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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, biochem-
istry, chemistry, technology, environmental sciences, forestry ... ), but it is very difficult to take an
expert view on their complicated interactions. Therefore, the idea to create a series of scientific books,
focussing on specific topics concerning renewable resources, has been very opportune and can help
to clarify some of the underlying connections in this area.

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 the 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 field of material sciences, the impact of renewable resources will probably be even bigger.
Integral utilisation of crops 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 (almost exclusively) based on renewable resources centuries
ago, this disappeared in the Western world in the nineteenth century. Now it is time to focus again
on this field of research. However, it should not mean a retour 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.

Furthermore, scientists do need to communicate and discuss the relevance of their work so that
the use and modification of renewable resources may 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 myself delighted to collaborate on this series of books focussing on
different aspects of renewable resources. I hope that readers become aware of the complexity, inter-
actions and interconnections, and challenges of this field and that they will help to communicate the
importance of renewable resources.
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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 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

This book has grown from a mini-review on lignin that we had published in 2010, by invitation from
Sarah Higginbotham (nee Hall) at John Wiley & Sons Publishing Group. From the very outset, it
was clear to us that tackling the project as authors of a complete work was the most challenging
but nevertheless the most robust way of addressing the issue. Conceiving a whole book appeared
to be more complete than the common compilation books where the monograph results from the
contribution of various authors coordinated by an editor. In our opinion, although these compilation-
type books often result in a series of very specific chapters that provide a collection of review articles
of high scientific level, they usually lack a strength thread to unify the entire work.

The specific case of lignin is particularly challenging due to the enormous amount of information
available, the abundance of undefined concepts, and the diverse areas of knowledge involved in the
topic. Native lignin is studied by botanists for its role in plants and plant cells, by biochemists regard-
ing biosynthesis, by chemists concerned with its structure, and even by engineers dealing with lignin
coming from paper mill or biorefineries.

A similar situation involves lignans, where these secondary plant metabolites are studied also by
botanists, chemists, and even by professionals in biomedical sciences for the biological properties of
these molecules in living organisms. A fairly complete description of the nature, structure, properties,
synthetic processes, and applications of this family of compounds is provided.

Given such a complex and multidisciplinary outlook, a thorough review was needed of the existing
literature, together with classical references, the brainchild of pioneering authors, as well as recent
contributions to the topic in order to provide the reader with a broad view of the most comprehensive
knowledge on lignin and lignans. As is inevitable with projects of this scope, the final work might
not be as complete as it could have been, but we nevertheless trust that the result is thorough enough
to be useful to the scientific community interested in the subject.

Throughout the text, lignin is explained from different perspectives, including its role as a structural
component of plants, and how it is produced as a by-product of paper industry and a product of biore-
fineries. Structural models of this biopolymer are disclosed, as well as the developing process that
these models have undergone through the years, parallel to the improvement of structural determina-
tion methods, both instrumental and chemical ones. This information will provide the reader with an
overall idea of the structure of lignin, its origin, its function, its applications, and its potential. The
reader will also learn how to appropriately use the term “lignin,” as the actual lignin depends on the
origin of this material.

During the preparation of the book, special effort was made to review the applications and the
potential uses of different lignins, with emphasis on the word “potential.” So far, there has been
ample academic work on the subject, but the actual results are still relatively modest. Therefore,
many topics remain to be developed in the coming years, and they definitely will be, considering the
growing importance of renewable raw materials in taking over those of limited availability.

Given our input on lignin, and our experience as authors of the present work, we conclude that
this is a highly promising biomaterial, which, in terms of science and technology, still presents many
unresolved issues that continue to be investigated. In the literature, terms such as “potential” and
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“promising” constantly appear, alongside “difficult,” “complex,” and “underutilized.” These modi-
fiers reflect lignin’s state of the art. In the coming years, great effort must be needed to ensure lignin
the central role as source of raw materials, consumer goods, and much more relevant applications
that it deserves. We deeply hope that this book will stimulate further interest and research in this
promising biopolymer in its various forms.

Finally, we repeat our appreciation to John Wiley & Sons Publishing Group and its staft for their
incalculable help, support, and feedback over the course of the project. Last but not least, we would
like to give our special thanks to Dr Angel Sénchez-Gonzilez for the design of the front cover, and
Mr David Nesbitt for his invaluable work on the revision of the English version of the manuscript
and his contribution with the “Podophyllum peltatum’ illustration.

Francisco G. Calvo-Flores
José A. Dobado

Joaquin Isac-Garcia
Francisco J. Martin-Martinez
January 2015
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1

Background and Overview

1.1 Introduction

Surviving on a small planet with limited resources to support our increasing global population is
probably the greatest challenge humanity has faced so far. A large part of the problem is that our
economy is driven by many technologies that are not sustainable at all. This necessity of developing
sustainable technologies capable of addressing such challenges, together with the increasing concern
over environmental protection and questions about future availability of petrochemical feedstock
have spurred research and development toward new degradable materials from renewable resources,
which are more environmentally friendly and sustainable than the currently used petroleum-based
materials. Within this context, lignin, which appears as one of the polymeric components in plants,
arises as a promising candidate for some of the desirable applications due to its rich chemical structure
and its versatility.

For more than 100 years, scientists and engineers have made efforts to effectively remove lignin
from wood when extracting cellulose in the pulping process.'

In 1819, the term “lignin,” from the Latin word lignum meaning “wood” [1], was used for the first
time by the Swiss botanist A. P. Candolle (1778—1841). Later, in 1839, A. Payen first described this
“encrusting material” in wood. It took, however, about 20 years to accept the term “lignin” to refer
to a material as it is currently understood [2].

An understanding of its chemical composition began in 1875, when Bente [3] demonstrated that the
noncellulosic constituent of wood, namely lignin, was aromatic in nature. It was further characterized
by Benedikt and Bamberger [4] in 1890, who described the methoxy group as typical of lignin
chemical structure. Later in 1960, Brauns [5] stated: ‘the lignin building stone has a phenyl propane
structure that may be regarded as proven, but how the stones are linked together in proto-lignin is
still a mystery’. In addition, in 1920, Klason [6] postulated that lignin was an oxidation product of
coniferyl alcohol, which was demonstrated in 1968 by Freudenberg [7].

! Lignocellulosic fibrous material prepared by chemically or mechanically separating cellulose fibers from wood, fiber crops, or
waste paper.
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4 Lignin and Lignans as Renewable Raw Materials

Table 1.1 The most common plant phenolic compounds listed according
to the count (content) of carbon atoms?

Composition ~ Countof  Types of phenolic substances

carbons
Ce 6 Simple phenols, benzoquinones
C,—C, 7 Phenolic acids/aldehydes
C.—G, 8 Acetophenones, benzofurans
C,—GC, 9 Phenylpropanoids, benzopyranes (coumarins)
C.,—C, 10 Naphthoquinones
Co—Cs 11 Ageratochromenes (prekocens)
(Co)s 12 Dibenzofurans, dibenzoquinones, biphenyls
C,—C,-C, 13 Dibenzopyranes, benzophenones, xanthones
C.—C,—-C, 14 Stilbenes, anthraquinones, phenanthrenes
C,—C,-C 15 Flavonoids, isoflavones, chalcones, aurones
C,—C,—C, 16 Norlignans (diphenylbutadienes)
C,—C5-Cq 17 Norlignans (conioids)
(C—Cy), 18 Lignans, neolignans
(Ce—C5-Cy), 30 Biflavonoids
(Ce-C5-Cp), n Condensed tannins (flavolans)
(C—-Cy), n Lignins
(Cy), n Catecholmelanines

2Adapted from refs [10-12].

Beyond this historical perspective on early years of lignin research, the rising interest on lignin
today has made this natural polymer to go from a waste-side product to a promising source for chem-
icals, polymers, and many other applications. Lignin is the second most abundant natural polymer
together with cellulose, and hemicellulose [8], which are the major sources of nonfossil carbon that
make a special contribution to the carbon cycle [9]. Lignin is by far the most abundant substance com-
posed of aromatic moieties in nature (see Table 1.1), and the largest contributor to soil organic matter.

Furthermore, lignin is an important component of secondary cell walls in plant cells, and it helps
to maintain the integrity of the cellulose/hemicelluloses/pectin matrix that provides rigidity to the
plant. Also, it provides internal transport of nutrients and water, and protects against attack by
microorganisms. Apart from this key role in plants, lignin is also obtained from paper industry and
other methods. Actually, the many different sources and types of lignin makes it more accurate to
refer generically to “lignins” when referring to this multifaceted material. Its diversity also implies
that interest in lignin arises from fields of knowledge as diverse as botany, chemistry, chemical
engineering, economy, ecology, and so on. Therefore, a general vision about lignin should come
from a multidisciplinary approach.

From an ecological viewpoint, lignins are of general significance to the global carbon cycle, since
they represent an enormous reservoir of bound organic carbon. However, despite this potential, lignins
are a fairly unused renewable raw material that is now gaining the attention of industry, which will
make them materials of immense economical importance [13].

1.2 Lignin: Economical Aspects and Sustainability

One-third of the world’s land surface is covered by forest, accounting for 3 x 103 million m? of timber,
of which some 2.6 x 10°m? are harvested annually. Just for comparison, such a vast amount is twice



