binders. For over 30 years these furan resins have been
extensively used in the foundry industry to produce cores that yield high-quality castings.
Despite the good chemical, mechanical and thermal properties of FA resins/polymers such as
corrosion resistance, flame retardancy, low smoke emission and excellent char formation, the
consumption of these bio-based resins in other markets is of minor significance:

e This type of bio-based adhesive can be used as sustainable substitute for petroleum-based
resins. Moreover, furan resins are price competitive with synthetic counterparts.

e Furfural industry has been neglected as a source for bio-based adhesives.

e Excellent mechanical properties of fibre-reinforced plastics (epoxy, PUR, phenolics) are
necessary when a bio-based thermoset system is used.

e Low VOC furan resins will be available.

5.3 Formulation of Lignin Matrix Composites (ARBOFORM)
5.3.1 Lignin

The name lignin comes from the Latin word /ignum which means wood. The discovery of lignin
and its exploitation began over 150 years ago, when scientists considered wood to be a definite
chemical substance based on three main components: cellulose, lignin and hemicellulose.
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Table 5.2  Lignin content in some biomass resources.

Biomass Cellulose (%) Hemicellulose (%) Lignin (%)
Softwood 40-50 20-30 25-35
Hardwood 40-50 30-40 15-20
Hemp 60-70 10-15 3-10
Hemp shives 45-55 15-20 20-30
Wheat straw 20-30 45-55 10-20
Miscanthus 35-40 20-30 10-15
Bagasse 30-40 20-30 10-20

Lignin is a kind of binder between the wood cells, which imparts rigidity, creating a very
strong composite material, resistant to impact, compression and bending [38—40].

The content of lignin in different types of biomass resources varies strongly; it is especially
high in wood (see Table 5.2).

In addition, many residues of agricultural products that are currently unused contain sub-
stantial amounts of lignin (see Table 5.3, [41]).

The natural polymer lignin is made up of phenylpropane units and, next to the polysaccha-
rides, it is the most abundant organic polymer in the plant world, probably being the second
most abundant naturally occurring material on earth.

The lignin macromolecule has a variety of functional groups that have an impact on its reac-
tivity. Lignin mostly contains methoxyl groups, phenolic hydroxyl groups and a few terminal
aldehyde groups. Only a small proportion of the phenolic hydroxyl groups are free because
most are occupied in linkages to neighbouring phenylpropane units. Carbonyl and alcoholic
hydroxyl groups are incorporated into the lignin structure during enzymatic dehydrogenation.
Tables 5.4 and 5.5 illustrate the linkages of some common functional groups found in lignin
[42]. Some monomers of lignin are plotted in Figure 5.2.

Inrecent years, additional incentives to exploit the more efficient use of the lignin-containing
wastes from the chemical pulping and wood-using industries have been established. Sulfite
liquors and their sulfonated lignin components (lignosulfonates) still represent the most widely

Table 5.3  Content of lignin, hemicellulose, cellulose, nitrogen and ash (given in %) referring different rests and
residues from plants and fruits.

Lignin Cellulose Hemi-cellulose Nitrogen Ash
Meal from maize (hominy) 2.0 11.0 42.0 1.84 1.0
Malt sprouts hulls 3.0 15.0 28.0 4.50 7.0
Brewers grains, dehydrate 6.0 18.0 22.0 4.16 4.0
Grape stems 12.0 - - <0.5 -
Straw from rice 12.5 32.1 24.0 - 17.5
Coffee ground 15.0 - 9.0 0 2.0
Hay, weathered 15.0 30.0 13.0 1.60 8.0
Straw from Soybean 16.0 38.0 16.0 0.83 6.0
Bamboo 20.1 - 19.6 - 3.3
Hulls from peanuts 23.0 42.0 9.0 1.25 4.0
Cocoa bean 25.0 - - 2.56 -
Olive waste 28.0 - - 0 -
Grape pomace 35.0 19.0 1.0 0 10.0

Fruit pits 40.0 - - - -
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Table 5.4  Linkages found in softwood lignin.

Linkage type Dimer structure Percentage of total linkage (%)
B-O-4 Phenylpropane B-aryl ether 45-50

5-5 Biphenyl and Dibenzodioxocin 18-25

B-5 Phenylcoumaran 9-12

B -1 1,2-Diaryl propane 7-10

a-O-4 Phenylpropane a-aryl ether 6-8

4-0-5 Diaryl ether 4-8

B-B B-B-linked structures 3

Table 5.5 Functional groups in softwood lignin per 100 pheny!
propane units.

Functional group Abundance per 100 C9 units
Carbonyl 10-15
Benzyl 15-20
Phenolic hydroxyl (free) 15-30
Methoxyl 92-96

used waste products of the pulp and paper industry. The relatively large-scale use of lignosul-
fonates is based on their physical and chemical properties. The dispersing properties of the
lignosulfonates, combined with their ability to sequester metallic ions, have contributed to their
successful use as additives in the preparation of oil-well drilling mud. Other application fields
of lignosulfonates include road binders, animal feed pelletizers, cement products, industrial
cleaners, trace element chelation, leather, tanning, metallic ion complexation for agricultural
use, and boiler-scale inhibition. The expected complete utilization of these products in the
future has resulted in continued physical and chemical studies of lignosulfonates in solution.

These are mainly processes of the pulp and paper industry, which consumes most of the
biomass, nearly exclusively wood, to produce cellulose for paper, packing and tissues. Most
applied chemical processes for the breaking down ligno-cellulose are shown in Figure 5.3.

Figure 5.3, also shows that chemicals like [SO4]*>~ and [SO3]*>~ as well as [CO3]>~ are
always needed.

A variety of methods exits to extract native (nonmodified) lignin totally or partially from lig-
nocellulose biomass. These methods use organic solvents like methanol or ethanol (Organosolv
process [43]) or even pure water (steam explosion process, Aquasolv process [41, 44-47]), but

CH,OH CH,OH CH,OH
X X ™
OCH;, HzCO OCH,
OH OH HO

Figure 5.2 Lignin monomers: p-coumaryl alcohol, coniferyl alcohol, sinapyl alcohol. (© Fraunhofer ICT, 2013.)



Lignin Matrix Composites from Natural Resources — ARBOFORM® 95

13.60% @ Conventional
18.40% sulfate process

B Sulfite process

O Modified sulfate
process

6.40% 61.60%

O Soda process and
others

Figure 5.3 Conventional chemical processes to receive delignificated cellulose for subsequent treatments by
paper industry to produce paper, packing and tissues. (Data taken from ref. [41].)

need special separation techniques to recover the lignin. Only a few of these new extraction pro-
cesses, such as Organocell, an alkaline sulfite anthraquinone methanol, (ASAM), pulping pro-
cess consisting of three main sections: digestion and brownstock washing, screening and four-
stage bleaching, evaporation and methanol rectification), Formacell and Milox were developed
in the past for the cellulose industry to include some extended ecological aspects [43].

Alkaline (both sulfate, commonly known as Kraft, and soda) pulping processes are the
most dominant methods for the production of chemical wood pulps. The economics of these
processes require the burning of the lignin in the spent liquor, both for recovering the pulping
chemicals and for providing process energy. As a result, the Kraft and soda pulp mills in the
United States burn some million tons of lignin annually. Although this transformation of lignin
into energy is an economical method for the use of the spent pulping liquor, it is not an ideal
way to dispose such a potentially valuable raw material.

Substantial efforts to use lignin for material development have already been undertaken.
However, the applications for thermoset binders or fillers in composites were only of limited
success (see e.g. [48-52]).

5.3.2 Basic Formulations and Processing of ARBOFORM

The approach to use lignin as prime matrix component resulted in a new family of a plastic-like
and also wood-like biocomposites meeting relevant industrial engineering challenges [24—34].
One important aspect of a success is in the fact that the material can be processed like a
thermoplastic by injection and compression moulding using standard technologies. In order
to start developing such a material, model mouldings were designed for various industrial
branches, which were, after meeting the requirements, transferred to industrial mouldings for
mass manufacturing. The development aimed at substituting plastics and wood in selected
applications. Following the ‘green’ vision the material has to consist only of natural renewable
constituents with the main components being lignin, natural fibres and additives to fully meet
‘green’ technology requirements. As many types of lignin are precipitated by chemicals man-
made chemicals (sulfur, sodium or chlorine trace residues as in the case of current types of
lignin) are present in the resulting material. A purely native lignin (e.g. from an Aquasolv
process, see below) might substitute the current lignin types in the future, as early experiments
proved successfully.
Basic objectives of the actual manufacturing and the future developments include:

e Biocomposite completely from natural resources: only natural components without man-
made chemicals and additives should be used in the materials.
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e Achieve engineering plastics properties: materials and injection moulded model component
parts are to be of properties of an engineering plastic, verified in standard property test
procedures.

o Use standard processing technologies: the equipment installed by the manufacturers should
be used, even the moulds (perhaps with small modifications).

o [dentify technical advantages in application: the materials can be used to obtain high quality
engineering thermoplastics reinforced with natural fibres for application in industrial goods
of mass consumer, electronic, automotive industry, and so on.

e Save energy: processing at low temperatures of injection moulding (<160 °C), mechanical
properties similar to those of polyamide, thermally stable at least till 95 °C or even 105 °C.

A composite material of this type fulfilling these criteria was made of lignin, which can
be processed as a thermoplastic material. It has been developed by the company Tecnaro
GmbH together with Fraunhofer Institute for Chemical Technology ICT [24-34]. Based on
sales of a family of compounds of material by Tecnaro GmbH, both partners continue its
development to broaden applicability by modifying composition to achieve system compat-
ible properties. The trade name of this material is ARBOFORM® (Latin: arbor — tree).
The components are mixed and compacted/agglomerated without heating them to manufac-
ture granules as a compound. This compound can be fed to standard injection moulding
and compression moulding machines widely used in industrial plastics manufacturing. On
heating, the mixture can be thermo-plastically processed to moulded parts or panels even
using moulds similar to synthetic plastic manufacturing. If sophisticated parts have to be
designed, however, the mould design is recommended to be conform to the special properties of
the compound.

Lignin acts as binding matrix in this natural fibre reinforced composite, resulting in a
biocomposite. The processing of the lignin-based material according to industrial needs implies
the interesting advantage compared to a wood, while being composed of the main constitutes
of wood or other biomass. Its appearance, however, and some of its properties, like density,
haptic quality, and so on come close to those of wood. Standard surface treatment like polishing
and/or varnishing can generate a noble wood-like appearance. The thermal expansion, which
is similar to that of wood, makes the material compatible with wood veneers, which can be
introduced as inlays into the moulds. Exposure to water for weeks does not lead to strong
swelling, but rather does not change the shape in any way. In general, the following variations
in composition are possible (Table 5.6):

Table 5.6  Range of compositions.

Matrix:

Lignin 30% 60%
Fibre reinforcement (loose fibres):

hemp (e.g. H1) 10% 60%
flax (e.g. F4) 10% 60%
Additives

processing aids (PrAi) 0% 10%
impact modifier 0% 20%

Flame retardants 0% 15%
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Some general guidelines for optimized lignin composite processing (ARBOFORM F-
grades) on injection moulding machines are summarized below:

e Do not predry lignin-compounds, normal storage conditions (dry, not more than 25 °C).

e Achieve the manufacturing temperature of the injection moulding machine with low-melting
PE-LD.

e Do not keep the material longer than 15 minutes with manufacturing temperature in the
injection moulding machine, in the case of longer dwell time clean intermediately with
LD-PE. Clean the injection moulding machine with PE-LD or cleaning granules after
manufacturing.

e Do not keep lignin-compounds together with other hot polymers; cool down immediately,
for example, using water.

e It is normal for the material to develop fumes and smell when discharged into the open air.

e Smell of mouldings will be considerably less after 2 days and change its characteristics (to
vanilla-like) after 2 weeks.

Screw design: Standard three-zone-screw (no mixing elements), standard
non-return valve

Nozzle: open (2.5 to 5.0 mm)

Screw feed rate: Depending on frictional heat and cycle time requirement (feed
rate slowed down if necessary)

Back pressure: High enough to prevent the screw running jerkily

Injection pressure: More than 50% of machine capacity in most cases

Injection speed: 50-90% of the maximum rate possible

Holding pressure: 20-60% of the machine capacity

Time of holding pressure: about 0.5-3 s (very low shrinkage)

Mould temperature: 20-55 °C (depending on the flow distance)

Hot runner: 155-165 °C

Cooling periods: Up to a maximum of 20% higher than for unfilled thermoplastics

Lignin, extracted by various processes and stemming from various sources, is useful to
generate such a biocomposite; the choice of the lignin depends on the target application
required by the final product. For applications where the sulfur content is not important,
lignosulfonates can be included. For applications where no man-made chemicals are allowed,
native lignin types obtained by a chemical-free process (e.g. Aquasolv or Organosolv) can
be used. Additives define the properties, especially for functionalities like fire retardancy,
conductivity, and so on in a similar way to standard plastics and predominantly engineering
plastics for high tech utilization. However, the additives for ARBOFORM® generating the
desired functions are also of natural origin. A sample of granules and some model parts are
shown in Figure 5.4.

5.3.3 The Influence of the Fibre Content

ARBOFORM formulations show a dominant dependence of the mechanical properties on the
fibre content (especially hardwood fibres), thus enabling material properties of the injection
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Figure 5.4  Cranules of a lignin-based composite and injection moulded sample. (© Tecnaro GmbH, 2013.)

moulded parts to be varied in a broad range. Figure 5.5 exhibits a strong increase of the tensile
strength related to the content of fibres in the formulations using hardwood fibres. At about
45% fibre content a good balance between stiffness and strength is obtained. For the other
fibre types a substantial high modulus is reached even at lower fibre contents.

The processing leads to an effective bonding between fibres and lignin matrix with a
homogeneous distribution of the fibres without bonding agents. It is evident from analysing
zones of break of the material under linear tension experiments that the fibres are not being
pulled out of the matrix, which confirms the good bonding behaviour (Figure 5.6).

Optical microscopy shows that a higher amount of hardwood can be integrated into the
lignin matrix whereas the fibres of softwood need more lignin to be fully covered (Figures 5.7
and 5.8). Therefore, better mechanical properties are already obtained at lower fibre contents
and cannot be further increased by higher amounts of fibres than 45-50%.

Further data and ranges of ARBOFORM to be covered by the standard version of the material
are published in various data sheets of Tecnaro GmbH, Ilsfeld-Auenstein (see an example
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Figure 5.5 Dependence of Young’s Modulus on the fibre content. (© Fraunhofer ICT, 2013.)
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Figure 5.6  Breaking zone on tensile tests, where no de-bonding of fibre/matrix can be observed. (© Fraunhofer
ICT, 2013.)

Figure 5.8 Softwood fibres in various amounts by optical microscopic pictures. (© Fraunhofer ICT, 2013.)
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Table 5.7 Data sheet of a standard ARBOFORM material.

Mechanical qualities Norm Unit Mean?
Tension at break DIN 53 455 N/mm? 18
Elongation at tear DIN 53 455 % 0.3
Modulus of elasticity in tension DIN 53 457 N/mm? 6000
Bending stress DIN ENISO 178 N/mm? 40
Impact strength (Charpy) DIN EN ISO 179 k)/m? 2

Ball indentation hardness DIN 53 456 N/mm? 122
Thermal qualities Norm Unit Mean?
Linear expansion coefficient DIN 53 752 1/°C 1.8.10E-5
Vicat temperature (A) DIN 53 460 °C 82.5
Martens temperature DIN 53462 °C 54
Heat conductivity DIN 52 612 W/(m.K) 0.384
Glow wire test DIN IEC 60695-2-1 — 650 °C passed
Electrical qualities Norm Unit Mean?
Conductivity, surface DIN 53 482 GQ 5
Conductivity, passage DIN 53482 GQ 3
Other qualities Norm Unit Mean?
Decrease in size — % 0.2
Density (in moulded parts) ISO 1183 g/cm3 1.3
Water content (at 105 °C) — % 6
Migration of certain elements DIN EN 71-3 — passed
Resistance to saliva and sweat DIN 53 160 — passed
Reaction to fire/Flammability DIN 4102-B2 — passed
Flow length (spiral test, 4 * 4 mm) — cm 60

?Depending on material composition.

in Table 5.7). Materials with special properties are developed according to the customer’s
specifications, if possible.

5.4 Chemical Free Lignin from High Pressure
Thermo-Hydrolysis (Aquasolv)

5.4.1 Near Infrared Spectroscopy of Lignin Types

The natural polymer lignin is extracted from biomass, mainly wood by various technologies
as described above. It accumulates in masses up to more than 50 x 10° tons at chemical pulp
mills every year, worldwide, as a by-product of the pulp and paper industry [48]. When using
it for material development, the most abundantly available types of lignin are modified by
chemicals on extraction depending on the type of process and these might be used for their
identification [53-55].

In order to use biomass in an environmentally friendly manner, various chemical-free
approaches for lignin extraction have been applied. Pure subcritical water and supercritical
water technologies (Aquasolv) have recently received increasing attention based on earlier
research [41, 44-47, 56-65]. Subcritical water and supercritical water behave very differently
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Figure 5.9  NIR reflectance spectra of various types of lignin. (© Fraunhofer ICT, 2013.)

from water under normal conditions, especially when considering the ability to dissolve or to
extract substances. The ionic product of subcritical and supercritical water, ranging between
107'2 and 107'° mol?/1?, is about three to four orders of magnitude higher than the ionic
product under normal conditions. Therefore, supercritical water can work as a hydrolysis
fluid. The dielectric constant of water in these treatments is in a range between 15 and 20,
which is close to that of organic solvents like acetone under normal conditions. The dielectric
constant of water under normal condition is about 80, so the properties of water drastically
change when increasing pressure and temperature. Furthermore, in the supercritical state the
dielectric constant decreases to about 2.

These conditions lead to interesting extraction yields, but residence times in reactors have to
be kept short in order to not degrade the biomass components substantially. In the following,
lignin from lignocellulosic biomass was separated by subcritical water (<220 °C, <5 MPa)
and was characterized by various analytical methods. Its efficient utilization as a matrix for
thermoplastic materials could be proved. It is important in material manufacturing to have a
simple method for quality control of the raw materials. One of them can be Near Infrared
Spectroscopy (NIRS), for example [53-55].

There are many types of lignin available; more than 20 are frequently produced. It is
important for a reliable lignin-matrix material like ARBOFORM to control the input type and
quality [55]. Near-infrared spectroscopy permits online control of thermoplastic processing.
It had been used to measure lignin in the past [53, 54]. Reflectance spectra of some types
of lignin are shown in Figure 5.9. Whereas differences are not obvious in the main band
between 1400 and 1500 nm, the other structure is caused by physical properties like particle
size. A multivariate statistical analysis [66, 67] by principal component analysis (PCA, e.g.
Unscrambler®), however, can clearly distinguish between the lignin types investigated as
plotted in Figure 5.10.

5.4.2 Lignin Extraction by High-Pressure Hydrothermolysis (HPH)

Figure 5.11 shows the principles of the high-pressure hydrothermolysis (HPH) process for
lignin extraction and the concept to realize it for experiments with various types of biomass
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Figure 5.10  Principal component analysis shows that the different kinds of lignin can be clearly distinguished
by NIRS. (© Fraunhofer ICT, 2013.)

including the further processing to obtain, at the end, native Aquasolv-lignin [41, 46, 47].
Summarizing the activities:

e Various materials, wood residues, straw, hemp shives, and so on, were treated in a laboratory-
scale reactor recording details of heating and cooling phases.

e Various separation methods were tested to obtain solid lignin for analysis and for the supply
to the injection moulding of material samples.

e Analysis of the lignin by various analytical methods.

Aquasolv - Hydrothermolysis - Facility

Pressurized air

-

Water reservior

-

Sampling

balance
DG LI
'—MJ Pump High-pressure pump

Figure 5.11 Scheme of the equipment to extract lignin at sub-critical conditions, the Aquasolv process.
(© Fraunhofer ICT, 2013.)
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One aspect of the complete HPH philosophy is to combine an ecological approach with
an economical extraction process to use all the constituents from inexpensive basic natural
(waste) materials. In this case, biological rests and residues out of agriculture and food industry
are considered for use. The selection of biomass also depends on the end-products that shall
be gained from the biomass, because the content of lignin, hemicellulose, cellulose and even
all other organic components varies strongly between different types of biomass. The process
was realized at a scale of 12 L, which was sufficient for separation raw materials to enable the
generation of granulates for injection moulding and to obtain test samples for material testing.
It operates at conditions of:

Volume: 12 L

Temperature range: 100-220 °C, preferable 180-220 °C
Pressure range: Up to max. 4 MPa

Solvent: pure water, no additives

Solid biomass feed: circa 800 g

Water volume: 3-10 L

Pump feed: 3 L per min

Residence time: 10-25 min

The separation of the lignin from the eluate is not trivial. One option is the successive
application of ultrafiltration, rotational evaporation, and vacuum drying.

The lignin obtained via the ultrafiltration consists of fine powders which are composed of
spheres of about 200 nm diameter (Figure 5.12). Bigger and smaller particles are included.

Results were obtained from experiments using Japanese wood chips treated with HPH at
190 °C and 20 min residence time. For the rotational evaporation a temperature of 35 °C and
a pressure of 40 mbar proved to be of highest effectiveness. High-pressure hydrothermolysis
gives lignin particle sizes below 300 nm when ultrafiltration is used. The membrane which was
applied had a nominal cut-off of 100 kDa (100 000 g/mol). The lignin was characterized by
NIR/IR-spectroscopy, molecular weight analysis (Gel Permeation Chromatography — GPC),

(a)

Figure 5.12  agglomerated HPH-lignin particles (| -| scale 1000 nm, left hand; |—-| scale 100 nm, right
hand) extracted at a temperature of 190 °C and pressures between 2 to 4 MPa. (© Fraunhofer ICT, 2013.)
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Figure 5.13 IR- Analysis of two samples comparing a sample of HPH Aquasolv lignin with Organosolv lignin.
(© Fraunhofer ICT, 2013.)

methods of thermo-analysis and scanning electron microscopy (SEM). IR/NIR spectra are sim-
ilar to those of other lignin types (see Figure 5.13), however chemometric methods (principal
components analysis, PCA, and partial least square, PLS) can clearly distinguish HPH-lignin
from the other types as shown above. The molecular weight by GPC is approximately half of
that of Kraft or Organosolv lignins, the polydispersity about 2/3 (see Table 5.8).

The molecular weight distribution (data plotted in Figure 5.14) shows that the HPH process
under the condition described above extracts the lower molecular weight fraction of lignin
present in biomass.

5.4.3 Thermoplastic Processing of Aquasolv Lignin

The separated Aquasolv-lignin was further processed [68, 69]. It started with the standard
mixing and pelletizing procedures for the integration of natural fibres and additives to form
a compound (like ARBOFORM, see above). Despite the unfavourable conditions and the
small amounts of Aquasolv-lignin, the resulting granules were injection moulded using a
Babyplast® injection moulding machine to obtain test samples (see Figure 5.3). The appli-
cation temperature for lignin should not surpass 200 °C to avoid degradation. However, the

Table 5.8 Molecular weight of some lignins.

Sample Mn Mw MP Mz +1 Polydispersity
Kraft-Lignin | 623 1240 933 2954 1.99
Kraft-Lignin C 664 1345 1059 3404 2.02
Organosolv Lignin 666 1467 1135 4531 2.20

Aquasolv- / HPH-Lignin from experiments described 505 750 525 1554 1.49
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Figure 5.14 The molecular weight distributions for an exemplary HPH lignin of the experiments described in
this paper (solid line) in comparison with Curan (broken line). (© Fraunhofer ICT, 2013.)

methods of thermal analysis showed that the thermal stability of HPH-lignin is sufficient for
this process and even better suited than most other lignin types which were earlier used in
a great variety in ARBOFORM. The process caused a strong fibre matrix bonding and fully
covered the embedded fibres by the lignin up to 60% for hard wood and to 45% for softwood.
The processed samples are shown in Figure 5.15. The resulting properties were similar to
ARBOFORM with other lignin types (see Table 5.7): Yield stress 18.03 N/mm?, Yield strain
0.28%, Stress at break 18.03 N/mm?, Strain at break 0.28%, Young’s-Modulus 6483 N/mm?.

5.5 Functionalizing Lignin Matrix Composites

Development of ARBOFORM started in the late 1990s, the material being composed only
of the components lignin, reinforcing natural fibres and some natural additives. The material

Figure 5.15 HPH-lignin and test material samples composed of HPH-lignin, natural fibres and natural additives
obtained by injection moulding. (© Fraunhofer ICT, 2013.)
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Figure 5.16 Dependence of the impact strength on the amount of impact modifier used. (© Fraunhofer ICT,
2013.)

already fulfilled important criteria of easy processing on standard machines and of engineering
performance — with promising mechanical properties, especially high Young’s modulus.

5.5.1 Impact Strength

Improved processing could already achieve an increase of impact strength well above 2 kJ/m?.
A further increase of impact strength required the integration of a substantial amount of impact
modifiers, which at least are bio-compatible and biodegradable. However, in the end a broad
range can now be covered as shown in Figure 5.16.

5.5.2 Flame Retardancy

To achieve certain classes of flame retardancy is a challenging task when using only bio-based
or at least biocompatible substances. The amounts of additives to obtain relevant values are
high and often may negatively influence mechanical properties. Halogen-free additives with
a justifiable environmental impact are used, only. In synthetic plastics like polypropylene
high amounts of these types of additives have to be used to fulfil some basic criteria. The
lignin matrix composite ARBOFORM needs lower amounts of flame retardant to achieve the
fire classifications UL V1 and UL HB and the mechanical properties are merely reduced by
10-20%. Obtaining the UL VO and UL HB classifications is possible, too.

5.5.3 Electrical Conductivity with Nanoparticles

Various approaches exist to increase the electrical conductivity of plastic materials with
nanoparticles [70, 71]. The precipitation of nanometal particles to the reinforcing fibres is
a very effective approach to achieve a good electrical conductivity at low concentrations. Pt
was used as a model metal particle to avoid oxidation on processing by extrusion and injection
moulding. Stable suspensions of Pt (supplied by Tsutomu Sakai, KRI Inc., Japan) [72] were
applied in two concentrations: suspension 1: 150 mg Pt/L, suspension 2: 1500 mg Pt/L, both
containing particles of the size between 2 and 5 nm (Figure 5.17). The fibres were immersed
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Figure 5.17 Deposition of Pt on natural fibres; left picture (a): with suspension 1 (150 mg Pt/L) on soft wood
fibres; right picture (b): suspension 2: (1500 mg Pt/L) on hemp fibres. (© Fraunhofer ICT, 2013.)

in the suspensions and the particles precipitated in a vacuum rotation evaporator by remov-
ing the residual liquid medium at 70 °C. Various types of fibres were investigated including
those from glass, PA, PET, CRF and the natural fibres hemp and wood used in lignin matrix
composites. The fibres were incorporated into materials to obtain composites by typical pro-
cessing methods. SEM and EDAX were applied to analyse the deposited Pt. The fibres were
pressed to strands for measuring the electrical resistance of samples with 5 mm thickness and
electrical contacts at a distance of 12 mm. Homogeneous layers are formed on the fibres with
Pt concentrations between 0.01 and 1%. The surface configuration of the fibres governs the
thickness of the metal layers and the concentration. The electrical resistance of pressed fibre
strands varies strongly with pressing conditions and can decrease from 10 M2 to 0.1 M.
The electrical resistance of the processed composites was more reproducible. Higher amounts
of Pt are deposited on the natural hemp fibres with their rough surface structure (Figures 5.17
and 5.18). A composite with the bio-polymeric matrix lignin was processed to standard test
strands. The electrical resistance of that material was essentially reduced in the configuration

Figure 5.18  Deposition of Pt on natural fibres with Pt-suspension 2 (1500 mg Pt/L): left picture (a): on soft wood
fibres; right picture (b): on hemp fibres. (© Fraunhofer ICT, 2013.)
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described from about 10* M to 10" M. These are values of interest for surfaces to handle
electronic circuits without the risk of damaging the semiconductor components.

5.5.4 Pyrolysis to Porous Carbonaceous Structures

Pyrolysis of ARBOFORM parts leads to highly porous carbonaceous structures, which might
be used for various applications [73]. The pyrolysis of injection moulded parts might enable the
formation of complex shapes designed by the mould. The resulting part exhibits a graphite-
like structure (see Figure 5.19) with a high porosity (see Figure 5.20). This high porosity
would also allow the pyrolysed ARBOFORM to be used as isolating or wear-resistant material
thermally stable at high temperatures. Ceramics (e.g. metal carbide) could be obtained in
case of infiltration by metal organic compounds to form a metal or metal oxide layer on
decomposition. A new opportunity might be the deposition of Si from cyclopentasilane as

(b)

Figure 5.19  Pyrolysis of ARBOFORM leads to a stable part, which might be used for various carbon applications.
(© Fraunhofer ICT, 2013.)
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Figure 5.20 Porous structure of pyrolysed ARBOFORM. (© Fraunhofer ICT, 2013.)

described with glass fibres [74,75]. The electrical conductivity of the carbonaceous material
varies with the pyrolysis temperature and can be modified by additives.

The presence of carbon fibres in ARBOFORM can also stabilize the structure and act as
precursor. Unpyrolysed ARBOFORM F45 is a biocomposite with a low electrical conductiv-
ity — this means that it is an isolating material. The conductivity of the material can be adjusted
on one hand by precipitation of metal particles onto the reinforcing natural fibres (see above)
but on the other hand also by varying the pyrolysis temperature. When pyrolysed at 600 °C
conductivity is still low, but pyrolysed at 1000 °C, a reasonable conductivity value is obtained,
which substantially decreases when the material is pyrolysed at 1200 °C. A report on more
detailed investigations can be found in ref. [76].

5.6 Injection Moulding of Parts — Case Studies

The lignin based bio-composite ARBOFORM reinforced by natural fibres exhibits a series of
interesting properties, which beneath ecological benefits also reveal technical advantages in
processing and in finished products. These include:

o Saving weight (10-20%): Because the density of natural fibres (1.0-1.4 g/cm?) is reduced
compared to glass fibres (2.5 g/cm?).

e On processing they are not abrasive especially when passing nozzles.

e Nearly no shrinkage of finished products versus mould dimensions and no dips arise even
for thick walled parts.

e Strong resistance against water and humidity uptake.

e Acoustics: strong damping of resonance frequencies, even enhanced by isotropic fibre
configuration (beneficial for loudspeaker applications).

e Shock absorbing also at low temperatures, more flexible when forming, no splintering on
crashes.

e Thermal expansion similar to wood, enabling easy adaptation of noble wooden veneers.



110  Bio-Based Plastics

o A lower amount of flame retardant is needed to achieve the desired classification.
e Processing requires no extruder for compounding and occurs at relatively low temperatures
and saves energy.

The manufacturing of component parts and panels from this material occurs at lower temper-
atures and the resulting parts show a lower shrinkage than those made from synthetic plastics.
The mechanical behaviour, however, exhibits some similarities with wood and the measured
properties depend strongly on the fibre type and content. The model product loudspeaker box
combines an interesting noble wood like design with outstanding acoustic properties. They
were injection moulded in different complex shapes at various wall thicknesses.

Accordingly, a large series of products made of ARBOFORM has accumulated up to now.

Existing tools can be used; however, they normally should be constructed for the serial
production of material according to the criteria of the ARBOFORM family (see above).
In addition, numerous parts for various applications are currently available from trials with
existing moulds and those specially adapted following the requirements. The number of
realized products running in continuous industrial manufacturing for domestic and industrial
use is currently growing strongly. Some examples with special technical challenges that could
only be met with this lignin matrix composite are discussed below.

5.6.1 Loudspeaker Boxes

A favourite application is the substitution of materials for boxes in sound generation because
the material is optimal for suppressing unwanted resonances and damping oscillations.

Figures 5.21 and 5.22 show a loudspeaker boxes frame made from ARBOFORM® granules
on a standard injection moulding machine. The thickness of the spherical boxes is about 10
mm and represents an example of extremely low shrinkage. The injection moulded parts are
of high precision, having stable dimensions without dips and tolerances less than 0.1 mm.

The spherical loud speakers were also manufactured with a tool that allowed the manufac-
turing within one single mould.

5.6.2 Precision Parts

As already outlined, the low shrinkage of ARBOFORM on demoulding enables high-
precision fittings to be manufactured. This cannot be achieved by normal synthetic plastics.

Figure 5.21 Tools and parts for a loudspeaker for use of ARBOFORM, injection moulded part. (© Fraunhofer
ICT, 2013.)
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Figure 5.22  [oudspeaker boxes for surround systems (for one type see mould and raw parts in Figure 5.21), the
texture on the parts is a feature of ARBOFORM products, which makes each a unique one. (© Fraunhofer ICT,
2013.)

Figure 5.23 gives an illustration for two fittings from the lignin matrix composites meeting
strict specifications of the user.

5.6.3 Thin Walled and Decorative Gift Boxes and Toys

The special texture of ARBOFORM parts results in decorative gift boxes usable for example
for precious jewellery and so on (Figure 5.24a). The challenge in their production is the thin
walls below 1 mm thickness and below 0.5 mm at the overlapping closures. Toys and figures
can also be made of ARBOFORM (Figure 5.24b), which demonstrates the manufacturing

(@) (b)
Figure 5.23  Technical parts made from ARBOFORM. (© Tecnaro GmbH, 2013.)
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Figure 5.24  Cift boxes, Christmas figures for a crib and ‘wood watch’. (© Fraunhofer ICT, 2013.)

of filigree parts. Resistance to saliva makes the material suited for applications in toys for
children; here a chemical-free lignin type should be used.
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6.1 Introduction

The prominence of lipids in the chemical industry is growing year on year and they are now
one of the major renewable feedstocks used in a chemist’s synthetic toolbox. They are readily
obtained in different parts of the planet and can be easily modified to produce a wide range
of chemical precursors for polymer production. However, many associate the commercial use
of lipids in areas such as biodiesel, lubricants and paint formulations and not with the largely
investigated use of polymers. This chapter aims to define loosely what a lipid is, and highlight
the main areas where they have been employed in bioplastics production to date.

6.2 Definition and Structure of Lipids

It is challenging to give an accurate, succinct definition of what a lipid is. Most commonly,
lipids are thought of as fatty acids and the related triglycerides, but even this does not include
the mono- and di-substituted glycerol compounds. In general terms, lipids can be considered
to be fatty acids, their derivatives and any other compounds that may have a similar behaviour,
functionality or biosynthetic pathway. They are often hydrophobic, soluble in hydrocarbon or
aromatic solvents and insoluble in water.

6.2.1 Fatty Acids

In order to define clearly what a lipid is, it is essential to know the structure of a fatty acid. A
fatty acid is a carboxylic acid with an aliphatic carbon chain attached to it. The carbon chain
generally has a length of anywhere between four and 22 carbons (Figure 6.1). This carbon

Bio-Based Plastics: Materials and Applications, First Edition. Edited by Stephan Kabasci.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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Figure 6.2  Ceneric structures for mono-, di- and triglycerides.

chain can have no (saturated), one (monounsaturated) or multiple (polyunsaturated) double
bonds in its structure.

6.2.2 Mono-, Di- and Tri-Substituted Glycerols

Fatty acids form esters with alcohols and some of the most commonly found esters are those
with glycerol. As glycerol has three alcohol groups, up to three ester linkages can be formed
(Figure 6.2).

6.2.3 Phospholipids

Phospholipids have a negatively charged, hydrophilic phosphate group, often referred to as the
‘head’. This is attached to a glycerol group which is di-substituted with fatty acids, forming a
hydrophilic ‘tail’. The phosphate head group can have several different types of group attached
to it. The example shown in Figure 6.3 is that of a phosphatidylcholine compound, a type of
phospholipid.

where n = 2-20

Figure 6.3  Generic structure for the phosphatidylcholine class of phospholipids.
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Figure 6.4  Ceneric sterol structure.

6.2.4 Other Compounds

There are many other forms of lipids but these are generally not used to form bioplastics. A
wax is a general term for a group of chemical compounds that are malleable around ambient
temperature and melt above 45 °C. Some fatty acids and their ester derivatives fit into this
category (covered in sections 6.2.1 and 6.2.2) but other compounds include esters with long-
chain alcohols and hydrocarbons. They are always insoluble in water.

Sterols, or steroid alcohols, are a subgroup of the steroid class of compound. Steroids have
a particular arrangement of three cyclohexyl rings and one cyclopentyl ring (Figure 6.4),
and sterols have an alcohol group in the 3-position of the A ring. Specifically, phytosterols
come from plants and zoosterols come from animals. Examples of these compounds include
cholesterol and ergosterol.

Other lipid compounds include prenol lipids, saccharolipids, sphingolipids and polyketides
(Figure 6.5). Each of these has a slightly different structure, but they have the same indicative
properties of the other compounds in the lipid class.

6.3 Sources and Biosynthesis of Lipids
6.3.1 Sources of Lipids

All naturally occurring lipids from botanical sources (plants) or zoological sources (animals
and humans) could potentially be used in the production of bioplastics. They have the same
chemical structure and function in a very similar manner. Cholesterol (and its related esters)
and fatty acids are commonly found in zoological sources, although the fats tend to be of a
heavily saturated nature. It is feasible to create other products such as biodiesel from extreme
sources including liposuction fat. However, a lack of volume and more importantly ethical
approval have prevented their uptake further. The remainder of this chapter will focus on the
use of triglycerides from plants and their related compounds for bioplastics production.

Figure 6.5 Structure of amphotericin B, a polyketide.
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Plants are used as the main sources of lipids for bioplastics production. Often used as energy
storage in plants [1], triglycerides are mainly found in the seeds although they can also be
observed in other parts, such as tubers [2], although this is a rare case. Some bioplastics have
been synthesized from fish oils [3] but the lack of reliability in supply, cost and questions of
the true sustainability of this route have restricted investigations in this area.

In other cases, it is possible to find lipids as a waxy coating of leaves for example, cutin or
in peanuts, where the entire plant is approximately 50% peanut oil [4].

6.3.2 Biosynthesis of Lipids

In animals and plants, the main pathway for synthesis of lipids is for them to metabolize
carbohydrates into triglycerides for the purposes of energy storage [5]. When the energy is
required, the triglycerides are then converted back to their original carbohydrate form. It is
important for crop scientists to understand this biosynthetic cycle as the optimal point of
harvesting for oilseed crops will be at the point when energy storage is at its highest.

The main difference between plants and animals is that in animals a single multifunctional
protein known as fatty acid synthase carries out all of the synthetic steps [5]. In plants, the
steps are broken down and carried out by a number of different enzymes [5]. The introduction
of unsaturation into a triglyceride structure is generally carried out by a separate protein, such
as the conversion of stearic acid to oleic acid by stearoyl-CoA desaturase (see Figure 6.6) [6].

6.3.3 Composition of Triglycerides

The composition of triglycerides varies from plant to plant, and also varies depending on
where the plant was grown, what the conditions were during growth and so on. There has been
a significant body of work looking at different oil sources and this is summarized in Table 6.1.
As aresult of this natural variation, it has become very important to choose a plant oil care-
fully for the specific application in mind. Saturated fatty acids and triglycerides will perform
well in some applications whereas polyunsaturated fatty acids allow for more chemistry and
functionalization to take place, allowing for greater adaptability (see sections 6.5 and 6.6).

6.4 Extraction of Plant Oils, Triglycerides and
Their Associated Compounds

The triglycerides found in plants are mainly contained within the seeds and must be obtained
from within them. Unfortunately, it is often not simply a case of crushing the seeds and

Ho)k/\/\/\/\/\/\/\/\

stearoyl-CoA desaturase

HOMMAMA

Figure 6.6  Conversion of stearic acid by enzymes.
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Table 6.1  Selected fatty acid composition of triglycerides from plant oils.

Source Palmitic Stearic Oleic Linoleic Linolenic Ref.
Castor? 1 1 3 4 0 [7-9]
Coconut 7.5-10.5 1-3.5 5-8 1-2.6 0 [7-9]
Cottonseed 22-26 2-3 15-22 47-58 0 [7-9]
Hemp 5-7 1-3 8-13 52-62 12-23 [10,11]
Linseed 6.5-7.5 3-5 18-22 14-17 52-55 [12]
Palm 40-47 3-6 3644 6-12 0 [7-9]
Peanut 6-14 2-6 3667 13-43 0 [7-9]
Rapeseed 2-6 4-6 52-65 18-25 10-11 [7-10]
Soybean 10-12 3-5 18-26 49-57 6-9 [7-91]
Sunflower 5-7 3-6 14-40 48-74 0 [7-9]

“Castor oil contains approximately 90% ricinoleic acid.

drawing off the oil. There are several stages required to obtain good quality oil suitable for
use in bioplastics production [13] and the route chosen depends on the scale of the operation.
Liquid extraction is only economically viable on a large scale; whereas the more traditional
pressing methods work well on a small scale.

As aresult of this natural variation, it has become very important to choose a plant oil care-
fully for the specific application in mind. Saturated fatty acids and triglycerides will perform
well in some applications whereas polyunsaturated fatty acids allow for more chemistry and
functionalization to take place, allowing for greater adaptability (see sections 6.5 and 6.6).

6.4.1 Seed Cleaning and Preparation

If a small-scale process is going to be used, the seeds must be cleaned and well prepared before
being pressed to remove the oil. Any loose dirt, sand, and so on, will damage the mechanical
pressing machines and must be cleared from the seeds. The seeds must also be dry, particularly
if the seeds will be stored for a significant period of time. Moisture content levels of 10% or
less are desirable in this instance [14].

6.4.2 Seed Pressing

Once effectively prepared, the seeds are mechanically pressed and the oil is removed. The seeds
can be warm or cold before extraction [14] although warm oils are more readily extracted.
The press designs themselves are often simple and similar to that of a conventional extruder; a
screw is driven around a cylinder and the seeds are loaded from a hopper before being crushed.
The base of the cylinder will have some small holes drilled into it to allow the oil to escape
from the cylinder whilst much of the seed material remains behind and is expelled through a
die at the end of the screw.

6.4.3 Liquid Extraction

If the process requires several thousand tons of seeds per day, liquid extraction of the oilseeds
becomes the more preferable option. Since triglycerides are soluble in nonpolar organic
solvents, often used are liquids such as hexane or petroleum ether [15, 16]. Given the quantities
involved this presents a significant environmental hazard, not only in the production of the
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solvents but also in the surrounding area should quantities of solvent end up leaking into water
courses and so on.

Investigations into avoid this danger have taken place. Extended anionic surfactants have
been employed to extract corn oil instead of hexane [17]. These extractions were shown
to extract 83% of the oil available and also maintained the composition of the corn oil
when compared to extractions carried out using hexane. A mixture of enzymes to extract oil
from Irvingia gabonensis kernels was employed; controlled, ordered addition of the enzymes
optimized the extraction of the oil up to 90% efficiency [18]. Similar protocols were applied to
the extraction of canola oil [19] and showed that the enzymatically assisted extractions were
more efficient than by using water alone and produced better oil quality than both aqueous and
solvent extractions. The efficiency of the process in this instance was significantly increased
from those previously stated (circa 25%).

6.4.4 Post Extraction Processing

After extraction, the oil must be purified for further use. Clarification is an essential step in
this procedure. Any residual water is removed by allowing the oil to settle and subsequently
stripping off the water layer. If this is insufficient, filtration through a fine material is employed
to remove any insoluble, fine particles. In some cases, the oil can be heated to destroy
any residual bacteria as well. Settling of the oil will also help remove any phospholipids
present [20].

Refining is then carried out to degum and remove any free fatty acids from the oil using an
alkali compound, often sodium hydroxide [20]. This material can often be sold as ‘once refined’
[20] or bleached and deodorized. Often for food applications, the bleaching is performed to give
a product an acceptable appearance whereas the deodorization process is designed to remove
small volatile molecules that have an effect on flavour or taste, using activated charcoal [20].

6.5 Biopolymers from Plant Oils, Triglycerides and Their
Associated Compounds

Triglycerides that occur in nature have a wide variety of chemical reactivity because of the
variation in the fatty acid content. As such, each feedstock can be transformed into a variety
of different polymer architectures. Many of the polymer architectures have slight and subtle
variances, and it becomes far easier to classify these types of bioplastics by the feedstock from
which they were generated.

6.5.1 Generic Triglycerides

Whilst not strictly sourced from plants, generic triglyceride structures have also been used in
the synthesis of bioplastics. They may have been isolated from plants originally (as many com-
mercially available fatty acids are) but have since been recombined to give model triglycerides
that present idealized behaviour and allow chemists to determine reactivity in a relatively sim-
ple way. There have been many reports in the literature of triglyceride-based polymers [21-24].
Initial studies focused on the use of triglycerides in photoinitiated cationic polymerizations
[25] or where triglycerides were derivatized using acrylonitrile to produce acrylamides [26]
(see Figure 6.7).
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where R = fatty acid group

Figure 6.7  Acrylonitrile derivatization of triglycerides.

6.5.2 Common Manipulations of Triglycerides

The structure of triglycerides dictates that synthetic procedures must either be carried out on
the glyceride ester linkages or on the unsaturated double bonds that exist on the carbon chain.
Transesterification is a common reaction for the breakdown of the triglyceride structure into
its constituent fatty acid alkyl esters. These can then be used as biodiesel fuels or manipulated
further. Whether the triglycerides have been initially transesterified or not, the double bonds
of the fatty acids remain able to be reacted and potentially incorporated in a polymerization
reaction. One common manipulation is to epoxidize the double bond, often using a peroxide of
some description, generating the reactive epoxide group (see Figure 6.8). Further manipulations
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Figure 6.8 Epoxidation, acrylation and ring opening of triglycerides.
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Figure 6.9  Formation of polyurethanes.

have been studied such as acrylation [27], allowing the materials to get incorporated into a
styrene-based copolymer.

Another postepoxidation manipulation that can be carried out is ring opening, gen-
erating a diol, in the case of monounsaturated fatty acids, or a polyol, in the case of
polyunsaturated fatty acids (see Figure 6.8). The generation of polyols is essential for the
incorporation of triglycerides into polyurethanes. Polyurethanes from triolein were orig-
inally studied to synthesize polyurethanes as the heterogenecity of plant oils prevented
a structure-property relationship being identified [28]. Other ways of generating a polyol
include ozonolysis, which was studied on triolein and trilinolein; the resulting terminal
hydroxyl group was then used to produce polyurethanes [29]. Triolein was epoxidized and
ring opened to give triols before being reacted with bromine and sodium azide to give
trisamines. These were crosslinked with 1,4-phenylene diisocyanates to give thermally stable
polymers [30].

Polyurethanes are produced by an addition polymerization reaction (Figure 6.9) between
diols (or polyols) and diisocyanates. These diisocyanates can also be produced from triglyc-
eride structure. Triglycerides were brominated using N-bromosuccinimide before being con-
verted to isocyanates with AgNCO; converting approx. 70% of the bromine groups without
disrupting the double bonds. Polymerization to form polyurethanes and polyureas was then
carried out with polyols (including castor oil) [31].

The reaction with maleic anhydride can also follow epoxidation reactions in order to give
a maleinated triglyceride structure (Figure 6.10). In particular, rigid copolymers were formed
by the reaction between maleinated triglycerides and styrene [32].
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Figure 6.10 Maleination of triglycerides.
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6.5.3 Soybean Oil-Based Bioplastics

One of the most obvious sources for triglycerides in bioplastics production is soy beans.
Soybeans accounted for over half of the world production of oilseed crops in 2009/10 [33]
and are readily available since they grow in many different areas of the planet. It is possible to
polymerize the soybean oil directly, although the residual phytosterol content was shown to
inhibit the polymerization by up to 20% [34]. Following some of the simpler manipulations,
epoxidized soybean oil was maleinated and then polymerized using UV light by itself [35].
Rigid thermoset copolymers of maleinated or epoxidized soybean oil have also been formed
with styrene, vinyl acetate, methyl methacrylate [35], maleinated polypropylenes [36] and
maleinated butadiene [37]. With the latter, a ratio of 1:1 of epoxy to anhydride could not
be increased as it negatively impacted on the mechanical properties of the polymers when
compared with the butadiene homopolymer.

Styrene is commonly used as a copolymer with acrylated, epoxidized soybean oil; styrene
polymerization can be easily initiated in either a free radical or cationic fashion (Figure 6.11).
These polymerizations will incorporate the double bonds of the acrylate groups should they
be present. Examples of this include the reaction of epoxidized soybean oil or soybean oil
diglyceride with a styrene-maleic anhydride comonomer [38] or acrylated epoxidized soybean
oil with styrene to produce thermoset polymers [39]. The latter showed increased tensile
and impact strength as the iodine value of the epoxidized soybean oil decreased. With rigid
thermoset polymers, an increased level of crosslinking often generated by highly unsaturated
triglycerides produces a brittle polymer often unsuitable for structural applications. However,
rigidity is not always present in these types of polymers. Hydrolysis at 80 °C occurred in
a copolymer of soybean oil and styrene; the oil was epoxidized and reacted with 4-vinyl
benzenesulfonic acid before polymerization took place [40].

In the same fashion, methacrylate groups have also been incorporated in soybean oils
to generate similar polymer architectures. Acrylated epoxidized soybean oil and maleinated
acrylated epoxidized soybean oil were reacted with methacrylated lauric acid as a method
of reducing styrene input [41]. This increased both the visocosity and the glass transition
temperature when compared with the styrene analogue as well as having the benefits of
improving the environmental properties of the polymer even further. Acrylated, epoxidized
soybean oil was copolymerized with methyl methacrylate in a polymerization initiated by
benzoyl peroxide to produce a clear bioplastic [42].

Also similar to styrene and methyacrylates is the use of divinylbenzene as a comonomer.
Acrylated, epoxidized soybean oil was polymerized with divinylbenzene or modified with
phthalic anhydride before polymerization to give materials with increased glass transition
temperatures [43]. Modification of the soybean oil with cinnamate esters and subsequent
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Figure 6.11 Reaction of acrylated soybean oil with styrene.
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free radical copolymerization with styrene, vinyl acetate or methyl methacrylate produced
a range of bio-based polymers [44]. The homopolymer was also be synthesized via
photopolymerization.

Maleination of soybean oil is interesting as it has been shown to produce two wildly
different polymer structures. Maleic anhydride-modified soybean oil was polymerized with
styrene to give a hard, rigid polymer; modification improved modulus, strength and glass
transition values when compared to the unmodified polymerized oil [45]. These also showed
comparable strengths to commercial unsaturated polyester resins. In contrast, by using diols
as the comonomer, maleinated soybean oil was used to form soft, resilient rubbers at room
temperature [46].

Polyurethane-type structures are incredibly common with soybean oil (see section 6.5.2).
Soybean oil, esterified with sucrose to create a sucrose soyate, was epoxidized and then reacted
with carboxylic acids or alcohols to create esters/ethers (polyols), which can further be reacted
with aliphatic NCO to give PU [47]. Soybean oil was functionalized to form an isocyanate
adduct which was then reacted with various polyols (including castor oil) to give polyurethane
structures [48]. However, the polymer exhibited poor thermal stability, with degradation onset
around 150 °C. Allylically brominated soybean oil was converted into isothiocyanated soybean
oil using ammonium thiocyanate [49]. Subsequent reaction with polyols (including castor oil)
produced polythiourethanes which had higher tensile strength lower elongation than their
urea analogues.

Rigid thermoset polymers have also been studied using other crosslinking agents. The
reaction of epoxidized soybean oil was investigated with a series of pyridine derivatives [50]
or fatty acid methyl ester monomers [51]. In situ crosslinking of these formulations produced
rigid polymers with the ability to be used in composite structures, although the latter required
blending with styrene to achieve a suitable viscosity.

6.5.4 Castor Oil-Based Bioplastics

Castor oil has been heavily investigated for the preparation of polyurethane structures due to
the presence of ricinoleic acid in the oil harvested from the plant (Figure 6.12). Ricinoleic acid
constitutes around 90% of the fatty acids in castor oil and has a naturally occurring hydroxyl
group, eliminating the need for chemical modification of the triglyceride structure. However,
harvesting castor oil is difficult due to the production of the nerve gas ricin as a by-product
and as such its production is being scaled back whilst investigation takes place to modify the
plant and inhibit the ricin production.

Direct reaction of castor oil with 4,4’-methylenebisphenyl diisocyanate gave standard
polyurethane material [52]. In efforts to modify the physical properties of the polymer, cas-
tor oil was mixed with trimethylol propane (a common industrial building block) and the
stoichiometric ratios of the diisocyanates involved were varied [53]. The reaction in this
instance displayed second order kinetics. Polycarbonate-urethanes were also produced from
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Figure 6.12  Structure of ricinoleic acid.
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castor oil, although the incorporation of the oil reduced the glass transition temperature and
increased the softening temperature, limiting its industrial potential [54]. Suspension-addition
techniques were employed to generate polyurethane nanoparticles and microparticles capable
of encapsulating levofloxacin, an antibacterial drug [55].

Other modifications, similar to those carried out with soybean oil, have also been inves-
tigated. Maleinated castor oil was used a precursor for low viscosity composite resins by
crosslinking styrene or fatty acid methyl esters [51]; similar high performance applica-
tions were demonstrated with the use of maleinated dehydrated castor oil, which formed
a crosslinked polymeric product for high-performance applications [56]. Castor oil was split
using ozonolysis and polymerized to give high molecular weight polyesters with better thermal
stability, higher melting point and glass transition when compared with the analogous polyester
polycaprolactone [57]. Comonomers such as styrene-maleic anhydride [38] or methyacrylated
lauric acid [41] have been investigated for the polymerization with castor oil; in both instances
arigid thermoset polymer was formed. Blending of epoxidized castor oil with polyvinyl alco-
hol and subsequent microwave irradiation improved the mechanical properties of the blend by
promoting hydrogen bond formation [58].

6.5.5 Linseed Oil-Based Bioplastics

Linseed oil presented another interesting opportunity for the production of bioplastics. The
highly polyunsaturated nature of the oil allowed for a large number of reactive sites to be intro-
duced onto the material for subsequent polymerization. As has previously been mentioned,
this increased reactivity has been shown to limit the physical properties of the materials and
as such there has been little commercial interest in taking these materials further. Epoxida-
tion, acrylation and maleinization of linseed oil before polymerization produced a heavily
crosslinked polymer [59]. A formulation for potential in infusion resins was developed with
a mixture of epoxidized linseed oil and phthalic anhydride with the curing catalysed by
2-methylimidazole [60].

Bioprocessing has also been investigated with this oil, with epoxidation using Candida
antartica lipase B taking place [61]. Mixing with maleinated linseed oil and commercial
polyamide resin produced a polymer with controllable curing properties. Increasing the level
of epoxidation was shown to lead to a higher enthalpy in the curing process by DSC.

6.5.6 Other Plant Oil-Based Bioplastics

Sunflower oil has been studied since it allows for fairly uniform triglycerides to be reacted due
to its high oleic acid content. Branched polyesters were produced using high oleic sunflower oil
via acyclic triene methathesis [62,63]. This route used commercial Hoveyda-Grubbs second
generation catalysts; first generation Grubbs catalysts produced no cross linking between
polymer chains (Figure 6.13). High oleic sunflower oil was converted to a tertiary phosphine
oxide and acrylated before being polymerized in the presence of pentaerythritol [64].

Palm oil was used as a model feedstock for the formation of copolymers with cyclooctene by
metathesis; with most of the products investigated being in the liquid state [65]. Tung oil was
copolymerized with divinylbenzene in cationic fashion to give stable materials exhibiting a
high thermal stability and a modulus >1 GPa at room temp [66]. A rare oil that has been used in
bioplastics synthesis is vernonia oil, of which the main constituent is vernolic acid, the only nat-
urally occurring epoxidized fatty acid (Figure 6.14). This was incorporated in styrene/acrylate
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Figure 6.13  Metathesis of triglycerides.

copolymerizations to form films with high solvent resistance [67] or elastomers with varied
properties [68].

6.5.7 Biological Synthesis of Polymers

Triglycerides have not only been used as feedstocks for chemical production of bioplastics, but
also the enzymatic production of polymers. Polyhydroxyalkanoates were produced by using
Brassica carrinata oil with high erucic acid content (35-48%) as a feedstock for Pseudomonas
aeruginosa [69]. Fatty acids with a chain length greater than 20 carbon atoms were shown to
be beneficial in terms of increasing the molecular weight, in some cases more than doubling
the molecular weight from 56 kDa to 126 kDa.

6.6 Applications

The perception of generating naturally sourced plastic materials may be that of an academic
curiosity but there are many industrial applications that have been investigated. The readily
available, low-cost feedstock is attractive to companies looking to get a competitive edge over
their rivals. The inherent varied reactivity allows manipulations to be carried out efficiently to
optimize the properties of the desired application.

6.6.1 Mimicking to Reduce R&D Risk

One of the main issues with the use of plant oils has been the inferior physical properties of
the polymers that they are used to make. This is largely due to the fact that they have been bred
and optimized for food usage over the past several hundred years and are not fit for purpose.
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Figure 6.14  Structure of vernolic acid.
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Breeding of specialized plants in crop trials would take 3—5 years in order to extract enough
oil to investigate its properties fully; this is too long for industry to take the risk of a plant
oil not being fit for purpose. In order to mitigate this, rapeseed oil profiles were mimicked in
the laboratory and then converted to polyurethanes and compared with their natural analogues
[10]. The mimicking process was shown to be accurate and this could be used as a method for
reducing R&D times in developing biopolymer materials further.

6.6.2 Composites

One of the largest areas of applications for triglyceride-based bioplastics has been in the area of
composite structures. Formulations have been developed and bio-based resins present obvious
benefits in terms of greenhouse gas emissions and reduction of the environmental impact of
manufacturing [70]. Canola oil and other triglycerides have been modified in several ways
(acrylated epoxidized, maleinated acrylated epoxidized and maleinated hydroxylated) before
being mixed with styrene or acetic anhydride for use a low viscosity resin for composite
manufacture [71, 72]. Sheet-moulding compounds were made from linseed oil where the
increased level of unsaturation created strong materials with 2.8 GPa flexural modulus and
100 MPa flexural strength with a high thermal degradation onset at 300 °C [59].

The combination with fibres has proved difficult however. Often there are issues with com-
patibility between bio-resins and fibres (both natural and synthetic), which cause defects in the
composite structure and ultimately poorer physical properties. Castor-oil polyurethane was
compared with phenolic resins when infused over sisal fibres; however, the phenolic resins
showed better structural performance when compared with the castor oil-based material [52].
This is not always the case, as some improvements have been made. Soybean oil thermoset
polymers were used in a glass/flax hybrid composite resulting in improved mechanical per-
formance [73]. Thermoset resins were produced from triglyceride oils with a wide range of
properties (tensile modulus ~ 1-2 GPa, glass transition temperature T, ~ 70-120 °C) and
glass- and hemp- fibre composites were manufactured [74,75].

Composites that have been reinforced using organoclays have also been studied with general
improvements to the physical properties noted. Reaction of a functionalized soybean oil
matrix with montmorillonite produced a polymeric composite with improved thermal and
mechanical characteristics than the cured soybean matrix [76]. Clay nanocomposites with a
triglyceride matrix were manufactured and treated at 900 °C to leave a porous ceramic material
[77]. Toughening agents such as poly(butadiene-co-acrylonitrile), epoxidized soybean liquid
rubber and organo-clay were used to improve both the mechanical and thermal properties
of the polymers [78,79]. The clay was the most effective in this instance; the polymer and
liquid rubber have detrimental effects in either the mechanical or thermal stability respectively.
Acrylated oleic acid methyl ester was polymerized and mixed into an organoclay to form an
elastic nanocomposite with vastly improved properties over the original natural polymer [80].

6.6.3 Coatings

Soybean oil has been used as a drying oil in paint formulations for many years, so it was obvi-
ous that the application of plant oils polymers in coatings would be investigated. Crosslinked
triglycerides have been used as coatings for metal substructures since they have been shown
to have beneficial properties when compared to the commercial standards. Triglycerides
crosslinked with either 4,4’-methylenedianiline or phthalic anhydride gave glassy polymers,
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which both had a lower modulus than commercial epoxy resins but adhered more readily to
steel or aluminium substructures with increased ductility [81]. Polyurethanes were used as a
coating for steel based on a soybean oil starting material and modification to give a sucrose-
soyate ester polyol before polymerization was shown to improve the hardness of the coating
due to the extensive cross-linking present [47]. Other industrial coatings studied included
tack-free coatings, synthesized using an air-catalysed free-radical crosslinked soybean oil
polymer [82] and a polyester-polyurethane industrial coating akin to an alkyd resin made from
lesquerella oil, a potential castor oil substitute [83].

6.6.4 Packaging Materials

Biopolymers have been used for packaging materials recently, particularly with the growth
of poly(lactic acid) as a feedstock. The incorporation of plant oils has shown some benefit,
with poly(lactic acid) being strengthened by blending with free-radical polymerized soybean
oil, resulting in significantly tougher tensile strength [84]. Similarly, polymer films were
developed by incorporating triglycerides with poly(vinyl acetate) to give increased water and
solvent resistance due to hydrophobic nature of the triglyceride [85].

6.6.5 Foams

The extensive research into polyurethanes has naturally driven foams to be investigated as they
are a major output of the polyurethane industry. Rigid and flexible polyurethane foams were
created from epoxidized soybean oil with the oil used as a replacement for the petrochemical
polyols [86]. These water-blown foams had up to 50% bio-based content, although it was
shown that over 20% oil incorporation had inferior physical properties when compared with
the straight petrochemical counterpart. A variety of plant oils were also studied to make
polyurethane foams with densities between 27-43 kg m~3 [87]. Industrial foams have been
generated by both Dow [88] and Lear, with the latter producing a soybean polyurethane
foam seat for the WorldFirst F3 racing car (http://www.worldfirstracing.co.uk/, accessed
22 June 2013).

These foams can then be extended into the area of flame-retardant materials, where methyl
oleate-polyesters were used as polyols in the synthesis of silicon-containing polyurethanes
[89]. Despite not strictly being foams, methyl oleate, soybean and sunflower oils have also
been investigated to produce semi-rigid flame retardant materials [90]. In this instance,
they were brominated, acrylated and then radically copolymerized with styrene to form the
polymeric material.

6.6.6 Biomedical Applications

The explosion in our population density has driven the medical research community to look for
innovative, low-cost solutions to today’s medical problems. It was suggested that polyurethane
based on triglycerides reacting with diisocyanates could be used in wound-dressing applica-
tions by analysis of their gas permeability, film and mechanical properties [91,92]. Nanocom-
posite films based on free-radical polymerized triglycerides and silver nanoparticles were
shown to have an antibacterial effect versus Gram-positive, Gram-negative and Spore-forming
bacteria [93]. Castor oil polymers were studied and shown to be effective at controlled drug
release in in vitro studies [55, 94]. In particular, copolymers with lactic acid showed that
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control of the L- or D- conformation of the lactic acid or increasing the hydrophobicity of the
castor oil content were the dominant effects on effectively controlling the release.

6.6.7 Other Applications

Other industrial applications include the fabrication of two-part epoxy resins (similar to those
commonly found in household maintenance stores) [95-97]. These were synthesized using
triglycerides and diamines. These resins are often used as adhesives; these have also been
studied using soybean oil, which provided beneficial properties in terms of fast curing, thermal
stability and ease of removal (peel strength) [98]. A blend of divinylbenzene/styrene/tung oil
mix gave a polyurethane-based material which behaved like a smart polymer with shape
memory behaviour [66].

6.7 Conclusions

Lipids present an excellent opportunity for the production of bioplastics. They can be directly
polymerized using free-radical or cationic processes with the addition of some additives.
The reactivity present in many triglycerides (hydroxyl groups, double bonds) allows for the
facile manipulation to whatever the desired functional group for polymerization may be.
Triglycerides are an excellent, sustainable platform chemical for polymer production; the
explosion in their use since the early 2000s will only continue as concerns over petrochemical
feedstocks and prices grow.
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7.1 Microbial PHA Production, Metabolism, and Structure
7.1.1 Occurrence of PHAs

Polyhydroxyalkanoates (PHAs) are a family of biopolyesters, synthesized as intracellular
products by prokaryotic genera, encompassing Gram-positive and Gram-negative eubacte-
ria [1,2], oxygen-evolving cyanobacteria [3-5], and even archaea, often occupying extreme
environments [6—8].

In addition to prokaryotic PHA accumulation, low-molecular mass poly-hydroxybutyrate
complexed to other macromolecular cell components like proteins or polyphosphates (cPHB)
can be found in the tissue of eukaryotic organisms. cPHB classically occurs in low quantities
in the organisms and does not serve as storage material; not all of the details of its metabolic
functions have been elucidated [9].

Regarding genetically modified eukaryotic organisms, PHA production is reported in plants,
yeasts [10] and other eukaryotic organisms harbouring PHA synthesis genes. Especially in the
field of genetically engineered crops, PHA synthesis starting from photosynthetic CO,-fixation
has already been well studied [11].

Table 7.1 provides an up-to-date compilation of microbial genera that are reported to
encompass PHA producing species.
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Table 7.1  Microbial PHA producing genera.

Eubacteria

Gram negative

Gram positive

Archaea

(A) Accumulibacter, Acidovora, Acinetobacter,
Actinobacillus, Aeromonas, Alcaligenes, Alcanivorax,
Alkalilimuicola, Allochromatium, Amphritea, Anabaena?,
Anacystis®, Aphanocapsa®, Aphanothece?®, Aquaspirillum,
Aromatoleum, Asticcaulus, Aulosira®, Aureobasidium,
Axobacter, Azomonas, Azospirillum, Azotobacter

(B) Beggiatoa, Beijerinckia, Beneckea, Brachymonas,
Bradyrhizobium, Brevundimonas, Burkholderia

(C) Caenibacterium, Caldimonas, Calothrix?, Caryophanon,
Caulobacter, Chelatococcus, Chloroflexus?, Chlorogloea?,
Chrococcus?, Chromatium, Chromobacterium,
Chromohalobacter, Cobetia, Comamonas Competibacter,
Cupriavidus (formal name of genera: Ralstonia, Wetursia),
Cyanobacterium?, Cyanothece?

(D) Dechloromonas, Defluviicoccus, Delftia, Desulfococcus,
Desulfobacterium

(E) Ectothiorhodospira, Ensifer (formal name of genera:
Sinorhizobium), Erwinia, Escherichia (wilde type and
recombinant strain)

(F) Ferrobacillus, Fischerella®, Fundibacter

(G) Gamphosphaeria, Gloeocapsa®, Gloeothece®

(H) Haemophilus, Hahella, Halomonas, Hydrogenophaga,
Herbaspirillum, Hyphomicrobium

(1, J, K) Ideonella, Janthinobacterium, Klebsiella
(recombinant strain)

(L) Labrenzia, Lampropedia, Leptothrix, Legionella

(M) Magnetospirillum, Marinobacter, Marinospirillum,
Mesorhizobium, Methanomonas, Methylarcula,
Methylibium, Methylobacterium, Methylosinus,
Methylocystis, Methylomonas, Methylovibrio,
Microcoleus, Microcystis?, Microvoleus, Moraxella,
Mycoplana

(N) Neptunomonas, Nitrobacter, Nitrococcus, Nodularia?,
Novosphingobium, Nostoc?

(O) Oceanospirillum, Oligotropha, Oscillatoria®

(P) Paracoccus, Pedomicrobium, Pelomonas,
Photobacterium, Protomonas, Plasticicumulans,
Pleurocapsa®, Pseudoanabaen®, Pseudomonas

(R) Rhizobium, Rhodobacter®, Rhodopseudomonas,
Rhodospirillum, Rivularia®, Rubrivivax?, Roseateles?,
Ruegeria

(S) Saccharophagus, Schlegelella, Scytonema?®, Sphaerotilus,
Sphingomonas, Sphingopyxis, Spirillum, Spirulina?®, Stella,
Synechococcus?, Synechocystis?

(T) Thauera, Thermus, Thiobacillus, Thiocapsa, Thiococcus,
Thiocystis, Thiodictyon, Thiopedia, Thiosphaera,
Tolypothrix?

(V) Variovorax, Vibrio

(W, X, Z) Westielopsis®, Xanthobacter, Zobellella, Zoogloe

Actinomycetes

Bacillus

Clostridium
Corynebacterium

Derxia

Micrococcus

Microlunatus

Nocardia

Paucispirillum

Rhodococcus

Staphylococcus
Streptomyces
Syntrophomonas

(C) Cenarchaenum
(H) Halobacterium

Haloarcula
Halobiforma
Halococcus
Haloferax
Halogeometricum
Halopiger
Haloquadratum
Haloterrigena
Halorhabdus
Halorhodospira
Halorubrum

(K) Kushneria
(N) Natrialba

Natrinema
Natronobacterium-
Natronococcus
Nitrosopumilus

Note: ?Cyanobacteria.
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Polyhydroxyalkanoate biosynthesis starts from renewable feedstocks like hexoses, pentoses,
starch, sucrose, lactose, maltose, lipids, alcohols, organic acids, or gases like methane or
CO,, classically under unfavourable growth conditions due to imbalanced nutrient supply. In
particular, a high intracellular energy charge, characterized by an elevated pool of Acetyl-
CoA, NAD(P)H, ATP and others, promotes PHA accumulation. Such conditions result from
a sufficient availability of external carbon source and restricted supply with growth-essential
substrates like nitrogen, phosphate, or dissolved oxygen, or certain micro-components like
sulfur and certain metals with essential enzymatic functions [9, 10]. Among all bio-based
plastics, PHAs are unique by being the only biopolymer family entirely produced and degraded
by living cells.

7.1.2 In Vivo Characteristics and Biological Role of PHAs

If PHA-rich cells are investigated using a light-optical microscope, the biopolymer is visible as
insoluble, inert cytoplasmic inclusions. Figure 7.1 provides a scanning transmission electron
microscopy (STEM) picture of PHA-rich Cupriavidus necator cells. Polyhydroxyalkanoate
inclusions are observable as bright, refractive granules and, in the figure, amount to 52 wt.-%
in cell mass. Under optimized conditions, this intracellular PHA content can exceed 90% [12].
Polyhydroxyalkanoate granules possess a typical diameter of 0.2 to 0.7 wm and consist of
97.7% PHA, 1.8% protein and 0.5% lipids. Native PHA granules can be stained with Sudan
Black B and more specifically with Nile Blue A or Nile Red. Further studies showed that the
strongly fluorescent dye Nile Red can be used to directly monitor PHA inclusions in growing
colonies [13, 14]. Proteins and lipids form a membrane coat surrounding the core region and
stabilize the transition between the hydrophobic core region and its hydrophilic surroundings.
Every granule consists of at least a thousand polymer chains forming right-handed 2/-helices

Figure 7.1 STEM picture of Cupriavidus necator cells harbouring granules of PHA biopolymers (magnification
1/65000).
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with a twofold screw axis and a fibre repeat of 0.596 nm, stabilized by hydrogen bonds and
van der Waals intramolecular forces [15]. Decades ago it was generally believed that the core
of the inclusion bodies was almost crystalline, explaining the brittle character of PHB. X-ray
diffraction analysis underlined this theory. Later it was shown with '3C NMR spectroscopy
that the bulk of PHB and poly(3HB-co-3HV), a copolyester of 3-hydroxybutyrate (3HB), and
3-hydroxyvalerate (3HV), in intact cells is not crystalline, but can be regarded as a mobile
amorphous state [16].

Polyhydroxyalkanoates fulfil important biological tasks, mainly as energy and carbon
reserve materials for the microbial cells [17]. Under conditions lacking extracellular carbon
sources, they can be remobilized and utilized as carbon and energy substrates, thus providing
the cell with an advantage for surviving during starvation periods. Polyhydroxyalkanoates are
key-compounds for the regulation of intracellular energy flow — for example, for cell motility
or osmoregulation — and contribute to distribution and routing of carbon reserves to different
metabolic pathways. Further, they play a major role as endogenous carbon- and energy source
for the formation of spores (Bacillus sp.) and cysts (Azotobacter sp.) [18]. In addition, several
important functions of PHAs in various ecosystems were elucidated, such as protection against
environmental stress conditions like osmotic shock, UV irradiation, desiccation, or thermal
and oxidative stress. More recently, the role of PHA in the maintenance of the intracellular
redox state has been discussed [19]. Further, microbial PHA synthesis and degradation plays
a crucial role for syntrophic interactions between consortia of different organisms in aquatic
or terrestrial ecosystems [2].

7.1.3 Structure and Composition of PHAs

Polyhydroxyalkanoates mainly consist of 3-hydroxyalkanoates (3HAs) as monomeric building
blocks. Until the 1960s, poly(3-hydroxybutyrate) (PHB) was the only reported representative
of PHAs. In 1974, microbes were isolated from sewage water; these organisms contained
PHA consisting of 3HB, 3HV and, to a minor extent, building blocks with more than 5
carbon atoms [20]. The number of discovered PHA components increased tremendously
with the extraction of PHAs from microbes isolated from marine sediments that contained
at least 11 different PHA components [21]. Until 1995, 91 components forming thioesters
that can act as substrates for PHA synthases, and hence that can undergo polymerization to
PHAs, were detected. This number has increased until today it is more than 150. Most of
these constituents (including lactic acid) have only been demonstrated in vitro to be potential
PHA building blocks [22]. Most of them are optically active (important exceptions are 4-
hydroxybutyrate, 4HB, and, to a minor extent, 5-hydroxyvalerate, SHV) and, due to the
stereospecifity of the biosynthetic enzymes (PHA synthases), R-(-)-configured; reports of
any S-configured HAs do not exist. These monomers can display saturated, unsaturated,
straight, cyclic or branched side-chains. In general, these side chains are aliphatic, but, when
cultivated on unusual substrates, certain microbes (mainly found among the bacterial group of
fluorescent pseudomonades) can synthesize PHAs with pendant functionalities like aromatic,
halogenic, pseudohalogenic or alkoxy groups [23]. Many of these ‘functional’ side chains
provide the possibility for post-synthetic modification by chemical or enzymatic methods.
This way, functional biopolymers are accessible with properties tailor-made for special niche
applications. Prime examples are provided by the conversion of unsaturated side chains of
monomeric PHA building blocks to carboxylate, epoxide, or hydroxyl groups that provide the
polyester with enhanced hydrophilicity and a variety of additional unusual physical properties
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[24]. Based on these functionalities, linkage groups can be added to the polyester for carrying
active compounds [25]. The general structure of PHA and its follow-up products after post-
synthetic modification are provided in Figure 7.2.

Depending on various factors like the type of microbial production strain, the nutrient
supply regime and the process parameters during biosynthesis, PHA polymer chains contain
a magnitude of 10 to 10° 3HA monomers. As described before, 3HAs are normally enan-
tiomerically pure, R-(-)-configured chiral compounds. Among all known PHAs, poly([R]-
3-hydroxybutyrate) (PHB) is the best characterized one. Poly([R]-3-hydroxybutyrate) is a
homopolyester consisting merely of 3HB building blocks; this material features rather high
crystallinity and restricted processability. The low difference between the decomposition tem-
perature (around 270 °C) and the high melting point (around 180 °C) provides a window of
processability that is too small for many processing techniques, for example, in melt extru-
sion or production of polymeric films. These obstacles can be overcome by interrupting the
crystalline PHB matrix by additional building blocks like 3HV or the achiral building block
4HB, resulting in co-polyesters with enhanced material properties and a broader range of
applications.

The exact material properties are strongly dependent on the monomeric composition of the
copolyesters; this composition can be triggered during PHA biosynthesis by feeding precur-
sor substrates to obtain the desired building blocks. For example, 3HV building blocks are
produced by many PHA accumulating strains by supplying 3HV related precursors, namely
odd-numbered fatty acids, such as propanoic or pentanoic acid, whereas 4HB units are incorpo-
rated into PHAs by many microbial species after feeding them with the 4HB-related precursors
v-butyrolactone, 4-hydroxybuytric acid, or 1,4-butanediol [27].

7.1.4 Metabolic Aspects

Among all the steps involved in PHA biosynthesis and degradation, three enzymatic reactions
are the central switch points where activation or inhibition on the enzyme activity shifts the
carbon flux towards protein formation, PHA biosynthesis or PHA degradation.

Polyhydroxyalkanoates biosynthesis is regulated, on one hand, by the activity of 3-
ketothiolase (EC 2.3.1.16), and on the other hand of aceroacetyl-CoA reductase (EC 1.1.1.36);
intracellular PHA breakdown is dependent on the activity of 3-hydroxybutyrate dehydroge-
nase (EC 1.1.1.30). Besides these three enzymes, the following compounds can be pointed
out as major factors responsible of the activities of the key enzymes: acetyl-CoA, free CoA,
NAD(P)* (or NAD(P)H,, respectively) and, to a lower extent, ATP, pyruvate and oxalacetate.
In any case, acetyl-CoA can be considered as the central metabolite both for biomass formation
and PHB biosynthesis. This compound stems from the catabolic break down of carbon sub-
strates like sugars (mainly catabolized by the 2-Keto-3-desoxy-6-phosphogluconate pathway)
or fatty acids (converted by B3-oxidation).

In general, high yields of PHA are achieved under conditions of high intracellular energy
charge. This can be a consequence of an excess of carbon- and energy source together with
a depletion of nitrogen [28] or oxygen [29]. Under these conditions, NAD(P)H is piled up.
Limitation of sulfur (stop of protein synthesis due to inability of production of sulfur-containing
amino acids such as methionin or cystein) and of phosphates (stop of nucleic acid biosynthesis)
also increase the NAD(P)H and acetyl-CoA levels. This results in inhibition of the tricarboxylic
acid (TCA) cycle enzymes citrate synthase and isocitrate dehydrogenase, hampering the
entrance of acetyl-CoA into the TCA cycle. As a consequence, the intracellular acetyl-CoA
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Figure 7.2 Chemical structures of biobased polyesters. (a) General structure of PHA; (b) example of a functional
PHA harbouring 5-Phenylvaleryl-, Cyclohexylbutyryl-, 4-Pentenoyl-, 9-Cyanononanoyl-, 5-Methylhexanoyl-, and
8-Bromooctanoyl groups; (c) PHA after post-synthetic functionalization; (d) PHA with linker group; (e) functional

PHA active against biofouling [25]. Chiral centres exist at the central carbon atoms indicated by a, b and d-i;
c indicates the non-chiral center of 4HB [26].
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Figure 7.3  Cyclic nature of the basic metabolic routes from carbon substrates to biomass and PHB.

is piled up. By conversion to acetoacetyl-CoA (via 3-ketothiolase), the metabolic flux can be
channelled towards PHA synthesis. Under oxygen-limiting condition, PHA synthesis provides
the cell a possibility to regenerate reducing power, also known as ‘pseudo-fermentation’. In
contrast, if sufficient oxygen is available, free co-enzyme A (CoA) increases due to the acetyl-
CoA entering the TCA cycle.

Free CoA is inhibiting 3-ketothiolase; as a consequence, the carbon flux towards PHAs
is decreased. To a lower extent, 3-kefothiolase is also inhibited by NAD* and ATP. Addi-
tionally, high amounts of NAD ™ slow down the reduction steps from acetoacetyl-CoA to
3-hydroxybutyryl-CoA by acetoacetyl-CoA reductase.

Poly([R]-3-hydroxybutyrate) degradation is regulated by inhibition of the oxidative con-
version of 3—hydroxybutyrate to acetoacetate. Here, NADH,, pyruvate and oxalacetate act as
inhibitors. The last step, the splitting of acetoacetyl-CoA into two acetyl-CoA molecules by
3-ketothiolase, is product inhibited by high concentrations of acetyl-CoA. High concentrations
of free CoA, the second substrate of this cleaving reaction, relieve this product inhibition [28].

Figure 7.3 illustrates the basic metabolic route from carbon substrates to PHB biosynthesis
and its subsequent remobilization.

7.2 Available Raw Materials for PHA Production

Using ‘white biotechnology’, PHAs can be produced starting from renewable resources. The
implementation of ‘white biotechnology’ can be regarded as really promising for sustainable
development, although for a range of industrial products, especially bulk products, biotechno-
logical production strategies have not yet passed the threshold for economic feasibility. This
is mainly caused by the expenses on the raw materials. The economics of PHA production,
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in particular, is to a large extent, namely up to 50% of production costs, determined by costs
related to the supply of raw materials. Classically, PHAs are produced starting from prized
substrates of high nutritional value, such as glucose, starch or edible oils. Like the contem-
porary ‘fuel versus. food’ controversy, this might cause severe ethical conflicts considering
the huge number of persons starving worldwide. Here, a viable solution can be found by the
utilization of a broad range of industrial waste- and surplus materials upgraded to the role of
feedstocks for the bio-mediated production of desired end products. Such materials are mainly
produced in agriculture and those industrial branches that are closely related to agriculture.
Due to the fact that they constitute ‘waste’, they do not occupy additional arable land [17, 29,
30].

The use of waste materials as feedstocks for PHA biosynthesis constitutes a viable strategy
for cost-efficient biopolymer production and supports various agro-industrial branches to
overcome existing waste disposal problems. The subsequent Table 7.2 provides a compilation
of selected carbon-rich waste streams that are reported to be potential feedstocks for microbial
PHA production. Such carbon substrates that are of importance for human nutrition, like pure
starch or edible oils from olives, soya or palm trees, are not included in this compilation.

In many regions of the world, the industrial realization of value-added conversion of low-
cost agricultural feedstocks can provide a certain degree of geopolitical independence for
the involved countries. This means that the importing of fossil reserves can be avoided by
replacing fossil feedstocks with efficient implementation of renewable resources available in
the respective countries. In addition, the creation of different qualified jobs in these regions in
the field of biopolymer production from local resources can provide a socio-economic benefit.

The selection of the appropriate waste stream as feedstocks for biotechnological purposes
mainly depends on the region of the world where a production plant is to be constructed. In
Europe or North America, whey or waste from the animal processing and biodiesel industry
are available at huge quantities. In other regions, lignocelluloses of diverse origin (e.g. rice
straw or sugar cane bagasse), molasses, various lipid-rich side streams from plant oil or olive
oil manufacturing and so on can be converted by adequate means (hydrolysis) to substrates
for biopolymer production [26, 68].

In order to save costs for transportation, facilities for the production of biopolymers, biofuels
and biochemicals should be integrated into existing production lines, where the feedstocks
accrue directly as waste streams. In addition, the availability of convertible feedstocks all over
the year has to be ascertained. This rises up the question of the material’s appropriateness for
long-term storage, enabling the creation of stocks of raw materials for ‘off-season’ operation,
where no harvest takes place (e.g. in the case of waste streams from the cane sugar industry).

7.3 Recovery of PHA from Biomass
7.3.1 General Aspects of PHA Recovery

Downstream processing constitutes a key part of the entire PHA production process. After
biosynthesis of the polyester and separation of the bacterial biomass (normally by well-
established techniques like centrifugation, sedimentation, flocculation or filtration), the process
required for PHA recovery from the microbial cell mass must be considered as an important
cost factor, especially considering large scale production. Choosing the adequate method for
separating PHAs from residual biomass is dependent on several factors: the production strain,
the required product purity that is determined by the final application of the biopolymer, the



Table 7.2 Available carbon-rich waste streams for PHA production.
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Main convertible
carbon source

Carbon rich after upstream
waste stream Occurrence processing Microbial production strain References
Lignocellulosics  Sugar bagasse, rice Hexoses, pentoses, Pseudomonas pseudoflava, [31-33]
straw, fruit crops, sugar alcohols Burkholderia sacchari IPT
corn straw, fruit 101 and Burkholderia
seed production cepacia IPT 048
Whey Dairy industry Lactose and its Methylobacterium sp. ZP24,  [34-41]
hydrolysis products ~ Hydrogenophaga
(glucose and pseudoflava DSM1034,
galactose) Haloferax mediterranei
DSM 1411, Pseudomoans
hydrogenovora DSM 1749,
rec. Escherichia coli
Crude glycerol  Biodiesel production  Glycerol Haloferax mediterranei, [35, 42-46]
phase Bacillus sphaericus,
Methylobacterium
rhodesianum Halorcula sp.,
Methylobacterium
extorquens,
Novosphingobium
capsulatum, Cupriavidus
necator, Pseudomonas
oleovorans, Pseudomonas
corrugata
Saturated Biodiesel production  Methyl esters of fatty ~ Cupriavidus necator [47,48]
biodiesel from animal lipids acids
fraction
Alpechin Olive oil production  Triacyl glycerides Azotobacter chroococcum [49-51]
H23
Waste oils Gastronomy Triacyl glycerides Pseudomonas aeruginosa [52]
42A2
Tallow Rendering and Triacyl glycerides Pseudomonas resinovorans [53]
slaughtering
industry
Molasses Sugar industry Sucrose and its Azotobacter beijerinckii, [54-56]
hydrolysis products  Bacillus megaterium, rec.
(glucose and strains of Escherichia coli,
fructose) Klebsiella oxytoca and
Klebsiella aerogenes
Starchy waste Potato processing Starch and its Ralstonia eutropha NCIMB 11 [57-60]
hydrolysis products 599, Alcaligenes eutrophus;
(maltose, glucose) Bacillus cereus; Haloferax
mediterranei
CO; Effluent gases CO; Alcaligenes eutrophus; [61-66]
Ideonella sp.
CH, Biogas production, CHy Methylosinus trichosporium, [67]

waste water
treatment plants,
landfills

Methylocystis parvus
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Figure 7.4  Schematic of downstream processing for PHA recovery from biomass.

in-house availability of isolation agents, and the acceptable impact of the isolation method
on PHAs final molecular mass. Principally, three different strategies are described for PHA
isolation:

e Direct extraction of PHA from biomass (solvent — antisolvent methods; PHA is a dissolved
intermediary).

e Chemical or enzymatic digestion, or mechanical disruption of the non-PHA cellular material
(PHA granules are set free, no intermediary dissolving of PHA).

e Disruption of cells of osmophilic microbes in hypotonic medium (PHA granules are set
free, no intermediary dissolving of PHA).

Figure 7.4 illustrates the different strategies for PHA recovery from biomass.

7.3.2 Direct Extraction of PHA from Biomass

Cost effectiveness of PHA isolation does not only depend on equipment and chemicals needed,
but, most of all, on the yields for product recovery and the possibility to reutilize the compounds
needed for the isolation. For direct extraction of PHA from biomass extraction solvents that
can easily be recycled will be of interest [69]. Solubility of PHAS, especially pure crystalline
PHB, is a complex topic. Unlike most low molecular mass compounds and noncrystallizing
amorphous polymers, the solubility of crystalline polymers such as PHB cannot be predicted
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from simple criteria, such as the similarity of chemical architecture, matching of refractive
indices, dielectric constants or even solubility parameters, although such attempts are described
in literature [70]. For example, hexane is a nonsolvent for linear poly(propylene) (PP), although
both compounds are made of the same repeating units.

Typical halogenated extraction solvents like chloroform or, to a minor extent,
dichloromethane or 1,2-dichloroethane at room temperature show excellent performance in
isolation of short chain length (scl)- and medium chain length (mcl)-PHA in terms of extraction
yields and product purity [71]. After the polyester is extracted from the biomass, its solubility
is reduced by the addition of a PHA antisolvent — typically ethanol, methanol or acetone, result-
ing in the precipitation of highly pure PHA. Until some years ago, the remaining mixture of
ethanol and chloroform had to be disposed of, because a reutilization of the solvents after sep-
aration via distillation is highly energy demanding. This is clearly in contrast to the aims of the
biotechnological production of PHAS to be a sustainable, ‘green’ technology. Based on simple
physico-chemical considerations, a simple and effective method for separation of the mixture
by the addition of water was developed. The three-component-system water-chloroform-
ethanol consists, in a specific relative concentration range of the components, of two phases.
The lower phase (95% chloroform, residues of ethanol and water) can directly be reused for
PHA extraction; the upper phase contains only negligible amounts of halogenated solvents [72].

These halogenated solvents, especially chloroform, pose a high risk not only to the environ-
ment, but also to the personnel working with them. In order to avoid leaving the patterns of
sustainability in biopolymer production, it will be indispensable to concentrate the development
of new extraction processes on such recyclable solvents that are also of an environmentally
benign nature, such as lactic acid esters [73].

In Brazil, PHB is produced on pilot plant scale from sucrose, integrated into the multi-
dimensional production line of a sugarcane mill, where bioethonol is produced from sugar
cane sucrose as well as PHB. By-products of the bioethanol production are fusel alcohols like
iso-pentanol, which are used as extraction solvents for PHB. After cell harvest, separation and
concentration of cells results in a sludge containing 25-30% of solids. This sludge is subjected
to a multistage extraction process in continuous stirred tank reactors. Subsequently, cell debris
is removed and the remaining solution is cooled down, resulting in a gel. From this gel, the
major part of the solvent is removed by mechanical and thermal treatment. The remaining
solvent is removed by mixing the wet PHA with water and finally co-distilling the alcohols
and the washing water. The extraction yield of the described process is 95%. Although the
purity of the material is reported to be higher than 98%, the product displays a yellowish to
brownish colour together with an unpleasant odour. A significant loss of molecular mass is
observed due to the thermal treatment [92].

7.3.3 Digestion of the non-PHA Cellular Material

An enzymatic digestion method has been developed by Imperial Chemical Industries (London)
to recover PHB from C. necator by proteases. This process includes thermal treatment of
PHA-rich biomass, enzymatic disintegration of the cell material, and washing with an anionic
surfactant to dissolve residual biomass [74]. Here, the costs for enzymes and the requirements
of steps for increase of product purity are quite high.

Pseudomonas putida cells can be disrupted by a combination of heat shock and treatment
of the cells with the enzyme alcalase, sodium dodecyl sulfate, and finally EDTA. By this
procedure, the PHA granules remain unscathed [75].
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Alternatively, after pretreatment with the surfactant Triton X-100, the PHA-rich biomass
can be disrupted with sodium hypochlorite under strong alkaline conditions. This method
turned out to be quite simple and effective, but results in an enormous reduction of molecular
mass of the polyester of approximately 50% [76,77].

Later, sodium hypochlorite was applied to obtain ultra-pure, endotoxin-free PHA for poten-
tial medical application. The cell pellets were lysed in hypochlorite solution, centrifuged and
washed successively with water, acetone, and ethanol. Chloroform was added to dissolve the
polymer pellet. By adding water, it was possible to separate cell debris from the solvent phase.
The chloroform phase was evaporated and the remaining PHA films were used for polymer
characterization [45].

Using recombinant Escherichia coli strains for PHA production, one can take profit from the
fact that such cells become very fragile at high PHA contents. This is due to the fact that E. coli
is naturally not equipped for storing large amounts of reserve materials. This encouraged Choi
and Lee to develop a simple recovering method without freezing and drying steps. A variety
of surfactants, acids and hydroxides were tested and the recovery yields and product purities
were determined at different temperatures. Among the chemicals investigated, NaOH, KOH
and sodium dodecyl sulfate (SDS) turned out to have sufficient recovery yields and product
purities. In direct comparison, SDS results in the highest purities, but the recovery yields were
superior using the alkaline compounds. The authors also stated that the alkaline substances
are cheaper and ecologically more benign than SDS, and their impact on the molecular mass
of PHB was almost negligible [78].

A simple, cost-efficient and effective method for the recovery of PHB directly from high cell-
density culture broth with no pretreatment steps has been developed by Kim and colleagues.
This method consists of direct addition of SDS to the culture broth, shaking, heat treatment, and
washing steps. When the SDS/biomass ratio exceeded 0.4, the purity of recovered PHB was
over 95% for various cell concentrations. The recovery yield of PHB was over 90% regardless
of cell density and SDS concentration; the reduction in molecular mass was negligible [79].

In 1978, a patent was published by the AGROFERM AG claiming that cyclic carbonic esters
such as ethylene carbonate and 1,2-propylene carbonate are particularly suitable solvents for
PHB, especially for the extraction of PHA from moist microbial biomass. Here, PHA-rich
biomass is suspended in the cyclic ester and heated under stirring. After removal of the hot
extract, PHA is precipitated from the liquid by simple cooling down or addition of small
amounts of water. As a drawback it turned out that the extraction with both cyclic esters,
but especially with ethylene carbonate, results in a high degree of depolymerization, hence
in inferior molecular masses. This effect is very dependent on temperature and time of the
extraction [80].

A mechanical, nonsolvent-based method using a high-pressure homogenizer in the presence
of SDS is also described. A maximum recovery yield of 98% was achieved by homogenizing
the cells at 400 kg/cm? in 5% SDS solution [81].

7.3.4 Disruption of Cells of Osmophilic Microbes in Hypotonic Medium

Using highly osmophilic PHA production strains like Haloferax mediterranei or Halomonas
sp., one can profit from the fragility of their cell envelopes when they are exposed to hypotonic
media, classically distilled water. Under these conditions, the osmophilic cells burst due to high
intracellular pressure, releasing all the cell components into the medium. The considerable size
and density of the PHA granules means that they can easily be recovered from this cocktail
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by low-speed centrifugation, sedimentation or filtration. If higher purity is demanded, the
whitish crude sediment of the PHA granules obtained has to be washed several more times
with detergents (e.g. SDS) which can break down impurities consisting of proteins and lipids.
After drying, a fine powder made up of PHA with superior purity is obtained, which can be
used directly for polymer processing [81].

7.4 Different Types of PHA
7.4.1 Short Chain Length vs. Medium Chain Length PHAs

Depending on their monomeric composition, short chain length (scl/) and medium chain length
(mcl) PHAs are distinguished. Especially low glass transition temperatures (classically around
—30 to —40 °C), a broad melting range at rather low peaks of melting temperatures (around
60 °C), and a typically low degree of polymerization (molecular masses classically below
100 000 Da) discriminate scl-PHAs from mcl-PHAs. In the latter case, high-glass transition
temperatures around 0 °C, sharp melting points of up to 180 °C and more, and high molecular
masses (up to 4 MDa) are reported [82, 83].

Regarding the physical properties, mcl-PHA feature an incredibly high elongation at break
of some 100%; in the case of PHB, the most important representative of scl-PHAs, this value
amounts to about 6%. Typical characteristics of scI-PHAs can also be visualized regarding their
tensile strength; here, values for PHB and its co-polyesters, harbouring 3HV building blocks,
are reported with 3040 MPa, for mc/-PHAs with only about 10 MPa. The homopolyester of
4HB, poly(4HB), constitutes an important exception. This flexible material is the only naturally
occurring scl-PHA not consisting of chiral building blocks; its elongation at break, about
1000%, by far surpasses the reported values for mcl-PHAs; its glass transition temperature of
about —50 °C is in the same range as shown for mcl-PHAs [82, 83].

In the case of sc/-PHAs, the monomers consist of three to five carbon atoms, and mainly
constitute R-configured chiral 3-hydroxyalkanoates. sc/-PHAs mainly feature properties of
classical thermoplasts; hence, on the market, they compete with poly(ethylene) (PE) or
poly(propylene) (PP), and, to a certain extent, also with bio-based poly(L-lactic acid). The
strain Cupriavidus necator, a member of the Burkholderiaceae family, can be regarded as the
best investigated bacterial sc/-PHA producer.

In contrast, mcl-PHAs are by far less crystalline than their scl-relatives; their monomeric
building blocks are mainly R-configured chiral 3-hydroxyalkanoates and, to a minor extent,
R-configured chiral 3-hydroxyalkenoates consisting of 6 to 14 carbon atoms. Sometimes, these
mecl-building blocks possess functionalities that allow postsynthetic chemical modification of
mcl-PHA for fine-tuning the material properties. Characteristics of mcl-PHA resemble those
of elastomers and latexes that, due to their low glass transition temperature, do not become
brittle even at temperatures far below the freezing point. This makes them interesting as
biological rubberlike materials and latexes. As most prominent microbial mcl-PHA producer,
Pseudomonas putida is well-described by the scientific community [84]. The subsequent Table
7.3 provides an overview of material characteristics of selected sc/- and mcl-PHAs.

7.4.2 Enzymatic Background: PHA Synthases

The type of PHA produced biotechnologically is highly dependent on the microbial pro-
duction strain. Cupriavidus necator can only polymerize 3HAs consisting of 3-5 C-atoms
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producing scl-PHAs. Pseudomonas putida, a representative of the so-called pink or fluo-
rescent pseudomonades, only accepts 3HAs of 6-14 C-atoms, resulting in mcl-PHAs. This
different behaviour is caused by the specificity of the PHA synthase (EC 2.3.1.-). This enzyme,
encoded by the phbC gene, polymerizes R-3-hydroxybutyryl-CoA monomers stemming from
the prior metabolic steps. The growing polymer chain is elongated by incorporation of addi-
tional monomers [85]. PHA synthases can be classified in three different classes:

e Class I PHA synthases, (prototype organism C. necator), are encoded by phaC genes and
are relatively large (approximately 64 kDa). The polymerization of three- to five-carbon
backbones hydroxyacyl-CoAs is catalysed (scl-PHA) [87].

e Class IT PHA synthases (prototype organism: Ps. putida) are also encoded by phaC genes
and are also relatively large (approximately 63 kDa). The polymerization of 6- to 14-carbon
backbones hydroxyacyl-CoAs is catalysed (mcl-PHA) [87].

e Class III PHA synthases (prototype organism: Allochromatium vinosum), are heteromeric,
requiring two subunits of app. 40 kDa each, encoded by phaC and phaE. The polymerization
of scl-hydroxyacyl-CoAs is catalysed [87].

Due to this high specificity of PHA synthases, it was believed for a long time that one strain
can either produce scl-PHAs or mcl-PHAs. Some exceptions were recently reported [86—88].
Today it is known that PHA synthases of the strains Thiocapsia pfennigii and Aeromonas
caviae constitute exceptions within class III; they are able to incorporate as well scl- as mcl-
hydroxyacyl-CoAs [87]. Another exception of the three-class system described above seems
to be the polymerizing enzyme isolated from a Bacillus megaterium strain, which, by some
scientists, is proposed as a fourth class of PHA synthases [89]. This enzyme type requires
phaC genes that are similar to those in class III, but demands phaR instead of phaE [87].

At the moment, PHA synthesis genes of extremophilic archaea are under detailed investiga-
tion. Haloferax mediterranei, a representative of the extreme halophilic group of the archaea
branch, displays the rare ability to synthesize copolyesters of 3HB and 3HV (PHBHV) from
unrelated carbon sources like sugars, hence without the need of a structurally related 3HV
precursor [36, 90]. This ability saves costs normally needed for 3HV precursors.

Polyhydroxyalkanoate synthases can use many different substrates and the number of viable
pathways for the biosynthesis of PHAs is huge. When new substrates are used, novel PHAs
can be produced. In aiming to reduce production costs, it will be useful to search for bacteria
that can synthesize precursor substrates from simple and cheap carbon sources [36, 92]. It has
also been revealed that, when a PHA synthase enzyme is expressed in a different host microbe,
it may result in different substrate specificity and therefore new PHAs with new chemical and
physical properties are accessible [11].

7.5 Global PHA Production

It is challenging to collect reliable data for the actual quantities of PHA that are currently
produced on (semi)industrial scale. This is due to an obvious gap between the often highly
enthusiastic public announcements made by the manufacturers, and the de facto realized
PHA production. It took quite a long time and generations of scientists and engineers from
the first well grounded report describing the occurrence and chemical structure of PHB by
Lemoigne in the 1920s, until the first serious attempts for applications of these materials
as bioplastics were accomplished in the 1970s. The oil crisis in the early 1970s resulted
in quadruplicating of the crude oil price within only three months. This was the decisive
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episode regarding the public sensitization for problems resulting from established methods
of classical industrial end-of-pipe production strategies that are based on robber economy
on limited fossil resources. It finally brought forth the awareness of researchers and political
and industrial decision makers that liberation of the global economy from the dependence on
fossil resources has to be forcefully aspired. Due to these economic aspects and increasing
ecological awareness, alternatives to petrol-based products for energy and plastic production
were suddenly vehemently investigated, also resulting in strong activities in PHA research.
Table 7.4 provides prime examples for successful PHA production on a larger scale

7.6 Applications of PHAs
7.6.1 General

Concerning potential applications, PHAs display very versatile materials that raise the attention
of different industrial branches. Considering the increasing global demands for packaging for
safe covering and transportation of goods, this field certainly constitutes the most important
one in terms of quantity. Here, it has to be considered that in 2010, the world-wide quantity of
plastics amounted to 250 x 10° tons with a clear upwards trend. Nevertheless, the subsequent
paragraphs compile various additional areas were PHAs can be implemented.

7.6.2 Packaging and Commodity Items

As the best known and least pretentious application, PHAs are of interest for packaging
purposes. Especially, in such areas where compostable packaging is wanted like for easily
spoiling food and feed and the utilization of classical packaging materials results in enormous
piles of waste. In this field, PHAs can act as a real alternative. The high barrier of PHAs
towards oxygen permeation is of enormous interest for producing packaging materials, which
prevent the oxidative spoiling of products. Compared to the classical packaging material
HDPE, food quality is at least as good when PHA is used [93]. Poly(3-hydroxybutyrate-co-
3-hydroxyvalerate) (PHBHV) received European approval for food contact use in 1996. For
very simple packaging materials such as plastic bags, no high purity demands are required.
Here, the pretensions for substrate purity on the one hand, and for isolation and refining on
the other hand, are lower than for higher sophisticated applications.

In addition, bottles for shampoos made of PHAs were already commercially available in
the past based on Biopol™ products, encompassing PHB and PHBHV. PHA can be used
for production of daily commodity items like razors, diapers, hygiene products, or cups and
dishes. In agriculture, mulch films can be produced from PHAs. For these applications, PHAs
can be processed by techniques of injection moulding or film blowing by using the same
equipment as known from the well-established processing of petrochemical plastics. As an
example, an ongoing Austrian research project develops biodegradable carriers for electrical
spools made of PHAs. Tests carried out on laboratory scale have demonstrated the suitability
of PHA for this special application.

In the paper industry there is an increasing interest in coating paper in order to improve its
properties. Polyhydroxyalkanoates can be used as coating latex resulting in a paper material
which has strength, gloss, brightness and overall performance comparable to other coated paper
products [94]. However, when latex films of PHA are made, heat and pressure is required to
accomplish satisfying properties. In this niche of applications the costs could be lowered by
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using PHA blends with starch. The product would still be totally biodegradable but the costs
would be significantly lower [95].

7.6.3 Medical Applications

As a result of their biocompatibility, PHAs are tailor-made materials for application in the
medical field. The ideal biocompatibility of PHAs is underlined by the natural occurrence
of 3-hydroxybutyric acid (3HB) and its low molecular weight oligo- and polymers (cPHB)
in human blood and tissue. For in vivo applications, PHAs were successfully investigated as
bone implant materials, for tissue engineering, as implants, surgical pins, screws, meshes and
sutures, and as carrier matrices for controlled drug release [83]. Furthermore, the production
of highly sophisticated surgical articles such as artificial blood vessels and vein valves, spinal
fusion cages, bone marrow scaffolds, joints, and meniscus regeneration devices is reported
[96-98].

At the moment, implants for children femoral fracture healing are developed by the project
Consortium of BRIC (‘BioResorbable Implants for Children’) coordinated by the Medical
University Graz (www.medunigraz.at/bric, accessed 22 June 2013). Additional partners are
distributed all over Austria: Graz University of Technology, University of Natural Resources
and Life Sciences Vienna, and Vienna University of Technology. This research is carried out in
a Laura Bassi Center of Excellence, financed by the Austrian Research Promotion Agency FFG
and the industrial partners AT&S Austria Technologie und Systemtechnik AG, and Hereus
Medical. Strong support in material development is also provided by ETH Ziirich. Beside the
development of PHA-based implants, BRIC also focuses on novel biodegradable metal alloys
for the purpose of femoral fracture healing. In principle, the applied implants can be degraded
and absorbed quickly by children, thus avoiding a physically and psychologically wearing
secondary surgery to remove the implant.

For in vivo applications, high purity of the items is a prerequisite in order to prevent
negative impacts on the human organism. Considering the fact that natural PHA production
predominantly occurs by Gram-negative microorganisms, endotoxins (lipopolysaccharides)
are frequently occurring and unwanted byproducts. Together with the shape of the materials
and the structure of the surface, inflammatory reactions of cells and tissue to biomaterials are
mainly determined by the contamination by endotoxins. After extraction and precipitation of
PHAs from microbial biomass, the product should therefore be redissolved and precipitated
several times to ensure a sufficient removal of impurities [99]. Postsynthetic treatment for
removal of endotoxins uses H,O,, sodium hypochlorite or sodium hydroxide [84, 100]. The
resulting purities are not sufficient for medical applications; further, the treatment can cause
degradation of the biopolyesters [84]. Investigating mcl-PHA poly(3-hydroxyoctanoate-co-3-
hydroxyhexanaote) (PHO) production by Pseudomonas putida GPol, an efficient extraction
method was recently developed. Here, it was demonstrated that n-hexane and 2-propanol are
optimal solvents for achieving highly pure PHO. Extraction with n-hexane was done at 50 °C,
precipitation occurred between 0 and 5 °C. Following this protocol, an endotoxicity level
between 10 and 15 endotoxin units (EU) per g PHO was reached. Additional redissolving in
2-propanol at 45 °C and precipitation at 10 °C resulted in minimal endotoxicity of 2 EU/g
PHO [84]. Recently, endotoxin-free PHA was produced by Gram-negative Novosphingobium
sp. from glycerol. Here, cells were disrupted by sodium hypochlorite solution. The remaining
PHA granules were subsequently washed by water, acetone and ethanol. Finally, the remaining
polymer was dissolved in chloroform [45]. At the moment, efforts are devoted to genetically
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modify Gram-positive organisms like Corynebacterium glutamicum to produce endotoxin-free
polymers by inserting the required PHA synthesis genes [101].

Prior to in vivo application, the surgical items have to be sterilized. First attempts in the past
used steam sterilization; this procedure is only viable for devices displaying melting points
above 140 °C as is the case for PHB and PHBHYV, but not for mcl-PHA and most copolyesters
containing 4HB building blocks. As an alternative, ethylene oxide was intensively used to
sterilize PHA-based implants, sutures, meshes and so on. This treatment does not cause any
negative effect on the material properties, but residual ethylene oxide might be present at or in
the device even after a rather long period. Many studies report the use of y—irradiation as an
efficient sterilization method. However, it features the drawback that high doses of irradiation
can negatively impact the material properties of PHB and PHBHYV, mainly regarding molecular
mass reduction due to polymer chain scission.

It is important to distinguish between such medical applications where high hydrolytic
stability of the material is desired, and applications demanding fast degradation. The variable
composition of PHA, in particular, allows the manufacturing of materials with tailor-made
mechanical properties and a fine-tuned degradation rate under in vivo conditions. Consid-
ering PHB and PHBHY, in vivo degradation normally takes a rather long time; in contrast,
P(3HB4HB) displays accelerated biodegradation. In fact, one can expect a quick increase of
the number of medical applications for PHAs and its composites; a first step in this direction
was done by the Food and Drug Administration (FDA) approval of the TephaFLEX™ P4HB
as implant material.

7.6.4 Application of the Monomeric Building Blocks

Hydrolysis of PHA to the monomers generally results in a rich source of chiral, optically pure
R(-)-configured bifunctional hydroxy acids that can be used as starting materials (synthons)
for syntheses of fine chemicals and marketable products such as pheromones, aromatics, vita-
mins or antibiotics, or can even be used as pharmaceutically active compounds [102]. Most
prominently, 3HB and its oligomers have therapeutic effects. They promote cell proliferation
and prevent necrotic cell death. As one of the well-known ketone bodies, 3HB is a naturally
occurring metabolite in human blood plasma. It was successfully tested as carbon and energy
source in order to prevent major loss of proteins, for example, for obese patients experiencing
provoked therapeutic starvation [83, 103, 104]. A current field of research is the applica-
tion of 3-hydroxyalkanoate methyl esters as an effective drug in Morbus Alzheimer therapy
[105]. Considering the vast number of reported PHA building blocks, a variety of such chiral
compounds is accessible.

These follow-up compounds of PHAs typically possess higher market values than the poly-
mers themselves. Some of them also display biological activity against pathogenic bacteria or
viruses [106]. Their production is complex and not economical; classical PHA depolymeriza-
tion by acidic alcoholysis after recovery from bacterial biomass is highly solvent demanding
and energy demanding [102, 107, 108]. Efficient methods were therefore developed for in vivo
depolymerization of intracellular PHA by triggering the activities of the enzymes involved in
intracellular PHA degradation via changing the process conditions. After PHA is synthesized
by the micro-organisms, the polyester is rapidly hydrolysed by increasing activity of PHA
depolymerase following a rigorous lowering in pH value. Under such acidities, the activity of
R(-)-3HB dehydrogenase is zero, hence, the unwanted reaction of R(-)-3HB towards acetoac-
etate is totally blocked and R(-)-3HB can be collected in a pure form. Instead, R(-)-3HB can
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be released in the medium by PHA-rich cells, when external carbon source is depleted. Here,
the subsequent metabolizing of R(-)-3HB towards acetoacetate can be avoided by interruption
of the oxygen supply [109].

7.6.5 Smart Materials

Further, PHAs harbouring special building blocks can be applied as so-called ‘functional
materials’ for different niche applications. Here, they can act as heat sensitive adhesives,
latex materials, or smart gels [110]. Of special importance is the utilization of PHA as basic
material to be connected by linkers with biologically active substances. As an example, Hany
and colleagues produced an mcl-PHAs-based carrier matrix linked with zosteric acid; this
material can be used on the surface of ships and boats to avoid bio-fouling [25].

7.6.6 Controlled Release of Active Agents

Carrier materials and degradable matrices can be produced from PHAs and are desired in many
fields, such as agriculture, food technology, or pharmacy. Compounds that can be released from
these matrices at controlled rates include drugs, hormones, pesticides, antibiotics, dyestuffs,
or flavours [111].

7.7 Economic Challenges in the Production of PHAs and Attempts
to Overcome Them

7.7.1 PHA Production as a Holistic Process

Despite all efforts globally devoted to biopolymer research, PHAs are still not really compet-
itive to petrochemical plastics mainly considering production costs and, to a certain extent,
also regarding the material properties [27, 71, 112]. If the realization of a substantially cost-
effective process for biopolymer production is the intention, one has to consider every single
process step [23, 71]. The subsequent stages in biotechnological PHA production can be deci-
sive for the economic assessment: purchasing, installing and operation of the production plant;
raw materials (carbon and nitrogen sources); precursor costs for copolyester production; and
downstream processing for product recovery. Figure 7.5 shows a schematic of the entire PHA
production process (Figure 7.5).

7.7.2 Substrates as Economic Factor

Up to half of the entire production costs is related to the carbon substrates. The difficult
nutritional situation for mankind in many global regions strictly prevents the use of various
renewable feedstocks for production of chemicals, plastics or fuels from an ethical point
of view. This goes especially for the application of carbohydrates, high-value proteinaceous
materials or edible oils. However, diverse waste materials exist that represent severe disposal
problems for the concerned industrial branches, and, at the same time, their use does not
interfere with the nutrition chain. Their utilization is a viable strategy to overcome this ethical
conflict; it can be considered the most promising approach in making PHAs economically
competitive. Such materials are mainly produced in agriculture and those industrial branches
that are closely related to agriculture [17, 29, 30, 82].
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Figure 7.5 Schematic illustration of the entire PHA production process.

7.7.3 Downstream Processing

In addition to the substrate expenses, costs have to be saved by optimizing the downstream
processing for PHA recovery after cell harvest. As intracellular products, PHAs have to be
separated from the surrounding non-PHA cell mass (NPCM), mainly consisting of proteins,
lipids, nucleic acids and polysaccharides. Here, high input of often hazardous solvents and
enormous energy demand still constitute the state-of-the art in PHA recovery, antagonizing
the claims of these bioplastics to be ecologically benign materials [26, 113].

7.7.4 Process Design

Apart from the selected raw materials and the downstream processing, the increase in pro-
ductivity by applying an optimal engineering process design is indispensable for the final
break-through of PHAs on the market. Batch and fed-batch discontinuous fermentation mode
are currently the most common techniques for microbial PHA production [38, 91, 114]. In
contrast, continuous biotechnological production mode is a well-known tool for achieving
high productivities, lower production costs and constant product quality. Due to these facts, a
growing number of research activities were accomplished recently, investigating and assessing
the potential of continuous PHA production processes [115—-117]. Recently, the continuous
production of PHB in a five-stage cascade of bioreactors was investigated. Here, the biopoly-
mer was produced from glucose by the eubacterial strain Cupriavidus necator. As a main
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result, the authors report high productivities of 1.85 g L=! h~! for PHB and a constant and
superior product quality [117].

7.7.5 Contemporary Attempts to Enhance PHA Production in Terms of Economics
and Product Quality

Nowadays, the research in the field of PHAs focuses on several key topics. The application
of growth additives that shorten the time for production of catalytically active biomass is a
pre-requisite to enhance the entire volumetric productivity of the process. Such cheap growth
additives can be found in agriculture, for example, side streams from the cultivation of green
grass land, and were already tested successfully on laboratory scale [118, 119]. Concerning
the raw materials, simple ‘unrelated’ carbon sources that are available at low prices, or even
constitute waste streams, should act as sole feedstocks for production of high-value PHA
co-polyesters using specialized microbial production strains. This provides the possibility to
save costs for precursor compounds normally needed for copolyester production.

Efforts in the field of genetic engineering mainly intend the increase of volumetric PHA
productivity and higher molecular masses of the biopolymers. This can be accomplished by
knocking-out enzymes responsible for intracellular PHA degradation. Furthermore, metabolic
bottlenecks that can hamper a fast and complete substrate conversion can be overcome by
genetic modifications, as well as the enhancement of the microbial oxygen uptake by inserting
genes encoding catalase or peroxidase [120, 121].

In the field of downstream processing, environmentally safe and efficient solvents are inves-
tigated for enhanced recovery of PHA from the cells. This goes in parallel with the examination
of novel biological lysis methods and enhanced strategies for mechanical cell disruption. In
any case, improved downstream processing has to manage with lower energy consumption
compared with contemporary methods. For efficient polymer recovery, the increase of the
intracellular polymer content as well as the increase of the PHA granule size is beneficial;
these factors are determined during PHA bio-production [110]. The remaining non-PHA cell
mass (NPCM) has to be converted in a sustainable, value-adding way. Currently, research in
this direction is devoted to the anaerobic digestion of NPCM in biogas plants, or to the chem-
ical or enzymatic hydrolysis of NPCM to a carbon- and nitrogen-rich source for subsequent
microbial cultivations. As an alternative, NCPM can be applied in agriculture as a ‘green fer-
tilizer’. Downstream processing can be facilitated by genetic modifications, too: an excretion
of high quantities of nuclease enzymes after cell disruption results in decreased amounts of
nucleic acids in the medium, leading to lower viscosities that facilitate the separation of PHA
granules from the surrounding liquid phase by centrifugation or flocculation.

The technological drawbacks of the bio-production itself can be handled by the application
of robust microbial production strains that remain genetically stable for a long time period
under continuous cultivation conditions, and, at the same time, can resist the risk of microbial
contamination by microbial competitors that can endanger whole fermentation batches, gen-
erating a high economic loss [2]. Here, extremophilic species like the salt-requiring archaeon
Haloferax mediterranei might be a viable solution in order to minimize the normally indis-
pensable, highly energy demanding sterility requirements for PHA production setups [86].
Detailed data for this approach were recently presented by Tan and colleagues [122]. An
unsterile and continuous fermentation process was developed based on a halophilic bacterium
termed Halomonas TDOI isolated from a salt lake in Xinjiang, China. The strain reached 80
g/L cell dry weight containing 80% PHB on glucose salt medium during a 56 h fed-batch
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process. In a 14-day open unsterile and continuous process, the cells grew to an average of
40 g/L cell dry weight containing 60% PHB in the first bioreactor with glucose salt medium.
Continuous pumping of cultures from the first bioreactor to the second stage containing the
nitrogen-deficient glucose salt medium diluted the cells but allowed them to maintain a PHB
level of between 65 and 70% of cell dry mass.

In future, continuous PHA production should not only aim at the increase of volumetric pro-
ductivity but should also open the door for tailor-made material properties by fine-tuning the
polyester composition. This can be accomplished by the formation of block-copolymers, where
the sequential arrangement of softer and harder polymer parts can result in well-adjusted novel
polymeric materials. Here, a multistage bioreactor cascade for PHA production as presented
by Atli¢ and colleagues [117] might be the adequate process engineering equipment. Synthesis
of diblock copolymer of 3-hydroxybutyrate covalently bound to 3-hydroxyhexanoate [PHB-b-
PHHXx] by a beta-oxidation weakened Pseudomonas putida strain was recently demonstrated
by Tripathi and colleagues. This material was produced to overcome the negative character-
istics of the homopolymer PHB, a highly crystalline material, and the homopolymer PHHXx,
an amorphous sticky material; and is expected to resist post-synthetic polymer aging that
negatively affects polymer properties. The authors state that block copolymerization opens the
door to some new and useful properties in comparison to homo-, random and blend polymers
[123].

During the last two to three decades, the preparation of composites and blends has become
one of the key research fields in biopolymer science. For enhancement of the material prop-
erties, PHAs can be processed together with a variety of compatible matters, resulting in the
creation of novel PHA-based blends and composites. For this purpose, the utilization of poly-
meric materials like poly(vinyl alcohol) (PVA), poly(lactic acid) (PLA), poly(e-caprolactone)
(PCL) and so on, including synthetic analogues of PHA (e.g. atactic PHB), inorganic fillers
(clays, sepiolites, Montmorillonite, or calcium carbonate), and organic fillers of agricultural
origin was already tested [124, 125]. Concerning fillers from agriculture, the application of
surplus materials like lignocelluloses like sugar cane bagasse, wheat flour, fruit peels, crop
fruit fibres, saw dust and wheat straw is reported in literature [124]. In general, nanocompos-
ites and natural fibres composites can be distinguished. Nanocomposites have the potential
to improve special polymer properties, such as gas permeability and thermal and mechanical
characteristics. For the creation of nanocomposites, rather small amounts of filler, commonly
an organophilic modified clay, are needed for efficient enhancement of the properties. Natural
fibres composites often display excellent mechanical properties, and, as desired for many
applications, they lower the density of the final product. Due to the fact that in most cases
fibres constituting agricultural residues are used as fillers, the biodegradability of the final
product is enhanced. Because such fibres do not feature a considerable price or even are waste
materials, this normally goes in parallel with a reduction of the entire production cost of the
marketable product [125].

Entirely new PHA-based materials, namely segmented polyester-urethanes (PEUs) can be
prepared from diol-terminated blocks (‘macrodiols’) of PHB and blocks of diol-terminated
biodegradable co-components like a, w-dihydroxypoly(butylene glycol adipate). These diols
are joined by chemical reaction with hexamethylenediisocyanate [126]. The obtained materials
can be processed with various fibres like, for example, cellulose acetate recycled material,
resulting in compostable, cost-efficient composites; processing of such composites was already
successfully tested on a kg scale using an injection moulding machine with a screw conveyor
[127].
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7.8 Process Design

Classically, PHA production is accomplished under fed-batch feeding conditions, where sub-
strates are supplied to the fermentation broth when required. Today, this addition can be
automated to a high degree, for example, by coupling of the substrate addition to process
parameters like the dissolved oxygen tension, pH-value, the CO, concentration in the air
leaving the bioreactor, or by automatic feeding. Due to their higher productivity, however,
continuous production processes appear of special commercial interest, especially for fast-
growing microbial strains [128, 129]. On laboratory scale, continuous PHA production has
been demonstrated as well for scI-PHAs as for mcl-PHAs; single-stage, two-stage and multi-
stage processes are reported [117, 130-134].

To choose the adequate bioreactor design for continuous PHA production, kinetics for both
biomass and PHA production by the microbial strain should be considered. In the case of
PHA production directly associated with microbial growth as it is found in Alcaligenes latus
DSM 1122 on sucrose [128], or for Pseudomonas putida ATCC 29147 on fatty acids [97,98],
a one-step continuous process using a continuous stirred tank reactor (CSTR) is a viable
solution.

The situation changes significantly in the case of strains like C. necator, where autocatalytic
growth of biomass is followed by a phase of linear PHA production. In this case, biomass
production should occur in the first step in a CSTR which is coupled to a subsequent plug
flow reactor (PFR). The combination CSTR-PFR not only ensures higher productivity, but
also minimizes the loss of substrates and co-substrates. Furthermore, product quality can be
enhanced by the fact that the PFR features a narrow residence time distribution, leading to
higher uniformity of cell populations. This should also have positive impacts on the distribution
of the PHA molecular masses and the composition of polyesters [128].

Continuous processes are operated as so called ‘chemostat’, hence, the concentrations of as
well substrates as products stay constant during the entire process duration. Such conditions
of constant concentrations at constant process parameters (pH-value, temperature, dissolved
oxygen concentration etc.) are known as ‘steady state conditions’ in literature [128]. Besides
the significance for industrial process development, continuous studies in chemostats are
also a precious tool for elucidating the relationships between cells and their environment.
For example, the optimization of the composition of nutritional media can be accomplished
this way. In addition, continuous processes enable the fine-tuned supply of growth inhibiting
substrates as it is often the case in mcl-PHA production.

The first studies on one-stage chemostat continuous PHA production were published by
Ramsay and colleagues [130]. C. necator was cultivated on glucose at a dilution rate of
0.15 h™! and produced 5 g/L of biomass with a PHB content of 33%. Similar results were
obtained with A. latus using sucrose at the same dilution rate; biomass concentration and PHB
content were 4 g/ and 40%, respectively. When grown on glucose and various concentrations
of propionic acidup to 5 g/L, A. latus produced PHBHYV with a content range of 3HV monomer
in the PHA of up to 20% [130].

Several other studies were conducted to produce PHBHV with C. necator in one-stage
continuous culture. This copolyester was produced from fructose and propionic acid with a
maximum PHA productivity of 0.31 g L=! h~! and a 3HV content in the range of 11 to 79%. It
turned out that the molecular mass increased with the dilution rate [129]. When propionate was
employed as 3HV precursor, the continuous culture systems did not reach steady states when
propionate concentration exceeded 7 g/L [131]. Zinn and colleagues [133] grew C. necator in
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a chemostat under the conditions of simultaneous limitations by carbon (butyric and/or valeric
acid) and nitrogen source. No concentrations of biomass or polymer were reported, only the
absorbance of the culture = 34 + 4 and the maximum 3HV content in the copolymer of
62%. The study was rather focused on material properties, with the melting temperature of
the material decreasing from 178 °C for PHB to about 80 °C for PHA with the highest 3HV
content. High relative molecular mass of the obtained polymers was between 0.9 and 1.2 x

10° was reported together with a polydispersity index of around 3 [133].

In the case of mcl-PHAs, a Swiss group reports the continuous, growth-associated produc-
tion of poly(3-hydroxyalkanoate-co-3-hydroxyalkenoates) in one-stage chemostat cultures of
Pseudomonas putida ATCC 29147 in a single CSTR. The applied substrates encompassed
5-phenylvalerate, octanoate and 10-undecenoate. Multiple nutrient limited growth conditions
were chosen at a dilution rate of D = 0.1 h~!. Different mixtures of the substrates in the feed
resulted in the formation of copolyesters with varying compositions and different amounts of
aromatic and unsaturated side chains that make the products accessible for further modifica-
tion. Based on the results, the authors conclude that the steady state conditions in a continuous
culture provide a strategy especially suited for the production of tailored PHA copolymers
[117].

All single-stage experiments with C. necator resulted in rather low biomass concentrations
and intracellular PHA contents, which is an expected outcome, since C. necator produces PHAs
that are not growth associated. For such organisms, optimal conditions for both cell growth and
PHA accumulation cannot be maintained in a single-stage system. For that reason, a multistage
system should be more suitable, and in fact, the results from a two-stage chemostat set-up
were superior to those from one-stage experiments. Using a system of two CSTRs, continuous
PHB production with C. necator was examined by Yu and colleagues [131]. Investigating
the first stage, best results were obtained at a dilution rate of D = 0.21 h~!, when 27 g/L of
cell dry mass with about 11 wt.-% PHB were produced. As expected, the authors report high
specific cell growth rates in the first stage and low PHB synthesis rates under carbon-limited
and nitrogen—rich conditions. In the second stage, maximum PHB production was observed
at a dilution rate of D = 0.14 h™!, giving a PHB concentration of 48 g/L.. The maximal PHB
productivity was reported with 1.43 g L=! h~! at a dilution rate of 0.12 h™! but with relatively
low PHB content of 47.6% [131].

A few other studies in two-stage continuous systems were conducted with other micro-
organisms. In the case of P(3HB4HB) production, Delftia acidovorans P4a was cultivated
on mixtures of acetic acid and +y-butyrolactone; here, P(3HB4HB) copolymers with a molar
fraction of 2.7-19% 4HB were obtained. The authors state that, especially in the case of toxic
substrates like acetic acid and vy-butyrolactone, the two-stage continuous production strategy
is very convenient [132].

Based on literature data, Atli¢ and colleagues [117] concluded that in the case of nongrowth-
associated PHA producers and with totally or partially growth-associated PHA producing
micro-organisms, optimal conditions for cell growth as well as for PHA accumulation could
more easily be achieved in continuous multistage bioreactor systems than in a single-stage
or in a two stage setup. The authors aimed for high productivity as well as excellent PHA
quality. Applying previously published engineering approaches [128, 135], which considered
a bioreactor cascade of at least five reactors in series as a process-engineering substitute for a
continuous PFR, a five-stage bioreactor cascade system for PHA production was tested [117].
The potential of such systems is based on the fact that different controlled nutrient conditions
can be applied along the reactor cascade in order to produce PHB with high molecular weight
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and low polydispersity index. The five-stage system was designed to provide balanced biomass
growth regarding the complete nutrient supply in the first reactor. Subsequently, the second
vessel was intended to finalize consumption of nitrogen source so that in this stage the growth-
associated PHA synthesis should occur. Further on, in the last three reactors, during the non
growth-associated synthesis of PHA, the aim was to increase molecular mass of PHA and to
reach a suitable low polydispersity index. Under operating conditions (dilution rate for the first
reactor DI = 0.139 h~!; an overall dilution rate D TOTAL = 0.034 h™!), a final concentration
of 81 g/L of cell dry mass (CDM) containing 77% w/w of PHB and overall PHB productivity
2.14 g L=' h™! were obtained.

In the case of mcl-PHASs, Pseudomonas oleovorans was cultivated on octane with a volu-
metric PHA productivity of 1.06 g L~! h~! and PHA content of 63% in the second bioreactor.
Dilution rates of D = 0.21 h™! in the first stage and 0.16 h~! in the second stage were reported
to result in the highest PHA productivity [136].

Similar to the production of P(3HB4HB), continuous modes provide a viable strategy for
the production of mcl-PHAs in order to overcome the high sensitivity of the production
strains against higher concentration of the required substrates, mainly fatty acids and their
derivatives. Here, continuous operation allows for permanent feeding of the organisms with
the exact amounts of substrates covering their metabolic requirements, but without reaching
inhibiting concentrations [135, 136].

7.9 Conclusion

This chapter highlighted the huge diversity of microbial PHAs, demonstrating that these
versatile biopolyesters possess the potential to replace various contemporary fossil-based
plastics. Drawbacks in the large-scale production of PHAs were discussed, and economic
feasibility was considered.

It was shown how industrial waste like surplus whey, crude glycerol phase, lignocellu-
loses, molasses and residues from the slaughtering and biodiesel industry can be upgraded to
substrates for biopolymer production. Applying such waste streams as carbon source can be
regarded as the most promising route to make the entire PHA biopolymer production process
economically competitive; this is valid for bulk plastics made of petrochemical competitors as
well as for special polymers currently used for niche products.

It is generally undisputed that, within the next couple of years, the global demand in
bio-plastics will rapidly increase. In this context, it has to be considered that, especially
in many emerging and developing countries, huge efforts are devoted to research and also
industrial production of biopolymers presently. Here, biopolymer production is often based
on raw materials with high nutritional value produced under doubtful working conditions for
the involved employees. Applying feedstocks that are available as waste streams is a viable
route to avoid that. Independent from the selected microbial production strain, facilities for
PHA production from whey and animal processing industry should be integrated into existing
process lines of large dairies, or biodiesel companies, where the raw materials directly accrue.
By taking profit of synergistic effects, this can be considered as a viable strategy to minimize
production costs using other by-products as raw materials, too.

Choosing the adequate bioreactor design and mode of operation constitutes an additional
process-engineering challenge on one side, but provides an important tool to achieve higher
productivity and constant and tailor made product quality on the other side. Attempts for
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single-step and multistep continuous production of PHAs of different quality on laboratory
scale are compared with data for classical discontinuous processes.

Beside the raw material supply and the fermentation process itself, downstream processing
for polymer recovery from the surrounding cells is another cost-determining factor in biopoly-
mer production. Especially for this process step, additional research progress is required in
order to decrease the demands for energy and chemicals that severely antagonize the sustain-
ability of PHA production.

Uniting the potential enhancements of each process step, one can definitely make substantial
progress towards an environmentally benign and cost-efficient technology. In any case, the
development of really efficient biopolymer production processes needs the narrow cooperation
of experts from industry and different scientific fields; hence, a multidisciplinary approach is
required. Decision makers from companies, chemical engineers, microbiologists, enzymol-
ogists, polymer scientists, genetic engineers, and experts for LCA and Cleaner Production
studies have to concentrate their special knowhow. This can close existing gaps between the
meritorious successes on laboratory scale that in most cases affect only singular aspects of
biopolymer production, and the final market success of competitive bioplastics.

Regarding the high number of available data from literature, one can conclude that impor-
tant progress has already been achieved in terms of combining the environmental benefit of
future-oriented bio-polyesters with economic viability of their production. This should finally
facilitate the decision of responsible policymakers from various waste-generating industrial
branches and from polymer industry to break new ground in sustainable production.
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8.1 Introduction

Over the past several decades, polylactide — i.e. poly(lactic acid) (PLA) — and its copoly-
mers have attracted significant attention in environmental, biomedical, and pharmaceutical
applications as well as alternatives to petro-based polymers [1-18]. Plant-derived carbo-
hydrates such as glucose, which is derived from corn, are most frequently used as raw
materials of PLA. Among their applications as alternatives to petro-based polymers, pack-
aging applications are the primary ones. Poly(lactic acid)s can be synthesized either by direct
polycondensation of lactic acid (IUPAC name: 2-hydroxypropanoic acid) or by ring-opening
polymerization (ROP) of lactide (LA) (IUPAC name: 3,6-dimethyl-1,4-dioxane-2,5-dione).
Lactic acid is optically active and has two enantiomeric forms, that is, L- and D- (S- and
R-). Lactide is a cyclic dimer of lactic acid that has three possible stereoisomers: (i) L-
lactide (LLA), which is composed of two L-lactic acids, (ii) D-lactide (DLA), which is
composed of two D-lactic acids, and (iii) meso-lactide (MLA), which is composed of an
L-lactic acid and a D-lactic acid. Due to the two enantiomeric forms of lactic acids, their
homopolymers are stereoisomeric and their crystallizability, physical properties, and pro-
cessability depend on their tacticity, optical purity, and molecular weight; the latter two are
dominant factors.

Poly(lactic acid) has three typical optical isomeric forms: (i) optically active and crystalliz-
able poly(L-lactide) (i.e. poly(L-lactic acid) (PLLA)), (ii) optically active and crystallizable
poly(D-lactide) (i.e. poly(D-lactic acid) (PDLA)), and (iii) optically inactive and noncrystal-
lizable poly(DL-lactide) [i.e. poly(DL-lactic acid) (PDLLA)]. Of these isomeric polymers,
PLLA is most frequently used because its production cost is lower due to its joint mass pro-
duction of 1.4 x 10° metric tons per year by NatureWorks LLC, which is owned by Cargil

Bio-Based Plastics: Materials and Applications, First Edition. Edited by Stephan Kabasci.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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Figure 8.1 Synthesis, recycling, and degradation of PLLA [13]. (Reproduced with permission from Yoneda
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Inc., and Teijin Ltd., which is known as Ingeo™ in the USA and Biofront® in Japan. Another
company, Purac, also produces biomedical application-oriented PLA-based materials under
the PURASORB®™) brand name. Figure 8.1 shows the synthesis, recycling, and degradation of
PLLA [13]. However, due to the recent initiation of the production of biobased polyethylene
(PE) from bio-ethanol, PLLA is not the sole mass-produced biobased polymer. To forestall
biobased PE and other biobased polymers that will be produced in the near future, high
performance PLA-based materials must be developed to suppress their hydrolytic/thermal
degradability and increase their mechanical performance.

Poly(lactic acid) is a biobased polymer that can be produced from renewable resources
including starch from corn and potatoes, sugar from beets and sugar cane, and so on. The
carbon in PLA originates from atmospheric carbon dioxide, which is immobilized in glucose
by photosynthesis; therefore, the carbon dioxide formed by its disposal, incineration, or
biodegradation does not increase the total amount of atmospheric carbon dioxide. As a result,
its impact on the environment during production and disposal, that s, its carbon footprint, is low
compared to other petro-based polymers. Poly(lactic acid) can also be recycled via hydrolytic
or thermal degradation to its lactic acid and LA monomers, which further reduces its negative
impact on the environment. Poly(lactic acid)-based materials, especially crystalline PLLA or
PDLA, have mechanical properties that are comparable with those of petro-based commercial
polymers such as polystyrene. Poly(lactic acid) is also degradable in the human body and
in the environment. The toxicity of its degradation products, which are lactic acid and its
oligomers, is very low. The functionality of hydrolytic degradability and the very low toxicity
of the resultant products are beneficial for environmental, biomedical, and pharmaceutical
applications.
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Most commercially available PLLA is used for packaging, automobile interiors, electronics
chassis, and other consumer products. However, some applications require a higher mechan-
ical performance and resistance to hydrolytic/thermal degradation. In addition to composite
or fibre-reinforced plastic formation, stereocomplexation between enantiomeric PLLA and
PDLA is a promising method for producing high-performance PLA-based materials because
it has been shown to enhance the mechanical performance and resistance to hydrolytic/thermal
degradation of PLA-based materials [11]. Stereocomplexation occurs due to the strong interac-
tions between the two different enantiomeric polymer chains (i.e. PLLA and PDLA) compared
to the weaker interactions between the same enantiomeric polymer chains (i.e. PLLA and
PLLA, or PDLA and PDLA). The physical properties, hydrolytic degradation, and biodegra-
dation of PLAs can be controlled by altering their molecular and higher ordered structures
and so on. This chapter outlines the basic aspects of synthesis, processing, structures, physical
properties, degradation, and applications of PLAs.

8.2 Historical Outline

In 1845, a synthetic route to the linear dimer of lactic acid, that is, lactoyllactic acid, through the
esterification of lactic acid by removal of water at high temperature (130 °C) under atmospheric
pressure was discovered [19]. In 1914, lactic acid oligomers from trimers to heptamers were
reported to form when lactic acid was dehydrolysed at an elevated temperature (90 °C) under
reduced pressure (15 mmHg) [20]. In 1932 and 1954, a two-step polymerization procedure via
the cyclic dimer of lactic acid, LA, was suggested and developed [21,22] for the synthesis of
high-molecular-weight (HMW) PLA. Since the late 1960s, because of the breakthrough work
by Kulkarni [23], PLA and its copolymers have been widely investigated for their biomedical
applications such as sutures and prostheses [24]. In the 1970s, commercial biodegradable
sutures called Vicryl or polyglactin 910 were produced from the copolymers of LA and
glycolide (GA) [25]. Since the late 1970s, PLAs and their copolymers have been studied for
pharmaceutical applications such as matrices for drug delivery systems [24]. The crystalline
structure of the a-form of PLLA was first analysed by De Santis and Kovacs in 1968 [26] and
then by Hoogsteen et al. in 1990 [27], Kobayashi ef al. in 1995 [28], Sasaki and Asakura in
2003 [29], and Wasanasuk and Tashiro et al. in 2011 [30]. Later, the crystalline structure of
the B-form of PLLA was reported by Hoogsteen et al. in 1990 [27] and Puiggali et al. in 2000
[31], while the y-form of PLLA was analysed by Cartier et al. in 2000 [32]. The crystalline
structure of the PLLA/PDLA stereocomplex was reported by Okihara et al. in 1991 [33].
Through the 1980s and 1990s, basic information concerning the synthesis, physical proper-
ties, crystallization behaviour, and medical and pharmaceutical applications of PLAs and their
copolymers was obtained. A large amount of research has been targeted towards the synthesis
and molecular characterization of LA homo- and co-polymers [34-36]. Moreover, the crys-
tallization, spinning, and physical properties of PLA-based materials have been intensively
investigated [37-39]. Studies have also focused on medical and pharmaceutical applications
and the in vitro and in vivo degradation of PLAs and their copolymers [2, 40, 41]. The stereo-
complex between PLLA and PDLA was reported in 1987 [42] and studies on its crystallization,
physical properties, and hydrolytic degradation and biodegradation revealed its high mechan-
ical performance, resistance to hydrolytic/thermal degradation, and gas barrier properties [11,
43-45]. Since the second half of the 1990s, PLAs have attracted significant attention in terms
of ecological applications and have been recognized as substitutes to commercial petro-based
polymers because of their cost-effective (<$4/kg) production from renewable plant resources.
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Inthe 1990s, Baker et al. synthesized substituted racemic PLA compounds including poly(2-
hydroxybutyrate), that is, poly(2-hydroxybutanoic acid) (P(2HB)), poly(2-hydroxypentyrate),
that is, poly(2-hydroxypentanoic acid), and poly(2-hydroxyhexyrate), that is, poly(2-
hydroxyhexanoic acid), and discovered their enhanced thermal resistance [46—48]. In 2009 and
2010, Tsuji et al. synthesized optically pure and crystallizable L- and D-forms of P(2HB) (i.e.
P(L-2HB) and P(D-2HB), respectively), which comprise substituted PLLA and PDLA. Stere-
ocomplexation between enantiomeric P(2HB)s [49] and hetero-stereocomplexation between
P(2HB) and PLA with opposite configurations were also revealed [50,51]. The latter finding
may enable the production of biodegradable materials that have a wide variety of physical
properties and hydrolytic degradation and biodegradation behaviours and rates. Similar to PLA
stereocomplexation, stereocomplexation between P(L-2HB) and P(D-2HB) or enantiomeric
blends accelerates crystallization and enhances hydrolytic/thermal degradation resistance. Jung
et al. employed metabolically engineered Escherichia coli to synthesize PLA and its copoly-
mers [52], whereas Han et al. synthesized poly(3-hydroxybutyrate-co-2-hydroxybutyrate) with
wild-type class I PHA synthase from Ralstonia eutropha [53].

8.3 Synthesis of Monomer

Lactic acid, which is the monomer of PLA, is a well known 2-(a-)hydroxycarboxylic acid with
an asymmetric carbon atom that is synthesized by the bacterial fermentation of carbohydrates
such as glucose. Of the sources of carbohydrates, corn is the most effective and is frequently
utilized to produce glucose. However, the use of corn has issues such as limitations to the
potential production of corn and the effect of supply on its price. Lactic acids include optically
active compounds with L- and D-forms. The melting temperature (77,) of a 1 : 1 racemic
mixture (compound) of L- and D-lactic acids, that is, DL-lactic acid, is 52.8 °C, which
is higher than that of the respective enantiomers (16.8 °C). The optical purity, yield, and
dominant enantiomeric form of lactic acid is determined by the type of Lactobacillus used
and the fermentation conditions such as the kind and concentration of nutrition, aeration, pH,
temperature, and so on [1, 3]. From an industrial perspective, it is crucial to produce lactic
acid with high optical purity and yield. The removal of impurities from the fermentation broth
of the lactic acid production is important in order to increase the molecular weight and optical
purity of PLA. These impurities include carbohydrates, organic acids, alcohols, amino acids,
and proteins. LAs, which are the cyclic dimers of lactic acids, have three different forms: (i)
L-lactide (LLA), which comprises two L-lactyl units, (ii) D-lactide (DLA), which comprises
two D-lactyl units, and (iii) meso-lactide (MLA), which comprises one L-lactyl unit and one
D-lactyl unit. Racemic lactide or DL-lactide (DLLA) is a 1 : 1 physical mixture or a 1 : 1
racemic compound (stereocomplex) of LLA and DLA and has a T;,, of 124 °C, which is higher
than that of LLA (95-99 °C), DLA (95-99 °C), and MLA (53-54 °C). Figure 8.2 shows the
molecular structures of lactic acids and LAs [8, 54]. The industrial and laboratory method
used for LA synthesis involves the thermal depolymerization of low-molecular-weight (LMW)
PLAs followed by the distillation of LAs under reduced pressure. The obtained crude LAs
are purified either by recrystallization in solvents such as ethylacetate or toluene, from the
melt, or from the gas phase. The purification of LAs, that is, the removal of impurities such as
solvents, free acids, catalysts, and moisture, is necessary to increase the molecular weight of
the resulting PLA polymers. Detailed information regarding the procedures for the synthesis
and purification of lactic acids and LAs is described in previous publications [1, 3, 15].
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8.4 Synthesis of Poly(Lactic Acid)
8.4.1 Homopolymers

Poly(lactic acid)s can be synthesized by two methods: (i) polycondensation of lactic acids
and (ii) ROP of LAs [1, 3, 8, 54, 55]. Figure 8.3 shows the synthesis of PLLA, PDLA,
and their block copolymers [11]. Tin-based catalysts such as tin (I or IV) chloride and tin
(IT) bis-2-ethylhexanoic acid (stannous octoate or tin octoate) were reported to effectively
increase the molecular weight of the resulting PLAs up to an order of 10° and 10° g mol™!
for polycondensation [56,57] and ROP [58-61], respectively. Moreover, bulk polymerization
in the presence of these catalysts aids in avoiding racemization and transesterification during
the ROP of LA.

The molecular weights of PLAs can be tuned by altering the polycondensation conditions.
Poly(DL-lactic acid) can be synthesized in a molecular weight range of 2 x 10°-2 x 10*
via polycondensation with varied reaction temperatures, reaction times, and pressures [62].
Poly(lactic acid)s with relatively high molecular weights are obtained by polycondensation
only when water is efficiently removed from the polymerization mixture, which comprises
lactic acid and oligomers, PLA, and water. The required conditions include: (i) a temperature
range of 180-200 °C, (ii) low pressure (<5 mmHg), (iii) a long reaction time, and (iv)
the addition of an appropriate catalyst and azeotropic solvent of water [56,57]. PLLA with
a weight-average molecular weight (M,,) higher than 1 x 10° g mol~! can be synthesized
using Brgnsted acid—activated tin-based catalysts with diphenylether as an azeotropic solvent.
A very high reaction temperature reduces the optical purity of PLAs even when optically
pure L- or D-lactic acid is used as the monomer. On the other hand, PLAs with very high
molecular weights (>1 x 10® g mol~") can be synthesized via the ROP method under the
following conditions [60]: (i) low concentrations of initiator and coinitiator, (ii) relatively
low temperature (<120 °C), and (iii) long reaction time. The molecular weight of PLAs
synthesized by the ROP of LAs can be varied by altering the concentration of coinitiators that
feature hydroxyl groups such as alcohols [25, 54, 63].

Poly(lactic acid) comprising equimolar L- and D-lactyl (i.e. half of a LA) units can be
synthesized either by the polycondensation of DL-lactic acid or by the ROP of DLLA or
MLA [64,65]. The monomer distribution and tacticity of this stereocopolymer depend on the
monomer, the nature of the polymerization catalyst, and polymerization conditions such as
temperature and time [66]. Poly(lactic acid)s containing different fractions of L-lactyl units
can be prepared by altering the enantiomeric excess of the monomers, that is, L- and D-
lactic acids [67], LLA and DLA [68], and LLA and MLA [69]. Stereoblock copolymers were
synthesized via two-step living ROP of LLA with DLA or DLLA [70,71] and also via single-
step ROP of either DLLA using Schiff’s base / aluminum methoxide as an initiator [72, 73]
or in the presence of PLLA or PDLA [74] (Figure 8.3). Stereo multiblock copolymers can
be synthesized by stepwise alternating polymerization of LLA and DLA. Stereo multiblock
copolymers were directly synthesized by solid-state polycondensation of oligomeric PLLA
and PDLA [75].

8.4.2 Linear Copolymers

Typical comonomers and coinitiators for the polycondensation and ROP reactions are sum-
marized in Figure 8.2. For polycondensation, various hydroxycarboxylic acids or mixtures of
diol and dicarboxylic acid are used as comonomers of lactic acid; of these, glycolic acid is
most frequently used. On the other hand, for ROP, various heterocyclic compounds including
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lactones and carbonates are utilized as comonomers of LA of which GA and CL are most
often used [1,2, 8, 36]. The copolymers of LA with glycolide (GA) or e-caprolactone (CL)
as well as LA homopolymers and stereocopolymers have been intensively studied as matrices
for drug delivery systems [76,77] and biodegradable scaffolds for tissue regeneration [1, 78].
As in the case of PLA stereocopolymers, the monomer distribution in copolymers depends
strongly on the identities of the monomer pairs, the nature of the initiator and coinitiator, and
the polymerization conditions such as reaction temperature and time. The 'H NMR signals
that are useful for determining the contents of the respective monomers in the copolymers are
those around 5.2 and 1.6 ppm, which correspond to the methine and methyl groups of the
lactyl unit [79, 80]. The incorporation of GA and CL imparts the LA copolymers with blocky
structures P(LLA-GA) [81,82] and P(LLA-CL) [83,84]. Randomization of the monomer unit
sequence is known to be difficult [85].

Two-step block copolymerization of LLA or DLLA with GA [86], CL [87], (R)-
B-butyrolactone [88], or 1,5-dioxepan-2-one [89] was also performed. Hydrophobic LA
sequences can grow from hydrophilic polymers such as poly(ethylene oxide) (PEO), that
is, poly(ethylene glycol) [90], poly(propylene oxide) (PPO) [91], and their block copoly-
mer (Pluronic™) [92] to increase the hydrophilicity, flexibility, and biodegradability of the
PLA-based materials. Although this article does not discuss branched PLA in detail, it can
be synthesized via polycondensation by incorporating polyol and/or polycarboxylic acid with
more than three hydroxyl groups and/or carboxylic groups as comonomer(s) and via ROP with
a polyol with more than three hydroxy groups as the coinitiator.

8.5 Processing

In order to process polymers, information regarding thermal properties such as glass transition
and melting temperatures (i.e. Ty and Ty, respectively), crystallization behaviour, and rheo-
logical properties is required. Poly(lactic acid)-based products can be prepared using a normal
processing procedure for petro-based polymers such as poly(ethylene terephthalate) (PET).
However, in the case of PLA-based polymers, thermal and/or hydrolytic degradation must
be avoided during the melting process. The typical thermal history of PLA polymer during
one- and two-stage PLA bottle manufacturing is shown in Figure 8.4 [93]. To avoid thermal
degradation, the melt processing temperature and time should be low and short, respectively.
To avoid hydrolytic degradation during melt processing, the amount of water absorbed in
the polymer should also be minimized before processing. Other information regarding PLA
processing is well documented in a review article and book chapters [15, 93, 94].

8.6 Crystallization
8.6.1 Crystal Structures

Neat PLLA has been reported to crystallize in three forms: a [26-30] (Figure 8.5 [30]), B [27,
31], and y (Figure 8.6 [32]). Wasanasuk and Tashiro et al. [30] analysed the crystal structure
of the a-form in detail using the two-dimensional wide-angle X-ray scattering (WAXS) and
neutron diffraction (WAND) data of an ultradrawn sample. Assuming a P2;1 space group,
they found that the chain conformation took a distorted (10/3) helical form with 2; helical
symmetry along the chain axis; the unit cell has monoclinic symmetry and an orthogonal
shape (a = 10.86 A, b=6.16 A, and ¢ = 28.86 A). The B-form of neat PLLA is reported to
feature a rather frustrated structure with a trigonal unit cell (@ = 10.52 A, b =10.52 A, and
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Figure 8.4 Thermal history of PLA polymer during one- and two-stage PLA bottle manufacturing. (Reprinted
from Poly(lactic acid) — Synthesis, Structures, Properties, Processing, and Applications—, Chapter 14, L.-T. Lim.,
Processing of Poly(Lactic Acid), Copyright (2010), with permission from John Wiley & Sons, Inc. [94].)

Figure 8.5 Crystal structure of a-form PLLA proposed by Wasanasuk and Tashiro. No symmetry exists along the
chain axis under the space group of P2;1. The adjacent chains are packed upwards and downwards along the
chain axis. (Reproduced with permission form [30]. Copyright © 2011, American Chemical Society.)
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Figure 8.6 (a) Chain axis projection and (b) a-axis projection of the crystal structure determined for the y-phase
of PLLA produced by epitaxial crystallization on hexamethylbenzene at 140 °C. The structure corresponds to a
minimum of the packing energy. The two antiparallel helices are linked by a 24 screw axis parallel to b [32].
(Reproduced with permission from ref. [32]. Copyright © Elsevier, 2000.)

c=28.38 A) [31], whereas the y-form of neat PLLA has an orthorhombic unit cell with a =
9.95 A, b =625 A, and ¢ = 8.8 A [32]. The stereocomplex crystal has a triclinic unit cell
(@=9.16 A, b=9.16 A, and ¢ = 8.70 A) in which the PLLA and PDLA chains assume a 3,
helical conformation and are packed side-by-side in parallel [33] (Figure 8.7). A mechanism
for the formation of the triangular stereocomplex crystal has been proposed by Brizzolara et al.
[95]. The o’-form was thought to be a disordered o-form that is transformed to the a-form by
increasing the temperature above 110-120 °C [96-100]. However, very recently, Wasanasuk

Figure 8.7  Crystal structure of PLA stereocomplex [33]. The lines between PLLA and PDLA chains were added
to original figure. (Reproduced with permission from ref. [33]. Copyright © 1991, Taylor & Francis.)
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and Tashiro ef al. reported that the «’-form is a d-form crystal rather than a disordered a-form
crystal [101]. Polymorphism and isomorphism in biodegradable polyesters including PLA
have been well documented in a review article [102]. Cold crystallization of melt-quenched
PLLA is reported to result in the formation of «’-form (8-form) crystallites probably due to
the low crystallization temperature [103].

8.6.2 Crystalline Morphology
8.6.2.1 Spherulites

Spherulite morphology is useful to determine the degree of orientation and periodic rotation
of lamellae, whereas the size of spherulites can be used to determine the number of spherulitic
nuclei per unit area or volume. A spherulitic structure is observed for crystalline PLLA,
PDLA, PLLA/PDLA blends, and PLA copolymers that have relatively long LLA or DLA unit
sequences. The morphology and sizes of the spherulites depend on the molecular structures,
blending, and crystallization conditions such as temperature and time in the case of isothermal
crystallization and cooling rate in the case of nonisothermal crystallization. The spherulites
of LA stereocopolymers retain well-defined structures even when the monomer unit sequence
length approaches the critical value for crystallization [104]. Also, relatively random copoly-
merization of LLA with comonomer(s) did not change the morphology of the spherulites
(Figure 8.8 [105]). Instead, disturbed spherulites or assemblies of crystallites appeared in
the crystallizable PLLA/amorphous PDLLA blends with low PLLA contents [100, 106]. The
morphology of the stereocomplex spherulites is similar to that of the normal spherulites of neat

100 pm

Figure 8.8  Polarization optical photomicrographs of the films crystallized at T. = 120 °C from the melt: (a) PLLA
My =1.0 x 10°), tc =5 min; (b) PLLA (M, = 3.1 x 10%), tc = 3 min; (c) P(LLA-DLA) (95/5, My = 9.6 x 10%),
te = 50.5 min; () P(LLA-GA) (95/5, My = 3.8 x 10%), tc=22 min; (e) P(LLA-CL) (82/18, M = 6.7 x 10%), tc =
20 min [105]. (Reproduced with permission from ref. [105]. Copyright © Elsevier, 2005.)
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PDLA or PLLA when solely stereocomplexation takes place [107]. However, spherulites with
complicated morphologies are evident when stereocomplexation and homo-crystallization
occur simultaneously [104, 107, 108]. Maillard and Prud’homme observed mirror-image stere-
ocomplex crystalline assemblies for PLLA- and PDLA-rich PLLA/PDLA mixtures [109]. As
observed for crystalline polymers, PLLA spherulites become smaller with decreasing temper-
ature and time [110, 111].

8.6.2.2  Single Crystals

Poly(L-lactic acid) is reported to crystallize into lozenge-like [37, 112—114] and hexagonal-like
[37, 114] single crystals in dilute solutions. In contrast, single crystals of the stereocomplex
of PLLA and PDLA have a peculiar triangular shape when they are formed in p-xylene at
solution concentrations as low as 0.04% [33, 115].

8.6.3 Crystallization Behaviour

The crystallization of PLLA in the presence of accelerating fillers is discussed in section 8.12.1.
Spherulites form during the actual moulding process. The crystallization kinetics of PLLA was
first reported by Vasanthakumari and Pennings [38]. They investigated the spherulite growth of
PLLA with a wide viscosity-average molecular weight (M,) of 10°~10° g mol~'and observed
regime I-III kinetics. Normally, relatively low molecular weight PLLA shows bimodal peaks
of radial growth rate of spherulites (G) as a function of the crystallization temperature (7;)
due to the transition from the from the o/(8)-crystalline form to the a-form [96-100] or the
regime transition from III to IT at ~110-120 °C [63, 105, 116]. The radial growth of PLLA
spherulites was decelerated by the presence of high-molecular-weight amorphous PDLLA but
accelerated by the presence of low molecular weight PDLLA [117]. WAXS and small-angle
X-ray scattering (SAXS) measurements of PLLA/PDLLA blends indicate that amorphous
PDLLA is removed from the periodic stacking of the crystalline and amorphous regions of
PLLA and does not affect the periodic structure of PLLA [100]. The overall crystallization
rate is determined by the number of spherulite nuclei per unit mass and G and is maximized
at ~110 °C [118, 119]. Aging below T, induces the formation of a metastable state that
accelerates crystallization during heating [120-124].

8.7 Physical Properties
8.7.1 Mechanical Properties

The physical properties including the mechanical properties of polymeric materials depend
on their molecular characteristics, highly ordered structures, fillers, and material morphology.
Table 8.1 [8] and Figure 8.9 [125] summarize the physical properties of PLA and other
representative commercial polymers. In the following sections, some crucial parameters that
significantly alter the mechanical properties are discussed.

8.7.1.1 Effect of Molecular Characteristics

Molecular weight is an important parameter to determine the mechanical properties of poly-
meric materials and is given by the following empirical equation:

P=P,—K/M, 8.1)
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Figure 8.9 Comparison of glass transition and melting temperatures (Tg and T, respectively) of PLA with other
thermoplastics [125]. (Reproduced with permission from [125]. Copyright © Elsevier, 2008.)

where P is the physical property of a polymeric material, Py is the P of a polymer with an
infinite number-average molecular weight (M,), and K is a constant. As-cast PLLA, PDLA,
and PLLA/PDLA films have nonzero tensile strength (og) below a 1/M, value of 2.5 x 1073
g‘1 mol, which corresponds to an M, of 4.0 x 104 g mol~'; also, og has been found to
positively correlate with 1/M, [4, 126] according to Equation 8.1 (Figure 8.10 [126]). Eling
et al. [127] showed a similar og dependence on 1/M, for PLLA fibres.

50 T T T
® H PLLA
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40 - ® PLLAPDLA=1/1 |
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©
o
=3
m
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0 1 2 3 4
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Figure 8.10 Tensile strength (o) of as-cast neat PLLA and PDLA, and their blends as a function of M, [126].
(Reproduced with permission from ref. [126]. Copyright © Elsevier, 1999.)
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Saturation of the flexural strength was observed for PDLLA and amorphous PLLA at
viscosity-average molecular weight (M,) values above 35 000 g mol~! and 55 000 g mol~!,
respectively [128]. Optimal o and Young’s modulus (E) of fibres from LA copolymers
P(LLA-CL) and P(LLA-DLA) are smaller than those of homopolymer PLLA fibres. The
elongation-at-break (eg) of P(LLA-DLA) fibres becomes higher than that of PLLA fibres
when they are melt-spun and thermally drawn [129]. Additionally, cross-linking effectively
increases the impact strength of PLLA-based materials [130, 131].

8.7.1.2  Effect of Highly Ordered Structures

The mechanical properties of PLLA strongly depend on their highly ordered structure including
orientation, crystallinity (X.), and crystalline thickness (L) or Ty, [111]. Of the highly ordered
structure parameters, orientation has the most significant impact on the mechanical properties.
The og and E values of PLLA fibres increase and the €g value decreases with an increase in
the degree of molecular orientation [127, 132—-135]. A fibre with a o value of 2.1 GPa and
E value of 16 GPa was prepared from high-molecular-weight PLLA (M, =9 x 10° g mol™")
by dry-spinning and hot-drawing [39], whereas a fibre with a o value of 275 MPa and E
value of 9.1 GPa was prepared from low-molecular-weight PLLA (M, = 13,100) using the
zone-drawing method [136]. An increase in X, increases the op and E values of PLLA but
decreases the € value [111]. The decrease in the o value of PLLA films prepared at high 7
may be ascribed to the formation of large spherulites and crystallites in addition to their high
X.. These results indicate that molecular orientation, X., and molecular weight are important
parameters that influence the mechanical properties.

8.7.1.3  Effect of Polymer Blending

Blending is acommercially advantageous method of manipulating the mechanical properties of
PLA-based materials [8]. The mechanical properties of miscible and phase-separated polymer
blends respectively show continuous and discontinuous dependence on the polymer mixing
ratio. Phase-separated blends have discontinuous mixing ratios where the inversion of the
continuous and dispersed phases occurs. Even when phase separation occurs, the op, yield
stress (oy), and E of blends of glassy PLLA (or PDLLA) with rubbery PEO [137] or PCL
[138-140] can be widely varied by altering the polymer mixing ratio (Figure 8.11) [140].
In Figure 8.11, the weight fraction of PLLA (XpLra) is defined according to the following
equation:

Xprra = WpLra/(WecL + WpLra) (8.2)

where Wp A and Wpcr are the weights of PLLA and PCL in the blend. The impact strength of
PLLA is reported to increase via the addition of rubbery biodegradable polymers such as PCL
[141]. In addition, compatibilizers of the two constituent polymers reduce the discontinuous
behaviour and increase the € [142]. Stereocomplexation between PLLA and PDLA enhances
the tensile properties of blend films compared to those of neat PLLA or PDLA films [126].

8.7.1.4  Effects of Material Morphology

Porous PLA-based materials can be used as scaffolds for the regeneration of organs. These
materials are prepared by the formation of a phase-separated structure of PLA-based materials
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Figure 8.11 Young’s modulus of nonporous and porous blends of PLLA and PCL as a function of weight fraction of
PLLA (Xpr14) in blends [140]. (Reproduced with permission from ref. [140]. Copyright © 2006 Society of Chemical
Industry.)

and a second component such as a solid, liquid, or gas, and the removal of the second
component [143, 144]. The formation of pores effectively lowers the E and elevates the €p
of PLA-based materials [143]. The combination of polymer blending and pore formation can
yield PLA-based materials with a wide range of E values [140]. For example, the E values of
PLLA/PCL blends were tunable in the range of 0.1-1.4 GPa by altering the blending ratio and
pore formation, as shown in Figure 8.11 [140].

Electrospinning of PLA and copolymers [12] and the PLA stereocomplex [145, 146] has
been used to prepare nanofibres or nanomats. Similar to the effect of pores on the mechanical
properties of PLA-based materials, the formation of nanomats effectively lowers the E and
elevates the €g value. The morphology of the fibres and nanomats and the mechanical properties
are affected by the applied voltage, the effluent rate and concentration of the solution, the type
of solvent and so on (Figure 8.12 [147]).

8.7.2 Thermal Properties

Among the thermal properties, the T}, and glass transition temperature (7,) are the most impor-
tant to determine the thermal processing and drawing temperature and the usable temperature
range. The T, and T}, values of representative polymers are summarized in Figure 8.9. Values
for the Ty, the equilibrium melting temperature (7,2), T, and the melting enthalpy of a crystal
with infinite thickness (AHY; AH,, at X. = 100%) of PLAs are given in Table 8.1. The
Thomson—Gibbs expression that describes the relationship between Ty, and L. is given by the
following equation [148]:

T = T2(1 — 20/ AR%p L) (8.3)
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Figure 8.12  Stress—strain curves for P(LLA-GA) (mol/mol=10/90) electrospun membranes prepared under the 2
kv/cm electric field, at a feed rate of 100 wl/min and different concentrations of 7.5, 10 and 15 wt%, respectively
[147]. (Reproduced with permission from [147]. Copyright © Elsevier, 2003.)

where o, AK°, and p. are the specific fold surface free energy, heat of fusion (per unit mass),
and crystal density, respectively. Equation 8.3 implies that the 7}, of polymeric materials,
which increases with L., can be an indicator of L.. Using the AHIQ1 values, the X, values of the
stereocomplex and homo-crystals in specimens can be evaluated via the following equation:

Xo(%) = 100(AHe. + AHy)/AHC (8.4)

where AH,. is the enthalpy of cold crystallization. By definition, AH,. and AH,, are negative
and positive values, respectively. T, (L.) and X. decrease with decreasing crystallizable
L- or D-lactyl unit sequence length in the LA homopolymers and copolymers including
stereocopolymers; this can be caused by lower polymer molecular weights [126] and increased
comonomer content [79, 104, 105]. However, the incorporation of polyfunctional comonomers
such as 1,2,3,4-butanetetracarboxylic acid and 1,2,3,4,5,6-cyclohexanehexacarboxylic acid is
reported to elevate the T, values of the resultant copolymers to 80 and 86 °C, respectively [149].
On the other hand, the 7, of LA stereocopolymers is almost constant (~60 °C) regardless of
LLA content [104].

T and X, increase with crystallization in the temperature range of 70-160 °C [111, 150,
151] and the orientation of PLLA [132, 135, 152]. A crystallization temperature (7;) that
is too high or too low and is very close to Ty, or T, causes deviation from the appropriate
super cooling (AT = T, — T,), which results in no significant crystallization. The Ty, and
X. values of PLLA can be altered within the range of 177-193 °C and 0-63%, respectively,
by varying the 7. and crystallization time (z.) and by adding a pretreatment such as melt
quenching before crystallization [111, 150, 151]. Moreover, annealing at temperature ranges
below T, such as 25-50 °C increases the T, and enthalpy of glass transition (AH,) of PLLA
and poly(L-lactide-co-D-lactide) [P(LLA-DLA)] (96/4) [121-124]. The T, and AH, values
increase with increased annealing time (#,) and annealing temperature (73,) below T,. This
indicates that the inter-chain interactions of PLLA and P(LLA-DLA) (96/4) in the amorphous
region increase and the polymer becomes more densely packed and stable by annealing at T,
values below the T,. Due to this effect, crystallization during heating is accelerated by low
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temperature annealing below the T, [122, 124]. This mesomorphic structure formation may
be the result of conformational rearrangement from gg to gz [123].

The T, is influenced by the addition of miscible additives including polymers [153-155].
This method can be used effectively to manipulate the mechanical properties of PLA-based
materials and improve their impact strength. On the other hand, PLA stereocomplex crystallites
have T, and T values much higher than those of homo-crystallites of neat PDLA or PLLA
(Table 8.1). The T of 1 : 1 blend films of PLLA and PDLA is ~5 °C higher than that of the
neat PLLA and PDLA films in the M,, range of 5 x 10* to 1 x 10> g mol~!, which is when pre-
dominant stereocomplexation between PLLA and PDLA occurs in the blend films [126]. The
increased T, value is due to the strong interaction between L-lactyl and D-lactyl unit sequences
in the amorphous region of the blend films, which results in dense and stable chain packing.

The thermal stability of PLAs depends on the molecular modifications, additives, residual
initiators, catalysts, monomers, and water content. The thermal stability of PLLA synthesized
using aluminum tri(isopropoxide) as an initiator is higher than that synthesized using tin(II)
bis(2-ethylhexanoate) [156]. In addition, Jamshidi et al. found that the thermal stability of
PLLA synthesized using tin(Il) bis(2-ethylhexanoate) increases when the terminal carboxyl
group is acetylated and that residual monomers enhance the thermal degradation of PLLA
[157].

8.7.3 Permeability

First, the permeability of PLA-based materials was investigated with respect to their drug-
release profile [158]. In addition, recently, the permeability of various gases through PLA-based
materials has been studied since the permeability of PLLA towards water vapour, oxygen and
carbon dioxide is important for packaging applications. The effects of the X, value of PLLA on
its water vapour permeability [159-161] have been investigated. Normally, the permeability
of gases decreases with crystallinity and degree of orientation. The addition of fillers such
as layered silicate is reported to reduce gas permeability [162—165] as is stereocomplexation
between PLLA and PDLA [166] and polymer coating [167-169]. The effect of crystallinity
depends on the type of gas [170]. The « crystal modification provides a better barrier to water
vapour and higher Young’s modulus compared to films containing the o’-(8-)modification;
however, it also results in a lower elongation-at-break value [171]. The water-barrier properties
decrease in the presence of hydrophilic chitosan [167]. However, the tacticity and molecular
weight (M, =9 x 10*-5 x 10° gmol~") had a very small effect of the water vapour temperature
on gas permeability through PLA [10, 160, 172]. The effect of temperature was found to be
similar across the glass transition temperature [170].

8.7.4 Surface Properties

Surface treatment effectively alters the nature of the surface without affecting the bulk material
properties and can be applied in situ after the processing of the materials. Surface hydrophilicity
is important when the materials are used for biomedical and pharmaceutical applications.
Common methods for altering the surface hydrophilicity of polymers include plasma treatment,
surface grafting, and coating [173—175]. However, a facile method involving alkaline treatment
can be used to produce hydrolysable biodegradable polyesters including PLA, poly(glycolide)
(PGA), and poly(e-caprolactone) (PCL). This can be attained by the increase in the number
of hydrophilic terminal groups, that is, hydroxyl and carboxyl groups, as a result of surface
hydrolytic degradation in the presence of alkalis [176]. The hydrophilicity of the surface
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after alkaline treatment and polymer coating can be manipulated by varying the treatment
temperature, treatment time, and the type and concentration of alkalis or secondary polymers
[177-179]. Polymer surfaces with contact angles of around 70° exhibit the highest cell adhesion
[180]. Therefore, adjusting the hydrophilicity of PLA-based materials by alkaline treatment
leads to higher cell affinity for the material and adhesion.

8.7.5 Electrical Properties

Oriented PLLA materials have piezoelectric properties, and the piezoelectric constants of
PLLA increase with the draw ratio and are maximized at a draw ratio of around 4-5 [181].
Oriented PLLA materials are reported to be useful for accelerating the regeneration of fractured
bones in biomedical applications [181]. This effect is attributed to the piezoelectric current
generated by strain caused by body movement. Poly(lactic acid) materials can also be used
as electrical insulators. However, the addition of nanostructured carbons such as multiwall
carbon nanotubes (MWCNTs) and single-wall carbon nanotubes (SWCNTSs) can increase the
conductivity of materials; the effectiveness depends on the shape and nature of the nanostruc-
tured carbon and the crystallinity of the polymers [182—184]. Of the nanostructured carbons,
SWCNTs with the highest aspect ratio of 2000 most significantly decrease the resistivity (p)
of PLLA materials especially at low additive concentrations (<5 wt%) [184] (Figure 8.13). In
marked contrast to conventional carbon black (CB), which required an addition 3 wt% before
having an effect, the resistivity decrease was significant even with the addition of merely 1 wt%
of SWCNTs. This result is explained by the formation of a conductive network of SWCNTSs
even at 1 wt%.

8.7.6 Optical Properties

The visible and ultraviolet (UV) light transmittance of PLA (98% LLA) has been studied and
compared with that of commercial polystyrene, PET, low density PE, and cellophane films in
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Figure 8.13  Resistivity (p) of PLLA-SWCNT and PLLA-CB3855 films at different carbon filler concentrations [184].
(Reproduced with permission from ref. [184]. Copyright © Elsevier, 2007.)
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the range of 190-600 nm (Figure 8.14 [10]). Although PLA does not transmit UV-C light, it is
transparent to almost all UV-B and UV-A light. Therefore, the application of transparent PLA
films to, for example, daily products may require additives to block UV light transmission
[10]. The infrared, Raman, and solid-state '3C NMR spectra of PLA and their peak ascrip-
tions are shown in Figure 8.15 and Table 8.2 [185], respectively. Of the peaks, those in the
1250-1420 and 1650-1850 cm ™' regions in the Raman spectra are very sensitive to configu-
rational, conformational, and crystallinity differences.

The monomers of L- and D-lactic acids, LLA, and DLA, and their homopolymers, PLLA and
PDLA, are optically active. The specific optical rotation ([a]% 5g9) values of PLLA and PDLA
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Figure 8.15  Infrared spectra (left), Raman spectra (centre), solid state CP/MAS 3C NMR spectra (right) of poly(L-
lactic acid)s: PLAT00 (semi-crystalline), PLAT0Oam (amorphous). PLA50i (isotactic), PLA50a (atactic), PLA50s
(syndiotactic) and PLAcomplex (stereocomplex) [185]. (Reproduced with permission from [185]. Copyright ©
Elsevier, 1998.)
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Table 8.2 Wavenumbers (cm~") and vibrational assignments of semi-crystalline PLLA [185].

(Reproduced with permission from [185]. Copyright © Elsevier, 1998.)

191

Raman v/cm™" IR v/cm™! Assignments

3014 M-3000 sh-2995 S 2997 M v2sCH3

2970 sh vasCH3

2960 sh vasCH3

2943 VS 2947 M vsCH3

2901 w-2877 M 2882 w vCH

1773 S-1763 S-1769 sh-1749 S 1760 VS vC=0

1452 S 1452 S 8,sCH3

1394 sh-1388 M-1382 sh 1348-1388 S 3;CHj3

1371 M-1366 M-1353 M 1368 S-1360 S 81CH + 8;CH3
1313 sh-1302 M-1293 M 1315-1300 M 5,CH

1270 w 1270 S 8CH + vCOC
1216 w-1179 w 1215 VS-1185 VS v2sCOC + rasCH3
1128 S 1130 S VasCH3

1092 S-1088 sh 1100 VS-1090 sh vsCOC

1050 sh-1042 S 1045 S vC - CHj3

954 vw-920 M 960 w-925 w vyCH;3; + vCC

873 VS-845 w 875 M-860 sh vC-COO

760 sh-736 M 760 S-740 sh 3C=0

711 M-677 sh-650 sh 715 M-695 M vyC=0

578 w-520 M 515w 31C-CH; + 3CCO
411 S-398 S 415 sh-400 M 3CCO

347 w 350 M 3,C-CH; + 3COC
325 sh-308 S-300 w 300 M-295 sh 3COC + 8,C-CH3
251 w-234 w 240 M 7CC

218 w-206 w T7CC

160 S skeletal torsion
117'S skeletal torsion

77 S skeletal torsion

60 M skeletal torsion

Notes: VS = very strong; S = strong; M = medium; w = weak; sh = shoulder; s = symmetric; as =
asymmetric.

in chloroform were reported to be around —160 and 160 deg-dm~'-g~!.cm?, respectively [68,
104]. The birefringence (An) of PLLA fibres increases from 0.015 to 0.038 with the degree of
molecular orientation [28, 132]. The intrinsic birefringence value that was estimated for highly
drawn and annealed PLLA fibres containing solely a-form crystals using Stein’s formula is
0.03-0.033 [186]. Kobayashi et al. found that the gyration tensor component, g33, of PLLA
along the helical axis is extremely large [(3.85 % 0.69) x 1072], which corresponds to a rotary
power of (9.2 &+ 1.7) x 10° °/mm and is about two orders of magnitude larger than those of
ordinary crystals [28]. A similar rotary power of 7.2 x 10 °/mm was also reported by Tajitsu
etal [187].

8.8 Hydrolytic Degradation

Poly(lactic acid)s and their copolymers belong to the family of aliphatic polyesters; therefore,
their ester groups are hydrolytically degraded in the presence of water according to the
following reaction:

—COO — +H;0 — —COOH + HO —.
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Table 8.3 Material and media-related factors which affect degradation behaviour and degradation
rate of PLA-based materials [189]. (Reproduced from NOVA.)

Material factors Media-related factors
1. Molecular structures 1. Temperature
(1) Molecular weight and distribution 2. pH
(2) Tacticity (optical purity) and distribution 3. Solutes (kinds and concentrations)
(3) Comonomer structure, content, and distribution 4. Enzymes (kinds and concentrations)
(4) Terminal groups 5. Microbes (kinds, number, and culture
(5) Branching conditions)
(6) Crosslinks 6. Stress or strain
2. Highly ordered structures
(1) Crystallinity
(2) Crystalline thickness
(3) Spherulitic size and morphology
(4) Orientation
(5) Hybridization (blends and composites)
a

terial morphology
1) Material shape and dimensions
2) Porosity and pore size
4. Surface treatment
(1) Coating
(2) Alkaline treatment

The hydrolytic degradation of PLAs and copolymers has been intensively studied, and,
as a result, there are more than 250 papers related to this issue [188, 189]. The degradation
mechanism, behaviour, and rate depend on material- and media-related factors, which are
summarized in Table 8.3. In addition, the methods used to monitor the hydrolytic degradation
of biodegradable polymers are summarized in Table 8.4. Detailed information regarding the
hydrolytic degradation of PLA-based materials can be found in the related review articles
[188-190].

8.8.1 Degradation Mechanism
8.8.1.1 Molecular Degradation Mechanism

The hydrolytic cleavage of ester groups occurs randomly regardless of the position of the ester
group (i.e. chain-end or within the chain) as long as the polymers comprise only one type of

Table 8.4 Indexes (methods) for monitoring degradation [188]. (Reproduced with permission from ref. [188].
Copyright © 2006, John Wiley & Sons, Inc.)

Material-based indexes Nonmaterial-based indexes
1. Weight remaining (gravimetry) 1. Dissolved organic carbon (DOC) or total
2. Molecular weight and distribution (gel permeation organic carbon (TOC)

chromatography (GPC))

3. Physical properties (differential scanning calorimetry
(DSC), tensile testing)

4. Material morphology (scanning electron microscopy
(SEM), polarized optical microscopy (POM))

. Biochemical oxygen demand (BOD)
Amount of released carbon dioxide
Amount of released biogas

pH

. Absorbance (turbidity)

oUW
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Figure 8.16  Hydrolytic chain cleavage mechanism of PLLA in alkaline (a) and acidic (b) solutions [192]. (Repro-
duced with permission from [192]. Copyright © Elsevier, 2011.)

monomer unit [191]. The specific chain cleavage mechanism of the terminal ester groups in
acidic media [192—-194], neutral media [195, 196], and alkaline media [192, 195, 197, 198]
have been elucidated. De Jong et al. reported that the mechanism of the cleavage of PLA in
solution depends on the media pH [192]. As shown in Figure 8.16 [192], in acidic solutions,
hydrolytic degradation proceeds via chain-end scission of a lactyl monomer unit to form lactic
acid, whereas in an alkaline solution, hydrolytic degradation occurs via backbiting to form an
LA (lactyl dimer), which is further hydrolysed to give lactoyllactic acid.

8.8.1.2 Material Degradation Mechanism

Surface erosion occurs when the hydrolytic degradation rate of the material surface in contact
with water containing catalytic substances such as alkali or enzymes is much higher than the
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(c) Core-accelerated bulk erosion

Figure 8.17 Hydrolytic degradation mechanisms of bulky PLA materials: (a) surface erosion, (b) bulk erosion,
(c) core-accelerated bulk erosion [8, 199]. (Reproduced with permission from ref. [8] © 2002, Wiley-VCH Verlag
GmbH & Co. KCaA and from ref. [199], with permission from Corona Publishing Co., Ltd., Tokyo.)

diffusion rate of the water molecules or catalytic substances into the material. In this case,
hydrolytic degradation seemingly occurs solely on the material surface because the rate is
much higher on the surface than in the core; therefore, the core remains intact (Figure 8.17(A))
[8, 199]. In contrast, a bulk erosion mechanism occurs when the hydrolytic degradation
rate of the material surface is much lower than the diffusion rate. In this case, hydrolytic
degradation occurs homogeneously and irrespectively of the depth from the material surface
(Figure 8.17(B)). Material thickness is an important factor in determining the hydrolytic
degradation mechanism. As can be expected, the hydrolytic degradation mechanism changes
from the bulk erosion mechanism to the surface erosion mechanism when the material thickness
is higher than the critical thickness (Lcyisicar ), @s reported in the literature (Table 8.5) [200]. Core-
accelerated erosion in neutral media was reported for PDLLA [201], PLLA [202,203], poly(L-
lactide-co-glycolide) [i.e. poly(L-lactic acid-co-glycolic acid), which is abbreviated as P(LLA-
co-GA)] [204], P(DLLA-co-GA) [204], PDLLA-b-PEO [205], and PLLA-b-PEO-b-PLLA
[206] when the material is thicker than 0.5-2 mm. In such cases, oligomers and monomers
that are formed via hydrolysis and are highly catalytic become trapped and accumulate in
the core of the materials [207]. This results in accelerated hydrolytic degradation in the core,
which is known as core-accelerated bulk erosion [Figure 8.17(C)]. Therefore, the hydrolytic
degradation of PLA proceeds via bulk, core-accelerated, and surface-erosion mechanisms
for materials with thicknesses <0.5-2 mm, between 0.5-2 mm and 7.4 cm, and higher than
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Table 8.5  Critical thickness (Leyitical) Of biodegradable polyesters where hydrolytic degradation mechanism
changes from bulk erosion to surface erosion [200]. (Reprinted from Biomaterials, vol. 23, von Burkersroda et al.,
Why degradation polymers undergo surface erosion or bulk erosion, pp. 4221-4231. Copyright © Elsevier,
2002.)

Polymer Molecular structure / Example Leritical
Poly(anhydride) (-R-CO-O-CO-),, 75 pm
Poly(ketal) (-O-CR'R2-O-R3-), 0.4 mm
Poly(ortho ester) [-O-CRT(OR?)-O-R3-], 0.6 mm
Poly(e-hydroxycarboxylic acid) [~O—(CH,) 5—CO-l,Poly(e-caprolactone) 1.3 cm
Poly(acetal) (-O-CHR'-O-R?-), 2.4cm
Poly(a-hydroxycarboxylic acid) [~O—CH(CH3)-CO-], Poly(lactic acid), Poly(lactide) 7.4 cm
Poly(amide) (-NH-R-CO-),, 13.4m

7.4 cm, respectively. In crystallized PLAs or copolymers, the chains in the crystalline regions
are more resistant to hydrolysis than those in the amorphous regions because access of water
molecules to the chains inside the rigid crystalline regions is impaired. This causes selective
or predominant hydrolytic cleavage of chains in the amorphous regions and the removal of
hydrolysis-formed water-soluble oligomers and monomers. As a result, the crystalline regions
remain intact; such crystalline regions are called ‘crystalline residues’ [199, 208].

8.8.2 Effects of Surrounding Media

Of the parameters of the surrounding media shown in Table 8.3, pH and temperature are
discussed here.

8.8.2.1 pH

The hydrolytic degradation of the ester groups of PLA and its copolymers is catalysed by the
presence of hydronium and hydroxide ions. High concentrations of hydroxide ions in alkaline
media significantly accelerate the hydrolytic degradation of PLA-based materials [197, 198,
209-215]. As in the case of alkaline media, acidic media accelerate the hydrolytic degradation
of PLA-based materials [209,210, 216]. However, as Mason et al. and Tsuji and Nakahara
reported, hydronium ions have a negligible or very low catalytic effect on the hydrolytic
degradation of PLA-based materials compared to that of alkalis when the molecular weight of
PLA is higher than 1 x 10> g mol~! [217-219].

8.8.2.2 Temperature

The hydrolytic degradation temperature (7}) can be divided into three ranges: (1) T, <
Ty, 2) Ty < Ty < Ty, and (3) Tyy < Ty. It has been reported that the neutral hydrolytic
degradation (NHD) rate, as assessed by changes in the mechanical properties, dramatically
increases when the degradation temperature is higher 7, [220]. The hydrolytic degradation
mechanism of crystallizable PLA-based materials varies when the degradation temperature
is higher than Ty,, that is, when the materials are in the melt. At a T;, exceeding Tp,, the
crystalline regions melt and hydrolytic degradation takes place homogenously in the melt, as
it does in noncrystallizable PDLLA. This causes rapid hydrolytic degradation above the T;,
(Figure 8.18 [221]). Figure 8.18 shows the Arrhenius plot of the hydrolytic degradation rate
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Figure 8.18 Arrhenius plot of k for PLLA [221]. (Reproduced with permission from ref. [221]. Copyright ©
Elsevier, 2008.)

constant (k) of PLLA in the melt and in the solid [221], as estimated from the following
equation [222,223]:

In My (t2) = In My (1)) — k(t, — 17). (8.5)

The reported AEj, values and equations for k with respect to the degradation temperature for
PLLA are summarized in Table 8.6 [224] along with those for other biodegradable aliphatic
polyesters and aromatic PET [225]. The obtained AE; value (50.9 kJ mol~') for PLLA
in the melt in the temperature range of 180-250 °C [221] is lower than those of aliphatic
polyesters, poly(butylene succinate) (PBS) and poly(butylene succinate / adipate) (PBSA) in
the temperature range of 180-220 °C [224], PCL in the temperature range of 175-250 °C
[226], poly[(R)-3-hydroxybutyrate], that is, poly[(R)-3-hydroxybutyric acid] (P(R-3HB)) in
the temperature range of 180-220 °C [227], and PET in the temperature range of 250-280 °C
[225]. This is a further indication that PLLA has the highest hydrolysability among the
biodegradable aliphatic polyesters.

8.8.3 Effects of Material Parameters

Of the material parameters shown in Table 8.3, the molecular weight, copolymerization,
crystallinity, and polymer blending/composites/additives are discussed here.

8.8.3.1 Molecular Weight

Figure 8.19 shows the changes in the M, of PLLA with different molecular weights and
comonomers including DLA, GA, and CL (i.e. P(LLA-co-DLA), P(LLA-co-GA), and P(LLA-
co-CL) copolymers, respectively) [188, 228-230]. It is evident that the effect of copolymeriza-
tion was dramatic, whereas that of M, was insignificant or very small, in the range of 8 x 10* —
4% 10 g mol~! [228, 231]. However, at molecular weights below 4 x 10* g mol ™!, its effect
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Figure 8.19 M, change of amorphous PLLA having high and low molecular weights [PLLA(H) and PLLA(L),
respectively], poly(L-lactide-co-D-lactide) [P(LLA-DLA)] (77/23), poly(lL-lactide-co-glycolide) [P(LLA-GA)] (81/19),
and poly(L-lactide-co-g-caprolactone) [P(LLA-CL)] (82/18) with respect to hydrolytic degradation in a phosphate-
buffered solution [188, 228-230]. (Reproduced with permission from [188]. Copyright © 2006, John Wiley &
Sons, Inc., and [229] Copyright © 2006, Copyright © 2006 WILEY-VCH Verlag GmbH Co. KGaA, Weinheim and
[230] Copyright © 2006, Elsevier BV.)

was reported to be significant for PDLLA [232,233]. The latter result can be explained by
four factors that are caused by a decrease in molecular weight: (i) elevated molecular mobility,
(ii) increased density (number per unit mass) of hydrophilic terminal carboxyl and hydroxyl
groups, (iii) increased density of catalytic terminal carboxyl groups, and (iv) higher probabil-
ity of the formation of water-soluble oligomers and monomers upon hydrolytic degradation.
Factors (i) and (ii) increase the diffusion rate and content of water, which enhances hydrolytic
degradation. Factors (i)—(iv) should have a dramatic effect on PLA at molecular weight lower
than 1 x 10* g mol ™.

8.8.3.2 Copolymerization

Of the lactone comonomers, GA and CL units are frequently used to increase the hydrolytic
degradation rate of PLA-based copolymers [188], as shown in Figure 8.19. Normally, the
hydrolytic degradation rate increases with an increase in the hydrophilicity of the comonomer
unit and the deviation of the concentration of the LA unit from 0 or 100% [188]. Essentially,
the highest degradation rate will be attained at some comonomer concentration between 0 and
100% depending on the nature of the second monomer unit. In the case of P(LLA-CL), the
maximum degradation rate, as determined by the molecular weight change, was observed at
about 60% LA and 40% CL [234,235]. In the case of block copolymers of PDLLA-b-PCL,
the NHD rate, which was assessed by the viscosity and weight loss, increased with an increase
in PDLLA content [236]. The incorporation of d-valerolactone [237] and 3-methyl-4-oxa-6-
hexanolide (MOHEL) [238] in PLLA have been reported to decrease the NHD rate.
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Block copolymers are frequently synthesized by the polymerization of LLA, DLLA,
LA/GA, and other combinations of LA with comonomers in the presence of hydrophilic
polyethers and their copolymers such as poly(ethylene glycol) (i.e. poly(ethylene oxide)
(PEO)), PPO, Pluronic, or poly(succinic anhydride-co-ethylene oxide) [8, 188]. Block copoly-
mers including PEO can be used as matrices for drug release systems for hydrophilic drugs.
During hydrolytic degradation, the high hydrophilicity of PEO accelerates the diffusion of
water into the material, which increases its water content resulting in enhanced cleavage of
the ester linkage. Concomitantly, the release of water-soluble PEO causes a rapid decrease
in weight. Therefore, the incorporation of PEO increases the degradation rate of PLA-based
homopolymers and copolymers, as determined by molecular weight changes and weight loss.
Recently, homopolymers of various substituted DL-lactic acids were synthesized and their
hydrolytic degradation behaviour was investigated [239]. It was determined that hydrolytic
degradation had a complicated dependence on the carbon number of the side chains due to
variations in steric hindrance, hydrophilicity, and interchain interactions.

8.8.3.3  Crystallinity

The crystallized PLA-based materials comprise two regions, that is, crystalline and amorphous
regions, having different resistances to hydrolytic degradation, thus leading to different
hydrolytic degradation rates. The chains in the crystalline regions are more resistant to
hydrolysis than those in the amorphous regions. Therefore, alkaline and enzymatic hydrolytic
degradation rates decrease with an increase in crystallinity (X.) [211,212, 240-242]. However,
for the NHD of PLLA [203, 243-246], PLLA/PDLA blends [247], and P(LLA-co-GA) [248]
in neutral media and the in vivo degradation of PLLA in the human body [249-251], the
hydrolytic degradation rate, which was assessed by changes in the weight loss, molecular
weight, and mechanical properties, increases with an increase in X.. A probable explanation is
as follows: Upon crystallization of PLLA, the hydrophilic terminal groups (-OH and -COOH)
and the catalytic terminal group (~COOH) condense in the amorphous region between the
crystalline regions [199, 245]. The high densities of terminal groups cause looser chain pack-
ing in the amorphous region sandwiched between the crystalline regions than in completely
amorphous film. The combination of loose chain packing and high densities of hydrophilic
terminal groups enhances the diffusion of water molecules and increases the water content.
The elevated water supply rate and content and the increase in the catalytic effect due to the
high density of carboxylic groups synergize to significantly accelerate the hydrolytic degra-
dation of crystallized PLLA films. Moreover, the terminal groups, which serve as sites for the
consecutive formation of LA and lactic acid, condense in the amorphous region between the
crystalline regions; therefore, the lactic acid formed should catalyse hydrolytic degradation in a
restricted area of the amorphous region. This further enhances the synergistic effect mentioned
above. However, according to a report by Li ef al. [202], crystallized PLLA had a higher NHD
rate than amorphous PLLA when degradation was monitored by L-lactic acid release, whereas
the trend is reversed when it is monitored by weight-loss and tensile properties. In addition,
for P(LLA-co-GA) (10/90), a higher X, delayed the NHD, as assessed by weight loss [252].

8.8.3.4 Polymer Blending/Composites/Additives

Polymer blending is commercially advantageous to prepare PLA-based materials with a wide
variety of physical and hydrolytic degradation properties. There are five primary factors
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of a second polymer or an additive that are proposed to influence on the rate, behaviour,
and mechanism of the hydrolytic degradation of PLA-based materials in neutral media: (i)
miscibility and dispersibility, (ii) hydrophilicity, (iii) acidity or basicity, (iv) molecular weight
and distribution, (v) size and its distribution, and shape of the polymer domain (if the second
polymer is immiscible with the first polymer) or additives. For example, the addition of
hydrophilic polymers such as poly(vinyl alcohol) (PVA) [253,254], PEO [255], PGA [256],
or hydrophilic or catalytic compounds such as thioridazine [257], hydroxyapatite [258], -
tricalcium phosphate [259], lauric acid [260,261], oligomeric PDLLA (M, = 2.4 x 10° g
mol 1) [262], and LA (either in vitro in a phosphate-buffered solution [233] or in vivo [249])
is known to enhance the NHD of PLLA. In contrast, the incorporation of enantiomeric PDLA
decreases the hydrolytic degradation rate of PLLA [11, 247, 263-267]. In PLLA/PDLA
blends, the interaction between PLLA and PDLA chains is much more significant than that
between PLLA chains or PDLA chains, which results in the formation of a stereocomplex
[11]. These strong interactions impair the diffusion of water into the material and lower the
hydrolytic degradation rate regardless of whether the stereocomplex is formed in the blends
or not [11, 247, 263-267]. Analysis via molecular modelling ascribed the higher hydrolytic
resistance of PLLA/PDLA blends than that of P(LLA-DLA) stereocopolymers with the same
L-lactyl unit content to the fact that blends form more stereocomplexes than stereocopolymers
[268]. Initiators (or catalysts) such as zinc metal and derivatives or unreacted LA [269]
that remain after polymerization can be regarded as additives and are reported to increase
hydrolytic degradation [270]. Numerous reports of the effects of inorganic compounds have
been reviewed in a published book chapter [188].

8.9 Thermal Degradation

As discussed below, the thermal degradation process at temperatures below 300 °C can be
exploited to recycle PLA-based materials to LA. Volatile components, such as LAs, cyclic
oligomers ranging from trimers to hexamers, CO, CO, acetaldehyde, and methylketene, are
formed upon heating PLLA above 250 °C [271]. Figure 8.20 [272] shows the probable nonradical
reactions that occur during PLA thermal degradation [271]. Lactide and cyclic oligomers
are formed by intramolecular transesterification reactions, (a) and (b). It is anticipated that
intermolecular transesterification reaction (¢) does not alter the overall molecular weight
distribution of PLLA. In contrast, chain cleavage via hydrolytic degradation reaction (d) and
cis-elimination reaction (e), which is similar to the Norrish II-type photodegradation reaction,
and reduce the molecular weight and alters the terminal group structure.

The thermal stability and degradation rate of PLA and the formation rate, total yield and
enantiomeric fractions of LA depend on a variety of factors: (i) the molecular structure, (ii) the
type and concentration of initiator, co-initiator, catalyst, and additive, (iii) the concentration
of LA and water in PLA, and (iv) the method and reaction conditions including the pressure
of the surrounding gas, temperature, and time [157, 273-278].

Table 8.7 shows the fractions of LLA, DLA, and MLA formed by the thermal degradation
(i.e. depolymerization) of PLLA at different temperatures and reaction times [272]. The
yields of LA and LLA increase with an increase in degradation time within a degradation
temperature range of 250-290 °C and become saturated at ~12 and 6%, respectively, when
degradation proceeds for over 10 hours. The initial LA formation rate and the saturation
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Figure 8.20 Probable pathways for nonradical thermal degradation: formation of lactide and cyclic oligomers
by intramolecular transesterification reactions (a, b), intermolecular transesterification reaction (c), hydrolytic
degradation reaction (d), and cis-elimination reaction (e) [272]. (Reproduced with permission from ref. [272].
Copyright © Elsevier, 2003.)

yield of LA increase with an increase in degradation temperature. The higher yield of LA at
higher degradation temperatures implies that the formation of LA from PLLA is endothermic
[279]. The highest yields of LA (14%) and LLA (8%) in Table 8.7 are much lower than those
obtained by a small-scale distillation system (89% and 88%, respectively) [274] in which the
LA formed was removed from the reactor by evaporation. In large-scale industrial plants for
recycling PLLA to LA, most of the PLLA is exposed to closed-system conditions similar to
this experiment; therefore, the concentrations of LA and LLA are much lower than those in a
small-scale distillation system due to the highly viscous and bulky PLLA melt, which disturbs
the diffusion of LA or LLA from the PLLA melt. Consequently, large-scale industrial plants
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Table 8.7  Yields of LA and LLA, and fractions of LLA, DLA, and MLA formed as a result of thermal degradation
of PLLA films at different temperatures and times [272]. (Reproduced with permission from ref. [272]. Copyright
© Elsevier, 2003.)

Degradation conditions Yield of LA Yield of LLA Fractions of LA
Temperature (°C) Time (h) (%) (%) LLA (%) DLA (%) MLA (%)
250 5 3.9 3.6 90.6 1.0 8.4

10 10.0 8.0 79.5 3.1 17.4
15 9.4 5.4 57.2 10.1 32.7
270 5 8.9 5.9 66.4 6.9 26.7
10 14.0 7.3 52.0 12.6 35.4
15 10.6 4.3 40.7 19.8 39.5
290 5 10.8 5.6 52.1 27.0 20.9
10 11.9 4.9 42.4 24.3 33.3
15 12.9 6.1 47.2 20.9 31.9

have numerous issues that remain to be solved; however, thermal depolymerization of PLLA
using a small-scale distillation system is effective for obtaining LLA at high yields.

The low yield of LLA shown in Table 8.7 is attributable to the formation of large amounts of
MLA and DLA, especially at higher degradation temperatures. For the formation of MLA and
DLA, configurational inversion at the asymmetric carbon atoms in the PLLA chains should
occur. However, in a nonradical thermal degradation process, this configurational change
does not occur [280,281]. The inversion of configuration at the asymmetric carbon atoms is
expected to transpire through the formation of carbon atoms with an sp? orbital via radical
homolysis (Figure 8.21(a) and (b)) and by enolization (Figure 8.21(c)) [272]; these pathways
were proposed by McNeill and Leiper [280] and Kopinke and Mackenzie [281], respectively.
Radical homolysis pathways contribute significantly even at 230 °C [280]. As shown in
Figure 8.21, the asymmetric carbon atoms with asterisks retain their initial L-configuration,
whereas those without asterisks can have either a D- or L-configuration. Cyclization at the
chain terminals after radical homolysis can produce MLA as well as LLA (Figure 8.21(a)
and (b)]. It should be noted that terminal carbon atoms with sp? orbitals are reformed after
LA production (Figure 8.21(a) and (b)) and can form another MLA via cyclization. After
configurational inversion by enolization (Figure 8.21(C)), both MLA and DLA can form even
if nonradical LA formation occurs. However, for the formation of DLA, the configuration
of two sequential asymmetric carbon atoms should be inverted by either double enolization
or by single enolization with subsequent radical homolysis at the neighbouring carbon atom
and vice versa. The lower probability of configurational inversion at two sequential carbon
atoms compared to that at only one carbon atom must be the cause of the lower fraction of
DLA than MLA excluding the result at 290 °C and 5 min (Table 8.7). Moreover, the increased
fractions of MLA and DLA in LA at higher temperatures strongly suggest that the contribution
of the radical homolysis pathways and/or the enolization pathway increases with increasing
degradation temperature.

As stated above, the hydrolytic degradation resistance of PLA-based materials was enhanced
by stereocomplex formation. However, even in the molten state (i.e. above the T,, of the
stereocomplex crystallites), the PLLA/PDLA blend has a higher thermal resistance than neat
PLLA or PDLA [275,276].
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8.10 Biodegradation

Biodegradation is defined as the enzyme-catalysed degradation of relatively high molec-
ular weight PLA to form water-soluble oligomers and monomers and/or the bioassimi-
lation of such degradation products to carbon dioxide and water. Here, the enzymes are
derived from microbes. Environmental or microbial degradation of PLA-based materials has
been intensively investigated in soil, compost, seawater, and with environmental microbes
[189, 282-284]. Figure 8.22 shows the weight loss of crystallized and amorphous PLLA
(i.e. PLLA-C and PLLA-A, respectively) exposed to seawater at 25 °C for 10 weeks [285].
As shown in Figure 8.22, the biodegradation rate of PLA-based materials was low com-
pared to other biodegradable polyesters such as PCL and P(R-3HB) [285, 286]. The low
biodegradation rate compared to other biodegradable polyesters [285-287] strongly suggests
that PLLA-degrading microbes are rare and that their number per unit volume is very low. It
appears that the degradation of PLLA proceeds mostly via abiotic hydrolytic degradation. In
soil [287], the initial weight-average molecular weight (M,,) of PLLA is 1.33 x 10° g mol~!
and the M|, decreased exponentially; the exponential degradation rate is not influenced by the
molecular weight change. The period of time required for PLLA to degrade to lactic acid was
calculated to be 508 months (42.3 years). The carbon in PLLA, which was originally derived
from carbon dioxide in the atmosphere, is contained in the PLLA during biodegradation. The
low biodegradation rate of PLLA means that carbon dioxide is retained by PLLA for a long
period in the environment. Although the low biodegradation rate of PLLA may reduce the rate
of carbon cycling in the environment, it also reduces the amount of carbon dioxide in the air.

Dozens of environmental microbes have been reported to degrade PLLA or PDLLA
[189]. The PLLA and PDLLA in the environment are assumed to initially undergo chem-
ical hydrolytic degradation followed by the bioassimilation of degraded low molecular weight
lactic acid oligomers and monomers [288]. The mineralization of PLLA by microbes to form
CO; occurs in soils [289] and compost [290]. The microbes in compost induce degradation

30 T
—O—PLLA-C

Weight loss (%)

-5 L L L L L
0 2 4 6 8 10 12

Biodegradation time (weeks)

Figure 8.22  Weight loss of crystallized PLLA (PLLA-C), amorphous PLLA (PLLA-A), R-P(3HB), and PCL exposed to
seawater at 25 °C [285]. (Reproduced with permission from ref. [285]. Copyright © Elsevier, 2002.)
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near the chain ends of a PLLA material, which is preferred, and form lactic acid and lactoyl
lactic acid [291]. Via this process, the ethyl ester of lactoyl lactic acid was formed. Jarerat
et al. revealed that the presence of amino acids, peptides, and poly(L-amino acid) enhances
microbial biodegradation of PLLA [292]. Poly(L-lactic acid) modified with peroxide has a
lower degradation rate in soil [293]. A recent finding that PDLA was degraded by an environ-
mental microbe [294] indicates that PLA stereocomplexed materials composed of PLLA and
PDLA that are released into the environment will be degraded by environmental microbes.
In seawater, the stress or strain from waves and currents causes the mechanical destruction
of biodegradable aliphatic polyesters [286]. This effect was intense for glassy materials with
high T, values such as PLLA. The environmental or microbial degradation of biodegradable
polyesters can be enhanced by pore formation, which increases the degradable surface area
per unit mass [13, 295, 296] and alkaline surface treatment [295, 297], which induces the
cleavage of ester groups on the film surface resulting in an increased number of carboxyl and
hydroxyl groups. The increased surface hydrophilicity of biodegradable polyesters will attract
microbes and elevate the rate of biodegradation.

8.11 Photodegradation

In the environment, PLA-based materials are exposed to biodegradation, hydrolytic degrada-
tion, and photodegradation by ultraviolet (UV) light. However, there have been few reports
on the photodegradation of PLA-based materials. Ultraviolet light-induced chain cleavage of
PLA and PCL is reported to proceed via the Norrish II mechanism [298]. The Norrish II
mechanism of PLLA and PCL is shown in Figure 8.23 [299]. From this figure, it is evident
that PLLA has a higher number of ester groups per unit mass than PCL and is therefore
expected to have a higher photodegradation rate. Figure 8.24 shows the change in M,, of crys-
tallized PLLA (PLLA-C, X, = 34.6%), amorphous PLLA (PLLA-A, X, = 1.0%), and PCL
(X. = 56.9%) films by photodegradation [299]. The photodegradation rate constant (k) can be
calculated from Figure 8.24 according to Equation 8.5. The k values for PLLA-C, PLLA-A,
and PCL films were 1.56 x 1073, 3.69 x 1073, and 3.50 x 10~ h~!, respectively. The k of the
PLLA-A film was higher than that for the PLLA-C film. This indicates that the chains in the
crystalline regions are more resistant to photodegradation than those in the amorphous region.
Furthermore, despite the high number of ester groups per unit mass and the lower X, value
of the PLLA-C film compared to those of the PCL film, the k value of the PLLA-C film was
lower than that for the PCL film. This reveals that the number of ester groups per unit mass is
not the dominant factor for determining the photodegradation rate but the molecular structure
adjacent to the ester group is crucial. It is also probable that a mechanism other than the
Norrish II-type plays an important role in the photodegradation of biodegradable polyesters.
The accelerated photodegradation of PLLA in the presence of N,N,N,N-tetramethyl-1,4-
phenylenediamine (TMPD) as a photosensitizer was exploited by Sakai et al. [300,301]. The
result for photodegradation of PLLA with TMPD indicated that the chains in the crystalline
regions can be cleaved by UV irradiation in the early stage, which is in marked contrast
to the results of the hydrolytic degradation investigations [302]. Ultraviolet irradiation is
known to alter hydrolytic degradation behaviour and rate [303-306]. The decrease of the
molecular weight of PLLA during hydrolytic degradation is reported to be accelerated by
simultaneous irradiation with UV light [303]. Ho et al. studied the effects of sunlight and
rain on the degradation of PLLA and PDLLA in banana fields [304]. During the early stage,
hydrolytic degradation and proteinase K-catalysed enzymatic degradation were enhanced by
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UV irradiation, while they were disturbed at a later stage [305,306]. The acceleration during
the early stage is due to the lower molecular weight of PLLA caused by the chain cleavage of
UV irradiation, whereas the disturbed degradation at a later stage is ascribed to the formation
of double bonds and/or crosslinks by UV irradiation.

8.12 High-Performance Poly(Lactic Acid)-Based Materials

Effective methods to improve the thermal/hydrolytic degradation resistance of PLA-based
materials include (i) increasing the crystallinity during processing by using nucleating or
crystallization-accelerating agents, (i) composite or nanocomposite formation with appro-
priate fillers, and (iii) stereocomplexation. In the following sections, these three methods
are discussed. The additives or fillers are classified into subgroups: (i) on the basis of their
origin (biobased and nonbiobased) and (ii) on the basis of biodegradability (biodegradable
and nonbiodegradable). Biodegradable agents or fillers are required to prepare biodegradable
PLA-based materials.

8.12.1 Nucleating or Crystallization-Accelerating Fillers

Most fillers (agents) either accelerate or decelerate the crystallization of polymers; numerous
fillers fall into the former category. Representative fillers for PLA are discussed in this section.
The effects that accelerate crystallization are divided into two groups: (i) the nucleating or
nucleating-assisting effect, which increases the number of spherulite nuclei per unit mass and
shortens the induction period for crystallization and (ii) the chain mobility enhancing effect,
which increases the radial growth rate of spherulites. The overall crystallization effect of agents
is determined by the combination of these two effects.

Nucleating or crystallization-accelerating fillers include talc, montmorillonite and nanos-
tructured carbon [182, 184, 307-318], and low-molecular-weight organic compounds such as
amide and hydrazide [318-320]. Recently, the PLLA/PDLA stereocomplex (SC) was applied
as a biodegradable nucleating filler for PLLA [108, 309, 313, 321-323]. Narita et al. found that
the crystallization of PLLA during cooling is significantly accelerated when SC crystallites are
melted just above their endset melting temperature because of the decreased crystalline size of
the SCs [324]. Two biopolymers, that is, PDLA-poly(menthide)-PDLA triblock copolymers,
were used as crystal nucleating agents for PLLA [325]. In addition, PLLA crystallization
is accelerated by the presence of biodegradable polyesters of PGA, P(R-3HB), and PCL
[326,327]. The acceleration of PLLA crystallization in the presence of the three biodegrad-
able polyesters is due to the nucleation-assisting effect of PCL and PGA and the spherulite
growth—accelerating effect of P(R-3HB); however, the incorporation of P(R-3HB) lowered
the number of PLLA spherulites per unit area. More recently, we discovered that the homo-
stereocomplex of P(L-2HB) and P(D-2HB) or hetero-stereocomplex of PLLA and P(D-2HB)
or of PDLA and P(L-2HB) act as nucleating or crystallization accelerating agents [328]. Fig-
ure 8.25 shows the relative crystallinity (X;) of PLLA films with no incorporated polymer,
P(L-2HB), P(D-2HB), and P(L-2HB)/P(D-2HB), which were crystallized at crystallization
temperature (7,) of 135 °C as a function of crystallization time (#.). At this 7., the nucleating
effects or crystallization accelerating effects of the homo-stereocomplex of P(L-2HB) and P(D-
2HB) and hetero-stereocomplex of PLLA and P(D-2HB) are evident. The use of chemically
modified thermoplastic starch as a biodegradable nucleating agent was investigated [329].
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Figure 8.25 Relative crystallinity (X;) of PLLA films with no incorporated polymer (neat), P(L-2HB), P(D-2HB),
and P(L-2HB)/P(D-2HB) crystallized at crystallization temperature (To) = 135 °C as a function of crystallization
time (tc) [328]. (Reproduced with permission from ref. [328]. Copyright © 2011 Wiley Periodicals, Inc.)

The effects of the addition of two or more additives (i.e. talc, montmorillonite, Cgy, PDLA,
and various polysaccharides) have been studied by Tsuji ef al. [313], while those of talc and/or
triphenyl phosphate as a plasticizer were investigated by Xiao et al. [330]. Derivative N,N,N-
tricyclohexyl-1,3,5-benzenetricarboxylamide was used as a model to tailor the crystalline
superstructure of PLLA; three crystal morphologies including conelike, shish-kebab, and
needlelike structures were obtained by melt crystallization [331].

8.12.2 Composites and Nanocomposites

Composite or nanocomposite formation is frequently used to modify the mechanical perfor-
mance and barrier properties of PLLA [332-336]. As discussed in the section on crystallization-
accelerating agents, these composite-forming fillers accelerate the PLLA crystallization
effects; this further improves the heat resistance. The following parameters of fillers affect the
mechanical and other physical properties: (i) physical properties, dimensions (aspect ratio),
volume fraction, and dispersibility of the fillers, (ii) wettability and interfacial bonding, (iii)
crystallinity and orientation of the PLA-based materials. Nonedible biobased fillers effectively
reduce the edible fraction of raw materials for PLA-based materials

Nonfibrous PLLA fillers for industrial and biomedical applications are summarized
in Tables 8.8 and 8.9, respectively [184, 308, 313, 314, 337-380]. Of the non-
biobased inorganic fillers, nanostructured talc [Mg3SizO;9(OH),;] and montmorillonite
[(Na,Ca)33(AL,Mg),(Si4O0109)(OH), nH, 0] [308, 313, 332-339] are most frequently used for
the preparation of nanocomposites. Conventional calcium carbonate (CaCO3) is used to reduce
the production cost and combustion energy released during disposal via incineration [340].
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Type Origin Filler Reference
Nonfibrous Nonbiobased  Talc [Mg3SizO10(OH);] Kolstad et al. [308]
Montmorillonites (MMT) Ogata et al. [337]
[(Na,Ca)o.33(Al,Mg),(SizO10)(OH); nH, 0]
Organo-modified montmorillonites Paul et al. [338]
Organo-modified-clays (smectite, Maiti et al. [339]
montmorillonite, and mica)
Calcium carbonate (CaCO3) Fukuda et al. [340]
Titanium dioxide (TiOy) Fukuda and Tsuji [341]
Aluminum hydroxide [AI(OH)s3] Nishida et al. [342]
Silicon dioxide (SiO») Cao and Wu [343], Wang
et al. [344]
Zeolite Yuzay et al. [345]
Organomodified zinc aluminum layered Wang et al. [346]
double hydroxide
Polyhedral oligomeric silsesquioxanes Qiu et al. [347]
Fullerene Cgq Tsuji et al. [313,314]
Carbon nanohorn (CNH), Carbon nanoballoon  Tsuiji et al. [184]
(CNB), and Ketjenblack (KB), Conductive
grade and graphitized carbon black (CB)
Graphene Cao et al. [348]
Nano-diamond Zhao et al. [349]
Biobased Starch Ke et al. [350], Yu et al.
[351]
Chitin Tsuji et al. [313]
Chitosan Tsuji et al. [313]
Glucosamine Kondo et al. [352]
Microcrystalline cellulose Mathew et al. [353], Tsuji
etal. [313]
Cellulose nanocrystal Xiang et al. [354]
Soy protein Liu et al. [355]
Rice hull Dimzoski et al. [356]
Water bamboo husk Wang et al. [357]
Wood flour Petinakis et al. [358]
Spider silk fibroin Zhou et al. [359]
Fibrous fillers  Nonbiobased  Multi wall carbon nanotube (MWCNT) Moon et al. [182], Zhang
etal. [183]
Single wall carbon nanotube (SWCNT) Tsuji et al. [184]
POSS-MWNTs Kim et al. [381]
Net-like structure of carbon fibres Nakamura et al. [382]
Biobased Cellulosic fibrous materials or fibre Levit et al. [383],

Cellulose whiskers
Recycled cellulose fibre
Cotton fibre

Sugar beet pulp

Flax

Bamboo fibre

Kenaf

Funabashi et al. [384]
Petersson et al. [385]
Huda et al. [386]
Graupner [387]

Liu et al. [388]

Wong et al. [389]

Lee et al. [390]

Nishino et al. [391],
Serizawa et al. [392],
Pan et al. [393]

(continued)
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Table 8.8 (Continued)

Type Origin Filler Reference
Papyrus Nishino et al. [394]
Hemp fibre Masirek et al. [395]
Cuphea, Lesquerella Mohamed et al. [396]
Ramie Yu et al. [397]
Rice straw fibre Qin et al. [398]
Red algae fibre Sim et al. [399]

Miscanthus fibre

Abaca fibre

Milkweed

Wood fibre

Recycled newspaper fibre

Bourmaud et al. [400]
Teramoto et al. [401]
Mohamed et al. [402]
Huda et al. [403]
Huda et al. [404]

Table 8.9 Fillers of PLA-based materials for biomedical applications.

Type Filler Reference
Nonfibrous Hydroxyapatite [Cas(PO4)3(OH)] Hyon et al. [361], Verhyne
et al. [362]
B-Tricalcium-Phosphate [Ca3(PO4);] Kikuchi et al. [363]
Biphasic calcium phosphate Bleach et al. [364]
Calcium sulfate (CaSOy4) Mamidwar et al. [365]
Wollastonite (CaSiO3) Li et al. [366]
B-Dicalcium silicate(Ca;SiOy4) Chen et al. [367]
Montmorillonites [(Na,Ca)o.33(Al,Mg)2(SisO10)(OH), nH, O] Lee et al. [368]
Talc Kylma and Seppala [369]
Bioglass Leatherbury et al. [370],
Blaker et al. [371]

Resorbable ceramics Ignatius et al. [372]
Titania Liu et al. [373]
Polypyrrole nanoparticle Wang et al. [374]
Dextran Pan et al. [375]
Alginate Milella et al. [376]
Pectin Liu et al. [377]
Celatin Moon et al. [378]
Collagen Lee et al. [379]
Silk fibroin Kesenci et al. [380]

Fiborous Carbon and inorganic fibres Daniels et al. [406]

PLLA (self-reinforcement)

Poly(p-dioxane) fibre

Chitin

Bioactive glass, Chitosan fibre, Polyester amides
Hydroxyapatite fibre

Hydroxyapatite whiskers

Halloysite (Al,Si;O5(OH)4) nanotubes

Fibre from different tissue types of Picea sitchensis

Majola et al. [407],
Rokkanen et al. [408]

Park et al. [409]

Li et al. [410]

Park et al. [411]

Thomson et al. [412]

Mizutani et al. [413]

Qietal. [414]

Gregorova et al. [415]




Poly(Lactic Acid) 211

Ultrafine anatase-type titanium dioxide (TiO,) exhibits a higher photocatalytic activity than
rutile-type TiO,, which is more suitable for white pigments and coatings because of its high
refractivity and notable chemical inertia [341]. The diverse characteristics of TiO, are antic-
ipated to provide PLLA/TiO, composites with a wide variety of properties. Other fillers that
have been reported so far are mica [339], aluminum hydroxide [Al(OH)3] [342], silicon diox-
ide (Si0,) [343,344], zeolite [345], organomodified zinc aluminum-layered double hydroxide
[346], polyhedral oligomeric silsesquioxanes [347]. For more information, consult the related
review articles and book chapters [332-336].

Recently, nanostructured carbon-based fillers such as Cg [313,314], single-wall carbon
nanotubes, carbon nanohorns (CNHs), carbon nanoballoons (CNBs), ketjenblack (KB), con-
ductive grade and graphitized carbon black (CB) [184], graphene [348], and nanodiamonds
[349] have been used to prepare PLA-based composites. These fillers enhance the crystalliza-
tion of PLLA [184, 313, 314]. Nanocomposites incorporating fibrous MWCNTs and SWCNTs
are discussed in the section on fibre-reinforced plastics (section 8.12.3).

Biobased fillers have recently been intensively studied in order to reduce negative environ-
mental impacts. Representative biobased fillers are polysaccharides, which include starches
[313, 350, 351], chitin and chitosan [313], glucosamine [352], microcrystalline cellulose
[313, 353] and cellulose nanocrystals [354]. In contrast to animal-derived chitin and chitosan,
plant-derived starches are frequently used due to their increased cost effectiveness. Other
plant-derived fillers that have been reported to date include soy proteins [355], rice hulls
[356], water bamboo husks [357], and wood flour [358]. Spider silk fibroin, which is animal
based, has also been reported as filler for PLLA [359]. Biobased fillers that are used for
biomedical applications are discussed below. Very recently, interesting polymer composites
with pollen as biobased filler were reported although PLLA polymers were not investigated
[360]. Pollen has an exine shell with remarkable chemical stability, high strength and unique
microstructures. Under certain solvent and annealing conditions, the mechanical properties
of polystyrene increased upon the addition of pollen, while those of PCL decreased, which
is in good agreement with the wetting behaviour of the polymer-pollen interface. One of the
issues of using pollen as filler is the cost-effective collection of sufficient amounts of pollen
for polymer composites.

For biomedical applications, calcium-based fillers such as hydroxyapatite [Cas(PO4)3;(OH)]
[361, 362] and B-tricalcium-phosphate [Ca3(PO4),] [363] are frequently used to enhance
bone regeneration and the affinity of bone to these materials. Additionally, various types
of inorganic fillers are used for biomedical applications. Other calcium-based or calcium-
containing fillers include biphasic calcium phosphate [364], biphasic calcium sulfate (CaSOy)
[365], wollastonite (CaSiO3) [366], B-dicalcium silicate (Ca,SiO4) [367], and montmoril-
lonites [(Na,Ca)g33(Al,Mg)»(Si1010)(OH), nH,O] [368]. Talc [369], bioglass [370, 371],
bioresorbable ceramics [372], and titanium dioxide (TiO,, brookite nanosize ceramic grains)
[373] are examples of noncalcium-based inorganic fillers. Organic fillers used include polypyr-
role nanoparticles [374], dextran [375], alginate [376], pectin [377], gelatin [378], collagen
[379], and silk fibroin [380].

8.12.3 Fibre-Reinforced Plastics (FRPs)

Fibrous fillers of PLA-based materials for industrial and biomedical applications are sum-
marized in Tables 8.8 and 8.9, respectively [182-184, 382-416]. Nonbiobased fibres that
are used for the preparation of fibre-reinforced PLA-based plastics are multiwall carbon
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nanotubes (MWCNTs) [182, 183], single wall carbon nanotubes (SWCNTSs) [184], polyhedral
oligosilsesquioxane (POSS)-modified MWCNTs [381], and carbon fibre [382].

Since the early 2000s, plant-derived biobased fibrous fillers have been frequently used for
the reinforcement of PLA-based materials. A well known and frequently used plant-derived
fibrous filler is kenaf. Like the case of pollen as an additive, the wettability between PLLA
and kenaf should be improved by the addition of a compatibilizer. Other fibrous materials are
cellulose fibrous materials or fibres [383,384], cellulose whiskers [385], recycled cellulose
fibre [386], cotton fibre [387], sugar beet pulp [388], flax [389], bamboo fibre [390], kenaf
[391-393], papyrus [394], hemp fibre [395], cuphea and lesquerella [396], ramie [397], rice
straw fibre [398], red algae fibre [399], miscanthus fibre [400], abaca fibre [401], milkweed
[402], wood fibre [403] and recycled newspaper fibre [404]. Poly(L-lactic acid) fibre can also
be used to reinforce soft plastics such as PCL [405].

Fibrous fillers for biomedical PLA-based FRPs include carbon and inorganic fibres [406],
PLLA (i.e. self-reinforcement) [407,408], poly(p-dioxane) fibre [409], chitin [410], biodegrad-
able fibre (e.g. bioactive glass, chitosan fibre, polyester amides) [411], hydroxyapatite fibre
[412], hydroxyapatite whiskers [413], halloysite (Al,Si,Os(OH)4) nanotubes [414] and the
fibre from different tissue types of Picea sitchensis [415].

8.12.4 Stereocomplexation

Homostereocomplexes are formed from PLLA and PDLA and enhance the mechanical prop-
erties, hydrolytic and thermal degradation resistance [11, 43-45, 416-418], and gas-barrier
properties [166] of PLA-based materials. Recently, it was reported that P(L-2HB) and P(D-
2HB), that is, substituted PLLA and PDLA, form homo-stereocomplexes [49, 418], and
P(L-2HB) and PDLA or P(D-2HB) and PLLA form hetero-stereocomplexes [50,51]. Similar
to that between PLLA and PDLA, the stereocomplexation between P(L-2HB) and P(D-2HB)
accelerates crystallization and enhances the hydrolytic and thermal degradation resistance
[418]. Assuming that the lattice types of these stereocomplexes are the same as that of
PLLA/PDLA stereocomplex, the Interplane distance (d) values (Table 8.10 [49,50]) decrease
in the following order: P(L-2HB)/(D-2HB) homo-stereocomplex > P(L-2HB)/PDLA or P(D-
2HB)/PLLA hetero-stereocomplex > PLLA/PDLA homo-stereocomplex. This is due to the
larger side chains of P(L-2HB) and P(D-2HB) compared to those of PLLA and PDLA. In
the PDLA and P(L-2HB) polymer blend, hetero-stereocomplexation occurs at a restricted
crystallization temperature, while block copolymerization of PDLA and P(L-2HB) facilitates
hetero-stereocomplexation over a wide crystallizable temperature range [51]. Zhang et al.
reported that PLLA/PDLA blends with relatively high molecular weights (M,, = 8.4 and

Table 8.10 Interplane distance (d) values of P(L-2HB)/PDLA hetero-stereocomplex, PLLA/PDLA and
P(L-2HB)/P(D-2HB) homo-stereocomplexes [49, 50]. (Reproduced with permission from ref. [49]. Copyright ©
2009, American Chemical society and from ref. [50]. Copyright © 2010, American Chemical Society.)

d (nm) (26 (degrees))

Stereocomplex (100) (110) (210

PLLA/PDLA homo-stereocomplex? 0.744 (11.9) 0.429 (20.7) 0.372 (23.9)
P(L-2HB)/PDLA hetero-stereocomplex 0.783 (11.3) 0.453 (19.6) 0.395 (22.5)
P(L-2HB)/P(D-2HB) homo-stereocomplex? 0.827 (10.7) 0.480 (18.5) 0.415 (21.4)

Note: #Data from supporting information of ref. [49].
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7.7 x 10° g mol™") crystallize in the o’-form during solvent evaporation; this reorganizes
into the a-form at 120 °C, melts at 180 °C and further recrystallizes into stereocomplex
crystallites [99].

The stereocomplex formation of PLLA and PDLA is enhanced in the presence of stereoblock
poly(lactic acid) [419]. Stereocomplex formation was proposed to be a novel method of con-
trolling the protein- and cell-adhesive properties of biodegradable matrices composed of PEG-
PLA copolymers [420]. A triangular growth mechanism was proposed for the PLLA/PDLA
stereocomplex [95], and the nucleating mechanism is not altered by the PLLA/PDLA blending
ratio [421].

8.13 Applications
8.13.1 Alternatives to Petro-Based Polymers

Poly(L-lactic acid) is an effective alternative to petro-based polymers in applications such as
packaging material, automotive materials, including floor mats and spare tire covers, and
the chassis of electrical appliances such as computers, mobile phones, remote controls,
and optical disks [422,423]. Figure 8.26 shows the commodity applications of PLLA. For

Figure 8.26 Commodity applications of PLLA. (Reproduced courtesy of Mitsui Chemicals Tohcello Co. Ltd,
Tokyo, Japan.)
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PLA-based materials to be effective alternatives to petro-based polymers such as PP or PET.
The hydrolytic and thermal degradation resistance, mechanical performance and gas barrier
properties of PLLA-based materials should be improved. This can be achieved through various
techniques including the addition of nucleating agents to improve crystallinity and dimen-
sional stability at high temperatures, composite and nanocomposite formation to improve
dimensional stability, mechanical performance and gas barrier properties, fibre reinforcement
to improve dimensional stability and mechanical performance, and stereocomplexation to
improve hydrolytic and thermal degradation resistance, mechanical performance, dimensional
stability, and gas barrier properties. These techniques were discussed in previous sections.
For optical applications such as optical disks, blending with polycarbonate is considered to
increase the transmittance of shorter wavelength light and the dimensional stability as opti-
cal disks may be used in high temperature disk drives. The application of these techniques
may have a negative environmental impact; therefore, the balance between performance and
environmental impact should be considered before implementation.

8.13.2 Biomedical

Biodegradable or bioabsorbable polyesters including PLAs can be applied as biomedical
materials [41]. Table 8.11 [4] shows the functions and purposes of bioabsorbable polymers.
Bioabsorbable biomedical materials should be nontoxic, effective, sterilizable and biocompat-
ible. In addition, bioabsorbable biomedical materials should have the appropriate degradation
rate required for each application (Figure 8.27 [13]).

The in vivo degradation rate of PLA-based materials is reported to be very similar to that of
in vitro degradation [424,425]. Because of its relatively slow in vivo degradation, PLA-based
materials are not used for normal suture materials such as PGA or its copolymers with LLA
(90 : 10) but are used for applications that require long-term retention of mechanical strength.
Preclinical and clinical applications of PLA-based materials include fibres for ligament and
tendon reconstruction, stents for vascular and urological surgery, meshes for guided bone
regeneration, and plates, pins, screws and wires for bone fixation (Figure 8.28 [13]). For
bone-regeneration devices, oriented PLLA plates are reported to have piezoelectric properties
that are sensitive to mechanical stress imposed on the bone; therefore, connected oriented

Table 8.11 Medical applications of bioabsorbable polymers [4]. (Reproduced with permission from ref. [4].
Copyright © 2000 Wiley-VCH Verlag GmbH, Weinheim.)

Function Purpose Examples
Bonding Suturing Vascular and intestinal anastomosis
Fixation Fractured bone fixation
Adhesion Surgical adhesion
Closure Covering Wound cover, local hemostasis
Occlusion Vascular embolization
Separation Isolation Organ protection
Contact inhibition Adhesion prevention
Scaffold Cellular proliferation Skin reconstruction, blood vessel reconstruction
Tissue guide Nerve reunion

Capsulation Controlled drug delivery Sustained drug release
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Figure 8.27 Mechanical properties of tissue and bioabsorbable material during medical treatment [13]. (Repro-

duced with permission from Yoneda Shuppan, Japan.)

PLLA plates give rise to voltage, which enhances bone regeneration [181]. Meanwhile, self-
reinforced (SR)-PLLA and PDLLA are used as stent [426] and screw [427] materials.

Biodegradable polymers including PLLA and its copolymers have been widely investigated
for drug-delivery systems for various medicines including contraceptives, narcotic antagonists,
local anaesthetics, and vaccines. Drug delivery or release from biodegradable polymer matrices
proceeds via three stages. In the first stage, drug release results from desorption of the medical

Figure 8.28 PLA based bone fixation devices with courtesy of Gunze Ltd [13]. (Reproduced with permission

from Gunze Ltd, Japan.)
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agents adsorbed on the matrix surface, which results in an initial drug burst. In the second
stage, drug release occurs by diffusion of medical agents from the inside of matrices; in
this step, the molecular weights of the biodegradable polymers decrease but no weight loss
occurs. In the third stage, the drug is released via the decay of the biodegradable matrices
causing both weight loss and reduction of the molecular weight. The drug-release profile can
be manipulated by choosing the appropriate biodegradable polymer based on the diffusion
coefficient of medical agents from the biodegradable polymer and the degradation rate of
biodegradable polymer. The concentration and distribution of the drug in the matrices and the
sizes and distribution of microspheres or microcapsules should also be controlled.

In addition to the conventional uses of PLLA and its copolymers as microspheres or micro-
capsules for drug delivery systems, PLLA microspheres or microcapsules have recently been
approved by the FDA for the restoration and correction of facial fat loss caused by the
human immunodeficiency virus (HIV)/AIDS without acute side effects [41]. Moreover, PLLA
microspheres have been applied as embolization materials to control arterial malformation,
haemorrhage and tumours without complications [41].

8.13.3 Environmental Applications
8.13.3.1 Absorbents

Poly(L-lactic acid) and its copolymers have attracted attention for applications as materi-
als to absorb harmful and persistent contaminants, as denitrification-assisting materials, and
as bioremediation-assisting materials [428]. The removal of hydrophobic organic contam-
inants (HOCs) from aqueous solution using biodegradable polyesters (BDPs) was inves-
tigated [429]. In this study, the BDPs include PLLA, PCL, PBS, PBSA, P(R-3HB), and
poly((R)-3-hydroxybutyrate-(R)-3-hydroxyvalerate) (PHBV), and the HOCs include biphenyl,
bisphenol A, dibenzofuran, diethylstilbestrol, nonylphenol, and its chlorinated derivatives, 2-
monochlorophenol and 3,5-dichlorophenol. All BDPs with T, values below room temperature
strongly absorbed HOCs. However, PLLA with a T, value of 60 °C, higher than room tempera-
ture, showed weak absorption of HOCs. This result suggests that segmental mobility is crucial
to determine the absorption properties of HOCs; an increase of the absorption temperature
above T, will elevate the absorption of HOCs by PLLA.

8.13.3.2  Denitrification-Assisting Materials

During the denitrification process, biodegradable polymers such as P(R-3HB) can be used
as electron-donating substrates (Figure 8.29) [428]. In contrast with P(R-3HB), which is
relatively easily biodegradable, PLLA is not considered to be applicable for denitrification-
assisting materials because of its low biodegradability despite its cost-effectiveness. However,
the biodegradability of PLLA can be improved by decreasing its molecular weight via high-
temperature hydrolytic degradation. Consequently, degraded PLLA with a molecular weight
of 9.9 x 10® g mol~! showed a nitrogen removal rate of 50 mg NO;~-N/[g (dry weight) h].
This value is higher than that reported for PHBV (20 mg NO3;~-N/[g (dry weight) h] [430,431].
However, PLLA pellets with molecular weights higher than 1.2 x 10* g mol~' had a nitrogen
removal rate of less than 1 mg NO;~-N/[g (dry weight) h]. This confirms that the slow release
of lactic acid is the most important issue for high molecular weight PLLA, although it can be
solved by predegradation of PLLA.
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Figure 8.29 Outline of the solid-phase denitrification process using biodegradable polymers [428]. (Reproduced
with permission from ref. [428]. Copyright © John Wiley & Sons, Inc., 2010.)

8.13.3.3 Bioremediation-Assisting Materials

Bioremediation is defined as the removal of harmful chemical contaminants from the envi-
ronment by micro-organisms. In engineered bioremediation of anaerobically biodegradable
contaminants, anaerobic microbial redox processes work efficiently when electron-donating
substrates are supplied over a long period of time [428]. A variety of halo-organic com-
pounds including chlorinated ethenes such as tetrachloroethene (PCE) and trichloroethene are
produced for solvents. Environmental contamination by halo-organic compounds threatens
human health and other living things. With the incorporation of lactate as an electron donor,
the degradation rate of PCE to ethene was the highest [432], thus PLA, which releases lactic
acid over a long period of time, is expected to act as an effective electron donor for PCE
degradation.

8.14 Recycling

Use of PLA-based materials for several years significantly lowers the molecular weights.
Moreover, PLA-based materials have a relatively low resistance to heat during melt processing.
Therefore, the methods of recycling used for PET are inappropriate for PLA-based materials.
Instead, the recycling of PLA-based materials to its lactic acid or LA monomers is preferable
as it prolongs the period that carbon is held in the materials; upon disposal via incineration
or biodegradation, carbon dioxide will be released. In addition, it is reported that this type of
chemical recycling will reduce the impact on the environment by reducing the consumption
of fossil resources, energy, and released carbon dioxide for the synthesis of lactic acids or
LAs from plant resources such as corn starch (Figure 8.30 [433]). However, with respect to
eutrophication, ecotoxicity, and ozone depletion and so on, PLLA can have a higher impact
on the environment compared to petro-based polymers [434]. The impact on eutrophication
resulting from intensive agriculture can be mitigated during corn production or reduced by
using alternative, less agricultural-chemical intensive feedstock.
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Figure 8.30 Energy consumption (a) and carbon dioxide equivalent amount (b) for PLLA production. In Case
(1), used PLLA is disposed by reclamation and equivalent amount of PLLA is produced from corn. In Case (2),
used PLLA is disposed by incineration, the energy is utilized for power generation, and equivalent amount of
PLLA is produced from corn. In Case (3), used PLLA is recycled by hydrolytic degradation, lactide production and
polymerization, and PLLA with equivalent amount of which is lost during recycling is produced from corn [433].
(Reproduced from [433] with permission from Society of Environmental Science, Japan © 2009.)

The recycling of PLA to lactic acid is readily performed using high-temperature water
without catalytic compounds, which, if included, must be removed after the reaction. Fig-
ure 8.31 [223] shows the yield of L-lactic acid upon the hydrolytic degradation of PLLA with
high-temperature water and without added catalyst. LA formation is known to be effective for
recycling (see the thermal degradation section) although there is the issue of low recovery of
the LA formed in large-scale plants due to the high viscosity, which impairs diffusion of LA

100 T T T T T
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—A— 240°C
—(0— 250°C
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—O— 300°C
—@— 350°C

Yield of L-lactic acid (%)
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Figure 8.31 Yield of L-lactic acid formed by hydrolytic degradation of PLLA at different temperatures as a function
of hydrolytic degradation time [223]. (Reproduced with permission from ref. [223]. Copyright © 2003, American
Chemical Society.)
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from the PLLA melt. Although most of the technical issues have been solved, crucial issues
such as imperfect legislation and social system for recycling still remain.

8.15 Conclusions

This article presented an overview of the basic aspects of synthesis, processing, structures,
physical properties, and degradation of PLAs. The crucial issues for the use of PLA-based
materials as alternatives to petro-based polymeric materials include reducing the production
cost and enhancing the mechanical performance and resistance to hydrolytic/thermal degrada-
tion. Other important goals are increasing the production of PLA from nonedible raw materials
and reducing the fraction of edible raw materials used for PLA-based materials, which can be
attained by using nonedible fillers. The production of PLA from corn is not preferable due to
the limited production mass of provisions. To produce high-performance PLA-based materials,
composite and fibre reinforced plastics formation are effective. However, the balance between
high performance and environmental impact (and production cost) should be considered. With
respect to their performance, hydrolytic degradation, environmental impact, and production
cost, greatly modified PLA-based materials are futile due to the high intrinsic performance of
polymeric materials such as aromatic polyamide- or polyimide-based materials. For medical
and environmental applications, PLA should be used more frequently when the functionality
of hydrolysability is required.
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9.1 Introduction

In the transition from a fossil-based to a bio-based economy the introduction of bio-based
chemicals can be achieved via two distinctly different approaches. The first approach is based
on the conversion of bio-mass into existing (petro)chemicals; that is, the ‘drop-in’ approach.
The main benefit of this approach is that it can make optimal use of the existing knowledge
base and infrastructure. For example, the development of bio-based terephthalic acid, will
allow for the production of bio-based PET (with reduced material carbon footprint), which
can be processed under the same conditions as conventional PET. A drawback of this approach
is that extensive, energy consuming defunctionalization of the biomass is required in order
to obtain ‘drop-in’ chemicals. The second approach is based on the development of bio-
based chemicals with a unique structure and functionality. In this approach the biomass is
selectively defunctionalized to increase stability and reduce the number of functional groups
in order to enhance selectivity, while retaining (part of) the unique structural characteristics
of the biomass feedstock. This approach follows the thermodynamically most favourable path
from feedstock to building block. However, one of the other benefits of this approach (new
monomers and polymers with new properties) can also be considered a drawback because,
both for the monomers as well as for the polymers, new synthesis and processing technologies
will have to be developed. In their now famous 2004 study for the US Department of Energy
(DoE) called ‘Top Value Added Chemicals from Biomass’, Werpy et al. listed the top 12
bio-based chemicals that can be considered as the main examples for the second approach [1].
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In their follow-up study from 2010, Bozell and Petersen revised this list based on the level
of technological development and commercialization [2]. Nevertheless, in both studies only
three types of bio-based difunctional building blocks were included: that is, succinic acid,
furan-2,5-dicarboxylic acid (2,5-FDA or FDCA) and 1,4 : 3,6-dianhydrosorbitol (isosorbide).

In this chapter we will discuss four types of biomass derived monomers and their application
in polyesters; three building blocks with a more or less unique structure from the 2004 DoE
report (i.e. succinic acid, FDCA, and isosorbide), and one true ‘drop-in’ replacement (i.e. bio-
terephthalic acid). For each type of building block the chemical structure, raw material source,
and synthesis will be described. The synthesis and properties of the polyesters will then be
discussed and, depending on the type of material, current and future commercial applications
will be described.

9.2 Isohexide Polyesters
9.2.1 Introduction

Isohexides, also known as 1,4 : 3,6-dianhydrohexitols, are a group of chiral, rigid secondary
diols based on C6-sugar alcohols. Depending on the C6 sugar source, three different iso-
mers can be obtained by successive reduction of the aldose to the alditol, followed by acid
catalysed cyclodehydration to the isohexide. The three major isomers, that is, isosorbide
(1,4 : 3,6-dianhydrosorbitol), isoidide (1,4 : 3,6-dianhydroiditol) and isomannide (1,4 : 3,6-
dianhydromannitol), are bicyclic structures composed of two cis-fused tetrahydrofuran rings
with a 120° angle between the rings, which differ only by the orientation of the hydroxyl
groups at positions 2 and 5 [3]. Whereas two isomers are symmetrical with both hydroxyl
groups in the endo (isomannide) or exo (isoidide) position, the third isomer (isosorbide) has a
2-exo, 5-endo configuration (Figure 9.1).

‘Q{ ¢ \I\;‘

HO H HQ H
o - 2._ o : 2_
H oH H oH
isomannide isosorbide isoidide

L LY Yot

Figure 9.1 Chemical structure and spatial orientation of the three major isohexide isomers; top-view (top) and
side-view (bottom) are based on DFT calculations (B3LYP-TZV).
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Figure 9.2 Schematic overview of synthetic routes to isohexides.

The position of the hydroxyl groups has significant influence on the reactivity, depending
on the type of chemistry involved. Whereas the exo-hydroxyl group is less sterically hindered,
the endo-hydroxyl group is more nucleophilic due to intramolecular hydrogen bonding. This
difference in reactivity is an intrinsic feature in isosorbide chemistry.

Of the three isomers mentioned, only isosorbide is produced on industrial scale, which is
mainly due to the limited accessibility of the precursors of the other two isomers. Isosorbide is
produced from glucose in two steps in high yields, which makes the synthetic process efficient,
while the feedstock glucose is abundantly available (Figure 9.2). Whereas currently starch is
the major source of glucose, developments in lignocellulosic bio-refineries will ultimately
result in the production of glucose from nonfood sources, thereby preventing competition with
the food chain. Isomannide is prepared from mannitol, which is made by hydrogenation of
fructose in 50% yield. Fructose is less commonly available than glucose, so the price and
availability of fructose is significantly higher. Sources of fructose are, for example, sucrose or
inulin, while also enzymatic isomerization of glucose to fructose is performed on industrial
scale. In contrast to sorbitol, the cyclodehydration of mannitol to isomannide is also less
efficient [3]. The third isomer, isoidide, is even less accessible since the parent hexose, that is,
L-idose, is rarely found in nature and hence can only be prepared chemically. A recent patent
application describing the synthesis of iditol in five steps starting from glucose, underlines the
difficulty of obtaining this isomer [4]. On the other hand, according to the same authors, the
cyclodehydration of iditol to isoidide is highly efficient. An alternative approach to obtaining
isohexide isomers is the epimerization as described by Wright and Brandner, which involves
catalytic inter-conversion of all three isomers in hydrogen atmosphere [5, 6].

Apart from various other applications such as pharmaceuticals, plasticizers and solvents,
isohexides are also interesting building blocks for polymers. Due to their chirality and intrinsic
rigidity isohexides have been explored for applications such as for example, liquid crystalline
polymers (LCPs), powder coating resins, and engineering plastics. When built into step growth
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polymers such as polyesters and polycarbonates isohexides have two distinct effects. First
and foremost the rigidity of the isohexides reduces chain mobility, resulting in an increase
of the glass transition temperature (T,) [7]. When applied to known polyesters, such as
poly(ethylene terephthalate) (PET), this can dramatically increase the application window of
these materials. On the other hand it is also observed that incorporation of high levels of
isohexides into polyesters results in a reduction of crystallinity and, in the case of isosorbide,
into completely amorphous polymers [8]. This is believed to be caused by the formation of
stereo-irregular polymers due to the asymmetry of isosorbide. The difference in reactivity of
the two hydroxyl groups in isosorbide often results in problems encountered when attempting
to make high molecular weight polyesters using melt polymerization. Molecular weight build-
up of amorphous polymers under melt polymerization conditions is usually achieved by using
high temperatures and extended reaction times. Such drastic conditions are detrimental to
isohexide stability, frequently resulting in severe colouration and molecular weight decrease.
Since polyesters containing high levels of isosorbide are, in most cases, amorphous, high
molecular weights are required in order to attain sufficient mechanical properties. Standard
industrial practice to increase molecular weight by solid state post condensation (SSPC)
requires the polymer to be semi-crystalline, which is not the case for isosorbide polyesters.
Hence application of isosorbide in high molecular weight engineering plastics has not been
successful yet. Of the other two isomers isomannide has been shown to be rather ineffective
for obtaining polyesters with industrially relevant properties. In contrast, isoidide, due to its
symmetry, gives stereo-regular polymers, resulting in semi-crystalline materials, albeit at low
degrees of crystallinity [8]. Also the higher reactivity of the two exo-hydroxyl groups generally
results in significantly reduced colour formation. Unfortunately, due to its limited availability
data on isoidide polyesters are scarce compared to the commercially available isosorbide.

Despite the broad industrial and academic interest only a limited number of review papers
have been published on isohexides. The older review by Stoss et al. [3] deals with isohexides
in a broad context, while others focus more on their application in polymers [9]. Especially
a recent review by Fenouillot et al. gives a convenient overview of the work published in the
last two decades [8]. In this chapter we aim to introduce the reader to the most significant
scientific as well as industrial developments in the area of isohexide polyesters.

9.2.2 Semi-Aromatic Homo-Polyesters

The first papers on isohexide based semi-aromatic homo-polyesters were published by Thiem
et al. in 1984 [10, 11]. They prepared polyesters from all three isohexides by melt con-
densation with terephthaloyl chloride at elevated temperatures (Figure 9.3). Colourless, brittle
oligomers were obtained with M, 3000-8000. These materials exhibited very high Tys —that s,
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Figure 9.3  Poly(isohexide terephthalate)s (PIT) from isosorbide, isomannide and isoidide respectively.
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153 °C for isosorbide and 155 °C for isoidide. The synthesis of isomannide-based polyesters
was unsuccessful.

Later, Braun et al. reported the synthesis of a broad range of polyesters from isosor-
bide/isomannide and acid dichlorides via melt condensation [12]. The acid chlorides used
include linear C4—C16 alkanoyl, ortho/iso/terephthaloyl, and 1,8- and 2,6-naphthalenoyl.
Relatively high My, aliphatic polyesters were obtained, with My, up to 60 000 (GPC) for
poly(isosorbide sebacate). Contrary to the aliphatic polyesters, the semi aromatic polyesters
are highly viscous at high temperatures, hampering polycondensation. The Ts recorded for
polyesters obtained by melt polymerization of isosorbide or isomannide with terephthaloyl
chloride were 147 and 156 °C, respectively.

Storbeck and Ballauff prepared polyesters from isohexides and terephthaloyl dichloride by
solution polymerization in pyridine, giving colourless, fibrous materials [13]. Isomannide and
isoidide yielded semi-crystalline materials; however, crystallinity could not be recovered after
annealing since their glass transition temperature and melting temperature are too close to
each other for them to be crystallized from the melt. Thermogravimetric analysis (TGA) of
poly(isosorbide terephthalate) (PIT) showed thermal stability up to 360 °C under a nitrogen
atmosphere.

Kricheldorf reported PIT synthesis by transesterification with dimethyl terephthalate, giving
a polymer with a T, of 197.5 °C [14] (Table 9.1).

Despite the broad range of molecular weights obtained with the different polymerization
methods, and hence the spread in observed T, values, it is clear that poly(isosorbide tereph-
thalate), or PIT, is a high T, amorphous material.

The absence of crystallinity in isosorbide polyesters can be attributed to the lack of symmetry
in this building block. Storbeck showed that polyesters based on the symmetrical isoidide
are semi-crystalline [13]. Under normal polymerization conditions the presence of the two
different OH groups in isosorbide gives rise to the formation of stereo-irregular polyesters
(Figure 9.4).

Thiem was the first to show that stereo regular poly(isosorbide terephthalate) can be prepared
via a stepwise synthesis using modified isosorbide monomers [10]. This resulted in a material
with a higher molecular weight (M, 8000) and higher T, (174 °C) compared to the irregular
analogue (T, 155 °C). The material was described as partially crystalline, however without
reference to any actual measurements.

Table 9.1  Properties of poly(isohexide terephthalate)s.

Diol M, (g/mol) Tg (°O) Tm (°C) Polymerization method Reference
isosorbide 3000 155 - Melt [10,11]
n.d. 147 — Melt [12]
n.d. 197 - Solution [13]
25 600 205 - Solution [13]
n.d. 197.5 - Transesterification [14]
isomannide n.d. n.d. - Melt [10,11]
n.d. 156 - Melt [12]
n.d. n.d. - Melt [13]
isoidide 3800 153 - Melt [10,11]
14 500 209° 261 Solution [13]

Notes: n.d.: not determined. *Amorphous according to WAXS analysis. ?Semi-crystalline according to WAXS analysis.
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Figure 9.4 Random /stereo-irregular poly(isosorbide terephthalate) (PIT).
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More recently Feng et al. reported on the same materials via comparable routes [15]. Both
possible AB-type isosorbide analogues were prepared (one with a free exo-OH and the other
with a free endo-OH). Differences in reactivity were observed, although both starting materials
finally yielded the same stereo-regular polyester. The monomer with the free exo-OH yielded
a polymer with a T, of 145 °C, while the monomer with the free endo-OH gave a polymer
with multiple Tgs, indicating a mixture of compounds. Also, the degree of polymerization
was lower. However, after annealing both materials the final products showed a T, of 150 °C
and were partially crystalline. Scrambling of the stereo-regularity (during the melt) was not
observed by NMR.

Another class of interesting isohexide polyesters contains furan-2,5-dicarboxylic acid (2,5-
FDA or FDCA, Figure 9.5) as the aromatic diacid component. Since FDCA can be obtained
from carbohydrates via various routes, this opens up possibilities for fully bio-based semiaro-
matic polyesters.

Storbeck and Ballauff prepared polyesters from isohexides and furan-2,5-dicarboxylic acid
dichloride via solution polymerization [16]. The colourless fibrous materials had relatively
high molecular weights: M, values (membrane osmometry) for isosorbide/isomannide/isoidide
were 25 000/20 400/21 500 respectively (see Table 9.2). These polyesters also had very
high Tgs of 194/191/196 °C. According to WAXS analysis all materials exhibited very low
degrees of crystallinity. TGA showed that these materials were stable up to temperatures
in excess of 300 °C. More recently, Gomes et.al. prepared the same isosorbide and isoi-
dide furanoate polyesters via similar methods, albeit with lower molecular weights and Tgs

(Table 9.2) [17].
(6] (6]
(e} \ 7

Figure 9.5  Poly(isosorbide furan-2,5-dicarboxylate).
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Table 9.2  properties of poly(isohexide furanoates).

Diol Mn T (O Reference
isosorbide 25 000 194 [16]
13 750 180 [17]
isoidide 21 500 196 [16]
5670 140 [17]
isomannide 20 400 191 [16]

9.2.3 Semi-Aromatic Co-Polyesters

Whereas the semi-aromatic isohexide homo-polyesters are very interesting from a scientific
point of view and hold a promise for high performance applications, their extremely high glass
transition temperatures, relatively low molecular weights and elaborate methods of preparation
thus far have precluded any commercial applications. The use of isohexides in semiaromatic
co-polyesters on the other hand has been extensively explored, mainly by industrial research
groups, leading to a wealth of patent literature.

The first patents in which isosorbide based polyesters are described are from the 1960s.
Most of these were aimed at fibre applications and involved co-polyesters with terephthalic
acid and other monomers [18-21].

Surprisingly, it took nearly 40 years until, in 1999, DuPont started filing an extensive suit of
patents dealing with the preparation and the application of PEIT, poly(ethylene-co-isosorbide
terephthalate) (Figure 9.6).

Incorporation of isosorbide into poly(ethylene terephthalate) (PET) increases the Ty, allow-
ing for various high-temperature applications, like hot-fill containers [22] and optical discs
[23]. Furthermore, a range of other applications, such as films [24], sheets [25] and fibres
[26], was described. Various other patent applications were filed on the preparation of isosor-
bide containing polyesters [27, 28]. Later the general methodology was expanded to other
polyesters such as poly(1,3-propylene terephthalate) or PPT [29]. The formation of colour
and of diethylene glycol (DEG) during prolonged post-condensation was also addressed [30].
Both issues are related to the relatively low reactivity of the secondary hydroxyl groups in
isosorbide, giving rise to byproduct formations under melt polymerization conditions. A strat-
egy to overcome these reactivity issues was also described [31]. In this approach isosorbide
containing oligo/polyesters were prepared with a high (>40%) isosorbide content, which were
subsequently reacted in the melt with a PET homo-polymer. The result is a higher isosorbide
incorporation combined with high M,,. For example PIT mixed with PET yields PEIT with
26.3 mol% isosorbide content (30% theoretical) and Ty = 139 °C. This material approaches the
range of polycarbonate (T, 148-150 °C). Since the extensive work by DuPont and Roquette
on the development of PEIT many other patent applications on PEIT and related polyesters
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Figure 9.6  Ideal structure of PEIT.
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Table 9.3  Influence of isosorbide content on PEIT properties [32]. (Data from
ref. [32]. Copyright © John Wiley & Sons, Inc., 1996.)

Isosorbide (%) Tg (°O) Tm (°O)
0 (PET) 85 261
10.3 90 231
20.0 103 221
34.3 115 -
50.6 140 —
81.1 178 -
100 (PIT) 197 _

have been published. Although for the PEIT-type co-polyesters many patents mention or
claim isohexides in general, most examples are only given for isosorbide. Data on the actual
incorporation of isomannide or isoidide in PET are extremely limited, even in the scientific
literature.

In the late 1990s, Storbeck and Ballauf reported the synthesis of PEIT by solution poly-
merization (toluene/pyridine) with terephthaloyl dichloride [32]. They showed that the T,
increased linearly with isosorbide content (Table 9.3), while T, decreased with increasing
isosorbide content with concomitant decrease in crystallinity. In general PEIT is an amor-
phous material when isosorbide incorporation levels exceed 20% relative to the total amount
of diol. The materials obtained by Storbeck showed no signs of degradation after 15 min
heating at 280 °C. M, values were not reported but the authors mention that the degree of
polymerization is in the order of 50, which is sufficient to ensure minimization of the influence
of end groups, in particular when discussing T.

Recently Bersot et al. described an improved melt polymerization method for PEIT by using
antimony catalysts in combination with other metals (Al, Mg or Li) [33]. Although higher
polymerization efficiency and less (but still high) colouration were achieved, the maximum
incorporation of isosorbide was 20% with M, values up to 9600.

Apart from PET, isosorbide incorporation in poly(butylene terephthalate) (PBT) was also
investigated. Kricheldorf et al. observed that in the case of melt polymerization of dimethyl
terephthalate, isosorbide and 1,4-BDO insufficiently high molecular weights were obtained
[14]. By changing to terephthaloyl chloride in solution, increased molecular weights were
obtained, but the actual degree of incorporation of isosorbide into the polyesters was lower
than was expected based on the feed composition. As in the case of PEIT the incorporation of
isosorbide in PBT resulted in an increase in T, (from 55 °C at 6% isosorbide to 92 °C at 42%),
and concomitant decrease of Ty,, resulting in completely amorphous material at an isosorbide
content of 42% (Table 9.4). In an alternative approach Sablong et al. used solid-state post-
condensation (SSPC) to incorporate isosorbide in PBT [34]. The block-like structures that
were obtained allow for crystallization to take place, enabling SSPC. While co-polyesters with
M, values of approximately 11 000 were obtained from melt polymerization, SSPC yielded
materials with M,, > 90 000.

9.2.4 Aliphatic Polyesters

Aliphatic isohexide polyesters have been studied with various types of applications in mind.
Noordover et al. described co-polyesters of succinic acid with combinations of isosor-
bide/isoidide and various other diols for powder coating application [35]. Depending on
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Percentage isosorbide

Percentage isosorbide

in feed incorporated Tg (°O) Tm (°C) Ref
0 (PBT) 0 - 226 [14]
0 (PBT) 0 43 211-220 [34]
10 6 55 208 [14]
14 11 59 207 [34]
20 18 58 191 [14]
20 17 69 199 [34]
28 25 78 194 [34]
30 24 84 162 [14]
40 30 78 155 [14]
50 42 92 - [14]
100 (PIT) 100 197 - [14]
100 (PIT) 100 186 - [34]

the isohexide content, and the type of second diol, materials with Ty’s varying between —18
and 56 °C were obtained: in this case again T,’s increased with higher isohexide content.
Higher M,, values (approx. 6000 versus 3000) were obtained for the isoidide based polyesters
compared to the isosorbide based polyesters.

Homo-polyesters of isohexides and linear aliphatic diacids have been reported by various
groups (see Table 9.5). Braun et al. reported the synthesis of polyesters from isosorbide or
isomannide with a variety of linear aliphatic acid dichlorides (C4—C16) via melt condensation,
giving relatively high molecular weight polymers [12]. Comparable polyesters from all three
isohexides were prepared by Okada [36-38], Noordover et al. also described the synthesis

Table 9.5  Properties of the homo-polyesters derived from isohexides and various aliphatic diacids.

Diol Diacid Mn Tg (°C) Tm (°C) Reference
isosorbide Succinic (C4) - 77 - [40]
Succinic (C4) 7500 65 - [12]
Succinic (C4) 2400 57 - [35, 39]
Succinic (C4) 7400 36 - [36]
Adipic (C6) 13 000 25 - [12]
Adipic (C6) 26 000 21 - [37]
Sebacic (C10) 23 000 0 - [12]
Sebacic (C10) 20 000 -10 61 [37]
cis-CHDA 11 000 146 - [40]
isomannide Succinic (C4) 10 000 75 175 [36]
Succinic (C4) 6000 60 - [12]
Adipic (C6) 8800 30 - [12]
Adipic (C6) 16 000 28 - [36]
Sebacic (C10) 13 700 0 - [12]
Sebacic (C10) 18 000 -8 - [38]
cis-CHDA - 133 - [40]
isoidide Succinic (C4) 4200 73 171 [35, 39]
Adipic (C6) 34 000 45 164 [38]
Sebacic (C10) 28 000 0 134 [38]
cis-CHDA - 115 - [40]
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and properties of isohexide succinates [35, 39]. They showed that while poly(isosorbide
succinate) is amorphous, the isoidide based polyester is semi-crystalline. In a series of papers
Okada et al. reported on the synthesis and biodegradability of various aliphatic isohexide
polyesters [36-38]. The work of Kricheldorf et al. shows that higher T,s can be obtained when
a more rigid aliphatic diacid like cis-cyclohexane dicarboxylic acid (CHDA) is used [40].
The homo-polyester of isosorbide and cis-CHDA was prepared by three different methods,
but only polycondensation of isosorbide and CHDA dichloride yielded satisfactory molecular
weights (M, = 11,000). MALDI-TOF-MS analysis revealed a high content of cyclics. The
homo-polyesters of CHDA and all three isohexides displayed high T,s (146 °C for isosorbide,
133 °C for isomannide and 115 °C for isoidide).

The case of poly(isosorbide succinate) (PIS) shows that it is difficult to compare results
from different groups. Differences in methods of preparation, measured molecular weight
distribution, and methods to obtain molecular weight distributions lead to a broad range of T,
values, apparently not related to the value of M,,.

9.2.5 Modified Isohexides

The relatively low reactivity of the secondary hydroxyl groups in isosorbide has posed serious
challenges to obtaining low colour, high molecular weight polyesters, especially in the case
of semi-aromatic (co-)polyesters. A way to solve these issues is to increase the reactivity of
the bicyclic secondary diol. By reacting isosorbide with ethylene oxide, the diethylene glycol
ether (i.e. bis(2-hydroxyethyl)isosorbide) can be obtained as described by DuPont [41]. This
primary diol was significantly more reactive, which allowed for quantitative incorporation into
co-polyesters. Unfortunately, the high flexibility of the ethylene glycol ether units resulted in
an actual decrease of the T, comparable to the incorporation of diethylene glycol in PET.

More recently Wu et al. reported an alternative approach based on a 1-carbon extension of
the isohexide skeleton, yielding a new family of isohexide based building blocks (Figure 9.7)
[42]. By directly attaching the primary hydroxyl bearing groups to the bicyclic ring structure
the authors expect that rigidity is more likely to be maintained. Detailed investigations into
the effects on polymer properties of these building blocks have shown that whereas 1-carbon
extension results in some decrease in Ty, reactivity increases dramatically. Furthermore, due
to symmetry and higher mobility, incorporation of 1-carbon extended isohexides results in
semi-crystalline polymers, which allows for mild solid state post-condensation (SSPC) to
further increase molecular weight [7, 43, 44].

Overall we can conclude that isohexides, and in particular isosorbide, are unique renewable
rigid diols, which are capable of dramatically altering polymer properties when incorporated
into polyesters. Whereas the beneficial effects of the intrinsic rigidity are obvious, and of
high industrial importance, various other issues, like reduced reactivity, colour formation and
reduced crystallinity have so far hampered large-scale industrial implementation. The wealth
of both academic and industrial knowledge obtained with this type of molecule suggests that
it should be possible to find solutions to use these unique and interesting building blocks
effectively in polyesters. This can be achieved by developing new polymerization methods
specifically suited to meet the requirements of bio-based building blocks such as isosorbide, or
by using more reactive isohexide species such as isoidide or the 1-carbon extended derivatives.
In order for the latter two to become successful more economical, industrially viable routes to
these monomers will have to be developed, so as to unlock their full potential.
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Figure 9.7 Novel family of 1-carbon extended isohexide building blocks.

9.3 Furan-Based Polyesters
9.3.1 Introduction

Furan derivatives have been investigated as potential renewable building blocks for polymers
for over a century. Initially, thermosetting resins based on furfural or furfuryl alcohol found
use in a range of applications [45]. Although not yet commercially available on a large
scale, furan-2,5-dicarboxylic acid (2,5-FDA or FDCA, Figure 9.8) is probably one of the
most interesting furan-based monomers (based on the properties of the monomer as well
as on the characteristics of FDCA based polymers) [17, 46-50]. In the 2004 DOE study
mentioned above, Werpy et al. rated FDCA as second in their top 12 value-added chemicals

TA FDCA IPA
PO—CO-00-060 - CO- L0090 ¢ 8 -(-e9

Figure 9.8  Structural comparison between terephthalic acid (TA), furan-2,5-dicarboxylic acid (FDCA), and isoph-
thalic acid (IPA); top-view (top) and side-view (bottom) are based on DFT calculations (B3LYP-TZV).
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from biomass [1]. The report states that FDCA ‘has a large potential as a replacement for
terephthalic acid, a widely used component in various polyesters, such as PET and PBT".
Their conclusion was that: “The utility of FDCA as a PET/PBT analog offers an important
opportunity to address a high volume, high value chemical market. To achieve this opportunity,
R&D to develop selective oxidation and dehydration technology will need to be carried out.
However, the return on investment might have applicability of interest to an important segment
of the chemical industry.” Although FDCA is advocated by various sources as the ultimate
bio-based alternative to terephthalic acid (TA), there are significant differences between these
two molecules. Although both FDCA and TA are aromatic molecules, the large difference
in delocalization energy (92 kJ/mol versus 151 kJ/mol for furan and benzene respectively)
gives the furan nucleus a significant diene character, which is, for example, expressed by the
Diels—Alder reactivity of furan [51]. Hence, the aromatic ring of FDCA can be expected to be
more reactive than that of TA, especially under high temperature polymerization conditions.
Another relevant parameter for polymers is the angle between the carboxylic acid groups that
determines the degree of linearity of the monomer. In TA this angle is 180°, giving highly
linear, rigid, and often easily crystallizable polymers. In FDCA this angle is significantly
smaller ranging from 129.4° (X-ray diffraction) to 133.6° (DFT) [42], and hence closer to the
value of 120° found for isophthalic acid (IPA), as is illustrated in Figure 9.8. This difference in
angles will have profound effects on for example, crystallization kinetics, crystal structure, and
degree of crystallinity [46, 52]. Furthermore, the difference in dipole moment will influence
polymer properties [53].

Furan-based monomers for polyesters can be obtained from two major classes of bio-
based feedstocks; that is, pentosan based and hexose based [54]. Pentosans are obtained
from hemicellulose containing agricultural waste streams such as corn cobs, oat hulls, or
wood chips, giving furfural (furan-2-carbaldehyde) as primary intermediate, which, by means
of carbonylation or hydroxymethylation, can be transformed into the platform intermediate
5-hydroxymethylfurfural (HMF) (Figure 9.9). Hexoses, mainly D-glucose and D-fructose,
are readily available by hydrolysis of polysaccharides such as starch, cellulose or inulin
respectively and can be directly transformed into HMF by cyclodehydration (Figure 9.9).
From HMF, by either oxidation or reduction of the functional groups, three types of monomers
relevant for polyester synthesis can be obtained: a diol (2,5-dihydroxymethylfuran or DHMF),
a hydroxyacid (5-hydroxymethylfuroic acid or HMFA), and a diacid (FDCA). In spite of
its versatility as a platform molecule, HMF is currently not produced on an industrial scale,
although various companies have announced plans for short term commercial production of
FDCA, which are thought to involve HMF as intermediate.

Whereas 2,5-dihydroxymethylfuran (DHMF) has been proposed frequently as a diol com-
ponent for polyester synthesis, the high reactivity of the hydroxymethyl groups under acidic
conditions primarily leads to resin formation, which is commercially exploited for the produc-
tion of thermoset furan resins [55]. Although HMFA is more chemically stable than DHMEF,
it is also prone to resinification at high temperatures. In contrast, FDCA and derivatives have
proven to be chemically stable under conditions relevant to polyester synthesis, making them
the most versatile and industrially viable furan monomers for step growth polymers.

Furan derivatives, mainly based on furfural or furfuryl alcohol, have been applied in ther-
mosetting resins for almost a century. In contrast, academic and industrial research into furan
based polyesters and polyamides took off in the 1950s. Early papers (up until the 1970s)
are usually rather qualitative, generally just describing the polymer synthesis, combined with
rudimentary property analysis. Since the 1980s, more quantitative scientific papers have been
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Figure 9.9  Routes from polysaccharides to furan building blocks via HMF.

published, including extensive property analyses with a focus on industrial applicability. More
recently, in the wake of the substantial developments in bio-fuels and bio-refineries a strong
growth in both scientific papers as well patent applications can be seen, with a focus on the
synthesis and polymer applications of FDCA.

In this chapter attention is focused mainly on 2,5-FDCA. However, also DHMF and HMFA
based polyesters will be discussed briefly in order to gain a better overview of the full potential
of furan based polyesters.

9.3.2 2,5-Dihydroxymethylfuran (DHMF)-Based Polyesters

The first reported attempts to prepare DHMF based polyesters, in combination with FDCA
(Figure 9.10), are from the mid-1970s, however with inconclusive results [56]. Later, Kelly and
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Figure 9.10 Ideal structure of polyester from DHMF and FDCA.

Moore reacted the acid chloride of FDCA with DHMF, yielding only low molecular weight
polyesters [57]. Recently, Gomes et al. described a fully furan based polyester via the acid
chloride of FDCA by interfacial polymerization, with an M, of 3800 g.mol~!, and a Tg of
83 °C (no Ty, is mentioned) [17]. The onset of decomposition was determined to be around
205 °C. Based on these results we can conclude that DHMF is too unstable to be used as
monomer in step-growth polymers.

9.3.3 5-Hydroxymethylfuroic Acid (HMFA) Based Polyesters

Although HMFA is more stable than DHMEF, its still limited thermal stability is reflected in the
fact that only two scientific papers and one patent application can be found describing HMFA -
based polyesters. Whereas Hirai ef al. were only able to obtain macrocyclic oligo-esters by
solution polymerization in pyridine [58,59], Moore and Kelly used trans-esterification of the
methyl ester of HMFA, also giving materials in low yield and with low molecular weights
[60].

9.3.4 Furan-2,5-Dicarboxylic Acid (FDCA) Based Polyesters

The FDCA based polyesters have been the subject of research since the early 1950s. A patent
to the Celanese Corporation in 1951 is one of the first publications on poly(ethylene furan-2,5-
dicarboxylate) (PEF, Figure 9.11, n = 2) [61]. This was obtained by using either the free diacid
or the dimethylester, having a melting point of 205-210 °C. Later that decade, Hachihama
et al. reported the preparation of polyesters based on FDCA dimethylester and aliphatic diols
ranging from ethylene glycol to 1,6-hexanediol, for which only melting points were recorded
[62]. A Czech patent from 1959 only gives a basic description of the preparation of PEF [63],
while another Czech patent from 1960 describes co-polyesters from dimethylterephthalate,
FDCA, and ethylene glycol (PEFT), having a melting point of 200 °C and a molecular weight
of 20 000 [64]. Somewhat later Heertjes and Kok also reported the synthesis of PEF as well
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Figure 9.11  Structure of polyesters of FDCA with linear a-o-diols; R=H or Me,n =2, 3,4, 6, 8,12, 18.
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as a polyester based on FDCA and bisphenol A [65]. Again only very rudimentary properties
were given. The paper by Moore et al., describing polyesters prepared from FDCA dimethyl
ester and a series of different diols including DHMF, ethylene glycol and 1,6-hexanediol, fits
the same trend, focusing on polymer synthesis rather than properties [57].

Storbeck and Ballauff were the first to report on polyesters based on FDCA and dianhydro-
hexitols [16]. Here, the acid chloride of FDCA was reacted with all three dianhydrohexitol iso-
mers, in 1,1,2,2-tetrachloroethane in the presence of pyridine, giving white, fibrous polyesters.
This work has been discussed in detail in the preceding section on isohexide polyesters (section
9.2.2). Later, Gandini and co-workers performed some kinetic studies on the transesterification
of the FDCA dimethyl ester [66—68]. However, little attention was paid to polymer properties.
More recently a series of papers on FDCA polyesters has been published by various groups,
indicating the renewed interest in this subject.

Grosshardt et al. prepared a series of furan based polyesters, by reacting FDCA dimethyl
ester with 1,3-propanediol, 1,6-hexanediol, 1,12-dodecanediol and 1,18-octadecanediol, using
calcium acetate and antimony(III) oxide as catalysts [47]. Molecular weights and thermal
properties were determined for all polyesters and are summarized in Table 9.6.

Gandini and co-workers followed a different approach by first separately synthesizing the
(ethylene glycol)-diester of FDCA, which was subsequently polymerized to make PEF [46].
This semi-crystalline material had a T, of 75-80 °C and a Ty, at 210-215 °C. TGA analysis
showed that the material was stable up to 300 °C. Since molecular weight analysis was
performed by hydroxyl end-group functionalization with pentafluorobenzoyl chloride, the
reported degree of polymerization of 250-300 was probably overestimated. Later, the same
group reported some preliminary results on FDCA polyesters, including diols such as ethylene
glycol, 1,3-propanediol, isosorbide and bis(1,4-hydroxymethyl)benzene [48]. In a follow-up
paper the authors systematically compared different polymerization procedures for FDCA and

Table 9.6  Combined data of various diols in FDCA based polyesters.

Mn My E-modulus Epreak
Sample (gmol™")  (g.mol™) PDI T, Q) T (CO) (MPa) Omax (MPa) (%)
PEF (C2) 22.400° 44.500° 1.99 80 215
45.500° 25.200¢ 90 210 2.070 66.7 4.2
105.300¢
PPF (C3) 21.600° 27.600° 1.28 50 174
49.000° 8.9800¢ 1.49 58 177 1.550 68.2 46
6.0200¢ 30.600¢ 2.2 53
13.900¢
PBF (C4) 1.7800¢ 4.200¢ 2.38 31 172 1.110 19.8 2.8
PHF (C6) 3.2100¢ 6.6700¢ 2.08 28 148 493 35.5 210
13.400¢ 22.300¢ 1.67 147
POF (C8) 2.0700¢ 4.7500¢ 2.29 22 149 340 20.3 15
PET 76° 250°
PBT 49 227"

Notes: *Measured by SEC, 70/20/10 (v/v/v) mixture of dichloromethane/chloroform/1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
70/20/10 was used as the eluent, compared to polystyrene [17].?Measured by elemental analysis after hydroxyl end-group
functionalization with pentafluorobenzoyl chloride [17]. “Measured by SEC, HFIP as eluent, compared to polymethylmethacrylate
[49]. “Measured by SEC, HFIP as eluent, compared to polymethylmethacrylate [47]. ¢Ref. [70]. Refs. [14, 34, 70].
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the previous series of diols, now also including isoidide, DHMF and hydroquinone [17]. An
overview of their results is included in Table 9.6.

Ma et al. investigated the copolymerization reactivity of ethylene glycol and 1,4-butanediol
with FDCA catalysed by Ti(OC4Hy)4 [50]. Besides this reactivity study, they also performed a
thermal analysis of the different co-polyesters. All polyesters were obtained as semi-crystalline
materials with Ty’s varying from 83 °C to 36 °C for PEF and PBF respectively. The melting
temperatures were determined as 201 °C and 169 °C for PEF and PBF respectively. The
reactivity of both diols towards FDCA was also evaluated and a large difference in reactivity
was observed. Assuming first order kinetics, rate constants of 3.1 x 1073 min—! and 4.7 x
1072 min~! were determined. Molecular weights for the obtained polyesters were determined
by Ubbelohde capillary viscosity measurements using phenol/ 1,1,2,2-tetrachloroethane (3/2
(m/m)) as solvent at four different concentrations. Mys of 26 000 and 24 000 g.mol~' were
obtained. However, for the calculation the Mark Houwink parameters for PET were used
because these values are not yet known for 2,5-FDCA based polymers. Unfortunately, no
further mechanical analysis of the various block co-polyesters was performed.

Jiang et al. reported the direct esterification of FDCA with a range of diols from ethylene
glycol up to 1,8-octanediol, using tetrabutyl titanate as catalyst [49]. All polymers were
obtained as brown to yellow products, depending on the maximum polymerization temperature.
The authors described several structural and mechanical analyses used in order to evaluate
the full potential of furan based polyesters. It appeared that all obtained polyesters were semi
crystalline polymers, however, the sharp peaks of PEF, PHF (n = 6) and POF (n = 8) indicate a
high macromolecular order. A relation between specific viscosity () of the polyesters of 0.5
g dL~"in 1,1,2,2-tetrachloroethane/phenol (1 : 1, w/w) and molecular weights was estimated.
These molecular weights were determined by SEC in HFIP using PMMA standards (Table
9.6). Furthermore, densities and contact angles were determined. The tensile moduli of all
polyesters were determined as well as the mechanical properties as function of temperature
(DMTA). The data are included in Table 9.6. DMTA shows a clear loss of mechanical properties
above the T, for all polyesters indicating that these samples were amorphous.

Gruter et al. from the Avantium company evaluated different catalysts for the polyconden-
sation of FDCA or its dimethyl ester with ethyleneglycol and 1,4-butanediol. They concluded
that starting from the dimethyl ester of FDCA higher reaction rates can be achieved, and
hence shorter reaction times and concomitant reduction in colour [69]. In addition, a patent
by the same authors describes the synthesis of high molecular weight PEF by solid state
polymerization [70]. Also recently Dam et al. reported some application properties of PEF,
like gas barrier properties and mechanical properties after recycling [71]. Gas permeation
measurements showed that the barrier properties of PEF are superior to those of PET: 2 times
better for H,O, >2 times better for CO,, and >6 times better for O,. According to the authors,
this may allow for new packaging applications that are currently unattainable for PET, such
as for beer, wine, vegetable oils, and so on.

9.3.5 Future Outlook

The ongoing developments with regard to biorefineries and the bio-based economy have
sparked renewed interest in the known bio-based building block FDCA. Although academic
research so far has shown that FDCA-based polyesters have interesting properties, and are
in many ways comparable to terephthalic acid based polyesters, various challenges remain
to be overcome in order to come to full-scale industrial production. First of all, large-scale
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cost-effective production of resin grade FDCA needs to become a reality. According to Dam
et al. ‘Due to its superior performance, compared to pTA, the potential market size of FDCA
can exceed 50 million tons per year. The main price drivers for bio-based FDCA are the
feedstock-price and economy of scale. However, at >300 000 t/a scale we believe that the
price of FDCA will be <EUR 1000 per ton, and therefore competitive with pTA produced at the
same scale’ [71]. Secondly, despite the growing knowledge base on FDCA polyester (i.e. PEF)
properties, there is still a considerable need for more insight into properties and behaviour,
necessary to identify potential fields of application, such as packaging, textile or industrial
fibres, coatings, and so on. Furthermore, industrial processing of FDCA polyesters by, for
example, extrusion, injection moulding, fibre spinning and so on will need to be developed
in order to come to viable production processes for polyester products. Last but not least, it
should be clear that the transition of a petrochemical based material to a bio-based material
must not only be economically feasible but also ecologically sound. In this respect, a recent
paper by Eerhart ef al. on the energy and greenhouse gas (GHG) balance of the production of
poly(ethylene furanoate) (PEF) shows, in principle, that PEF can be produced sustainably [72].
The authors concluded that the production of PEF can reduce the nonrenewable energy use
(NREU) by approx. 40% to 50%, while the GHG emissions can be reduced by approx. 45%—
55% compared to PET. However, as the authors mention, the assessment is based on modelled
process data, so the technology must first be proven in demonstration plants, followed by an
update of the environmental assessment, if necessary.

Hence it can be concluded that, provided that most of the issues mentioned above are
addressed, FDCA based polyesters have a bright future.

9.4 Poly(Butylene Succinate) (PBS) and Its Copolymers

The interest in poly(butylene succinate) (PBS) and its copolymers finds its origin in the 1980s,
mainly based on its biodegradability. However, PBS also combines excellent processability
with good mechanical properties. Poly(butylene succinate) is synthesized from succinic acid
and 1,4-butanediol (BDO). Via copolymerization with other dicarboxylic acids or diols, the
properties of PBS can be varied over a wide range. Compared to biopolymers such as poly(lactic
acid) (PLA) and polyhydroxyalkanoates (PHAs) the properties of PBS are most similar to
commodity plastics like polyethylene (PE) and polypropylene (PP). Currently, there is renewed
interest in PBS, this time with a focus on developing bio-based PBS. Apart from environmental
issues, these developments are also cost driven as it is expected that the C4 building blocks
could become more cost effective when produced from biological origin.

94.1 Succinic Acid

At present succinic acid is a specialty chemical with an annual production volume of about 30
000 tons worldwide. Fossil-based succinic acid is most commonly prepared via hydrogenation
of maleic anhydride (by oxidation of n-butane or benzene) [73]. In the field of bio-based
chemicals and building blocks succinic acid is considered to be one of the most important
platform chemicals [1, 74, 75], and as a result of the introduction of biosuccinic acid the
production volume is expected to double or triple within years. Several fermentation processes
have been described to produce bio-based succinic acid. Common feedstocks for these pro-
cesses include glucose, starch and xylose [76]. The commercial potential for bio-succinic acid
is illustrated by the numerous initiatives by companies that are working towards, or already
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are, at pilot scale production. Most prominent are the activities of Bioamber, a joint venture
of Diversified Natural Products Inc. (DNP, United States) and Agroindustrie Recherches et
Développements (ARD, France). The Bioamber pilot plant started producing bio-succinic acid
based on wheat-derived glucose, using an Escherichia coli on a 2000 metric ton/year scale in
January 2010.

A partnership between DSM (the Netherlands) and Roquette Freres (France) is producing
bio-succinic acid on a 300 ton/year scale, starting from starch and using an innovative enzyme-
based fermentation technology. Scale-up towards 10 000 ton/year is expected for 2012 and
this facility in Cassano Spinola (Italy) will then be Europe’s largest bio-based succinic acid
facility. BASF (Germany) and Purac (the Netherlands) announced the construction of a 25
000 ton/year facility in the proximity of Barcelona (Spain). This plant should be operational
in 2013 according to a press release from August 2011. Specific features of the BASF/Purac
process are the use of the bacterial strain Basfi succiniproducens, which was developed by
BASE, in a highly efficient fermentation process that uses glucose or glycerine as renewable
substrates.

Myriant (United States) received a grant from the US Department of Energy for their
activities on the production of bio-succinic acid. These activities include building of a 20
000 litre reactor in Louisiana, modification of a leased facility of 15 000 ton/year and the
construction of a greenfield plant also with a capacity of 15 000 ton/year. The Myriant process
uses E. coli and unrefined sugar as feedstock.

9.4.2 1,4-Butanediol (BDO)

The annual production of BDO is about 1 million metric tons worldwide. BDO is used as a
solvent, as a building block for polymers (e.g. PBT), but most importantly for the production
of tetrahydrofuran (THF). Several industrial processes based on fossil feedstocks are used to
produce BDO, for instance:

e The Reppe process, in which acetylene reacts with two equivalents of formaldehyde to
form 1,4-butynediol, which is subsequently converted to BDO via hydrogenation. The
Reppe process is the most widely used process for example by BASF.

e LyondelBasell, the second largest producer of BDO, uses its own process that consists of
three major steps; isomerization of propylene oxide to allyl alcohol followed by hydro-
formylation to 4-hydroxybutyraldehyde and subsequent hydrogenation to BDO.

e Mitsubishi produces BDO and/or THF via consecutive acetoxylation, hydrogenation and
hydrolysis of 1,3-butadiene.

e A fourth route is the Davy Process, which consists of the oxidation of benzene or butane to
maleic anhydride followed by hydrolysis to maleic acid and hydrogenation to BDO.

The main routes for the production of bio-based 1,4-butanediol are:

o (Catalytic reduction of bio-based succinic acid to BDO.
e Direct fermentation of sugars to BDO using E. coli.

This last process was developed and patented by Genomatica (USA) [77-79]. Genomatica
has genetically engineered E. coli via a genome-scale metabolic model. This E. coli strain
can produce BDO from glucose, xylose, sucrose and biomass-derived mixed sugar streams
[80]. Genomatica has produced BDO at a demonstration scale since June 2011 together with
Tate & Lyle (United States). Scale up is foreseen with Tate & Lyle and with other partners.
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Genomatica and Tate & Lyle are working on a plant with a capacity of 45 000 ton/year.
Together with Novamont (Italy) a facility of approximately 18 000 ton/year is constructed
in Adria (Italy). Production is expected to start in 2013. Moreover, together with Mitsubishi
bio-BDO production on a commercial scale is planned in Asia.

9.4.3 Poly(Butylene Succinate) (PBS)

Poly(butylene succinate) belongs to the poly(alkylene dicarboxylate) family that can be
obtained by polycondensation of a,w-diols such as ethylene glycol and 1,4-butanediol, with
aliphatic dicarboxylic acids, such as succinic and adipic acid. PBS is commonly prepared via
esterification of succinic acid and BDO or transesterification of dimethyl succinate and BDO
to oligomers followed by a subsequent polycondensation reaction, removing excess BDO. Cat-
alysts include SnCl, [81], p-toluenesulfonic acid [82], tetrabutyltitanate [83] and lanthanide
triflates [84]. To produce PBS with sufficiently high molar mass often chain-extenders are used.
Examples are the use of diisocyanates [83, 85-87], bisoxazoline [88] and biscaprolactamates
[89].

Poly(butylene succinate) is a white, highly crystalline thermoplastic polymer [83] (Table
9.7). The equilibrium melting point of single crystals of PBS is 132 °C [90,91] and the T is
—38 °C. Poly(butylene succinate) exhibits multiple melting behaviour, and using differential
scanning calorimetry (DSC) melting points are usually found around 100-120 °C. The heat
distortion temperature (HDT) of PBS is 70-90 °C. The mechanical properties of PBS are in
between those of polyethylene and polypropylene and the material exhibits good toughness
provided the molar mass is sufficiently high. Elongation at break is about 350% and the tensile
strength is 30-35 MPa. Depending on the degree of crystallinity the E-modulus is around 700
MPa.

9.4.4 PBS Copolymers

The properties of PBS can be varied over a wide range via copolymerization with other
dicarboxylic acids or diols. Amongst the co-monomers studied are adipic acid [83, 93],
terephtalic acid [94, 95], ethylene glycol [96-98], 1,3-propanediol [99-101] and lactic acid
[100, 102]. Of these co-monomers, the introduction of adipic acid for the production of PBSA
has received most attention. Elongation at break and impact strength can be significantly

Table 9.7  Properties of PBS as compared to other plastics [92]. (Data from ref. [92]. Copyright © John Wiley &
Sons, Inc., 2008.)

PLA (Ingeo)? PBS (GSPla)? PBSA (GSPla) PP LDPE
Ty O 55-60 -38 —45 —-20 —120
Tm (°C) 150-170 115 90 170 110
HDT (°C)° 55 70-90 60 90 50
E-modulus (MPa) 3500 550-700 350 1100-1600 150-250
Tensile strength (MPa) 70 40 40 30-70 20
Elongation at break (%) 6 350 800 150-700 100-1000
Notched impact (k}/m?) 2 5-10 35 3-15 >40
Density (kg/m?) 1240 1260 1240 900 920

Notes: *Ingeo Datasheet (Natureworks). ?GSPla Datasheet (Mitsubishi Chemical company). “The Heat Distortion Temperature
(HDT) is determined by the test procedure according to ASTM D648.
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improved with the introduction of adipate co-monomer [83]. However, melting points and
degree of crystallinity decrease. Tserki et al. report a melting point of 70 °C and a degree of
crystallinity of 27% of a PBSA copolymer containing 40% adipate units and 60% succinate
units [83]. Contrary to other observations, Xu and Guo report a higher degree of crystallinity
for PBSA with 5-15% mol% adipate building blocks and state this could be due to co-
crystallization of butylene adipate units within the crystal lattice of PBS [92].

9.4.5 PBS Biodegradability

The interest in PBS originates from the biodegradability of this aliphatic polyester [85, 103—
105]. The biodegradability of PBS and copolymers depends on several factors including
the chemical structure, degree of crystallinity and biodegradation environment [81]. The
biodegradation rate of PBSA is much higher than the degradation rate of PBS since PBSA has
a lower degree of crystallinity. Nevertheless, commercial PBS grades are also certified to be
compostable according to EN13432.

9.4.6 PBS Processability

Poly(butylene succinate) has excellent processability, superior to biopolymers like PLA and
polyglycolic acid (PGA) [104]. Like all polyesters, during processing at elevated temperatures
PBS is sensitive to hydrolysis and needs to be dried prior to use. Maximum processing
temperatures are around 200-230 °C. To improve melt strength long-chain branches can be
introduced using peroxides or small amounts of trifunctional monomers such as trimethylol
propane (TMP) [106, 107]. Improving the melt strength of PBS is necessary for applications
like film blowing, stretched-blown bottles and extrusion foams. To allow fast processing, for
example in injection moulding, nucleating agents like talcum and a-cyclodextrin can be used
[108].

9.4.7 PBS Blends

Poly(butylene succinate) is often used in blends with other biodegradable polymers like starch
[109], PLA [110-114] and PHAs [115,116]. In many cases PBS is added to other biopolymers
to improve properties like heat stability (heat distortion temperature) and impact resistance,
and to improve processing behaviour. Although PBS and PLA are immiscible, compatibility is
sufficient to allow preparation of blends with good mechanical properties [92, 105]. Peroxides
can be used to improve the compatibility of the blend leading to improved impact strength
[117].

9.4.8 PBS Markets and Applications

The first commercial PBS polymers were produced by Showa High Polymer (Japan) under the
trade name Bionolle ™ [118] (Table 9.8). Mitsubishi Chemical (Japan) introduced PBS into
the market in 2003 under the name GSPla™. In 2006 Hexing Chemical Anhui (China) started
producing PBS and in 2007 Xinfu Pharmaceutical (China) built a PBS-production line.
Poly(butylene succinate) is currently used in fast-food packages, bottles, disposable plastic
bags, mulch films and so on [85, 104, 105]. In these applications PBS is used as a homo
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Table 9.8 Commercial activities in the field of PBS(A) and succinic acid production.

Production Capacity 2009 Capacity planned

Company Location Product kt/year kt/year
BASF and Purac Germany/Spain Succinic acid R&D 25
Bioamber and ARD France Succinic acid 2 65
Changsha May Shine China PBS 6
DSM and Roquette France/ltaly Succinic acid 0.3 10
DuPont de Nemours United States 1,4-BDO R&D 50
Hexing Chemical China Succinic acid, PBS 10
Ire Chemical Korea PBS 3.5
Kingfa China PBSA 1 30
Mitsubishi Chemical Japan/Thailand PBS, PBSA 3 20
Myriant United States Succinic acid Pilot scale 50
Showa High Japan PBS, PBSA 3

Polymers
Sinoven China/United mPBS (PBS Market

Biopolymers Inc. States nanocomposites) development
Xinfu China PBS 3

polymer or in blends with other biopolyesters. Sinoven has announced the production of
modified PBS (PBS nanocomposites) with a HDT above 100 °C.

Poly(butylene succinate) is also used as biomedical material; for example, a promising
substance for bone and cartilage repair. Its processability is better than that of PGA or PLA.
It has better mechanical properties than PE or PP. Its insufficient biocompatibility could be
enhanced by plasma treatment [119].

The current market for PBS is small (10 000-15 000 ton/year) at a price of 3—4 €/kg. How-
ever, the market and production volume are expected to increase rapidly with the development
of bio-based PBS. At the same time, with the development of bio-based succinic acid, the
price of PBS is expected to drop.

9.4.9 Future Outlook

In the near future, PBS will become a (partly) bio-based polymer with an improved carbon
footprint. Compared to other biopolyesters, PBS combines excellent processability with a high
HDT and good impact properties, making it a very versatile material. It is expected that the
introduction of bio-based building blocks will also lead to a price decrease and this will help
to further expand the market for PBS.

9.5 Bio-Based Terephthalates
9.5.1 Introduction

In addition to bio-based polyesters such as poly(lactic acid) (PLA), polyhydroxyalkanoates
(PHAS), and poly(ethylene furanoate) (PEF), all based upon biomass-derived building blocks
that have a structure different from today’s commercial petrochemical-based polyesters, bio-
based polyesters can be developed having an identical structure to well-known petrochemical
based polyesters. A very important class of such ‘drop-in’ type bio-based polyesters are
represented by polyesters based upon either isophthalic acid or terephthalic acid, such as PET,
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PPT and PBT. For this particular class of polyesters there is little need to develop alternative
polymer chemistry or to optimize polymer properties and processing parameters but focus
needs to be on developing efficient synthetic pathways to the constituting monomers — that is,
diols like ethylene glycol (EG), 1,3-propanediol (1,3-PDO) and 1,4-butanediol (1,4-DBO) and
aromatic diacids like isophthalic acid and terephthalic acid. Moreover, significant attention has
to be paid to develop methods for obtaining polymer grade — that is, high-purity monomers. As
PET is the most dominant commercially produced polyester in terms of volume, this chapter
focuses on the possibilities for obtaining bio-based PET.

The huge interest in the development of renewable packaging materials using either PEF
or bio-based PET is being reflected by announcements of companies like Coca Cola, Pepsi
Cola and Danone that they are working towards 100% bio-based PET beverage bottles. These
developments are being pursued by means of partnerships with technology providers, such as
Virent, Gevo and Avantium (www.icis.com, accessed 22 June 2013).

9.5.2 Bio-Based Diols: Ethylene Glycol, 1,3-Propanediol, 1,4-Butanediol

The route to bio-based ethylene glycol (EG) starting from ethanol is well known and relies
on dehydrating bio-ethanol to ethylene, followed by oxidation to ethylene oxide and sub-
sequent rehydration to EG. This method was practised until the 1960s when it was taken
over by petrochemical routes. Today’s production of bioethylene by companies like Braskem
is reviving the possibility of obtaining bio-based glycol. Indian glycols presently converts
first-generation ethanol into EG [120]. The likely future establishment of second generation
bioethanol production from lignocellulosic biorefineries will make this route more sustainable.
Nonetheless, it will not be an ideal route in the longer term, as first all oxygen functionality
is removed from the biomass and then reintroduced. A more direct route to ethylene glycol
will be preferred. Such an alternative approach to bio-based glycol is based on hydrogenolysis
of either glycerol or sorbitol, leading to mixtures of ethylene glycol and propylene glycol. A
patent application by Werpy et al., describes the conversion of biomass, including glycerol,
into propylene glycol (PG) [121,122] (Figure 9.12). Using a Ni-Re bi-metallic catalyst, at 60%
conversion of glycerol, a selectivity of 78—88% towards the production of propylene glycol
was obtained, together with the production of lactate (8—10%) and ethylene glycol (12%).
ADM (Archer Daniels Midland) recently announced the start of the pilot plant production of
bio-based glycols using a similar process (www.adm.com, accessed 22 June 2013).

Increasing selectivity towards EG production could render a more direct process towards
bio-based EG. A direct route to produce EG from cellulose has, for example, been described
by Ji et al., who reported the direct conversion of cellulose into EG with high yields (up to
60%) using nickel-promoted tungsten carbide catalysts [123].

OH 230°C OH OH OH
Ho_L_oH S on + L on + OH
cat./Hy
O
glycerol PG EG LA
78-88% 12% 8-10%

Figure 9.12  Conversion of glycerol to EC and PG according to Werpy et al. [122]. (Reproduced from ref. [122].)
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The production of 1,3-PDO from biomass has been commercialized by DuPont, which has
established biotechnological routes for the production of 1,3-PDO from sugars or glycerol
[124]. 1,3-PDO is currently used for the production of the PPT fibre commercialized under
the brand name Sorona and being used in applications like clothing, residential carpets, and
automotive fabrics. Polyethers based upon 1,3-PDO are being used in the production of polyols
for polyurethanes [125].

Routes towards based 1,4-BDO are currently under development. The production of suc-
cinic acid from biomass is currently being commercialized by companies like for example,
BioAmber and the DSM-Roquette joint venture Reverdia [126]. Succinic acid is a potential
feedstock for the production of 1,4-BDO via reduction of the diacid to the diol [127]. The US
based company Genomatica claims it has been successful in developing technology for the
direct biotechnological production of 1,4-BDO (see www.genomatica.com, accessed 22 June
2013; see also section 9.4.2).

9.5.3 Bio-Based Xylenes, Isophthalic and Terephthalic Acid

The dominant current commercial process for the production of isophthalic acid (IA) and
terephthalic acid (TA) is the catalytic oxidation of m-xylene and p-xylene (PX). Xylenes
are oxidized to IA or TA, respectively, in the so called Amoco process at 110-205 °C and
15-30 bar and in the presence of 95% acetic acid [128]. Furthermore, Co and Mn need to
be added as catalysts and NH4Br and tetrabromoethane as co-catalysts. It is important to
realize that some routes towards bio-based IA and TA may involve the production of the
xylenes as an intermediate, whereas others might not. Furthermore, production routes may
rely on technologies generating a slate of products comprising mostly fuel components next
to chemicals like PX, whereas other technologies rely on the dedicated production of PX.

9.5.3.1 Production of Mixtures of Bio-Aromatics including P-Xylene (PX) from
Biomass

Methods for the conversion of biomass into a slate of product, also comprising chemicals like
p-xylene, are those promoted by US-based companies Anellotech and Virent. In Anellotech’s
‘Biomass to Aromatics’ process, biomass such as corn, sugar beet and so on is dried and milled,
and then injected into a fluidized bed in the presence of a cheap zeolite, based on ZSM-5. The
process takes place at high temperatures (600 °C) at a short period of time. Coking initially
was considered as a drawback in this process. Annellotech claims to be able to produce 190
L product out of 1 ton biomass (www.anellotech.com, accessed 22 June 2013). So far the
process has been performed on a small scale only and scale-up needs to be realized.
Recently, Vispute et al. showed that pyrolysis oils can be converted into a mixture of
industrial commodity chemical feedstocks (benzene, toluene, xylene, ethylbenzene, ethylene,
propylene, butylene) [129]. These authors used an integrated catalytic approach that involves
hydroprocessing of the bio-oils over supported metal catalysts, followed by conversion over
zeolite catalysts. The hydroprocessing increases the intrinsic hydrogen content of the pyrolysis
oil (and reduces the oxygen content), producing polyols and alcohols. The zeolite catalyst then
converts these hydrogenated products into light olefins and aromatic hydrocarbons in a yield
of about 60%. The reaction can be steered by changing the temperature, amount of added
hydrogen and zeolite properties. In this process, drawbacks associated with the prior bio-oil
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hydrogenation processes were overcome by operating at moderate temperatures (<250 °C) at
which no catalyst coking or reactor plugging was observed.

The Virent company has developed a comparable process in which plant derived sugars
using a ‘drop-in’ process are being converted into a mixture of components, including PX
(BioFormPX™) (www.virent.com, accessed 22 June 2013). The continuous process uses a
heterogeneous catalysts to remove oxygen from the biomass feedstock, involving a series of
reactions at 175-300 °C and 10-90 bar of hydrogen. The process consists of: (i) hydrogen
production, (ii) dehydrogenation of sugars and alcohols/hydrogenation of carbonyl groups,
(iii) deoxygenation reactions, (iv) hydrogenolysis and (v) condensation and cyclization. Use is
being made of zeolite and aluminosilicate based catalysts, including adapted ZSMS5 catalysts.
As the process requires significant amounts of hydrogen, part of the biomass is being converted
into hydrogen, using an aqueous phase reforming (APR) process [130, 131]. Mixtures of
products including, amongst others paraffins, aromatics and olefins are being formed. This
product slate can be used in traditional crude oil refining processes and subsequently be used
for the production of PX. The company has announced to start production capacity at a scale
of 37 000 L/year.

9.5.3.2 Dedicated Approaches Towards P-Xylene (PX) and Terephthalic Acid (TA)

9.5.3.2.1 TA from Terpenes One of the possible approaches described in literature to
arrive at bio-based TA is using terpenes as feedstock. Use of terpenes such as limonene and
a- and y-terpinenes offers potential for the production of aromatic compounds such as, for
example, substituted phenols or TA. The aromatization of terpenes such as limonene using
zeolites has been described in the literature [132] (Figure 9.13). Yields of p-cymene described
so far were moderate and next to a- and +y-terpinenes, substantial amounts of unidentified
products were formed. A patent application to Sabic describes the synthesis of TA from p-
cymene using nitric acid as a stoichiometric oxidant [133]. Following this approach, Colonna
et al. recently described the synthesis of fully bio-based terephthalate polyesters, including
radiocarbon evidence [134]. The preparation of p-cymene from other terpenes is also reported
in the literature [135]. In particular, pinene — that is, the major component of turpentine oil
and available in larger amounts with respect to limonene — can be isomerized to limonene
or directly converted in p-cymene [136]. Terpenes can be obtained from biomass resources
such as orange peels and soft woods. Current production volumes of terpenes are in the
range of hundreds of thousands of tonnes instead of the million tonnes needed to substitute
a significant amount of aromatics production. Also prices of limonene and related terpenes
are still relatively high compared to aromatics. Therefore, from an economical point of view,

COOH

COOH

limonene p-cymene TA

Figure 9.13  Potential production of TA from limonene.
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production volumes of terpenes should be significantly increased and terpenes should become
available at lower prices to be an attractive feedstock for bulk aromatics production.

9.5.3.2.2  Production of PX via a Combined Biotechnological Chemo-Catalytic Approach
An alternative approach to bio-based TA is being advocated by the US-based company GEVO
(www.gevo.com, accessed 22 June 2013). In this particular approach a route to bio-based TA is
envisaged by a combination of biotechnological and chemo-catalytic steps. Using genetically
modified organisms, sugars are being fermented into isobutanol by a recombinant yeast in
which the pathway for conversion of pyruvate to isobutanol is added. In order to enhance the
isobutanol production, enzyme activities in competing pathways, with glycerol-3-phospate
dehydrogenase (GPD) and pyruvate decarboxylase (PDC) as the most important enzymes,
were reduced [137]. Isobutanol can be dehydrated to isobutylene, which subsequently, using
essentially known chemistry, can be dimerized and cyclized into a mixture of xylenes from
which PX and m-xylene can be separated and used for the production of IA and TA (Figure
9.14). Gevo described a PX yield of 19% on a weight by weight basis. The main other
products formed were isobutylene (26%) and isooctene (19%) [138]. The yield of PX may
be enhanced by reutilization of the intermediate [138]. This particular approach can rely
on abundantly available sugars but needs two molecules of sugar in order to produce one
molecule of IA and TA. The economic viability of the process is, at present, difficult to
assess as a result of the lack of public data on fermentation parameters like space-time yields
of isobutanol.

The French company Global Bioenergies, is pursuing another approach by aiming at
the direct biotechnological production of isobutylene, rather than isobutanol. Their tech-
nology relies on using Clostridia bacteria in which the aceton pathway is optimized; ace-
ton is intracellular converted into hydroxyisovalerate, which is subsequently decarboxylated
into isobutylene [139-141]. The merits of this process will be that, as isobutylene is a
gaseous product, the downstream processing costs will be reduced compared to producing
isobutanol.

9.5.3.2.3 Production of TA via Cycloaddition Reactions A number of other approaches

towards bio-based TA have in common that a cycloaddition reaction of two components
is being used as one of the critical steps in deriving bio-based aromatics (Figure 9.15).

Biomass ——— — >: ——
OH

isobutanol isobutene dimer
COOH
COOH
PX TA

Figure 9.14  The GEVO process.


http://www.gevo.com

266  Bio-Based Plastics

OH
0]
HO. OH d
\)\/ - Hy0
glycerol acrolein

HO_ / \ H 7\ .
0 — A < e O
DMF R

HMF R PX
‘ DA-adduct
Ho_ / \ OH
77/@\( R z ~_OH
o o] -H20
FDCA ethylene ethanol

Figure 9.15 Cycloaddition routes to TA.

One of the first reports to mention a catalytic tandem Diels-Alder aromatization reaction to
synthesize aromatic bulk chemicals from furans (i.e. FDCA) is a review paper by Okkerse
and van Bekkum [142]. Unfortunately, no experimental details are given. A patent application
to BP mentions a yield of less than 1% of TA following this approach [143]. This is to
no surprise as in normal electron demand Diels—Alder reactions frontier molecular orbital
theory requires the diene to have electron releasing substituents and the dienophile to have
electron withdrawing substituent in order for the reaction to proceed. Since FDCA has electron
withdrawing substituents, only inverse electron demand Diels—Alder reactions are possible, for
which ethylene is unsuitable. Instead of using FDCA as furan-based diene, 2,5-dimethylfuran
(DMF), obtained by hydrogenation of HMF, has recently been shown to react with ethylene
to PX in a one-pot consecutive cycloaddition-aromatization sequence [144]. The UOP patent
application claims a 30% yield per pass, at 200-330 °C and 30-45 bar of ethylene pressure.
The efficacy of the Diels—Alder reaction is reflected by the fact that this method gives PX in
good yields (up to 92%), although the process requires a high pressure of ethylene, as well as a
high reaction temperature. A paper by Williams e al., further describes this reaction, showing
that using various zeolite type catalysts and temperatures up to 573 K and 75 bar of ethylene
pressure PX can be formed with 75% selectivity [145].

In another approach, Shiramizu and Toste describe a method for converting 2,5-
dimethylfuran into TA by cycloaddition with acrolein followed by aromatization and decar-
bonylation [146]. Using Lewis acid catalysts and temperatures as low as —55 °C, the authors
were able to obtain (non-isolated) yields of the Diels—Alder adducts in up to 75%.

Another approach to produce bio-TA via a cycloaddition reaction as one of the key steps, is
promoted by the Draths corporation (recently acquired by Amyris (www.amyris.com, accessed
22 June 2013)). They are developing fermentation technology to produce renewable-based
monomers from muconic acid. Amongst others, the company’s product portfolio includes
bio-based TA (Figure 9.16).
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Figure 9.16  TA from muconic acid.

In this process, sugars, obtained from biomass, are fermented at low pH into cis-muconic
acid. The process of microbial muconic adic formation was already described by Frost and co-
workers, who developed E. coli WN1/pWN2.248 that synthesized 36.8 g/L of cis,cis-muconic
acid in 22% (mol/mol) yield from glucose after 48 h of culturing under fed-batch fermentation
conditions [147]. This strain did not possess the aroE encoded shikamate dehydrogenase
preventing the cells to convert 3-dehydroshikimic acid into shikimic acid which is available for
production of cis,cis-muconic acid. Optimization of microbial cis,cis-muconic acid synthesis
required expression of three enzymes not typically found in E. coli. A recent patent application
by Bui et al. describes a productivity of 59 g/L cis muconic acid from 248 g/L glucose by a
modified E. coli. in a 20 L fermenter in 88 h.

In another patent application Frost et al. claim the synthesis of dimethyl cyclohex-2-ene-1,4-
dicarboxylate starting from trans,trans-dimethyl muconate, using high pressures ethylene at
150-170 °C. According to the patent application, dimethyl cyclohex-2-ene-1,4-dicarboxylate
can be successfully converted into TA by reacting it over Pt/C in the presence of oxygen and
acetic acid [148].

In conclusion, with regard to bio-based TA or IA based polyesters, it can be stated that
routes to most of the important diols are already established and even commercialized, whereas
various routes towards bio-based TA or IA are currently under development. The significant
progress that has recently been made in this area is a strong indication that bio-based TA can
become viable in the near future.

9.6 Conclusions

In this chapter we have given an overview of four types of biomass-derived monomers and
their applications in polyesters. Despite the fact that most of these monomers have been
known for over a century, the development of efficient industrial routes to the monomers,
as well as the development of polymer applications (isosorbide, FDCA, and succinate) is
being intensively pursued by both industry and academia. All of the materials discussed in
this chapter have unique and commercially relevant properties, so we can expect significant
scientific breakthroughs and commercialization in the years to come.
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Polyamides from Biomass
Derived Monomers
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10.1 Introduction
10.1.1 What are Polyamides?

Polyamides are probably better known under their colloquial name nylon, originating from
DuPont’s widely successful introduction of PA66 for women’s pantyhose (stockings) in the
1940s. While the name ‘nylon’ was originally limited to the registered trademark of PA66, it
has since come to be synonymous with the nomenclature of all polyamides. Even though the
words ‘nylon’ and ‘polyamide’ have since become interchangeable, in this chapter the official
chemical terminology of polyamides (PA) will be exclusively used.

Polyamide resins are linear condensation polymers with a high degree of crystallinity with
repeating amide (—CO-NH-) links in their molecular chain. The number of carbon atoms
between the amide bonds in the main backbone designates the number after the prefix ‘PA’.
There are, however, two distinct types of polyamides with the following chemical formulas

[1]:
Monadic (AB): H — [NH — C,Hy,_,R, — COJ, — OH
Dyadic (AABB):  H — [NH — CyHay, R, — NHCO — CyHa,, R — CO] — OH

Monadic (or AB) polyamides are based upon a single repeating lactam with, on the one end
an amine reactive group, and on the other end a carboxylic acid group. The lactam thus reacts
with itself and the number describes the lactam involved. Dyadic (or AABB) polyamides are
based on the reaction of a diamine and a diacid. The diamine and the diacid react alternatively
with each other in a salt solution. In regards to the nomenclature, the first number describes

Bio-Based Plastics: Materials and Applications, First Edition. Edited by Stephan Kabasci.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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Figure 10.1  Visual depiction of monadic (AB) and dyadic (AABB) polyamides.

the diamine while the second number describes the diacid. Depending on the familiarity of the
AABB-polyamide involved, the numbers can be written with or without a comma (e.g. PA612
or PA6,12).

Visually, the classification of polyamides is easier to comprehend (see Figure 10.1). Monadic
(AB) is a single monomer system reacting upon itself, while dyadic (AABB) is a dual com-
ponent system.

Although, the lactams are limited to certain geometrically stable ring structures, in theory
nearly any combination of an amide and carboxylic acid monomer could create a polyamide. In
practice, however, only several major petro-based and bio-based types have been established.

10.1.2 What is the Polymer Pyramid?

The world of polymers has spawned such success and diversification that grouping and clas-
sification is beneficial. A tool frequently used is the polymer pyramid. Listed below (Fig-
ure 10.2) is a typical polymer pyramid. The base of the pyramid is labelled as commodity
polymers, seeing that they are produced in ample quantities (indicated by the width of the
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Figure 10.2  Cost vs. performance pyramid of petro-based and bio-based polymers.
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pyramid) and their use is more cost driven than performance driven. Those polymers that
are firstly, less frequent and secondly, more performance driven are located at the peak of
the pyramid. Polyamides are generally classified as either engineering or high performance,
although their exact location is rather subjective as each major petrochemical company will
construct their own pyramid. The implications of performance are discussed in the next section.
What is important here is to draw parallels between the traditional petro-based polyamides
and the novel bio-based polyamides. Unlike most available biopolymers, the polyamides from
biomass derived monomers are located in the upper half of the pyramid.

The classification of all polymers and their consolidated production capacities is presented
at  http://www.plasticseurope.org/documents/document/20130627092230-plasticseurope,_
statistical_monitoring,_pemrg, 2013-06a_-_summay.pdf and http://en.european-bioplastics
.org/market/ (accessed 25 July 2013). Focused solely on their global production capacities,
polyamides are rightfully positioned in the upper portion of the pyramid. Total demand of
polyamides in 2006 was 2.29 x 10° tons, which was forecasted to reach 2.79 x 10° tons by
2011 (less than 1% of the total polymer market) as more recent data is not yet available [2].
This relates to an annual growth rate of about 4%. Of this modest quantity, the ‘engineering’
types (PA6 and PA66) combined represent the vast majority of this global polyamide market.
Between 1996 and 2006, only 5% to a maximum of 15% of the polyamides were not PA6
or PA66. This is of course even less for the bio-based polyamides; as recently as 2010, they
achieved a total global capacity of 40 000 tons, of which more than half was allocated to the
production of PA11. In this regard, polyamides, especially bio-based polyamides, are niche
products selected mainly for their performance as opposed to their cost position.

10.1.3 Where do Polyamides from Biomass Derived Monomers Fit?

The monomers for the bio-based polyamides are derived partially or fully from renewable
feedstocks. Hence, their carbon backbone is sourced from a biomass resource. It can be argued
that a strong reduction in greenhouse gas emissions or the inclusion of such bio-sourcing is
an additional performance factor. This would facilitate the fusion of the two pyramids (as
displayed in Figure 10.2) into one. The bio-based polymers would receive an ‘eco-bonus’ and
be displayed at a higher level than their petro-based counterparts or alternatives. On a purely
technical level, this is of course not correct. However, from a marketing perspective, this
may very well be a key performance factor that justifies higher pricing. Therefore, the central
question remains how to evaluate the polyamides produced from biomass derived monomers
subjectively.

10.2 Technical Performance of Polyamides
10.2.1 How to Differentiate Performance

As classified above, these high-performance polymers are characterized by their exceptional
hardness, good impact strength and excellent abrasion resistance. Their fibres are also generally
associated with silky quality due to their natural elasticity. This combination of properties
differentiates the polyamides as a separate category against most other polymer materials.
Such categorization is routed in the characteristic amide functional links, which facilitate
an internal hydrogen bond between the different polymer chains. Especially in regards with
the thermal and mechanical properties, the shorter polyamides, with their high proportion of
amide links, outperform their long aliphatic relatives. On the other hand, the amide links also
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Table 10.1  Selection of properties for typical base petro-based and bio-based polyamides.

Bio- Water
Polymer sourcing LCA* Temperatures (°C) Tensile (MPa) adsorption
Percentage Uptake
of C-atom kgCO2eq/kg Tg Ts Tm Strength Modulus (%)
PA6 0 9.1 47 179 218 80 3000 10.5
PA66 0 7.9 50 230 258 72 2500 8.2
PA610 63 4.6 48 196 206 61 2100 2.9
PAT010 100 4.0 37 171 191 54 1800 1.8
PA1012 45 5.2 49 151 181 40 1400 1.6
PATOT 50 6.9 125 280 285 73 2700 3.0
PAT1 100 4.2 42 154 183 34 1100 1.9
PA12 0 6.9 138 151 176 45 1400 1.5

Notes: All values are averages. MATWEB Material Property Data (www.matweb.com, accessed 22 June 2013) and Evonik
internal technical product datasheets. *LCA: lifecycle assessment, based on PE International database (http://www.gabi-
software.com/databases/, accessed 22 June 2013), internally certified studies and GaBi-based calculations and industrial
datasheets [2, 3, 4]. Ty: Glass transition temperature, as measured by 1SO11357.; T,: Vicat softening temperature as mea-
sured by 1SO306; Tn: melting-point temperature as measured by 1ISO11357; tensile strength and modulus as measured by
1SO527 1/2; water adsorption at saturation based on full water contact, internal procedure.

lead to a higher degree of water uptake and chemical attack meaning that the longer aliphatic
polyamides are inheritably more chemical and hydrolysis resistant while displaying a lower
water uptake. In many demanding applications, these properties are a more decisive criterion
than mechanical strength and thermal stability alone. Table 10.1 lists an overview of some of
the key properties of typical petro-based and bio-based polyamides.

The level of bio-sourcing of the carbon backbone is listed in the first column and as
the nomenclature suggests, the bio-based polyamides have a mid to long chain length. This
enables these bio-based polyamides (PA610, PA1010, PA1012, and PA11) with straight chains
to outperform the standard short chain polyamides (PA6, PA66) in terms of water uptake and
to a degree, chemical resistance — yet, due to the sheer complexity and quantity of chemical
solutions and testing options, the term ‘chemical resistance’ must be generalized and therefore
is not listed. As bio-based polyamides are also shorter than their long-chain relatives (PA12)
they outperform them in terms of mechanical strength and heat resistance. In essence, the
bio-based polyamides lie between the short-chain and long-chain polyamides and depending
on the desired application can be either superior or inferior to their petro-based relatives.

In the polyamide business, base polymers (as the properties above adhere to) are rarely
applied. In addition to this — as standard practice — the base resins are usually altered by
controlling the resulting molecular weight, producing copolymers or simply by blending. The
values listed in Table 10.1 are thus averages, implying that such alterations can create large
deviations between the different base polymer types. To make the matter of comparisons
even more precarious, polyamides destined for high demanding niche markets are further
tailored through compounding to achieve the desired end-use properties. A wide range of
compounding options are available, such as adding thermal stabilizers, anitoxidants, impact
modifiers, plasticizers, light stabilizers, flame retardants and lubricating additives. Therefore,
direct comparison of the different polyamides based on their technical performance is not as
straightforward as Table 10.1 might suggest.

The categories of bio-sourcing and lifecycle assessment will be separately discussed in the
following sections. Price performance ratios or even indications cannot be considered as prices
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are not listed and specially tailored compounds are frequent in the high-performance segment
of polymers.

10.2.2 Overview of Current Applications

While a layman or laywoman will likely associate polyamides (here nylons) with panties, other
apparel items and/or fishing lines, they are in fact employed in a diverse range of applications.
Furthermore, the public perception is now far from the truth as the extrusion of filaments and
fibres for nontechnical applications such as fishing nets and lines is currently only a minor
niche field. To better categorize and describe the application fields in which polyamides are
applied, segregation based on downstream processing technologies is beneficial to provide a
good overview.

In general, polyamides can be broken down into two large processing segments; injection
moulding and extrusion processing [5]. Other smaller processing fields do exist but are not
significant compared to these broad processing segments. As a niche processing technology,
powders (especially powder coating) stand out and are applied in noticeable quantities but
this will not be mentioned here in further detail. Listed below is an overview of this process
determined segregation with their application fields and several product examples as well as
their corresponding production ratios.

As briefly mentioned in section 10.2.1, polyamides are selected for their performance and
thus specific properties with only a minor price pressure. In recent years, the automotive market
has evolved to become the single largest application field for moulded polyamides. They are
selected for their excellent resistance to chemicals (such as gasoline and other petroleum
products) and the environment (such as water and light) plus their relatively high temperature
stability. Much of the growth mentioned in section 10.1.2 is derived directly from this market
to the point that the total polyamide consumption is stipulated and almost dependent on the
success of new car and truck production.

Injection moulding (76% of total)
o Automotive and truck parts: tanks, reservoirs, covers, tubing, piping.
o Industrial machinery parts: parts for small engines; gears, caps, housings.
o Consumer articles: valves for aerosol cans, wheels, toys, shoes, ski boots.
o Electrical and electronic parts: connector clips, fasteners, guiders, castings.
o Appliance parts: dishwashers, refrigerators, freezers, irons, blenders.
o Hardware and furniture parts: fasteners and rollers.
Extrusion (23% of total)
o Film and extrusion coating: lamination, foils, barrier layers, sealants
o Wire and cable: protective layers, insulation
o Tubing and pipe: pressurized pneumatic systems, brake cables, gas
o Nontextile monofilament: paintbrushes, toothbrushes
Stock shapes: precision parts, bottles.
Other (1% of total)

O

It is conceivable that the bio-based polyamides might also find many suitable applications
in the broad area of automotive and truck parts, but due to their current price situation and low
capacities it is highly unlikely that this will be the dominant segment. As seen in Table 10.1, the
bio-based polyamides have a different set of properties compared to the more price sensitive
short-chain polyamides. To gain market entrance, it would be wise to focus on application
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Table 10.2  Overview of major® producers of bio-polyamides.

Company Trade Name Basis PA410 PA610 PAT1010 PA1012 PA10T PA11
Arkema Rilsan °
BASF Ultramid °

Dongchen n/a °

DSM EcoPaxx °

EMS Grilamid ° °

Evonik Vestamid Terra ° ° °

Solvay Technyl °

Suzhou Hipro Hiprolon ° ° o

Wauxi Xingda n/a ° ° °

Notes: *Notable capacity: i.e. larger than 1 kton/a. Solvay includes previous activities of Rhodia; Wuxi includes previous activities
of DuPont; Arkema recently acquired the activities of Hipro.

areas that demand their specific set of properties. The emerging trend of LOHAS (lifestyle of
health and sustainability) enables the bio-sourcing and ecological aspects to become actual
performance factors for some application segments. Generally, the closer products are to the
end customer (actively practising LOHAS), the greater the willingness to pay an eco or bio
premium as a key performance indicator. This will likely shift the focus of bio-polyamides
to consumer articles and other fields currently held by other petro-based polymers. Well
differentiated petrochemical/polymer companies offering a multitude of polyamides including
the novel bio-based variants (such as Evonik, see Table 10.2) will benefit particularly strongly
by providing customers with the specific properties required in the various application areas.
The global trend of LOHAS and product personalization will further support this reasoning,
opening new application fields for bio-based polyamides.

As a final note, it is also conceivable that several petro-based and bio-based polyamides will
be copolymerized or blended to tailor to meet the needs of certain application areas. In essence,
this would create an ideal combination of properties to facilitate an ideal price-to-performance
ratio. It should then be mentioned that this will further expand the product portfolio and make
listed comparisons, such as in Table 10.1, nearly impossible to construct. The future of bio-
polyamides may be in consolidation and a clear-cut focus on certain defined applications areas
demanding their specific properties. The actual development remains to be seen.

10.2.3 Typical Association of Biopolymers

Biopolymers can mean different things to different people. In many regions, there seems to be
even a bit of confusion in the industry and amongst key stakeholders. Much like how nylon
is associated with pantyhose, biopolymers are innately associated with inferior performance
and biodegradability. The common attribute of this analogy is that both associations can be
traced back to the first major success stories. Yet, unlike with the case of polyamides, to date
the biodegradable and low performance biopolymers still dominate the global production. In
Figure 10.3, the distribution of the current 700 000 tons global biopolymer production capacity
is shown [6].

Even this listing style assists in rousing confusion towards the classification of biopolymers.
Biodegradable polymers, even those 100% based on the traditional petrochemical production
route are including in this listing. In some cases, polymers with a petrochemical feedstock,
but a biotechnological intermediary step (such as fermentation or enzymatic catalysis) are
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Figure 10.3  Global biopolymer production capacity distribution.

included in the semantic ‘biopoylmers’. The correct definition of biopolymers would be those
polymers synthesized from monomers that are fully or partially based on (or sourced from)
biomass feedstocks. Terms such as renewably sourced, vegetable based or bio-based are all
synonymous with the prefix ‘bio” as in biopolymer. Sourcing only refers to the carbon backbone
originating from a biomass (renewable plant) source.

Glancing at the list, the second association of inferior performance becomes apparent. The
two single largest biopolymers on the market are PE/PET types and PLA/PHA types; PE
and PET are pure commodity products and even their durable petrochemical equivalents are
not necessarily associated with any particularly high performance criteria. They are primarily
price driven. Starch and cellulose, as well as PLA/PHA, are a new breed of polymers, which
mostly have even worse properties than existing olefins.

‘Bio’ does not necessarily have to denote low quality or inferior let alone biodegradable.
As mentioned in section 10.2.1, polyamides are true high performance polymers, yet seeing
that only 5% of the current biopolymer market is served by PA-types it may take a while to
modify the public perception and association. In this respect, the title of this chapter has been
well chosen. Furthermore, several of the main bio-based polyamide producers have opted to
use the trade names originally deemed for their main petro-based polyamides to uphold the
notion of high performance, for example Arkema with Rilsan or Evonik with Vestamid (see
Table 10.2).

10.3 Chemical Synthesis
10.3.1 Castor Bean to Intermediates

Castor bean is a rarity amongst the oilseed crops. Firstly, the bean has an abnormally high
oil content of 40-60%. Secondly, the chemical composition of the castor oil is highly defined
and concentrated on a single fatty acid. Between 85 and 90% of the castor oil is the C18 fatty
acid ricinoleic acid found in the form of a triglyceride ester, hence the binomial nomenclature
(Latin name), Rizinus cumminus.

Although the cultivation practices and supply chain will be described in the following
section, the cultivation methods and locations apparently have little influence on the chemical
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Figure 10.4  Production pathway for monomers based derived from castor bean.

composition of the castor bean. This robust trait leads to a reproducible quality that enables
bean mixing and the option of broad sourcing of the material. The initial oil pressing and
refinery steps can thus operate with a wide array of sourced castor beans.

The main production pathways for the monomers used in polyamides are illustrated in
Figure 10.4. Ricinoloeic acid (C;gH3403) is the essential building block and starting point for
the two distinct production routes; undecenoic acid and sebacic acid. The mechanical pressing
and solvent extraction methods employed to release and separate the fatty acids (oils) are
standard techniques. Nonetheless, there is a wide degree of technologies employed and some
modern castor specific techniques have also been explored and incorporated [7, 8].

As mentioned, castor oil is a triacylglycerol composed of various fatty acids and glycerol
with an extraordinary high concentration of the C18 fatty acid ricinoleic acid. The oil pressing
and refinery steps are employed to extract the C18 fatty acid and purify it for further use as
a building block. As seen in Figure 10.4, several side products and residues are produced.
Firstly, the beans are physically or mechanically separated from the outer shell or husks;
they are typically burnt for their calorific value. Secondly, after the mechanical pressing and
subsequent solvent extraction a residue, called the castor cake, remains. Untreated, the castor
cake contains toxic compounds such as ricin and ricinine and allergens. A detoxifying step is
therefore required to facilitate its use as a fodder, feed or as an agricultural fertilizer. There
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are numerous physical and chemical methods available to convert the cake to a meal [7].
Thirdly, to obtain single fatty acid esters, the triglycerides (oils) are subjected to either a
transesterification step, common in biodiesel processing, or a saponification step unique to
castor-oil processing. Both steps involve reacting the triglycerides with an agent to break
the ester bond. As a side product glycerine is produced. In regards to the transesterification,
an alcohol (usually methanol) is used, which results in the intermediate molecule, methyl
ricinoleate. In regards to the saponification step, an alkali (usually sodium hydroxide) is used,
which results in pure sodium ricinoleate. Not displayed is the waste-water stream resulting
from the neutralization of the alkaline solution related to this process. Some processes are being
studied using physical, as opposed to chemical, treatment to reduce the waste water stream.
Lastly, and for both routes, the residual fatty acids and other impurities are left untreated in
the meal or in the waste water streams.

10.3.2 Undecenoic Acid Route

The monomer used for the AB polyamide PA11l is 11-aminoundecanoic acid. There is a
multitude of process steps involved to arrive at this monomer, which have been termed here
collectively as the undecenoic acid route.

As displayed in Figure 10.4, the ricinoleic acid (here the transesterification product, methyl
ricinoleate) is subjected to a pyrolysis step. More specifically, the cracking pyrolysis takes
place at 500-600 °C in presence of water vapour but in the absence of air to release undecenoic
acid (methyl undecenoate) and heptaldehyde. The side product heptaldehyde is a source of
several seven carbon-containing co-products such as heptanoic acid or heptanol. The main
intermediate, methyl undecenoate, is further treated [9]. Firstly, it is hydrolysed to yield
undecenoic acid. Then, it is reacted with hydrogen bromide in a nonpolar solvent to enable
the reverse addition reaction, which forms bromoundecanoic acid. Finally, upon ammonia
treatment, the crystalline solid 11-aminoundecanoic acid is formed and separated.

The pyrolysis step is not particularly efficient at yielding methyl undecylenate [7]: straight-
forward techniques lead to low yields of 17-35% whereas newer techniques can reach values
between 45-50%. By including these process values and starting chemical composition, the
overall yield to undecenoic acid is rather low: 15-20% of the original castor bean mass.

The formation of PA11l from 11-aminoundecanoic acid is conducted using the standard
water solution polycondensation technique with subsequent reactant water extraction. The
reactant water typically contains trace monomers and other impurities and is therefore treated.

10.3.3 Sebacic Acid Route

The diacid (BB) monomer used for the AABB polyamide PA610 and PA1010 is sebacic acid
(1,8-octanedicarboxylic acid). While the process to arrive at this monomer is straightforward,
it too will receive a collective term, the sebacic acid route.

As displayed in Figure 10.4, the ricinoleic acid (here the saponification product, pure
ricinoleic acid) is subjected to a further alkaline treatment. At elevated temperatures (180—
270 °C) the ricinoleic acid is subjected to a strong soda (with NaOH or KOH) treatment to
cleave 2-octanol and sebacic acid. The 2-octanol side product could be a source for various eight
carbon products, but is currently marketed in low-end applications areas such as plasticizers,
if not directly combusted.
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The alkali steps are not particularly efficient at yielding sebacic acid [7]: straightforward
techniques lead to low yields of 23-42% whereby newer techniques can reach values up to
72-76%. By including the standard process values and starting chemical composition, the
overall yield to sebacic acid is rather low: 10-15% (30-45% under new technologies) of the
original castor-bean mass. This value is however very subjective to the technology involved
as the several small and large sebacic acid producers employ strikingly different degree of
technological advancements.

The diamine (AA) monomer used for the PA610 AABB polyamide is hexamethylene
diamine (HMDA), which is produced petrochemically from butadiene.

AABB polymerization has an extra element of complexity compared to AB polymerization.
Slight deviations in the proportion between the diacid and diamine can lead to premature chain
termination causing low molecular weights and an uneven distribution. In order to achieve
the desired molecular weight (chain length) and equal distribution a so-called ‘nylon salt’
solution is initially prepared. This crystalline solid structure is formed at room temperature
using an exact stoichiometric ratio of 1 to 1. Afterwards, at elevated temperatures (250—
300 °C) the salt solution reacts to form polyamide. Chain length termination is controlled
by bringing the solution out of equilibrium via either diacid or diamine dosing. Thus, the
formation of PA610 from sebacic acid and hexamethylene diamine is conducted using the
nylon salt polycondensation technique with subsequent reactant water extraction. The reactant
water typically contains trace monomers and other impurities and is therefore treated.

10.3.4 Decamethylene Diamine Route

The diamine (AA) monomer used for the AABB polyamide PA1010, PA1012, and PA10T is
decamethylene diamine (DMDA or 1,10-diaminodecane). As DMDA is derive from sebacic
acid it belongs to the abovementioned sebacic acid route.

There are several processing steps involved to form DMDA from sebacic acid [10]. Firstly,
sebacic acid is exposed and reacts with a nitrogen source such as gaseous ammonia to form
diammonium sebacate. Upon continuous dehydration at elevated temperatures (200-220 °C)
the dinitrile octamethylene dicyanide (CoH ¢N>) is formed which, after purification, is hydro-
genated (80—100 °C, 2.5 MPa) in the presence of KOH and a nickel catalyst. Pure DMDA is
subsequently obtained through vacuum distillation.

The formation of PA1010 from sebacic acid and decamethylene diamine, like other AABB
polyamides, is conducted using the nylon salt polycondensation technique. PA1012 is formed
by the petro-based dodecanoic diacid (DDDA) and DMDA. PA10T is formed by DMDA and
terephthalic acid, a diacid with a benzene ring as a backbone.

10.4 Monomer Feedstock Supply Chain
10.4.1 Description of Supply Chain

While the castor bean plant is native to tropical Asia and Africa and grows in the wild in
many regions, it has found widespread cultivation success in only a few isolated regions
(http://www.hort.purdue.edu/newcrop/default.html, accessed 22 June 2013). These regions
correspond well with the ideal agricultural conditions to obtain maximum oilseed yields.
Throughout the growth season, the castor oil responds well to temperatures between 20 and
26 °C with a low humidity and grows best in loamy soils with medium texture. Nonetheless,
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castor beans are renowned as a low maintenance crop with the ability to be cultivated especially
on marginal lands and can tolerate various weather conditions. The vast majority of castor
bean cultivation is nevertheless still confined to the Indian state of Gujarat (northwest India).
This area is ideal to achieve high castor oilseed yields as can be seen by comparing the official
harvested yield figures [11]. The following lists the most recent (2006-2010) four-year average
of the main castor bean producing regions:

1. India: 12.6 ton/ha yield and 71.6% total harvest capacity;
2. China: 8.6 ton/ha yield and 13.2% total harvest capacity;
3. Brazil: 6.4 ton/ha yield and 7.2% total harvest capacity.

There are also several smaller players/regions (the residual 8.1%) who are increasing their
production and might play a role in the near future. At the moment, the market is clearly
dominated by India with yields nearly twice as high as in Brazil.

Castor bean is indeed cultivated at commercial operations in India, but cannot yet be
considered as a plantation crop. Most cultivation plots are operated by small family farms
and in many cases as a secondary (crop) source of income. Its low maintenance nature and
Gujarat’s ideal growing conditions facilitate this behaviour. In this respect, weather patterns
and more particularly the onset of the monsoon season, are critical for predicting the season’s
harvest. While it cannot be classified as such, to a certain extent castor oil is already being
treated as a commodity crop and is influenced by speculation [12]. The impact of pricing will
be covered in the next section.

In 2010, the worldwide castor oilseed production was over 1 x 10° tons while the castor
oil production amounted to around 600 000 tons [6, 12]. Most of the oil is destined for
motor lubrication and for use in the cosmetics area. After distribution to the other handful of
application fields, only a mere 150 000 tons are allocated for the production of sebacic acid.
This quantity leads to approx. 70 000 tons of sebacic acid, of which only roughly 20 000 tons
are currently dedicated for polyamides. Even with the additional circa 50 000 tons of castor
oil needed for PA11, polyamides only represent about 10% of the crop harvest.

The castor bean is stable and stores well, which gives the option of transporting the oilseed
for further processing. Nonetheless, most castor-oil production is decentralized and takes place
closer to the cultivation areas. On the other hand, sebacic acid and undecenoic acid production
is generally centralized by a few players operating in the vicinity of their distribution markets.
The polymerization facilities, if not linked directly to the acid processing plants, are also
centralized at key petrochemical hubs.

10.4.2 Pricing Situation

Listed in Figure 10.5 is the monthly price history of a selection of raw materials (in US$)
[12, 13]. In bold and black, the highly volatile yet clearly increasing price of crude oil can
be seen. Crude oil is the key raw material source for the petrochemical industry. Nearly
superimposed is the dotted grey line representing sebacic acid. Sebacic acid on the Chinese
spot market seems to more or less adhere to the world crude oil price. This is logical as its
derivatives (such as plasticizers, stabilizers and paints) and its already mentioned use as a raw
material for bio-polyamides compete directly with petro-based alternatives. Sugar, another raw
material used for bio-based materials and fuels (such as bio-ethanol and bio-polyethylene) as
well as food, has also risen during the period 2004-2012, but more stable and with a lesser
volatility compared to crude oil or sebacic acid. This is influenced by a lot of factors, of which
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Figure 10.5 Selected raw material price history.

many are debatable. Yet, as opposed to speculating or hypothesizing on the reasons, the key
issue shown in Figure 10.5 is the price change of castor oil between 2009 and 2012 in relation
to the other raw materials. Compared to sugar or crude oil, the 2011 peak of castor oil is
substantially higher than the previous peak of 2008 (or for sugar 2010). Naturally, due to the
direct use of castor oil, sebacic acid has experienced that same peak trend, whereby it is still
more closely related to crude oil price developments. To understand any product sourced from
castor oil, it is important to understand such price trends and the recent discrepancies with the
global trend.

The key difference between sugar and castor oil, for example, is marked in the level
of professionalism in the cultivation practices and the scale of cultivation. Sugar is a true
world commodity and is cultivated in many regions using state-of-the-art technology. The
relationship between supply and demand (and thus price) cannot be severely influenced by
a bad crop harvest of an isolated area. As mentioned above, castor oil on the other hand is
cultivated on a relatively limited scale and as a low maintenance (hence nonplantation) crop
does not incorporate all the amenities of modern agriculture practice. In the case of castor
oil, the relationship between supply and demand (and thus price) can be greatly influenced
by a bad crop harvest in an isolated area. This is the reason why monsoon predictions for the
Gujarat region have become an integral part of market data pertaining to castor oil. Market
speculation or a bad harvest or a slight yearly difference between supply and demand cannot be
easily compensated. While polyamides only represent 10% of the market share, their market
presence and perceived success, and public interest may have driven both speculation and, at
least temporarily, the supply and demand balance to higher prices. With the announcement and



Polyamides from Biomass Derived Monomers 287

inauguration of several new Chinese polyamide producers (see next section), the unusually
high price increase between 2009 and 2011 can be partially explained by these phenomena.

As was expected, the higher prices of 2010 and 2011 led many farmers (in all suitable
regions) to plant more castor beans, which increased the supply in the following years. Prices
in 2012 dropped heavily due to an exceptional year and the cultivation efforts of the previous
years. Especially in 2012, the prices were not in direct correlation with the crude oil prices.
What remains to be seen is if that supply and the rising demand will balance the equation or
if speculation and inefficient trading will dictate spot prices.

Another factor stipulating the recent (speculative) price development of castor compared
to other oil crops (such as soy bean, rape seed or palm oil — prices not shown) is castor
oil’s consistently high concentration of C18 fatty acid. This makes replacement with other
oil crops difficult for existing industries based on this chemistry as there are no realistic crop
alternatives.

Presently, all polyamides produced from biomass derived monomers are based on those
monomers derived from castor oil. To a large extent, the price of bio-polyamides will thus
be directly influenced by the castor oil price. Such price formulas in addition to the mod-
erate economy-of-scale options and logistics will likely keep bio-polyamides in the upper
price range.

More information on pricing of biomass and raw materials for bio-based polymers can be
found in Chapter 13 of this book.

10.5 Producers

Table 10.2 lists the currently available bio-polyamide types and their notable producers and
trade names. No producer offers all variants, whereby Evonik has the largest selection. Arkema
is the sole worldwide producer of PA11 and of the undecenoic acid process. DSM is the only
company pursuing PA410. Aside from DSM and Arkema, all other producers active in bio-
polyamides offer PA610. PA610 is generally the market entry point for the Chinese producers
due to their cost positioning. Several smaller Chinese producers not mentioned in Table 10.2
produce PA610 for their own semi-finished product consumption/production.

This table does not give any indication of grades or compounding options. As mentioned
in section 10.2.1, rarely is a polymer, let alone a polyamide marketed pure (as a base poly-
mer). Especially in high performance applications, tailoring, modifications and certain quality
features are needed and sometimes essential. To ascertain the possibility of employing a bio-
polyamide for demanding applications, joint customer accompanied research and development
is advised.

10.6 Sustainability Aspects
10.6.1 Biosourcing

Biosourcing is a relatively new term conjured to describe materials based partially or complete
on renewable biomass. Biomass is biological material from living or recently living organisms;
crops, trees and castor beans are prime examples. As the title of this article implies and as the
last few sections explained in detail, bio-polyamides are biosourced to various degrees (see
Table 10.1).
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All organic and biologically based materials, fresh and fossilized, share one fundamental
chemical feature, which is that the carbon atom (C) forms the backbone. The field of organic
chemistry is based for the large part on the three elements carbon, hydrogen (H) and oxygen (O).
In fact, this is why life forms on earth are considered carbon-based. Bio-sourcing is an attempt
to differentiate between chemicals or products based on fossil fuels (petro-based) against those
based on renewable biomass (bio-based). It is a relatively crude yet universally understood
concept to quantify, in simple terms, the level of renewability or how ‘green’ a chemical
or product is. This classification applies to all organic chemicals and, more specifically, all
polymers. Inorganic chemicals such as chlorine or silica cannot be quantified using bio-
sourcing: quantification is mass-based.

An obvious limitation to bio-sourcing is that of functional groups. Many organic chemicals
and polymers contain other elements aside from C, H, and O, albeit typically in smaller quan-
tities. This is irrelevant for inorganic materials such as chlorine or sulfur as bio-sourcing does
not apply; however, for nitrogen functionalities it should apply. Adding nitrogen functionality
to a chemical or monomer (as described in section 10.3.4) involves chemically reacting it with
a nitrogen-based molecule, such as ammonia or dinitrile. These nitrogen-based molecules are
directly sourced from fossil fuels, most notably natural gas. Polyamides and bio-polyamides
by definition contain nitrogen functionality in the form of their amine bonds. Bio-sourcing is
thus limited to quantifying the carbon source. For this reason, an additional lifecycle assess-
ment (LCA) is advised to quantify the actual level of sustainability for all environmental
criterions.

10.6.2 Lifecycle Assessments

While it is implied that a bio-sourced product (or polymer) does contain carbon from a biomass
origin in its backbone, it does not necessarily imply an environmentally sound product. Since
the Brundtland Commission of 1987, ‘environmentally sound” has been encompassed by the
broader term ‘sustainable’. There are many aspects of sustainability, some can be quantified
whereas others are still more subjective.

Amongst the currently subjective aspects, social issues and responsibilities are frequently
being associated with the broad term ‘sustainable’: issues such as work conditions, exposure
to toxic chemicals, destruction of rainforests, or the more passionate issue with regards to
the bio-based economy; food versus fuel. The ‘food versus fuel’ debate arose when large
quantities of the food chain (such as wheat, sugar and corn) were allocated or planned to be
allocated for the production of biofuels or bioenergy. The validity of this subjective issue is
superfluous for bio-polyamides such as castor bean (as briefly mentioned in section 10.4.1).
Castor bean is sometimes referred to as a wonder tree because the oilseed contains toxic
substances that restricts its direct use in the food chain, it is grown mainly in arid to marginal
lands, it requires little or no fertilizer or other industrial chemicals and it has been cropped in
the existing cultivation regions for centuries [10]. It therefore does not compete with food or
cause rainforest destruction.

The currently quantifiable aspects of sustainability are analysed using an LCA according
to ISO14040:2006. Figure 10.6 illustrates the general LCA structure with the various impact
categories and types (scope). While exposure to toxic chemicals cannot be quantified, an
LCA allows, for example, the release of toxic substances to be quantified as a separate
impact category. There are some aspects that must be clarified as they are directly relevant to
biopolymers and thus bio-polyamides.
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Figure 10.6  Structure of lifecycle assessments.

Firstly, scope. Listed in Figure 10.6 are three scope variants: gate-to-gate, cradle-to-gate
and cradle-to-grave. The cradle-to-gate scope is preferred for polymers with the gate set at
the delivery of pellets. This scope entails all process requirements and environmental impacts
involved to acquire feedstock and produce the polymer. As mentioned previously, polymers,
especially high performance bio-polyamides, are not marketed pure (base) but are tailored
(compounded) to meet specific requirements of high-demand application areas. This makes
product use and end-of-life disposal exceedingly customer specific and too complex and broad
for the polymer producer to assess.

Secondly, impact categories. Figure 10.6 lists just a few select examples: global warming,
acidification, eutrophication and ozone depletion. A full LCA facilitates dozens of separate
impact categories. The global warming potential or otherwise frequently called ‘CF: carbon
footprint’ is preferred not only by polymer producers, but by their customers. Often when an
LCA has been conducted, it is the carbon footprint (COxq) that is requested by customers and
end customers. All other impact categories are simultaneously calculated and can be docu-
mented; it would appear, however, that CO,q has become the sole universal and quantifiable
impact category to represent sustainability.

Conducting LCAs is a recent development and they are evolving over time, with data accu-
racy and calculation methods constantly improving, while adapting new scientific standpoints.
Land-use change has quickly emerged out of the subjective and into the quantifiable realm of
sustainability. Clearing a rainforest for palm-oil plantations or for cattle pastures are typical
examples of land-use change. The CF impact category has been unofficially agreed upon to
express global warming potential over the course of 100 years. Attempts are now being made
to quantify land-use change by calculating the biogenic carbon lost through the conversion of
fertile lands or forests to biomass cultivation plots. In newer LCA databanks and calculations
land-use change is included in the CF impact category for biomass crops. This will present
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a likely disadvantage for many bio-polymers but does not greatly affect bio-polyamides as
castor bean is grown largely on marginal lands and has been for centuries.

There is still a large degree of uncertainty linked with LCAs and large deviations in the
presented results can occur, especially for biomass-related assessments. While the methodol-
ogy appears to be standardized, different databases, assumptions and LCA practitioners with
their own set of personal interpretation can lead to surprisingly different results. As an exam-
ple, the published LCA results for PA610 (the most common and most frequently reported
bio-polyamide) are strikingly different, which lead to an average of 3.3 kgCOgq/kg with a
standard deviation of 1.3 kgCOx,q/kg. This relates to a standard deviation of 40% between the
different producers.

It would be unfair, and in fact incorrect, to compare such values or deviations at face
value. Each producer has its own set of proprietary technologies and process conditions. In
fact, the polymerization process can vary significantly. To achieve high viscosities (a desired
performance factor), longer reaction residence times under elevated temperatures and pressures
as well as longer post-condensation treatments are required. High viscosity grades will thus
result in higher CO»q values. The energy source involved in the polymerization will also have
an impact; nuclear energy has a lower CF than coal. Despite these valid issues, the indicated
differences with these PA610 results are mainly attributed to the currently inaccurate nature
of an LCA. Values are rarely accompanied with a sensitively analysis.

To continue with the PA610 example, in Figure 10.7 the cumulative energy demand (CED)
and greenhouse gas emission cycle are visualized [14]. Almost all bio-based or bio-sourced
products have a lower CF due to the locked atmospheric (biogenic) carbon in the product. In
some cases it can even be negative. As previously described, the components of PA610 are
sebacic acid (C;oH;304) and HMDA (C¢H;¢N>). As the sebacic acid is bio-sourced, its carbon
content is of biomass origin. These interlocked carbon atoms in the resulting bio-polyamide
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would result in approximately 1.5 kg of CO,q release upon combustion or degradation at the
end-of-life. A total of 2.2 kg of CO,¢q would be released for PA610. On the right-hand of the
graph, the —1.5 kgCO,/kg represent this biogenic carbon. The 4.6 kgCO,/kg expresses the total
CF involved to procure the raw material and process the polymer minus the biogenic carbon
of the sebacic acid. Conversely, carbon attributed to crude oil or naphtha is not included. On
the left-hand side of the graph, the 0.0 kgCO,/kg represents the allocation of the interlocked
carbon originating from crude oil. The 7.3 kgCO,/kg expresses the total CF should PA610 be
produced exclusively from petrochemicals. Polymers are robust materials but typically reach
their end-of-life before 100 years. The 2.2 kg of CO,.q will inevitably be released within the
100 year timeframe.

Comparing the COyq results at the ‘intermediary’ factory gate would lead to a savings
of 37% for the bio-polyamide. However, when including the interlocked carbon backbone
release, the savings are reduced to 28%. This interpretation is not the case with the CED
calculations, for the energy content locked in the crude oil is included. Solar energy used for
biomass growth is of course free and not a primary energy source. Therefore, the associated
CED of the petrochemical raw material is 44.9 MJ/ton and 0.0 GJ/ton for the biorefinery route.
The energy contained in PA610 and released upon combustion is 36.9 MJ/ton. Seeing that this
‘end-of-life’ value has already been accounted for on the petrochemical route, and to compare
by equal measures, this calorific value should be deducted from the ‘intermediary’ factory
gate for the biorefinery route. In this case, the displayed energy loss of 16 MJ/ton becomes a
saving of 21 MJ/ton. To be consistent, either the released biogenic carbon should be included
or the calorific energy should be deducted from the bio-polymer in question.

This issue, visually depicted in Figure 10.7, is common for all LCAs involving the compar-
ison between petro-based and bio-based products. It has been elaborately described to stress
the inconsistency and to an extent where inaccuracies can arise in performing LCAs. The
entire methodology is a work in progress and is evolving to address such issues. Lifecycle
assessments are nonetheless vital to measure sustainability. Currently, however, the results
must be taken with a grain of salt. Furthermore, as will be described, bio-based chemistry is
relatively new and many technological advancements are foreseeable in the near future. The
sustainability of bio-polyamides and their CF (LCA) values will inevitably improve.

10.6.3 Labelling and Certification

The topics of biosourcing and lifecycle assessment, mentioned above, are perfect candidates
for labelling and certification for bio-polyamides. The bio-based content of products such
as polymers can be tested and verified using radiocarbon dating. Carbon originating from
fossil fuel sources compared to biomass source will display a different set of C'* isotopes.
The DIN ISO 10694:1996 uses such testing methods and is authorized to issue biosourcing
labels. Other government bodies and organizations (such as the USDA) are also pursuing
biosourcing labelling. As more end customers request ‘green’ products it is becoming increas-
ingly important to guarantee authenticity and use the labelling as a marketing tool to promote
biomass derived products. Efforts are being made to certify LCAs as specialized institutions
offer service to verify ones methodology and set of assumptions. It is a first step to address
the above mentioned issues of personal interpretation. The validity of such a certified LCA
would nonetheless be limited as improvements or drastic operational changes will require
amendments and constant monitoring. In this respect, the LCA certification provides a reliable
guide to sustainability whereas the biosourcing labelling provides a quality guarantee.
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10.7 Improvement and Outlook

The collective value and supply chain of bio-based products is relatively new. While some
bio-polyamides have been on the market longer than others (read: PA11 vs. PA10T), they are
still novel polymers with plenty of room for improvement.

On the farm level, as mentioned in section 10.3.1, new processing technologies have already
been envisioned and tested, which when employed could increase yield, lower waste water and
generally improve the sustainability factors. Yet, due to the market structure and geographical
location of the castor oil to intermediates, it is unlikely that any groundbreaking improvements
will occur in the near future. Gradual improvements and more consolidated cultivation is,
however, more foreseeable. In any case, improvements and investments will be driven by
castor oil’s primary buyers, who are not bio-polyamide producers.

On the petrochemical site level, there are several direct improvement options that the bio-
polyamide producers can pursue. Although, confined to the AABB types, direct melt polymer-
ization is one such option. Process control is more difficult, meaning that polymer knowhow
and technological finesse are prerequisites. The system would translate into lower energy
consumption, reduced waste water treatment, shortened drying times and higher throughputs.
According to internal LCA calculations it would be possible to reduce CF and CED by another
43 and 12% respectively.

Confined to PA1012, the diacid (BB) DDDA can be bio-sourced. Facilities do exist that
can process palm kernel oil into a lauric acid derivative and consequently into DDDA. At
the moment, the sourcing of such a raw material is not competitive or reliable. The financial
incentive of the eco-bonus performance factor might steer this development.

Thus far this chapter has focused upon bio-polyamides existing on the market. There are,
in fact, several research projects, either bent on developing a bio-based monomer alternative
for a traditional polyamide or on investigating completely new polyamides. Research work
has begun to create a new 4-diamine (AA) production route for PA46 or possibility for PA410
using novel biotechnological techniques [15]. Biomass (like sugar) is fed to cyanophycin
bacteria with the resulting product enzymatically cleaved to aspartic acid and arginine. At the
current stage of development, the researchers were successful at stabilizing and immobilizing
the Bacillus subtilis arginase enzyme needed to create ornithine from arginine. The 4-diamine,
specifically 1,4-diaminobutane, is produced from ornithine. In this case, the nitrogen function-
ality originally produced in the cyanophycin bacteria is upheld, which could yield energetic
and economic benefits [9]. Other research work has begun exploring the options of succinic
acid as a completely new 4-diacid (BB) type or as another source for the 4-diamine (AA) [16].
Succinic acid is used for a variety of industrial applications and has recently aroused further
industrial interest with the announcement of capacity expansions (see http://www.dsm.com/
nl_NL/html/den/03_05_2011_news.htm, accessed 25 July 2013). Succinic acid is produced
via fermentation of sugar. As a diacid, multistep chemical treatment with a nitrogen source
can convert it to the diamine much like sebacic acid to DMDA. The novel PA44 can be synthe-
sized from succinic acid and butylmethylene diamine (BMDA). It is a very high temperature
polyamide (M,, circa 300 °C). Due to the high concentration of amide links, it is expected that
PA44 will possess an unacceptably high water uptake for most applications.

Many of the wonders and promises of biotechnology remain to be seen if they are trans-
ferrable and applicable to bio-polyamides. Those bio-polyamides on the market are currently
all sourced from castor oil. The notion of discovering and cultivating other suitable biomass
feedstock material or using biotechnology to enable simple sugars to become feedstock is
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promising. Future bio-polyamides will surely incorporate technological or biomass-based
improvements.

As a final word, bio-polyamides are a clear example showing that bio-based and high perfor-
mance can correlate and, considering that the original definition of sustainable is ‘something
that lasts’, bio-polyamides are truly sustainable.
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Polyolefin-Based Plastics from
Biomass-Derived Monomers

R.J. Koopmans
Dow Europe GmbH, Switzerland

11.1 Introduction

‘Although theoretically possible, the utilization of biofuels as a primary feedstock for produc-
tion of commodity chemicals will most likely be constrained by a shortage of cropland, limited
capital, and the availability of lower cost alternatives. Absent unforeseen technological inno-
vations or significant government mandates, this situation is unlikely to change on a wholesale
basis in the coming decades’ [1]. This conclusion, published in a paper by Banholzer et al.
in 2008, based on environmental, economic, and technical facts and arguments, captures the
challenge of obtaining biomass derived versus fossil fuel derived monomers for the production
of polyolefin-based plastics. It is however a singular petrochemical industry perspective. This
industry has boomed since the 1940s, developing extremely efficient and highly integrated
processes for the mass production of chemicals and materials, including plastics, essential
to the functioning of society today. Alternative approaches beyond using fossil fuel have
just begun to make inroads into the established paradigm. Biotechnology and the concept of
biorefinery making use of renewable feedstock are receiving industrial attention. However,
significant scientific and technological challenges remain to be solved [2, 3].

Polyethylene and polypropylene, as generic classes of plastics, are by far the most dominant.
Together they account for approximately 70% of the world plastics production of about
230 x 10° tons in 2010 (www.plasticeurope.org, accessed 22 June 2013). Their production
volumes reflect their versatility as materials in multiple applications.

While society’s demand for these plastics continues to rise at a long-term rate of about 4%
(www.plasticeurope.org, accessed 22 June 2013), awareness for alternatives to fossil resources
derived plastics is growing. In addition, more emphasis is placed on sustainability of plastics

Bio-Based Plastics: Materials and Applications, First Edition. Edited by Stephan Kabasci.
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from an end-use perspective. The current economic paradigm, however, is not inductive to
bio(mass)-based alternatives [1] and current engineering technology does not enable immediate
replacement of existing plastics to deal with the growing concern [4] about specific uses and
end-of-life issues of their various applications [5].

A holistic approach and a new paradigm are required to consolidate the multiple drivers
that define the need for more sustainable products. For example, the cradle-to-cradle concept
of McDonough and Braungart [5] proposes a more nature-inspired product design principle
versus the more opportunistic commerce driven design of products and manufacturing systems
having grown out of the Industrial Revolution. However, ‘bio’ — typically the plant-alternative
to fossil feedstock technology — needs to be examined for its true environmental footprint [6].
System approaches such as the BASF AgBalance™ programme (http://www.agro.basf.com,
accessed 22 June 2013) or the University of Stuttgart GaBi™ software (http://www.lbp-
gabi.de/5-0-GaBi-Software.html and http://www.gabi-software.com, both accessed 22 June
2013) consider all aspects of crop cultivation in relation to economic, environmental and
societal impact enabling more sustainable decision making. Furthermore, the bio-alternatives
cannot be seen as independent from the required or desired final product performance. For
example, making ethylene (ethene) from sugarcane or corn via fermentation and dehydration
of resulting ethanol does not lead to a different kind of polyethylene from that produced from
fossil feedstock [1]. Making lactic acid from corn/maize to produce poly(lactic acid) does
not provide a plastic having the same performance characteristics as polyethylene nor can it
be used in the same or similar applications at identical cost. Moreover, a plastic that can be
composted does not require a plant-based feedstock [7]. Growing plants requires energy as
well and additional effects have to be considered, for example: the effective harvesting of the
desired chemical, the disposal or use of the remaining biomass — possibly as ‘bio-fuel’ -, and
the management of the water issues of lignocellulosic waste [8]. Similarly, a biotechnological
approach, using micro-organisms to produce chemicals, has energy issues impacting the
economic, environmental and social value in terms of sustainability and relevance.

In this context, looking for and finding viable options to manufacture polyolefin-based plas-
tics from bio(mass)-derived monomers, needs to be questioned in terms of its necessity given
the current petrochemical technology and infrastructure. The functionality of the produced
products and the relative limited fossil fuel used for their production should be balanced with
efforts to find avenues for alternative materials and applications stepping beyond the current
ones. Next-generation materials based on building blocks that nature uses may sidestep the
issue of trying to decouple the fossil fuel for energy from fossil fuel for chemicals and materials
just as plastics created a novel functionality enabling applications beyond metals.

11.2  Polyolefin-Based Plastics

‘Plastics’ is a catch-all term for materials composed mainly of polymers and other molecules
that enhance the use and functionality towards specific applications. Polymers are large (macro)
molecules obtained by connecting the same or similar small molecules (monomers). Polymeric
materials consist of a mixture of macromolecules being chemically the same that may have
different molar masses within a specific molar mass distribution range.

Polyolefin plastics are essentially polymers that are composed out of hydrocarbon molecules.
These are typically obtained from fossil fuel that is, petroleum. After a relatively simple heat
treatment in a refining (distillation) process, specific distillate fractions, being hydrocarbon
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Figure 11.1 A schematic of the production chain from fossil feedstock to final polymers.

mixtures referred to as naphtha, ethane or liquefied petroleum gas, are ‘cracked’. This ‘crack-
ing’ process exposes the hydrocarbon mixtures for a very short time to high heat in a furnace,
breaking down the molecules into very pure streams of chemicals such as ethylene and propy-
lene (1-propene). These unsaturated hydrocarbon molecules — that is, monomers — can be
easily reacted to form polyethylene and polypropylene polymers. Also produced are buta-
dienes, a mixture of aromatic compounds (benzene, toluene, xylene), and hydrogen, each
functioning as feedstock for a complex chain of so-called ‘intermediates’ and additional poly-
mers [8]. The entire production chain from feedstock to final products indicates a strongly
integrated number of processes generating multiple intermediates, which are optimized for
maximum efficiency and minimal energy consumption at the lowest possible cost and are
being continuously engineered for optimal performance (Figure 11.1).

In the case of ethylene, several large-scale manufacturing processes exist to polymerize
the monomers [9]. A general distinction can be made between polyethylene manufacturing
processes in terms of their operational pressure, being either high (2000-3000 bar) or low
(1-100 bar). A further subdivision is made for high-pressure processes as being autoclaves or
tubular processes. For the low-pressure processes a subdivision is made into gas-phase, solution
or slurry technology. For each subdivision there exist multiple manufacturing processes that
have been designed and optimized for specific purposes and proprietary reasons. A key
understanding is that, for the multitude of processes, each will generate a different class of
polymeric materials in terms of the ‘mixture of macromolecules’ (molar mass distribution) and
the detailed chemical composition of the macromolecules. High-pressure processes generate
macromolecules having a very branched chemical structure, whereas low-pressure processes



298  Bio-Based Plastics

generate more linear polymers, either unbranched or with few branches. In order to control
certain physical properties of the polyethylene produced in one of the various processes, one
or more additional hydrocarbons (co-monomers) in various concentrations are added to the
reaction mix. Typically, these molecules are unsaturated hydrocarbons referred to as alpha-
olefins that is, 1-propene, 1-butene, 1-pentene, 1-hexene, 4-methyl-pentene-1, 1-heptene and
1-octene. For ease of addition and handling in relation to the manufacturing process operation
pressure, the co-monomer selection is based on their physical state at room temperature that
is, being gaseous or liquid. The co-monomers are present in nearly all polyethylene plastics
in various but relatively low quantities (between 0 and 10 mol%).

The multitude of manufacturing processes is a consequence of an evolving processing
technology development focusing on enhanced conversion of ethylene into polyethylene in
order to reduce production cost. The ethylene conversion into polyethylene of high-pressure
processes is in the order of 15-30%, while the low-pressure processes are in the range of 80—
100%. However, as indicated earlier, the multitude of process technologies for the production of
polyethylene translate into many polyethylene plastic classes and, within each class, different
grades. Accordingly, not all polyethylene plastics will provide the same physico-chemical
performance properties, and selected grades are used in specific applications — for example,
bottles, bags, pipes, membranes, films and fibres, to ensure maximum performance for the
defined market segment.

Similarly, for polypropylene, a multitude of manufacturing processes exist. In contrast
to polyethylene, however, industrial polymerization processes are more decisively defined
by the catalyst system [10]. Polypropylene is, chemically speaking, a stereo-specific poly-
mer. Depending on the spatial positioning of the methyl group of the subsequent propylene
molecules in the macromolecule, three distinct polypropylenes are produced — isotatic, syndio-
tactic and atactic. The latter is typically an amorphous polymer, generated as a side product of
the isotactic polypropylene production. Syndiotactic polypropylene production requires very
specific catalyst technology and, like isotactic polypropylene, it is a so-called semi-crystalline
polymer [11]. Semi-crystalline refers to a partial organization of the macromolecules leading
to a diffraction pattern in an X-ray analysis experiment, very similar to inorganic crystals.
The tacticity critically defines the ability of the macromolecules to organize themselves (crys-
tallize) in mesoscopic structures. The type and degree of crystallinity determines the final
material properties. Similarly polyethylene has a semi-crystalline nature. The degree of semi-
crystallinity is measured in terms of the density of the grades, indicating that low density
polyethylene has much less macromolecular organization then high density polyethylene,
making the latter a harder and stiffer material. In contrast, for polypropylene, levels and type
of tacticity are used to differentiate grades and not density. The isotactic arrangement is the
most preferred in terms of performance versatility and ability to manufacture on a large scale.
Catalyst and process conditions are selected to ensure a specific tacticity dominates. Just as
with ethylene, polymerization of propylene can be done in a liquid, gaseous or dissolved state.
The associated manufacturing plants are referred to as bulk, gas-phase and slurry processes,
all operated at relatively low-pressures [10]. Irrespective of the process, the main co-monomer
used is ethylene to either produce a so-called random- or block-copolymer for enhancing the
performance properties of the homo (isotactic) polypropylene.

The polyolefin manufacturing technologies have taken advantage of ‘engineering of scale’
indicating polyolefin plastics production in units capable of producing several hundred thou-
sand tons on a yearly basis, reaching global levels of about 80 - 10° tons each — polyethylene
and polypropylene — in 2010 (www.plasticeurope.org., accessed 22 June 2013). All processes
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require very high investment cost (several hundred millions of euro per production site), mak-
ing the plastics-producing industry one with a high risk and a high financial entry barrier. The
industry also requires a significant feedstock position for operation in terms of energy and basic
chemicals. Only proximity to feedstock, refineries and crackers, combined with large-scale
polymerization production facilities, will lead to a cost advantage, avoiding expensive trans-
portation — pipelines, super-tankers. Part of the success of ‘synthetic’ polyolefin plastics has
been precisely their very low production cost and their ability to replace, as well as most often
significantly improve on the performance of existing, natural materials such as glass, ceramic,
wood, metal, and natural fibres (e.g. wool, cotton). Thus, a significant petrochemical industry
has been created where engineers and scientist have worked on, and still work on, optimizing
the effectiveness and efficiency of processes for reducing energy use. However, as long as
the fossil fuel for energy cost is coupled to the fossil fuel for chemicals, the existing value
chain needs reconsidering. Some challenges to sustain the present petrochemical industry are:
that feedstock is typically not found where its products are being consumed while there exists
a huge petrochemical infrastructure close to the consumer; that economics drive the choice
of transportation of either feedstock to production facilities close to consumers or products
transportation to consumers from production facilities close to the feedstock; that very few
alternative technologies exist to produce chemicals and materials that can compete efficiently
with the existing petrochemical ones. Above all, the turning point for a paradigm shift towards
a bio-based, renewable and sustainable business model remains somewhat elusive in its practi-
cal outlook from a petrochemical industry perspective. Indeed, the need for energy for heating
and transportation is the major driver for the fossil-fuel industry. The petrochemical industry
is engaged with a relatively minor fraction of about 4-8% product wise but majorly coupled
to the energy pricing. A decoupling may provide a more sustainable petro-chemical industry
future. One approach is the bio-refinery concept that focuses mostly on local and specific
biomass feedstock with relatively low production volumes. However, this relinquishes the
advantage of large-scale production units affecting the economics unfavourably. Furthermore,
significant technology improvement in terms of separation and purification are required. Alter-
native chemicals and materials from biomass may be more opportune to consider providing
a different vantage point in terms of what can be done beyond what existing petrochemicals
and materials bring, just as stones were replaced by metals and metals by plastics because of
the application versatility and the opportunities beyond what stone or metal can provide.

11.3 Biomass

Biomass availability is estimated to be 180 x 10° ton per year [3], having a significantly more
complicated chemical makeup than fossil feedstock. Biomass refers to a wide range of materi-
als that are mostly carbohydrates (~75%), followed by lignin (~20%) and smaller amounts of
proteins, fatty acids, alkaloids, terpenoids, and nucleic acids comprising together about 5% [3].
A chemically obvious route to hydrocarbons would be to dehydrate the carbohydrates. How-
ever, this is a thermodynamically unfavourable route [1]. The materials comprising biomass
can be plant or animal-based, by-products from other processes or waste products [2,3]. The
premise of biomass lies with its renewability in the sense that it can be ‘re-grown or re-made’
in a relatively short period of time. The key insight is the time window within which sufficient
energy and associated chemicals can be generated to sustain the demand of society, as it is
known today.
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Table 11.1  Typical times for biomass renewal
indicating a variety of time scales [14].

Biomass base Recycle / renewable time
Algae 1 month

Agricultural Crops 3 months to 1 year
Grasses 1 year

Shrubs 1-5 years

Trees 5-80+ years

Oil, gas and coal 200 x 10° years

The sun is the ultimate driver for biomass generation and will be around for a few billion
years [12]. The present practice of harvesting fossil fuel is banking on the stored reserves
of biomass of eons ago. The challenge at hand is not just generating feedstock in a form
that enables the sustenance of products available today but more of finding potentially new
ones with improved attributes and final performance. For ‘old” monomers or plastics such as
ethylene and propylene, respectively polyethylene and polypropylene, very few options are
available and many have been researched. Accordingly, biomass as a renewable feedstock for
the production of the same as fossil fuel chemicals and materials entails several challenges
[13]:

e Biomass harvesting is typically far more labour intensive then pumping fossil raw materials,
which — despite the incurred societal advantage in the biomass producing regions — means
an economic drawback for the bio-based product.

e The biological way of producing chemicals (plant growing) is relatively slow (Table 11.1)
[14] versus fossil raw materials ‘harvesting’ via pumping a well, the distillation and cracking
process.

e The yield of the desired chemicals per unit land area is typically low.

e The chemicals desired are biomass byproducts, complicating the separation and purification
and associated economics.

e The biomass composition tends to be varied and inconsistent.

e Biomass production on a large scale can lead to competition with ‘food-crop’ land.

e Biomass production on a large scale is climate-zone specific and may only be regionally
practised at optimal levels with a potential need for adjustable genetically modified plants.

e Biomass handling typically requires new infrastructural investment on energy, water and
waste handling.

e Biomass harvesting and processing technologies of scale have generally not (yet) lived up
to their promise in terms of efficiency, overall economics, and final performance of the
plastics.

11.4 Chemicals from Biomass

Chemicals from biomass is a practice that is far from new as it was more the norm than the
exception before the twentieth century although the quest for hydrocarbons is a more recent
consequence of the fossil feedstock debate. The premise for producing hydrocarbons has
been documented abundantly; the practical implementation has been lagging however [2, 3,
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Figure 11.2  Sketch of thermodynamic considerations for the production of desired functional chemicals from

biomass as compared to petrochemical route. (Reproduced with permission from [16]. Copyright © 2007,
Springer.)

14-18]. The scientific and technical challenge can best be understood when considering the
enthalpy of combustion or the calorific value of the feedstock. The petrochemical industry uses
high-enthalpy, low oxidation-state starting materials to produce products of lower enthalpy
and higher oxidation state through the use of additional process energy [1, 16]. In contrast,
biomass is composed of many components that have an even lower enthalpy value and higher
oxidation state, indicating that it costs significant net energy to synthesize desired monomers
such as those obtained by cracking distillates from fossil fuels and, in particular, polyolefins
[1]. Figure 11.2 illustrates that unless ‘free or advantaged’ energy is available — most probably
via solar or wind technology — to be incorporated into the overall energy balance equation,
the use of biomass is thermodynamically unfavourable for producing basic chemicals such as
ethylene and propylene manufactured today.

However, some advantages for biomass are evident when chemical structures with higher
functionality that are hard to synthesize from fossil based chemicals can be harvested and used
directly. Furthermore, when the required ‘process’ energy is low for producing the desired
chemical or material, significant benefits can be anticipated. Some natural products exemplified
in amino acids, peptides and proteins can generate base chemicals and, by taking advantage
of self-assembly processes, build functional materials without substantial ‘process’ energy
[16]. Ultimately, innovative catalyst technology may be needed to tip the balance in favour of
biomass as feedstock for a much broader bio-based chemical production [1] although the use
of enzymes may offer significant overall advantages eventually [17].

Another challenge, beyond the thermodynamic one, is that the adoption of chemicals from
biomass, whether produced intentionally or as by-products, is strongly connected to the
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Table 11.2 A selection of chemicals derived from
biomass and categorized according carbon number.

Carbon number Bio-based chemical
C1 Methanol
C2 Ethanol
c3 Clycerol
C4 Succinic acid
Fumaric acid
Malic acid
Furan
C5 Xylitol
Furfural
Itaconic acid
Levulinic acid
C6 Sorbitol
Citric acid
Furan-2,5-dicarboxylic acid
C6 + x Fatty acids

eventual successful (technically efficient and economically affordable) production of biofuels.
This raises the issue of the amount of available land and types of waste or crops to be used for
the production of biofuels versus food, chemicals and materials. As indicated before, fossil
raw materials are mostly used for transportation fuels and heating/cooling and less than 10%
is used for the production of chemicals and materials [4, 18, 19] (see also http://www.bp.com/
en/global/corporate/about-bp/statistical-review-of-world-energy-2013/energy-outlook-2030-
.html, accessed 8 July 2013).

Some of the more important relevant chemicals already available from biomass for producing
plastics are summarized in Table 11.2. One approach for classifying biomass derived chemicals
is according to their carbon number as some can be produced via multiple routes [2, 3, 8].
Starting with C1, methanol can be manufactured via syngas derived from biomass. The next is
C2, being primarily ethanol, which can be obtained in a similar way from syngas as methanol
and by fermentation processes from carbohydrates. Both C1 and C2 chemicals are sources
for ethylene using proven large-scale technology. The most relevant bio-derived C3 chemical
is glycerin. It could be a source for propylene but that is technically far more challenging
than it is to produce ethylene from methanol or ethanol. The synthesis would involve first
producing 1,2 propanediol from glycerol, a further dehydration to 2-propanol and eventually
propylene [20,21]. Higher carbon numbers are relating to bio derived chemicals more relevant
to non-polyolefin plastics.

11.5 Chemicals from Biotechnology

Industrial biotechnology aims to provide solutions to chemicals and materials production by
using micro-organisms [2,3, 17]. Fermentation processes are operational and can produce both
methanol and ethanol. A key challenge for using microorganisms to produce hydrocarbons is
the incompatibility with the aqueous environment in that fermentation typically takes place. To
date, even genetically modified microorganisms are no match for the synthetic, petrochemical
approach. Here again, a focus on higher value than bulk chemicals is most probably a more
sustainable model.
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11.6 Plastics from Biomass

A plastic from biomass is again nothing new. In the nineteenth century, rubber, basically
polyisoprene, and cellulose were directly harvested from a plant source and saw their first
industrial uses. In fact, any kind of biomass is a ‘plastic’ in the sense that it is a mixture of
macromolecules consisting of proteins, polysaccharides, polynucleotides and some smaller
molecules such as lipids, water and inorganic elements. The biomass challenge, however, is
the definition of viable unit operations to obtain clean chemical streams that enable a direct
harvesting of the desired plastic or of the chemical that leads to it. This view leans towards a
multitude of options for natural ‘plastics’ development of which many have not been explored,
at least from a scientific perspective, let alone a technology scale up. The natural polymers,
grown in nature, such as proteins, polysaccharides and polynucleotides as well as lipids offer an
unimagined ability to form structure, smart functionality, and energy and information storage.
This goes far beyond the more pragmatic outlook of biodegradable polymers, which have
been pursued in the last few decades. Their perceived advantage is compostability and the
possibility to either be obtained directly from plants or microorganisms or synthetically made
either from fossil- or bio-based chemicals. Some combinations of fossil- and bio-based are
also being researched [22]. Alternatively, the same chemicals can produce noncompostable
bio-based plastics. Various global capacity/volume projections for those plastics anticipate 1.5
to 2.5 x 10° tons in the next decade [23], less than 1% of the current synthetic fossil fuel based
plastics capacity. Some of these plastics will be discussed more extensively in this book.

However, the “Zeitgeist’ seems to be that although the rise of the large-scale production
synthetic plastics will slow down [24], they are not about to disappear as yet or in the foreseeable
future. Near term, the five major plastics polyethylene, polypropylene, poly(vinyl chloride),
poly(ethylene terephthalate), polystyrene and styrene based plastics that make up the bulk of
all synthetic plastics will be difficult to replace in view of their versatility, performance and
low cost. Ultimately there may be no need until better materials replace their functionality or
the application becomes redundant. For example, poly(vinyl chloride) is no longer used for
music long-player disks, and floppy disks and videocassettes from polystyrene do not exist any
more because novel technologies made the applications redundant. This also suggests that the
search for novel polymers based on physico-chemical insights of structure forming properties
of natural polymers can lead to a completely novel materials paradigm, bypassing the ‘fossil
fuel for energy’ dilemma.

11.7 Polyolefin Plastics from Biomass and Petrochemical Technology

In view of the significant investment cost for building an integrated chemical complex, the
prevailing petrochemical industry business logic — at least as a short (5 year) to medium (10
year) term strategy — is to move facilities closer to the fossil feedstock. Another view is exiting
the business or exploring technology that provides the same or similar feedstock from different
renewable resources and takes advantage of existing infrastructure that is, green chemistry.
Just as the fossil fuel and petrochemicals industries are closely connected, the production
of the same but bio-based chemicals will be closely related to the manufacturing of biofuels.
The focus of commercialization by using biomass as a feedstock is mainly on: ethanol,
biodiesel, butanol, hydrogen, Fischer—Tropsch fuels, methanol, methane, and MTBE/ETBE
(methyl- or ethyl-tert-butylether). These products can be used either as biofuels or chemicals
for further converting. In the context of this chapter, only routes for the ethylene and propylene
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Figure 11.3  Bio-based polyolefin plastics can potentially be obtained from several purified natural products.

monomer production are discussed, as there exist multiple technologies to convert biomass
into hydrocarbon feedstock. Moreover, there are huge amounts and multiple potential sources
of biomass available [25]. Considering the carbon numbers as identifier building blocks to
generate ethylene and propylene the following approaches are explored. Figure 11.3 gives a
schematic representation of biomass sources and their potential for obtaining chemicals to
produce intermediates and plastics.

11.7.1 One-Carbon Building Blocks

Since the 1920s the Fisher—Tropsch process (see http://www.fischer-tropsch.org, accessed 22
June 2013) [26] is the one most commercially exploited as a route to hydrocarbons. Through
gasification of biomass (or other carbon sources such as coal or natural gas) a synthesis
gas (syngas) composed mainly of carbon monoxide, carbon dioxide and hydrogen can be
produced.

biomass + (O,, H,O) — syngas(CO, CO,, H;) + other chemicals
isolated syngas: nCO + (2n + 1)H, — C,Hn42) + nH,O

The ultimate production of hydrocarbons thus allows existing petrochemical processes
to produce the required intermediates, including ethylene. Alternatively, partial pyrolysis of
biomass allows for the production of organic molecules such as methanol. This thermal pro-
cess for making wood alcohol has long been replaced by more efficient natural gas (methane)
reforming processes [27]. The chemical approach of producing methanol has significant indus-
trial potential, as addressed in the book by George Olah et al., propagating a ‘methanol econ-
omy’ [28]. This inspired research for alternative routes to methanol such as methane oxidation
with homogeneous catalysts in sulfuric acid media [29], ethane bromination followed by
hydrolysis of the obtained bromomethane [30,31], direct oxidation of methane with oxygen
[32,33] and microbial or photochemical conversion of methane [34].
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Irrespective of the technology, methanol can be converted catalytically into ethylene and
propylene. These methanol to olefin (MTO) technologies use highly selective catalysts to yield
very efficient (>95%) hydrocarbon-producing processes [35-37].

11.7.2 Two-Carbon Building Blocks

Ethylene is a nontoxic, natural product that affects the growth, development, ripening and
ageing of all plants [38]. It is produced in small quantities by fruits and vegetables. The
quantities, however, are certainly not in the order of magnitude that justifies any industrial
process development or polyethylene production based on naturally produced ethylene. Beside
the MTO route, ethylene can also be obtained from ethanol. The dehydration of ethanol is, in
fact, a reversible reaction of the synthetic direct hydration of ethylene [39-42].

Besides bio-based ethylene additional bio-based alpha-olefin co-monomers will be required
in order to tailor the various polyethylene grades to a required performance. It will require
bio-based ethylene to be di-, tri- or tetramerized to form 1-butene, 1-hexene or 1-octene
[43-47].

11.7.3 Three-Carbon Building Blocks

Propylene is, next to ethylene, the most important basic chemical to produce not only
polypropylene but also other intermediates for example propylene oxide and acrylonitrile.
Just like ethylene, propylene can be produced via a hydrocarbon feedstock produced from a
biomass [35-37]. Bio-glycerol produced as a byproduct of biodiesel can be dehydrogenated
to produce propylene [48]. Bio-based ethylene can be dimerized to produce n-butene, which
can then react with remaining ethylene via metathesis to produce propylene [49]. The use of
fermentation products of biomass such as 1-butanol [50] enables the formation of n-butene,
followed by a subsequent methathesis [49]. Alternatively, hydrothermal carboxylate reforming
of fermentation products such as butyric acid or 3-hydroxybutyrate is also proposed as a viable
option to propylene [51].

Other direct fermentation products such as 1-propanol and 2-propanol [52] can, in principle,
be used for the production of propylene by dehydration but little research has been carried out
[16, 18].

Another route is the use of vegetable oils or fatty acids that can be fed into an enhanced fluid
catalytic cracker (FCC) unit to produce propylene (see www.chemsystems.com, accessed 22
June 2013).

11.8 Polyolefin Plastics from Biomass and Biotechnology

Bio-based ethanol is obtained from fermenting carbohydrate biomass such as starches (grains,
corn, potatoes, root crops), sugars (molasses, cane juice, sugar beets, fruits) and cellulose
(wood, waste from paper and pulp operations, waste paper). The viability of the bio-based
ethanol route to ethylene is defined by the issue of scale and overall process economics. In
regions such as Brazil, with a significant sugarcane industry and an ethanol fuel economy, the
ethylene and ultimate polyethylene production becomes economically attractive. In combina-
tion with co-energy regeneration using the lignocellulose (bagasse) waste, the overall process
and greenhouse gas emissions can be called sustainable [1]. The technical challenge for the
fermentation process lies with the compositional complexity and variability of the biomass
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feedstock, requiring pre-treatments before enabling the micro-organisms to convert carbohy-
drates to ethanol. The cane sugar conversion to ethanol is a relatively simple process, however
corn or wheat starch need first an enzymatic hydrolysis (amylases) to produce glucose prior to
the fermentation process [53]. The release of fermentable carbohydrates from plant cellulose
and hemicelluloses comprising respectively 23-53% and 20-35% of plant material requires
even more extensive pretreatments affecting the ethanol production cost [53].

The fermentation — that is, biotechnological — approach to feedstock chemicals is divided
into four classes depending on the metabolic pathways followed [54]. Fermentative short-
chain alcohols are obtained using genetically engineered yeasts and bacteria that produce
mainly ethanol and 1-butanol [55]. Non fermentative short-chain alcohols are synthesized
using enzymes for decarboxylating 2-keto acid intermediates from an amino acid biosynthesis
followed by reducing the resulting aldehyde to an alcohol [54]. Isoprenoid-derived hydrocar-
bons, such as isoprene and isoprenoid alcohols and olefins, are converted from biosynthetic
phosphates and pyrophosphates intermediates using specific enzymes [54]. Longer olefins can
be obtained from the enzymatic decarbonylation of unsaturated fatty acids [54]. Overall, the
yield of biosynthetic processes remains low, indicating that the value of this approach lies with
the synthesis of chemicals beyond the focus of the current-day petrochemical industry.

Considered as the third generation biomass — indicating the direct photosynthetic production
of feedstock molecules versus fermentation and chemical technologies —algae hold the promise
of being a high-quality biofuel production option [56,57]. Using sunlight, the organisms turn
carbon dioxide and water into lipids that can form the source of biodiesel, ethanol and other
chemicals such as ethylene.

Propylene is also naturally produced and research has been carried out for a direct fer-
mentation method producing propane and propylene from a glucose medium. Multiple micro-
organism strains were tested but the efficiency remained extremely low [58].

11.9 Bio-Polyethylene and Bio-Polypropylene

Considering the state of the art in technology combined with economic attractive nonfossil
feedstock, the production of, in the first instance, bio-polyethylene is feasible. The National
Fuel Alcohol Program established in Brazil in the 1970s and aimed at managing the sugar
industry overcapacity as well as ensuring energy feedstock independence, has led to an industry
that has maximized the use of sugarcane. The productivity of sugarcane in Brazil is approx-
imately 82.5 tons per hectare. Brazil has 340 x 10 hectares of arable land, 65% occupied
for cattle and only 1% of the land is devoted to ethanol production from sugarcane (for
the sugarcane industry see www.unica.com.br, accessed 22 June 2013 — in Portuguese). The
majority of sugarcane (~70%) is produced in the Sao Paulo province. In September 2010,
the Brazilian petrochemical company Braskem started the production of 200 000 tons of
ethylene from ethanol to make 200 000 tons of polyethylene. This takes approximately 65
000 hectares of sugar cane to provide around 460 x 10° litres of ethanol as an intermediate.
The Braskem ‘green PE’ portfolio consists mainly of high density polyethylene with >96%
renewable content aimed at packaging applications (www.braskem.com.br, accessed 22 June
2013). The validation of the renewable content is possible via carbon-14 isotope determination
based on ASTM D6866 [59]. The environmental footprint for ‘green’, bio-based polyethylene
is considered favourable, for 1 ton polyethylene production will have the effect of capturing
2.5 tons of carbon dioxide. Moreover the overall energy balance is calculated to be neutral
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Figure 11.4 Schematic flow diagram of the production of bio-polyethylene from sugarcane glucose via the
fermentation into ethanol and subsequent dehydration into ethylene.

when considering appropriate water management and energy recovery via the residual biomass
(mainly bagasse).

In addition, Braskem formed a partnership with Novozymes, the global leader in the pro-
duction of industrial enzymes, to expand research for the development of propylene made
from sugarcane for the production of 30 000 tons of ‘green polypropylene’ by 2013.

In Brazil, for similar reasons, the Dow Chemical Company and Mitsui & Co Ltd are
engaging in a 50/50 joint venture to cultivate sugarcane for the production of ethanol and
subsequently ethylene. Initially a 350 000 tons ethanol production unit is planned, eventu-
ally leading to polyethylene production by 2015. This will take about 120 000 hectares of
sugar cane aimed at providing a cheaper and less economically volatile ethanol feedstock
(see http://www.biofuelsdigest.com/bdigest/2012/03/22/dow-mitsui-to-finalize-brazilian-bio-
based-polyethylene-jv/, accessed 8 July 2013).

The technology used for the production of ethylene is schematically represented in Figure
11.4. The final conversion from ethylene into polyethylene will make use of different processes
being for Braskem a slurry and gas phase process, while the Dow/Mitsui joint venture may
aim for a solution process. Furthermore, ethylene can also be used for other basic chemical
derivatives production besides polyethylene. In 2013 the 2007 started project, however, is put
on hold in view of changed Ethanol economics (see http://www.worldindustrialreporter.com/
dow-mitsui-postpone- 1-5b-sugarcane-to-plastic-brazil-plant/, accessed 22 August 2013).

11.10  Perspective and Outlook

The quest for polyolefin-based plastics from biomass-derived monomers reduces essentially
to developing nonfossil fuel-based options for producing ethylene and propylene, including
some higher alpha olefins. A multitude of technologies are available and industrially scalable
for using biomass to generate olefins and the subsequent polymers and plastics. A large-
scale use of biomass, however, is hampered by the need for scaling and the socio-economic
impact in relation to the petrochemical alternative. The direct use of micro-organisms in a
fermentation process for either a direct synthesis of olefins (let alone polyolefin plastics)
is in its infancy and will require significant technology developments. Replacing polyolefin
plastics with other types of chemistries is extremely difficult and may not be essential. Regional


http://www.biofuelsdigest.com/bdigest/2012/03/22/dow-mitsui-to-finalize-brazilian-bio-based-polyethylene-jv
http://www.biofuelsdigest.com/bdigest/2012/03/22/dow-mitsui-to-finalize-brazilian-bio-based-polyethylene-jv
http://www.biofuelsdigest.com/bdigest/2012/03/22/dow-mitsui-to-finalize-brazilian-bio-based-polyethylene-jv
http://www.worldindustrialreporter.com/dow-mitsui-postpone-1-5b-sugarcane-to-plastic-brazil-plant/
http://www.worldindustrialreporter.com/dow-mitsui-postpone-1-5b-sugarcane-to-plastic-brazil-plant/

308  Bio-Based Plastics

alternative feedstocks are exploited as incentives to produce polyolefin-based plastics from
biomass-derived monomers, as the Brazilian examples demonstrate.

Notwithstanding the odds against an all-out biomass use for polyolefin-based plastics, even-
tually, the petrochemical, fossil fuel-based economy paradigm may need to be shifted. A more
viable alternative is sought in order to ensure a sustainable future that can also provide an
acceptable quality of life for a world with an ever growing population. It can be questioned
if the biomass-based routes to hydrocarbon-based plastics as produced today should be aban-
doned in favour of novel materials. The fossil feedstock for hydrocarbon-based plastics is
becoming economically unfavourable, mainly in relation to fossil-fuel dependence. Alterna-
tive energies reducing the use of fossil fuel, combined with novel technologies for energy
efficiency, can allow a continued and sustainable hydrocarbon plastics industry independent
from the current fossil fuel economics. Ultimately the paths forward, just as in nature, will
be the intelligent use of biomass-based polymers such as proteins and polysaccharides as
material building molecules providing advanced solutions beyond the current hydrocarbon
plastics uses.
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12.1 Introduction

Materials science and engineering emerged and developed throughout the twentieth century
with a primary focus on metals, ceramics and petroleum-based polymers. However, since the
1990s they also expanded to study biological materials, due to the significant progress made in
this field. In fact, the recognition of the mechanisms linking nano- and micro-scale structures
with macromolecular assembly and organization enabled molecular biologists to understand
Nature’s refined ways of creating high performance structural materials.

Structural proteins are abundant biomacromolecules and the natural building blocks for
all the living organisms, representing an utmost case of function specialization and high-
performance materials found in Nature. Throughout evolution, Nature has designed specialized
proteins, by the association of amino acid sequences, creating refined assemblies with impres-
sive properties, including outstanding mechanical behaviour [1]. These specialized polymeric
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Table 12.1  Amino acids repeating units of some structural proteins found in Nature.
(Adapted from Tatham and Shewry, 2000 [6] and Sanford and Kumar, 2005 [7].)

Protein family Monomeric unit sequence

Elastin GVGVP, VPGG, APGVGV

Silk fibroin GAGAGS

Byssus GPGGG

Flagelliform silk GPGGX

Dragline silk GPGQQ, GPCGY, GGYGPGS

Collagen GAPGAPGSQGAPGLQ, GAPGTPGPQGLPGSP
Keratin AKLKLAEAKLELA

Titin (I-band) PPAKVPEVPEPKKPVPEEKVPVPVPKKPEA
Abductin GCGFGGMGGCX

Note: “Sequences are given in single-letter amino acid code, where X is any amino acid.

biomolecules evolved by the association of repetitive units of amino acid sequences to carry
out a wide variety of functions (Table 12.1).

A key feature of biological systems is the ability to precisely control the structure of proteins
at the molecular level. Conservative blocks of amino acid sequences are arranged in a way that
creates flexible, rigid or tough domains, which are responsible for the remarkable mechanical
properties found in proteins like elastin, resilin, abductin, mussel byssus or silk (Figure 12.1).
The repetitive amino-acid sequences propagate through the protein, encoding a basic structural
feature that is responsible for the properties of the polymeric material.

As natural polymers provide challenging examples for materials scientists, although the
respective structure-properties relationships are not fully understood, there is already an impor-
tant demand for translating biopolymers’ conceptual architectures into bio-inspired materials.
The interdisciplinary synergy between materials science engineers and biologists implies a
convergence of knowledge to allow de novo creation of materials, with refined sequences and
tailored for specific applications. Each protein has a proper amino acid sequence that spec-
ifies its unique three-dimensional conformation. The use of molecular genetics techniques
provides the necessary tools to fill the gap between the concept and the synthesis of the mate-
rial. By exploiting the 20 naturally occurring amino acids, researchers are able to select the
required amino acid building blocks to meet the properties desired in the synthetic structural
protein and program cell synthesis for its production. In the development of such functional
materials, either for understanding the organizational concept or for its biotechnological appli-
cation, there is the need to precisely control the macromolecular architecture. Recombinant
protein-based polymers (rPBPs) are an example of such advanced materials derived from
any macromolecule, designed and produced by the specific association of amino acids, and
synthesized by the use of recombinant DNA technologies.

This overview will mainly focus on those polymers found in natural structural proteins,
particularly the silk-elastin-like polymers (SELPs) of recombinant DNA technology origin.

12.2 Production of Recombinant Protein-Based Polymers (rPBPs)

According to the Glossary of Basic Terms in Polymer Science [5S], a polymer molecule or
macromolecule is defined as a molecule of high relative molecular mass, the structure of
which essentially comprises the multiple repetition of units derived, actually or conceptually,
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from molecules of low relative molecular mass. According to this definition, and integrating
the concept of recombinant protein-based polymers (rPBPs) in polymer science context, they
can be defined as high molecular weight molecules comprising multiple tandem repetitions of
a unique amino acid, or blocks of amino acids as units. Recombinant protein-based polymers
can comprise unlimited primary structural arrangements, such as those that are made by the:

e polymerization of a sole amino acid, in particular, the monomeric molecule, for example,

poly-L-lysine, po

ly-L-proline;
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e polymerization of a monomeric unit of the same protein family type, as those sequence
units listed in Table 12.1, for example, poly-GVGVP or poly-APGVGYV; or

e the copolymerization of a block comprising at least two monomeric units from different
protein family types (Table 12.1), for example, poly-[(GVGVP)n(GAGAGS)m], where n
and m represent the number of repetitions.

The rPBPs are synthetic polymers obtained by standard molecular genetics tools and the
associated fermentative techniques for production. The biological production of protein-based
polymers presents several advantages over conventional chemical synthesis allowing complex
macromolecules to be obtained with precise control on their sequence, stereochemistry and
molecular weight. Moreover, with recombinant DNA technology it is possible to produce large
amounts of recombinant polymers by scaling up the fermentation process.

In the class of rPBPs, polymeric materials based on the repeating units from silk, collagen
and elastin are among the most characterized materials [§—10]. However, due to their unique
properties in terms of mechanical, biodegradable, thermostable and biocompatible behaviour,
the interest has been mostly concentrated in two major rPBPs families: the silk-like [11] and
the elastin-like polymers [12,13]. Nevertheless, one can find other examples with compositions
based on conservative amino acid sequence units of mussel adhesive protein [14—16], wheat
glutenin [17], resilin [18-23] or even copolymers comprising repeating blocks from different
proteins [24]. Regarding biological production, generally, Escherichia coli is the preferred
micro-organism [25], due to its easy handling and ability to be grown on an industrial scale
at relatively low cost; but other biological systems such as yeasts [26-29], filamentous fungi
[30], plants [31, 32], insects [8] or mammalian cells [33] have also been reported for rPBPs
expression.

Several strategies have been proposed to assemble synthetic DNA sequences [34—38] but
generally it follows a ‘Lego’ approach in which, a synthetic DNA block monomer, the ‘Lego’
basic DNA unit, is first produced by either chemical synthesis or polymerase chain reaction,
and then subjected to multimerization of the ‘Lego’ pieces (Figure 12.2). Although an initial
investment in molecular biology is needed, once the genetically modified organism is obtained,
the fast production of an added value product will rapidly compensate the costs associated
with the molecular genetics steps.

12.3 The Silk-Elastin-Like Polymers (SELPs)

With the aid of recombinant DNA technology for rPBP design and production, it is possible
to genetically assemble conservative blocks of amino acid sequences from different structural
proteins, creating an assortment of materials with improved mechanical properties (Figure
12.1). Silk-elastin-like polymers (SELPs) are recombinant copolymers with composition based
on silk-like blocks combined with elastin-like blocks. By combining the elasticity and high
resilience of an ideal elastomer like elastin [40], with the mechanical and tensile strength of
silk fibroin [41], it is possible to create copolymers that in theory will exhibit the properties
of both proteins. The rationale is based on the periodic inclusion of elastomeric sequences
that reduces the overall crystallinity of the system by disrupting the silk-like blocks and, as a
consequence, increases the flexibility, as well as aqueous solubility.

The silk-like unit characterized by the sequence GAGAGS (G — glycine, A — L-alanine and
S — L-serine) is prevalent in silk fibroin from the silkworm Bombyx mori; it assembles into
packed antiparallel B-sheet structures stabilized by hydrogen bonding [42]. The elastin-like
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unit, on the other hand, with the main sequence VPGXG (V — L-valine, P — L-proline, X is
the guest residue and represents any amino acid except for proline) is a flexible component
that has been reported as displaying either the tendency to form flexible -turns [12] or an
amorphous structure with no defined conformation [43]. Although there is no consensus about
the secondary structure of the elastin-like pentamer, it is generally accepted that it adopts a
highly flexible conformation [12, 43]. The formulation of these copolymers is represented by
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the nomenclature [(S)x(E)y]n, where S stands for the silk-like unit, E for the elastin-like unit; x,
y and n represent the number of repetitions for the silk-like, the elastin-like and the monomeric
unit blocks, respectively. In 1998, Capello et al. [44] adopted the definition of ProLastins to
designate silk-elastin-like polymers but this terminology was abandoned and the generic name
SELP was adopted.

To allow a clear distinction between the different SELP formulations, in this overview, the
generic name SELP is followed by a numeric reference xy relating the copolymer structure
with the number of silk-like units (x) and number of elastin-like units (y). In copolymers
where the guest residue of a single elastin-like unit is substituted by another amino acid, the
corresponding amino acid letter is added to the numeric reference. In this way, a SELP with
structure (S)4(E)8 will be designated as SELP-48 whereas the structure (S)4(E)4(EK)(E)3,
where EK stands for VPGKG (K — L-lysine), will be designated as SELP-47K.

The first scientific report on SELPs goes back to 1990 where copolymers with compositions
(S9E4)14 and (S8ES)12, SELP-94 and SELP-88 respectively were biologically produced in
E. coli [45]. As mentioned previously, the GAGAGS domain assembles into highly ordered
antiparallel B-sheet structures, stabilized by hydrogen bonding, so it is rationally possible
to predict that a higher content of silklike units (total of 126 repetitions) together with the
smaller interrupting elastin-like units in SELP-94 would lead to a more compact and ordered
structure than SELP-88, which comprises larger interrupting elastin-like units and less silk
content (total of 96 repetitions). In [45], the degree of crystallinity in unoriented lyophilized
powders was analysed by X-ray diffraction and effectively, a higher degree of crystallinity
was obtained for SELP-94 when compared with SELP-88 [45]. Similarly, FTIR dichroism
of polymer films cast from formic acid solutions onto silver chloride glass slides, showed
a higher content of 3-sheet structures for SELP-94 in opposition to SELP-88. Although the
inclusion of elastin-like units provided water solubility, after several days in solution, gelation
occurred for both copolymers, initially for SELP-94 and after a longer time period for SELP-
88. This work represented a first insight into understanding how the molecular structure relates
to the macromolecular material properties. Since then, silk-like and elastin-like copolymers
have been extensively characterized and several combinations have been reported. Table 12.2
summarizes an update of all the currently existing SELP formulations and respective articles
reporting their applications.

Silk-elastin-like polymers have been biologically produced in the bacterium E. coli with
volumetric productivities reaching levels up to 500 mg/L [48-50, 81, 91]. Several methods
are described for SELP purification, generally depending on its aqueous solubility. For water-
soluble copolymers, purification by affinity chromatography [48-50] or precipitation with
ammonium sulfate [36, 81, 91] are the preferred methods. In the case of copolymers with
larger silk-like units content, or less interrupting elastin-like units, purification is achieved by
dissolving the insoluble pellet with lithium bromide 9 M, followed by dialysis [82]. Generally,
affinity chromatography is the chosen method for purification but although it allows very pure
polymer fractions to be obtained, it is a very laborious and expensive method. Consequently,
it is not surprising that most of the applications with these copolymers have been directed for
biomedical applications, especially when considering the high versatility of SELPs together
with the high impact of health sciences. As base materials for biomedical purposes, their use
includes a wide variety of applications, namely matrix-mediated delivery systems for gene
therapy [49, 51-57, 73, 74], drug delivery systems [44, 58], (bio)functional materials [36],
stimuli (pH, temperature or ionic strength) sensitive materials [46, 48] or as scaffolds for the
encapsulation and chondrogenesis of human mesenchymal stem cells [59].
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Molecular

Code Schematic formulation Weight (kDa) References
SELP-18 [(S) (B)8]11 47.6 [46]
SELP-28 [(92 (B)8]18 80.5 [47]
SELP-48 [(5)4 (E)8]13 70.0 (44]
SELP-68 [(96 (B)8]12 80.3 [47]
SELP-88 [(S)8 (E)8]12 84.3 [45]
SELP-812 [(9)8 (E)12]8 79.6 [47]
SELP-816 [(S)8 (E)16]7 84.6 [44]
SELP-94 [(5)9 (BE)4114 89.0 [45]
SELP-17E-1Tmer [(S) (E)4 (EE) (E)3]11 47.6 [46]
SELP-17E-16mer [(S) (E)4 (EE) (E)3]16 66.1
SELP-37E [(S)2 (B)4 (EE) (E)3 (ST)16 66.1 [48]
SELP-27K [(S)2 (B)4 (EY) (E)3]18 80.7 [44]
SELP-37K [(S)3 (E)4 (EK) (E)3]12 60.1 [44]
SELP-47K [(5)4 (E)4 (EK) (E)3]13 69.8 [49-70]
SELP-415K-6mer [(S)4 (B)4 (EK) (E)11]6 55.1 [49,50, 54, 56,
SELP-415K-8mer [(S)4 (B)4 (EK) (E)11]8 71.5 57,70, 71]
SELP-415K-10mer ()4 (B)4 (EK) (E)11]10 87.9
SELP-67K [(S6)(E4)(EK)(E3)]13 70.0 [72]
SELP-815K-3mer [(S8) (E4) (EK) (E11)13 35.6 [50, 57, 70,
SELP-815K-4mer [(S8) (E4) (EK) (E11)]4 45.5 73-771
SELP-815K-5mer [(S8) (E4) (EK) (E11)]5 55.5
SELP-815K-6mer [(S8) (E4) (EK) (E1T1)]6 65.4
SELP-815K-MMPRS-6mer SELP-815K fused with a ~ 69 [78]

matrix-metallo-proteinase sensitive

peptide sequence
SELP-17Y [(S) (E)4 (EY) (E)3]14 55.7 [79]
SELP-27Y [(S)2 (E)4 (EY) (E)3]12 53.0 [79]
SELP-47Y [(S)4 (E)4 (EY) (E)3]9 47.8 [79]
SELP-27K [(S)2 (E)4 (EK) (E)3]12 ~ 53 [80]
MBI- SELP-47K SELP-47K fused with cecropin-bee melittin 87.6 [36]
CAM-SELP-47K SELP-47K fused with cecropin A melittin 80.6
CBP-SELP-47K SELP-47K fused with CBP 78.8
P4-SELP-47K SELP-47K fused with P4 76.7
SELP-59-A [(S5) (EA)9]9 ~55 [81,91]
SELP-520-A [(S5) (EA)20]5 ~55
SELP-1020-A [(S10) (EA)2014 55
SELP-109-A [(S10) (EA)9]7, where EA represents VPAVG ~55

12.3.1 SELPs for Biomedical Applications: Hydrogels for Localized Delivery

The most critical feature when designing SELP copolymers is the length of both the silk-
like and the elastin-like blocks, which will determine the macromolecular properties of the
material. Depending on such structural parameters (mainly the length/number of silk blocks),
with the adequate composition (structure and concentration), SELPs are able to undergo an
irreversible sol-gel transition at physiological temperatures by means of an exothermic event
[44]. The formation of SELP hydrogels occurs through crystallization of the silk-like blocks via
hydrogen-bonding and can be controlled by manipulating the copolymer architecture. In the
same conditions, SELPs with larger silk-like blocks display higher gelation rates. For instance,
SELP-27K, SELP-47K and SELP-816 are copolymers with different silk-like block lengths;
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SELP-27K and SELP-47K share elastin-like blocks with the same length but a different silk
to elastin block ratio while SELP-47K and SELP-816 exhibit the same silk to elastin ratio
(1:2). When analysed by solution viscosimetry at 37 °C, copolymer solutions of 20% (w/w)
of SELP-816 and SELP-47K gelled at rates reflecting the increase in their silk-like block
length. For the same viscosity value of 3 Pa s, while SELP-816 reached this value in about 50
minutes, SELP-47K took almost twice the time (105 minutes) [44]. In the case of SELP-27K,
no increase in viscosity was observed during the 125 minutes time period of the experiment,
suggesting that the length of the silk-like blocks plays a critical role in the sol-gel transition
event [44]. The elastin-like block is a factor that cannot be underestimated and indeed it
influences the sol-gel transition. If large enough, together with small silk-like blocks (low
silk to elastin ratio), the size of the flexible elastin-like block can hamper the formation of
interchain contacts by increasing the distance between the silk-like units. In a study comparing
the gelation of SELP-47K and SELP-415K-8mer, both with the same silk-like block length,
but with different sizes of elastin-like units, SELP-47K formed firm gels with a concentration
as low as 6 wt%, after 4 hours of cure time at 37 °C, while SELP-415K-8mer formed robust
gels only at a concentration of 12 wt% [49]. The lower silk-to-elastin ratio of SELP-415K (1:4)
presents a lower number of hydrogen-bonding sites and therefore it requires more polymer
chains (higher critical gelation concentration) to self-assemble.

The gelation process is not exclusively determined by molecular factors related to copolymer
architecture. External factors like concentration, temperature and additives also affect the sol-
gel transition. Increasing the concentration or the temperature implies faster gelation rates,
while the addition of chaotropic agents, such as urea, practically eliminates the crystallization
event associated with the gelation process due to hydrogen bonding disruption [44]. On the
other hand, the addition of a nucleating agent, like precrystallized SELP to the copolymer
solution, accelerates the process of crystallization and the subsequent gelation [44].

Typically, SELP materials are extremely biocompatible [44, 60] and biodegradable. The
resorption rate depends on the number of silk-like blocks, because an increasing number of
silk blocks decreases the rate of resorption [44, 57]. When injected in guinea pigs, a SELP-
47K solution quickly formed a stable gel without material migration into adjacent tissues
with no signs of immunological reaction or inflammation [44]. These aspects reflect the very
high potential of these copolymers, especially for biomedical applications, where the high
level of customization represents a major advance in the research of tailored biomaterials.
In the particular aspect of localized release, it is quite remarkable that gelation of SELPs
occurs in mild conditions with physiologically biocompatible solvents and without the need
for chemical crosslinking agents. This means that compounds can be stably incorporated
in the polymer solution without chemical changes or loss of activity [44, 52, 53]. In fact,
human mesenchymal stem cells were incorporated into SELP solutions that, after gelation,
generated a bioactive matrix with living cells [59]. This suggests that SELPs can be used for
the integration of organelles or intact tissues, creating bioactive scaffolds. As drug-delivery
devices, SELPs exhibit a release profile matching a Fickian type of diffusion [44, 61] with
a release rate dependent on formulation, concentration, cure time and molecular weight of
the loaded compound, varying between a couple of days or several weeks for low molecular
weight (<10 kDa) and high molecular weight (>40 kDa) compounds, respectively [44].

As mentioned previously, the architectural design strongly influences the gelation process
due to molecular network rearrangement. Increasing the concentration or cure time leads
to increased polymer-polymer interactions resulting in a higher degree of physical contacts.
Increasing the cure time allows the silk units to align and configure the three-dimensional



Future Trends for Recombinant Protein-Based Polymers 319

network to form more and / or stronger physical contacts [50]. This produces a dense network
with reduced mean pore size and, as a consequence, leads to slower compound release. In
fact, the cumulative percentage release of plasmid DNA from SELP-47K hydrogels has been
shown to be inversely proportional to the concentration or cure time, for the reasons described
above [51].

In conclusion, SELPs with larger silk-like blocks or with higher silk-like block content gel
faster and this is accelerated by increasing the temperature or the concentration or by addition
of nucleating agents. In gels with a higher level of chain entanglement, the pores are closely
tightened, decreasing the release rate of the loaded compounds.

12.3.2 Mechanical Properties of SELP Hydrogels

The formation of hydrogen bonds between the silk-like blocks is the major driving force
behind gelation, resulting in interlocking points for physical chain entanglement. The density
of the chain network is a function of polymer concentration and structure as well as of the
cure conditions that overall significantly influence the mechanical properties of hydrogels.
As viscosity is directly proportional to the density of chain entanglement, the rheological
properties can be manipulated easily by controlling both molecular structure and concentration.

Higher concentrations imply a great number of molecules able to establish physical contacts,
decreasing the distance between hydrogen-bonding molecules. In fact, transmission electron
microscopy images have shown a decrease in network spacing with increasing SELP-47K
concentration [54] (Figure 12.3).

The concentration effect was demonstrated in the viscoelastic behaviour of SELP-47K
hydrogels, cured for 4 hours at 37 °C. The storage modulus determined by dynamic mechanical
analysis (DMA) was 75.4 kPa for SELP-47K at 4 wt%, whereas a greater value of 1600 kPa
was obtained for 12 wt%. Macroscopically, the 4 wt% hydrogels showed to be translucent,
soft and easily deformable, while the 12 wt% hydrogels were opaque and firm [54].

(a) (b) ()

Figure 12.3  Transmission electron micrograph of 4 wt% SELP-47K, (inset) icosahedral Ad-CMV-Luc virion (a), 12
wit% SELP-47K (b), and 12 wt% SELP-415K (c). The Ad-CMV-Luc virion was included in image A for size comparison
purposes. Figure A shows a relatively open structure with well-defined fibrils spaced about 93 nm apart. In Figure
B, the micrograph shows a highly packed structure with small spacing between well-defined fibrils. Fibrils in image
C are poorly defined, thicker and less regular. (Adapted with permission from [47]. Copyright © 2011, American
Chemical Society.)
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The molecular architecture also influences the mechanical behaviour of SELPs, as the
block size is a parameter that affects the critical gelation concentration as well as the time for
gelation [49, 54]. For a cure time of 4 hours at 37 °C, physically robust gels were obtained with
SELP-47K at concentrations as low as 6 wt%, while for SELP-415K-8mer (structure in Table
12.2), only at a concentration of 12 wt% was it possible to form a defined three-dimensional
structure. The mechanical properties of these copolymers was shown to be clearly related
to the structural architecture, because both display similar molecular weight, the same silk-
like block length, but the elastin-like block size doubles in SELP-415K-8mer. SELP-47K 12
wt% hydrogels failed with a strain to failure between 1.7 and 1.8% while SELP-415K-8mer
remained intact up to a strain to failure of 2% [50]. With a strain to failure of 1.5%, the storage
modulus was 5.09 MPa and 0.52 MPa for SELP-47K and SELP-415-8mer, respectively [50].
Interestingly, the storage modulus of 12 wt % SELP-415K-8mer hydrogels was similar to that
of 4 wt% SELP-47K of about 70 kPa [54]. The complex shear modulus (G*) for solutions
of SELP-47K and SELP-415K-8mer has revealed a dramatic change at the gelation point
reaching 608 and 93.9 kPa, with maximum values at the end of the experiment of 1.33 and
0.337 MPa, respectively [49]. The longer elastin-like block of SELP-415K-8mer reduces the
molecular network packing, increasing the elasticity and reducing the stiffness of the hydrogel.

In summary, increasing the silk-like block length increases the number of contact points
for potential physical interchain junctions. By varying the length of the elastin-like block,
the distance between silk-like blocks for contacts will also vary. The presence of longer
elastin blocks determines the spacing of the junction areas in the hydrogel network while
the silk blocks provide mechanical stiffness and structural rigidity [50]. Consequently, with
larger interrupting elastin-like blocks, both the critical gelation concentration and the time for
gelation increase [49].

12.3.3 Spun Fibres

Electrospinning is a process of fibre formation that relies on electrostatic forces to control its
production (Figure 12.4).

Due to its ease of implementation, electrospinning has received a lot of attention as a
technique to produce nanofibres [83]. When the diameter of polymer fibre materials shrinks
from the microscale to the submicro or nanoscale, several new characteristics appear, such as
enhanced surface area-to-volume ratio and a superior mechanical performance [84]. Therefore,
biopolymer nanofibrous mats show great potential to be used as particle filters, nanocomposite
reinforcing fibres, protective clothing and in biomedical applications like wound dressings,
sutures, tissue engineering scaffolds, implantable devices and drug delivery [83—85].

The morphology of the spun structures is influenced by the properties of the polymer
solution, namely: viscosity, surface tension and density. As the stability of the jet depends
of the viscous and viscoelastic properties of the polymer solution, the choice of solvent is a
critical factor. Therefore, the solvent should be chosen according to its ability to dissolve the
polymer in sufficient amounts to make a viscous solution. When a solid polymer is dissolved
in a solvent, the viscosity of the solution is proportional to the polymer concentration. Thus,
higher polymer concentration produces larger fibre diameter, whereas a diluted solution leads
to breakage of the polymer fibre into droplets due to the effects of surface tension [84].

Water [62], or water with addition of a polyethylene oxide-sodium dodecyl sulfate (PEO-
SDS) complex [72], and formic acid [60, 63, 72] have been used to dissolve SELP copolymers
for fibre spinning. Water acts as a plasticizer in spun-fibres, inhibiting the 3-sheet conversion
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Figure 12.4 Schematic representation of electrospinning setup. A syringe is assembled into a metering pump
with a digital controller (P) and connected to a needle by a silicon capillary. The electrode of a power voltage
supply (V) is placed in contact with the needle. The other electrode is in contact with the collector (C) and
grounded. The polymer solution is forced through the syringe and as a result of the surface tension there is the
formation of pendant droplets. As the fluid charges into a high potential, the repulsion between charges at the
free surface deforms the droplet into a conical shape, the Taylor cone. At a critical charge density, the repulsive
electrostatic forces overcome the surface tension, the cone gets unstable and a jet fluid forms, moving towards
the collector, which has the opposite electrical charge. During the time the jet takes to reach the collector, the
solvent evaporates and an interconnected web of polymer fibres is deposited.

[64], and thus as-spun SELP fibres are highly water soluble. However, water insolubility can
be rendered by inducing the crystallization of the silk-like blocks through the formation of
B-sheets. Usually, this structure stabilization is achieved via chemical vapour treatment with
methanol [60, 62] or glutaraldehyde (GTA) [60], by using a methanol coagulant bath [63]
or autoclaving as a chemical-free process [64]. While methanol induces crystallization in a
noncovalent way, interfibre crosslinking can be obtained by using GTA that reacts with the
lysine (K) residues present in the SELP-47K.

Nanoribbons with average diameters of 238 nm, 472 nm and 535 nm were obtained by
electrospinning aqueous solutions of SELP-47K at concentrations of 12, 15 and 18% (w/w),
respectively [62], thus indicating that an increase in solution concentration leads to broader
fibre-size distributions. Although SELP-47K aqueous solutions can irreversibly form a gel
leading to nonelectrospinnable solutions, the authors claim that no gelation was observed
during the time of the experiment (3 hours) at room temperature. As for mechanical properties,
dry electrospun ribbons with average sample thickness of 20 wm showed an average ultimate
tensile strength of 30.8 MPa, a strain to failure of 7.9% and a tensile modulus of 0.88 GPa
[62]. However, these values can be improved by further inducing (3-sheet crystallization in the
fibre meshes.

As discussed in the previous section, the length of the silk-like block exerts a great influence
in the sol-gel transition, where copolymers with larger silk-like blocks generally display higher
gelation rates. This sol-gel transition can be delayed by decreasing the solution concentration.
However, the low concentration might not be sufficient to confer the adequate solution viscosity
for the electrospinning process. To overcome this problem Nagarajan et al. [72] employed a
polymer-micelle complex of PEO-SDS as an aid for SELP-67K electrospinning in aqueous
solution at a concentration of 6.7 wt%, producing nanofibres of 200-300 nm diameter.

As lyophilized SELPs exhibit limited water solubility, formic acid has been used as a solvent
[60, 72]. Fibres of 200-300 nm diameter have been produced by electrospinning a SELP-67K
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Figure 12.5 Scanning electron micrograph of as-spun SELP-47K fibres (a) and representative tensile stress-strain
curves (b) of MeOH- (1), GTA- (2), and MeOH-GTA-treated (3) SELP-47K nanofibrous scaffold. Scale bar: 5 pm.
(Adapted with permission from [64], Copyright © 2010, American Chemical Society and [56], Copyright © 2011
American Institute of Physics.)

solution at a concentration of 15 wt% in formic acid, whereas a decrease in the concentration to
8 wt% produced defective fibres due to the low solution viscosity [72]. The electrospinning of
a SELP-47K formic acid solution, at a concentration of 15 wt%, produced a nonuniform fibre
population ranging from 50 to 200 nm (Figure 12.5a) [60]. Chemical vapour treatment with
methanol, GTA, or a combination of both affected the mechanical properties of the hydrated
meshes (Figure 12.5b).

The methanol-treated sample revealed an ultimate tensile strength of 7.2 + 2.3 MPa, a
strain to failure of 130 &+ 30 % and a tensile modulus of 3.7 & 1.2 MPa; whereas the GTA-
treated sample showed values of 14.1 4+ 3.8 MPa, 130 + 40 % and 18.2 £ 3.3 MPa for
ultimate tensile strength, strain to failure and tensile modulus, respectively [60]. The samples
treated with both chemicals showed mechanical properties similar to the GTA-treated sample.
Preconditioning the chemical treated electrospun scaffolds with six cycles of stretching with
a strain of about 33 %, allowed an increase in resilience to 80-87%, in contrast to the
46-60% before preconditioning [60]. Water insolubility of SELP-47K formic acid solution
electrospun fibres was promoted upon autoclaving [64]; the mechanical analysis evidenced a
tensile modulus of 1.02 £ 0.28 MPa, an ultimate tensile strength of 0.34 £ 0.04 MPa and a
strain to failure of 29 + 3%. After six cycles of mechanical preconditioning, the autoclaved
nanofibres displayed an increase of resilience to 90.7 £+ 3% [64].

Another process for obtaining SELP fibres is based on the wet spinning technique. In this
process, the spinnerets are submerged in a coagulant bath and, as the filaments emerge, they
precipitate from solution and solidify. Fibres that are metres in length and have diameters
ranging from less than 10 pm to over 60 wm, were obtained by wet-spinning a SELP-47K
solution at a concentration of 25% (w/v) in formic acid into a coagulant bath of methanol [63].
Mechanical analysis of dry fibres revealed a strong dependence on fibre diameter, with fibres
with smaller diameter showing higher tensile modulus and thus higher tensile strength. For
these dry fibres, the strain to failure was less than 2%, with the ultimate tensile strength varying
between 20 and 80 MPa and a tensile modulus in the range of 1-5 GPa. Upon hydration in
PBS (phosphate buffered saline), the strain to failure increased several hundred-fold although
accompanied with a decrease in both ultimate tensile strength and tensile modulus to values
of about 1 and 0.2 MPa, respectively.
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Table 12.3  Mechanical properties of SELP-47K fibres, produced by wet-spinning or electrospinning, and
stabilized by methanol (MeOH), glutaraldehyde (GTA), MeOH-GTA or autoclaving.

Fibre Stabilization Strain to UTS Tensile
state Technique Solvent Treatment failure (%) (MPa) modulus (MPa)
Dry Electrospin ~ Water n.a. 7.9 30.8 880
Hydrated  Electrospin ~ Formic acid ~ MeOH vapour 130 + 30 72 £23 3.7 £ 1.2
Hydrated  Electrospin ~ Formicacid ~ GTA vapour 130 + 40 141 £ 3.8 18.2 £33
Hydrated  Electrospin ~ Formicacid ~ MeOH-GTA 100 + 30 15.8 £ 5.3 13.8 &£ 3.7
vapour
Dry Wet-spin Formic acid ~ MeOH bath <2 20-80 1000-5000
Hydrated =~ Wet-spin Formic acid ~ MeOH bath 323 + 201 8.1 £ 6.06 3.64 £ 1.6
followed by
GTA vapour
Hydrated  Electrospin ~ Formic acid  Autoclaving 29 £ 3 0.34 + 0.04 1.02 £ 0.28

Note: UTS refers to ultimate tensile strength. n.a. (not applied). For references consult the text.

The resilience of preconditioned SELP-47K fibres, either autoclaved or chemical cross-
linked, approached that of native elastin, which is 90% [60]. It is worth noticing that mechanical
properties of SELP-47K fibres change dramatically between the dry state and the full hydrated
state (Table 12.3). This is likely due to the plasticizing effect of water, which gives the silk-like
blocks conformational flexibility by decreasing their crystallinity.

As a remarkable example to demonstrate how hydration greatly affects the mechanical
properties of protein-based proteins, it is worth mentioning the case of the spider major
ampullate silk, which in the dry state shows a tensile modulus of 7-10 GPa, but upon hydration
it decreases by a hundredfold [86].

12.3.4 Solvent Cast Films

Although there are several SELP formulations described in literature (Table 12.2), the most
described and widely used is SELP-47K. Besides the ability to produce hydrogels, self-
assembled structures and electrospun fibres, it is also possible to fabricate thin films by solvent
evaporation at room temperature [65, 66]. The major difference between hydrogels and thin
films resides in the fabrication process and the resulting microstructure. Thin films of SELP-
47K were made by dissolving the lyophilized powder in water and letting the solvent evaporate
from the casting moulds [65-67]. Film thickness is controlled by the solution concentration
and the volume used to cast.

Recombinant protein-based polymers are rarely reported as being optically transparent,
however, SELP-47K thin films are optically transparent to visible light with notable trans-
mittance in the wavelength range of 350—-800 nm [65, 66]. Increasing the thickness (from 16
to 92 wm) had a slight effect in the transmittance with a reduction of about 3% [65]. This
optical transparency is maintained even after methanol-induced crystallization, with only a
slight reduction in the transmittance from 95 to 92% at 800 nm.

The cast SELP-47K films are not mechanically stable after hydration [65, 67] and it is
therefore necessary to stabilize its structure. Methanol induces the crystallization of the silk-
like blocks, leading to aqueous insolubility, and improves the mechanical properties by the
conversion of less-ordered conformations into more ordered anti-parallel beta-sheet structures
[87,88]. Under uniaxial tensile stress-strain, fully hydrated treated films exhibited an ultimate
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tensile strength of 2.5 £ 0.4 MPa, a strain to failure of 190 + 60% and a tensile modulus of
1.57 &+ 0.3 MPa [65].

The mechanical properties of hydrated SELP-47K films resemble those of native elastin
from bovine ligament, which displays a tensile modulus of 1.1 MPa, ultimate tensile strength of
2 MPa and deformability of 150% [89]. Preconditioning the methanol-treated SELP-47K films
to 10 repetitive cyclic strains with deformations of 45% showed an increase in the resiliency
from 66 + 4% to 86 £ 4% [67], possibly due to the stabilization of the microstructures of the
elastin-like blocks and crystallized silk-like blocks. When fully hydrated, the methanol-treated
films absorb approximately 100% of its weight in water, meaning that hydrated SELP-47K
films possess 50% (w/w) of water content [65]. Remarkably, after full hydration, the methanol-
treated films still maintained their dry-state dimensions with a slight variation of less than 5%
in length and width [65]. With particular regard to the application of SELP-47K for contact
lenses, the surface of methanol-treated SELP-47K films showed a mean surface roughness of
1.421 £ 0.271 nm and a contact angle of 67.8 £ 2.2°, which is similar to those of contact
lens materials such as Asmoficon (71.2 4+ 1.5°), Balafison (71.5 4 1.1°) and Enfilcon
(68.3 = 1.5°) [65]. Considering the refractive index (RI), a key property for a material to be
considered as suitable for contact lenses application, SELP-47K films displayed similar RI
values (1.5300 + 0.002 and 1.5345 £ 0.0039 for non- and methanol-treated, respectively)
to those of commonly used materials such as PMMA (1.490 £ 0.001), Etafilcon A (1.412 £
0.0017) and Lotrafilcon B (1.424 £ 0.0003) [65].

As in the case of hydrogels, SELP-47K films have been demonstrated to be extremely
biocompatible while allowing cell proliferation [65]. This biocompatible feature, together
with mechanical properties, allows SELPs to be explored for several applications, namely
contact lenses, synthetic corneas, intraocular lenses, ophthalmic drug delivery matrices, and
so on. Although methanol is routinely used to render aqueous insolubility as well as to improve
the mechanical properties, autoclaving has been shown to stabilize electrospun nanofibres and
therefore can be an alternative nonchemical method for the stabilization of the film structure.

12.4 Final Considerations

Until now, the research done with rPBPs has been almost exclusively directed towards biomed-
ical applications. However, the exploitation of their remarkable properties in general polymer
and materials science provides opportunities as it opens an excellent window for the creation
and refinement of both new and currently existing materials. The use of rPBPs, especially in
the case of SELPs, provides novel answers to the limitations of current polymers, constituting
a new generation of materials with the ability to be tailored towards specific purposes. For the
SELPs described in this chapter, the range of tensile moduli is depicted by dashed lines in Fig-
ure 12.1. Accordingly, and in terms of mechanical properties, these recombinant copolymers
display a tensile modulus similar to their natural counterparts in both dry and hydrated states.
As in the natural systems, hydration plays a crucial role in mechanical behaviour as water acts
as a ‘softening’ agent.

By exploiting the use of recombinant DNA technology it is possible to redesign the molecular
structure of rPBPs in order to combine bioactive domains and in this way achieve the creation
of highly customable functionalized materials. Materials with antimicrobial properties can be
obtained by fusion with antimicrobial peptides for biodefensive purposes [36]. By combining
the rPBPs with UV protective peptides it is possible to create a photo-protective material for the
prevention of photoaging in human skin [36]. The incorporation of cellulose binding peptides
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allows the development of smart textile materials [36]. These three cases demonstrate the high
versatility of recombinant DNA technology in the development of tailored-made performance
materials and, ultimately, the possibility of creating a highly advanced material exhibiting the
required properties. In fact, a new set of novel copolymers based on plastic elastin blocks with
sequence VPAVG has been recently described [81].

In natural structural proteins, the repetitive blocks of amino acid sequences are not arranged
in a precise regular frequency. Amino acid substitutions occur throughout the protein. This
is possibly due to a natural process of minimizing the repetitiveness of the genetic material
template encoding such proteins. However, by means of recombinant DNA technology and
biotechnology tools it is possible to design a multimerized DNA template and produce rPBPs
with the predefined amino acid sequence. The produced rPBPs will therefore consist of a
‘perfect’ tandem repeat of the amino acid units. Although we are able to produce such ‘perfect’
protein-based macromolecules, often the rPBPs exhibit weaker mechanical properties when
compared to their natural counterparts. In order to create materials with similar properties found
in natural polymers, further developments are still needed to clearly understand the complexity
underlying the material processing mechanisms that occur in the biological systems. According
to Bensaude—Vincent [90] this implies the emergence of a new paradigm where the current
processing techniques are inadequate for such materials: ‘Nature works with minimal energy,
at low temperature, with raw materials; it is too versatile, too impure to meet the requirements
and standards of industrial production.’

The recent advances in nano(bio)technology emerged from the increase of knowledge in
structural and molecular biology combined with the use of recombinant DNA technology,
facilitating the advent of a new class of synthetic biomacromolecules, the rPBPs. Through
evolution, Nature created and refined proteins for a broad range of functions, working as struc-
tural components, as molecular motors or as signalling molecules; amino acid sequences fold
and combine into precise 3D-patterns to create materials, able to perform work when submitted
to specific stimuli (e.g. silks, bioadhesives, collagen and elastin). The biosynthesis of rPBPs
with an absolute control of their composition, sequence and length, opens the opportunity of
creating novel biological compositions engineered towards a desired application.
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13.1 Introduction

To produce bio-based plastics there is a broad spectrum of feedstock options. Today, bio-based
plastics are mainly based on sugar, starch, vegetable oil and natural rubber, the so-called
first-generation feedstock.

Because of potential competition with food and animal feed, politicians and scientists have
introduced, since the early 2000s, the idea of using lignocellulose feedstock by transforming
it into fermentable sugar (whether this will have less impact on food security will be dis-
cussed below). Lignocellulose means wood, short rotation coppice, such as poplar, willow
or miscanthus, or lignocellulose containing agricultural byproducts. Another option is to use
byproducts from agriculture and forestry or different biomass waste streams which contain
sugar and starch (Figure 13.1).

13.2 First- and Second-Generation Crops: Advantages and Disadvantages

Table 13.1 indicates the advantages and disadvantages for different feedstock options for
bio-based plastics. It shows that there is no easy answer to the question of whether second-
generation feedstock really is a better solution for the production of bio-based products. The
answer depends on the criteria one is looking for.

Industrial biotechnology as a whole, as well as the production of bioplastics, has given rise
to an ongoing public, political and industrial debate on the competition between food, feed
and industrial markets for agricultural raw materials, with wide-reaching implications. This
has created a lot of confusion and insecurity within the bioplastics industry. For example, the

Bio-Based Plastics: Materials and Applications, First Edition. Edited by Stephan Kabasci.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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Figure 13.1  Feedstock for bio-based plastics and composites. (© nova-Institut CmbH, 2011.)

German automotive industry decided not to use bioplastics based on potential foodstuffs like
sugar, starch or edible oil. The bioplastics industry should be well prepared for this discussion
on feedstock.

Forced by public discussion during the food crisis in 2008, politics and industry gave a very
simple answer to the potential food-versus-industry conflict: industry should only use nonfood
crops as feedstock [1].

But the question of food versus nonfood crops for industry is itself oversimplified and
misleading. The real questions and conflicts are different [1]:

e Question 1. Are there — worldwide, in the EU, in a single state or in a region under
consideration — free agricultural areas left, which are not necessary for food and animal
feed, domestic use and export? If yes (and in many regions the answer is yes), continue.

e Question 2 (the real question). How can we use these free areas for industry with the highest
resource efficiency and the highest climate protection?

In many cases food crops will best fulfil these criteria — just because they have been
especially cultivated to produce maximum yields over many, many years and all the logistical
requirements have been established.

Food crops for industry can also serve as an emergency reserve for food and feed supply —
second-generation lignocellulose cannot. This is exactly what was happening in 2011 in
Brazil. The Brazilian government had reduced the bioethanol fuel quota to save sugar for
the demanding food and feed market. That’s why ‘no food crops for industry’ can lead to a
misallocation of agriculture resources. We need a comprehensive concept for feedstock for
food, feed, industrial material use and bioenergy.
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Table 13.1 A comparison of first and second generation crops [1]. (Reproduced with permission from
European Bioplastics, Germany.)

Criteria

First generation (sugar,
starch, oil, natural
rubber)

Second generation
(lignocellulose —
wood and short
rotation coppice)

Byproducts from
agriculture and
forestry

Yield per hectare in
terms of fermentable
sugar equivalents

Greenhouse gas
emissions for biomass
derived bio-based

Broad range but more or less on the same level

Broad range, but more or less on the same level

If the byproducts have
no markets yet, this
means an extra yield

Very low, because of
the methodology of
LCA

plastics (cradle to
factory gate)

Technical maturity Very high Still a lot to do Depending on the
content of the
by-product

Economically Not yet (except for Not yet Not yet, but close

competitive specific properties)

Secure supply with raw Competing for food, Competition with Still a huge potential for
materials at a animal feed and bioenergy and inefficiently used
reasonable price bioenergy traditional industrial byproducts, or even

material use those not used at all

Direct competition with Yes No No
food and feed

Indirect competition to Yes — on land use No

food and feed
Emergency reserve for Yes No No
food and feed

13.3 The Amount of Land Needed to Grow Feedstock
for Bio-Based Plastics

There are 3300 x 10° ha of rainfed arable land available on this planet, which are used for
cropland (circa 1500 x 10° ha), residential areas, road and rail (100 x 10° ha), protected areas
(330 x 10° ha) and potential forest land (800 x 10° ha) — so there are still 570 x 10° ha left
(Figures 13.2 and 13.3). Those areas are in Russia, Kazakhstan, Africa and South America —
often far away from any agricultural infrastructure. Until 2020, huge areas will be activated
for cropland, but still 360 million ha are expected to remain ‘free’ for agricultural uses. To
activate this potential, huge investments and reforms in rural areas will be necessary. Even
in the European Union, circa 8 x 10° hectares are free and could be used for bioenergy or
biomaterials. Most of this land is located in the member states in Eastern Europe.

Today, most of the arable land is used for animal feed (69%), followed by food (17%),
material use (7%, including bio-based plastics) and finally bioenergy (3.5%).

Of the worldwide total of roughly 13 x 10° tonnes of biomass harvested in the form of crop
and forest biomass, energy and materials as renewable resources account for only about 3%
each and wood altogether for 21%. Animal feed (55%) and food (15%) production account for
the vast majority (Figure 13.4). This classification is made according to the primary production
objective and the figures therefore include byproducts that can also be put to other uses.
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Figure 13.2  Clobal land use for food production and renewable resources 2008. (© nova-Institut GmbH, 2012.)

If one relates the use only to agricultural biomass, then the division becomes even clearer.
While both the energy and materials sectors use of renewable crops from arable land represent
about 4% of, their overall production, animal feed accounts for 74% — or almost three-quarters —
of the total volume and 18% of harvested agricultural biomass is used directly for food (Figure
13.5). The feed fraction is predominantly required for meat and milk production; grass from

pastureland for grazing or feed production is not included in these numbers.

100
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The data on biomass in tonnes look slightly different from the arable land use and the main
reasons are different yields per hectare for different crops, dedicated to certain applications.
For example, cotton, the leading crop for industrial material use, has considerably lower yields
than most of the energy crops.

Using the recent data from Endres (FH Hannover) and European Bioplastics, today (2010)
about 724 000 tonnes of bio-based plastics are produced worldwide (European Bioplastics and
University of Applied Sciences and Arts Hanover: Market development of biopolymers, data
from http://en.european-bioplastics.org/market/market-development/, accessed 22 June 2013)
and this will increase to 1.71 x 10° tonnes by 2015. According to a rough average estimation
2.5 tonnes of bio-based plastics can be produced per hectare and per year. This means that
crops for bio-based plastics were grown on 290 000 hectares (0.02% of global crop land) in
2010 and will be grown on 684 000 hectares (0.05%) in 2015 [1].

Compared to other raw materials used around the world, renewable resources and in par-
ticular wood have a very large share of the whole and are comparable in mass terms to other
materials such as steel and concrete (Figure 13.6). If one takes material and energy use together,
the use of renewable resources exceeds that of all other raw materials in volume terms.

To substitute all 250 million tonnes of plastics in the world with bio-based plastics will
demand 100 million hectares or 7% of the global arable land. This will only happen if crude
oil is really scarce and very expensive. Then solar and wind energy will also be taking over
the energy sector, including bioenergy, so these arable areas will be set free for bio-based
chemicals and plastics.

13.4 Productivity and Availability of Arable Land

Still more important than activating new agricultural areas is to increase productivity on areas
already in use. Modern agricultural processing can increase the productivity up to ten times
compared to traditional farming. Even in the European Union, there is still much scope for
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Figure 13.6 Relation of selected raw materials in material and energy use worldwide 2008. (© nova-Institut
GmbH, 2011.)
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productivity increases. In Romania, for example, yields for most crops are less than 50% of
the corresponding average yields in the former EU-15, despite good quality soils.

According to a recent FAO work using longer term population and income projections,
global food production needs to increase more than 40% by 2030 and 70% by 2050 compared
to average 2005-2007 levels [2]. As the OECD and FAO state: ‘Finally, over the longer
term, agricultural supply is facing increased uncertainties and limitations to the amount of
new land that can be taken into cultivation. Public and private investments in innovation
and increasing agricultural productivity, particularly in developing countries, would greatly
improve supply prospects by helping to broaden the production base and lessen the chance of
recurring commodity price spikes.” [3]

In July 2009, the world leaders pledged to commit $20 - 10° over three years for a ‘food
security initiative’ to develop sustainable agriculture in poor countries. Addressing the G8,
FAO Director-General Jacques Diouf said ‘I am convinced that you will “walk the talk” not
only for natural ethical considerations but also for sound economic reasons and, last but not
least, to ensure peace and security in the world.” [4] This commitment will trigger further
investments in agriculture and will ease the supply situation.

Increased food production can either come from productivity growth or area expansion. On
the one hand, there is theoretically room for expansion of agricultural areas. According to the
OECD/FAO Agricultural Outlook, based on work of Fischer et al. 2002 [5], some 1.6 x 10°
ha could be added to the current 1.4 x 10° ha of cropland. Over half of the additionally
available land is found in Africa and in Latin America. These regions account for most of the
available land that has the highest suitability class for rain-fed crop production. But historical
expansion of arable land has been slow, and bringing more marginal land into production can
involve considerable investment and lower average yields, while possibly incurring social and
environmental costs [3].

Also historically, expansion of arable land has since the 1960s mainly taken place in Africa
and Asia while it has continually declined in Europe (Figure 13.7).

However, the following two figures show that the total global agricultural area has in
reality stagnated in the 1990s and has even decreased since 2001 (Figure 13.8). Furthermore,
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Figure 13.7  Arable land by region. (© nova-Institut GmbH, 2012.)
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the increase in agricultural area has been due mainly to a tremendous increase of land for
permanent crops (including oil palm, cocoa, coffee, natural rubber etc.) and not arable land
[6] (Figure 13.9).

Impact on food security is one of the core social factors to be considered in the development
of the use of renewable resources for biofuels and material use like the use in biorefineries.
The growing market (today mainly biofuel, in future biorefineries as well) represents a new
source of demand for agricultural commodities, which must be supplied from available land
resources without negative impacts on the food and feed sector [6].

13.5 Research on Feedstock Optimization

Feedstock was and is constantly adapted to the needs of the modern (agricultural) industry.
One focus on national and international research concerning the availability of feedstock for
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Figure 13.9  Global agricultural area by categories. (© nova-Institut GmbH, 2012.)
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a bio-based economy is the optimization of the yields and contents of crops for different uses.
There are different ways to achieve these aims. This includes the technological optimization of
agricultural processes as well as the direct optimization of crops (and wood for short rotation
plantations) via conventional breeding, refinements of conventional breeding or biotechnolog-
ical methods. Modern breeding methods offer a wide repertoire of different approaches. In
addition to traditional selection procedures and genetic engineering, (green) biotechnology for
feedstock optimization is increasingly receiving attention, although experts, politicians and
the general public regard its benefits as controversial.

Increasing demand among chemical companies for renewable resources for a bio-based
economy requires adjustments in plant breeding and production. The focus is on the increase
in the production of the desired plant ingredients or the total biomass production by direct
biomass increase and development of resistance breeding to increase crop yields. Conventional
breeding of all crops is used and has been used for hundreds of years to optimize crop yields
for the food industry and to produce plants with high contents of, for example, starch or sugar.

Due to the sensitive implications of expansion of agricultural areas (considerable invest-
ment and lower average yields, while possibly incurring social and environmental costs), the
alternative to increasing global food production is to further increase land productivity. From
the 1960s on, global cereal yields have continually increased.

The crucial question is whether the trend of increasing global yields will continue at the
same pace. The tremendous potential for increasing yields in developing countries is hindered
by lack of technology and infrastructure on the one hand and unfavourable agricultural policies
on the other. Both areas are not easy to change in the short term.

While yields for major crops still grow, the growth rate has markedly slowed down for many
crops. Bringezu (2009) showed that the global crop yields for all main crops grew slower than
in the past and that there was very little optimization through conventional breeding [7].

Figure 13.10 shows that the 5-year moving average of wheat-yield growth slowed down
from about 4% in the beginning of the 1960s to less than 1%. The same trend is visible in Asia
and Europe. Only in the case of Africa and the Americas is yield growth about constant, but
with large variations over the years.

13.6 Advanced Breeding Technologies and Green Biotechnology

A second focus is the optimization of the plant ingredients — for example, through a change of
the starch molecule for technical uses of the potato (Amflora potato from BASF and TILLING
potato, both with starch consisting of only amylopectin) or the change in the composition of
fatty acids in rapeseed, sunflower or crambe. The German Plant Breeders Association (BDP)
declares as the main breeding objectives for example, ‘increasing the income and improving
the quality of the harvested crop, an improved resistance to harmful organisms, reducing the
costs of pesticides, improving tolerance to abiotic stress factors in order to reduce agronomic
efforts and securing yields under changing environmental conditions, the optimization of the
content of plant ingredients and an improved intake of nutrients for a reduced use of fertiliz-
ers’ (Bundesverband Deutscher Pflanzenziichter e.V., ‘“Ziichtungsziele’, at http://www.bdp-
online.de/de/Pflanzenzuechtung/Zuechtung_und_Forschung/Zuechtungsziele/, accessed 22
June 2013).

Conventional breeding is dedicated to new technological developments in addition to the
development of new breeding objectives. Due to this, the concept of the use in cascades and
product chains was established and optimized and breeding aims are defined accordingly.


http://www.bdp-online.de/de/Pflanzenzuechtung/Zuechtung_und_Forschung/Zuechtungsziele
http://www.bdp-online.de/de/Pflanzenzuechtung/Zuechtung_und_Forschung/Zuechtungsziele
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GmbH, 2012.)

Examples for this may be the breeding for sugar beets with high sugar content or the improve-
ment of the harvest index for rapeseed. The output of these efforts should also be used for
energy and material purposes. Another level of development is the smart breeding technology
(smart meaning ‘Selection with Markers and Advanced Reproductive Technologies’). In this
process, the gene responsible for a specific property is identified using molecular methods in
the first step (DNA sequencing and next-generation sequencing, PCR, molecular markers). In
the breeding process this is used to analyse the progeny of a crossbreed very early in regard to
the presence of the feature and to select it. Time savings of up to 50% can be the result of this
process. Examples of smart breeding can be found, for instance, for rice [8].

Cisgenetics is a similar approach, where genes of a species are identified, isolated and then
reintroduced into the same species to optimize it. With this technology, breeding objectives
can also be achieved much faster, so these techniques are discussed as tools of a second
green revolution [9]. Another advancement is the TILLING technology (Targeting Induced
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Local Lesions In Genomes), where previously very laboratory-intensive mutation breeding
has been expanded and improved in efficiency [10], or ECOTILLING, where natural alleles are
identified and used in breeding [11]. The newest developments also should lead to accurate
and efficient breeding. One of those is homologous recombination [12], where only genes of
certain features are targeted to avoid undirected and therefore unwanted genetic changes.

Some of the developments in breeding can be understood as examples of green biotechnol-
ogy. Other developments can be mentioned, for example, embryo-rescue, anther cultures and
in vitro culture/micropropagation to increase clones. Another example green biotechnology is
genetic engineering, which in some countries, like China, Brazil and India, is regarded as a
promising and important technology and is widely used [9].

13.7 Some Facts about Food Prices and Recent Food Price Increases

Compared to other raw materials the price increase for agriculture raw materials was moderate
since 2008. In inflation-adjusted terms, price levels in 2008 were even much lower than in the
1970s. This is reported, for example, in the OECD/FAQO Agriculture Outlook:

The commodity price spikes witnessed in the last couple of years, and particularly most recently,
are exceptional when viewed from the perspective of the last decade or so but not so much so
when seen in a longer historical context ... the recent price spike is neither the only, nor even the
most important, one to occur in the last 30-plus years. In inflation adjusted terms, today’s prices
fall well short of peaks achieved in the early 1970s, and neither current maize nor wheat prices
are averaging much above levels achieved as recently as the mid-1990s [3].

Until now, biofuels have had only small effects on world food prices but, although it is
smaller than the increase in food and feed, biofuel demand is the largest source of new demand
in recent decades and a strong factor underpinning the upward shift in agriculture commodity
prices. The medium-term impact of biofuels on crop markets, at least until 2017, however,
should not be overestimated, having had an influence on cereal and oilseed prices of 3% to, at
most, 10% [13].

Recently, the impact of bioplastics on land use has been approximately 250 times lower
than the impact of biofuels; consequently the price influence can be estimated to be lower than
0.1%. Therefore, the impact of bioplastics on the world food market is negligible. Producing
biofuels or bioplastics also means, in most cases, producing high-value protein-rich byproducts
that can be used as feed.

The main driver for the price increase of agricultural products is the fast growing demand
for meat and milk products (Figure 13.11). According to a special Biofuels Digest report, ‘Fat
vs Fuel’, 70% of US corn and soy production is devoted to feed, not food or fuel: feed for
animals to provide meat, dairy and other livestock byproducts. According to the FAO and the
USDA, US meat consumption has increased to 62 kg per person per year since the 1950s,
with a resulting increase in grain usage of 170 kg per person (the grain fed to pigs, cattle
and poultry). Cheese consumption has increased faster than milk’s decline, and Americans
consume an extra 81 kg of milk, which uses up another 29 kg of grain [14].

High prices for agricultural raw materials are good for some and bad for others. Unpre-
dictable movements in food prices can still provide problems in the future. With high prices,
the consequences in terms of hunger or malnutrition, especially in poor urban areas, will
surface. But with low prices, consequences for poor farmers will be disastrous. Until recently,
hundreds of millions of farmers could not lift themselves out of poverty because of low food



342  Bio-Based Plastics

. . nova-Index 18 nova-Index E ‘Tova-Index Agricult
nova-indices  EiUD.  n  paes Eme s

Cocoa Heating oil Silver Heating oil Maize
January 1980 = 100 % Coffee Maize Soybeans Natural gas Soybeans

Copper Natural gas Sugar Uranium Sugar
All raw materials are equally Cotton Orange juice  Uranium Wheat
weighted in all indices Crude Oil  Platinum Wheat

500

450

400

350

300

250

200

150

100

50

(o]

2006 4
2007 4
2008 4
2009
2010 +
2011
2012

Figure 13.11  Nova price-indices for agricultural and non-agricultural commodities and energy. (© nova-Institut
GmbH, 2013.)

prices; 75% of the world’s hungry people are still living in rural areas and are dependent on
agriculture for their livelihoods. Over time, high agriculture prices should benefit them. In
poorer urban areas of the world, expenditure on food makes up, on average, about 50% of
an individual’s disposable income. As such, price increases in these regions have dramatic
effects. This percentage climbs to 65% if the food prices rise by 30%. In wealthy countries,
on the other hand, these effects will be limited to 1 to 2% of an individual’s income. Apart
from this, the hunger issue is, however, only partially attributable to the demand for biofuels
and is much more attributable to bad policy and the poor performance of the markets [15].

To sum up, the target should be to cultivate crops that are using the land most efficiently
for their intended purpose, regardless of whether these are food or nonfood crops. Even if an
increasing share of arable land is used for energy and material use — there is still much scope for
the expansion of agricultural areas and even more for productivity increases. However, biofuels
have so far had a very small impact on food prices and the impact of bioplastics was, with a
factor of 250 times less, clearly negligible. Even if they had a significant impact — a higher
agricultural price level, together with the international commitment to support sustainable
agricultural development, is necessary for more investments in the agriculture sector to increase
production and secure the supply in the future. Although high food prices certainly have adverse
effects for some, they will lead to the activation of agricultural land that is currently not in
production and also to higher productivity on already cultivated land, which would increase
the aggregate production of food, feed and renewable raw materials. Furthermore, high prices
for agricultural products are necessary for poor farmers in developing countries to sustain their
livelihoods.
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13.8 Is there Enough Land for Food, Animal Feed, Bioenergy and
Industrial Material Use, Including Bio-Based Plastics?

People have been using agricultural raw materials for energy and material purposes for as
long as mankind has existed. It is quite common to use agricultural feedstock for biomaterials
and this has been done on a large scale for decades. The additional impact of bioplastics is
extremely small. Due to increasing demand for food and animal feed, and also for bioenergy
and industrial material use, the crucial question is how to increase biomass production in a
sustainable way. In fact, there are two strategies to reach this goal:

1. Increasing the yields. The tremendous potential for increasing yields in the developing
countries is hindered by lack of technology and infrastructure, unfavourable agricultural
policies such as no access to credits, an insufficient transmission of price incentives, and
poorly enforced land rights.

2. Expansion of arable land. Some 0.6 to 1.6 x 10” hectares [2] could be added to the current
1.4 x 10” hectares of crop land (excluding forests, urban areas, protected areas). The figure
shows that even in the year 2020 more than 200 million hectares of free arable land will be
available.

Prerequisites to points 1 and 2 are political reforms and huge investments in agro-
technologies. Compared to these potentials, the impact of GMO on the increase in biomass
production will stay low.

On the other hand there is also a huge potential for using biomass more efficiently:

e On average, 10 g of vegetable protein are needed to generate 1 g of animal protein. For
broiler production, the protein conversion efficiency is about 18%, for pork about 9%,
and for beef about 6%. Therefore, compared with soybean production, biomass and land
requirements are roughly a factor 617 larger for meat protein production [16]. To switch
from meat to vegetarian food would set free a huge amount of arable land for other uses.
Furthermore, the differences for water requirements for meat production are about a factor
of 26 when there is enough rain for agricultural production or factor 4.4 when intensive
irrigation is needed [16]. Although fossil fuel requirements for protein production depend
on agricultural intensity and practices, they are about 2.5 to 50 times better for vegetable
proteins, compared with animal husbandry. In Europe this difference will usually be a factor
of 6-20 to the advantage of soybean-based protein food [16]. Getting proteins from cattle
also demands 40 to 50 times the greenhouse gas emissions compared with proteins obtained
from wheat or soya [17].

e Reducing food losses will also set free huge amounts of arable land. The results of a recent
study showed that roughly one-third of food produced for human consumption is lost or
wasted globally, which amounts to about 1.3 x 10° tonnes per year [18].

e Finally solar energy, which will be fully competitive in 10 to 15 years from now (2013),
is 40 to 50 times more land efficient compared with bioenergy (and biofuels) and will
mainly use nonarable land. This will also release huge areas of arable land, today used by
bioenergy.

So the conclusion is, yes, there is enough feedstock — but there will be only enough feedstock
for industrial material use, including bio-based plastics, if:

e we are able to activate strongly the potentially free areas (0.6—1.6 x 10° hectares) for agri-
culture and to increase productivity in developing countries — this needs huge investments
and political reforms;



344  Bio-Based Plastics

e we switch to more vegetarian food and also reduce losses in the food chain;

e we switch from bioenergy to solar and wind energy and increase significantly the use of
solar and wind energy; and

e we establish a new policy for equal support of bioenergy and industrial material use based
on their efficiency, GHG reduction/hectare and employment/hectare.

Otherwise ‘food and feed first’, high subsidies for bioenergy and increasing population
and meat consumption could mean no feedstock left for high-volume industrial material use,
bio-based chemistry and bio-based plastics.

The reason for hunger is not a bottleneck in cropland for food or feed production. We have
more than enough space to produce sufficient food and feed for everyone and we are doing this
already. The main reasons for hunger are poor distribution, bad logistics and missing financial
resources. Or in other words, mankind is producing enough food and feed and there are still
huge areas free or unused. These areas can be used for energy and material use without any
harm — without any impact on food and feed production. Using these areas for energy and
material use will provide additional income to many farmers, who will be able to buy food
for their families. After all, three out of four poor people in developing countries live in rural
areas.

The type of crops to be cultivated for energy or material use in free agricultural areas should
be only a question of efficiency, economy, ecology, sustainability, and so on —but not a question
of whether the crop could be used as food or feed instead. Very often, food crops are the most
efficient industrial crops too, because they have been optimized by breeding since the 1960s
(Figure 13.12). Using a less efficient nonfood crop for energy or material use instead would
mean misspending cropland.

In principle there are sufficient and sustainable biomass resources available for food, animal
feed, bioenergy and industrial material use, including bio-based plastics, but we should change
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Figure 13.12  Energetic and materials use of biomass worldwide 2008. (© nova-Institut CmbH, 2011.)
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and optimize biomass allocation and therefore the political framework. And we should invest
in agriculture, induce political reforms in rural areas of the world, optimize our nutritional
habits so that they are sustainable and switch from bioenergy to solar energy. These measures
can secure an adequate and sustainable supply of biomass for at least the next 100 years.
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The Promise of Bioplastics —
Bio-Based and
Biodegradable-Compostable
Plastics
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Plastic materials are the dominant materials used in applications from agriculture, to elec-
tronics, to medical devices to packaging. Starting from a mere 1.65 x 10° tons in 1950 they
reached 280 x 10° tons in 2011 and continue to show explosive growth as populous countries
like India and China become more industrialized and consume more plastic materials.

Two major issues that arise from this extensive use of plastics, especially in relation to
short-life disposable packaging, are its carbon footprint and end of life — what happens to the
product after use when it enters the waste stream. This chapter describes how bioplastics can
provide a value proposition to address the twin issues of carbon footprinting and end of life.

Bioplastics describe two separate but interlinked concepts:

e Bio-based plastics — plastics made from biomass/plant feedstocks as opposed to petro/fossil
feedstocks — their ‘beginning of life’. This concept refers to replacing petro/fossil carbon
with bio-based carbon. Bio-based plastics derive their value proposition from having a zero
material carbon footprint arising from the short (in balance) sustainable carbon cycle. This
material carbon footprint differs from the process carbon footprint, which is the carbon and
environmental footprint arising from converting the feedstock to products, using them and
ultimately disposing of them [1, 2]. These materials are not necessarily biodegradable or
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compostable. The end-of-life option for these bio-based products needs to be identified and
implemented.

e Biodegradable-compostable plastics — these are plastics designed to be completely
biodegradable in the targeted disposal environment (composting, soil, marine, anaerobic
digester) in a short defined time period. They are assimilated by micro-organisms present
in the disposal environment as food to drive their life processes. They are not necessarily
bio-based but can be petro / fossil based.

There are also additive-containing plastics that are claimed to be made ‘biodegradable’
using so-called oxo- and organic additives added at 1-2% levels to conventional polyethylenes
(PE), polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PET) or other plastics.
However, biodegradability claims need to be substantiated by competent and reliable scientific
evidence using international standards. It must be proven that micro-organisms present in the
disposal environment are using the plastic carbon substrate in a defined and measurable time
period [2-4]. Unfortunately, misleading and false biodegradability claims proliferate in the
marketplace and several companies have been the subject of regulatory actions.

14.1 Value Proposition for Bio-Based Plastics

Switching the manufacturing base (the origins of the carbon) from petro / fossil to bio-
based plant carbon feedstock offers an intrinsic zero material carbon footprint value propo-
sition. This is readily apparent from reviewing nature’s carbon cycle. Nature cycles carbon
through various environmental compartments with specific rates and time scales, as shown in
Figure 14.1.

Carbon is present in the atmosphere as inorganic carbon in the form of CO;. The current
level of CO, in the atmosphere is around 380 ppm (parts per million). The life-sustaining
heat-trapping value of CO,; in the atmosphere (which maintains the Earth’s temperature) is
becoming life threatening because of increasing man-made carbon dioxide and other heat-
trapping gas emissions to the atmosphere. It is therefore prudent and necessary to try to

sunlight energy
( Biomass, Ag & Forestry crops &
COp+ HO ————> (CH0)n+ 02 (eqidues
photosynthesis NEW CARBON
1-10 years
> 108 YEARS
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Fossil Resources (Qil, Coal, Natural gas) --OLD CARBON
Rate and time scales of CO, utilization is in balance using bio-based/plant feedstocks
(1-10 years) as opposed to using fossil feedstocks

Short (in balance) sustainable carbon cycle using bio-based carbon feedstock
MATERIAL CARBON FOOTPRINT

Figure 14.1 Biological carbon cycle illustrating zero material carbon footprint. (Reproduced with permission
from ref. [1]. Copyright © 2012, American Chemical society.)
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maintain current levels — the ‘zero carbon’ approach. This can best be done by using biomass /
plant materials as feedstock to manufacture carbon based products, so that the CO; released at
the end of life of the product is captured by planting new crops in the next season. Specifically
the rate of CO, release to the environment at end of life equals the rate of photosynthetic CO,
fixation by the next generation crops planted — a ‘zero material carbon’ footprint. In the case of
fossil feedstock, the rate of carbon fixation is in millions of years while the end-of-life release
rate into the environment is in 1-10 years — the mathematics is simple, this is not sustainable
and results in more CO, release than fixation, resulting in an increased carbon footprint, and
with it the attendant global warming and climate change problems [1,2].

14.2 Exemplars of Zero or Reduced Material Carbon Footprint — Bio-PE,
Bio-PET and PLA

Basic stoichiometry teaches that for every 100 kg of polyolefin (polyethylene, PE; polypropy-
lene, PP) manufactured, a net 314 kg of CO, is released into the environment at its end of life
(100 kg of PE contains 85.7 kg carbon and upon combustion will yield (44/12) x 85.7 = 314
kg of CO;). Similarly, PET contains 62.5% carbon, which results in 229 kg of CO, released
into the environment at end of life. However, if the carbon in the polyester or polyolefin comes
from biomass feedstock, the net release of CO; into the environment is zero, because the CO,
released is sequestered in a short time period by the next crop or biomass plantation (Figure
14.2). Thus, the fundamental value proposition for bio-based plastics arises from this intrinsic
zero material carbon footprint and not necessarily from the process carbon footprint, which
may be equal to or slightly better than current processes.

This approach is illustrated by Braskem who have built a 200 kton/year bio-PE plant
using sugarcane as bio-based feedstock in Brazil. Sugar from sugar cane is fermented to

Material carbon footprint

350 [H C—CH | Kg of CO, per 100 Kg resin
2 2
—t PE —J_n 9 2P g
300 1
314 kg of CO, emissions reduction for every 100 kg of PE resin
250 in which the petro carbon is replaced with bio carbon
Experimentally determined using
200 ASTM D6866 based on the principle
of C-14 analysis
150 +
100
Zero carbon
footprint
50 1 j
0 - :
PE/PP PET Bio-PE/PET/PLA

Figure 14.2  Material carbon footprint calculations for fossil and bio-based plastics. (Reproduced with permission
from ref. [1]. Copyright © 2012, American Chemical society.)
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Figure 14.3  Braskem 100% bio-PE (zero material carbon footprint) process. (Reproduced with permission from
Braskem S.A.)

ethanol which is dehydrated to ethylene and polymerized to bio-PE (Figure 14.3). In addi-
tion, the company plans to erect a plant manufacturing 30 ktons/year of bio-PP as well
(http://www.braskem.com/site.aspx/green-products-USA, accessed 10 July 2013).

Another example is the switch by The Coca-Cola Company to bio-PET with is
characterized by a 20% bio-based carbon content (http://www.coca-colacompany.com/
our-company/introducing-plantbottle, accessed 10 July 2013). Polyethylene terephthalate bot-
tles are extensively used for packaging beverages, water, and a number of other food and
nonfood items (Figure 14.4). Polyethylene terephthalate is manufactured by condensation

Acid component bio-based Glycol
8 carbon atoms 2 carbon atoms
68.75% by mass 31.25% by mass

20% bio-based carbon content [ASTM D6866]
31.25% by weight of plant biomass

Figure 14.4  Bio-PET Coca Cola Plant bottle. (© The Coca-Cola Company.)
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polymerization of terephthalic acid and ethylene glycol. In the bio-PET the glycol component
is bio-based. There are also efforts under way to manufacture terephthalic acid from bio-based
feedstocks, but currently it is still made from fossil feedstock.

As shown in Figure 14.4, there are two bio-based carbon atoms and eight fossil carbon atoms
per PET molecule, which means a 20% bio-based carbon content. On a mass basis, there are
31.25% bio-based glycol components and 68.75% fossil terephthalic acid components in the
polymer. From a material carbon footprint perspective the CO, arising from the glycol’s two
carbon atoms would have a zero carbon emissions impact, and only the eight fossil carbon
atoms from the terephtahlic acid component would contribute to the carbon emissions impact.

About 37.5 x 10° tons of PET are used every year to make bottles. As discussed earlier,
two of the ten carbons in PET coming from the glycol component would have zero carbon
emissions impact. Therefore, an annual reduction of 17.2 x 10° tons of CO, emissions is
realized by just introducing two bio-based carbon atoms in PET. This translates to saving
40 x 10° barrels of oil use per year. Recently, major brand owners The Coca-Cola Company,
Ford Motor Company, H.J. Heinz Company, NIKE, Inc. and Procter & Gamble announced
the formation of the Plant PET Technology Collaborative (PTC), a strategic working group
focused on accelerating the development and use of 100% plant-based PET materials and fibres
in their products. The end-of-life strategy for bio-PET is recycling. Bio-PET is structurally,
chemically and physically identical to the current petro-fossil based PET molecule. Therefore,
bio-PET can be readily recycled in the well established PET recycling infrastructures. PET
bottles is the most recycled polymer material and continues to grow.

Poly(lactic acid) (PLA) offers 100% bio-based carbon content for a zero material carbon
footprint and both compostability and recycling as viable end-of-life options. NatureWorks
LLC (a Cargill subsidiary) manufactures 140 000 tons/year of PLA under the trade name
Ingeo™ for packaging and industrial applications (see www.natureworksllc.com, accessed
23 June 2013).

14.3 Process Carbon Footprint and LCA

The fundamental intrinsic value proposition of a zero material carbon footprint arises from
the origin of the carbon in the product as described in the earlier section — using bio-based
in place of petro/fossil feedstock. However, this does not address the carbon emissions and
other environmental impacts for the process of converting the feedstock to products, using
them and ultimately disposing them — the process carbon footprint. LCA methodology and
standards (ISO 14040 standards) [5] are the accepted tools to compute the process environ-
mental footprint. Unfortunately, LCA focuses almost exclusively on the process (carbon and
environmental) footprint. The impact of the carbon present in the product, the material carbon
footprint, is treated as feedstock energy or embodied carbon energy for potential use in the
next product cycle, or it is even not considered at all as would happen in a cradle-to-gate LCA.

Figure 14.5 shows the process and material carbon footprint of the above mentioned plastic
products PLA, PE and PET. As can be seen from the diagram, the process carbon footprint for
PE (values for PP are very close to the PE data) is around 200 kg CO, emitted per 100 kg plastic
manufactured, whereas that for PLA is around 385 kg CO, emitted per 100 kg plastic manufac-
tured —a much higher carbon footprint for the bio-based product (see |www.p1asticseur0pe.org/,|
accessed 23 June 2013) [6]. However, if one includes the material carbon footprint, then PLA
has a lower total carbon footprint — 385 kg CO, emission per 100 kg plastic manufactured
versus 519 kg CO, emission per 100 kg plastic manufactured. This is because the material
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Figure 14.5 Process and material carbon footprints for PLA, PET, and PE. (Reproduced with permission from ref.
[2]. Copyright © Cambridge University Press.)

carbon footprint for the PLA plastic is zero, whereas PE/PP has a material carbon footprint of
314 kg CO, emissions per 100 kg plastic manufactured [1, 2].

Of course it is important to calculate and report on the process carbon and environmental
footprint using LCA tools and ensure that the process carbon and environmental footprint
is equal or better than the process being replaced. However, the intrinsic fundamental value
proposition for bio-based plastics arises from the zero material carbon footprint in harmony
with time scales of the natural biological carbon cycle.

14.4 Determination of Bio-Based Carbon Content

A key requirement to document this material carbon footprint reduction is a transparent and
accurate test method to determine unequivocally the amount of bio-based carbon present in
a product. The bio-based carbon present in a material can be readily calculated as a percent-
age from the C-14 signature of the product. All bio-based carbon atoms have a radioactive
signature that arises from the plant’s CO, uptake out of the atmosphere in which a small but
measurable amount of C-14 containing CO; is present due to reactions of nitrogen with cosmic
radiation (see Figure 14.6). Fossil carbons have almost zero C-14 content as the half-life of
this radioactive carbon isotope is 5730 years. The ASTM D6866 test method [7] can be used to
calculate the percentage bio-based carbon content in materials. It involves combusting the test
sample in the presence of oxygen to produce carbon dioxide (CO,) gas. This gas is analysed
to provide a measure of the product’s '*C/'?C content relative to the modern carbon-based
oxalic acid radiocarbon Standard Reference Material (SRM) 4990c.

The US Congress passed the Farm Security and Rural Investment Act of 2002 (P.O. 107-
171) requiring the purchase of bio-based products by the Federal Government. The U.S.
Department of Agriculture (USDA) was charged with developing guidelines for designating
bio-based products and publishing a list of designated bio-based product classes for mandated
Federal purchase (www.biopreferred.gov, accessed 10 July 2013). In its rule-making, the
USDA adopted the methodology described above for identifying and quantifying bio-based
content prescribing the use of ASTM D6866 to establish bio-based content of products. More
recently, a voluntary labelling programme, ‘USDA Certified Biobased Product’, has been
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Figure 14.6  Measurement of bio-based carbon content using radiocarbon analysis (ASTM D6866). (Reproduced
with permission from ref. [1]. Copyright © 2012, American Chemical Society.)

launched and managed by ASTM (Figure 14.7). The basis for the certification is to have the
product tested for bio-based carbon content using ASTM D6866 and to meet several other
requirements.

14.5 End-of-Life Options for Bioplastics — Biodegradability-Compostability

Bio-PE and bio-PET are bio-based plastics but not biodegradable-compostable. They can be
advantageously integrated with the already existent PE or PET recycling streams. Bio-PE
also has the advantage of high heat of combustion value which is advantageous for energy
recovery. The end-of-life option for these bio-based plastics is recycling or energy recovery. On
the other hand bio-based PLA and petro/fossil based polyesters are completely biodegradable
under composting conditions.

Biodegradability is a very misused and abused term. False and misleading claims are pro-
liferating in the market space. Using the terms ‘biodegradable’ or ‘biodegradability’ means
nothing and is misleading, unless one defines the disposal system and the time required
for complete biodegradation in that disposal system. Biodegradability means harnessing

USDA
CERTIFIED
BIOBASED
PRODUCT

PRODUCT 57%
PACKAGE 32%

FP

Figure 14.7 USDA biopreferred voluntary labelling program logo. (© USDA.)
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Aerobic process

Glucose/C-bioplastic + 60, 6002T + 6H,0; AG?= -686 kcal/mol

Anaerobic process

Glucose/C-bioplastic — 2 lactate 3002T+ SCH4T AG?= -47 kcal/mol

Scheme 1 Basic biochemical processes for the microbial utilization of carbon substrates

micro-organisms present in the disposal system to use the plastic carbon substrate as their
food completely and thus to remove it from the environmental compartment in a safe, timely
and efficacious manner.

Basic biology teaches how to measure the rate and extent of this microbial use and forms
the basis for all the ASTM, ISO, and EN standards for measuring biodegradability. Under
aerobic conditions, the carbon is biologically oxidized inside the cell to CO,, releasing energy
that is harnessed by the micro-organisms for their life processes. Under anaerobic conditions,
CO, and CHy are produced. Thus, a measure of the rate and amount of CO;, or CO, and
CH, evolved as a function of total carbon input to the process is a direct measure of the
amount of carbon substrate being used by the micro-organisms (percentage biodegradation)
(See Scheme 1). So, one has to ensure complete biodegradability in a defined disposal system
like composting or anaerobic digestion in a defined short time period.

It would seem obvious and logical from the above basic biology that, to make a claim
of biodegradability, all one needs to do is the following: expose the test plastic substrate as
the sole carbon source to micro-organisms present in the target disposal environment (like
composting, or soil or anaerobic digestion or marine), and measure the CO, (aerobic) or
CO,; and CHy4 (anaerobic) evolved. A measure of the evolved gas provides a direct measure
of the plastics substrate carbon being utilized by the micro-organisms present in the target
disposal environment (percentage biodegradation). ASTM, EN, and ISO test methods teach
how to measure the percentage biodegradability in different disposal environments based on
the fundamental biochemistry described above.

The various biodegradability test method standards from ASTM and ISO are as follows:

o ASTM D5338 —test method for measuring biodegradability under composting environment.

o ASTM D5988 — test method for measuring biodegradability in soil environment.

e ASTM D5511 - test method for measuring biodegradability in a high solids anaerobic
digester.

o ASTM D5526 — test method for measuring biodegradability in a landfill/bioreactor envi-
ronment.

e ISO 14852 —ultimate aerobic biodegradability of plastic materials in an aqueous medium —
method by analysis of evolved carbon dioxide.

e ISO 14853 — ultimate anaerobic biodegradability in an aqueous system — Method by
measurement of biogas production.

e ISO 1485S5; Determination of the ultimate aerobic biodegradability of plastic materials
under controlled composting conditions — Part 1: Method by analysis of evolved carbon
dioxide and Part 2: Gravimetric measurement of carbon dioxide evolved in a laboratory-
scale test.

However, these test methods have no pass / fail criteria, and so should not be used to
claim biodegradability in any environment. Strict adherence to the test method’s reporting
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requirements should be followed. The report, at a minimum must have the disposal environ-
ment, the percentage biodegradation achieved and the time frame to obtain the percentage
biodegradation.

For the composting environment, specification standards with definite pass / fail criteria
requirements are available as ASTM, ISO, and EN standards. All the standards are harmonized
and have very minor differences but the basic principles and requirements are the same. EN
13432 and ISO 18606 are specification standards for packaging. The specification standards
are as follows:

¢ Biodegradability under composting conditions — Compostable Bioplastics
o ASTM D6400 — Specification for compostable plastics
o ASTM D6868 — Specification for plastics coatings and modifiers on paper and other
compostable substrates
o ISO 17088 — Specification for compostable plastics
o EN 13432 - Specification for compostable packaging — focus on packaging
o ISO 18606 — Packaging and the Environment — Organic recycling — focus on packaging
e Biodegradability under marine environment
o D7021 - Specification for non-floating biodegradable plastics in the marine environment
e Biodegradability under soil environment
o ASTM - under development — 90% carbon assimilation by microorganism as measured
by evolved CO; in 2 years or less.

Thus, one can measure the rate and extent of biodegradation or microbial utilization of
the test plastic material by using it as the sole carbon source in a test system containing a
microbially rich matrixlike compost in the presence of air and under optimal temperature
conditions (preferably at 58 °C — representing the thermophilic phase). Figure 14.8 shows
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Figure 14.8 [Experimental measurement of biodegradability using International Standards. (Reproduced with
permission from [1]. Copyright © 2012, American Chemical society.)
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a typical graphical output that would be obtained if one were to plot the percentage carbon
converted to CO, as a function of time in days. First, a lag phase can be observed during which
the microbial population adapts to the available test C-substrate. Then, the biodegradation
phase follows during which the adapted microbial population begins to use the carbon substrate
for its cellular life processes, as measured by the conversion of the carbon in the test material
to CO,. Finally, the output reaches a plateau when the substrate is almost completely utilized.
Linear or any other form of data extrapolation from these complex biological systems is not
acceptable and is very misleading because there is no credible scientific substantiation for an
extrapolation model.

Claims of ‘degradable’, ‘partially biodegradable’, or ‘eventually biodegradable’ are not
acceptable. For instance, in the case of the so-called oxo-degradable materials that are merely
disintegrated to very small particles that one cannot see any more, it has been shown that these
degraded fragments absorb toxins present in the environment, concentrating them and trans-
porting them up the food chain. Therefore, complete removal from the disposal environment
is a short time period of not more than 1-2 years is essential to eliminate potentially serious
human health and environmental consequences [8]. So, verifiable scientifically valid evidence
from approved third part laboratory is needed to document complete biodegradability in a
defined disposal system like composting or anaerobic digestion in a short time period using
the specified International standards.

14.6 Summary

Replacing petro / fossil carbon with bio-based carbon by using plant biomass feedstock in place
of fossil feedstock for the manufacture of plastic materials offers a strong ‘value proposition’
for a zero material carbon footprint. It may also reduce the process carbon and environmental
footprint. A methodology for quantification of ‘bio-based carbon content’ has been developed
and codified into the ASTM Standard D6866. Using bio-based carbon content calculations,
one can calculate the intrinsic CO, reductions achieved by incorporating bio-based carbon
content into a plastic product — the material carbon footprint.

It is important to report on the process carbon footprint (process footprint arising from the
conversion of feedstock to product) using lifecycle assessment methodology to ensure that the
intrinsic material carbon footprint value proposition is not negated during the conversion, use,
and disposal lifecycle phases of the product.

Biodegradability is an end-of-life option for single-use disposable plastics and needs to be
tied to a disposal environment such as composting (compostable plastic) or soil or anaerobic
digestion. More importantly, if a biodegradable plastic is not completely and rapidly removed
(within not more than 1-2 years) from the target disposal environment the degraded fragments
become toxin carriers, resulting in serious environmental and health risks. ASTM, Euro-
pean, and ISO standards define and specify the requirements for complete biodegradability
in composting, soil, and marine environments and must be strictly adhered to so that serious
environmental and health consequences can be avoided.
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56-57
Cellulose butyrate (CB), 35, 48
Cellulose nitrate, 4, 38, 40
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as filler, 209-211
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Dissolving pulp, 37-38, 46
Divinylbenzene, 125, 127, 131
Dodecanedioic acid, 21
Downstream processing, 144-149, 156-158, 265
Drug release, 324
chitin for, 70-71
chitosan for, 74
lipid-based plastics for, 130
polyhydroxyalkanoates (PHA) for, 154, 156
poly(lactic acid) (PLA) for, 178, 188, 199,
215-216
silk-elastin-like polymers (SELPs) for,
316-318, 320
Dynamic mechanical analysis (DMA), 319

Elastin, 312, 314
Electrospinning, 186, 320-322
Elongation at break
of cellulose-based fibres, 53
of cellulose-based films, 54
of cellulose esters, 56, 58
of fibre reinforced plastics, 91
of furan dicarboxylic acid containing
polyesters, 255
of lignin composites, 100
of poly(butylene succinate) (PBS), 259
of poly(lactic acid) (PLA), 183
of polyhydroxyalkanoates (PHA), 149-150
of silk-elastin-like polymers (SELPs),
320-324
of starch-based plastics, 19-20
E-modulus, see Tensile modulus
Endotoxins, 154
Enzyme immobilization, 71, 74, 76, 292
Epichlorohydrin, 71
Epoxidation
of triglycerides, 123-124
Epoxides, 22
Erucic acid, 128
Ethanol, 94, 147-148, 154, 262, 266, 302
bio-based, 6, 9-10, 147, 172, 262, 296,
302-307, 332, 350
Ethylacetate, 174
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Ethylbenzene, 263

Ethylene, 263, 266-267, 296-298, 301-305
bio-based, 262, 305-307, 350

Ethylene-acrylic acid copolymer (EAA), 19-20

Ethylene carbonate, 148

Ethylene glycol, 6, 250, 254-256, 259, 262, 351

Ethylene oxide, 155, 250, 262

Ethylene-vinyl alcohol copolymer (EVOH),

20-21, 25-26
Evaporation, 103, 107, 148, 201, 213, 321
Extremophilic microorganisms, 151, 158

Fermentation

batch, 157

continuous, 157-161

fed-batch, 157-158, 160, 267
Fibroin, 312
Filtration, 49, 122, 144, 149
Flax

fibre mats, 92

fibres, 37, 90, 96, 212
Flexural modulus

of cellulose esters, 56

of fibre reinforced plastics, 91

of lignin composites, 100
Flocculation, 144, 158
Flory—Huggins theory, 12, 14
Formic acid, 65, 316, 320-323
Fructose, 9, 243, 252

as feedstock, 145, 160
Furan, 252, 302
Furan-2,5-dicarboxylic acid (FDCA), 242, 246,

251-257, 266, 302

polyesters from, 254-256
Furfural, 252, 302
Furfuryl alcohol, 92, 252

Galactomannan, 71
Galactose, 37, 145
Gelation
of silk-elastin-like polymers (SELPs),
316-321
of starch, 14
Genetical modification
of bacteria, 154, 158, 258
of microorganisms, 265, 302, 306, 314
of plants, 137, 300, 340-341
Glass fibres, 90-91, 107, 109, 129
Glass transition temperature (T,)
of aliphatic isohexide polyesters, 250
of furan dicarboxylic acid containing
polyesters, 255
of isohexide containing polyesters, 244-247,
249
of polyamides, 278
of polyhydroxyalkanoates (PHA), 149-150

of poly(lactic acid) (PLA), 183, 186-187,
205
of thermoplastics, 184
Glucose, 9, 12, 38, 172, 252
as feedstock, 243, 257, 258, 267, 306
for PHA production, 144, 153, 157-160
for PLA production, 171, 174
syrup, 10
Glutaraldehyde, 71, 321-323
Glycerol, 19, 40, 117-118, 282-283, 302, 305
as feedstock, 145, 154, 258, 262-263, 266,
302
as plasticizer, 17, 23
triacetate, 49, 59
Glycerophosphate, 71, 76
Glycolic acid, 4, 176, 194
Greenhouse gas emissions, 129, 257, 289, 290,
291, 305, 343
of polyamides, 278

Halloysite nanotubes, 212
Hardness
of cellulose esters, 56
of lignin composites, 100
Hardwood, 93
fibres, 97-99
Heat distortion temperature (HDT)
of cellulose esters, 56
of poly(butylene succinate) (PBS), 259, 261
Hemicellulose, 36-37, 92-93, 103, 252
as feedstock, 253, 306
Hemp, 93
fibre mats, 92
fibres, 96, 98, 107, 129, 212
oil, 121
shives, 93, 102
Heparin, 74
Hexafluoroacetone sesquihydrate, 65
Hexafluoroisopropyl alcohol, 65, 255-256
Hexamethylene diamine (HMDA), 284, 290
Hexamethylenediisocyanate, 159
Hexane, 121-122, 154
1,6-Hexanediol, 254-255
Hexoses, 37, 139, 252
Hyaluronan, 74
Hydrochloric acid (HCI), 64, 67
Hydrogen peroxide, 123, 154
Hydrolysis, 144-145, 158, 258, 260, 278, 283
of cellulose triacetate (CTA), 47
enzymatic, 21, 70, 306
of polyesters, 196-198
of poly(lactic acid) (PLA), 192-196, 199,
216
of polyhydroxyalkanoates (PHA), 155
of polysaccharides, 252
in supercritical water, 101



3-Hydroxyalkanoates, 140-141, 149

methyl esters of, 155
Hydroxyapatite, 71-72, 200, 211
3-Hydroxybutyrate, 140, 143, 154, 159, 305
4-Hydroxybutyrate, 140-141, 149, 155, 161
2-Hydroxymethylfurfural (HMF), 252-253, 266
5-Hydroxymethylfuroic acid (HMFA), 252-254

3-Hydroxyvalerate, 140-141, 149, 151, 160-161

5-Hydroxyvalerate, 140

Impact strength
of cellulose esters, 56, 58
of lignin composites, 100, 106
of poly(butylene succinate) (PBS), 259
Infrared spectroscopy,
of chitin and chitosan, 64-65, 67
of lignins, 92, 100-101, 104,
of poly(lactic acid) (PLA), 190-191
of starch-based plastics 24-25
Injection moulding,
of cellulose acetate (CA), 49, 51-52, 56,
58-59
of lignin composites, 96-97, 104, 109-110
of polyamides, 279
of poly(butylene succinate) (PBS), 260
Inulin, 243, 252
Todine, 19
Tonic liquids, 58, 65, 70
Irradiation
gamma (), 155
microwave, 127
ultraviolet (UV), 140, 205-207
Isobutanol, 265
Isobutylene, 265
Isoidide, 242-243
polyesters from, 244-250
Isomannide, 242-243
polyesters from, 244-250
Isopentanol, 147
Isophthalic acid, 251-252, 261-263
Isosorbide, 242-243, 250
polyesters from, 244-250, 255-256

Jute fibres, 37, 90

Kenaf fibres, 90, 212
Keratin, 312

Lactam, 275-276
Lactic acid, 3-4, 130-131, 140, 171-218, 259,
296
esters, 147
fermentative production of, 174
Lactose, 139
Lauric acid, 200, 276, 292
methacrylated, 125, 127
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Lifecycle assessment (LCA), 278, 288-292,
351-352
Light scattering, 38, 65-66, 68
Lignin, 2, 36-37, 89-112, 299
extraction of, 95, 100, 101
as filler, 95
functional groups, 93-94
monomers of, 93-94
Lignocellulose, 94, 101, 331-332
as feedstock, 144-145, 305, 331
fibres, 36, 90
as filler, 159
Lignosulfonates, 93-94, 97
Linseed oil, 4, 92, 121, 127, 129
epoxidized, 127
Lipids, 117, 139
Lithium bromide, 316
Lithium chloride (LiCl), 38, 43, 65, 70
Lithium thiocyanate, 65

Maleic anhydride, 124127, 257-258
Maltodextrin, 17, 71
Maltose, 139, 145
Mannitol, 243
Mannose, 37
Market
of agricultural products, 341-342
of bio-based plastics, 5, 6, 281, 336
of castor oil, 285-286
of cellulose-based plastics, 55-57
of polyamides, 277
of poly(butylene succinate) (PBS), 260-261
of starch-based plastics, 27-28
Mark—Houwink
parameters for chitin, 66
parameters for chitosan, 68—69
relationship, 65, 68
Melt flow index (MFI), 48
Melting temperature (T,,)
of cellulose esters, 48
of furan dicarboxylic acid containing
polyesters, 254-256
of isohexide containing polyesters, 245, 249
of polyamides, 278
of poly(butylene succinate / adipate) (PBSA),
260
of poly(butylene succinate) (PBS), 259
of polyhydroxyalkanoates (PHA), 149-150,
155, 161
of polyhydroxybutyrate (PHB), 141
of poly(lactic acid) (PLA), 174, 183, 186
of thermoplastics, 184
Methane, 2, 139, 303-304, 354
Methanol, 65, 94-95, 147, 283, 302, 305,
321-324
bio-based, 302-304



364 Index

Methathesis, 127, 305
Methylcellulose, 71-72
4,4’-Methylenedianiline, 129
Methyl methacrylate, 125-126
Methyl ricinoleate, 283
2-Methylimidazole, 127
Microscopy
optical, 99, 139
phase contrast, 17-18
polarized light, 12, 17-18
scanning electron (SEM), 104
scanning transmission electron (STEM), 139
transmission electron (TEM), 24, 319
Miscanthus, 93, 331
fibres, 212
Moisture regain, see Water uptake
Molecular mass, see Molecular weight
Molecular modelling, 69, 200
Molecular weight,
of amylopectin, 11
of amylose, 11
of chitin, 65-66
of chitosan, 67-68
of furan dicarboxylic acid containing
polyesters, 254-255
of isohexide containing polyesters, 244-245,
247-250
of lignins, 104
of polyhydroxyalkanoates (PHA), 128,
147-149, 155, 160-161
of poly(lactic acid) (PLA), 176, 182-185,
195-200, 204-206, 212-217
of silk-elastin-like polymers (SELPs), 318
Montmorillonite, 58, 129, 159, 207208
nanostructured, 208
Mussel adhesive protein, 314
Mussel byssus, 312

NAD(P)H, 139, 141
Nanocomposite, 159, 206, 208, 214, 320
with clay, 58-59, 129, 159
Nitrogen, 139, 161
atmosphere, 245
deficit, 141, 159
functionality, 288, 292
removal, 216
source, 156, 158, 161-162, 284, 292

N-Methylmorpholine-N-oxide (NMMO), 4445,

55,58
N-Methyl-2-pyrrolidone (NMP), 65

N,N-dimethylacetamide (DMAc), 38, 43, 65, 70

Nuclear magnetic resonance spectroscopy
(NMR), 64-68, 140, 178, 190, 246
Nucleating agent, 207, 214, 260, 318-319
Nucleic acids, 2, 74, 141, 158, 299
as impurities, 157

Octane, 162
1,8-Octanediol, 256
2-Octanol, 283
Optical transmittance, 56, 189-190, 214, 323
Organocell process, 95
Organosolv
lignin, 104
process, 94, 97
Ornithine, 292
Oxalacetate, 141, 143
Oxalic acid, 71, 352
Oxygen, 267, 304, 352
deficit, 141, 143
dissolved, 139, 160
permeability, 152, 188
removal, 263-264
supply, 143, 156
uptake, 158

Palm oil, 121, 127, 289, 292
Papyrus fibres, 212
Pectin, 74, 211
Pentaerythritol, 127
Pentoses, 37, 139, 252
Petroleum ether, 121
Pheromones, 155
Phosphate-buffered solution, 198, 200, 322
Phosphates, 139, 141, 306
as plasticizers, 49, 208
Phosphoric acid, 57, 65
Photodegradation
of poly(lactic acid) (PLA), 205-207
photosynthesis, 9, 71, 172, 348
Phthalic anhydride, 125, 127, 129
Piezoelectricity, 189, 214
Plastic fragments, 13, 356
Plasticizers
for cellulose esters, 35, 48—49, 51, 56, 58-59
for starch destructurization, 17, 19
Polyacrylamide (PAA), 74
Polyamide 6 (PA6), 72, 277-278
Polyamide 11 (PA11), 4, 277-278, 280, 283,
285, 287,292
Polyamide 66 (PA66), 72, 277-278
Polyamides, 275-293
Poly(butylene succinate / adipate) (PBSA),
259-260
Poly(butylene succinate) (PBS), 259-261
biodegradability, 260
foam, 260
Poly(butylene terephthalate) (PBT), 248, 258
Polycaprolactone, 2, 13, 21, 70, 72, 159, 188, 195
Polycondensation
of lactic acid, 176-178
of poly(butylene succinate) (PBS), 259
Polyelectrolyte, 69, 74



Polyethylene (PE), 13, 19-20, 295-298, 300,
348-349
bio-based (Bio-PE), 5-6, 172, 305-307,
349-350
crystallinity, 298
Poly(ethylene-co-isosorbide terephthalate)
(PEIT), 247-248
Poly(ethylene furanoate) (PEF), 257
Poly(ethylene glycol), 178, 199
Poly(ethylene oxide), 72, 178, 320
Poly(ethylene terephthalate) (PET), 178, 244,
247, 348-349
bio-based, 5, 6, 261, 264, 350-351
crystallinity, 248
Polyhydroxyalkanoates (PHA), 2-5, 128,
137-163
extraction of, 140, 146-148, 154
Polyhydroxybutyrate (PHB), 70, 72, 90, 140, 141
crystallinity, 141
degradation, 143
Poly(lactic acid) (PLA), 3-6, 90, 130, 141,
171-219, 296, 351-352
crystallinity, 178-182, 199, 207, 208, 214
isomeric forms, 171
stereocomplex crystal, 180-181, 187
Poly(L-lactic acid) (PLLA)
crystallinity, 178-182, 185, 207
Polynucleotides, 303
Polyolefins, 295-308
Polyols, 178, 263
from triglycerides, 124, 126, 130
Polypropylene (PP), 90, 295, 297-298, 300,
349
bio-based, 307
crystallinity, 298
maleinated, 125
Poly(1,3-propylene terephthalate), 3, 247
Polysaccharides, 2, 69, 208, 253, 303
as impurities, 157
charged, 72, 74
Polystyrene (PS), 20, 189-190, 348
Polythiourethanes, 126
Poly(trimethylene terephthalate), see
Poly(1,3-propylene terephthalate)
Polyurethane (PU), 124, 126, 129-131, 263
foam, 130
Poly(vinyl acetate), 130
Poly(vinyl alcohol) (PVOH or PVA), 19-21, 72,
127, 159, 200
Polyvinylpyrrolidone (PVP), 72
Potassium hydroxide (KOH), 67, 148, 283, 284
Potato, 9, 28, 172, 339
starch, 9, 14-15, 17-18
Production capacity
of bio-based plastics, 5, 6, 28, 280
of biodegradable plastics, 28
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of cellulose-based products, 53, 55
of polyamides, 277
of poly(butylene succinate) (PBS), 261
of polyhydroxyalkanoates (PHA), 153
of starch-based plastics, 27
of succinic acid, 258
Productivity
agricultural, 336-339, 342-344
volumetric, 158-162, 267, 316
1,2-Propanediol, 302
1,3-Propanediol, 3, 255, 259, 262
bio-based, 263
1-Propanol, 305
2-Propanol, 154, 302, 305
Propionic acid, 160
Propylene, 263, 297-298, 300-307
1,2-Propylene carbonate, 148
Propylene glycol, 262
Propylene oxide, 258
Proteins, 2, 139, 299, 301, 303, 343
bioplastics based on, 4, 311-325
extraction, 64
as fillers, 209, 211
as impurities, 149, 157, 174
release, 74
separation from starch, 10
structural, 312, 314
structure of, 312
synthesis, 141
p-Toluenesulfonic acid, 259
Pyridine, 126, 245, 248, 254-255
Pyrolysis, 108-109, 263, 283, 304
Pyrophosphates, 306
Pyruvate, 141, 143, 265

Radiocarbon analysis
of bio-based content, 352-353
Raman spectroscopy, 190-191
Ramie fibres, 90, 212
Rapeseed oil, 121, 129, 339
Recombinant protein-based polymers (rPBPs),
312-314, 323
Recycling
of poly(lactic acid) (PLA), 217-218
Refractive index, 38, 56
Resilin, 312, 314
Resins
from furanic derivatives, 90, 92,
251-252
from triglycerides and their derivatives,
126-127, 129-131
Resource efficiency, 10, 297, 332, 344
Ribonucleic acid (RNA), 74
Rice, 9, 340
hulls, 209, 211
straw, 144, 212
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Ricin, 126, 282

Ricinine, 282

Ricinoleic acid, 126, 281-283

Ring-opening polymerization (ROP)
of lactides, 176-178

Saponification, 283
Scaffolds, 154, 178, 185, 316, 318, 320
Sebacic acid, 21, 282-286, 290-292
Sedimentation, 144, 149
Short rotation coppice, 331, 339
Silane, 13
Silicon dioxide, 209, 211
Silk, 70, 312, 314
as filler, 209, 211
Silk-elastin-like polymers (SELPs), 311-325
crystallinity, 314, 316, 323
Silver
chloride, 316
nanoparticles, 130
Sisal fibres, 37, 90, 129
Sodium acetate, 67-69
Sodium azide, 124
Sodium dodecyl sulfate (SDS), 147-148, 320
Sodium hydroxide (NaOH), 43—44, 65, 67, 122,
148, 154, 283
Sodium hypochlorite, 148, 154
Softwood, 93
as feedstock, 264
fibres, 98-99, 107
lignin, 94
Solar energy, 291, 301, 336, 343-345
Solid state post condensation (SSPC), 244, 248,
250
Sorbitol, 243, 302
as feedstock, 262
as plasticizer, 17
Soybean oil, 121, 125-126, 130-131
coatings based on, 129-130
composites based on, 129
epoxidized, 23, 125-126, 129-130
epoxidized acrylated, 125
epoxidized maleinated, 125-126
Stability
hydrolytic, 155
Starch, 2-4, 9-28, 339
blends with other plastics, 71, 154, 260
crystallinity, 14, 16-17
destructurized, 17-21, 23-26
as feedstock, 243, 253, 257-258, 305,
331-332, 339
for PHA production, 139, 144-145
for PLA production, 172, 217
as filler, 13, 209, 211
foam, 17, 20-21
gelatinization, 14—19
gelation, 14

high amylose, 11, 21, 23, 27
hydrolysis, 252, 306
nanostructured, 22
as nucleating agent, 207
retrogradation, 14—15
Stereocomplexation, 174, 212
of poly(lactic acid) (PLA), 182, 185, 188, 200,
206, 212-214
Sterilization, 155, 158, 214
Storage modulus
of chitosan derivatives, 73
of silk-elastin-like polymers (SELPs), 319,
320
Strain to failure, see Elongation at break
Styrene, 124-127, 129-131
Succinic acid, 21, 175, 242, 248, 257-261, 292,
302
Sucrose, 243
as feedstock, 139, 145, 147, 160, 258
soyate, 126, 130
Sugar, 9, 288, 306, 332, 340
as feedstock, 258, 263-264, 267, 292, 305,
331, 339
price, 285, 286
Sugar beet, 172, 263, 340
pulp, 212
Sugar cane, 147, 172, 296, 305-307, 349
bagasse, 93, 144, 159, 305, 307
Sulfur, 97, 139, 141, 288
Sulfuric acid, 46-47, 58, 304
Sunflower oil, 121, 127, 130, 339
Superecritical water, 100-101
Surgical products, 54, 154-155, 320
Syngas
bio-based, 302, 304

Talc
as filler, 207-211
nanostructured, 208
Tapioca, 9
Tensile modulus
of cellulose-based fibres, 53
of cellulose-based films, 54
of cellulose esters, 58
of furan dicarboxylic acid containing
polyesters, 255
of lignin composites, 98, 100
of natural and synthetic materials, 313
of polyamides, 278
of poly(butylene succinate) (PBS), 259
of poly(lactic acid) (PLA), 183, 185-186
of polyhydroxyalkanoates (PHA), 150
of silk-elastin-like polymers (SELPs),
321-324
Tensile strength
of cellulose-based fibres, 53
of cellulose-based films, 54
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of fibre reinforced plastics, 91

of furan dicarboxylic acid containing
polyesters, 255

of lignin-based composites, 98, 100

of polyamides, 278

of poly(butylene succinate) (PBS), 259

of polyhydroxyalkanoates (PHA), 149-150

of poly(lactic acid) (PLA), 183-185
of silk-elastin-like polymers (SELPs),
321-324
of starch-based plastics, 20
Terephthalic acid, 3, 247, 251-252, 261-263,
284, 351
bio-based, 264-267
Tetrachloroethene, 217
Tetra-n-butylammonium fluoride, 43
Tissue engineering, 75, 154, 320
Titanium dioxide, 209, 211
Toluene, 174, 248, 263, 297

Transesterification, 123, 176, 200, 245, 255, 259,

283
Tricarboxylic acid (TCA) cycle, 141, 143
Trichloroacetic acid, 65
Trichloroethene, 217
Triethyl citrate, 58
Triglycerides, 117-125, 127, 129-131, 283
extraction, 121-122, 282
fatty acid composition of, 121
as feedstock, 128
Trimethylol propane, 126, 260
Tripolyphosphate, 71
Tung oil, 127, 131

Ultrafiltration, 103
Undecenoic acid, 4, 282-283, 285
Urea, 20, 44, 65, 318

Valeric acid, 161
Vegetable oil, 22, 90, 305, 331
Vernolic acid, 127-128
Vernonia oil, 127
Vicat softening temperature
of cellulose esters, 56
of lignin composites, 100
of polyamides, 278
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Vinyl acetate, 125-126
Vinyl alcohol copolymer, 23-25, 27
4-Vinyl benzenesulfonic acid, 125
Viscosity

capillary, 256

intrinsic, 38, 65, 68

of melt, 19, 48, 218

regulators, 35

of silk-elastin-like polymers’ (SELPs)

solutions, 318-322

specific, 256

Vitamins, 155

Water uptake
of cellulose-based fibres, 52
of polyamides, 278
Water vapour permeability
of poly(lactic acid) (PLA), 183,
188
of starch-based plastics, 26
Wheat, 9, 258, 288
flour, 159
glutenin, 314
starch, 9, 306
straw, 93, 102, 159
yield, 339
Wind energy, 301, 336, 344
Wood
for energy use, 336
as feedstock, 36, 94, 100, 252, 331
fibres, 90, 91, 107, 212
flour, 209, 211
for material use, 336
pulp, 37-38, 46, 95
structure, 36, 92-93
Wound dressing, 70, 75, 130, 320

Xanthan, 74
X-Ray diffraction, 25, 38, 64, 140, 178, 182,
298, 316
Xylene, 263, 297
meta, 263, 265
para (PX), 263-266
Xylose, 37, 257-258

Young’s modulus, see Tensile modulus
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