
Biomass 
and Green 
Chemistry

Sílvio Vaz Jr.   Editor

Building a Renewable Pathway



Biomass and Green Chemistry



Sílvio Vaz Jr.
Editor

Biomass and Green 
Chemistry
Building a Renewable Pathway



ISBN 978-3-319-66735-5    ISBN 978-3-319-66736-2 (eBook)
https://doi.org/10.1007/978-3-319-66736-2

Library of Congress Control Number: 2017959190

© Springer International Publishing AG 2018
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, express or implied, with respect to the material contained herein or for any errors 
or omissions that may have been made. The publisher remains neutral with regard to jurisdictional claims 
in published maps and institutional affiliations.

Printed on acid-free paper

This Springer imprint is published by Springer Nature
The registered company is Springer International Publishing AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

Editor
Sílvio Vaz Jr.
Brazilian Agricultural Research 
Corporation, National Research Center  
for Agroenergy (Embrapa Agroenergy)
Embrapa Agroenergia, Parque Estação 
Biológica
Brasília, DF, Brazil

https://doi.org/10.1007/978-3-319-66736-2


v

Preface

The need to develop renewable raw materials as a substitute for oil in industrial 
chemistry has been shown to be a strategic challenge for the twenty-first century. In 
this context, the use of plant biomass can be consolidated both as an alternative of 
using cheaper and less polluting raw materials and as a model of aggregation of 
economic value to the agro-industrial chains. Green chemistry (GC), based on 12 
principles, emerged in the 1990s as a new philosophy in academia and industry to 
break the old paradigms of chemistry, such as generation of large amounts of waste 
and intensive use of petrochemicals, through a holistic view of processes in labora-
tories and industries. In the case of plant biomass, the 7th GC principle – use of 
renewable raw materials – stands out as a great strategic opportunity for segments 
related to several areas of GC worldwide. Biomass is a renewable source of a large 
variety of bioproducts, and GC principles can be applied for its exploitation to pro-
mote sustainable processes and products. In this volume, the application of GC 
principles, especially in biomass conversion processes, is discussed with the aim to 
demonstrate their feasibility.

This book is composed of eight chapters dedicated to understanding the relation-
ship between vegetable biomass and GC (Chap. 1): the bioproducts and their pro-
cesses for saccharide (Chap. 2), oleaginous (Chap. 3), starch (Chap. 4), and 
lignocellulosic (Chap. 5) biomass. Furthermore, the potentiality of microalgae as 
feedstock (Chap. 6) and the potentiality of enzymes for conversion processes for 
sugars (Chap. 7) are discussed. In finalizing, Chap. 8 describes sustainability aspects 
of biomass according to the GC approach.

Brasília, Brazil Sílvio Vaz Jr.
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Chapter 1
Biomass and the Green Chemistry Principles

Sílvio Vaz Jr.

Abstract The need to develop renewable raw materials for industrial chemistry as 
a substitute for oil has been shown to be a strategic challenge for the twenty-first 
century. In this context, the use of plant biomass can be construed as both the alter-
native of using cheaper and less polluting raw materials and as a model of aggrega-
tion of economic value to the agro-industrial chains. Green chemistry (GC), based 
on 12 principles, emerged in the 1990s as a new philosophy in both academia and 
industry to break old paradigms of chemistry such as the generation of large amounts 
of waste and the intensive use of petrochemicals through a holistic view of pro-
cesses in laboratories and industries. In the case of plant biomass, the seventh prin-
ciple—use of renewable raw materials—is notable as a great strategic opportunity 
for segments related to several areas of GC worldwide. Thereby, biomass is a renew-
able source of a large variety of bioproducts, and green chemistry principles can be 
applied for its exploitation to promote sustainable processes and products. In this 
chapter, the application of GC principles, especially in conversion processes for 
biomass, is discussed with the aim to demonstrate their feasibility.

Keywords Plant biomass • Green processes • Biomass conversion

1.1  Introduction

The need to develop renewable raw materials for industrial chemistry as a substitute 
for oil has been shown to be a strategic challenge for the twenty-first century. In this 
context, the use of different types of plant biomass—starch, lignocellulosic, oleagi-
nous, and saccharide—can be considered as an alternative for using cheaper, less 
polluting raw materials and as a model of aggregation of economic value to the 
agro-industrial chains, such as soybeans, sugarcane, corn, and forests. These lines 
of action may, above all, contribute to the sustainability of a wide range of 

S. Vaz Jr. (*) 
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chemicals, especially organic chemicals (e.g., organic acids, esters, alcohols, sug-
ars, phenolics), which are widely used in today’s society.

The great heterogeneity and consequent chemical complexity of plant biomass 
provides the raw material for end products such as energy, food, chemicals, pharma-
ceuticals, and materials. As commented, we can highlight four types of plant bio-
mass of great economic interest, to which we now turn our attention: oil crops or 
oleaginous, saccharides (or sugary), starchy, and lignocellulosic. Soybean (Glycine 
max) and palm oil (Elaeis guineensis) are examples of oil plant species; sugarcane 
(Saccharum spp.) and sorghum (Sorghum bicolor (L.) Moench) are biomass sac-
charides; maize (Zea mays) is a starchy biomass; and bagasse, straw, and wood 
biomass are lignocellulosic biomass (Vaz Jr. 2016). Figure 1.1 shows the classifica-
tion of the sources of plant biomass.

Biomass

Woody plants

Non-woody 
plants

Organic 
residues

Biofluids

Aquatic

Saccharide

Cellulosic

Starch

Wood

Urban

Agricultural

Industrial

Oleaginous

Fig. 1.1 Sources of biomass. Gray boxes represent the most used biomass types for industrial and 
research and development activities (Vaz Jr. 2014)

S. Vaz Jr.
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Green chemistry (GC) emerged in the 1990s in countries such as the United 
States and England, spreading rapidly throughout the world as a new philosophy in 
both academia and industry and breaking old paradigms of chemistry, such as the 
generation of large amounts of waste and the intensive use of petrochemicals, 
through a holistic view of processes in laboratories and industries (Anastas and 
Kirchhoff 2002). This approach, described in the 12 principles, proposes to con-
sider, among other aspects, the reduction of waste generation, atomic and energy 
economy, and the use of renewable raw materials (Anastas and Warner 1998).

The use of renewable raw materials is an extremely strategic issue for large bio-
mass producer countries, such as Brazil, the United States, Germany, and France. 
These raw materials, the agro-industrial biomass, are an abundant and cheap feed-
stock for the transformation processes of chemistry or the conversion processes 
applied to biomass, which are biocatalytic, chemocatalytic, fermentative, and 
thermochemical.

Thus, the use of biomass through chemistry opens up new possibilities of busi-
ness and wealth generation for a large number of countries, as well as promoting a 
less negative impact on the environment and the sustainability of biomass chains.

Chemical compounds are the products with the highest potential to add value 
into a generic biomass chain, given the importance of the conventional chemical 
industry and the fine chemical industry in different sectors of the economy. It is pos-
sible to highlight compounds that can be used as building blocks, synthetic interme-
diates, polymers, and specialties, among others; such ideas can be greatly explored 
by biorefineries (Kamm et al. 2006). On the other hand, the need to develop tech-
nologies to obtain these products presents considerable bottlenecks to be overcome 
related to technical, scientific, and market issues.

The 12 fundamental principles of GC are as follows (ACS Green Chemistry 
Institute 2017):

 1. Prevention
It is better to prevent waste than to treat or clean up waste after it has been 

created.
 2. Atom Economy

Synthetic methods should be designed to maximize the incorporation of all 
materials used in the process into the final product.

 3. Less Hazardous Chemical Syntheses
Wherever practicable, synthetic methods should be designed to use and gen-

erate substances that possess little or no toxicity to human health and the 
environment.

 4. Designing Safer Chemicals
Chemical products should be designed to effect their desired function while 

minimizing their toxicity.
 5. Safer Solvents and Auxiliaries

The use of auxiliary substances (e.g., solvents, separation agents) should be 
made unnecessary wherever possible and innocuous when used.

 6. Design for Energy Efficiency

1 Biomass and the Green Chemistry Principles



4

Energy requirements of chemical processes should be recognized for their 
environmental and economic impacts and should be minimized. If possible, syn-
thetic methods should be conducted at ambient temperature and pressure.

 7. Use of Renewable Feedstocks
A raw material or feedstock should be renewable rather than depleting 

whenever technically and economically practicable.
 8. Reduce Derivatives

Unnecessary derivatization (use of blocking groups, protection/deprotec-
tion, temporary modification of physical/chemical processes) should be mini-
mized or avoided if possible, because such steps require additional reagents 
and can generate waste.

 9. Catalysis
Catalytic reagents (as selective as possible) are superior to stoichiometric 

reagents.
 10. Design for Degradation

Chemical products should be designed so that at the end of their function 
they break down into innocuous degradation products and do not persist in the 
environment.

 11. Real-Time Analysis for Pollution Prevention
Analytical methodologies need to be further developed to allow for real- 

time, in-process monitoring and control before the formation of hazardous 
substances.

 12. Inherently Safer Chemistry for Accident Prevention
Substances and the form of a substance used in a chemical process should 

be chosen to minimize the potential for chemical accidents, including releases, 
explosions, and fires.

These concepts, which also refer to clean production and green innovations, are 
already relatively widespread for industrial applications, particularly in countries 
with a well-developed chemical industry and with strict controls over the emission 
of pollutants. The concepts are based on the assumption that chemical processes 
with potential for negative impact on the environment will be replaced by less pol-
luting or nonpolluting processes. Clean technology, reduction of pollutants at 
source, environmental chemistry, and GC are denominations that have emerged and 
were minted during the past two decades to translate concerns for chemical sustain-
ability (Sheldon 2014).

In the case of plant biomass, the seventh principle—the use of renewable raw 
materials—stands out as a great strategic opportunity for several areas of GC world-
wide. Examples of market segments that may be positively impacted by GC and the 
use of biomass are these:

• Polymers and materials for various applications
• Chemical commodities such as monomers
• Pharmaceuticals, cosmetics, and hygiene products
• Fine chemicals (agrochemicals, catalysts, etc.) and specialties
• Fuels and energy

S. Vaz Jr.
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In this way, it is possible to observe the great range of opportunities associated 
with the use of plant biomass for chemistry, which is better observed in Fig. 1.2.

Biomass

Biorefinery

Bioproducts

Fine chemicals

(e.g., agrochemicals, 
intermediates, etc.)

Fuels

(e.g., ethanol, biodiesel, 
biogas, etc.)

Materials

(e.g., polymers, 
resins, fibers, etc.) Energy

Chemical inputs 
(e.g., fertilizers, 

esters, organic acids, 
etc.)

Fig. 1.2 Products that can be obtained from plant biomass by means of a biorefinery and their 
conversion processes

1 Biomass and the Green Chemistry Principles
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1.2  Exploring the Green Chemistry Principles in Biomass 
Conversion

The application of the 12 principles at the same time in a process is the ideal situa-
tion but it is not always possible. Raw materials, working conditions, budget restric-
tion, and other factors could be limiting. On the other hand, the application of all 
principles could cause a process to become not feasible.

We can see that those principles were formulated and more easily applied for two 
main areas: analytical chemistry and industrial chemistry. Both areas include pro-
cesses in which principles such as prevention (principle 1), safer solvents and aux-
iliaries (principle 5), and inherently safer chemistry (principle 12) are feasible for 
direct application, differing from R&D activities. Of course, R&D is not excluded 
from GC because green processes and products can be developed based mainly on 
the use of renewable feedstock (principle 7).

Table 1.1 shows the application of the 12 principles in biomass exploitation. We 
can see how to apply each principle and what is the expected result from this appli-
cation to promote green processes for biomass conversion.

Figure 1.3 shows a process that uses lignocellulosic biomass as feedstock (e.g., 
wood residues). Some principles are suggested to make the process more “green.”

We can state these highlights from Fig. 1.3:

• Fractionation step: better for principles 1, 5, 6, 7, 11, and 12.
• Depolymerization step: better for principles 1, 5, 6, 7, 11, and 12.
• Synthesis step: better for principles 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12.

1.3  Aspects of Industrial Ecology Related to Biomass 
Processing

Industrial ecology explores, by means of a holistic vision, a certain industrial 
process according to its relationship with the environment (extraction, process-
ing, fabrication, use, disposal, etc.). It is very useful to understand the biomass 
transformation and have a direct synergy with GC.  Figure  1.4 shows a good 
example of a generic conversion process from the aspects of industrial ecology. 
Certainly, the most important point to keep in mind is the residue generation and 
how to recycle it; energy consumption is also an important aspect as it can 
improve the sustainability of the process, mainly because of the environmental 
component.

S. Vaz Jr.



7

Table 1.1 Use of green chemistry (GC) principles in biomass exploitation to promote green 
processes

GC principle
How to apply to biomass and their processes 
and products Expected results

Prevention Agro-industry can generate much waste, 
mainly lignocellulosic residues (e.g., 
sugarcane bagasse); waste reuse to reclaim 
chemicals, materials, and energy should be 
considered to explore biomass chains

Reduction of 
environmental issues 
and increase of profits

Atom economy Optimize the use of reagents during synthesis, 
for example, to produce biodiesel, furfural, 
etc.

Waste and cost reduction

Less hazardous 
chemical syntheses

Change toxic solvents (e.g., hexane, benzene) 
to oxygenated solvents

Decrease in negative 
impacts on health and 
environmentDesigning safer 

chemicals
Develop molecules that are environmentally 
and health friendly as petrochemical 
substitutes, which is one of the advantages of 
biomass as the renewable raw material

Safer solvents and 
auxiliaries

The use of water as solvent should be 
prioritized. However, as biomass has a high 
chemical heterogeneity, separation is needed; 
membranes are good alternatives

Design for energy 
efficiency

Conversion processes based on enzymes can 
work in mild conditions

Cost and environmental 
impact reduction

Use of renewable 
feedstocks

Intrinsic Intrinsic

Reduce derivatives Change a certain analytical technique (e.g., 
gas chromatography) based on derivative 
formation to another without this need (e.g., 
liquid chromatography) or decrease the 
number of steps in a synthetic route

Cost and environmental 
impact reduction

Catalysis Use enzymes and heterogeneous catalysts in 
synthetic routes

Design for 
degradation

Increase the “degradability” of products; e.g., 
change petrochemical plastics to biobased 
plastics such as starch-derived or polylactic 
acid

Decrease in negative 
impacts on health and 
environment

Real-time analysis 
for pollution 
prevention

Use spectroscopic probes (e.g., Raman and 
Fourier-transform infrared spectroscopy 
(FTIR)) in field and industry instead of 
laboratory techniques

Cost and environmental 
impact reduction

Inherently safer 
chemistry for 
accident prevention

Pay attention to the physicochemical 
properties of substances to be handled; these 
can be accessed in the safety data sheet 
(SDS). Good laboratory practices (GLP) and 
good production practices (GPP) should be 
implemented in laboratory and industry

Decrease in negative 
impacts on health and 
environment
Cost reduction

1 Biomass and the Green Chemistry Principles
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1.4  Conclusions

Biomass is a renewable source of a large variety of bioproducts, and green chemis-
try principles can be applied for its exploitation to promote sustainable processes 
and products. It is fostered by the fact that the use of biomass as feedstock for the 
chemical industry is one of the most representative principles.

Unfortunately, it is not easy to apply all 12 principles, and we need to choose 
those appropriate on the basis of biomass type, process characteristics, and prod-
ucts. Principles 1 (prevention), 5 (safer solvents and auxiliaries), and 12 (inherently 
safer chemistry) can be considered the most feasible for direct application in pro-
cesses for biomass conversion.

Furthermore, industrial ecology and GC for biomass are closely related to 
improving environmental aspects of the conversion processes and promoting their 
sustainability.

Lignocellulosic 
biomass

Hemicellulose LigninCellulose

Glucose (C6) Phenols
Glucose (C6) + 

Xylose (C5, 
mainly)

Fractionation step

Depolymerization step

Pr
in

ci
pl

es
 1

,  
2,

  3
,  

4,
  5

,  
6,

  7
,  

8,
  9

,  
11

 , 
12

Renewable chemicals

(Organic acids, furans, alcohols, aromatics, polymers, etc.)

Synthesis step

Fig. 1.3 Application of 11 GC principles (left) in a process of three steps (gray arrows) to obtain 
renewable chemicals
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Chapter 2
Saccharide Biomass for Biofuels, Biomaterials, 
and Chemicals

Luz Marina Flórez Pardo, Jorge Enrique López Galán, 
and Tatiana Lozano Ramírez

Abstract This chapter is a description of the main applications of saccharides in 
industry for obtaining energetic and nonenergetic products by means of the biore-
finery concept allied to green chemistry principles. A biorefinery seeks to use the 
entire biomass completely, exploiting polysaccharides, proteins, and lignin in vari-
ous manufacturing processes, to obtain food, pharmaceutical products, biomateri-
als, bioproducts, and biopolymers, in addition to energetic products, in a sustainable 
manner. After analyzing demand aspects, costs, transformation technology to be 
used, and possibilities for the molecule to be a source for many technological appli-
cations, the most promising saccharide applications are succinic acid, bioethanol, 
and 3-HP (3-hydroxypropionic acid).

Keywords Bioplastics • Biochemical • Biorefinery

2.1  Introduction

Biomass is a renewable resource, as it is part of the natural and repetitive cycles of 
nature’s processes (on a human scale) and is derived from plants starting with the 
process of photosynthesis, transforming solar light into energy that accumulates in 
the cells in the form of organic matter. This action is essential to maintain ecological 
equilibrium and allows biological and soil diversity to be preserved and enriched.
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Since the beginning of the twenty-first century, in Europe, the United States (US), 
some Latin-American countries, and most recently some Asian countries, projects 
are being driven by the use of sugars and starch products for carburant  bioethanol, 
and the use of oils and fats from different origins for biodiesel production. These 
were first-generation projects that were developed from good agricultural manage-
ment, a known logistic for raw material transportation, and the implementation of 
technologies already developed for alimentary applications that had excellent per-
formance. But their execution required support from states or governments for 
exemption of biofuels from taxes if they were to be competitive to gasoil and diesel 
from fossil origins. Then, environmentalist movements against the first- generation 
biofuels appeared because of the competition between the use of raw materials to 
feed the population and their direct bioenergetic use. This conflict drove strong 
research efforts, from the beginning of this century, to use lignocellulosic materials 
to produce ethanol, and microalgae and used kitchen or residual oils for biodiesel 
production, which originated the second, third, and fourth generations of biofuels.

When biomass is seen as a complete system in which every advantage is taken, 
the concept of biorefinery appears, a term that has been used since the end of the 
2000–2010 decade. This concept makes the use of biomass for production of sec-
ond-, third-, and fourth-generation biofuels more economically sustainable and 
viable. This concept is in accord with the definition made recently by IEA Bioenergy 
(Task 42: Biorefineries: adding value to the sustainable utilization of biomass), 
referring to bioenergy as “the sustainable treatment of biomass in a spectrum of 
commercial and energy products” (International Energy Agency 2009).

Latin American countries in the north have abundant biomass as the result of 
their strategic position at the Earth’s equator. This situation provides solar radiation 
365 days per year, with 12-h daily cycles of light, abundant rain, and warm tempera-
tures above 24 °C, giving a tropical setting with one of the highest rates of biodiver-
sity. This characteristic influences crop production; for instance, sugarcane cultivated 
in Colombia has one of the highest performances worldwide, approximately 120–
140 ton ha−1 per year, of which 40–60% corresponds to agricultural cane residues in 
a humid base (approximately 13 million tons), and in Brazil this residue can be 
nearly 300 million tons. These results are significantly close to those of other stud-
ies. For example, Central America (another tropical region) reports 60% of field 
residue, of which 20–40% (w/w) is process residue (BUN-CA 2002).

The biorefinery concept includes an extended range of technologies that are 
capable of separating biomass from its basic components (carbohydrates, proteins, 
triglycerides), which can be converted to products with added value (energetic or 
not energetic). Products can be intermediary or final products, in food, materials, 
chemicals, or energy (defined as fuel, electricity, or heat). A biorefinery can use 
every kind of biomass, including wood, agricultural crops, organic residues (vege-
tal, animal, industrial, or urban), and aquatic biomass (e.g., algae).

An important characteristic for biorefinery implementation is sustainability, 
which should be evaluated over the entire production chain. This evaluation has to 
consider possible externalities such as competition between food and biomass 
resources, impacts on water use and quality, soil changes (fertility) resulting from 
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continuous use, the net balance of greenhouse gases, negative consequences on bio-
diversity, potential toxic risks, and energetic efficiency. A biorefinery is a concept 
that depends on continuous innovation, presenting opportunities for all sectors. The 
construction of a biologically based economy (bioeconomy) has the capacity to face 
actual difficulties and also provides an environmentally benign industry.

Thus, this chapter focuses on reviewing the application of sugars for bioenergy 
and non-bioenergy sectors in order to integrate them into a process by the biorefin-
ery concept.

2.2  Chemical Constitution and Physicochemical Properties 
of Saccharides

Sugars are substances that have the particularity of giving a sweet sensation in the 
mouth. They are classified as carbohydrates because they contain carbon, hydrogen, 
and oxygen in their structure. Simple sugars or monosaccharides are classified 
depending on their number of carbons: as trioses if they have a three-carbon base, 
as tetroses if they have four, pentoses if they have five, and hexoses if they have six 
carbons. The most abundant monosaccharide is glucose. As shown in Fig. 2.1, this 
sugar, as any other, has a chiral structure, all carbons in positions two to five having 
different substitute radicals, which originate various stereoisomers that show mirror 
symmetry. Usually, these are called l- (levogyre, levorotatory) and d- (dextrogyre, 
dextrorotatory). Chemically they behave in a similar manner, even if they are not 
biologically similar (Pratt and Cornely 2012).

The more common C5–C6 sugars with these structures are d(+)-glucose, d(+)-
xylose, and l(+)-arabinose, the physicochemical properties of which are shown in 
Table 2.1.

As noted in Table 2.1, there is little difference in the properties among these dif-
ferent sugars, except for molecular mass and water solubility.

Fig. 2.1 Glucose structure
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2.3  Economic Aspects: Global Production, Availability, 
and Distribution of Sucrose

Sugarcane and sugar beet production are the dominant agricultural activity in tropi-
cal and subtropical regions around the world. More than 117 countries produce 
sugar, ethanol, honeys, bagasse, and derived products from these crops, resulting 
from State policies implemented in various countries that recognize the positive 
socioeconomic impact associated with the cultivation and processing of cane. 
Overall, world production of fresh cane in 2013 was 1774 million tons, from 26 
million harvested hectares (Food and Agriculture Organization of the United 
Nations 2017), which bypasses the combined production of maize (875 million 
tons) and rice (718 million tons) (Fig.  2.2). During the 2014–2015 period, 

Table 2.1 Physical and chemical properties of the principal monosaccharides

Saccharidea d(+)-Glucoseb

d(+)-
Xylosec

l(+)-
Arabinosed

Appearance White 
translucent 
crystals

Crystals or colorless 
to white crystalline 
powder

White 
powder

White powder

Water density at 
20 °C (kg m−3)

1587 1540 1525 1585

Molar mass (g mol−1) 342.3 180.1 150.1 150.1
Fusion point (K) 459 419 419–425 431–436
Water solubility (g 
100 ml−1 at 298 K)

203.9 91 55 83.4

awww.reactivosmeyer.com.mx/pdf/materias/hds_6710.pdf
bhttp://iio.ens.uabc.mx/hojas-seguridad/1593[1]glucosa%20anhidrida.pdf
chttps://www.applichem.com/fileadmin/datenblaetter/A2241_es_ES.pdf
dhttps://www.carlroth.com/downloads/sdb/es/5/SDB_5118_ES_ES.pdf
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Fig. 2.2 World production of agricultural goods in 2013 (in million tons) (Adapted from Asocaña 
(2015))
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sugarcane production increased to 1900 million tons, quadrupling 1965 production 
(Statistica 2015). Brazil was the first producer (768 million tons), followed by India 
(341 million tons), China (128 million tons), Thailand (100 million tons), and 
Pakistan (63 million tons). Other producer countries are Mexico, Colombia, 
Indonesia, Philippines, and the US (Food and Agriculture Organization of the 
United Nations 2017). Sugar beet production is much lower, about 14% of cane 
production in 2014, of which France, US, Germany, and Russia are the main pro-
ducers worldwide (Statistica 2016).

Worldwide average performance is about 69.8 ton ha−1 per year, but it varies 
from region to region, depending on such factors as weather potential, level of agri-
cultural management, crop cycle, soil quality, and number of harvests (Food and 
Agriculture Organization of the United Nations 2012). There is a long-term ten-
dency for average global performance to grow about 4 ton ha−1 per year. Colombia 
has the highest production of sugarcane in the world, at 120–140 ton ha−1 per year. 
An important factor on increasing production of sugarcane per hectare is the adop-
tion of new varieties and increasing harvest age, which is maintained over 
12.5 months.

Figure 2.3 shows that from 2010 to 2015 sugarcane production increased by 
12%, whereas its consumption was 8.8%, creating an oversupply that lowered sugar 
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prices and discouraged its production between 2015 and 2016. It is also important 
to take into account that after 2010, diverse projects on fuel ethanol were created, 
particularly in South America, so that sugarcane production was diverted to fuel 
production. It is expected  by projections that for the 2017-2018 that production will 
reach 180 million metric tons of saccharide, 4.7% more than expected consumption 
for this same period.

2.4  Main Products: Considering Energy, Biofuels, 
Biomaterials, and Chemicals

Only after the 1973 world energy crisis did scientists and technicians realize the 
value of sugarcane and its subproducts and co-products, as it is considered as one of 
the best plants for converting solar energy to biomass and sugar.

Sugarcane is a versatile crop, being a rich source of food (saccharides, syrup), 
fiber (cellulose), animal food (green leaves, buds), fuels and chemicals (bagasse, 
molasses, alcohol), and fertilizers and filter cake. Therefore, almost every country in 
the world that produces sugar has realized that although its production is profitable, 
it is better to develop added-value products as obtained by sugarcane industry diver-
sification and the use of its by-products, instead of depending on only one product.

Table 2.2 Agricultural and economic value of sugarcane and its products and subproducts

Economic sector
Added-value products from sugarcane residues and 
the sugarcane industry

Food Sweeteners, drinks, edible fats and oils, proteins
Health Chemicals, antibiotics, anti-cholesterol
Fertilizers, compost, food, seeds, 
concentrates, grass, pesticides

Variety of foods, seeds, concentrates for animals, grass

Industry Solvents, plastics, bioplastics, chemical products, 
alcohol-based compounds, anticorrosive compounds, 
surface-active compounds, biocides

Electric energy, biogas, bagasse fuel, 
alcohol

Bagasse as fuel, biogas, cogeneration of energy, 
ethanol from bagasse and sugars

Transport Ethanol
Education and culture Books, notebooks, broadsheets, paper
Construction/housing Boards, alternating current/voltage conduits, 

decorative plating
Light industry Textile, wax, bitumen, carbon paper, chemical 

products
Communication Isolating materials
Heavy industry Grout for casting mold
Human resources development Job creation for rural areas

Source: Solomon (2011)
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Sugarcane and its derivatives are raw materials for more than 25 industries: some 
of the most important are shown in Table 2.2.

Of all the sugarcane products and by-products shown in Table 2.2, those having 
the highest economic value are sugar (sucrose), juices/honeys (mostly molasses), 
bagasse, and filter cake (Fig. 2.4). Moreover, other residues produced during harvest 
and production that have less commercial value, such as green leaves, wax, and 
ashes, need to be valorized.

In addition to the applications already mentioned, saccharide is the base of the 
sucrochemical industry, from which bioproducts and other compounds of sugars are 
obtained and developed.

Bioproducts are made from biological compounds or renewable materials. There 
is no universally accepted definition for these products, but they can be described as 
the one that is fabricated in a sustainable manner, total or partially, from renewable 
resources. Thus, it includes all the processes, from raw material production to every 
step into the final product fabrication, in addition to processes of investigation, 
development, and commercialization.

Typically, bioproducts are divided in two categories: bioenergetic and non- 
bioenergetic. Those categories can be separated into seven segments. Table  2.3 
shows the categorization and segmentation of bioproducts.

SUGAR CANE

Sugar

Juices and cane
honeys

Bagasse

Cachaza and vinaza

Industries

Drinks

Foods

Sweets and candies

Human consumption

Sucrochemistry

Alcohol fuel

Industrial alcohol

Concentrates

Paper

Composts

cogeneration
.Electric power

.Thermal energy

Fig. 2.4 Products and by-products of sugarcane
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Among compounds derived from saccharide, ethanol and butanol are important 
as bioenergetics. From the non-bioenergetics, the most significant are bioplastics/
biopolymers and biochemicals. Other products are derived from lignocellulosics, 
which are discussed in Chap. 5. Hereafter, we examine more deeply the more rele-
vant compounds for the sucrochemical industry.

2.4.1  Energetics Products

Biofuels are those compounds such as alcohols, ethers, and esters that come from 
sweetened juices or organic compounds of sugar-based cellulosic extracted from 
plants, cultures, or biomass residues. Since the 1970s, biofuels have been promoted 
to replace part of the consumption of traditional fossil fuels such as coal, oil, and 
natural gas. The best developed and most used biofuels are bioethanol and bio-
diesel; other alternatives are biopropanol and biobutanol, which have been until now 
less commercially valuable.

According to the study by Gobina (2014), during the period between 2010 and 
2011, between 28.8 and 30.6 billion gallons (BG) of biofuels were sold worldwide. 
His projections show that global consumption of these biofuels could reach 50.9 BG 

Table 2.3 Categorization and segmentation of bioproducts

Category Segment Products

Bioenergetic Biofuels Liquid fuels, such as ethanol, methanol, 
biobutanol, fuel oil, and biodiesel for 
means of transport

Bioenergy Solid/liquid biomass for combustion to 
generate heat and electricity

Biogas Gaseous fuel, as biogas, biomethane, and 
synthetic gas to generate heat and 
electricity

Non- 
bioenergetic

Bioplastics/biopolymers Bioplastics from vegetable oils and C6 and 
C5 sugars

Biocompounds Fabricated from agricultural and forest 
fibers (hemp, linen), that can be used for 
panels and part production for vehicles, for 
example

Biochemicals Basic chemical products and industrial 
specialties, including grouts, paints, 
lubricants, solvents

Biomedicine Pharmaceutical products: antibodies and 
vaccines produced by genetically modified 
plants; medical compounds from a natural 
origin
Cosmetic products: soaps, body creams, 
lotions

Source: Adapted from Gobina (2014)
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in 2018, compared to 34.3 BG in 2013. This increase corresponds to an annual 
growth rate of 8.2% during the forecast period. Energy bioproducts, therefore, can 
help countries achieve their goals of a secure, reliable, and affordable energy policy, 
to expand, access, and promote development.

Although the increase is surprising, the production of neither ethanol nor bio-
diesel is expected to double for the period from 2013 to 2021 (Gobina 2014). 
Production volumes are expected to decline below the estimated demand of 71.8 
billion gallons because of lack of access to low-cost raw materials and difficulties in 
obtaining financing (Mussattoa et al. 2010). However, this trend is not global, but is 
particular to each country and the policies implemented in each one. It also depends 
on the price of oil and the availability of biomass in each region. In Colombia during 
2015, 468 million liters bioethanol were produced (Fedebiocombustibles 2017), far 
below major world powers producers of this biofuel, such as the USA (9000 million 
gallons) and Brazil (6472.2 million gallons), which covered 89% of the total market 
in the world in 2008 (Mussatto et al. 2010).

Biofuels can be made from different sources and have different levels of com-
plexity in their processing, depending on the technology required. This variation 
allows classifying biofuels in four different generations (Fig. 2.5), of which the first 
two are explained next.

First-generation biofuels (BF 1G) are also called agro-fuels because they come 
from crops that are used for human consumption, directly or indirectly, and use 
conventional technologies, which are already produced and marketed in significant 
quantities by different countries. The US is currently the largest producer of bio-
ethanol, 19.8 billion liters per year, with maize as the main raw material. Sugarcane 
is used as the main raw material in Brazil, currently the second largest producer in 

BIOFUELS

Its raw material is also a 
source of food. Its 
technology is easy to 
implement. Eg., ethanol of 
sugarcane and palm or 
soybean biodiesel.

Your raw material should not 
compete with food. Less 
impact on land use and better 
emissions balance. Their 
technology is complex and 
still not commercially viable. 
Eg., cellulose ethanol, 
syngas, algae biodiesel.

BF 1G

BF 2G

BF 3G

BF 4G

Fig. 2.5 Classification of biofuels (BF) by generations
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the world (17.8 billion liters per year). The European Union produces 3.44 trillion 
liters of bioethanol, mainly from sugar beet and starch crops (Food and Agriculture 
Organization of the United Nations 2007). This ethanol is obtained by processes of 
fermentation of sugar solutions in which pH value, temperature, type and concentra-
tion of inoculum, and quantity and type of micro- and macronutrients are controlled, 
to obtain musts with an alcohol concentration of 10% (v/v). After that, ethanol is 
purified by distillation and dehydrated by molecular sieves or pervaporation. 
Anhydrous bioethanol is thus obtained with a moisture content of only 0.4% (v/v), 
ready to be used as biofuel. The size of the global ethanol market can be around 86 
million ton year−1, of which only 18% is destined for applications other than for 
energy (Choi et al. 2015).

Second-generation and higher biofuels (BF 2G, 3G, 4G) emerged as the response 
to the largest critique of first-generation fuels: the dilemma between food and fuels. 
These biofuels are obtained from biomass that cannot be used as food and are pro-
duced with technological innovations that allow a more ecologically sound and 
more advanced production than that used nowadays. As they are obtained from non- 
alimentary raw materials, the sources for such biofuels can be cultivated in marginal 
lands that are not used for growing food, or can be obtained from residues from 
agricultural, forest, or agro-industrial activities. In that sense, they allow a higher 
diversification with new raw materials, new technologies, and new final products, 
promoting agricultural and agro-industrial development.

It has been found that biomass coming from cellulose can be a basic raw material 
for the production of second-generation biofuels. Biomass from cellulose generates 
cellulosic bioethanol, which allows the use of sawmill waste, reorienting and 
expanding the forestry industry to diversify the uses of wood and to protect forests 
from clearing for agricultural and farming uses.

Second-generation biofuels are in a preoperational stage, but they are not yet 
produced on a large scale. High manufacturing costs imply that they cannot be com-
mercialized and that these biofuels need incentives and subventions from govern-
ments to be able to expand. Demonstration factories of cellulosic ethanol already 
exist in Sweden, Spain, Germany, US, and Canada. In Latin America, Brazil has a 
plant under construction in the São Paulo area (Sanford et al. 2016). However, the 
initial issue represents a potential development to help reduce CO2 and diminish the 
consequences of greenhouse gases, braking global warming.

Some companies such as Braskem of Brazil, Dow, and Solvay have announced 
projects to produce ethylene from ethanol. In the Brazilian case, the plant of 
Braskem has a production capacity of polyethylene (PE) of 200 ton year−1 and a 
consumption of bioethanol of 462 million liters year−1 (Haro et al. 2013). Thereby, 
ethanol is projected as a commodity for the production of polyethylenes, styrene 
monomer, and ethylene oxide, from which biopolymers, rubbers, and polyesters are 
mostly obtained (Fig. 2.6). The world market for ethylene derived from petroleum 
is booming, with a growth rate around 4.5%. Production is expected to be close to 
208.5 million tons by 2017 as the result of the new plants that will go into operation 
between 2016 and 2017 in the US and China, presently the world leaders for this 
product (Carvajal medios B2B 2017). This step can give a good margin of growth to 
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the bioethylene that is produced from ethanol through a process of dehydration. 
This process is developed by introducing water and ethanol into a fluidized-bed 
reactor operating at a temperature of 613 K and a pressure of 0.48 MPa with acti-
vated alumina as catalyst. The effluent from this reactor is cooled and compressed 
to remove the water. The resulting gas then passes through two rectification col-
umns to separate the C3–C4, ethane and propylene, to produce an ethylene with a 
purity of 99.99% (Haro et al. 2013; Bozell and Petersen 2010). It should be noted 
that the main product of ethylene is PE, with a participation of 60%, followed by 
polyethylene terephthalate (PET), with 14% (see Fig. 2.6).

2.4.2  Nonenergetic Products

BCC Research estimates that the world demand of bioproducts will increase at an 
annual growth rate of 12.6% in 2013 to attain $700.7 billon in 2018, when it will 
reach a penetration rate of 5.5%. This growth rate is higher than that expected for 
energetic products, which are expected to increase to an annual growth rate of 8.5% 
to attain $227.9 billon in 2018, as opposed to an estimated $151.3 billon in 2013. 
The global market for nonenergetic products is significantly higher; it attained 
$236.3 billion in 2013. It is expected that for 2018 it may reach $472.8 billon, grow-
ing at an annual rate of 14.4% (BCC Research 2014).

Regarding the principal products that can be obtained from the sucrochemical 
industry, it is important to note that the State Department of Energy of the United 
States made a study in 2004, identifying by the concept of biorefinery seven poten-
tial products that could be produced from sugars by fermentation processes (Werpy 
and Petersen 2004). This platform was formed by succinic acid, aspartic acid, and 
3-HP (3-hydroxypropionic acid) by oxaloacetate, glutamic acid of α-ketoglutarate, 
itaconic acid from citrate, bioethanol, and bio-hydrocarbons from acetyl-CoA and 
lactic acid from pyruvate. By chemical means the evaluation of another seven prod-
ucts was also contemplated, such as the production of levulinic acid by acid hydro-
lysis of saccharides, glucaric acid by oxidation, and sorbitol by glucose 
hydrogenation. This last process also proposed to obtain arabitol from arabinose 
and xylitol from xylose. Finally, the furfural of xylose and furfural hydroxymethyl 
of fructose pass by a dehydration process. Over the years, and after making techni-
cal and economic feasibility studies, the range of products was reduced and l- 
aspartic acid, l-glutamic acid, itaconic acid, and glucaric acid were discarded from 
the list, because of the limited size of the market, low growth rates, and restrictions 
on the applications of each product. A large portion of those products comes from 
fermentation processes, and others from chemical processes (Werpy and Petersen 
2004).
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2.4.2.1  Bioplastics/Biopolymers

Plastics have become a fundamental part of modern development, to the point that 
most of the objects we buy are made or packaged with this material, or have at least 
one plastic part, or have used components of this type in their production or trans-
port. With continued growth for more than 50  years, world production in 2013 
reached 299 million tons, an increase of 3.9% as compared to 2012 (PlasticsEurope 
2014).

These plastics are generally synthetic and manufactured by polymerization of 
petroleum derivatives. They are diverse and very versatile in their applications, 
which indicates that more than 700 types of plastics are produced currently, such as 
polystyrene, nylon, polyurethane, polyvinyl chloride (PVC), silicones, epoxy res-
ins, and polyamides. Nevertheless, this versatility is accompanied by several envi-
ronmental disadvantages: inability to biodegrade, high resistance to corrosion and 
water, and greenhouse gas emissions. Although recycling programs for plastic 
materials are increasingly efficient and economical, they are applied on residues 
already generated and, in addition, recycling is not an alternative for all plastics that 
come from the petrochemical industry. As a result, a significant percentage of resi-
dues are discarded as waste, generating serious environmental problems.

Despite this discouraging scenario, one of the alternatives that is gaining strength 
is the replacement of plastic by bioplastics because they do not constitute a single 
class of polymers but rather a family of materials with different properties and range 
of applications. In general terms, the European Bioplastics Association (European 
Bioplastics 2017) states a bioplastic has one or both of the following 
characteristics:

• Biological basis materials: these are called biopolymers or materials originated 
totally or partially from biomass (renewable resources). The biomass used for 
bioplastics is derived from corn, sugarcane, or cellulose.

• Biodegradable: biodegradation is the ability of a material to decompose into 
CO2, methane, water, and organic components, or even biomass, in which the 
predominant mechanism is the enzymatic action of microorganisms. This prop-
erty does not depend on the origin of the material, but on its chemical structure.

The classification of bioplastics according to their origin, as biopolymers or from 
petrochemical biodegradables, can be observed in Fig. 2.7.

An investigation by Jason Chen in June 2014 for BCC Research (Chen 2014) 
predicted an annual growth rate for bioplastics of 32.7% from 2014 to 2019. In this 
study, Asia and South America are expected to account for about 90% of the produc-
tion capacity of bioplastics in 2019 compared to 65% in 2013.

The sugarcane fiber present in residues such as bagasse, leaves, and buds has 
great potential for development in the field of bioplastics. The degree of commer-
cialization of bioplastics based on renewable resources such as fibers has reached 
different levels. Some of these have already achieved a certain level of maturity that 
allows them to be competitive in comparison to petroleum-based plastics. The dif-
ferences in prices that insulated them from common resins have been significantly 
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reduced. Furthermore, factors such as the high cost of oil, increasing advances in the 
processing of these types of materials, the growing number of consumers concerned 
about protection of the environment, and the creation of new government legislation 
have allowed consolidation of concrete applications of bioplastics at commercial 
levels.

Production capacity for biopolymers will triple from 5.7 million tons in 2014 to 
almost 17 million tons in 2020. Data show a 10% growth rate from 2012 to 2013 
and as much as 11% from 2013 to 2014. Bioplastics consolidated in the market will 
grow at a slower pace because they have already been established for some time. In 
addition, competition during past years has increased, particularly, for example, for 
polymers derived from cellulose and starch besides polylactic acid (PLA), which 
will show a slower growth rate of 26.6% and 18.1% for the first two and 16.7% for 
the latter. In contrast, bioplastics such as polyethylene (Bio-PE) and polyethylene 
terephthalate (PET) have noted a significant increase during the past few years. It is 
expected that from 2014 to 2019, annual growth rates of 38% and 76.5%,  respectively, 
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can be reached (Aeschelmann and Carus 2015). Some examples of bioplastics com-
mercialized in the market are described next.

The renowned Coca-Cola Company launched a new plastic bottle made from 
materials derived from sugarcane. Since 2009, Coca-Cola has initiated the imple-
mentation of this type of new technique to elaborate its containers in the program 
PlantBottle (for PET), with an initial vegetable composition of 30%. Since its intro-
duction, more than 35 million bottles have been distributed in almost 40 countries. 
The use of these containers has avoided annual emissions equivalent to more than 
315,000 metric tons of carbon dioxide. In June 2015, the first 100% sugarcane bot-
tle made was presented in Italy (Procaña 2015).

After years of research and development, Braskem, a Brazilian petrochemical 
company, launched the green ethylene plant in September 2010, as mentioned pre-
viously. This event marked the beginning of the production of I’m green polyethyl-
ene on a commercial scale, which ensured the company’s global leadership position 
in the field of biopolymers (Fig.  2.8). This industrial plant was constructed by 
investments of $290 million and has a production capacity of 200,000 ton year−1 of 
green ethylene (Braskem 2017).

Green PE from Braskem is a plastic produced from a renewable raw material 
source, sugarcane ethanol. Braskem receives ethanol from its suppliers mainly 
through railways. When ethanol arrives at the ethylene plant, it goes through a dehy-
dration process and is transformed into green ethylene. Then, green ethylene goes 
to the polymerization step for its transformation into green polyethylene by using 
the same equipment as used to produce conventional polyethylene (Fig. 2.8). The 
process and quality of the final product are maintained without the need to invest in 
new machinery and equipment. For the same reason, it can also be recycled within 
the company.

In addition to the ethanol mentioned in the previous section, there are other com-
pounds derived from sugars from which plastics can be obtained through different 
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Fig. 2.8 Ecological production of green polyethylene (green PE) (Source: Adapted from Braskem 
(2017))
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chemical routes, such as polyurethane, polyesters, polyamides, polyacrylamides, 
and PLA. These compounds, which are used to produce monomers, are succinic 
acid, 3-hydroxypropionic acid, and lactic acid, explained in detail next.

Succinic Acid
Succinic acid is obtained by the fermentation of sugars (lactose, xylose, arabinose, 
glucose) by microorganisms such as Escherichia coli, Actinobacillus succinogenes, 
Corynebacterium crenatum, and Basfia succiniciproducens at 37 °C and a pH value 
between 2.7 and 6.5 (Moussa et al. 2016; Alexandri et al. 2017; Jiang et al. 2017). It 
is a dicarboxylic acid of four carbons that serves as the base to be transformed in 
various plastics by applying diverse processes of chemical transformation. In this 
way, 1,4-butanediol is obtained by hydrogenation. From this process, polyurethanes 
and polyesters are obtained using polymerization processes with various acids (tere-
phthalic, dicarboxylic) or alkylene oxides. It is also possible to obtain polyamides 
after reacting succinic acid with ammonia to produce 1,4-butanediamine by hydro-
genation, which after polymerization in acid medium produces the plastic (Choi 
et al. 2015). The size of the succinic acid market is between 30,000 and 38,000 ton 
year−1. Several companies are currently manufacturing the acid, such as Reverdia, 
Myriam, Succinity, and Bioamber-Mitsubishi (Alexandri et al. 2017). The expecta-
tions for this commodity are to reach an annual growth of 18.7% (Moussa et al. 
2016), although most comes from the petrochemical sector (95%) (Gallezot 2012).

3-Hydroxypropionic Acid (3-HP)
The biological production of 3-HP is recent. It is obtained from glucose via malonyl 
CoA (pathway II), which is expressed in microorganisms of the genus Lactobacillus 
and recombinant E. coli. Thus, the glucose is converted to lactic acid and then to 
3-HP in a concentration approximately 49 g l−1 for 69 h with a 0.46 mol mol−1 yield 
relative to the sugar used (Kumar et al. 2013).

From 3-HP, 1,3-propanediol is obtained by hydrogenation to produce polyester 
by polymerization. If this polymerization takes place in the presence of terephthalic 
acid, PTT (polytrimethylene terephthalate) is obtained. Polyacrylamides, polyam-
ides, and polyacrylonitriles are also obtained from the acrylic acid obtained by 
dehydration of 3-PH. Several companies, such as Cargil-BASF-Novozyme, Opxbio- 
Dow Chemical, and Perstorp, are already preparing the commercialization of sev-
eral bio-based products, mainly acrylic acid derivatives with the largest market size, 
at about 5.5 million ton year−1 in 2013 (Choi et al. 2015).

Lactic Acid
Lactic acid is an organic acid with a very important market in the chemical, plastic, 
pharmaceutical, cosmetic, and food preservation industries (Murillo et  al. 2016). 
PLA, a bioplastic that replaces polyethylene, polystyrene, or polyethylene tere-
phthalate (Gerssen-Gondelach et  al. 2014), is obtained from this acid through a 
polymerization process. About 90% of lactic acid is produced by fermentation from 
sugars of five or six carbons (Diaz et al. 2017; Murillo et al. 2016), but it has certain 
limitations in its application as the result of the long reaction times, technical 
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difficulties in the stages of neutralization and purification, and the search of eco-
nomic raw materials to make it profitable (Abdel-Rahman et al. 2011).

2.4.2.2  Biochemicals

We consider, under this heading, biochemicals as the set of chemicals produced 
from biomass. Several factors are driving the chemical industry to change its raw 
materials from petroleum to renewable counterparts for the production of organic 
chemicals: realization of finite oil resources, the harmful effects of oil derivatives on 
the environment, the availability of renewable resources, and the latest advances in 
processing technologies.

It is relevant that throughout the manufacture of chemicals, and in fact for the 
duration of the product’s life cycle, the energy demand must be minimized, the 
processes applied must be safer, and the use of hazardous chemicals and their pro-
duction avoided, as preconized by green chemistry (GC) principles. The final prod-
uct must be nontoxic, and degradable into safe chemicals with minimal waste 
production; again, GC is closer to these criteria.

Expectations of the market for bio-based chemicals will grow as a result of busi-
ness initiatives that favor the use of sustainable and renewable raw materials. The 
biochemical industry was valued at almost $92 billion in 2010. The market reached 
a value of $155.7 billion in 2013, equivalent to a compound annual rate increase of 
19.2%. BCC Research forecasts that the market for biomass-derived chemicals will 
reach $331.2 billion in 2018, corresponding to an annual composite rate of 16.3% 
(Gobina 2014).

In 2004, the Pacific Northwest National Laboratory (PNNL) and the National 
Renewable Energy Laboratory (NREL) identified 12 classes of products that could 
be derived from sugars, as saccharose, to support the production of fuels and energy 
in an integrated biorefinery both economically and technically. Further, they could 
identify the challenges and barriers of associated (chemical or biological) conver-
sion processes (Werpy and Petersen 2004). These products are considered “building 
blocks” or chemical platforms, that is, they have the potential to produce multiple 
derivatives. Table  2.4 shows the products, the different ways of conversion, and 
some potential applications.

The products listed in the table represent a small part of the biochemicals studied 
by different research groups around the world. Several aspects including high oil 
prices, consumer preference for products from renewable resources, business com-
mitments, mandates, and government support are driving efforts to broaden the 
spectrum of biochemicals.

In the mid- to long term, biochemical products will share the market with 
petroleum- based chemicals and eventually replace them as competitively priced 
products after overcoming the technological challenges they face today, in some 
cases, from the lack of friendly technologies and green transformations.

According to research done by the U.S. Department of Agriculture (2017), the 
degree of research, development, and commercialization of chemicals based on 
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renewable resources is at different levels. The most highly developed are derivatives 
of 1,4-diacids (succinic, fumaric, malic), as well as xylitol, sorbitol, and y-3-HP. The 
world demand for the latter acid was approximately $832 million in 2013, and it is 
expected that by the year 2018 this figure will reach $900 million (Evans 2011).

2.5  Conclusions

Some authors consider that the integration of bio-based products into the production 
of bioenergy from biomass is still in its first stages of growth. Nevertheless, companies 
such as Cargil-BASF-Novozyme, Reverdia, Myriam, and Dupont as well as Braskem 
are making great economic and technical efforts to bring this idea into reality.

There are huge potentials for bio-based products that can be obtained from sug-
ars, but at the moment, those with a more developed platform from the commercial 
and technical aspects are succinic acid with a market of 30,000–38,000 tons year−1 

Table 2.4 Main applications of biochemical drivers

Chemical products
Conversion 
process Potential applications

1,4-Diacids (succinic, fumaric, 
malic)

Biological Green solvents, fibers (such as Lycra), 
water-soluble polymers, antifreeze, fuel 
additives, flavorings

2,5-Furandicarboxylic acid Chemical PET with new properties (bottles, films, 
containers), new polyesters, nylon

3-Hydroxypropionic acid Biological Contact lenses, diapers, absorbable sutures
Aspartic acid Biological 

Chemical
Detergents, absorbent polymers, corrosion 
inhibitors, water treatment systems

Glucaric acid Chemical Solvents, nylon with different properties, 
detergents

Glutamic acid Biological Flavors, monomers for polyesters and 
polyamides

Itaconic acid Biological Paints, adhesives, lubricants, herbicides
Levulinic acid Chemical Oxygenated fuels, solvents, synthetic gums, 

cigarettes
3-Hydroxybutyrolactone Chemical Solvents
Glycerol Biological 

chemical
Disinfectants, lubricants, cosmetic 
products, polyester fibers with new/better 
properties, antifreeze, polyurethane resins

Sorbitol Chemical Antifreezes, water-soluble polymers, 
cosmetic products, sweetener in dietetic 
foods, source of alcohol in manufacture of 
resins

Xylitol/arabinitol Chemical Flavors, antifreezes, chewing gums, cough 
syrups, toothpaste, mouthwashes, hard 
candies

Source: Xu et al. (2008)
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and acrylic acid, derived from 3-HP, with a market of 5.5 million tons year−1, in 
addition to biopolymers that can be obtained from bioethanol. However, the 
expected horizon, in both the short term and medium term, is an increase in the 
market for these types of renewable chemicals.
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Chapter 3
Oleaginous Biomass for Biofuels, Biomaterials, 
and Chemicals

Simone P. Favaro, Cesar H.B. Miranda, Fabricio Machado, Itânia P. Soares, 
Alan T. Jensen, and Anderson M.M.S. Medeiros

Abstract Concerns about negative environmental impacts and questions of future 
availability surrounding the long-term use of fossil sources as a basis for production 
of fuels, and a plethora of derivatives, are matters of increasing importance. 
Consequently, plant biomass sources capable of efficiently replacing fossil fuel 
resources are gaining relevance as biofuels and in the oleochemical industry. The 
array of chemical compositions of vegetable oils and fats, the possibility of produc-
ing biomass in a sustainable way, and the development of routes for their transfor-
mation are the main drivers of this growing demand. This chapter covers topics of 
global production and consumption of the principal vegetable oil commodities, the 
comparative chemical composition of oils and fats, the potential use of the biologi-
cal storage structures of oils and fats, the main processes of transforming oils into 
biofuels, and the production of bio-based polymers. Also, mechanisms of the func-
tionalization of vegetable oils are stressed.

Keywords Oleochemistry • Fatty acids • Biodiesel • Polymers • Vegetable oils

3.1  Introduction

Lipids are important sources of food and renewable energy (Christie 2017; 
Cyberlipid Center 2017). Lipids encompass oils, fats, greases, steroids, cholester-
ols, lipid-soluble vitamins, and phospholipids and are the basis for a range of prod-
ucts, from personal care to the hardware industry. Conceptually, lipids are 
compounds that are insoluble in water but soluble in organic solvents such as ether, 
benzene, and alcohols. Oils and fats are the main commodities within lipids and are 
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the basis for the oleochemical industry. Their main market and their applications are 
in the food industry, but since 2001 a significant part of their increasing use is for 
biofuels production, especially biodiesel (Knothe 2010; Gunstone 2013).

The world production of fats and vegetable oils has increased steadily in the past 
25 years, reaching 206 million tons in 2016 (USDA 2017). Although many promis-
ing oleaginous plant species are available in the wild, around 94% of the world’s 
production comes from the seven best known sources (Fig. 3.1). Since 2004, palm 
oil (Elaeis guineensis) has become the main commodity produced and consumed, 
surpassing soybean (Glycine max), the long-standing leader. Considering its pulp 
and kernel oil, palm oil accounts for 38% of world production, followed by soy-
beans with 29% (Fig. 3.1).

The hydric and temperature needs of palm oil for productive growth and yield 
require its cultivation to be concentrated between parallels 10° north or south of the 
equator, whereas soybeans can be grown in a wider dispersion area. The main rea-
sons for palm oil predominance as an industry base product are its desirable physi-
cochemical characteristics and oil productivity. Averaging 3500  kg oil/ha 
(10,000 m2), it can produce more than 6000 kg/ha, about tenfold the productivity of 
soybean, which supported the oleochemical industry for several decades and is still 
of great use. The soybean was domesticated in China more than 3000 years ago, and 
for centuries its oil provided light to cities and meal for animal feed. In the first 
quarter of the twentieth century, the soybean arrived in Europe and then the United 
States (USA), being then used mainly for industrial purposes to produce inks, var-

Vegetable Oil production (K.MT)
0 10 20 30 40 50 60 70

Olive

Coconut

Cotton

Peanut

Palm Kernel

Sunflower

Rapeseed

Soybean

Palm oil
Indonesia > Malasia > Thailand > China > Colombia + Others = 66,804

China > EUA > Argentina > Brazil > EU + Others = 56,201

EU > China > Canada > India > EUA + Others = 28,452

Ukraine > Russia > EU > Argentina > Turkey + Others = 17,670 

Indonesia > Malasia > Thailand > China > Colombia + Others = 7,846

China > India > Burma > Nigeria > Sudan + Others = 6,057

India > China > Pakistan > Brazil > EUA + Others = 4,728

Philippines > Indonesia > India > Vietnam > Mexico + Others = 3,437

EU > Tunisia > Turkey > Morroco > Siria + Others = 3,117

Fig. 3.1 Overview of the world’s principal vegetable oil sources and production in 2017 (From 
USDA (2017))
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nishes, coatings, soap stocks, lubricants, and textiles. After soybean crushers were 
established in the USA, solvent extraction processes were developed and its oils 
replaced cotton and linseed oils, and, later, tallow. The need to feed the troops and 
the limitations on oil imports during the Second World War led to further develop-
ment of soybean agricultural production systems and technological processes 
(Johnson and Myers 1995; Shurtleff and Aoyagi 2015). Nowadays soybean oil is 
mostly consumed as an edible oil. With the surge in biodiesel production it is filling 
a dual purpose, with strong environmental appeal: oil (food, fuel, oleochemical) and 
the world’s leading source of high-quality vegetable protein.

The oleochemical industry also absorbs around 12 × 106 ton from several other 
oil sources, usually of local importance, which depends on their availability and the 
potential application of their added value. A good example is castor oil (Ricinus 
communis), which is used to produce specialized lubricants and coatings (McKeon 
2016; Patel et al. 2016), and animal fats, used in biodiesel production (Bousba et al. 
2013; Van Gerpen 2014). The usage of a given oil source is basically defined by the 
characteristics and proportions of its fatty acids profile. These fatty acids are the 
drivers of the technological routes that can be used and the final products to be 
obtained. As details on lipid structure and labeling are abundant in the literature 
(Lehninger et al. 2000; Scrimgeour 2005), this chapter focuses on the utilization of 
oils and fats in renewable chemistry.

3.1.1  Oils and Fats

The major components of oils and fats are glycerol-esterified fatty acids, which, as 
triols, can form mono-, di-, or triglycerides. In general, triglycerides (TAGs) pre-
dominate in the composition of oils and fats (Fig. 3.2).

Fatty acids are unbranched carbon chains, varying from 4 to 22 carbons, with a 
terminal carboxyl group. They are called saturated when all carbons are linked by 
single bonds and unsaturated when one or more carbons are linked with double 
bonds. With a single double bond, they are monounsaturated, and polyunsaturated 
when they contain two or more double bonds (Fig. 3.3).

The amphiphilic nature of fatty acid molecules causes oil to be stored intracel-
lularly inside the organelles of oleaginous plants, called body oils (BOs) (Fig. 3.4), 
rather than storage as a dispersed continuous layer (Purkrtova et al. 2008). The BO 
structural model shows the TAG matrix encompassed within a phospholipid mono-
layer (Lin and Tzen 2004; Tzen et al. 1993), protected by a layer of structural pro-
teins, predominantly oleosines (Huang 1992; Furse et al. 2013). The polar side is 
exposed to the cytosol, and the acyl group turns inside and interacts with TAGs 
(Beisson et al. 1996).

Figure 3.5 shows an example of body oil (BO) structures in the pulp and nut of 
the fruit of the macauba palm (Acrocomia aculeata), both of which contain high 
levels of oil (Lescano et al. 2015). The spherical fruit contains lipid bodies embed-
ded in the cytoplasm. The oil bodies (OB) are scattered in the pulp, which is rich in 
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fibers (Fig. 3.5a). Nuts, in addition to their richness in oil, also have a significant 
amount of protein that is also stored as individualized structures (protein bodies, 
PB) (Fig. 3.5b).

The emulsifying character of BO allows the development of nano-emulsions 
capable of carrying hydrophobic molecules as functional components, antioxidant 
metabolites, vitamins, and drugs, among others (Zhao et al. 2016). Thus, they can 
be added to the formulation of foodstuffs (Nikiforidis et al. 2014), pharmaceuticals 
(Hou et al. 2003), and cosmetics (Marcoux et al. 2004) or utilized as biotechnologi-
cal tools (Peng et al. 2004; Leng et al. 2016; Montesinos et al. 2016).

In fact, the development of oleaginous biomass-based products goes beyond the 
regular usage of extracted plant oils and fats. The industry of renewable derivatives 
is a fertile ground for the use of the original matrix of the vegetal tissue, or the prod-
ucts obtained by their modification.
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Poly-unsaturated – Linoleic acid
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Fig. 3.3 Fatty acid structures

CH3

CH3

CH3

O

O

HO

HO

HO

O

HC

OH

OH

OH

Fatty acids Glicerol

O

O
O

O

O

O

3 H2O

H2C

H2C

Triglyceride
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3.1.2  Fatty Acids Composition

There is a broad variety of fatty acids composition in nature, varying as functions of 
oleaginous plant species, the storage organ, and intraspecies variability. Fatty acid 
composition also is influenced by environmental determinants of plant growth, such 
as soil characteristics and climate, as well as general post-harvest conditions. 
Table 3.1 was constructed to show a general view of fatty acids profiles of sources 

Fig. 3.4 Body oil structural model

Fig. 3.5 Body oil (bo) and body protein (pb) in macauba (Acrocomia aculeata) pulp (a) and ker-
nel (b). a Light microscopy of pulp body oil colored in red with Sudan III (Reis et  al. 2012) 
(Reproduced with permission. Copyright © Rodriguesia). b Transmission electron microscopy of 
kernel (Moura et al. 2010) (Reproduced with permission. Copyright © Scientia Agricola)
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Fig. 3.6 Composition of saturated, monounsaturated, and polyunsaturated fatty acids in fats and 
oils

that predominantly produce saturated fatty acids up to those with highly unsaturated 
profiles. The iodine value (IV) is also presented. IV is a reference index for the 
identity of the producing source, and expresses the total unsaturation of a given oil 
or fat. IV is largely utilized by the industry as a referential to estimate the melting 
point and the oxidative stability, being also a quality control measurement of hydro-
genation. More accurate methodologies have been developed to relate fatty acid 
composition to the physicochemical properties of the oils (Knothe 2002), but IV is 
still commonly used in processes with oleaginous plants and as determinant param-
eter in oils and fats trading. The mean values of fatty acids shown in Table 3.1 and 
Fig. 3.6 were assembled to illustrate the composition of the oils in saturated, mono-, 
and polyunsaturated fatty acids. The information contained in both table and figure 
contributes to the selection of an oil, or even to establishing mixtures of oils for 
specific applications.

Palm nuts are the primary sources of saturated fatty acids (Table 3.1 and Fig. 3.6). 
The indaia palm (Attalea dubia) has the lowest IV, with 100% saturated fatty acids, 
followed by coconut (Cocos nucifera), with IV up to 10.6. On the other hand, tallow 
is the most representative saturated animal fat in use, mainly for biodiesel produc-
tion (Esteves et al. 2017). On the other extreme are oils from flaxseed (Linum usita-

S.P. Favaro et al.
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tissimum, IV from 170 to 196) and pomegranate (Punica granatum, IV 212 to 212). 
Oils from crambe (Crambe abyssinica), tung (Vernicia fordii), and castor show less 
than 3% saturation. Tung, pomegranate, and flaxseed are rich polyunsaturated 
sources by the presence of three unsaturations. On the other hand, olive oil and 
macauba pulp oil show a high proportion of monounsaturation, being rich in oleic 
acid. Castor oil monounsaturation is the result of the high proportion of ricinoleic 
fatty acid, which is differentiated from others because it is a hydroxy acid. Erucic 
acid is responsible for the high proportion of monounsaturations in Crambe.

3.2  Vegetable Oils as Biofuels

Research in the usage of vegetable oils as fuel usually aims to replace the fossil 
fuels gasoline, kerosene, and diesel, derived from petrol. Gasoline is mainly a mix-
ture of chained hydrocarbons, varying from 4 to 12 carbons, obtained by distillation 
of petrol in a temperature range of 30 °–220 °C; kerosene is a mixture of chained 
hydrocarbons, varying from 8 to 18 carbons, obtained by distillation within a 
150 °–300 °C temperature range; and diesel is a combination of several classes of 
aliphatic, naphthenic, and aromatic hydrocarbons, and a lower concentration of 
some composts containing sulfur, nitrogen, and oxygen in a chain of 8–40 carbons 
(Haddad et al. 2012).

It is possible to regulate and optimize engines to work in accordance with the 
characteristics of a given fuel, bearing in mind that combustion is influenced by fuel 
density, viscosity, volatility, and oxidative stability. Apparently, at the beginning of 
the twentieth century, Rudolph Diesel, inventor of the Diesel cycle engine, success-
fully tested vegetable oils (Knothe 2001). However, their direct use in current 
engines may cause carbon deposition, injector blocking, and incomplete combus-
tion because of their high viscosities, low volatilities, and polyunsaturated charac-
ter, among others (Soares et al. 2008). On the other hand, small modifications in the 
injection system, or preheating of the fuel line or the fuel itself, can be an alternative 
solution to run stationary engines and gas turbine engines fully on vegetable oils 
alone, with some “green” advantages such as their low embodied fossil energy and 
renewable performance (Soo-Young 2017).

In this sequence, we present the main processes related to the usage of vegetable 
oils as fuels.

3.2.1  Vegetable Oil Micro-Emulsions

Micro-emulsions are small liquid drops of 100–1000 Å formed when two immiscible 
liquids and a surfactant are mixed, resulting in a system macroscopically homoge-
neous and thermodynamically stable (Attaphong and Sabatini 2012). Oil is used as a 
nonpolar phase, with the polar phase being an alcohol, plus a surfactant of 
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intermediary polarity (Fig. 3.7). The composition of these components can be rear-
ranged in a phase diagram, forming an area of micro-emulsion that can reduce as much 
as ten times the viscosity of a vegetable oil, although it may give incomplete burning.

3.2.2  Vegetable Oil Cracking

Free fatty acids can be obtained from triglycerides of a vegetable oil after thermal 
decomposition in the temperature range 300 °–500 °C, releasing, after deoxygenation, 
chained hydrocarbons such as those present in gasoline, up to diesel (Speight 2008).

Cracking may be thermic or thermocatalytic. In the latter, a catalyst is added to 
redirect the catalytic route and generate a given product, with the advantage of pro-
cessing at a lower temperature (Zhao et al. 2017). An example is the use of mesopo-
rous matrixes of silica to generate hydrocarbons in the diesel range (Soltani et al. 
2017). Several zeolites have also shown activity in cracking reactions, being useful 
as support to some metals (Emori et al. 2017). A scheme for a vegetable oil cracking 
is shown in Fig. 3.8.

3.2.3  Transesterification/Esterification

A transesterification reaction happens between an oil or a fat and an alcohol, usually 
of short length, in the presence of a catalyst and heating with the release of a mono-
alkyl ester (Fig. 3.9). If the reaction is between a free triglyceride and an alcohol, it 
is then called esterification, in which case it is necessary to use an acid catalyst to 
avoid neutralization reactions.
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Fig. 3.7 Microemulsion of alcohol in oil

S.P. Favaro et al.



41

The resulting monoalkyl ester shows characteristics similar to those of diesel 
derived from petrol (Table 3.2), being then denominated as biodiesel (Knothe 2016). 
Biodiesel may be used as a fuel of its own or in blends with diesel oil. Both their 
specific mass and viscosity are close, but calorific value of biodiesel is lesser, 
because it contains more oxygenated molecules.

In the transesterification/esterification reactions, both homogeneous and hetero-
geneous (acids and bases) catalysts may be used, either chemical or enzymatic 
(Akoh et al. 2007). Nowadays, industrial processes of transesterification mostly use 
homogeneous base catalysts, whereas esterification processes are mostly based on 
homogeneous acid catalysts.

An alternative process is hydroesterification, by which a triglyceride is hydro-
lyzed to glycerol and acid, and then the acid is converted to ester by esterification. 
Such a process is preferred when the fatty raw material shows high acidity, and the 
excess free fatty acids may be an inconvenient path to transesterification 
(Pourzolfaghar et al. 2016).
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reaction scheme

Table 3.2 Characteristics of 
diesel derived from petrol and 
of biodiesel

Property Diesel oil Biodiesel

Specific mass (kg l−1) 0.883 0.880
Calorific value (MJ−/l−1) 38.3 33.3
Viscosity (mm2/s at 
40 °C)

3.86 4.70

3 Oleaginous Biomass for Biofuels, Biomaterials, and Chemicals



42

3.2.4  Biodiesel Production

In the past decade, biodiesel production has gained worldwide projection. Nowadays, 
64 countries around the world have either targets or mandates to use biofuels, a 
broad term that includes biodiesel or bioethanol (Biofuelsdigest 2016). Also, the 
biodiesel production technologies acquired a maturity stage during this time.

The biodiesel industry is based on a few raw material sources, resulting from 
adjusting well-established crop production systems around the world. Thus, soy-
bean, canola oil, palm oil, cotton seed, and sunflower seed are the main sources in 
use. In each case, attention is necessary for their saturated and polyunsaturated fatty 
acids contents, because they may affect the cold flow and stability of the resulting 
biodiesel. Independently of the oleaginous source used, the use of biodiesel as an 
alternative fuel has resulted in important environmental, social, and economic gains. 
The USA (5.5 billion l) and Brazil (3.8 billion l) are the world’s largest producers so 
far, but Argentina, Germany, and Indonesia are also important (Fig.  3.10) (The 
Statistics Portal, 2017).

3.2.4.1  Biodiesel Quality

Despite its physicochemical similarity to diesel oil, biodiesel has some particulari-
ties that need to be looked after when blending it (Rodrigues et al. 2017). It is less 
stable than diesel, because of the unsaturated chains, caused by oxygen; absorbs 
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water in an easier pattern; and may be obtained from several oleaginous sources, 
with different chemical and fatty acids profiles. Because of these characteristics, 
most countries have devised strict policies for quality control of biodiesel use and 
its blend with diesel (seen in Table 3.3).

Most countries have applied their own legislation regarding biodiesel quality, but 
for some parameters there is not a given mandatory specific range. In this case, 
results are monitored and checked for more detailed evaluation if values are far 
outliers.

Table 3.3 Biodiesel standards in Europe, USA, and Brazil

Biodiesel standards Europe USA Brazil

Specification EN 14214:2012 ASTM D 6751-15 Res. 45/2014
Density 15 °C g (cm3)−1 0.86–0.90 0.85–0.9 

(20 °C)
Viscosity 40 °C mm2/s 3.5–5.0 1.9–6.0 3.0–6.0
Distillation % / °C 90%, 360 °C
Flashpoint (Fp) °C 101 min 93 min 100 min
CFPP °C aCountry specific aPer region
Cloud point °C areport
Sulfur mg kg−1 10 max 15 max 10 max
Carbon residue %mass 0.05 max
Sulfated ash %mass 0.02 max 0.02 max 0.02 max
Water mg kg−1 500 max 200 max
Total contamination mg kg−1 24 max
Cu corrosion max 3 h/50 °C 1 3 1
Oxidation stability hrs;110 °C 8 h min 3 h min 8 h min
Cetane number 51 min 47 min aReport
Acid value mg KOH 

g−1

0.5 max 0.5 max 0.5 max

Methanol %mass 0.20 max 0.2 max or 
Fp < 130 °C

0.20 max

Ester content %mass 96.5 min 96.5 min
Monoglyceride %mass 0.7 max 0.4 max 0.7 max
Diglyceride %mass 0.2 max 0.2 max
Triglyceride %mass 0.2 max 0.2 max
Free glycerol %mass 0.02 max 0.02 max 0.02 max
Total glycerol %mass 0.25 max 0.24 max 0.25 max
Iodine value 120 max aReport
Linolenic acid ME %mass 12 max
Phosphorus mg kg−1 4 max 10 max 10 max
Na, K mg kg−1 5 max 5 max 5 max
Ca, Mg mg kg−1 5 max 5 max 5 max

aCFPP, cold filter plugging point
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3.2.4.2  Biodiesel Glycerin

Glycerin is an important subproduct of biodiesel production. There is a large market 
for glycerin, which finds use in the food industry as well as cosmetics and pharma-
ceuticals. One kilogram (kg) of raw glycerin is generated for every 10 kg of bio-
diesel produced. As it still contains some residual fatty acids, methanol, and ashes, 
the raw glycerin must be purified for further use, which, depending on the desired 
purity, and hence the required purification process, may result in elevated costs. 
Considering such costs and the large volume produced, several studies are being 
conducted to find other added-value bioproducts from raw glycerin. Most promising 
is the use of microorganisms that produce metabolites such as succinic, citric, pro-
pionic, lactic, and glyceric acids (Vivek et al. 2017).

3.2.5  Hydrotreating

Hydrotreating is the elimination of heteroatoms from organic compounds by reac-
tions with oxygen, under controlled temperature and pressure, and in the presence 
of a catalyst such as nickel and molybdenum in a high specific area material. When 
applied to vegetable oils, a hydroprocessed vegetable oil (HVO) results (Vrtiska and 
Simacek 2016). To convert vegetable oils to hydrocarbons with the physicochemi-
cal characteristics of a diesel oil, which would be then called green diesel, the reac-
tion procedure is of hydrodeoxygenation (HDO) (Pattanaik and Misra 2017; Sugami 
et al. 2017) (Fig. 3.11).

Last, but not the least, there are other relevant issues to be taken into consider-
ation besides the physicochemical characteristics of the biodiesel when planning to 
substitute a petrol-derived fuel, as pointed out by Refaat (2009). Perhaps the most 
important characteristic is the scale of the necessary substitution, as it is a function 
of raw material availability and affordability: this may be the driving force behind 
investors’ evaluations on the technological route and the raw material.
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3.3  Bio-Based Polymers

3.3.1  Functionalization of Vegetable Oils to Produce Bio- 
Based Polymers

The use of vegetable oils to produce biomaterials such as bio-based polymers has 
gained great attention for its versatility and abundant availability as well as eco- 
friendly global initiatives (Lligadas et al. 2013; Fernandes et al. 2017; Mucci et al. 
2017). Plant oils-based polymers have shown a powerful capacity of application in 
varied technological fields to produce coatings, resins, paint, inks, and lubricants 
(Mucci et al. 2017).

Vegetable oils had been employed in paints and coatings since a long time ago 
once the unsaturated bonds are able to polymerize when exposed to the air (Van De 
Mark and Sandefur 2005). Also, biorenewable polymers have been developed by 
using unmodified vegetable oils once the carbon–carbon double bonds are capable 
to react by thermal or cationic polymerization as described by Larock’s research 
group (Li and Larock 2003, 2005).

However, depending on the final application or the polymerization route, it is 
more practical to functionalize its chemical structure. Recently, new strategies to 
achieve vegetable oil-based polymers also involve functionalized vegetable oils. 
Use of modified vegetable oils in free radical polymerization, step-growth polymer-
ization, acyclic diene metathesis polymerization (ADMET), and ring-opening 
metathesis polymerization (ROMP) has been reported in the scientific literature, as 
well as the available commercial materials based on these biosources (e.g., Vikoflex 
7190, Ebecryl 860, Drapex 6.8).

The functionalization of vegetable oils has a fundamental role in polymer chem-
istry because it is possible to modify some final properties of polymeric matrices, 
for example, to impart stiffness, or improve the characteristics of commercial poly-
mers to increase the potential application as resin or coating (Wool and Sun 2005).

Basically, the major component of vegetable oils corresponds to triglycerides, 
whose structure is shown in Fig. 3.12.

The potential sites to functionalize the triglycerides are (i) double bonds, (ii) 
allylic carbons, (iii) ester group, and (iv) carbons alpha to the ester group (Bonnaillie 
and Wool 2007). According to the open literature, the most important pathways to 
modify the vegetable oils for production of bio-based polymers can be organized in 
these three methods (Khot et al. 2001):

 i. Functionalization of double bonds of triglycerides by epoxidation or maleiniza-
tion followed by attaching of vinyl functionalities to the triglyceride chains

 ii. Conversion of triglycerides to monoglycerides through glycerolysis or amida-
tion reaction (ester/glycerol linkage)

 iii. Synthesis of monoglycerides or diglycerides through glycerolysis or amidation 
reaction and functionalization of unsaturations by hydroxylation/acrylation 
(combination of methods i and ii).
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Figure 3.13 reviews schematically some important routes of vegetable oil 
functionalization.

Depending on the modification strategy, the modified monomers are able to 
polymerize through free radical polymerization or step-growth polymerization. It is 
noteworthy that natural epoxy or hydroxyl functional triglycerides such as castor 
oil, Sterculia striata (chicha oil), and Exocarpos cupressiformis are also easily mod-
ified by these cited pathways (Mangas et al. 2012).

Functionalized monomers from vegetable oils as soybean, sunflower, and castor 
oil are extensively employed to produce bio-based monomers through free radical 
polymerization (Bonnaillie and Wool 2007; Scala and Wool 2002; Campanella et al. 
2010; Jensen et al. 2014; Medeiros et al. 2015). In this scenario, the work developed 
by Wool (Bonnaillie and Wool 2007), La Scala (Scala and Wool 2002), Campanella 
(Campanella et al. 2010), Jensen (Jensen et al. 2014), and Medeiros et al. (2015) are 
examples of functionalization of triglycerides/monoglycerides with in situ gener-
ated organic peracid followed by a ring-opening reaction with acrylic acid (Fig. 3.14).
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Can et al. (2001, 2002) have reported studies on the functionalization of vegeta-
ble oil to produce bio-based thermosettings. In accordance with these studies, male-
ate half-ester monoglycerides from soybean oil are obtained by two steps. First, the 
glycerolysis process is carried out to obtain monoglycerides (SOMGs), followed by 
reaction with maleic anhydride (Fig. 3.15).

In the same way, triglycerides can be functionalized by dicarboxylic acids such 
as maleic acid and cyclohexane dicarboxylic anhydride to generate oligomers 
(Fig. 3.16) (Khot et al. 2001). The introduction of cyclic rings into the structure 
provokes the increase of the entanglement density as well as the stiffness of the 
polymeric material. According to the authors, the oligomers can be blended with 
styrene and cured in the same manner as an unmodified AESO resin (Khot et al. 
2001).

The use of unsaturated vegetable oils in the polymer field intended to produce 
bio-based polymeric materials has several advantages, as, for instance, low cost 
associated with the production process, a large range of structural changes of the 
vegetable oil and/or polymers, and reduction of the environmental impact by using 
renewable resources.

Fig. 3.14 Epoxidation reaction of triglycerides from vegetable oil (i) and ring-opening reaction 
with acrylic acid (ii) (Medeiros et al. 2015) (Adapted and reproduced with permission. Copyright 
© 2015 Elsevier Ltd.)
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Fig. 3.15 Synthesis of (i) SOMGs and (ii) modified maleinated SOMGs (Can et  al. 2002) 
(Adapted and reproduced with permission. Copyright © 2002 Wiley Periodicals)
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Copyright © 2017 Wiley Periodicals, Inc.)

In this field, the combination of modified vegetable oils with traditional vinylic 
monomers is very attractive as new polymeric materials can be successfully synthe-
sized with tailor-made final properties by using the classical industrial polymeriza-
tion processes, such as, for instance, mass, solution, suspension, emulsion, or 
mini-emulsion.

Medeiros et  al. (2017) have described the synthesis of a bio-based monomer, 
acrylated fatty acid methyl ester (AFAME), from soybean oil by the epoxidation 
reaction followed by ring-opening using acrylic acid (see Fig. 3.17). It was demon-
strated that the synthesis of poly(styrene-co-AFAME) is easily accomplished by 
free radical copolymerization of styrene and AFAME in a mini-emulsion polymer-
ization process.

Research has shown that increase of AFAME content in the polymeric structure 
led to a significant decrease in the glass transition temperature of the poly(styrene- 
co- AFAME). As stated by the authors, as the glass transition temperature decreased 
with increase of AFAME content, the synthesized polymers exhibited improved 
softness and malleability features (Fig. 3.18).

Ferreira et  al. (2015) have evaluated the copolymerization reaction between 
epoxy-acrylated fatty acids from soybean oil and methyl methacrylate. Figure 3.19 
illustrates the experimental steps used for the synthesis of bio-based polymers. It 
was demonstrated that copolymerization reactions exhibiting high reaction rates can 
be performed with excellent colloidal stability. In addition, the polymer particles 
obtained showed a very narrow particle-size distribution, and both average molar 
mass and glass transition temperature were very dependent on the epoxy-acrylated 
fatty acid mixture composition in the reaction medium.

In addition, the synthesis of bio-based polymers derived from plant oils has been 
extensively studied for pressure-sensitive adhesive (PSA) purposes. Numerous 
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studies have described the synthesis of PSAs from biorenewable feedstock with 
compatible or improved properties compared to commercial PSAs (Meier et  al. 
2007; Sharmin et al. 2015; Li and Sun 2015; Maassen et al. 2016; Peykova et al. 
2012).

Meier and co-authors have demonstrated the excellent adhesion properties of 
synthesized bio-based polymers from plant oils. Bio-based polymers were obtained 
by polymerization of monomers derived from acrylated methyl oleate (AMO). The 
researchers proposed the modification of bio-based monomer precursors via a one- 
step, two-step, or three-step route (Fig. 3.20) (Maaßen et al. 2015).

As illustrated in Fig. 3.21, the synthesized AMO homopolymer p(AMO) pre-
sented cohesive forces (left in the figure) in relation to cure time. The authors 
affirmed that p(AMO) exhibited pronounced maximum peel strength and tack in 
about 5 h of curing time because of spanning network formation.

In addition, it was also shown in the study by Meier et al. (Maassen et al. 2016) 
that better performance, such as adhesive force and peel strength (Fig. 3.22a), and 
in presence of water (Fig. 3.21b), occurred on low-energy substrates of plant oils- 
based PSAs as compared with commercial PSAs.

As displayed in Fig. 3.22, it is reasonable to affirm that the homopolymer based 
on plant oil feedstock (pAMO and pAMO/MMA) achieved better results when 
compared to commercial PSAs, such as Acronal V212. The graphs indicate that 
pAMO and pAMO/MMA showed higher adhesive capacity and retained peel 
strength in water immersion.

Fig. 3.18 Images of poly(styrene-co-AFAME): 100/0 (a), 95/5 (b), 75/25 e (c), 50/50 (d) 
(Medeiros et al. 2017) (Reproduced with permission. Copyright © 2017 Wiley Periodicals, Inc.)
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Fig. 3.19 Main experimental steps employed for the synthesis of soybean-based polymeric com-
pounds (Ferreira et al. 2015) (Reproduced with permission. Copyright 2014 © Elsevier)

Fig. 3.20 Schematic route related to the synthesis pathways to oleate and erucate derivatives: 4AC 
(AMO), 4AD, 4BC, 5AB, and 6AB (Maaßen et al. 2015) (Reproduced with permission. Copyright 
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim)
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Fig. 3.21 Photographs of cohesive (left) and adhesive (right) failure in tack and peel measure-
ments of cured p(AMO) (Maassen et al. 2016) (Reproduced with permission. Copyright © 2015 
Elsevier Ltd.)

ra
tio

 W
ad

hP
E

/W
ad

h 
st

ee
l

ra
tio

 P
ee

l a
fte

r/P
ee

l b
ef

or
e

0.00

0.25

0.50

0.75

1.00

a b

0.00

0.25

0.50

0.75

1.00

p(
AM

O)_
5.

5h
p(

AM
O)_

27
h

p(
AM

O/M
M

A)
V21

2

V21
2

sta
nd

ar
d

p(
AM

O)5
.5

.h
p(

AM
O)2

5.
5.

h

p(
BA/M

A)
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Modified bio-based monomers have been also used to synthesize polymers from 
a condensation process (Das et al. 2013; Ng et al. 2017; Fan et al. 1999; Deng et al. 
1999; Koch 1977; Nayak 2000). Polyurethanes, polyesters, and polyamides obtained 
from modified bio-based monomers, mainly those derived from castor, soybean, 
and rapeseed oil, have exhibited suitable properties compared to the commercial 
products, as, for instance, nylon 22, which has been developed by Noordover and 
co-authors (Noordover 2011). According to the authors, they have developed a bio- 
based polyamide from castor oil, one of the most important bio-based polymers, 
which is used in the manufacture of automotive and engineering components.

Bio-based polyesters from castor oil that have the potential to replace industrial 
polyester resins have been reported. Slivniak and co-authors (Slivniak et al. 2005, 
2006; Slivniak and Domb 2005) demonstrated the synthesis of copolyester produced 
by different ratios of ricinoleic acid (RA) and lactic acid (LA). The authors achieved 
liquid polyester at room temperature by random polymerization, using 15% or more 
than 50% RA, with potential application as a sealant or an injectable drug carrier.

Petrovic et al. (2010) have demonstrated the synthesis of thermoplastic with high 
molecular weight linear polyester (HNME) by ozonolysis followed by methanolysis 
of castor oil according to the route depicted in Fig. 3.23. The authors affirmed that 
the bio-based polyester obtained by self-transesterification of HNME leads to for-
mation of high molecular weight polymeric chains with a structure similar to poly-
caprolactone (PCL). The presence of long hydrocarbon chains between ester groups 
allowed it to display better thermal stability (~250 °C), higher melting point (70 °C), 
higher glass transition temperature (−31 °C), and lower solubility in chlorinated 
solvents than PCL.

Fig. 3.23 Synthesis of 
high molecular weight 
linear polyester (HNME) 
from castor oil (Petrovic 
et al. 2010) (Adapted and 
reproduced with 
permission. Copyright © 
2010, American Chemical 
Society)
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Waterborne polyurethanes based on soybean, castor, and rapeseed oil have been 
also synthesized for use as coating materials (Akram et al. 2017; Das et al. 2013; Ng 
et al. 2017; Philipp and Eschig 2012; Xia and Larock 2011). Philipp and co-authors 
(Philipp and Eschig 2012) have evaluated the use of fatty acid methyl esters as alter-
natives to technical fatty acids and vegetable oils in the synthesis of polyester poly-
urethane coatings (see Fig.  3.24) and converted to polyurethane dispersions. 
According to the authors, the use of fatty acid methyl esters leads to a significant 
reduction of the reaction time during polycondensation. However, as stated by 
Philipp and collaborators, the use of fatty acids is more favored in coating 
 applications when compared to fatty acid methyl esters because of the unsaturation(s) 
of some fatty acids (for example, when esters are derived from oleic, linoleic, lino-
lenic, ricinoleic, and other unsaturated compounds).

Fig. 3.24 Equimolar use of fatty acid methyl esters and 2-(Hydroxymethyl)-2-ethylpropane-1,3- 
diol (TMP) leads statistically to a fictive diol (Philipp and Eschig 2012) (Adapted and reproduced 
with permission. Copyright © 2011 Elsevier B.V.)
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3.3.2  Vegetable Oil-Based Polymers

Currently, several lines of research are being focused on the potential of vegetable oils 
and their derivatives in the polymer materials industry. These studies have been aimed 
mainly at obtaining thermoplastic or thermosetting polymers with different or supe-
rior properties in relation to commercial products, as well as the reduction or elimina-
tion of the use of petroleum raw material and the possibility of obtaining biodegradable 
materials that lead to a better response to current principles of sustainability.

In this sense, this section discusses the main polymerization reactions and modi-
fications of synthetic routes of the various plant oils, derivatives, and constituents 
that are being studied and have potential use in the chemical and polymer industries 
(Fig. 3.25).

The industrial production of thermosetting polymers achieved approximately 35 
million tons in 2015 (MordorIntelligence 2017), which corresponds to 13% of the 
world production of plastic materials in the same year (about 269 million tons: 
related to thermoplastics, thermosets, adhesives, coatings, sealants, fibers, and bio-
polymers, among others), according to PlasticsEurope (the Association of Plastics 
Manufacturers in Europe) (PlasticsEurope 2016). The value of 13% of the total of a 
market is impressive and justifies that financial investments be made to incorporate 
and produce biopolymers from renewable matrices.

Thermosetting polymeric materials generally have good chemical resistance, 
high stiffness, and excellent thermomechanical properties, and they decompose at 
high temperatures. These properties are closely related to the cross-linking ability of 
the multifunctional monomers to form cross-linked materials during the polymer-
ization reaction. The main types of thermoset polymer materials are epoxy resins, 
polyurethane networks, polybenzoxazines, and unsaturated polyesters. Production 
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Fig. 3.25 Flowchart for the production, procurement, modification, and use of materials from 
renewable sources to produce polymers
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is mainly focused on the market for adhesives, coatings, molding parts, automotive 
parts, flooring, electrical insulation, mortars, and other items (Llevot 2017).

Thermoplastic materials have in common the fact that they are formed by an 
arrangement of linear chains that present as their main characteristic the possibility 
of being moldable several times when submitted to temperature action. These 
 materials are generally obtained through a chain-growth polymerization mechanism, 
and the use of monomers from renewable sources has contributed to the development 
of bio-based and biodegradable thermoplastic elastomers (Maisonneuve et al. 2013).

3.3.3  Analytical Techniques

Regardless of the classification of the polymer material, the final, physical, and 
chemical properties of polymers define the commercial and industrial applications, 
as well as the route of manufacture. Properties such as average molar mass, glass 
transition temperature, thermal stability, tensile and impact strength, stiffness, cohe-
sion, and adhesion are extremely important and require different analytical tech-
niques for characterization.

To produce biomaterials that may replace some commercial polymers obtained 
from nonrenewable feedstocks, rheological studies essential to characterize the 
mechanical properties have been carried out by several authors (Li et al. 2017; Hu 
et al. 2015; Garrison et al. 2014; Lu and Larock 2008; Tüzün et al. 2016). Lu and 
Larock (2008) and Garrison and collaborators (Garrison et al. 2014) have studied 
the effect of the fraction of unsaturated compounds (carbon–carbon double bonds), 
degree of hydroxylation, and ring-opening method on the mechanical properties of 
polymer films obtained from polyurethane dispersions that were synthesized from 
polyols derived from vegetable oils (peanuts, soybeans, etc.). Tüzün and coworkers 
(Tüzün et al. 2016) have obtained films of thermoset polymers based on  benzoxazine 
with different degrees of hardness and flexibility through thermal curing of bis-
benzoxazine monomers via the fatty acid metathesis reaction.

Dynamic mechanical analyses that evaluate such factors as tension, hardness, 
tensile strength, impact and compression, adhesion, cohesion, and tack (Fig. 3.26) 
are of extreme importance to the characterization of physical properties. For exam-
ple, the experimental results obtained by Lu and Larock (2008) showed that the 
mechanical properties (stress–strain) of oil-based polymeric materials can be 
 modulated, varying from elastomers to rigid plastics (Fig.  3.26a), and that the 
increase of the residual double content raises the glass transition temperature val-
ues, toughness, rupture resistance, modulus, and reductions in breakdown stress 
values. However, enhancement in the degree of hydroxylation and rigid sequencing 
lead to a rise in the degree of cross-linking and an effective improvement of the 
hydrogen bonds between the chains.

Stress–strain measurements performed by Tüzün et al. (2016) indicate that mate-
rials exhibiting different mechanical properties can be tailor made (Fig. 3.26b) from 
the ideal choice of a monomer precursor (benzoxazine) containing stiffened ester 
groups in its main chain.
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Nuclear magnetic resonance (NMR) appears to be one of the main analytical 
techniques for monitoring reactions of modification of the reagents/monomers 
(Bunker and Wool 2002; Sehlinger et al. 2015; Medeiros et al. 2015), being funda-
mental for the characterization of bio-based materials obtained through the polym-
erization processes (Medeiros et al. 2015; Lluch et al. 2015; Gratia et al. 2015). 
NMR allows the analysis of several properties of a polymer (global conversion, 
microstructure, composition, sequences, etc.) and can also be used in the monitor-

Fig. 3.26 (A) Soybean-oil-based waterborne polyurethane (SPU) films from methoxylated soy-
bean oil polyols(MSOLs) with different OH numbers; (B) Dynamic mechanical thermal analysis 
(DMTA) measurements of bis-NPhenybenzoxazine derivatives (MB1, MB4, and MB5) and 
N-Propyl benzoxazine derivative (MB3) samples [N. B. In Figure (B) the letter (a) corresponds to 
the curve ends at the DMTA measurement limit (no sample break)]
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Fig. 3.27 (a) Off-line monitoring of the polymerization reaction via quantitative nuclear magnetic 
resonance (NMR) and the composition profile of methacrylated methyl oleate (MAMO) (b) with 
polymerization reaction (Jensen et  al. 2016) (Reproduced with permission. Copyright © 2016 
Wiley Periodicals, Inc.)
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ing and characterization of the molar fraction and reactivity of the monomers in 
copolymerization reactions. Figure 3.27 portrays experimental results obtained by 
Jensen et al. (2016) during classic emulsion copolymerization of a modified fatty 
acid (methacrylated methyl oleate, MAMO) with a vinyl monomer, vinyl pivalate 
(VPi), where the copolymer composition was monitored off line via quantitative 
NMR. Based on the NMR measurements, it was verified that MAMO was effec-
tively incorporated into the polymer chains and that this vegetable oil-based mono-
mer presents significant reactivity compared to VPi, which means that oleic 
acid-derived monomers can be successfully used in dispersed medium polymeriza-
tions, such as suspension, emulsion, or mini-emulsion.

The final properties of a polymer are directly influenced by both the average molar 
masses and molar mass dispersity. In spite of the existence of different forms of char-
acterization [for instance, dynamic light scattering and NMR (Türünç et al. 2011)], 
gel permeation chromatography (GPC) (Türünç and Meier 2010; Kolb et al. 2014) is 
currently the most widely used characterization technique despite the need for par-
ticular solvent solubility and/or external calibration standards, depending on the type 
of detector. The molar mass of a polymer can be controlled by several methods and 
can also vary with the polymerization process being employed. Thus, Ferreira et al. 
(2015) evaluated the emulsion copolymerization of an acrylated monomers mixture 
(AFFAM) from soybean oil (see Fig. 3.18). The molar mass distributions obtained 
via GPC (Fig. 3.28) indicate that a reduction of the mass- average molar mass occurs 
as a result of the increase in the AFFAM fraction in the copolymer chains.
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Fig. 3.28 Molar mass distributions of copolymers characterized by gel permeation chromatogra-
phy (GPC) (Ferreira et al. 2015) (Reproduced with permission. Copyright 2014 © Elsevier)
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Thermal analyses such as thermogravimetry (TG) and differential scanning calo-
rimetry (DSC) are important for the characterization of some properties of the poly-
meric materials, such as glass transition temperature of amorphous or semi-crystalline 
polymers and melting and crystallization temperatures. In this scenario, glass transi-
tion temperature appears as one of the most important features of copolymeric 
materials, because these materials may have distinct characteristics that depend on 
the organization of the polymer chains. Thus, studies of substances from renewable 
sources as monomers in polymerization reactions use DSC to evaluate different 
thermal events, as well as to establish a relationship between the renewable mono-
mer content and the physical and chemical properties of the bio-based material.

Miao et al. (2013) have synthesized polymers based on soybean oil that present 
structural memory properties and which may have their shape altered at tempera-
tures that vary according to the glass transition temperature (Tg) of the materials. 
Caillol et al. (2012) and Miao et al. (2010) have observed an increase in the Tg of 
thermosetting materials because there is an increase in the fraction of hydroxyl 
groups in the chains of polymerizable vegetable oils, whereas several studies (Liu 
et al. 2015; Ferreira et al. 2015; Jensen et al. 2014, 2016) have shown that reduction 
in the Tg of the polymer may reflect a primary effect of the increase in the fraction 
of modified vegetable oils incorporated into the polymer chains (Fig. 3.29) (Jensen 
et al. 2016).

Péres and collaborators (2014) have developed a superparamagnetic biopolyester 
based on ricinoleic acid and magnetite nanoparticles. It was observed that the 
polymerization of ricinoleic acid with surface-modified iron oxide magnetic 
nanoparticles presented a high reaction rate, indicating a catalytic effect attributed 
to the presence of the magnetite nanoparticles. As additional information, the mag-
netic nano-composites exhibited good magnetic response and superparamagnetic 
behavior.

More recently, Péres and coworkers (2017) have evaluated the synthesis of a new 
bio-based magnetic poly(urethane ester) from ricinoleic acid, 1,6- diisocyanatehexane, 
and glycerol (Fig. 3.30). According to the authors, the observed increase in the poly-
mer chains enhances the thermal stability of the final material. It was also observed 
that the glass transition temperature of the superparamagnetic bio-based 
poly(urethane ester) was significantly increased in comparison to that observed in 
poly(urethane ester).
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Fig. 3.30 Representation of the magnetic poly(urethane ester) based on ricinoleic acid, 
1,6- diisocyanatehexane, and glycerol (Péres et al. 2017) (Reproduced with permission. Copyright 
© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim)
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Fig. 3.29 Glass transition temperatures (Tg) and the effect of increasing the MAMO fraction on 
the copolymer chains obtained with vinyl pivalate (VPi) (Jensen et al. 2016) (Reproduced with 
permission. Copyright © 2016 Wiley Periodicals, Inc.)
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Chapter 4
Starch Biomass for Biofuels, Biomaterials, 
and Chemicals

Susana Marques, Antonio D. Moreno, Mercedes Ballesteros, 
and Francisco Gírio

Abstract The success of modern biorefineries, including those using starch-based 
feedstocks, should be based on versatile biomass supply chains and on the produc-
tion of a wide spectrum of competitive bio-based products. This chapter summa-
rizes the current knowledge of bio-based products obtained mainly from biochemical 
platforms from starch- and sugar-based feedstocks. After an initial review of starch 
production sources and starch properties as well as starch-based end applications, 
this chapter reviews the state of the art of starch hydrolytic enzymes, focusing on a 
bio-based platform for the main value-added (bio)chemicals, biofuels, and biomate-
rials that can be obtained from sugar-based feedstocks.

At the present time, food and biofuels applications still dominate most of the 
uses of starch-based raw materials. Although bio-based chemicals and biomaterials 
still do not account for a significant share of current biomass use, new bioeconomy 
sectors are emerging such as biomaterials and green chemistry, and several markets 
(e.g., bioplastics, biolubricants, biosolvents, and biosurfactants) are expected to 
grow in the near future. Several examples of biological production routes are 
described in this chapter, namely, for ethanol, lactic acid, and polylactic acid (PLA), 
polyhydroxyalkanoates (PHAs), succinic acid, 1,4-butanediol (BDO), farnesene, 
isobutene, acrylic acid, adipic acid, ethylene, and polyethylene. One example of 
using a chemical catalytic route to obtain furan-2,5-dicarboxylic acid (FDCA) is 
also reported.
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• Chemicals • Bioeconomy
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4.1  Introduction

The successful development and implementation of a bio-based economy are 
important steps in reaching a sustainable society in the long term. A bioeconomy 
and bio-based products offer several benefits, particularly focusing on carbon 
sequestration and storage and the need to replace fossil carbon-based chemicals. 
Analogous to today’s petroleum refineries, biorefineries are conversion facilities 
where biomass feedstocks can be transformed into several fuels, power, heat, and 
value-added chemicals (Olsson and Saddler 2013).

Biomass, in the context of bioeconomy, constitutes the organic matter, especially 
plant matter, that can be converted into food, feeds, chemicals, materials, fuel, and 
energy, including sugar- and starch-based feedstocks and lignocellulose. In the par-
ticular case of starch-based materials, grains (such as corn or wheat) and tubers 
(such as potatoes and cassava) are the most representative feedstocks. Other raw 
materials such as sago palm, marine algae, and microalgae can also be considered 
as alternative choices for starch production (Höfer 2015).

Starch is a soft, white, tasteless, and odorless polymer that is not soluble in cold 
water, alcohol, or other solvents. It comprises glucose monomers linked through 
α-1,4-glycosidic bonds and branched by α-1,6-glycosidic linkages. The simplest 
form of starch is the linear polymer amylase; amylopectin is the branched form 
(Fig. 4.1). Within the biorefinery context, starch biomass can potentially be con-
verted into a wide range of chemical products via chemical/biological processing, 
with applications not only in the food and pharmaceutical sectors but also in the 
paper and adhesive industries (Gozzo and Glittenberg 2009). In its native form, 
starch is mainly used as a raw material for further processing, because of its poor 

Amylose

(linear α-1,4-glycosidicbonds)

Amylopectin
linear α-1,4-glycosidicbonds

branched α-1,6-glycosidicbonds

Fig. 4.1 Linear (amylase) and branched (amylopectin) structures of starch
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stability, the high viscosity of aqueous solutions, or the formation of precipitates or 
microgels, or as a cost-effective binder or thickener for industrial applications. 
When processed, starch-based products include gelatinized starches, thermoplastic 
biopolymers, starch esters and ethers, maltodextrins, glucose syrups, cyclodextrins, 
sorbitol, and fermentation-derived products such as ethanol (Gozzo and Glittenberg 
2009; Höfer 2015). This chapter reviews the most important advances for the con-
version of starch-based feedstocks, from the use of novel raw materials to the inves-
tigation of new processing technologies.

4.2  Conventional and Novel Feedstocks for a Starch-Based 
Biorefinery

The history of industrial conversion of starch-based resources covers more than 
200 years, since Kirchhoff first reported the possibility of obtaining glucose and 
dextrose from potato starch after a cooking process in acidic conditions. The suc-
cessful development of sugar production from sugar beet, however, initially 
obstructed further development of the starch industry. This industry is currently 
growing worldwide, and about 180 million tons of starch and starch derivatives are 
expected to be produced by 2022 (Global Industry Analysts 2016). In Europe alone, 
the starch industry produced 10.7 million tons of starch, and the population and 
other industries consumed 9.3 million tons of starch and starch derivatives, in 2015 
(Starch Europe 2017), of which 62% was in food, 1% in feed, and 37% in nonfood 
applications, mainly paper making (Scarlat et al. 2015).

Starch production is mainly based on cereal grains and tubers. From a quantita-
tive point of view, wheat (Triticum spp.), corn (Zea mays), rice (Oryza sativa, Asian 
rice; Oryza glaberrima, African rice), potato (Solanum tuberosum), and cassava 
(Manihot esculenta) are the leading crops for starch production. Wheat is the most 
important food grain by far, and its cultivation involves more land area than any 
other commercial crop (Curtis 2002). Wheat grains are good sources for starch pro-
duction because of the high starch content, which represents about 58–70% of the 
total dry grain weight (Höfer 2015). Proteins are also important components of 
wheat grains, because the higher the protein content, the lower the starch content. 
The starch-to-protein ratio is highly dependent on wheat variety, and those varieties 
selected for having higher starch content are therefore desirable as raw materials in 
a biorefinery (Saunders et al. 2011). Wheat cultivation requires warm temperatures 
(about 25 °C, with maximum growth temperatures of 30–32 °C) and much sunshine 
(especially during the stage when the grains are filling). From sowing to harvesting, 
wheat requires about 3.5–4.5 months depending on climate, seed type, and soil con-
ditions. With the aim of promoting wheat as a viable crop, different techniques, 
including soil preparation through the use of crop rotation, the addition of fertiliz-
ers, and extensive mechanization of the harvesting process, have improved plant 
growth and facilitated the reaping, threshing, and winnowing steps during grain 
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separation. The growth of wheat, as any other crop, is highly dependent on climate 
conditions. In this context, the very high yielding triticale (Triticum aestivum L.), a 
cross-breed between wheat and rye with a starch content similar to that of wheat, or 
hulless barley (Hordeum vulgare L.) are appropriate crops for starch production in 
those places with less favorable climate conditions, such as high latitudes, high 
altitudes, or saline environments (Oettler 2005; Höfer 2015).

Rice is another important source of starch worldwide, containing up to 75% 
starch depending on the variety. Starch can be isolated from rice with good recovery 
yields by using alkaline solutions (the so-called wet process) or proteolytic enzymes 
(Puchongkavarin et al. 2005). Rice starch particles measure only about 7–9 μm and 
are included among the smallest vegetable powders. This property increases the 
surface area of rice starches, which results in a soft-touch effect in rice-based prod-
ucts that makes them ideal for use in decorative cosmetics and in skin and hair care 
products (Mitchell 2009).

Besides wheat and rice, maize (corn) is one of the most important cereal grains 
in the world. In each individual corn kernel – the fruits of maize – starch is the major 
chemical component, about 72% of the kernel weight. Also, 1–3% of glucose, fruc-
tose, or sucrose can be found in the corn kernel. Corn starch usually comprises up 
to 25–30% amylose and 70–75% amylopectin in weight. However, corn with as 
much as 65–80% starch can also be found in commercial varieties (Schwartz and 
Whistler 2009). As for wheat, a warm climate is required for maize cultivation, 
which also can grow fairly well in high latitudes. In countries with suitable climatic 
conditions, maize can now be cultivated with very high yield per unit area as the 
result of current resources and management techniques. Furthermore, the maturing 
period of this crop is relatively short. As its main disadvantage, maize requires much 
water, limiting its cultivation in places with low available water capacity.

Tubers such as cassava and potatoes are also important raw materials for the 
starch industry. These starchy tuberous roots are native to South America. Cassava, 
also known as manioc, mandioca, yuca, mogo, tapioca root, or kappa, is cultivated 
extensively in tropical and subtropical regions. Because the starch granules are 
locked inside the cells, biochemical or mechanical disruption of the cassava is first 
needed for collecting the starch. Higher yields and better starch quality can be 
obtained by the mechanical process. In this method, root cassava is sliced and then 
rasped, grated, or crushed to get a fine pulp with high starch content (Breuninger 
et al. 2009). In general, cassava starch is primarily used for bioethanol production or 
is cooked to form a clear gel with a slightly stringy texture that makes it a suitable 
food thickener (Shanavas et  al. 2011). Potato is another relevant tuber for starch 
production. The chemical composition of potatoes is quite variable and is greatly 
influenced by variety, environment, and farming practices. Although 80% of its 
weight composition is water, starch represents about 65–80% of its dry weight 
(Höfer 2015). The potato plant is an herbaceous perennial crop that can be adapted 
to different climates, which has increased its importance from an economic perspec-
tive, particularly expanding the suitability of this crop to a larger area, being now 
cultivated all around the globe. Before mechanization became available in the late 
nineteenth century, tuber harvesting (both potato and cassava) was tremendously 

S. Marques et al.



73

laborious and the work of many helpers was needed. Harvesting machines, however, 
have boosted this process, shortening it from days to just a few hours.

In 2012, the European starch industry used 23 million tons of agricultural raw 
materials, which included 7.7 million tons of maize, 7.8 million tons of wheat, and 
7.5 million tons of potatoes (Scarlat et al. 2015).

As alternatives to cereal grains and tubers, pulses or grain legumes (belonging to 
the Leguminosae family) are also significant raw products for the starch industry. 
Pulses include edible grains and seeds such as beans, peas, or lentils. The starch 
content in pulse seeds is lower than that for cereals, representing about 22–45% of 
the dry matter (Höfer 2015). Pulse starches, however, are characterized by their high 
amylose content (35–39% of weight), conferring to them specific properties for 
functional texturization and film formation. One of the major benefits of growing 
pulses is their ability to fix nitrogen, which can be exploited in crop rotation.

In addition to edible crops, sago palm (Metroxylon sagu) and different species of 
algae represent alternative starchy feedstocks. The sago palm is a species of palm 
native to tropical Southeastern Asia. When mature enough (7–15 years), just one 
sago palm can yield up to 375 kg starch (Karim et al. 2008). With such starch con-
tent, plantations of sago palms might potentially supply about 25 tons of starch per 
hectare per year. This palm is an extremely hardy plant that can grow in wetlands 
with acidic or saline soils. However, it requires a moist climate with uniformly high 
sunshine, heat, and humidity. Another potential starch source that is increasingly 
gaining attention is algae. Of the algae pool, red algae, green algae, and glauco-
phytes are known to be capable of synthesizing starch. Starch content in algae varies 
largely among species, unicellular microalgae being the most interesting option. 
Among the best starch producers, the green alga Chlorella can accumulate starch up 
to 60% dry weight under specific nutrient-limiting conditions (Brányiková et  al. 
2011). The main advantage of algae in comparison to terrestrial plants is their more 
efficient photosynthetic machinery. Moreover, many species of algae can grow in 
saltwater and/or wastewater, allowing the saving of large amounts of freshwater. 
Eventually, by using genetic engineering techniques, algae may be manipulated for 
further development to target starch accumulation (Radakovits et al. 2010).

4.3  Thermoplastic Starch: Challenges and Properties

As already discussed, current research efforts are being directed to replace 
petroleum- based products to meet sustainability criteria in the future bioeconomy. 
Among petroleum derivatives, plastics (polypropylene, polyethylene, polystyrene) 
are polymers highly recalcitrant to microbial degradation because of their high 
molecular weight, complex three-dimensional structure, and hydrophobic nature 
(Kale et al. 2015). The global production of plastic is about 150 million tons year−1, 
and the market is continually growing. Among this, bioplastics consumption and 
production is foreseen to significantly increase in the near future. Indeed, 5–10% of 
the plastics currently available on the market could be bio-based plastics and this 
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share can increase up to 70–85% (Scarlat et al. 2015). In this context, starch has 
been extensively studied as a raw material for the production of alternative biode-
gradable plastics polymers, as drop-in bioproducts that directly correspond to the 
petrochemical counterpart. Nevertheless, in spite of the considerable interest from 
both the academic and industrial sectors, production of starch-based plastics still 
poses some technical limitations and high costs.

Starch-based thermoplastics have potential applications in vegetable waste com-
posting, in packaging, and in the pharmaceutical sector (e.g., as controlled-release 
drug carriers) (Leja and Lewandowicz 2010). Thermoplastic starch (TPS) is 
obtained by subjecting native starch to high temperature and shear stress (extrusion, 
film blowing, injection molding, etc.) in the presence of a plasticizer (Khan et al. 
2016). Several physical and chemical reactions take place, including water diffu-
sion, expansion of granules, gelatinization, melting, and crystallization. The plasti-
cizer is the material that confers flexibility to the plastic polymer and increases its 
applicability potential. During the process, plasticizers are capable of breaking the 
intramolecular hydrogen bonds of the starch polymer and thus creating new starch–
plasticizer interactions. Water and glycerol are the most commonly used plasticiz-
ers, but sorbitol, glycols, maltodextrin, and urea have also been considered 
(Mohammadi et al. 2013).

TPS can also be blended with other polymers to confer a certain specific property 
to the final products that allows them to be used in a larger number of applications 
and to meet market needs (Mohammadi et al. 2013; Khan et al. 2016). For instance, 
blends with polycapromolactone, polyvinyl alcohol, or other relatively hydrophobic 
polymers reduce the hydrophilic character of starch-based thermoplastics. In addi-
tion, blending biodegradable and nonbiodegradable polymers can effectively reduce 
the amount of plastic waste by the partial degradation of the biodegradable compo-
nent. Blends with other plastic materials have therefore more useful application 
than TPS itself. TPS can be blended with various polymers with different properties 
and potentials. St-Pierre et al. (1997) prepared blends with low-density polyethyl-
ene and linear low-density polyethylene using glycerol as the plasticizer. Blends 
showed greater elongation properties at the breaking point, even without adding the 
interfacial modifier. In addition, blends with polyethylene have shown to be rela-
tively easy to process and are capable of decreasing the permeability to water vapor 
and increasing the toughness and flexibility of the resulting plastic (Khan et  al. 
2016). Kaseem et al. (2012) blended TPS with polypropylene to study the mechani-
cal and rheological properties of the resulting plastics. The rheological properties 
showed a reduction in thermoplastic viscosity by increasing the glycerol content, 
whereas the mechanical properties indicated a lower strain capacity at break in com-
parison with polypropylene polymer. These properties increase the crystallinity of 
the resulting plastic, contributing to enhance the tensile strength, hardness, and stiff-
ness. Similarly, Martin and Avérous (2001) studied the mechanical and rheological 
properties of TPS blends with polylactic acid. It was found that the least plasticized 
TPS was brittle and rigid, while the most plasticized TPS was ductile and flexible. 
Furthermore, the authors noticed a lack of affinity between the TPS and polylactic 
acid, which limited the blending capacity. Nevertheless, blends with polylactic acid 
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represent a promising option—especially for packaging applications—because of 
low price and availability as compared to other biopolymers. Mihai et al. (2007) 
reported that blending TPS with polystyrene and using glycerol as plasticizer 
increased the viscosity ratio between the TPS and polystyrene phase while increas-
ing the glycerol content. Furthermore, the glycerol content in the TPS phase and the 
TPS content in the overall blend had a firm effect on the blend viscosity and, hence, 
on the ability to foam the material.

Of the major limitations for the commercialization of starch-based materials, the 
high costs of the technology and the final products have restricted their applications 
to those sectors where biodegradability is mandatory. Nevertheless, some products 
have already reached the market, such as Mater-Bi (Novamont, Italy), a plastic 
material based on TPS and other polymers that is suitable for composting bags, 
mulch film, or disposable cutlery.

4.4  Enzymatic Hydrolysis of Starch-Based Feedstocks

In addition to TPS, starch represents an excellent sugar source for the fermentation/
chemical industry. Starch can be efficiently hydrolyzed into sugars by acid treat-
ment or by the use of enzymes. Enzymatic hydrolysis is, however, advantageous 
because of (1) the specificity of enzymes, which allows the production of sugar 
syrups with well-defined physical and chemical properties, (2) the process takes 
place at milder reaction conditions and thus results in few side reactions and in for-
mation of no color, and (3) it avoids salts accumulation (Guzmán-Maldonado and 
Paredes-López 1995; Nigam and Singh 1995). Starch-degrading enzymes, promot-
ing liquefaction and saccharification, include α-amylases (EC 3.2.1.1, also called 
endo-amylase), β-amylases (EC 3.2.1.2), amylo-glucosidases (EC 3.2.1.3), 
α-glucosidases (EC 3.2.1.20), pullulanases (EC 3.2.1.41), maltotetraohydrolases 
(EC 3.2.1.60), and isoamylases (EC 3.2.1.68). α-Amylases catalyze the hydrolysis 
of internal α-1,4-glycosidic linkages into low molecular weight products, such as 
glucose, maltose, and short oligomers up to maltohexose units (de Souza and de 
Oliveira Magalhães 2010). The amylases can be obtained from several sources, 
including plants, animals, and microorganisms. Among them, a large number of 
microbial α-amylases, mainly from the fungus Aspergillus spp. and the bacterium 
Bacillus spp., are now been commercialized. β-Amylases are exo-hydrolase 
enzymes that act from the nonreducing end of a polysaccharide chain by hydrolysis 
of α-1,4-glycosidic linkages to yield successive maltose units (Sundarram and 
Murthy 2014). Primary sources of β-amylases are sweet potatoes and plant seeds 
such as wheat, barley, or soybeans. Nevertheless, they can be also obtained from 
microorganisms such as Bacillus spp. or Pseudomonas spp. Amyloglucosidases 
attack α-1,4-glycosidic from the nonreducing end, releasing β-D-glucose (Kumar 
and Satyanarayana 2009). The huge literature on microbial amyloglucosidases indi-
cates the preference for its production in eukaryotic hosts, being more common the 
use of fungi strains (particularly Aspergillus spp. and Rhizopus spp.). α-Glucosidases 
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cleave both α-1,4- and α-1,6-glycosidic bonds on the external glucose residues of 
amylose or amylopectin from the nonreducing end of the starch molecule (Nigam 
and Singh 1995; Hii et al. 2012). The main sources for glucosidase production are 
microorganisms such as Aspergillus spp., Mucor spp., Bacillus spp., or Pseudomonas 
spp. Pullulanases (also known as α-dextrin-6-glucanohydrolases or amylopectin- 6- 
glucanohydrolases) catalyze the hydrolysis of α-1,6 linkages in pullulan, a linear 
α-glucan polymer consisting essentially of maltotriosyl units connected by α-1,6- 
glycosidic bonds (Hii et al. 2012). These enzymes are derived from various micro-
organisms such as Bacillus acidopullulyticus, Klebsiella planticola, Bacillus spp., 
and Geobacillus stearothermophilus. Maltotetraohydrolases hydrolyze α-1,4- 
glucosidic linkages to remove successive maltotetraose residues from the nonreduc-
ing chain ends (Mezaki et al. 2001). Finally, isoamylases, similar to pullulanases, 
are capable of hydrolyzing α-1,6-glycosidic bonds in amylopectins and are the only 
known enzymes that completely debranch glycogen completely (Hii et al. 2012). In 
addition to all mentioned enzymes, starch-active lytic polysaccharide monooxygen-
ases (LPMOs) have recently been described to contribute to starch hydrolysis (Vu 
et al. 2014; Lo Leggio et al. 2015). LPMOs are recently discovered enzymes that 
oxidatively deconstruct polysaccharides (Lo Leggio et  al. 2015). These enzymes 
utilize molecular oxygen and an electron donor to oxidize polysaccharides at C1 or 
C4 positions in the carbohydrate chain, promoting the corresponding breakage and 
thus rendering the substrate more susceptible to hydrolysis by glycoside hydrolases. 
All this group of enzymes is needed for the complete hydrolysis of the starch poly-
mer. Moreover, these specific activities have a synergistic action during the hydro-
lysis process, boosting the release of single sugars.

Enzymatic properties such as optimal temperature, optimal pH value, thermosta-
bility, and stability are very much dependent on the enzyme source and are therefore 
important factors to consider for the proper selection of a certain enzyme. Thus, for 
starch hydrolysis, enzymes must be active and stable at slightly acidic condition (pH 
value of 5–7) and at relatively high temperatures (up to 100 °C), given the industrial 
processes conditions.

4.5  Value-Added Biofuels, Biochemicals, and Biomaterials 
from a Sugar Platform Perspective

The sugar solutions obtained by enzymatic hydrolysis of starch-rich crops can sub-
sequently be converted into biofuels, biochemicals, or biomaterials through a wide 
range of biological and chemical technologies.

The simplest biorefineries, typically called “first generation,” are based on the 
use of sugar-rich or starch-rich crops as raw materials. Some of these biorefineries 
are already maturely established, and the most significant commercial facilities 
belonging to this category are biofuel-driven biorefineries, producing first- generation 
(1G) bioethanol, the most common renewable biofuel. Indeed, despite the potential 
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competition with food that favors the development of lignocellulosic-based plants 
(Searchinger and Heimlich 2015), date sugar and starch crops are still the most often 
used biomass feedstock, and the main product of sugar- or starch-based biorefiner-
ies is ethanol (Gnansounou and Pandey 2017). According to Scarlat et al. (2015), the 
European Union (EU) is one of the world’s largest producers of cereals, with an 
estimated production of 285 million tons in 2012. The largest share of European 
cereals is used for feed (more than 60%) and food (23%). However, a significant 
share of cereals is also used for processing (3.5%) and another for biofuel (ethanol) 
production (3%).

Novel chemicals and materials produced from starch-based raw materials are 
also currently available, but the technologies for conversion into some bioproducts 
are still in R&D, pilot, or demo stage. However, in addition to biofuels, there are 
some important examples of product-driven biorefineries producing bio-based 
products that are already commercialized or near market (Gírio et  al. 2017). 
Although bio-based chemicals and materials do not yet account for a significant 
share of biomass use (Scarlat et al. 2015), new sectors are emerging, such as bioma-
terials and green chemistry, and this market (including bioplastics, biolubricants, 
biosolvents, and biosurfactants) is expected to grow in the near future. This growth 
rate should, however, be lower than in biofuels and biopower because it is not driven 
by any mandates or incentive schemes (Sir David King et al. 2010). According to 
Scarlat et al. (2015), it is foreseen that more than 20% of all chemicals coming from 
the traditional chemistry sector could be produced from biological sources in 2020. 
Indeed, there are already several bio-based products on the market, and the European 
chemical industry used approximately 8.6 million tons of renewable raw materials 
(including starch) in 2011, among a total of 90 million tons of feedstock used 
(Scarlat et al. 2015). As an example of success, steady increase is reported for lactic 
acid, with a 10% annual growth, from its use as precursor of PLA (polylactic acid), 
which is mainly used for production of sustainable biopolymers. European demand 
for PLA in 2015 was 25,000 tons per year and could reach 650,000 tons per year in 
2025 (Mikkola et al. 2016).

In contrast to drop-in bioproducts, which are bio-based versions (chemically 
equivalent) of existing petrochemical products and thus can easily replace fossil- 
based products, some bio-based products have novel functionality and slower access 
to markets. Also, promising novel chemical intermediates are difficult to integrate 
into current production networks when no established large-scale chemical pro-
cesses exist for their conversion, such as the case of levulinic acid. In addition, novel 
products based on new intermediates may offer unique properties unattainable with 
fossil-based alternatives (e.g., biodegradability), but they also bear higher risks and 
usually require a complex process until commercialization. This sequence typically 
happens with bio-based polymers as substitutes of existing polymers. For instance, 
PLA and PHAs (polyhydroxyalkanoates) have been known for a long time and only 
recently have been commercialized, but currently several companies are running 
large-scale production of PLA and PHA with success (King et al. 2010).

The development of a successful biorefinery should be guided by two concepts: 
(1) to take maximum advantage of intermediate and by-products to manufacture 
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additional chemicals and materials; and (2) to balance high-value/low-volume bio- 
based chemicals and materials with high-volume/low-value biofuels (King et  al. 
2010). Indeed, specialty chemicals from biomass, fitted to specific “niche” markets 
(e.g., for the pharmaceutical, cosmetics, and food sectors), are sold at relatively high 
prices because of their limited production (<1000 tons per year), “green creden-
tials,” and unique quality and properties (Mikkola et al. 2016). In contrast, the pro-
duction of bulk chemicals (>1000 tons per year) from biomass remains rather 
limited, with the majority of organic chemicals and polymers still being derived 
from fossil-based feedstocks (Mikkola et al. 2016).

Among bioproducts, primary building blocks exhibiting multiple functionalities, 
suitable for further conversion, are really interesting. The US Department of Energy 
(DOE) carried out a study in 2004, leading to the identification of a group of 12 
(albeit it has been known as the DOE “Top 10” report) target sugar-derived building 
blocks coming to the market (Werpy and Petersen 2004). This list of candidates was 
revised by Bozell and Petersen (2010) based on the balance among nine criteria 
boosting their opportunities (listed by approximate order of importance): (1) exten-
sive recent literature demonstrating research activity; (2) multiple product applica-
bility; (3) direct substitute for existing petrochemicals; (4) high-volume product; (5) 
platform potential; (6) industrial scale-up; (7) existing commercial product; (8) pri-
mary building block; (9) commercial bio-based product. Cost evaluation was not 
included in this evaluation because cost structures will change with the technology 
development that is rapidly occurring, driven by the intensive ongoing research 
activities.

More recently, in 2015, Biofuels Digest (Lane 2015) has updated this assess-
ment. Taking into account this recent study, based on the previous US DOE’s “Top 
10” biochemicals (Werpy and Petersen 2004) and IEA Bioenergy Task 42 (2011) 
reports, and given the current maturity level of industrial activity and market size, 
this review focused on ten products that can be obtained using sugar derived from 
starch that were selected as being of particular interest in a previous report (E4tech, 
RE-CORD, and WUR 2015). Some of the selected bioproducts are primary prod-
ucts (obtained directly from sugars): succinic acid [also produced via glycerol or 
FDCA (furan-2,5-dicarboxylic acid), and also intermediate for BDO 
(1,4- butanediol)], BDO (also produced via succinic acid), farnesene, isobutene, 
polyhydroxyalkanoates (PHAs), and FDCA (also intermediate for succinic acid). In 
addition, secondary chemicals are produced from sugars via an intermediate: acrylic 
acid [via 3-HPA (3-hydroxypropionic acid)], adipic acid (via glucaric acid), poly-
ethylene (PE, via ethanol), and polylactic acid (PLA, via lactic acid).

Some of these established bio-based products already dominate global produc-
tion, such as is the case of ethanol and lactic acid (E4tech, RE-CORD, and WUR 
2015), with the largest markets, and others do not have an identical fossil-based 
substitute (e.g., FDCA, farnesene). Indeed, bio-based FDCA and farnesene have the 
highest current prices, but these are expected to drop once the relevant conversion 
technologies have been successfully commercialized (E4tech, RE-CORD, and 
WUR 2015). The smallest bio-based markets are, as is to be expected, those of the 
earliest stage products, such as acrylic acid and its precursor 3-hydroxypropionic 
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acid (3-HPA), and adipic acid. Bio-based succinic acid exhibits the fastest growing 
market at present, because of the level and breadth of industry activity in the product 
(E4tech, RE-CORD, and WUR 2015).

Bio-based chemicals and materials can be produced via the sugar platform by 
different potential pathways that can be grouped into biological or chemical trans-
formation pathways, and each of the bioproducts previously assigned as attractive is 
highlighted under the most commonly applied route for its production.

4.5.1  The Biological Route

Although there are many possible methods for the transformation of sugars, many 
products that are familiar today are fermentation based (Zwart 2006). Indeed, sug-
ars can be converted through fermentation, by bacteria, fungi, or yeast (genetically 
modified or not) into alcohols, organic acids, alkenes, lipids, and other chemicals, 
under diverse process conditions (e.g., low/high pH value, anaerobic/aerobic, nutri-
ent rich/deprived). The product of interest can also be produced intracellularly 
(requiring lysis/death of the cell to extract the product, usually via solvents), or 
extracellularly (simply requiring its separation/extraction from the fermentation 
broth). Given the wide range of organisms now available, many of them having been 
recently discovered and exploited, the fermentation of sugars has great potential for 
the development of new bioproducts (Gírio et al. 2017). Indeed, the fermentation of 
pure C6 sugars liberated from starch is straightforward, yielding a very large num-
ber of products. This chapter focuses only on the most significant biofuels and bio-
products, as previously listed. In addition to the target bioproducts, the 
fermentation-based processing of many starch crops also delivers valuable animal 
feed rich in protein and energy as a co-product, for example, distiller’s dried grains 
with solubles (DDGS) (Gnansounou and Pandey 2017).

4.5.1.1  Ethanol

Ethanol is the most common representative of the biochemical transformation of 
biomass into fuel, and it exhibits good performance against the nine criteria pro-
posed by Bozell and Petersen (2010). Ethanol was omitted from the DOE original 
list because it might be categorized as a supercommodity by its expected high pro-
duction volume.

Indeed, bioethanol is currently used as a biofuel when mixed with gasoline, but 
it is also a useful intermediate platform chemical. Ethanol is of interest as a precur-
sor to the corresponding olefin, ethylene, via dehydration, and thus links the biore-
finery with petrochemical industry infrastructures (Mikkola et al. 2016). Ethanol 
dehydration was the source of most ethylene in the early stage of the twentieth 
century, but this route was later discarded in favor of steam cracking processes using 
crude oil with the expansion of the petrochemical industry (Bozell and Petersen 
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2010). More recently, increasing crude oil prices have renewed interest in ethanol 
dehydration, with large companies, such as Dow, Braskem, and Solvay, building 
ethanol-to-ethylene plants. Dow and Braskem manufacture “green” polyethylene 
whereas Solvay produces polyvinyl chloride (Bozell and Petersen 2010). Ethanol 
can also be oxidized, over gold nanocatalysts or Mo-V-Nb mixed oxides, yielding 
commodity chemicals such as acetic acid and ethyl acetate (Bozell and Petersen 
2010).

Nowadays, commercial ethanol production is predominantly based on edible 
sugar and starchy biomass: mainly sugarcane in Brazil, corn grains in the USA, and 
sugar beet (58%) and wheat (19%) in Europe (Mikkola et al. 2016; Scarlat et al. 
2015). Although sucrose conversion into ethanol provides higher yields compared 
to starch, the share of sugar crops and molasses for world ethanol production is 
limited by the instability of sucrose price, given the competition with refined sugar. 
Indeed, in the period 2012–2014, starch crops provided 57% of the ethanol pro-
duced worldwide, with the major contribution of corn, especially in the USA, the 
largest producer country (Gnansounou and Pandey 2017). The use of corn undoubt-
edly dominates in the USA, whereas wheat and rice are used in Europe and China, 
respectively, together with a minor share of barley and other coarse grains, for etha-
nol production from starch (E4tech, RE-CORD, and WUR 2015; ETIP Bioenergy 
n.d.). Indeed, the USA pioneered the corn industry, with implementation in Jersey 
City (NJ) of the first dedicated cornstarch plant in the world by Wm. Colgate & 
Company in 1844. Much later, in the 1970s, the multi-product corn wet mills 
appeared in their current form, prompted by the development of technology for the 
production of high fructose corn syrup for use in the soft drinks industry (Mikkola 
et al. 2016). Nowadays, there are 216 plants producing 59.5 billion liters of ethanol 
per year from sugar/starch in the USA, and 74 of the largest commercial 1G bio-
ethanol facilities in operation in the USA, belonging to eight companies, produce 
50% of this capacity using corn as raw material. Besides corn, sorghum is also used 
as a relevant sugar feedstock in the USA, and less than 0.2% of 1G ethanol produced 
in the USA is obtained from wastes (e.g., beverage waste or wheat screenings) 
(Gírio et al. 2017). The importance assigned to biomass-derived energy production 
in China has been increasing in the past 10 years, and China has licensed five fuel 
ethanol plants (mostly state refineries) for operation, all of which are based on 
starch crops (King et al. 2010).

Indeed, China has traditionally had an important role in biomass biorefining, dat-
ing to the early implementation of hydrolysis and acetone-butanol-ethanol (ABE) 
batch fermentation plants, mostly aimed at producing acetone and ethanol solvents 
from corn, cassava, potato, and sweet potato. The first industrial facility of continu-
ous ABE fermentation in the world was the Russian Dokshukino plant, which 
started operation in 1960 using starch for fermentation by Clostridia bacteria, and 
several ABE plants were built in the Union of Soviet Socialist Republics in the 
period between 1960 and 1980. However, almost all these plants were closed in 
response to the strong competition with cheap solvents from the petrochemical 
industry (Bozell and Petersen 2010; Mikkola et al. 2016).
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Although bioethanol is the dominant product, there are a few commercial 
biorefinery facilities producing other sugar platform products via fermentation 
of starch raw materials, such as the previously identified lactic acid or succinic 
acid (E4tech, RE-CORD, and WUR 2015). Other primary bio-based products 
from sugars, such as 1,4-butanediol (BDO), farnesene, and polyhydroxyalkano-
ates (PHAs), are currently produced at R&D, pilot, or demonstration scale.

4.5.1.2  Lactic Acid and Polylactic Acid (PLA)

Organic acids are easily produced from biorefinery sugar streams and are thus 
attractive platform chemicals. Lactic acid is a bio-based chemical produced by glu-
cose fermentation using Lactobacillus rhamnosus, or other lactic acid bacteria, and 
biomass feedstocks (Marques et al. 2017a, b; Gírio et al. 2017). Indeed, lactic acid 
can be manufactured either by chemical synthesis (by reaction of acetaldehyde with 
acid cyanide, yielding lactonitrile, which is further hydrolyzed to lactic acid) or by 
fermentative processes, but the latter have been preferentially used in industrial pro-
duction, accounting for approximately 90% of the total worldwide production 
(Hofvendahl and Hahn-Hägerdal 2000). The fermentative route allows the selective 
production of the desired l-lactic acid stereoisomer, with additional advantages in 
terms of energy efficiency and yield. Current commercial fermentation gives close 
to 90% yield of calcium lactate based on glucose feed, which is neutralized to give 
pure lactic acid. This neutralization produces approximately 1 ton of CaSO4 for 
every ton of lactic acid, posing a waste disposal problem in commercial operation 
(Bozell and Petersen 2010). Alternative separation and purification technologies, 
based on desalting and water-splitting electrodialysis, have been examined to elimi-
nate the neutralization step in the conventional chemical downstream processing 
scheme that typically consumes 50% of the cost of lactic acid manufacture (Pal 
et al. 2009).

Worldwide demand for lactic acid is expanding, driven by the more conventional 
use in the paint, cosmetic, pharmaceutical, and food preservatives markets, and 
mainly for polylactic acid (PLA) production. PLA, or polylactide, is a biodegrad-
able and recyclable thermoplastic polyester resin (Vaidya et al. 2005), suitable for 
packaging materials, insulation foam, automotive parts, and fibers (textile and non- 
woven) (E4tech, RE-CORD, and WUR 2015), and more recently, because of its 
biocompatibility, for biomedical applications (Vijayakumar et al. 2008). Packaging 
is likely to remain the key market for PLA, with the expected increase in demand 
for environmentally friendly starch-based plastics for this application, as a substi-
tute for PE (polyethylene) and PS (polystyrene) products. Although lactic acid can 
undergo direct polymerization, the process is more effective if lactic acid is first 
converted to a low molecular weight pre-polymer and then depolymerized to the 
lactide. A wide range of catalysts is known to promote lactide polymerization. The 
resulting polymer exhibits performance properties similar to, or exceeding, those of 
PS, a storage resistance to fatty foods and dairy products equivalent to PET 
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 (polyethylene terephthalate), excellent barrier properties for flavors and aromas, and 
good heat stability (Gallezot 2007).

High optical purity is a prerequisite for synthesis of the homopolymers poly- 
l- LA and poly-d-LA, which form regular structures in a crystalline phase in con-
trast to the amorphous material resulting from copolymerization of d(−)- and 
l(+)-isomers (Wang et al. 2015). The ratio of poly-l-LA and poly-d-LA modulates 
the properties and the degradability of PLA; however, d-lactic acid is not suitable 
for use in the food, drink, and pharmaceutical industries because it can cause meta-
bolic problems and is toxic to the human body. Thereby, the major challenge lies in 
producing optically pure lactic acid achieving high concentrations, yields, and pro-
ductivity using cheap renewable resources (Abdel-Rahman and Sonomoto 2016). 
Indeed, most PLA producers also manufacture lactic acid, and this is mostly pro-
duced from cornstarch (in the USA), tapioca roots, chips, or starch (in Asia), or 
sugarcane and sugar beets (in the rest of the world).

The largest global commercial producer of PLA is the US-based NatureWorks 
(former Cargill Dow), producing PLA resins under the Ingeo brand, with a com-
mercial production plant in Nebraska (with an annual 150-kton capacity, in 2015), 
using cornstarch as feedstock, and plans for a new plant in Thailand (E4tech, 
RE-CORD, and WUR 2015). The largest global lactic acid producer is Corbion 
Purac (Netherlands). The latter produces lactic acid, lactic acid derivatives, and lac-
tides (including lactide resins for high-performance PLA bioplastics), operating five 
production plants, in the USA, the Netherlands, Spain, Brazil, and Thailand (the 
largest plant, with an annual 100-kton capacity) (E4tech, RE-CORD, and WUR 
2015).

In Europe, there are other PLA (and lactic acid) producers, including Synbra 
Technology, which operates a commercial (annual 5-kton capacity) plant in the 
Netherlands and a pilot production plant in Switzerland (annual 1-kton capacity). 
Besides Corbion Purac, Galactic and Jungbunzlauer are operating commercial lac-
tic acid production plants in Europe. Other PLA producers include the Chinese 
Zhejiang Hisun Biomaterial (with an annual 5.5-kton capacity to be expanded to 50 
kton, using cassava instead of corn). Other lactic acid producers include Henan 
Jindan Lactic Acid Technology (with an annual 100-kton capacity, the largest in 
Asia) (E4tech, RE-CORD, and WUR 2015).

In addition to its use in the synthesis of biodegradable polymers, lactic acid can 
be regarded as a feedstock for the green chemistry in the future as it is a platform 
chemical for the production of several downstream bio-based products (Gao et al. 
2011) (outlined in Fig. 4.2). Lactic acid readily undergoes esterification to yield 
lactate esters, of interest as new “green” solvents. Catalytic reduction of lactic acid 
leads to propylene glycol, which can be further dehydrated to give acrylic acid 
esters, but in practice this conversion proceeds with low yield. Lactic acid can also 
be spun using wet, dry, and electrospinning techniques to give biodegradable fibers 
for apparel, furniture, and biochemical materials, such as dissolving sutures. New 
nanostructural materials prepared from lactic acid using electrospinning have found 
use in neural tissue engineering (Bozell and Petersen 2010).
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4.5.1.3  Polyhydroxyalkanoates (PHAs)

Polyhydroxy alkanoates (PHAs) are linear polyesters directly produced by bacterial 
fermentation of sugars or lipids. PHAs are typically produced by bacteria under 
physiological stress so as to store carbon and energy. PHAs can be combined with 
diverse monomers yielding different thermoplastic or elastomeric biodegradable 
plastics (suitable for home composting) (E4tech, RE-CORD, and WUR 2015). 
PHAs include polyhydroxybutyrate (PHB) and polyhydroxyvalerate (PHBV). PHB 
exhibits mechanical, physical, and thermal properties similar to those of polypro-
pylene (PP), polyethylene (PE), low-density polyethylene (LDPE), high-density 
polyethylene (HDPE), polyvinylchloride (PVC), PS, and PET, depending on its 
grade. Given its tunable properties, it might have several applications. Besides its 
use as plastics/foams substitute (e.g., for packaging, injection molding), it can have 
niche applications, such as for internal sutures, capsules in pharmacology (as a non-
toxic, compatible, and naturally absorbed polymer), and also in automotive, design, 
and high-tech electronics sectors (E4tech, RE-CORD, and WUR 2015).

PHB is intracellularly produced from glucose under aerobic conditions by cer-
tain types of bacteria (e.g., Alcaligens euthrophus and Lactobacillus acidophilus), 
and thus PHB should be extracted from bacterial cells using different technologies, 
some of them based on organic solvents, followed by purification. PHAs thus exhibit 
very high costs and investment, and activity in their production is relatively low as 
compared to PLA and other bioplastics. Global production capacity in 2014 was 
estimated as 54 kton. Once feedstock makes up close to 50% of the production cost 
of PHA, this is expected to decrease by using cheaper feedstocks, such as starch, for 
example, hydrolyzed cornstarch, which is less than half the price of glucose. In 
addition, production costs may decrease via integration with sugar and ethanol 

Fig. 4.2 Overview of lactic acid as a platform chemical. PLA polylactic acid, PAA polyacrylic 
acid
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mills, by assuring on-site energy production by burning the bagasse by-product and 
co-producing the solvent (iso-pentanol) for cell extraction. In this context, PHB 
production is beginning to be associated to the Brazilian sugar industry (E4tech, 
RE-CORD, and WUR 2015).

When the cost barrier is overcome, enabling mass production, the potential mar-
ket for PHA may be as much as 50% of the current plastics market. However, nowa-
days the PHA market keeps focused on niche high-value markets, and there are 
currently few PHA developers based on sugar fermentation in Europe: these include 
the German-based Biomer, owner of a demonstration-scale plant producing four 
different grades of PHB; and KNN, which is considering to produce PHA resin via 
the sugar platform (using pulp and paper starches) in the Netherlands and Sweden. 
There are a few more PHA developers in China (Tianjin Green Bio, Yikeman, and 
TianAn Biopolymer Co.) and the Americas (PHB Industrial in Brazil and Metabolix 
in the USA) (E4tech, RE-CORD, and WUR 2015).

4.5.1.4  Succinic Acid

Succinic acid, a 1,4-diacid, is also a widely investigated chemical building block 
that is most commonly biochemically produced by low-pH fermentation of biore-
finery sugars by adequate yeasts or bacteria, such as Anaerobiospirillum succinici-
producens or engineered Mannheimia succiniciproducens (Bozell and Petersen 
2010). Recombinant Escherichia coli strains have been licensed for commercial 
production of succinic acid, by Reverdia (Roquette/DSM) in Europe (Italy, with 10 
kton of annual capacity), and BioAmber (a Canadian company that is also running 
a plant in France with an annual capacity of 3 kton) (Bozell and Petersen 2010). 
Other succinic acid producers include Succinity (joint venture between BASF and 
Corbion Purac) and Myriant (a US-based company) (Lane 2015). Succinity GmbH 
is operating a plant in Montmelo (Spain) with an annual capacity of 10 kton; Myriant 
owns several commercial plants in the USA and also a small demonstration facility 
(1-kton annual capacity) in Leuna (Germany) (E4tech, RE-CORD, and WUR 2015).

As is lactic acid, succinic acid is initially isolated from fermentation broth as a 
salt, and electrodialysis has also been successfully investigated as an alternative 
technology for its recovery. Direct hydrogenation of the aqueous fermentation broth 
has also been studied (Bozell and Petersen 2010). Competing routes to produce suc-
cinic acid include its chemical synthesis starting from glycerol (E4tech, RE-CORD, 
and WUR 2015).

Succinic acid, previously highlighted as exhibiting the fastest growing market, 
provides high-value niche applications, for example, personal care products and 
food additives (as an acidity regulator). In addition, it is a powerful platform chemi-
cal that is used for the production of bio-based polymers, such as polybutylene suc-
cinate (PBS), polyester polyols for polyurethanes, coating and composite resins, 
phthalate-free plasticizers, and 1,4-butanediol (BDO), for footwear, packaging, and 
paints, or personal care ingredients. It is a substitute for maleic anhydride (Werpy 
and Petersen 2004). Succinate esters are also precursors for known petrochemical 
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products such as tetrahydrofuran, γ-butyrolactone, or various pyrrolidinone deriva-
tives (Bozell and Petersen 2010). The use of succinic acid as a platform chemical is 
summarized in Fig. 4.3 (Bozell and Petersen 2010). Indeed, bio-based succinic acid 
is a drop-in replacement for petroleum-based succinic acid (Lane 2015) and has the 
potential to be cheaper than the fossil-based product when produced at large scale 
(E4tech, RE-CORD, and WUR 2015).

In 2013, global annual production of bio-based succinic acid was 38 kton, cor-
responding to a market value of 108 million USD, which is comparable to the mar-
ket of the fossil-based product, but the bio-based product has the potential to 
significantly increase the share driven by the demand for BDO and PBS. Indeed, by 
2020 the bio-succinic acid market is projected to reach 600 kton with annual reve-
nues of 539 million USD (E4tech, RE-CORD, and WUR 2015).

4.5.1.5  1,4-Butanediol (BDO)

BDO is industrially used as a solvent and in the manufacture of some types of plas-
tics, elastic fibers, and polyurethanes, for use in golf balls and skateboard wheels to 
printing inks and cleaning agents (Lane 2015). The bio-based product can be a 
direct drop-in replacement for fossil BDO. It can be converted into numerous chem-
icals, including γ-butyrolactone (GBL), the solvent tetrahydrofuran (THF), and the 
resin polybutylene terephthalate (PBT) (E4tech, RE-CORD, and WUR 2015). BDO 
can be produced in the petrochemical industry in various ways from acetylene, 
maleic anhydride, propylene oxide, and butadiene. Bio-based BDO can be produced 
via direct fermentation of sugars or via the catalytic hydrogenation of succinic acid, 
but the first is the dominant industrial route (E4tech, RE-CORD, and WUR 2015).

The market share of bio-based BDO constitutes a very small fraction (less than 
0.2% in 2013) of the total BDO market (Lane 2015). The largest application of 
BDO is in the manufacture of THF, accounting for 30% in 2013, followed by 
polyurethane at 25%, and PBT, which used about 22% of all BDO worldwide. 

Fig. 4.3 Overview of succinic acid as a platform chemical. PTHF polytetrahydrofurane. PBT 
polybutylene terephthalate, PBS polybutylene succinate
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The global BDO market is foreseen to reach 2.7 million tons with a market value 
close to 7000 million USD by 2020, and the bio-based market is expected to 
increase by 43% from 2014 to 2020 (E4tech, RE-CORD, and WUR 2015).

Genomatica, a California-based company, is the main agent in bio-based BDO 
production, having patented a GENO BDO process using an engineered microor-
ganism for direct production via fermentation of sugars. Several European compa-
nies, such as BASF, Novamont (Mater Biotech), DSM (for PBT production), and 
Biochemtex (but using cellulosic biomass converted by Proesa technology), are 
employing the Genomatica technology. Johnson-Matthey-Davy Technologies is 
producing bio-BDO and THF, in UK, via Myriant’s succinic acid. In the USA, Tate 
& Lyle has also signed a joint development agreement with Genomatica to produce 
bio-based BDO from dextrose sugars at demonstration scale, whereas BioAmber 
produces bio-BDO (and bio-THF) from its bio-succinic acid (via chemical process-
ing). The Japanese company Toray produces bio-based BDO (converted into PBT), 
also based on Genomatica technology (E4tech, RE-CORD, and WUR 2015).

The Genomatica technology enables producing BDO directly from an abundant 
feedstock, and this company believes that the sugar market is sufficiently robust and 
can grow to include chemicals production, although currently 50% of global sugar 
is used for ethanol production (E4tech, RE-CORD, and WUR 2015).

4.5.1.6  Farnesene

Farnesene is a branched-chain alkene with 15 carbon atoms that is found in plants 
(e.g., in the skin of green apples and other fruits) and some insects. There is no 
fossil-based substitute, but it is an attractive building block to obtain bio-based 
products with several niche market applications—solvents, moisturizer emol-
lients, adhesives, fragrances, surfactants, stabilizers, resins, foams, coatings, seal-
ants, emulsifiers, and vitamin precursors. Farnesene has also applicability as a fuel 
and lubricant feedstock, replacing jet fuel (properties consistent with C15 paraf-
fins but still with higher cost) and diesel and industrial oils (E4tech, RE-CORD, 
and WUR 2015).

It can be produced from sugars via aerobic microbial fermentation using geneti-
cally modified microorganisms (yeasts). The US-based company Amyris, the only 
player in the market, has developed a pathway enabling the conversion of C6 sugars 
into farnesene, and its production is already running at demonstration plants in the 
USA, Spain, and Brazil. The industrial facilities in Brazil are located adjacent to 
existing sugar and ethanol mills. Farnesene produced by Amyris targets fuel appli-
cations, with its use in blends (in diesel and jet fuel) already demonstrated (as die-
sel for buses in Brazil and as jet fuel in multiple flights) (E4tech, RE-CORD, and 
WUR 2015).
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4.5.1.7  Isobutene

Isobutene (isobutylene or 2-methylpropene) is a four-carbon branched alkene that is 
a key precursor for chemicals such as fuel and lubricant additives, polymers, and 
pharmaceuticals. However, because of its toxicity, stringent measures are required 
to prevent leakage into the environment (E4tech, RE-CORD, and WUR 2015). The 
addition of isobutene to methanol yields MTBE (methyl tert-butyl ether) and to 
ethanol gives ETBE (ethyl tert-butyl ether), the most important fuel additives in the 
market. It is also used to produce isooctane, an additive applied in aviation fuel. In 
addition, it is used in polymerization reactions, for example, with isoprene to yield 
butyl rubber for the production of tires, gas masks, baseballs, and chewing gum. It 
can also yield poly(methyl methacrylate) plastics and tert-butanol and tert-amines 
for use in various chemical processes and products. A future application of isobu-
tene, with increased demand, could be the production of antioxidants to be used in 
the food industry (E4tech, RE-CORD, and WUR 2015).

Nowadays, isobutene is commercially produced by petrochemical cracking of 
crude oil, but it can also be produced by dehydration of isobutanol obtained via 
biomass digestion. As a biological alternative, the French company Global 
Bioenergies, owner of three pilot plants in Europe, is developing a process based on 
direct fermentation of glucose into isobutene using engineered bacterial strains. 
This completely biological route is advantageous in terms of energy demand for 
recovery of the gaseous isobutene (instead of isobutanol), which also exhibits lower 
aqueous solubility than isobutanol and thus decreased product toxicity to the micro-
organisms. Lanxess is developing in Germany the dehydration process for conver-
sion of bio-based isobutanol into isobutene, targeting production of bio-based butyl 
rubber for the tire industry. Most isobutanol used by Lanxess is supplied by the 
US-based biochemicals and biofuels company Gevo, produced from corn-based fer-
mentable sugars. Gevo and Butamax lead the routes via isobutanol (E4tech, 
RE-CORD, and WUR 2015).

The global annual production of isobutene is around 15 million tons, correspond-
ing to a market of 25–30 million USD, but bio-based isobutene currently accounts 
only for 10 tons per year produced by a small number of players. Rapid growth of 
isobutene markets is expected, mostly driven by the aerospace market, together with 
rubber for the automotive market (E4tech, RE-CORD, and WUR 2015).

4.5.1.8  Acrylic Acid

Acrylic acid is an organic acid with three carbon atoms, systematically named 
2-propenoic acid. Acrylic acid and its esters readily combine with themselves (to 
form, e.g., polyacrylic acid, used mostly in superabsorbent polymers) or other 
monomers (e.g., acrylamides, acrylonitrile, vinyl, styrene, butadiene) by reacting at 
their double bond. These homopolymers or copolymers are used in the manufacture 
of various plastics, coatings, adhesives, fibers and textiles, resins, detergents and 
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cleaners, elastomers (synthetic rubbers), and floor polishes and paints. Acrylic acid 
is also a drop-in replacement as a chemical intermediate in multiple industrial pro-
cesses (E4tech, RE-CORD, and WUR 2015; Lane 2015).

Although conventional petrochemical acrylic acid is produced via the oxidation 
of propylene, bio-based acrylic acid is produced through the dehydration of 
3-hydroxypropionic acid (3-HPA), which can be obtained by sugar fermentation 
(E4tech, RE-CORD, and WUR 2015). As an alternative, acrylic acid can be pro-
duced from sugar-derived lactic acid by dehydration. However, none of these pro-
cesses is yet commercially implemented. The production of acrylic acid in 2013 
comprised approximately 5 million tons but the annual production for the bio- based 
product, still in the pilot phase, accounted only for around 300 tons. The global 
acrylic acid market is projected to steadily increase, reaching an annual demand of 
around 7.4 million tons by 2020 (E4tech, RE-CORD, and WUR 2015), partially 
because of a foreseen increase (4–5%) in the demand for superabsorbent 
polymers.

Two key strategic partnerships, BASF-Cargill-Novozymes (in Europe) and 
OPXBio-DOW (in the USA), have been responsible for the development (at pilot 
scale) of the 3-HPA route for production of bio-based acrylic acid (E4tech, 
RE-CORD, and WUR 2015). Given the various possible routes to produce bio- 
based acrylic acid, there is fragmentation among technology developers, with 
Metabolix together with Cargill-BASF-Novozymes and OPXBio/Dow focusing on 
the 3-HPA process, and Myriant and SGA Polymers investing on the lactic acid 
route, also via the sugar platform. In addition, Genomatica have filled a patent from 
a process to produce acrylic acid via fumaric acid (Genomatica 2009). However, 
major industrial players have been collaborating toward fast-track commercial 
development via different processes and feedstocks. The shift from petro-based 
acrylic acid toward the bio-based equivalent is pulled not only by the demand for 
reductions in GHG emissions, the result of environmental concerns, but also by the 
incentive to reduce reliance on crude oil and the associated price volatility (E4tech, 
RE-CORD, and WUR 2015).

4.5.1.9  Adipic Acid

Adipic acid is the most widely used dicarboxylic acid from an industrial perspec-
tive, as a monomer for production of nylon and polyurethane (E4tech, RE-CORD, 
and WUR 2015). Indeed, 85–90% of adipic acid is used in the production of nylon-
 6,6, a high performer engineering resin, or is further processed into fibers (polyure-
thanes, adipic esters) for application in carpeting, automobile tire cord, and clothing. 
It is also used to manufacture plasticizers and lubricant components. Food-grade 
adipic acid is used as a gelling aid, an acidulant, and as a buffering agent (E4tech, 
RE-CORD, and WUR 2015).

As a drop-in chemical (also produced from petrochemicals), bio-based adipic 
acid can be produced by fermentation, directly from sugars or via hydrogenation of 
muconic or glucaric acid. Verdezyne has developed a process based on genetically 
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modified microorganisms for direct conversion of glucose into adipic acid. It can 
also be chemically produced by a two-step chemo-catalytic route involving anaero-
bic oxidation of glucose into glucaric acid that is finally converted to adipic acid by 
hydrogenation (E4tech, RE-CORD, and WUR 2015).

The global market of fossil adipic acid was 2.7 million metric tons in 2013 and it 
is expected to grow, achieving 7240 million USD by 2020, mainly from the increas-
ing demand for nylon-6,6 within the automobile and electronics industries, and for 
polyurethanes to be used in footwear (E4tech, RE-CORD, and WUR 2015). Despite 
the environmental benefits, with the potential to provide cost advantage of the 
equivalent bio-based product, this is not yet commercially produced. Bio-based 
adipic acid is still at the R&D stage, led by Verdezyne and Rennovia, owners of pilot 
plants in the USA, and DSM and Biochemtex in Europe. In the USA, BioAmber, 
Genomatica, Amyris and Aemetis are also developing sugar-based fermentation 
production processes (E4tech, RE-CORD, and WUR 2015).

4.5.1.10  Ethylene and Polyethylene (PE)

Fossil PE is the most common plastic produced globally [with an annual production 
volume of 88 million tons and a market share close to 30% (E4tech, RE-CORD, and 
WUR 2015)], especially used by the automotive industry and manufacturers of cos-
metics, packaging, toys, personal hygiene, and cleaning products. There are diverse 
types and grades of PE, exhibiting different properties and thus applications. Based 
mostly on its density and branching, PE can be categorized as high-density PE 
(HDPE), low-density PE (LDPE), and linear low density PE (LLDPE), which 
results from copolymerization of ethylene with longer polymers (e.g., butylene, 
hexene, or octane).

Bio-based PE, which can be made by dehydrating bioethanol to ethylene that is 
further polymerized, is a drop-in equivalent replacement for the fossil product. It is 
not biodegradable but it can be easily recycled. Nowadays, bioethylene is produced 
from sugarcane (in Brazil) and sugar beet (in Europe), but also by using cornstarch 
and wheat starch (in the USA) as raw materials (E4tech, RE-CORD, and WUR 
2015). There is no commercial activity of bio-based PE in Europe, and Braskem in 
Brazil is the only commercial-scale producer (from sugarcane, since 2010) world-
wide (E4tech, RE-CORD, and WUR 2015). The production cost of bioethylene (the 
bio-based PE building block) is obviously dependent on the bioethanol price, and 
the final polymerization step has a small contribution to the PE production cost. 
Indeed, the production of bio-PE is expected to increase, reaching 840 kton by 
2020, but there are some uncertainties associated with competition with other attrac-
tive bio-based packaging polymers, such as PET, PLA, and PEF, as already referred 
(E4tech, RE-CORD, and WUR 2015).
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4.5.2  The Chemical Catalytic Route

4.5.2.1  Furan-2,5-Dicarboxylic Acid (FDCA)

Although neither FDCA nor any of its derivatives has yet become a commercial 
product because of its high price, it is very attractive from its potential as a bio- 
based replacement for polymers (polyesters). It can substitute terephthalic acid and 
also PBT and polyamides, providing a new class of polyethylene furanoate (PEF) 
polymers, with application in drinks bottles with superior gas barrier properties 
(Werpy and Petersen 2004). FDCA has also the potential to be used in the produc-
tion of novel solvents, and it can also be converted into levulinic and succinic acid.

It is chemically produced via oxidative dehydration of C6 sugars, such as glu-
cose. Once most of the routes to FDCA proceed via oxidation of 
5- hydroxymethylfurfural (HMF), its commercialization might be boosted by the 
recent achievements on development of more efficient production of HMF by bacte-
rial fermentation (Bozell and Petersen 2010; Lane 2015). Indeed, a significant 
growth of the current incipient FDCA market is projected, with a volume of 500 
kton, corresponding to 498 million USD, foreseen for 2020 (E4tech, RE-CORD, 
and WUR 2015).

There are only a few companies handling the production and commercialization 
of FDCA, and the market is dominated by a single key player, Avantium, settled in 
the EU (Lane 2015). This company has operated, since 2011, a pilot plant in the 
Netherlands based on development of a two-step catalytic process to convert sugars 
into FDCA that is used to produce PEF.  Corbion Purac, AVA Biochem, and 
Novozymes are also active in developing FDCA chemical production from glucose 
in Europe (Bozell and Petersen 2010).

4.6  Concluding Remarks

A large consortium of research organizations has proposed a “Joint European 
Biorefinery Vision for 2030” (Luguel 2011) based on several key points. The suc-
cess of modern biorefineries, including starch based, should be based on versatile 
biomass supply chains and on the production of a wide spectrum of competitive 
bio-based products. This flexibility – multiple product and multiple feedstock – not 
only minimizes risks associated with raw material availability and product demand 
(market) but also allows all-year operation by using feedstocks that mature at differ-
ent times (E4tech, RE-CORD, and WUR 2015). This flexibility strategy is evident 
in the typical sugar- and starch-based biorefinery ‘Les Sohettes’ complex, located in 
Pomacle (France). This biorefinery consists of a sugar beet processing unit, a wheat 
refinery and a sugar plant, an ethanol distillery (Cristanol), a research center (ARD), 
a demo-plant for second-generation ethanol (Futurol), a straw-based paper produc-
tion pilot unit (CIMV), and a succinic acid pilot plant (BioAmber). This facility is a 
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good example of integration in the product networks as two major crops are being 
used as feedstocks: sugar beet and wheat. The combination of both crops allows 
year-long biorefining operations, because the harvesting period of sugar beet is 
rather short (typically only a few months in a year), which would render the sole use 
of sugar beet for production of ethanol and other bioproducts uneconomical 
(Gnansounou and Pandey 2017).

As another example of multi-product strategy, NatureWorks LLC has been oper-
ating a corn biorefinery since 2002 (Nebraska, USA). This integrated biorefinery 
processes corn to produce corn oil, sugar, ethanol, lactic acid, and PLA (Gnansounou 
and Pandey 2017).

More broadly, cluster-based biorefineries constituted by different value chains 
site plants aggregated as a cluster shall be more competitive, such as demonstrated 
by the successful implementation of the Chemical Cluster (five-site plants) in 
Stenungsund (Sweden)—Aga, AkzoNobel, Borealis, Ineos and Perstorp—develop-
ing a joint strategy for producing sustainable products. New technologies are being 
explored for integrating the production of biomass-derived fuels and other products, 
such as 1,3-propanediol, polylactic acid, and isosorbide, in a single facility (Gírio 
et al. 2017).
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Chapter 5
Lignocellulosic Biomass for Energy, Biofuels, 
Biomaterials, and Chemicals

Abla Alzagameem, Basma El Khaldi-Hansen, Birgit Kamm, 
and Margit Schulze

Abstract The main objective of this chapter is to explore the lignocellulose feed-
stock (LCF) biorefinery for industrial usage according to green chemistry princi-
ples. In particular, the isolation and valorization of lignin as one of the most 
interesting intermediates of LCF biorefineries is discussed, including lignin isola-
tion, purification, and structure analysis. Structure elucidation involves various 
chromatographic, spectroscopic, microscopic, and thermochemical methods. Thus, 
basic structure–property relationships regarding the influence of biomass source 
and isolation process on lignin amount, constitution, and 3D structure are high-
lighted. Furthermore, storage effects on lignin structure and degradation effects are 
presented. Finally, potential applications are discussed, including novel lignin-
based hydrogels, composite compounds (hybrids), and nanomaterials. Focus is 
drawn to antioxidant and antimicrobial activity of lignin for applications in packag-
ing and biomedicine, that is, biomaterials for drug release and tissue engineering.
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5.1  Introduction

5.1.1  Status Quo of Biorefinery Systems for Biomass 
Conversion

The use of lignocellulosic feedstock (LCF) in biorefineries has been recognized as 
the most successful strategy to produce such valuable products as fuels, power, and 
chemicals  (Ringpfeil 2001). Lignocellulosic raw materials comprise cellulose, 
hemicellulose, and lignin (Fig. 5.1). The main advantages of this strategy are the 
low costs of the raw materials (straw, reeds, grass, wood, paper waste, etc.) and the 
utilization of natural polymers “made by nature” (via photosynthesis) and compris-
ing mainly polysaccharides (Kamm et al. 2015).

Currently, the need remains for the technology to be developed and optimized, 
especially in the area of separating cellulose, hemicellulose, and lignin. Figure 5.2 
shows an overview of potential products from LCF (Kamm et al. 2006).

The first step in using LCF in biorefineries is to release cellulose, hemicellulose, 
and lignin by pretreatment of the biomass. Glucose and other six-carbon sugars can 
be produced from cellulose via enzymatic hydrolysis. These products are starter 
materials for the production of biofuels via fermentation (Dyne et al. 1999).

The production of furfural and hydroxymethyl furfural is important because 
these chemicals are starting materials for nylon-6,6 and nylon-6. Levulinic acid can 
be obtained directly from cellulose hydrolysis (as shown in Fig.  5.2). The pulp 
industries represent the first type of nonfood biorefinery producing value-added 
products (Kamm et al. 2006).

Currently, the development of LCF biorefineries corresponds to the raw materi-
als available and focuses on a complete separation of the cellulose, hemicellulose, 
and lignin fractions using combinations of mechanical, chemical, and biotechnical 
methods. Isolation methods such as Organosolv, acid, or alkaline steam-pressure 
processes are well-known methods that are applied commercially as the Organocell, 
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Alcell, or Soda method (Puls 2009). Thus, various polysaccharides and lignin are 
available today from lignocellulose feedstocks on an industrial scale, which can be 
used for further valorization (see Fig. 5.2). In contrast, lignin utilization is mainly 
limited to energy production. In the past decade, a number of research groups 
worldwide have started to search for alternatives, focusing on lignin separation, 
purification, fragmentation, or functionalization to produce lignin-based high-value 
products. For instance, kraft lignin was used to synthesize novel benign lignin-
based polymers for drug-release applications. Richter et al. (2015) reported a class 
of antimicrobial nanoparticles with biodegradable cores (from Indulin AT lignin) 
loaded with Ag+ ions and coated with the cationic polyelectrolyte poly-
(dimethyldiallylammonium chloride) (polyDADMAC). The environmentally 
benign nanoparticles (ebNPs) Ag+-polyDADMAC exhibit broad-spectrum biocidal 
action and are capable of neutralizing common gram-negative and gram-positive 
human pathogens as well as quaternary amine–resistant bacteria, while using at 
least tenfold less silver than conventional branched polyethylenimine-Ag NPs(bPEI) 
and AgNO3 aqueous solution. The polyDADMAC coating, which boosts adhesion 
to microbial cell membranes, may itself have some antibacterial activity. However, 
both environmentally benign NP controls without polyDADMAC or without Ag+ 
ion loading demonstrated much lower antimicrobial efficiencies (Richter et  al. 
2015).

Fig. 5.2 Products of a lignocellulosic feedstock (LCF) biorefinery (Kamm et al. 2015) (Copyright 
Wiley-VCH Verlag GmbH & Co. KGaA, reproduced with permission)
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5.1.2  Consideration of Green Chemistry Principles

Green chemistry refers to the promotion of innovative technologies to minimize the 
use of hazardous substances. The 12 principles of green chemistry (Table  5.1), 
developed by Paul Anastas and John Warner (1998), show how this can be achieved.

These principles must be considered as design rules or as a framework to achieve 
sustainability internationally.

Table 5.1 The 12 principles of green chemistry according to Anastas and Warner (1998)

Principle Content

1. Prevention It is better to prevent waste than to treat or clean up waste after it has 
been created

2. Atom economy Synthetic methods should be designed to maximize the incorporation of 
all materials used in the process into the final product

3. Less hazardous 
chemical synthesis

Wherever practicable, synthetic methods should be designed to use and 
generate substances that possess little or no toxicity to human health 
and the environment

4. Design safer 
chemicals

Chemical products should be designed to affect their desired function 
while minimizing their toxicity

5. Safer solvents and 
auxiliaries

The use of auxiliary substances (e.g., solvents, separation agents) 
should be made unnecessary wherever possible and innocuous when 
used

6. Design for energy 
efficiency

Energy requirements of chemical processes should be recognized for 
their environmental and economic impacts and should be minimized. If 
possible, synthetic methods should be conducted at ambient 
temperature and pressure

7. Use of renewable 
feedstocks

A raw material or feedstock should be renewable rather than depleting 
whenever technically and economically practicable

8. Reduce derivatives Unnecessary derivatization (use of blocking groups, protection/
deprotection, temporary modification of physical/chemical processes) 
should be minimized or avoided if possible, because such steps require 
additional reagents and can generate waste

9. Catalysis Catalytic reagents (as selective as possible) are superior to 
stoichiometric reagents

10. Design for 
degradation

Chemical products should be designed so that at the end of their 
function they break down into innocuous degradation products and do 
not persist in the environment

11. Real-time 
analysis for pollution 
prevention

Analytical methodologies need to be further developed to allow for 
real-time, in-process monitoring and control before the formation of 
hazardous substances

12. Inherently safer 
chemistry for 
accident prevention

Substances and the form of a substance used in a chemical process 
should be chosen to minimize the potential for chemical accidents, 
including releases, explosions, and fires
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5.1.2.1  Lignocellulosic Feedstock for Energy Production

Global Availability and Production Since 1990, renewable energy sources have 
grown at an average annual rate of 2.2%, which is slightly higher than the growth 
rate of world total primary energy supply (TPES), 1.9%. According to the 
International Energy Agency, in 2014, the world TPES was 13,700 million tons oil 
equivalent (Mtoe), of which 13.8%, or 1894 Mtoe (up 2.6% from 2013), was pro-
duced from renewable energy sources. As the consequence of widespread noncom-
mercial use in developing countries, solid biofuels (charcoal) represent the largest 
renewable energy source (66.2% of the global renewables supply). A second source 
is hydropower (2.4% of world TPES, 17.7% of renewables), followed by a mixture 
(geothermal, liquid biofuels, biogases, solar, wind) (International Energy Agency).

Based on data of the National Renewable Energy Action Plans (NREAPs) of the 
27 European Union (EU) member states, the estimate of EU biomass availability in 
2012 was around 314 Mtoe, expected to increase to 429 Mtoe and then remain at 
411 Mtoe in 2020 and 2030, respectively (Balan et al. 2013). Currently, biomass 
accounts for 7–10% of primary global energy consumption, whereas nuclear and 
hydroelectric power individually contribute about 7%, and renewable sources 
(wind, solar) sum to less than 1% of the global energy demand (Hossen et al. 2017). 
Renewable energy sources, such as lignocellulosic biomass, thermal solar, photo-
voltaic, hydropower, wind, geothermal, and marine energy sources, are expected to 
have essential roles in the world’s future energy supply. Here, biomass has an 
advantage over other sources of renewable energy, as it can be stored and is readily 
available all year round from various sources. In 2008, 10% of the global primary 
energy was contributed by biomass, which is expected to increase significantly, up 
to sixfold, until 2050 (Rabaçal et al. 2017).

Regarding number 7 of the Green Chemistry principles, the use of renewable 
feedstocks is one of the most essential steps for achieving sustainability goals. In 
principle, biomass as organic matter has always been a source of energy. The struc-
ture of the biomass, and thus its chemical and physical properties, determines its 
value as an energy source. Biomass stores this energy as chemical bonds in cellu-
lose, hemicellulose, and lignin. Ideal energy crops should possess low energy input 
costs for production, low costs, low yield of impurities, and a low nutrient require-
ment. Today, the paper industry uses lignin combustion to produce process heat. 
Lignin is a side product of the pulp production process, available on an industrial 
scale (Holladay et al. 2007). Gasification processes convert biomass at high tem-
peratures and in the absence of oxygen to synthesize gas (CO + H2) in the pyrolysis 
method.

5.1.2.2  Lignocellulosic Feedstock for Biofuels Production

Global Availability and Production There is a need for the reformation of global 
energy policies in support of other clean sources, taking into account ever-increas-
ing energy demands as well as the continuously rising price of fossil fuels. Sustained 
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population growth, as well as economic and social development, will remain a key 
driver of increasing energy demand. Liquid transportation fuels, such as ethanol and 
biodiesel, are the most popular biomass-based energy alternatives, albeit these cur-
rently comprise only 2% of world biomass energy, but have the potential to contrib-
ute substantially.

The share of EU biodiesel in global demand will rise from 42% in 2010 to 74% 
in 2020, and the bioethanol share will also rise, to 13% in 2030. It must also be 
observed that meeting 2020 and 2030 EU biomass targets will require a significant 
import of feedstock from different parts of the world. Implications for direct and 
indirect land use change are currently under evaluation and discussion in Europe 
(Elbersen et al. 2012).

In China, cellulosic biomass production, such as agricultural and forestry resi-
dues, major portions of municipal solid waste, and dedicated herbaceous and woody 
crops, is estimated to be 670 million tons per year (Mio t/a) and could provide a 
significant alternative feedstock for ethanol production roughly equivalent to 4 bil-
lion barrels of petroleum (100 million tons). It is estimated that the total annual 
consumption by the Chinese auto industry is approximately 60 million tons of gaso-
line. Hence, approximately 5–10 million tons of fuel ethanol must be supplied 
within the next few years under an E10 (10% ethanol and 90% gasoline blend) 
standard. The annual consumption of fuel ethanol is approximately 1 million tons, 
and thus there will be a huge commercial market and very bright prospects for the 
development of cellulosic ethanol.

The European directive on the promotion of the use of energy from renewable 
sources (Directive 2009/28/EC) defines binding targets for biofuels and regulates 
their sustainability. Requirements for the sustainability of biofuels and electricity 
from liquid biomass have applied since January 2011. The criteria are laid down in 
the Sustainability Ordinance for Biofuels and Biomass-Electricity. After 2011, bio-
fuels must save at least 35% in greenhouse gas emissions, as well as other sustain-
ability criteria. All member states face a binding target of ensuring that renewable 
energy sources account for at least 10% of final energy consumption in the transport 
sector in 2020. In Germany, 57.5 Mio. tons fuel were consumed in 2016 (biodiesel 
63.7%; gasoline 30.5%), corresponding to 4.6% of the total energy content. 
Biodiesel (2.0 Mio. tons) is the most important biofuel in Germany, mainly used in 
addition to fossil-based fuel. The analogue, bioethanol, is added to gasoline; in all, 
1.2 Mio. tons in 2016. Plant oil-based fuels follow in third place (2.000 t in total, 
corresponding to 0.1% of the total amount) (Fachagentur Nachwachsende Rohstoffe 
2017).

Ethanol is the largest volume of biofuel that can be produced via a biochemical 
conversion process. The conventionally used biomass materials are cornstarch and 
sugarcane (first generation); after applying more advanced technologies to the bio-
chemical process, more abundant biomass sources such as grasses and wheat straw 
(second generation) can be used. First-generation bioethanol production requires 
biomass pretreatment to generate sugar monomers (glucose), which are then con-
verted to ethanol via fermentation processes using microorganisms (yeast, bacteria, 
etc.). The product, ethanol, undergoes distillation for purification and then can be 
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used directly as a fuel (Naik et al. 2009). Second-generation bioethanol includes 
lignocellulosic biomass as feedstock. The pretreatment processes for sugar produc-
tion are more challenging with second-generation fuels, specifically regarding eco-
nomic viability. The limitation of this process is the extraction of recalcitrant lignin 
under mild conditions (Galbe and Zacchi 2002). The enzymatic hydrolysis of lignin 
is also difficult because there are no natural enzymes to degrade it into basic mono-
mers. Therefore, delignification processes are important pretreatments to enhance 
the enzymatic hydrolysis to produce bioethanol from lignocellulosic biomass. Wi 
et al. (2015) used a hydrogen peroxide-acetic acid (HPAC) pretreatment to increase 
the enzymatic digestibility, which showed a high efficiency for removing lignin. 
There are numerous different pretreatment processes such as ammonia fiber expan-
sion (AFEX), dilute acid, or ionic liquid methods. It must be mentioned that prod-
ucts such as biodiesel, biogas, biomethanol, and biohydrogen are also regarded as 
biofuels (Agbor et al. 2011; Li et al. 2011; Galbe and Zacchi 2007).

5.1.2.3  Lignocellulosic Feedstock for Biomaterials and Chemicals

Global Availability and Production Lignocellulosic biomass is important not only 
as a source of energy and biofuel, but also as a source of different valuable chemi-
cals from its chemical composition, mainly containing celluloses, hemicelluloses, 
and lignin. These components in turn might be used as a raw material for the pro-
duction of chemicals such as alcohols and organic acids, for which there is a huge 
market demand. Despite its potential as fuel and raw material, no organized study 
has been performed on feedstock types, quantities, and characterization of the glob-
ally available biomass. Few studies have been reported on biomass, and these focus 
only on electricity production without considering other applications or the indi-
vidual contributions of a variety of biomass resources. Even fewer studies have 
considered the distinct characteristics of different feedstock biomass types. 
Assessment of biomass availability and quality is an important first step toward 
utilizing biomass for energy generation and conversion to value-added chemicals. 
Countrywide assessment of biomass resources has been performed for many coun-
tries: the USA, Jordan, Malaysia, Turkey, China, India, and Bangladesh (Hossen 
et al. 2017; Ozturka et al. 2017).

Lignocellulosic biomass and residues such as wood, grass, and straw are abun-
dant, nonfood raw materials for renewable fuels and products. These substrates are 
abundant, geographically widely distributed, and do not compete with food, fresh-
water, and fertile land. However, biorefineries based on lignocellulosic feedstocks 
do have to consider deviations in seasonal availability. In addition, the chemical 
industry worldwide defines strong standards and specifications for their products to 
be met independently on biomass source, climate conditions, and other influencing 
factors (Singh and Singh 2012). Thus, the use of biomass for the production of 
chemical products is still more costly compared to fossil-based resources. In par-
ticular, petroleum and natural gas refinery technologies have the highest efficiency 
as the result of more than 50 years of experience. Therefore, strong efforts in funda-
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mental and applied research are required to develop biorefinery systems that are 
able to compete with conventional technologies.

One of the most important challenges is the handling of multiple biomass feed-
stock streams. A key step in processing lignocellulosic biomass is the separation of 
sugars from the lignocellulose. Several pretreatments are applied for this require-
ment: physical (grinding, milling), chemical (using acidic or basic aqueous media 
or ionic liquids), physicochemical (steam, hot water, or ammonia fiber expansion), 
and biological fragmentation (via enzymes or fungi). A number of pilot and demon-
stration plants have been developed using lignocellulosic feedstock (e.g., wood 
chips, straw) for the production of bio-based building blocks (ethanol, acetic acid) 
and green coal in Germany (Leuna), The Netherlands (Bioprocess Pilot Facility), 
Austria (bioCRACK), Canada (GreenField), the USA (Enchi Corp.), and Australia 
(Microbiogen) (Panoutsou et al. 2012; Rabaçal et al. 2017).

In addition, the first commercial biorefineries are established mainly to produce 
ethanol from LCF (e.g., Dupont in Nevada, Liberty Technology in USA, POET-
DSM in Iowa, Iogen Corp. in Canada, Raízen/Iogen in Brazil, Cellulac in Ireland) 
(Downing et al. 2011; Balan et al. 2013; Rabaçal et al. 2017).

As shown in Fig. 5.1, chemicals can be obtained from lignocellulosic biomass. 
Different methods are used: fermentation of sugars to alcohol, hydrolysis of carbo-
hydrates, oxidation, or pyrolysis. These processing methods can be combined in a 
running biorefinery system to produce chemicals. As already mentioned, ethanol is 
one of the most important fermentation products, followed by lactic acid, acetone, 
and citric acid. Lactic acid, a fermentation product of carbohydrates, is used in the 
food, cosmetic, and pharmaceutical industries (Dusselier et al. 2013). The world-
wide demand for lactic acid is expected to be about 600,000 tons per year by 2020 
and will increase because of its use as polylactic acid (PLA) (Zhang and Vadlani 
2015). Dehydrated sugars (e.g., furfural) can be obtained from hydrolysis of 5-car-
bon carbohydrates and hydroxymethyl furfural from 6-carbon carbohydrates. 
Furfural is an important starter material for substances such as furfural alcohol, 
furan, or nylon. Levulinic acid is produced by hydrolysis of hydroxymethyl furfural 
and is used with levulinate esters or 1,4-pentanediol as the building blocks for com-
pounds (van Putten et al. 2013; Dautzenberg et al. 2011). The earliest conversion 
from biomass to chemicals has been practiced for centuries by pyrolyzing wood to 
produce charcoal and tar. Today, pyrolysis is used to obtain chemicals such as meth-
anol, acetic acid, and acetone and phenolic compounds.

5.2  Lignin as Agro-industrial Feedstock

Lignin, a principal component of renewable biomass, consists of methoxylated 
phenylpropane structures, accounting for 15% to 30% of the weight and 40% of the 
chemical energy of lignocelluloses (Long et al. 2015). Lignin is one of the most 
abundant naturally occurring polymers on the Earth. However, the majority of lig-
nin that is recovered, typically from kraft pulping processes, is burned as a 
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low-value fuel. In the early 1940s, lignin emerged as a “green” renewable source for 
vanillin (Zhang et al. 2015; Sana et al. 2017). The structure of this complex amor-
phous polyphenol molecule depends on the raw material, growing conditions of the 
plant, and extraction methods used (Gordobil et al. 2015). The main precursors of 
lignin are three monomer phenylpropanoids: syringyl alcohol (S), guaiacyl alcohol 
(G), and p-coumaryl alcohol (H). These monomers form a randomized structure in 
a three-dimensional network inside the cell wall. The major inter-unit linkage is an 
aryl–aryl ether type (García et al. 2009; Lupoi et al. 2015).

Many different functional groups can be found within the structure of lignin, 
such as carboxylic, aliphatic, and phenolic hydroxyls and methoxyl groups. 
Figure 5.3 shows the general structure of lignin and its main precursors. Recently, 
most commercial lignin is obtained as a by-product from the pulp and paper indus-
try. Lignosulfonates have been used as emulsifiers in animal feed and as raw mate-
rial in the production of vanillin (Dong et al. 2011). Most of this production is used 
for energy and only a small portion is commercially used as dispersing, binding, and 
emulsifying agents. Considerable efforts are being made in the search for novel 
applications of lignin to make it a more profitable product and, by extension, to 
diversify the biorefinery products (Garcia et al. 2014).

5.2.1  Lignin Isolation Processes

5.2.1.1  Kraft Process

In nature, lignin is associated with carbohydrates such as cellulose and hemicellu-
lose. Lignin is extracted from other lignocellulosic parts via physical or chemical 
and biochemical treatments. The botanical source, as well as the pulping process 
(delignification) and extraction procedures, are highly influential for the final struc-
ture, purity, and corresponding properties of the lignin produced (Vázquez et  al. 
1997).

Common pulping processes are based on the cleavage of ester and ether linkages; 
after this step, the resultant technical lignin differs considerably from the lignin 
originally found in plants. Figure 5.4 shows the two main categories of extraction 
processes, sulfur and sulfur-free processes (Laurichesse and Avérous 2014).

Kraft pulping represents the most important process for cellulose production 
(Rinaldi et al. 2016). The primary waste stream from this technique is black liquor, 
a strongly alkaline solution that contains various organic and inorganic components 
(Hamaguchi et  al. 2013). Kraft lignin is the predominating organic ingredient in 
black liquor. The structure of kraft lignin is different from that of native and other 
technical lignins. As a result of the cleavage of β-aryl bonds during the pulping 
process, kraft lignin contains an increased amount of phenolic hydroxyl groups. 
Moreover, some biphenyl and other condensed or repolymerized structures are 
formed during the kraft pulping process. Therefore, the molecular weight of kraft 
lignin obtained from black liquor has been reported to be in the range of 200 to 
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200,000 g mol−1 (Vishtal and Kraslawski 2011). The molecular weight of kraft lig-
nin depends also on the type of wood, the analysis method, and the isolation proce-
dure used (Tolbert et  al. 2014). Different methods have been proposed for the 
fractionation of Kraft lignin. The three main approaches include fractionation based 

Fig. 5.3 (a) Structure of the three lignin precursors (monolignols) and their corresponding frag-
ments in macromolecules. (b) Structure of isolated kraft lignin
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on solubility in organic solvents, selective acid precipitation at reduced pH values, 
and membrane ultrafiltration (Alekhina et al. 2015).

Figure 5.5 summarizes our research approach using different renewable 
resources, including softwoods and hardwoods (e.g., pine and beech) as well as 
grasses (i.e., Miscanthus) to produce novel bio-based products: starting with bio-
mass pulping (i.e., kraft process or lignin isolation via Organosolv treatment), fol-
lowed by analytical characterization of the lignin structure using a broad variety of 
spectroscopic and chromatographic methods (Vaz 2014). Applications include those 
using the isolated lignin or lignin degradation products obtained via fragmentation 
with ozone or UV irradiation. Today, a huge number of novel lignin-based materials 
are under investigation for use in construction, packaging, and biomedicine 
(Constant et al. 2016; Hansen et al. 2016).

The precipitation of kraft lignin via gradual acidification of black liquor was 
achieved using such acids as HCl or H2SO4 at specific pH, temperature, and time of 
stirring. Results of these precipitation conditions were investigated for yield; the 
optimum acidification was determined to be that using H2SO4 with stirring at room 
temperature and pH = 2 for 90–180 min to obtain the first fraction of lignin (LE1). 
Small fragments produced through the pulping process of the biomass, such as 
small carbohydrates or some lignin fragments, affect the purity of the obtained kraft 
lignin, limiting the application of kraft lignin as a source of such biomaterials as 
polyphenols or aromatic compounds. Hence, purification of kraft lignin has a part in 
enlarging the scope of applications of this rich compound. Selective extraction 

Fig. 5.4 Extraction processes of lignin from lignocellulose-rich feedstocks to produce technical 
lignins
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using different organic solvents, investing the solubility competition of carbohy-
drates and smaller fragments of lignin, was the key to this purification process. The 
purification was monitored by thin-layer chromatography (TLC). Double selective 
extraction using acetone and ethanol, respectively, and diethyl ether as a precipitat-
ing solvent, was the best method for purification, giving relatively pure lignin (PL). 
The fractions produced from the purification were analyzed by spectroscopy, chro-
matography, and thermal analysis showing the difference between the purification 
fragments.

5.2.1.2  Organosolv Process

Currently, Organosolv fractionation is a widely studied pretreatment technique for 
lignocellulosic biomass. Lignocellulosic biomass is known to contain composi-
tional fractions of great value. Fractionation of its components is necessary to opti-
mally exploit the potential of each constituent and has become an important research 
area. In Organosolv fractionation, biomass is treated with an organic solvent at 
elevated temperatures to separate out the lignin biopolymer. Lignin, as a polypheno-
lic network, is separated from the carbohydrate fractions cellulose and hemicellu-
lose. One of its natural functions is to prevent biodegradation of wood (Dashtban 
et al. 2010). Hence, it tends to inhibit the desired enzymatic attack on saccharifica-
tion products and inhibit fermentation to ethanol as the targeted end product. The 
function of the organic solvent in Organosolv fractionation is to solubilize and 
remove the lignin fraction and thus make the carbohydrates more accessible when 
subjected to enzymatic hydrolysis (Harmsen et al. 2010). The Organosolv process 

Fig. 5.5 Development of novel lignin-based materials, starting with lignin isolation and structure 
elucidation, guided fragmentation (via ozone or UV irradiation), and application including lignin-
based polyurethanes, resins, and hydrogels for construction, packaging, and biomedicine. C cel-
lulose, HC hemicellulose, L lignin
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seems promising as it produces not only a cellulosic pulp displaying good enzy-
matic digestibility but also sulfur-free lignin fractions potentially usable for mate-
rial applications (Dababi et  al. 2016). Soft wood (mainly spruce and pine) was 
milled to a 500-μm particle size. Lignin was extracted via the Organosolv process 
using ethanol according to a modified published procedure (Grisel et al. 2014).

5.2.2  Structure Analysis of Lignin

For a general approach, the quality of the biomass used determines the product qual-
ity. Therefore, reliable information is required about the chemical composition of 
the biomass to establish its best use, which will influence the harvest and the prepa-
ration steps. The most widely used analytical techniques for lignocellulosic biomass 
and products are briefly described next (discussed in detail and reviewed by Vaz 
2015; Lupoi et al. 2015; Zhao et al. 2017).

5.2.2.1  Spectroscopy

Various spectroscopic methods are used to identify and quantify lignin including 
nuclear magnetic resonance (1H, 13C, 31P-NMR), Fourier-transform infrared spec-
troscopy (FTIR), Raman, and ultraviolet/visible spectrophotometry (UV-Vis). 
Lignin is a highly branched phenolic polymer providing many active regions for 
chemical and biological interactions with a wide variety of additional functional 
groups such as hydroxyl, methoxy, carbonyl, and carboxylic groups. As this can 
change the chemical and biophysical properties of the lignin, an analysis of various 
active groups attached to lignin is of importance in a functional classification of 
lignins. Such analysis can be performed by FTIR analysis (El Mansouri and Salvado 
2007). Table 5.2 summarizes the most important IR vibrations and corresponding 
band assignments for lignin and monolignol units, respectively, according to data 
analysis for five lignin samples obtained from different isolation processes (Hansen 
2015). Assignments are conformed by pyrolysis GC-MS data and NMR analysis 
(see Figs. 5.8 and 5.9; Table 5.4).

Raman spectroscopy is a vibrational spectroscopic method useful in the investi-
gations of the chemical components of wood and plant materials, and especially 
lignin, because no sample preparation is needed for it to provide information on the 
cell wall and its chemical components. It provides also a powerful tool of detecting 
the lignin chemical structure and its modifications (Larsen and Barsberg 2011). 
Various subtechniques in the field of Raman spectroscopy have been applied to 
study lignin and lignin-containing materials. Such techniques have included visible-
Raman, micro-Raman, FT–Raman, Raman imaging, UV–resonance Raman, 
surface- enhanced Raman, and coherent anti-Stokes Raman spectroscopy. In the 
early days, with excitation in the visible range, it was difficult to obtain Raman 
spectra of acceptable quality for lignin and lignocellulosics, respectively, because of 
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lignin autofluorescence. Although spectra could be obtained using special sampling 
techniques, the situation was far from satisfactory. In 1986, an FT–Raman spec-
trometer based on near-IR excitation (1064 nm) was developed and became com-
mercially available. This instrument overcame the obstacle of lignin autofluorescence. 
Once FT–Raman instruments became commercially available, the use of Raman 
spectroscopy in the field of wood and other lignocellulosics increased significantly. 
The only other method that successfully avoided lignin fluorescence was  
ultraviolet-visible (UV-Vis) resonance Raman spectroscopy. To suppress fluores-
cence from highly fluorescent samples, the latter method was used in conjunction 
with an optical Kerr gate (Agarwal et al. 2011).

The ultraviolet (UV) spectrophotometric method is best suited for investigating 
the topochemistry, concentration, and purity of lignin. As many compounds absorb 
at the same wavelength, this method is used for quantitative analysis and not for 
identification of compounds. The absorbance level in UV spectra is directly propor-

Table 5.2 Assignment of the 
most characteristic Fourier-
transform infrared (FTIR) 
signals determined for lignin

Absorption (cm−1) Assignment

3412–3460 OH stretching
3000–2930 CH stretching in –CH2 and CH3

2880–2670 O–CH3 stretching
1727–1700 C = O stretching (nonconjugated)
1695–1650 C = O stretching (conjugated)
1605–1593 Aromatic skeleton (S > G)
1515–1505 Aromatic skeleton (S < G)
1460–1455 Asymmetrical  

deformation, –CH2 and –CH3

1430–1420 Aromatic skeleton
1370–1365 Symmetrical deformation, –CH3
1330–1325 Aromatic skeleton (S)
1272–1266 C=O stretching (G)
1230–1221 C–C, C–O, and C=O stretching (G)
1167–1156 C=O in ester (conjugated) (HGS)
1140 C–H aromatic in-plane deformation (G)
1128–1115 C–H aromatic in-plane deformation (S)
1085–1080 C–O deformation in sec alcohol / 

aliphatic ether
1038–1028 C–H aromatic in-plane deformation 

(G > S)
990–965 CH=CH out-of-plane deformation
925–912 C–H aromatic out-of-plane deformation
858–853 C–H out-of-plane deformation position 

2, 5, 6 (G)
835–834 C–H out-of-plane deformation position 

2,6 (S)
832–817 C–H out-of-plane deformation position 

2, 5, 6 (G)
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tional to the purity level of a compound, in this case lignin. A lower absorbance at 
higher pH value results from the coprecipitation of non-lignin material such as poly-
saccharide degradation products, wax, and lipids (Ahuja et al. 2017). LE1 and PL 
were analyzed via UV-Vis according to González et al. (2006). In particular, the PL 
sample showed distinct separated peaks at 216 nm, 252 nm, 269 nm, and 351 nm; 
two main peaks in LE1 appear at 215 nm and 296 nm and two shoulders at 242 nm 
and 354 nm (Fig. 5.6a). In contrast, the spectra of industrial lignin (KL60) shows 
two main peaks, one at 216  nm and another at 295  nm, and other shoulders at 
245 nm and 342 nm (Fig. 5.6b).

Lignin has a strong UV absorption at 280  nm because of its aromatic nature 
(Azadi et al. 2013). The hypsochromic effect of NaOH shifts the main peak to 214–
222 nm. In Table 5.3, the two main UV-Vis absorption bands of lignin are shown 
and compared with literature data. Accordingly, the ester or ether bonds between 
acids, ferulic acids, and lignin were substantially cleaved by the alkali treatment. 
The intensive absorbance at 279–280  nm relative to 316–320  nm indicates a 
 relatively high content of guaiacyl (G-units), which is similar to that of other mono-
cotyledons and is consistent with a guaiacyl-rich lignin (Vivekanand et al. 2014).

The use of one-dimensional (1D)-NMR for bio-oil analysis is widely reported, 
for both qualitative and quantitative analysis, but the use of two-dimensional 
(2D)-NMR is less often described. 2D-NMR and solid-state 2D-NMR have been 
largely employed for the analysis of lignin and biomass (Michailof et al. 2016). 2D 
heteronuclear single quantum correlation (HSQC)-NMR techniques could identify 
the 13C–1H correlations for lignin and provide the important internal structural infor-
mation about side-chain linkages and aromatic units of lignin. HSQC spectra of 
aromatic (dC/dH 100–135/5.5–8.5) and aliphatic (dC/dH 50–90/2.5–6.0) regions of 
lignin sample are presented in Fig. 5.7 according to Chen et al. (2016).

31P-NMR spectroscopy is a facile and direct analytical tool for quantitating the 
major hydroxyl groups in lignin, and the concentrations of different hydroxyl groups 
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Fig. 5.6 (a) Ultraviolet-visible light (UV-Vis) spectrum of two KL extracts (LE1 first fraction, PL 
purified lignin). (b) UV-Vis spectrum of industrial lignin (KL60)
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Table 5.3 Ultraviolet-visible light (UV-Vis) absorption data of lignin and their characteristics

λ-experimental 
(nm)

λ-literature 
(nm) Functional group Intensity Excitation Reference

215–222 279–280 Nonconjugated 
phenolic groups 
(G-S rich)

High  →  ∗*: 
anti-bonding 
molecular 
orbital

Azadi et al. 
(2013)

296–303 316–320 Conjugated phenolic 
groups (p-coumaric 
acid, ferulic acid)

Low  →  ∗ Vivekanand 
et al. (2014)

Fig. 5.7 HSQC NMR spectrum, aromatic region (dC/dH 100–150/6.0–8.0) of lignin samples 
obtained via Organosolv process from Miscanthus giganteus. Comparison of leaf lignin (blue) and 
stem lignin (red) and corresponding assigned lignin fragments
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were calculated on the basis of the internal standard (cyclohexanol) and the inte-
grated peak areas. The results from 31P-NMR can particularly provide an insight 
into the absolute amounts of aliphatic OH (α-OH and primary OH), phenolic OH 
(S–OH, G5, 5-OH, G–OH, and p-coumarate OH), and carboxylic OH (COOH) in 
the six lignin fractions. Figure  5.8 provides typical 31P-NMR spectra of lignins 
obtained from different sources and isolation processes. All lignin samples were 
phosphorylated with 2-chloro-4,4,5,5-tetramethyl-1,2,3-dioxaphospholane and 
analyzed via quantitative 31P-NMR spectroscopy (with endo-N-hydroxy-5-norborn-
ene-2,3-dicarboximide as internal standard) according to the method described by 
Granata (Granata and Argyropoulos 1995).

According to the results obtained from 31P NMR spectra, Organosolv-isolated 
lignin samples exhibit considerable quantities of G and H units and rather low 
amounts of S units. It shows the presence of aliphatic hydroxyl groups (δ 146–
149 ppm, 0.38 mmol g−1), amounts of syringyl units (δ143–144 ppm, 0.12 mmol 
g−1), guaiacyl units (δ 142–143 ppm, 0.25 mmol g−1), hydroxyphenyl units (δ 139–
140  ppm, 0.27  mmol g−1), and low amounts of carboxylic acid (δ 135  ppm, 
0.02 mmol g−1). The high amount of guaiacyl hydroxyl units in OBL is a conse-
quence of cleavages of β-O-4 linkages. The resulting ratios of monomeric units 
(H/G/S) were 32/49/19 for OBL_1 and 43/40/17 for OBL_2. The beechwood lignin 
data obtained by Faix et al. show monomeric ratios of beech milled wood lignin of 
4/56/40 (Faix et al. 1987). El Hage and colleagues investigated Organosolv lignin 
from Miscanthus and found hydroxyl amounts: aliphatic 1.19 mmol g−1, syringyl 
0.13 mmol g−1, guaicyl 1.33 mmol g−1, and hydroxyphenyl 0.61 mmol g−1 (El Hage 
et al. 2009). Thus, the beechwood lignins show higher amounts of hydroxyphenyl 
units arising from the Organosolv isolation method cleaving mainly the β-O-4 
bonds. These results were also confirmed by pyrolysis gas chromatography.

5.2.2.2  Chromatography

This set of analytical techniques identifies and quantifies organic compounds using: 
liquid chromatography coupled with mass spectroscopy (LC-MS) or pyrolysis 
probe coupled to gas chromatography and mass spectrometry (Py-GC-MS). The 
molecular weight distributions are determined through size-exclusion chromatogra-
phy (SEC).

LC-MS is a tool to separate mixtures with multiple components, providing the 
structural identity of the individual components with high molecular specificity and 
detection sensitivity. This tandem technique can be used to analyze biochemical, 
organic, and inorganic compounds commonly found in complex samples of envi-
ronmental and biological origin such as lignocellulose biomass. LC-MS provides 
superior capabilities for the detection of higher molecular weight components and 
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reduced fragmentation (Joseph et al. 2016). Widsten et al. investigated the LC-MS 
of tannin and lignin model compounds, with results showing the type of coupling 
and specifying the coupling linkages between tannin and lignin (Widsten et  al. 
2010).

The analytical technique of Py-GC-MS is widely used to research chemical 
structure and pyrolysis characteristics of biomass and its three main components 
(i.e., lignin, cellulose, and hemicellulose) to examine the reaction products of bio-
mass thermal degradation (Wu et al. 2012). Py-GC-MS analysis of various hard-
wood materials gives a good relationship in syringyl/guaiacyl (S/G) and 
syringaldehyde/vanillin (Sa/Va) ratios between Py-GC-FID and GC analysis of the 
NBO products (Nakagawa-Izumi et al. 2017). Accordingly, Py-GC-MS has been 
widely adopted to analyze lignin monomer composition (Chang et  al. 2016). 
Carbohydrates that are not completely removed can be detected by Py-GC-MS. So, 
pyrolysis coupled to GC-MS gives valuable information about the relative amounts 
of lignin and carbohydrates. Pyrograms of Organosolv lignin isolated from 
 beechwood are shown in Fig. 5.9. The nature and molecular weight of the released 
compounds after pyrolysis at a temperature of 550 °C are listed in Table 5.4.

Pyrolysis decomposes the lignin in the absence of oxygen into fragments detected 
by GC or MS. Basically, two methods are applied in pyrolysis research studies: the 
so-called continuous mode and the pulse mode. In the continuous mode, the sample 
is placed into a furnace and the temperature is kept fixed during the pyrolysis pro-
cedure. The pulse mode requires an introduction of the sample on a cold pyrolysis 
probe, which is then rapidly heated to the desired pyrolysis temperature (mainly 
applied, Curie-point pyrolysis). Curie-point pyrolysis of beech milled wood lignin 
has been investigated by Genuit and colleagues (Faix et al. 1987). Their results spe-
cifically show fragments of syringyl (S), guaicacyl (G), and p-hydroxyphenyl units 

155 150 145 140 135

Shift [ppm]

Orga 38L
Orga 76
AFEX wässr
LigDampf
Ligsäure

Fig. 5.8 31P-NMR spectra of five lignins isolated via different processes: AFEX (black), 
Organosolv (blue and orange), steam explosion (red), and hydrolysis (green)
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(H), which is in line with the estimated SGH ratio on the basis of chemical degrada-
tion. The pyrogram also reveals fragments derived from carbohydrates. Lignin and 
polysaccharides are connected through covalent bonds to lignin carbohydrate com-
plexes. Carbohydrates, which are not completely removed, can be detected by 
Py-GC-MS. So, pyrolysis coupled to GC/MS gives valuable information about the 
relative amounts of lignin and carbohydrates.

In addition, the molar mass distribution is a key analytical parameter for techni-
cal lignins. Various approaches are reported in the literature on how to address the 
molar mass distributions of lignins. The technique of choice in almost all cases is 
size-exclusion chromatography (SEC) (Sulaeva et  al. 2017). This technique pro-
vides weight-average (MW) and number-average (Mn) molecular weights and poly-
dispersity (PD = MW/Mn) of the investigated compounds, basically polymers. The 
molecular weight varies from 877 to 6117 g mol−1, which corresponds to literature 
values for comparable samples (Santos et al. 2014). Santos and colleagues studied 
kraft lignin precipitated from black liquor at pH value of 2 using H2SO4. As an ana-
logue to those data, Fig. 5.10 shows the SEC results for two kraft lignins precipi-
tated at a pH value of 2 using H2SO4. In Table  5.5, the corresponding data are 
summarized (MW, Mn, PD).

Fig. 5.9 Pyrogram of an Organosolv beechwood lignin (measured at 550 °C)
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5.2.2.3  Thermal Analysis

This analysis method determines the thermal behavior through thermal gravimetric 
analysis (TGA) and differential scanning calorimetry (DSC). TGA and DSC were 
used to determine the mass loss of samples from temperature treatment, as indica-
tive of thermal stability and thermal decomposition of a compound. In DSC, the 
differences in heat flow are recorded as a function of temperature and depend on the 
behavior of the sample as a result of endothermic or exothermic events during the 
treatment (Vallejos et al. 2011). Jiang and colleagues studied the fractionation and 
characterization of kraft lignin by sequential precipitation with various organic 

Table 5.4 Compounds identified by pyrolysis probe coupled to gas chromatography and mass 
spectrometry (Py-GC-MS)

Compound
Retention time 
(min)

Molecular weight 
(g mol−1) Origin

CO2 1.69 44
2-Methyl 2-cyclopenten-1-one 3.01 96 C
2,3-Dimethylphenol 4.59 96 C
4-Ethyl-2-methylphenol 5.08 124 L–H
Phenol 7.85 94 L–H
2-Methoxy-4-methylphenol 
(4-methylguaiacol)

8.17 138 L–G

4-Ethyl-2-methoxyphenol 10.04 122 L–H
2,3-Dimethoxybenzyl alcohol 10.72 138 L–G
2,3-Dimethylhydroquinone 11.87 138 L–G
2-Methylphenol 12.13 108 L–H
4-Ethylphenol 12.49 108 L–H
4-Ethylcatechol 13.00 138 L–H
2,3-Dimethylhydroquinone 14.85 138 L–H
2-Methoxy-4-propenyl-phenol (isoeugenol) 15.12 164 L–G
Phenol, 
2-methoxy-4-propyl-(4-propylguaiacol)

16.02 138 L–H

Phenol, 2-methoxy-4-(1-propenyl)- 16.55 138 L–H
3-Methoxy-5-methylphenol 17.03 164 L–G
Phenol, 4-(3-hydroxy-1-propenyl)-2-methoxy- 17.70 164 L–G
Phenol, 2,6-dimethoxy-4-(2-propenyl)-(4-allyl 
syringol)

18.61 194 L–S

Benzene, 1,2,4-trimethoxy-5-(1-propenyl)-,  
(Z)-

18.95 208 L–S

Phenol, 2,6-dimethoxy-4-(2-propenyl)- 19.74 194 L–S
Ethanone, 1-(2,6-dihydroxy-4-meth-oxyphenyl)- 22.07 182 L–G
1,2-Dimethoxy-4-n-propyl benzene 23.64 180 L–S
2,6-Dimethoxyphenol (syringol) 24.80 154 L–S
1,2-Dimethoxy-4-n-propylbenzene 26.27 180 L–S

C phenylcoumarane substructures, L–H lignin p-hydroxyphenylic, L–G  lignin guaiacylic, L–S 
ligin syringylic
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solvents, finding that the decomposition temperature decreased with decreasing 
molecular weight (Jiang et al. 2017). Figure 5.11 shows the thermal behavior of five 
lignin samples obtained from different isolation processes. Obviously, one of the 
samples still contained solvent residuals.

5.2.2.4  Microscopy and X-ray Techniques

In addition to thermal analyses, microscopic methods are used to study the surface 
and morphology of biomass components, including via scanning electron micros-
copy (SEM). SEM is traditionally used to give high-resolution topographical infor-
mation about the material surfaces. Conventional SEM techniques produce limited 
material contrast between organic species and require coating of the samples to 
avoid buildup of negative charge and associated image distortion. Contrast can 
sometimes be obtained using selective stains. For example, KMnO4 is known to 
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Fig. 5.10 Size-exclusion chromatography (SEC) analysis of two kraft lignins (LE1 first fraction, 
PL purified lignin) precipitated at pH 2 with H2SO4

Table 5.5 Molecular weights (Mn, MW) and polydispersity (PD) of two different kraft lignin 
extracts (LE1 and PL) obtained via SEC (PS standard)

Extract Mn (g mol−1) MW (g mol−1) PD

LE1 163 1490 9.1
PL 252 2343 9.3
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Fig. 5.11 Thermal gravimetric analysis (TGA) curves for lignins isolated via different processes: 
steam explosion (red, “LigDampf”), hydrolysis (green, “Ligsäure”), Organosolv (blue, orange, 
Orga 38 L, Orga 76), and AFEX (black, AFEX-wässr)

Fig. 5.12 Scanning electron microscopy (SEM) image of beechwood lignin isolated via 
Organosolv process
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stain lignin and has been used to determine lignin distribution in plant cell walls 
(Fromm et al. 2003). Hansen et al. used SEM to study the morphology of beech-
wood lignins isolated via Organosolv at neutral and acidic conditions (Hansen et al. 
2016). As an analogue to these findings, Fig. 5.12 shows one typical surface of a 
beechwood lignin with rounded semispherical shape and open spaces on the rough 
surface.

To obtain even more detailed morphological information, various X-ray tech-
niques can be used including X-ray diffraction (XRD), and scattering such as small- 
and wide-angle X-ray scattering (SAXS, WAXS) (Santos et al. 2014; Giannini et al. 
2016). Xu and colleagues studied the structure of biomasses using both WAXS and 
SAXS, showing that biomass goes through structural change in both crystalline and 
amorphous domains during acid and alkali pretreatments (Xu et  al. 2013). 
Vivekanand and colleagues studied lignin morphology using XRD on samples iso-
lated at different pH values (Vivekanand et al. 2014). Figure 5.13 shows a typical 
diffractogram of the amorphous lignin morphology.

5.2.3  Antioxidant Activity and Total Phenol Content of Lignin

From their polyphenolic structure, lignins bear a number of interesting functional 
properties, such as antioxidant activity. Kraft lignin from wood sources in the pulp 
industry was reported to be as efficient as vitamin E to protect the oxidation of corn 
oil (Dong et al. 2011). Most antioxidant effects of lignins are considered as derived 
from the scavenging action of their phenolic structures on oxygen-containing reac-
tive free radicals (Sun et al. 2014). For characterization of the antioxidant activity of 
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Fig. 5.13 Typical X-ray diffractogram of Kraft lignin
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naturally occurring phenolic compounds, a method using 1,1-diphenyl-2-picrylhy-
drazyl (DPPH) as a reactive free radical is now recognized as allowing search for 
radical scavenging ability depending on the electronic structure of the flavonoids 
and catechins. The reactivity of DPPH is far lower than that of oxygen-containing 
free radicals (OH, RO, ROO, O2), and in contrast to those the interaction rate is not 
diffusion controlled. Rather good conformity of the results obtained by the DPPH 
method and by the tests of the methyl linoleate auto-oxidation and the 2,2′-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical cation scavenging has 
been reported (Dizhbite et al. 2004). As their free radical scavenging ability is facili-
tated by their hydroxyl groups, the total phenolic concentration could be used as a 
basis for rapid screening of antioxidant activity (Baba and Malik 2015). The method 
of determination of the level of total phenolics is not based on absolute measure-
ments of the amounts of phenolic compounds but rather on their chemical reducing 
capacity relative to gallic acid. It is very important to point out that there is a posi-
tive relationship between antioxidant activity potential and amount of phenolic 
compounds of the biomass. The content of total phenolic was determined based on 
the absorbance values of the various extract solutions, reacted with Folin–Ciocalteu 
reagent, and compared with the standard solutions of gallic equivalents (Amzad and 
Shah 2015). In our studies we could not only confirm the literature data but also 
improve the antioxidant activity of Kraft lignin extracts. Thus, the antioxidant activ-
ities of the purification fractions, according to the method described by Garcia  et al. 
(2014), are between 60% and 68%, whereas Labidi when using analogue isolation 
conditions obtained values up to 54.76%. In addition, the kraft lignins (samples LE1 
and PL) were compared with grass-based lignins (GL-M) and soft wood lignin, both 
obtained via Organosolv treatment (OL-SW). The Organosolv lignin DPPH inhibi-
tions were 31% and 42%, respectively. Total phenol contents of LE1 and PL are 
29.3% and 30.7%, respectively, whereas the value reported by Labidi et  al. was 
29.61%. GL-M and OL-SW have TPC values of 34.2% and 34.1%, respectively. 
Those results show no correlation between the antioxidant activity values and the 
total phenol content values.

5.2.4  Storage and Temperature Effects on Lignin Structure

The macromolecule structure of lignin makes it unstable; it can be fragmented 
under certain conditions such as storage, temperature, or daylight. Storing lignin 
purification extracts for 45 days at room temperature caused structural changes that 
were monitored by thin-layer chromatography (TLC). The solvent system used for 
the study was 90% ethanol and 10% n-hexane. LE1 shows three spots: one dense 
spot at the baseline is the spot of lignin, the second spot is small and light, located 
in the middle of the TLC sheet, and the third is a large spot traveling with the mobile 
phase. After 45 days of storage, TLC was repeated for the fractions, showing that 
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the spot in the middle for LE1 looked denser and larger than that for fresh LI1, 
meaning that there are new fragments in lignin caused by storage. SEC (GPC) anal-
ysis of both stored and fresh extracts shows this fragmentation clearly (Fig. 5.14) 
where new peaks at smaller molecular weights (45 g mol−1 and 73 g mol−1) appear 
for the stored samples. The fragmentation was not caused by temperature because 
the samples were stored at fixed temperature up to 25 °C, nor by any chemical inter-
action; they also were stored in aluminum foiled vials to prevent the daylight effect. 
So, most probably it is the storage effect.

The samples were dried at different temperatures: 25, 40, 60, 70, and 90 °C. TLC 
spotting showed no change in the PL spot at 25 °C and 40 °C, but a new spot for PL 
was traveling with the solvent system at 60, 70, and 90 °C in addition to the lignin 
spot. The second spot (in the middle of the TLC plate) of the LE1 fraction became 
denser and larger than that in the dried fraction at 25 ° and 40 °C. The TGA was 
measured for the lignin extracts according to Vallejos et al. (2011). The curve of 
LE1 shows the temperatures where lignin degrades, those temperatures being 
mainly 60, 380, and 880 °C. The degradation temperatures for PL are 60, 390, and 
900 °C. Figure 5.15 shows the TGA curve of LE1.

Fig. 5.14 SEC analysis of freshly isolated versus stored lignin (sample LE1)
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5.3  Lignin Valorization and Potential Applications

5.3.1  Lignin-Based Polymer Blends, Composites, 
and Hydrogels

The nontoxic, complex, and natural phenolic nature of lignin has made it increas-
ingly important in many industrial applications. Recent studies have shown that 
lignins have been used as dispersants, adsorbents in solution, bioplastics, nano-
composites, bio-surfactants, and phenolic resins (Sa’don et al. 2017). Most of the 
reported lignin-based polymeric materials are highly cross-linked networks result-
ing from the multifunctionality of the lignin precursors. Recently, thermoplastic 
materials based on lignin and lignin derivatives have attracted increasing interest for 
their improved processability and recyclability relative to those of the thermosetting 
polymer networks. The transformation of lignin into value-added thermoplastic 
materials is expected to provide cost-effective and biodegradable alternatives for 
petroleum-based thermoplastics and to address the problem of papermaking waste 
disposal. However, the rigid nature, relatively low molecular weight, and high poly-
dispersity of technical lignin still hinder the development of high-performance ther-
moplastic materials. To improve the thermoplasticity of lignin, plasticizers or 
polymers with low glass transition temperature (Tg) values are usually integrated 
with lignin by blending or chemical modifications (Wang et al. 2016a, b). Domenek 
and colleagues studied the influence of lignin based on botanical origin on PLA. Tg 
was found to be decreased by addition of lignin because of the plasticizing effects 
of low molecular weight lignin fractions. Mechanical properties such as tensile 
strength and elongation at break were slightly decreased by addition of lignin based 
on two effects: “addition of high molecular mass lignin lead to an increase of yield 
strength and decrease of stress at break, while the plasticization of PLA by low 
molecular mass lignin lead to a decrease of yield strength and an increase of strain 
at break” (Domenek et al. 2013). Oxygen permeability was decreased by 20% by 
the addition of 10% lignin. In starch-based films, lignin was found to enhance plas-
ticity along with better mechanical strength (Wu et al. 2009). In addition, soda and 

Fig. 5.15 TGA thermal 
analysis of a kraft lignin 
(sample LE1)
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kraft lignin are reported to improve the barrier and physicochemical properties of 
biopolymer films. Bhat and others studied the effect of lignin from oil palm black 
liquor waste in comparison to commercial alkali lignin on starch-based films. 
Addition of lignin in starch-based films resulted in dark brown films with a decreased 
brightness. An increase in tensile strength and Young’s modulus was measured in 
films by incorporation of lignin isolated from black liquor waste in a concentration 
up to 3%. Improvement of tensile strength was attributed to “partial miscibility 
between sago starch and lignin fractions as well as to the presence of hydrophilic 
groups in lignin” and hydrogen bond, whereas partial miscibility results from low 
molecular weight lignin fractions (Bhat et  al. 2013). Greater amounts of lignin 
showed a reduction of mechanical properties attributed to weak interfacial adhesion 
between hydrophilic starch and hydrophobic lignin. However, incorporation of 
commercial lignin showed a significant decrease of tensile strength and Young’s 
modulus compared to control and isolated lignin films, but an increase of elongation 
at break. Furthermore, water vapor permeability as well as water solubility were 
reduced by incorporation of lignin, which had stronger effects than commercial 
lignin. Wu and colleagues proved synergistic interactions among cellulose, starch, 
and lignin in mechanical properties of their ternary composites compared to cellu-
lose/starch and cellulose/lignin blended films. At high cellulose content, incorpora-
tion of lignin significantly reinforced the mechanical strength of composites. 
Optimum strength was achieved at higher cellulose and lignin content with a lower 
level of starch content, whereas optimal flexibility occurred at higher cellulose con-
tent with a middle level of lignin and starch content (Wu et al. 2009).

Hydrogels are defined as three-dimensional network structures formed by natu-
ral or synthetic polymers able to incorporate large amounts of solvents (water). 
Biopolymer-based hydrogels have recently received considerable attention for 
applications in biomedical and biotechnological fields, including enzyme immobi-
lization, tissue engineering, drug delivery, and biosensors, for reasons of their inher-
ent biocompatibility and biodegradability (Park et al. 2015; El Khaldi-Hansen et al. 
2017). Ciolacu and colleagues studied the combination of biocompatibility with 
tissues and blood, nontoxicity, and low price of cellulose with the antioxidant and 
free radical scavenger properties of lignin. Thus, new cellulose–lignin hydrogels 
were obtained with the aim for testing in cosmetic and pharmaceutical applications 
(Ciolacu et al. 2012). Raschip and others developed a hydrogel complex containing 
xanthan and lignin. They found that the addition of different lignin types can result 
in different surface adhesion morphology and structure, which lead to different ther-
mal properties of the final products (Raschip et al. 2013).

5.3.2  Composites Based on Lignin and Cellulose

Cellulose is the most abundant natural polymer on earth and is a linear polymer of 
anhydroglucose. Resulting from its chemical structure, cellulose is hydrophilic in 
nature, and a highly crystalline, fibrous, and insoluble material. Cellulose-based 
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materials offer advantages such as “edibility, biocompatibility, barrier properties, 
aesthetic appearance, being non-toxic, non-polluting and having low cost” (Tajeddin 
2015). Hydroxypropyl methylcellulose (HPMC) is an edible plant derivative shown 
to form transparent, odorless, tasteless, oil-resistant, and water-soluble films. In 
addition, they are biodegradable and provide very efficient oxygen, carbon dioxide, 
and lipid barriers (Imran et al. 2010). However, the high water sensitivity of HPMC 
produces a loss of barrier properties of the packaging or even solubilization into 
foods with high water activities. This behavior prevents its industrial application. 
Additionally, HPMC has poor mechanical resistance, low elasticity, and a rigid and 
breakable behavior (Sebti et al. 2007), but is still suitable for edible coating pur-
poses. Up to now, HPMC has been used in food industry as an emulsifier, film for-
mer, protective colloid, stabilizer, suspending agent, or thickener, and is approved 
for food uses in Europe (EC 1995).

After cellulose, chitosan is the second most abundant natural polymer on Earth, 
and known to possess excellent mechanical and thermal properties. It is extracted 
from crustaceous shells such as crabs, shrimp, and prawns. Because of their high 
crystallinity, chitosan fibers have been used as a reinforcement in composite materi-
als, although these are not as widespread as synthetic fibers. Chitosan has been 
found to be nontoxic, biodegradable, biofunctional, and biocompatible. In addition 
to film-forming properties, it has antibacterial and antifungal activities (Tanjung 
et al. 2016). Being able to form active, edible, or biodegradable films, chitosan films 
or coatings offer a moderate barrier against oxygen and good carbon dioxide barrier 
properties. They tend to exhibit fat and oil resistance and selective permeability to 
gases, but lack resistance to water transmission; this results from the strong hydro-
philic character of polysaccharides, leading to an interaction with water molecules. 
Furthermore, chitosan coatings limit the contamination on the food surface. 
Compared to HPMC, chitosan films have better mechanical properties, shown in 
higher tensile strength, Young’s modulus, and elongation at break, but a higher 
affinity to water, resulting in greater water vapor permeability (Sánchez-González 
et al. 2011).

Incorporation of lignin to cellulose and chitosan polymers enhances the mechan-
ical properties and water vapor permeability because it has multiple functionalities 
(Wang et al. 2016a, b). Wu and colleagues proved synergistic interactions among 
cellulose, starch, and lignin in mechanical properties of their ternary composites 
compared to cellulose/starch and cellulose/lignin blended films (Wu et al. 2009).

In our studies, we found that at high cellulose content incorporation of lignin 
significantly reinforces the mechanical strength of corresponding cellulose/lignin 
composites. Optimum strength was achieved at higher cellulose and lignin content 
with a lower level of starch content, whereas optimal flexibility was found at higher 
cellulose content with a middle level of lignin and starch content. Accordingly, we 
currently investigate composites based on cellulose, lignin, and chitosan: HPMC 
film-forming solutions are prepared using the procedure described by Sebti et al., 
dissolving 3 parts of HPMC in 200 parts of 0.01 mol l−1 HCl solution, 100 parts of 
absolute ethanol, and 10% (w/w HPMC) PEG 400 (Sebti et al. 2007): 25 ml of the 
solution was plated onto a glass slide and dried at room temperature for 36  h. 
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HPMC-lignin film-forming solutions were prepared by dissolving 5%, 10%, 15%, 
20%, 25%, and 30% of the first fraction of the purification of kraft lignin (LE1) in 
the smallest amount of DMSO, then added to the HPMC-film forming solution 
mentioned previously, and stirred for 15 min at room temperature (RT): 25 ml poly-
mer solution was plated onto a glass and dried at RT for 36 h. HPMC-Organosolv 
lignin (OL-SW) was prepared the same way and compared with the Organosolv 
grass lignin (GL-M). The HPMC film is transparent and water soluble. Water solu-
bility decreases with the addition of lignin. The color of the films was light honey 
and became denser with the addition of lignin. The brittleness appears at the addi-
tion of 25% of LE1 and GL-M and at 20% OL-SW, whereas lignin release starts at 
30% LE1 and 20% OL-SW; GL-M films did not exhibit any release. Primary anti-
microbial tests on the films against gram-positive bacteria prove the activity of the 
films against Staphylococcus aureus. The films were not active against gram-nega-
tive bacteria, for example, Escherichia coli, and hence, the addition of chitosan was 
the key. Chitosan (85% deacetylated) was added to the HPMC-lignin film solutions 
at 5%. Lignin release appeared at lower percentages starting from 20% in kraft lig-
nins and 15% in Organosolv lignins, whereas at higher percentages the films exhib-
ited chitosan release.

5.3.3  Antimicrobial Activity of Lignin to Be Used 
in Biomedicine

Technical lignins contain numerous chemical functional groups, such as phenolic 
hydroxyl, carboxylic, carbonyl, and methoxy groups, analytically studied in detail 
by numerous researchers and recently reviewed by Lupoi and colleagues (Lupoi 
et al. 2015). The phenolic hydroxyl and methoxy groups contained in lignin have 
been reported to be biologically active. Different types of lignins possess antimicro-
bial, antioxidant, and UV absorption properties. Various investigations have sug-
gested that lignins can be applied to stabilize food and feedstuffs because of their 
antioxidant, antifungal, and antiparasitic properties (Yang et al. 2016). The litera-
ture describing the biological properties of technical lignins has grown rapidly in 
the past 10 years, as reviewed by Espinoza-Acosta (Espinoza-Acosta et al. 2016).

In 2015, Richter and colleagues reported the synthesis of environmentally benign 
antimicrobial nanoparticles based on a silver-infused lignin core. The authors 
emphasize that their results illustrate “how green chemistry principles including 
atom economy, the use of renewable feedstocks and design for degradation can be 
applied to design more sustainable nanomaterials with increased activity and 
decreased environmental footprint” (Richter et al. 2015).

Additionally, other properties such as anticarcinogenic, apoptosis-inducing, anti-
biotic, and anti-HIV activities have been reported in lignin–carbohydrate complexes 
(LCCs). Commodity products with antioxidant or antimicrobial properties, such as 
sunscreen lotions, biocomposites, and clothes that use lignin as a natural ingredient 
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have been prepared, and their characterization has shown promising results 
(Vinardell and Mitjans 2017).

The biocidal activity of lignin allows reducing the environmental problems 
related to use of silver nanoparticles and could improve, as an example, the release 
of active principles in agriculture. Some studies have shown that lignin has an anti-
microbial effect, even when it was incorporated into polyethylene film and applied 
in the finishing processes of textiles. However, none of these investigated the mech-
anism of the antibacterial activity of lignin when included in polymeric matrices. 
Lignin nanoparticles that are incorporated into PLA systems containing nanocrys-
tals revealed an innovative capacity to inhibit bacterial growth (Yang et al. 2016).

Besides lignin-based polyurethane foams and resins for construction and insula-
tion, in future the target of lignin valorization will particularly include the develop-
ment of lignin-based hybrids and nanoparticles for tissue engineering and 
drug-release applications (Beisl et al. 2017).

5.3.4  Structure–Property Relationship: Effects of Resource, 
Purification, and Storage on Antioxidant 
and Antimicrobial Activity

Extraction and purification of kraft lignin from black liquor (BL) lead to differences 
in properties such as antioxidant activity and antimicrobial activity. Lignin was 
extracted and purified from three different batches of BL, from the same biomass 
and the same pulping process. The DPPH assay and the TPC assay were used for the 
lignin extracts showing that there is a difference in the activities. The results prove 
that the harvesting time and age of the plants, as a source of the BL, have an influ-
ence on the properties of the extracts. Figure 5.15 shows the DPPH inhibitions and 
the TPC of four extracts of KL from three different batches of BL. LE1 is the prod-
uct of acidic precipitation by H2SO4 at a pH value of 2. The ether soaking product 
of LE1 is LE1 DEES. LES2a is the product of selective extraction by acetone and 
diethyl ether and PL is the product of selective extraction by ethanol. In the same 
Fig. 5.16, the effect of purification on the antioxidant activity and the total phenol 
content is clear. The available report on lignin model compounds suggests that free 
phenolic hydroxyl groups are crucial for antioxidant activity, while the aliphatic 
hydroxyl groups show a negative correlation. The radical scavenging activity of 
phenolic compounds depends on the rate of abstracting the hydrogen atom from a 
phenol molecule by a free radical and also on the stability of the radical formed. 
This abstracting ability was increased if some additional conjugation with substitu-
ents took place (Barapatre et al. 2016).

Son and Lewis observed that the inhibition of DPPH radicals scavenging activity 
occurred when the hydroxyl group was replaced by the methoxy group (di-ortho-
phenolic motif, or a methoxyphenol motif or a dimethoxy phenyl ring). They found 
the most potent radical scavengers are the antioxidants with di-orthophenolic struc-
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ture, then the mono-phenolic compounds, and finally, with very low radical inhibi-
tion capacity, the compounds with both hydroxyl groups methylated (Son and Lewis 
2002).

The storage of KL extracts has an influence on the SEC analysis as discussed 
earlier in this chapter, causing fragmentation of lignin and producing smaller com-
pounds. This activity may also have an effect on the antioxidant and antimicrobial 

Fig. 5.16 Antioxidant activity of lignins depending on isolation and purification conditions: 
DPPH inhibitions and total phenol content (TPC) of three sources of KL extracts
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activity, depending on the structure of those fragments. Further studies on the stor-
age effect on both antioxidant activity and total phenol content are ongoing.

Dumitriu and Popa (2013) have found that the main determining factor of the 
antimicrobial effect of lignin correlates with the phenolic components, specifically 
the side-chain structure and the nature of the functional groups. Typically, the pres-
ence of a double bond in α-, β-positions of the side chain and a methyl group in the 
γ-position grants the phenolic fragments the greatest potency against microorgan-
isms. A primary antimicrobial study done on KL extracts against gram-positive and 
gram-negative bacteria, respectively, showed that LE1 is the only extract of the 
purification that is active against Staphyloccus aureus and Listeria monocytogenes 
(gram-positive bacteria), and none of the extracts is active against Escherichia coli 
(gram-negative bacteria). LE1 was kept as the only active extract to demonstrate the 
effect of purification on the antimicrobial activity (Dumitriu and Popa 2013).

5.3.5  Applications of Lignin-Based Polymers in Packaging

Packaging is one of the most demanding industries all over the world. Up to now, 
packaging materials have been increasingly made of petrochemical-based polymers 
such as poly(ethylene) (PE), poly(propylene) (PP), or poly(ethylene terephthalate) 
(PET). As a central focus to reduce waste and to save resources, there is a high inter-
est in packaging materials based on renewable resources. Similarly to the protection 
of the food or product from the surroundings, one of the further interests is to main-
tain the quality of the food throughout the product shelf life (Siracusa et al. 2012). 
Extending the shelf life in several types of food, edible films or coatings can be used 
to prevent hydration, microbial growth, oxidative rancidity, surface browning, and 
oil diffusion (Silva-Weiss et al. 2013). The control of the microbiological decay of 
perishable food products is possible by using “active food packaging” containing 
antimicrobial agents that can reduce, inhibit, or delay the growth of microorganisms 
in food. The requirements for packaging materials are appropriate mechanical per-
formance (such as tensile strength and elongation at break), functional properties 
(such as barrier to oxygen, carbon dioxide, water vapor, anhydride and aromatic 
compounds), and physical properties (i.e., appearance such as opacity and color) 
(Siracusa et al. 2012; Silva-Weiss et al. 2013).

Furthermore, active packaging materials need bioactivity such as antioxidant, 
antimicrobial, and anti-browning activities. Plastic packaging does have some dis-
advantages, however. It can often be contaminated by foodstuffs or biological sub-
stances. Because of such contamination, recycling these materials is not effortless, 
and the recovery cost is often higher than the cost of producing virgin plastic. As a 
consequence, several thousand tons of goods made from plastic materials are sent to 
landfills every day, increasing the amount of municipal waste. Hence, biodegrad-
able polymers based on renewable resources have been studied to overcome the 
plastic waste problem. In general, biodegradable polymers have attracted attention 
in recent years as a replacement for conventional petroleum-based plastics. However, 
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commercial utilization of bio-based polymers in packaging is still limited to a rather 
small percentage as these are more expensive than conventional fossil-based plas-
tics (Sam et al. 2014).

5.4  Conclusions

Lignocellulosic biomass serves as one of the most important and relevant renewable 
resources. Thus, appropriate LCF biorefinery concepts are under intensive investi-
gation for the production of bioenergy, biofuels, and a number of bio-based chemi-
cals including building blocks, intermediates, and fine chemicals. Special focus is 
drawn to lignin isolation from LC feedstock because of its importance as a unique 
source for aromatic building blocks. For large-scale industrial applications, it would 
be beneficial to use kraft lignin extracted from black liquor, available from the pulp 
and paper industry. The purification of kraft lignin extracted from black liquor has 
been proofed through detailed analytical characterization. In addition, antioxidant 
and antimicrobial activities of lignin extracts are reported. Thus, lignin is a potential 
additive to be incorporated in commercially interesting biopolymers for packaging 
applications, such as cellulose or chitosan materials. Future work will focus on the 
effect of lignin storage on both antimicrobial and antioxidant activities. In addition 
to packaging, antimicrobial active lignin-based composites are very attractive for 
biomedical applications such as drug-release materials.
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Chapter 6
Microalgae for Industrial Purposes

Mario Giordano and Qiang Wang

Abstract The use of microalgae for the production of compounds of commercial 
relevance has received substantial interest in recent years, mostly because these 
organisms contain a plethora of valuable compounds and their high turnover rate 
and functional plasticity make them relatively easy to cultivate for the production of 
biomass and added-value molecules. The metabolic flexibility of algae allows using 
them for many commercial applications, but it also makes it easy for cultures to 
diverge from the intended biomass quality. A thorough comprehension of the prin-
ciples that control growth and carbon allocation is therefore of paramount impor-
tance for effective production of algal biomass and derived chemicals. In this review, 
we intend to provide basic but exhaustive information on how algae grow and on 
their biotechnological potential. In addition to this primary goal, we also give the 
reader a succinct panorama of culturing systems and possible applications.

Keywords Algae • Carbon allocation • Genetics • Culture • Cell composition • 
Stoichiometry • Biofuel • Food • Feed

6.1  Introduction

The use of microalgal biomass for capturing CO2, for the production of biofuel and 
pharmaceutical and nutraceutical products, as food and animal feed, and for waste-
water treatment has recently become a focal point for research and the object of 
public interest (e.g., Rasala et al. 2014). Part of this growing popularity is due to the 
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fact that microalgae are very versatile in their utilization. Furthermore, they repre-
sent an excellent alternative to land crops: with their fast turnover rates, microalgae 
can produce large amounts of biomass in a relatively small volume and within a 
relatively short time. Furthermore, microalgae cultivation can be carried out on land 
of low agricultural value, thus avoiding competition with traditional crops. Because 
of the unique metabolic plasticity of microalgae, it is relatively easy (and certainly 
easier than for most terrestrial embryophytes) to optimize resource allocation in the 
cell to favor the production of selected compounds, by controlling culture condi-
tions. Their high photosynthetic yield and efficiency make microalgae potentially 
capable of capturing substantial amounts of CO2, thereby contributing to the mitiga-
tion of global climate change, especially if microalgae cultures can be fed with flue 
gases from fossil fuel combustion.

In spite of the foregoing considerations and although the commercial production 
of microalgae has a rather long history (e.g., Ben-Amotz 2004), progress in the 
design of production plants and, in general, in the technologies (both biological and 
engineering) used to commercially exploit algae (Table 6.1) has been rather slow. 
The causes of this are various, with a great contribution attributable to  the fact 
that  players on the market tend not to share information (Grobbelaar 2009). 
Furthermore, algal cultivation is often conducted by operators who lack a thorough 
understanding of the physiology of these organisms, thus having limited ability to 
identify and solve the problems that may arise from their functional complexity. 
This chapter intends to highlight the crucial aspects of algal physiology and to sug-
gest ways to avoid difficulties and facilitate the attainment of biomass of a defined 
quality or of specific compounds. To do so, we provide some basic information on 
how algae fix and allocate carbon and on how culture conditions can influence the 
organic composition of cells. We also discuss how the chemical composition of 
culture media affects algal growth and biomass quality. Finally, we provide exam-
ples of applications in which physiological knowledge may bring obvious 
advantages.

6.2  What Are Algae?

In the words of Raven and Giordano (2014), “algae frequently get a bad press. Pond 
slime is a problem in garden pools, algal blooms can produce toxins that incapaci-
tate or kill animals and humans and even the term seaweed is pejorative, a weed 
being a plant growing in what humans consider to be the wrong place. Positive 
aspects of algae are generally less newsworthy.” Giving a scientific sound definition 
of “algae” is not an easy task: algae are organisms that produce O2 as a waste prod-
uct of their photosynthesis, but are not “higher plants” (embryophytes) (Raven and 
Giordano 2014). According to this definition, prokaryotic (cyanobacteria) and 
eukaryotic photosynthetic organisms are algae. In the group of organisms included in 
this definition, we find organisms in an approximate size range from 1 μm to 1 mm, 
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Table 6.1 Main algal species used in biotechnological applications (the information reported in 
this table was mainly obtained from Enzing et al. 2014 and Borowitzka 2016)

Species Phylum and class Product
Production 
status

Artrospira platensis Cyanophyta, 
Cyanophyceae

Biomass as dietary 
supplement

Mass 
production

Chaetoceros muellerii Bacillariophyta, 
Bacillariophyceae

Biomass as dietary 
supplement

Small scale

Chlorella vulgaris Chlorophyta, 
Chlorophyceae

Canthaxanthin, 
astaxanthin, 
β-carotene, biomass as 
dietary supplement

Mass 
production

Crypthecodinium 
cohnii

Miozoa, Dinophyceae Docosahexanoic acid Mass 
production

Dunaliella salina Chlorophyta, 
Chlorophyceae

β-Carotene, glycerol Mass 
production

Hematococcus 
pluvialis

Chlorophyta, 
Chlorophyceae

Astaxanthin, 
cantaxanthin, lutein

Mass 
production

Isochrysis spp. Chlorophta, 
Chrysophyceae

Biomass as dietary 
supplement

Mass 
production

Nannochloropsis spp. Ochrophyta, 
Eustigmatophyceae

Eicosapentanoic acid Small scale

Nitzschia closterium Bacillariophyta, 
Bacillariophyceae

Eicosapentanoic acid Research

Nostoc commune Cyanophyta, 
Cyanophyceae

Biomass as dietary 
supplement

Collected, not 
cultivated

Nostoc flagelliforme Cyanophyta, 
Cyanophyceae

Biomass as dietary 
supplement

Collected, not 
cultivated

Nostoc sphaeroids Cyanophyta, 
Cyanophyceae

Biomass as dietary 
supplement

Collected, not 
cultivated

Odontella Bacillariophyta, 
Mediophyceae

Eicosapentanoic acid, 
docosahexanoic acid

Small scale

Pavlova lutherii Haptophyta, 
Pavlovophyceae

Biomass as dietary 
supplement

Research

Phaeodactylum 
tricornutum

Bacillariophyta, 
Bacillariophyta incertae 
sedis

Eicosapentanoic acid Small scale

Porphyridium 
cruentum

Rhodophyta, 
Protoflorideae

Biomass as dietary 
supplement, 
arachidonic acid, 
triacylglycerols

Small scale

Scenedesmus 
almeriensis

Chlorophyta, 
Chlorophyceae

Lutein, β-carotene Research

Skeletonema spp. Bacillariophyta, 
Bacillariophyceae

Biomass as dietary 
supplement

Small scale

Tetraselmis spp. Chlorophta, 
Prasinophyceae

Biomass as dietary 
supplement

Research
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highly phylogenetically and morphologically diverse (and this diversity has only 
been minimally explored; de Vargas et al. 2015), with an extremely broad range of 
growth rates (Fig. 6.1).

6.3  Algae Produce Biomass Through Photolithotrophy, 
Heterotrophy, or Mixotrophy

Although the ability to carry out photosynthesis is certainly a key characteristic of 
algae, they are also capable of various degrees and various modes of heterotrophy. 
For some application, the ability of algae to combine autotrophy and heterotrophy 
can be advantageous, offering the ability to stimulate growth by supplying organic 
nutrients when light is not present or insufficient and when CO2 is subsaturating. 
The ability to grow on organic substrates can also be exploited in phytodepuration 
processes that require the treatment of dissolved or particulate organic matter, in 
addition to that of inorganic nutrients. A brief description of algal trophisms may 
help the comprehension of the ensuing topics.

Fig. 6.1 The algae are extremely diverse in morphology (a), phylogeny (b), growth potential (c), 
and size (d). The information in b refers to eukaryotic algae and was derived from Knoll (2003) 
and Brodie et al. (2017). The growth rates in c are unpublished data; the species are not identified 
because of non-disclosure agreements
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6.3.1  Photolitothrophy

Photosynthesis is a mode of nutrition that uses inorganic carbon in a light- dependent 
process to generate organic compounds (photolithotrophy). In photosynthesis the 
generation of energy in the form of reductants and ATP is conducted on the photo-
synthetic membranes, which in eukaryotes are located in the chloroplast (Chen 
et al. 2015a). The photosynthetic generation of reductants is the consequence of the 
excitation of specialized chlorophyll a molecules, which initiate an electron transfer 
along a redox gradient. This redox energy is employed chemo-osmotically (Mitchell 
1961) to produce ATP, whereas the electrons are finally allocated onto soluble mol-
ecules (e.g., ferredoxins and NADPH) that can then be employed in metabolism 
(Schmollinger and Merchant 2014). The production of ATP and reductants is thus a 
function of the amount of photons captured by the so-called antenna systems, par-
tially modulable ensembles of pigment–protein complexes. The energy made avail-
able by the processes occurring on photosynthetic membranes is then employed for 
the assimilation of primarily inorganic carbon. Appreciable proportions of reducing 
power and ATP are also used to acquire and assimilate other nutrients (N, P, S, etc.) 
and for various metabolic processes. CO2 assimilation is carried out through the 
carboxylation of pentose ribulose bisphosphate (RuBP) with the catalysis of the 
enzyme ribulose bisphosphate carboxylase/oxygenase (Rubisco) (Marcus et  al. 
2011). The enzyme rubisco can also catalyze the oxygenation or RuBP, and O2 and 
CO2 compete with each other at the active sites of rubisco (Bowes et al. 1971). The 
presence of O2 in the gas phase decreases the efficiency and yield of photosynthesis 
and leads to a conspicuous increase in the energetic cost of CO2 fixation. Although 
in the course of evolution the ability of rubisco to favor carboxylation versus oxy-
genation has increased, no rubisco present today on the planet is capable of con-
ducting carboxylation in the absence of oxygenation (Giordano et al. 2005). Most 
algae (Raven et al. 2005, 2008, 2012) overcome the difficulties associated to the 
double activity of rubisco (carboxylation and oxygenation) and the low CO2:O2 
ratio in the extant atmosphere by expressing CO2-concentrating mechanisms 
(CCMs) that pump CO2 toward rubisco in an energy-dependent matter (Giordano 
et al. 2005; Raven et al. 2014). The CCMs are of various sorts and their modulation 
is strongly responsive to the CO2:O2 ratio in the environment. The activity of CCMs 
may also depend on factors that are distinct from the availability of CO2 and O2: the 
presence of CCMs allows algae to decrease the amount of rubisco in the cell and 
this leads to substantial savings in N, S, and also to an enhanced Fe and light use 
efficiency (Beardall and Giordano 2002; Raven et al. 2014); the availability of these 
resources can therefore have a role in the modulation of CCMs (Beardall and 
Giordano 2002; Raven et al. 2008, 2012, 2014). Elevated CO2 leads to the down-
regulation of CCM (Giordano et  al. 2005). CCM downregulation allows cells to 
save the energy they would otherwise have invested into pumping inorganic carbon 
toward rubisco. However, this does not necessarily create a higher growth rate, 
because the energy saved is not always invested in growth, or growth limitation 
(before the CO2 increase) may not reside in CO2 (Giordano and Ratti 2013).
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6.3.2  Mixotrophy

Mixotrophy can be defined as the concomitant occurrence of photolithotrophy and 
chemo-organotrophy (use of exogenous organic C as the source of both energy and 
C for metabolism; also see Raven and Beardall 2016). The uptake of organic C can 
be carried out on a molecule-by-molecule basis (osmotrophy) or through the acqui-
sition of particles (phagotrophy) (Flynn et al. 2010; Raven et al. 2013). Algae are, 
for the most part, primarily photolithotrophs and recur to mixotrophy only when 
photolithotrophy is hindered by the scarcity of inorganic nutrients or light. There 
are, however, protists that, although they fall within the definition of “algae” sensu 
Raven and Giordano (2014), are primarily phagotrophic, but can photosynthesize 
under prey limitation. Finally, some organisms are obviously derived from photo-
synthetic organisms but are obligate chemo-organitrophs (Mitra et al. 2016). The 
ancestral condition in algae is probably that of obligate photolithotrophs (Beardall 
and Raven 2016), which is confirmed by the fact that basal cyanobacteria such as 
Glaeobacter violaceous (Blank and Sanchez-Baracaldo 2010) are incapable of 
chemo-organotrophy (Beardall and Raven 2016, and references therein). On the 
other hand, Raven et al. (2009) wrote that “without phagotrophy at the cell level 
there would be no photosynthesis in eukaryotes”; in other words, as the acquisition 
of the chloroplast is the consequence of a phagotrophic event, phagotrophy/mixot-
rophy appears to be an inherent property of eukaryotic photosynthetic organisms. It 
must be considered that primary endosymbiotic events, that is, those in which a 
heterotrophic prokaryote engulfed a photosynthetic prokaryote, have most likely 
been relatively rare, whereas subsequent secondary and tertiary endosymbiotic 
events, in which an eukaryote engulfed a photosynthetic eukaryote, may have 
occurred more readily (McFadden 2001; Gentil et  al. 2017; Lane 2017). Among 
extant algae, clades deriving from primary endosymbiosis are rarely mixotrophic, 
whereas mixotrophy is much more frequent in algae originated from secondary and 
tertiary endosymbiotic events (Beardall and Raven 2016). According to Raven 
(1995, 1997), the cost of the photosynthetic apparatus and the uptake systems for 
nutrients different from C sums up to about 50% of C, N, P, Fe, and of the energy 
cost to make a cell in a photolithotroph. The corresponding cost for the heterotro-
phic (phagotrophic) apparatus is less than 10% (also see Jones 2000 for further 
discussion on these matters). The advantage of mixotrophy over obligate photoli-
thotrophy and obligate photo-organotrophy emerges especially in the light (Jones 
2000), although the large number of possible nutritional conditions makes it hard to 
provide an univocal outcome of competition between organisms with different tro-
phisms. It should also be considered that chemo-organotrophy leads to greater C 
loss through respiration and thus can lead to an elemental stoichiometry with lower 
C relative to N, P, and Fe. The concomitant use of photosynthesis can compensate 
for such unbalance, to a variable degree (Beardall and Raven 2016). Osmomixotrophy 
may also be important to recapture leaked dissolved organic carbon (Raven and 
Beardall 2016).
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6.4  Cell Composition Results from a Combination 
of Genotypic and Environmental Constraints

The composition of cells is the result of the interaction of the genome with the envi-
ronment leading to the best suited structural and functional cell organization. The 
composition of the cell is thus strongly dependent on the condition in which cells 
live or are cultured. At the same time, because it depends on the genotype, cell com-
position is strongly species specific. Different genotypes will respond differently to 
the same kind of environmental perturbation, with different degrees of composi-
tional and functional homeostasis (Giordano 2013). The attitude to homeostatically 
retain cell composition is possibly also a function of growth rate: Fanesi et al. (2014) 
showed that, other things being equal, fast-growing microalgae have a lower ten-
dency to compositional homeostasis than slow-growing ones, because they have a 
higher probability of competitively taking advantage of the investment in reproduc-
tion, regardless of the duration of the perturbation (Giordano 2013). Depending on 
both the species and the type of environmental perturbations, cells can adjust their 
growth performance through (a) regulatory processes that do not require changes in 
the expressed proteome (Giordano 2013; Raven and Geider 2003); (b) the produc-
tion of new protein and the degradation of protein present before the perturbation 
was applied (acclimation); and (c) by changes in the genotype (adaptation) 
(Giordano 2013; Raven and Geider 2003). Most species, if maintained for a pro-
longed time in the same conditions, will tend to change their expressed proteome 
and acclimate to the environmental condition (Giordano 2013), and if a sufficient 
genetic heterogeneity is present in the population, genotype selection is also likely 
(Venuleo et al. 2017).

The consequences of these considerations for the commercial cultivation of 
microalgae are that (a) a tight match between genotype and cultural conditions must 
be ensured to obtain the desired end product; (b) stability of culture conditions is 
required to ensure constancy in the quality of the product and in productivity; and 
(c) a control of the genetic stability of the population is important to prevent a shift 
in dominance that may lead to the prevalence of a strain with non optimal character-
istics (from the commercial perspective).

6.4.1  Elemental Stoichiometry and Organic Cell Composition

Cell composition results from the availability of the various elements and their met-
abolic and structural requirements. Quigg et al. (2003, 2011) and Ho et al. (2010) 
reported the elemental composition for a large number of species cultured under 
presumably resource-replete conditions. The species-specificity of these cell stoi-
chiometries emerges clearly; macronutrients (i.e., C, N, P, S) generally show a 
higher degree of similarity than micronutrients across species (Giordano 2013 and 
references therein). An obvious reciprocal relationship exists between cell 
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stoichiometry and environmental chemistry; the oceanic “Redfield ratio” (Redfield 
1934) is a typical example of this. A mechanistic basis for the Redfield ratio was 
proposed by Loladze and Elser (2011), who suggested that the fairly constant ele-
mental stoichiometry of phytoplankton in the ocean, especially with respect to the 
N:P ratio, is imposed by the fact that rapid growth constrains the ratio between cell 
protein (main sink for N) and RNA (main sink for P) (e.g., Norici et al. 2011; Raven 
et al. 2012; Geider and La Roche 2002). The relative content of N:P can be used as 
a proxy for the protein to RNA ratio and this can be related to growth through the 
capacity for protein synthesis (growth rate hypothesis: Elser et al. 2011; Flynn et al. 
2010; Loladze and Elser 2011; Giordano et al. 2015b) It is worthwhile noticing, 
however, that the growth rate hypothesis does not always apply to microalgae (Flynn 
et al. 2010; Nicklisch and Steinberg 2009; but also see Giordano et al. (2015b).

In a commercial cultivation system, most likely, growth conditions are resource 
replete, which may lead to the fact that cell elemental composition does not reflect 
the requirement to achieve the maximum possible growth rate but is influenced by 
luxury accumulation of some elements (Giordano 2013).

Elemental composition is connected to the organic cell composition also because 
an imbalance between C and N (or C and P, or C and S) can lead to different C allo-
cation patterns. When, for instance, the C:N ratio is higher than the C:N ratio in 
protein and nucleic acids and the excess of C surpasses the requirement for struc-
tural non-N/P-containing pools, two options exist: the C in excess (relative to other 
nutrients) is not acquired (Kaffes et  al. 2010) or C is assimilated beyond strict 
growth requirements with a consequent increase in the size of pools that do not 
contain N and P, such as carbohydrates and lipids (Giordano et al. 2015a; Giordano 
and Ratti 2013; Montechiaro and Giordano 2010; Palmucci et al. 2011). Whether 
the excess C is allocated to carbohydrates or lipids depends on genotypic, energetic, 
and size constraints (Palmucci et al. 2011). The genotypic constraints are associated 
with the preference for some metabolic pathways by a species/strain (Palmucci and 
Giordano 2012). The energetic constrains are associated with the different cost of 
allocating C to carbohydrate or lipid and mobilizing it (Montechiaro and Giordano 
2010; Palmucci et  al. 2011); this of course becomes relevant only when energy 
availability (i.e., light; as is often the case in dense commercial cultures) limits 
growth (Ruan and Giordano 2017; Ruan et al. 2017). The spatial constraints occur 
because the lower hydration of lipids makes it easier for them to accumulate when 
space is limited (Palmucci et al. 2011). The outcome of an imbalance between C and 
N is thus not easily forecasted and should be assessed case by case.

6.5  Genetic Modification of Algae: Tools and Aims

The enormous pool of metabolic possibilities constituted by microalgae translates 
into a very large and mostly unexplored potential for applications. It also minimizes 
the need for genetic manipulations, because many functional variants are present in 
nature (although they may not all have been discovered yet). Many applicative 
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problems may be solved through the search of “natural” species/strains with the 
required metabolic capabilities. This notwithstanding, genetic manipulation is pos-
sible and, where allowed, it may offer the best solutions for specific problems 
(Gressel 2008). The generation of mutants is important for strain improvement for 
biotechnological applications, but it can also be used, in the secure space of a labo-
ratory, for functional analyses of genes and proteins. Few genetically modified 
strains of microalgae are used commercially nowadays, partially because molecular 
tools (e.g., efficient nuclear transformation, availability of promoter and selectable 
maker genes, and stable expression of transgenes) are not available for some com-
mercially important species (Amaro et al. 2011). However, recent developments of 
high-throughput technologies have enabled the profiling of mRNA, proteins, and 
metabolites, giving rise to the fields of transcriptomics, proteomics, and metabolo-
mics, respectively (Lee et al. 2010); these methodologies allow the comprehension 
of the consequences of genetic manipulation at the whole cell level, thus facilitating 
their application in a productive context.

Despite the increasing number of sequenced microalgae genomes, precise and 
programmable genome editing has been reported for only a few eukaryotic micro-
algae, such as the eustigmatophyte Nannochloropsis sp. (Kilian et  al. 2011), the 
green alga Chlamydomonas reinhardtii (Sizova et  al. 2013), the diatoms 
Phaeodactylum tricornutum (Nymark et al. 2016) and Thalassiosira pseudonana 
(Poulsen et al. 2006). The genome editing methods used for these studies (Daboussi 
et al. 2014; Hopes et al. 2016; Nymark et al. 2016; Shin et al. 2016; Wang et al. 
2016) (see following), together with the ever-growing number of tools for transgene 
expression, cloning, and transformation (e.g., Rasala et al. 2014; Scaife et al. 2015), 
open up very promising perspectives for the future of algal genetic manipulation.

The methods for targeted gene knockout and gene replacement based on homol-
ogous recombination (HR) have driven rapid progress in understanding many of the 
complex metabolic and regulatory networks in eukaryotic cells (Weeks 2011). The 
main obstacle for direct gene targeting is the low frequency of HR between nuclear 
genes and donor DNA. Recombination efficiency may be increased by the use of 
zinc-finger nucleases (ZFNs), which cut the genome at specific sites to facilitate 
HR. Sizova et al. (2013) published a nuclear gene targeting strategy for the green 
alga Chlamydomonas reinhardtii that is based on the application of ZFNs. In the 
case of C. reinhardtii, insertional mutagenesis to disrupt a gene of interest is com-
monly employed. For instance, by exploiting a collection of C. reinhardtii inser-
tional mutants originally isolated for their insensitivity to ammonium, Emanuel 
et al. (2016) found a strain that, in addition to its ammonium-insensitive (AI) phe-
notype, was unable to correctly express nitrogen assimilation genes in response to 
NO signals. The difficulty of extending this approach to more species resides in the 
fact that it cannot prescind from the existence of large collections of mutants and 
from the screening of many thousands of clones.

MicroRNAs (miRNA) are 21- to 24-nucleotide RNAs present in many eukary-
otes that guide the silencing effector Argonaute (AGO) protein to target mRNAs via 
a base-pairing process (Bartel 2009). Chung et al. (2016) showed that miRNAs in 
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C. reinhardtii regulate gene expression primarily by destabilizing mRNAs, using 
target sites that lie predominantly within coding regions.

Protein-based systems involving mega nucleases and “transcription activator- 
like effector nucleases” (TALENs) allow precisely targeted genome editing of 
eukaryotic microalgae genomes (Daboussi et al. 2014; Weyman et al. 2015). These 
systems bear great potential for research and generation of tailored strains, although 
they are labor intensive and rather costly. Recently, a much simpler and inexpensive 
method for genome editing in algae, CRISPR/Cas9, came about (Nymark et  al. 
2016). It was developed to generate stable targeted gene knockouts in the marine 
diatom Phaeodactylum tricornutum, but it should be easily adaptable for use in 
other microalgae. Shin et  al. (2016) applied this system to C. reinhardtii; they 
directly delivered the Cas9 protein and the “single-chain guide RNAs” (sgRNAs) to 
three different genes, obtaining mutations at the Cas9 cut sites with a significantly 
improved targeted mutagenic efficiency. Wang et al. (2016) established a precise 
CRISPR/Cas9-based genome editing approach for the industrial oleaginous micro-
alga Nannochloropsis oceanica, using the gene encoding nitrate reductase (NR; 
g7988) as an example. The isolated mutants, in which precise deletion of five bases 
caused a frameshift in NR translation, grew normally in the presence of NH4

+ but 
failed to grow when N was supplied as NO3

−. This demonstration of CRISPR/Cas9- 
based genome editing in industrial microalgae is very promising for microalgae- 
based biotechnological applications. Also, editing of the chloroplast genome is of 
interest for biotechnological applications, because it may allow transgene insertion 
via HR with expression that is not subject to nuclear gene-silencing mechanisms; 
furthermore, plastidial transformation may take advantage of the prokaryotic orga-
nization of chloroplast genomes to co-express multiple genes in operons 
(Wannathong et  al. 2016). New simple and inexpensive protocols have recently 
been developed to this end (Wannathong et al. 2016), but their effectiveness for spe-
cies different from C. reinhardtii is still to be demonstrated as is their applicability 
for biotechnological purposes.

Many cyanobacterial strains are amenable to transformation and homologous 
recombination. Cis genetic modification (through genome editing) is the most com-
mon approach for engineering cyanobacteria (Berla et al. 2013). Typically, chromo-
somal mutations are generated through the insertion of a plasmid that contains the 
gene(s) of interest, a selectable marker gene, and flanking sequences homologous to 
the targeted chromosomal sequence (homology arms). Numerous heterologous 
genes have been inserted through these methods in the model cyanobacteria 
Synechocystis sp. PCC 6803 and Synechococcus elongatus PCC 7942 (Savakis and 
Hellingwerf 2015). However, genome editing of cyanobacteria is more challenging 
than in model heterotrophic prokaryotes such as Escherichia coli, primarily because 
cyanobacteria often contain multiple genome copies per cell and long-term instabil-
ity of the genes introduced (Kusakabe et  al. 2013; Ramey et  al. 2015). CRISPR 
interference is emerging as a promising method to repress expression of specific 
genes, with no need for gene knockout also for prokaryotes (Huang et al. 2016).
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6.6  How Are Algae Cultured?

Large-scale microalgal cultivation can be attained by a number of culturing sys-
tems, the choice of which depends on cost, available technology, and desired quality 
of the biomass or added-value product. Consequently, no set recipe for a successful 
cultivation exists and physiological, engineering, and economic analyses must be 
conducted to ensure good results.

Algal commercial cultivation is often conducted empirically without a full 
understanding of the physiology behind it, which can lead to unsatisfactory results 
or to products that are highly variable in quality because of the lack of control on the 
biological processes controlling biomass production.

From a trophic point of view, microalgae can be grown photolithotrophically 
(phototrophy), chemo-organitrophically (heterotrophy), or mixotrophically 
(Chojnacka and Marquez-Rocha 2004; see above). Photolithotrophic growth is 
advantageous because it can use natural sunlight as the energy source and mineral 
media, which are relatively inexpensive; it is unavoidable when obligate photolitho-
trophs are used. Light must be in large supply to sustain photolithotrophic growth 
(Perez-Garcia et al. 2011), which makes this mode of mass cultivation economically 
convenient in area with high insolation. In intensive cultures, light penetration can 
be substantially attenuated and light can become the limiting factor for growth. This 
problem is usually addressed through careful design of culturing systems. In recent 
years, a molecular approach to the problem of light availability in intensive culture 
systems has also been taken, through the production of genetically modified strains 
that have antennae of smaller size and thus a decreased light attenuation across the 
culture (Mooij et al. 2015). These strains, however, have not yet found commercial 
application and still need to be tested for productivity at a usefully large scale.

In some cases, higher productivity can be attained through heterotrophic or mix-
otrophic cultivation methods (Chen et al. 2016). Heterotrophy can be maintained in 
total darkness by supplying organic compounds (e.g., glucose, acetate, glycerol) as 
both energy and carbon source, eliminating the need for illumination but adding a 
cost for the organic substrates. The cultivation of Chlorella protothecoides (now 
Auxenochlorella protothecoides) under mixotrophic condition was reported to 
increase the yield of biomass and lipid (Wang et al. 2013). The mixotrophic cultiva-
tion of the green alga Chlorella sp. C2 in a 5-L bioreactor resulted in a maximum 
biomass productivity of 9.87  g L−1  day−1; this productivity declined to 7.93  g 
L−1 day−1 when the culture size was scaled up to 50 L (Chen et al. 2016), which is 
still a very small volume for commercial application. The change in productivity 
with increasing cultural volume warns us about the extrapolation of data obtained 
from small-scale tests to larger-scale cultivation. Cultivation on organic substrates 
currently is rarely utilized in the commercial production of algal biomass because 
the number of heterotrophic or mixotrophic algal strains that can be used is limited, 
the presence of organic carbon makes it very difficult to control bacterial prolifera-
tion, cases of growth inhibition by soluble organic compounds were reported, and 
because of the higher cost of growth media (Zhang et al. 2014a). There are however 
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applications for which mixotrophy can be useful and almost unavoidable. One 
such application, for instance, is the use of algae in wastewater treatment, where the 
water affluent cannot be fully deprived of organic components and a concomitant 
utilization of the inorganic and organic components is desirable or necessary (Cai 
et al. 2013).

In terms of the engineering of the cultivation systems, both open ponds and pho-
tobioreactors are used for algal cultivation. When very large quantities of product 
must be generated at low cost, open ponds are the most common solution (Borowitzka 
1999). However, not all species are amenable to effective cultivation in open ponds, 
and the susceptibility to weather (especially rain and temperature variations) and 
light availability makes an open pond suited mostly for tropical and subtropical 
regimes with low precipitation and cloud cover (Richmond 1986). Algae cultivation 
in open-pond production systems has been used since the 1950s (Chojnacka et al. 
2004), in both natural (lakes, lagoons, ponds) and artificial basins. Shallow raceway 
ponds, in which the algal suspension is mixed with paddle wheels, are the most 
widely used systems because they are relatively easy and cheap to construct and 
operate (Doucha and Lívanský 2006). Currently, more than 90% of world microal-
gae biomass production is obtained in raceway ponds. Some ponds are built on 
non-arable lands adjacent to power plants to have access to CO2 from flue gases or 
near wastewater treatment plants to easily access nutrient supplies. Although wide-
spread, open ponds have their drawbacks such as relatively low culture density and 
biomass productivity, high evaporative losses, and susceptibility to weather and to 
contamination by bacteria or undesired algal strains (Chen et al. 2013; Richardson 
et al. 2012).

When the environmental conditions are not suitable for open ponds, or a high 
and verifiable quality of biomass is required or biomass is used for the production 
of added-value compounds, algae can be cultured in closed or nearly closed sys-
tems, the photobioreactors (PBR). The engineering of PBRs is very diverse (Behrebs 
2005 and references therein), and there are various designs of PBRs for different 
uses and of different cost. We refer to the numerous reviews and research papers on 
these topics published in recent years for more details (e.g., Zittelli et al. 2013; Pires 
et al. 2017).

In a continuous culture system, such as most PBRs, the carrying capacity (i.e., 
maximum biomass that can be obtained) is determined by the concentration of the 
factor(s) that limit growth. If light is sufficient, the composition of the medium is 
therefore a crucial aspect in the planning of a successful production system. In most 
cases, care is taken to provide an excess of macronutrients but little attention is 
given to micronutrients and elemental stoichiometry. The consequence often is an 
imbalance in nutrient availability, resulting in unnecessary costs and lack of control 
on limiting factors (Giordano 2013). The rate of biomass production, instead, is a 
function of the rate by which limiting nutrients are supplied to the culture (dilution 
rate). A dilution rate that surpasses the genotypically fixed maximum growth poten-
tial of a strain will lead to the decrease of the cell number per unit of volume of 
culture. Dilution rates that are lower than this higher limit are sustainable. It should 
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be considered that a suboptimal growth rate may impact cell metabolism and thus 
affect biomass quality (Fanesi et al. 2014).

6.6.1  Harvesting and Dehydration of Algal Biomass

After cultivation, biomass has to be separated from the growth medium and recov-
ered for downstream processing. Harvesting usually involves two steps: (1) bulk 
harvesting (or primary harvesting), to separate the microalgae from their growth 
medium, usually done by sedimentation, flocculation, or flotation; (2) thickening 
(or secondary dewatering), to concentrate the microalgal slurry after bulk harvest-
ing, typically by centrifugation or filtration (Lam and Lee 2012; Zhang et al. 2014b). 
Thickening by centrifugation and filtration use up considerable energy and, although 
often employed, represents one of the main costs for commercial algae (and algal 
products) production. Flocculation is used to increase the efficiency of gravity sedi-
mentation (Brennan and Owende 2010). However, conventional flocculants are 
often toxic, whereas non toxic flocculants (e.g., organic polymers) are presently too 
expensive for large-scale applications (Lee et al. 2013). Autoflocculation, which can 
be induced by increasing the H+ concentration in the medium, and electrolytic floc-
culation may be used to separate algae from the medium without the addition of 
chemicals; estimates suggest that these methods would be significantly more eco-
nomical than other harvesting techniques (Beuckels et al. 2013; Coons et al. 2014; 
Lee et al. 2013). Bioflocculation is the process of flocculation induced by microor-
ganisms or by compounds they produce; it is possibly the most environmentally 
friendly among the flocculation methods (Wan et al. 2015). In a study by Wang et al. 
(2015), co-culturing of Chlorella and bioflocculant-producing bacteria was opti-
mized to decrease adverse effect of co-culturing and proved to be effective in facili-
tating harvesting; such an approach may be a good option for the collection of algal 
biomass in wastewater treatment plants, where the bacterial component is unavoid-
able. Electroflocculation is another option: Coons et al. (2014) reported that, in the 
production of algal lipids, the cost of electroflocculation with inert electrodes was 
appreciably lower than that of membrane filtration, which, in turn, was less costly 
than centrifugation. The same authors suggested that ultrasonic harvesting, which 
operates through a standing wave created by forward and reverse propagating pres-
sure waves in the water, could afford substantial economic advantages in compari-
son to other harvesting methods.

Drying of biomass is among the most expensive steps in microalgal production, 
because the evaporation of large volumes of water drains large amounts of energy; 
yet, it is usually a necessary step, because the presence of water interferes with 
transport and processing (Kumar et al. 2010). Spray, drum, freeze, and solar drying 
are commonly applied methods. Solar drying is economical, but it requires large 
extensions of land and is not feasible in temperate climates, where sunlight is not 
always sufficient (Zhang et al. 2014a).
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Another common problem in algal commercial cultures is the identification of 
the appropriate time for harvesting. A method that appears especially suited for such 
task is Fourier-transform infrared spectroscopy (FTIR) (Domenighini and Giordano 
2009; Giordano et al. 2001). A number of papers have proved the reliability, rapid-
ity, and low cost of this methodology, which affords a snapshot of cell composition 
(Jebsen et al. 2012; Montechiaro and Giordano 2010; Palmucci and Giordano 2012; 
Palmucci et al. 2011) and allows reliably following changes in biomass quality over 
time (Giordano et al. 2017; Giordano and Ratti 2013; Memmola et al. 2014). The 
advantage of FTIR is that various organic pools can be determined concomitantly, 
with no need for extractive procedures and in quasi-real time. The disadvantage is 
that, in complex whole-cell spectra, the identification of specific compounds or 
small pools may not be easy (and sometimes is not possible). In these cases, other 
methodologies may be better suited. For lipids, fluorescent probes such as the lipo-
philic Nile red and BODIPY 505/515 can be used; these compounds can detect 
neutral lipids in intact cells (Cooper et al. 2010). However, the relatively long time 
required for staining and detecting the fluorescent probe, the relatively high cost of 
the probe, and the potential errors caused by the different permeability of the probes 
into different microalgae cells represent drawbacks of the use of these molecular 
probes. Qiao et al. (2015) developed a method to determine the optimal harvest time 
in oil-producing microalgal cultivations by measuring maximal photosystem II 
quantum yield (Fv/Fm); although this method afforded good results, it must be con-
sidered that Fv/Fm is associated with a number of events occurring within the cells 
and is not highly specific.

6.7  Products and Applications

6.7.1  Biofuels from Algae

Microalgae can, in principle, be used for the production of several different types of 
biofuels: biodiesel can be obtained from algal oil (Ahmad et al. 2011), biomethane, 
also known as biogas, can be produced through anaerobic digestion of algal biomass 
(Frigon et  al. 2013), hydrogen can be generated photobiologically (Zhang et  al. 
2012), and bioethanol can be produced in the dark by anaerobic fermentation 
(Bigelow et al. 2014). The production of these biofuels can be combined in the same 
process, because the residue of the oil extraction for biodiesel production can be 
further processed into ethanol, methane, or H2 (Mata et  al. 2010; Singh and Cu 
2010) (Fig.  6.2). The literature on algal biofuels is vast (e.g., Demirbas 2009; 
Kapdan and Kargi 2006; Mata et al. 2010; Spolaore et al. 2006). We shall therefore 
not linger on details in this section of our review. In spite of the broad interest in 
algal biofuels, the actual commercial production of such forms of renewable energy 
is, to say the least, limited: the very large volumes of cultures required to obtain a 
meaningful quantity of biofuels, together with the still relatively low price of fuels 
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derived from fossil oil and other sources, is still in the way of a significant exploita-
tion of algal fuels (Borowitzka 2016 and references therein).

6.7.1.1  Biodiesel

Biodiesel production comprises six steps: (i) strain selection; (ii) cultivation; (iii) 
biomass harvesting; (iv) biomass drying; (v) lipids extraction; and (vi) transesterifi-
cation (Zhang et al. 2014b). We have already provided information on the first four 
steps; thus, the ensuing paragraphs focus on lipid extraction and transesterification.

Before lipid extraction, cells are usually lysed to facilitate access of the solvents 
to lipids within the cells. Various lysis procedures can be used: high pressure 
homogenization (HPH) (Samarasinghe et  al. 2012), bead mills (Doucha and 
Lívanský 2008), ultrasonic disruption (Adam et al. 2012; Bigelow et al. 2014), and 
electroporation (Sheng et al. 2011). Ultrasonic disruption is possibly the procedure 
with the lowest energy requirement (Coons et al. 2014). Subsequently, lipids and 
fatty acids are extracted from the microalgal slurry mainly by two methods: the 
hexane Soxhlet method and the Bligh–Dyer method (Demirbas 2009; Kanda et al. 
2013). Hexane-based oil extraction is more energy efficient and is therefore pre-
ferred for scaling-up efforts (Peralta-Ruiz et al. 2013). However, the use of chemical 
solvents has intrinsic problems associated with the toxicity of these compounds to 
humans and environment. Several supercritical fluids, especially supercritical CO2, 
have been used for microalgal lipid extraction for the production of biodiesel. 
Although supercritical extraction is nontoxic and provides a nonoxidizing environ-
ment that avoids degradation of the extracts (Mouahid et al. 2013), it is expensive.

After lipid extraction, fatty acids transesterification is generally used to produce 
biodiesel (Lam et al. 2010). Lipid extraction and transesterification can be carried 
out simultaneously, simplifying the process and reducing the overall cost of 

Fig. 6.2 The overall process flow for microalgal biofuel production
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microalgal biodiesel production (Lam and Lee 2012). Biodiesel recovery in in situ 
transesterification is negatively affected by excessive biomass moisture (>20% m/m) 
(Sathish et al. 2014). Given the aforementioned high cost of biomass dehydration, 
this excessive moisture has a nontrivial effect on the economic performance of the 
production system. An improved in situ transesterification process that directly 
converts wet oil-bearing microalgal biomass into biodiesel was recently proposed 
(Dang-Thuan et al. 2013).

6.7.1.2  Other Microalgal Biofuels

Bioethanol
Most microalgae do not contain lignin; this property of algal biomass facilitates the 
enzymatic hydrolysis necessary for bioethanol production (Sun and Cheng 2002). 
Furthermore, in appropriate culture conditions, many algal species can accumulate 
high amounts of ethanol if substrates can be fermented (Bibia et al. 2017; Farias 
Silva and Bertucco 2016). Green algae of the genera Scenedesmus, Chlorella, 
Chlorococcum, and Tetraselmis and cyanobacteria of the genus Synechococcus have 
been reported to be potentially good sources of bioethanol (Farias Silva and Bertucco 
2016). Typically, bioethanol is produced by the hydrolysis of sugars and their sub-
sequent fermentation in microaerobic or anaerobic conditions using yeasts (Farias 
Silva and Bertucco 2016). Algae can generate ethanol directly in the dark, by fer-
mentative metabolism (Ueno et al. 1998); however, this process does not seem to be 
sufficiently efficient for commercial exploitation. Algae can also produce ethanol 
directly via photofermentation (photanol) (Hellingwerf and Mattos 2009). In photo-
fermentation, the glyceraldehyde-3-phosphate generated in the Calvin cycle is con-
verted to phosphoenolpyruvate and then to pyruvate; pyruvate is decarboxylated to 
acetaldehyde (by pyruvate decarboxylase), which is finally converted to ethanol by 
alcohol dehydrogenase. Some engineered cyanobacteria have been made able to 
directly produce ethanol (and other compounds) through photofermentation in 
amounts and rates that appear to be compatible with their commercial exploitation 
(Farias Silva and Bertucco 2016 and references therein).

Molecular Hydrogen
Some green microalgae are capable of H2 generation, a clean fuel with H2O as the 
only major by-product. As opposed to non biological production processes, bio-H2 
can be produced at ambient temperature and pressure and has no demand for metal 
catalysts. The matter has been excellently summarized by Eroglu and Melis (2016). 
We shall therefore not overly linger on this theme and simply mention that two 
light-dependent electron transport pathways leading to H2 production have been 
identified in Chlamydomonas reinhardtii: one draws electrons from water lysis at 
photosystem II, and the other uses the reducing power allocated on quinones through 
their reduction by hydrogenase. Also, a light-independent fermentative pathway 
leading to H2 production has been identified in C. reinhardtii (Eroglu and Melis 
2016). Incompatibility of simultaneous O2 and H2 evolution from microalgae has so 
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far hindered the development of large-scale bio-H2 production (Rajvanshi and 
Sharma 2012). By using artificial miRNA (amiRNA) technology, a transgenic 
knockdown C. reinhardtii strain for the oxygen-evolving center (OEE2 gene) was 
obtained; in this strain, O2 is not released and the H2 yield is about twofold higher 
than that of the wild type under similar growth conditions (Ngan et al. 2015).

Biogas
Microalgal biomass represents a potential alternative to biogas production from ter-
restrial crops (Dębowski et  al. 2013). Photoautotrophically grown Scenedesmus 
obliquus, when used as biogas substrate, proved to produce more methane than 
maize silage (Wirth et al. 2015). However, a number of difficulties are associated 
with the use of algae for biogas production. For instance, the cell walls of some 
algae are resistant to anaerobic digestion and some algal strains generate com-
pounds that are toxic to the bacteria that carry out anaerobic digestion; furthermore, 
in some cases, the C:N ratio of algae is unfavorable to anaerobic digestion (Dębowski 
et al. 2013 and references therein). This notwithstanding, the high turnover rate of 
algae and the possibility of selecting strains with suitable elemental stoichiometry 
make algae very interesting candidates for biogas production (Mussgnug et  al. 
2010). Some authors have also reported that when algae are mixed with traditional 
feedstocks they improve the efficiency of biogas production (Mussgnug et al. 2010; 
Zhong et al. 2012). Miao et al. (2014) showed that co-digestion of cyanobacteria 
with swine manure leads to an improved efficiency of both biodegradation and 
methane production as compared to the same processes without the addition of the 
algae. Zhao and Ruan (2013) also demonstrated the feasibility of adjusting the C/N 
ratio to increase biogas production by the addition of algae (mostly Microcystis) to 
kitchen wastes.

6.7.1.3  Challenges and Solutions for Algal Biofuel Production

Microalgal biofuel production is presently not conducted on a large scale because 
overwhelming investments in capital and operation are required (Chen et al. 2015b; 
Zhu 2015). In the case of biodiesel, for instance, the species that are known to be 
highly oleaginous often grow slowly. In such case, genetic manipulation may be 
advantageous and possibly necessary to obtain strains that can ensure sufficiently 
high productivity to make biodiesel production economically viable (Anandarajah 
et al. 2012; Iwai et al. 2014). It should also be considered that monocultures are 
susceptible to contamination, especially in conditions that intrinsically do not allow 
a tight control of the microbiota (e.g., wastewater); strains that grow slowly, such as 
the oleaginous ones, are especially likely to be outperformed by faster-growing 
competitors (Chen et al. 2015b). Mixed cultures of algae have been reported to per-
sist in wastewater treatment systems and to be more stable and more resistant to 
exogenous invasion than monocultures (Chen et  al. 2015b). This report would 
however need to be confirmed under a wider range of conditions; also, in-culture 
evolution (Borowitzka 2016) may have a stronger role in mixed cultures than in 
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monospecific cultures because of the selective pressure exerted by interspecific 
interaction (Venuleo et al. 2017). Some algal species used in large-scale open-pond 
commercial production are restricted to geographic locations with warm climates 
and would be unable to grow at acceptable rates during the hot or cold seasons of 
certain geographic regions (Holbrook et al. 2014). One solution to this problem is to 
identify indigenous algae that are adapted to the local environment (Holbrook 
et al. 2014).

Lipid accumulation occurs within microalgal cells according to the general prin-
ciples outlined in previous publications (Giordano 2013; Palmucci et  al. 2011; 
Raven and Giordano 2016). Zhang et al. (2013) suggested a possible connection 
between the oxidative stress induced by N-shortage and neutral lipid accumulation; 
applications of N-limitation or starvation, however, are inefficient methods to 
increase lipid accumulation because they can also significantly lower biomass and 
lipid productivity (Borowitzka 2016). A two-stage cultivation strategy has often 
been proposed for the production of stress-induced algal compounds (Borowitzka 
(2016) and references therein), in which a full-strength medium is used to promote 
biomass buildup, followed by a stress treatment (e.g., N-starvation; Zhu et al. 2014) 
to trigger the accumulation of the target compound. Also, “mid-point” approaches 
(i.e., compromises between best condition for growth and production of the com-
pound of interest) have been suggested to simplify processes and decrease produc-
tion costs (Borowitzka 2016). Zhu et al. (2016) proposed a single-step approach for 
boosting lipid production: these authors showed that the addition of trace amounts 
of urea to the growth medium significantly stimulated the accumulation of neutral 
lipids without affecting growth rates.

6.8  Microalgae for Bioremediation

6.8.1  CO2 Fixation and Flue Gas Treatment

Carbon is the main nutrient in microalgal cells (36–65% of dry matter). It is there-
fore extremely alluring to use algae to sequester CO2, at least temporarily (Singh 
and Ahluwalia 2013). The frequent suggestions to utilize algae for this purpose have 
rarely considered the physiological nuances of the responses of algal cells to ele-
vated CO2. As explained earlier, the excess CO2 may be not taken up by the cells 
(thus conferring no advantage and only increasing the cost of new biomass produc-
tion) or it is assimilated and subsequently elicits a nutritional unbalance leading to 
a change in biomass quality (Beardall and Giordano 2002; Giordano and Ratti 2013; 
Lynn et al. 2010; Palmucci et al. 2011; Raven et al. 2011, 2012). Also, the impact of 
elevated CO2 on growth rates is variable, mostly species specific, and depending on 
energy availability (Beardall and Giordano 2002; Raven et al. 2011, 2012; Wu et al. 
2012). Nevertheless, the utilization of algal biomass for the mitigation of CO2 emis-
sion has its merits, provided that appropriate strains and suitable culture conditions 
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are selected and consideration is given to the fact that biomass will in the end release 
the CO2 that it fixed. Liu et al. (2013) described a high-throughput screening method 
to rapidly identify microalgae strains that can tolerate high CO2 condition or flue 
gases. Microalgae reported to tolerate high levels of CO2 include Chlorella sp. (Qi 
et al. 2016), Scenedesmus sp. (Liu et al. 2013), and Dunaliella tertiolecta (Farrelly 
et al. 2013). Jacob et al. (2015) estimated that algal cultivation systems, whether 
they are tubular or flat photobioreactors or open ponds, can allow an effective and 
significant conversion of the CO2 emitted by coal power plants into biomass. Once 
again, this work does not take into account the complex physiology associated with 
CO2 fixation, but it does show that, at least in principle, algal cultivation can be 
coupled to industrial activity to minimize environmental impact. Experimental evi-
dence (although in small-scale experiments) showed that the addition of flue gases 
to cultures of Scenedesmus quadricauda afforded a decrease by 85% v/v of CO2, 
(and also 62% v/v of NOx and 45% v/v of SOx) in the flue gas; somewhat lower fixa-
tion capacities were obtained using Botryococcus braunii and Chlorella vulgaris 
(Kandimalla et al. 2016). Interestingly, the amount of fixed gases increased if the 
algae were cultured in mixotrophic conditions.

Flue gases contain different NOx species, most of which are restricted by legisla-
tion and therefore must be removed (Van Den Hende et al. 2012). NOx may serve as 
a nitrogen source for microalgae cultivation (Chen et al. 2016; Raven and Giordano 
2016; Zhang et  al. 2014a). Thus, “denoxification” (DeNOx) by microalgae (bio- 
denox) may be a worthy contribution to flue gas treatment. As the efficiency of NOx 
removal by microalgae varies dramatically among species, it is necessary to select 
or genetically modify suitable algal candidates for this purpose. Some strains of the 
genera Chlorella, Scenedesmus, and Dunaliella have been reported to significantly 
remove NOx (Jin et al. 2008; Nagase et al. 2001; Santiago et al. 2010; Kandimalla 
et al. 2016), although high levels of NOx tend to depress photosynthesis. In a typical 
flue gas from incineration processes, about 90–95% of the NOx is given by NO 
(Fritz and Pitchon 1997). When NO dissolves in water, it is oxidized to nitrite and 
nitrate (Niu and Leung 2010). Nitrite has an inhibitory effect on algal growth, which 
is exerted through a retardation of electron transfer from QA to QB (QA is a bound 
quinone; QB is a quinone that binds and unbinds to photosystem II), and by interfer-
ence with the donor side of PSII (Zhang et al. 2017). The screening of nitrite- tolerant 
microalgae species is therefore crucial for the use of algae in DeNOx approaches. Li 
et al. (2016) analyzed numerous Chlorella strains in this respect and found that the 
degree of nitrite tolerance was a strain-specific feature, although most Chlorella 
strains showed the ability to withstand high concentrations of nitrite. The nitrate and 
nitrite generated by the dissolution of NO in water can be directly assimilated by 
algae (Giordano and Raven 2014; Raven and Giordano 2016); NO dissolution is 
however rather slow and often limits the rate of combined nitrogen assimilation. 
Zhang et  al. (2014a) reported on a two-step microalgal bio-DeNOx roadmap, in 
which NOx-rich flue gases were first fixed, mostly as nitrite, to flue gas fixed salts 
(FGFS), and then used as nitrogen source for Chlorella sp. cultures. By using FGFS 
with NO2

- equivalent to 5-fold that in the common culture medium BG11 (Stanier 
et al. 1971), up to 60% v/v of the NOx was removed from the medium with an 
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inoculated cell density of 0.07 g DW L−1, together with the production of 33% algae 
lipids (Zhang et al. 2014a). The mixotrophic cultivation of Chlorella sp. with FGFSs 
and glucose achieved an overall DeNOx efficiency of 96%, demonstrating the feasi-
bility and practicality of efficient biological DeNOx by microalgae (Chen et  al. 
2016).

In most incineration flue gases, SOx are also present; they mainly consist of SO2, 
with a minor contribution (2–4% v/v) by SO3; both SO2 and SO3 are highly soluble 
in water; SO2 tends to hydrate to H2SO3, which dissociates in protons and sulfite (at 
pH >6) and bisulfite (prominent between pH 2 and 6); SO3 hydrates to H2SO4, which 
typically dissociates in protons and sulfate (SO4

2−); SO4
2− tends to prevail at pH 

>1.9; also the oxidation of H2SO3 can generate H2SO4 and SO4
2− (Stumm and 

Morgan 1981; Van Den Hende et al. 2012 and references therein). The dissolution 
of SOx, therefore, causes acidification of the medium, the extent of which depends 
on the SOx content of the flue gas, which is a function of the combustion substrates 
from which it was generated. The consequence of SOx dissolution in the growth 
medium can be such to limit the choice of algae to acidophilic and/or bisulfite-tol-
erant strains (see Van Den Hende et al. 2012 and references therein for details); in 
some cases, scrubbing SOx from the flue gas may be a precondition for any micro-
algal treatment. If acidity and toxicity of SOx-derived solutes do not prevent algal 
survival, algae can assimilate substantial amounts of SO4

2− (Norici et al. 2005; Ratti 
et al. 2011; Giordano and Raven 2014; Prioretti and Giordano 2016), compatibly 
with elemental stoichiometry in the growth medium and stoichiometric constraints 
of cell growth (Giordano 2013).

6.8.2  Wastewater Treatment by Microalgae Cultivation

Large-scale microalgae culture may compete with crops and human activities with 
respect to water usage. Large amounts of nitrogen and phosphorus are also required, 
and their cost is high (Lardon et al. 2009). Both water and nutrients can be obtained 
from wastewaters; culturing algae in wastewaters also affords obvious environmen-
tal benefits. Microalgae are very effective at removing nitrogen, phosphorus, and 
toxic metals from wastewaters, producing cleaner effluents with high concentra-
tions of dissolved oxygen (Gomez et  al. 2013). Cabanelas et  al. (2013) used 
Chlorella vulgaris for nitrogen and phosphorus removal from municipal wastewater 
with the highest removal rates of 9.8 (N) and 3.0 (P) mg l−1 days−1. Some studies 
also reported on the cultivation of microalgae in sewage under mixotrophic condi-
tions. Cheng et al. (2013) found that mixotrophic microalga–bacteria systems sig-
nificantly promoted algal growth and nutrient removal efficiency; maximal biomass 
and lipid productivity was attained when the alga Desmodesmus sp. CHX1 was used 
to treat piggery wastewater. Moreover, the co-culture of microalgae and bacteria in 
wastewater was reported to obtain 50–60% and 68–81% dissolved organic carbon 
(DOC)  removal efficiency from municipal and industrial wastewater mixtures, 
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respectively (Nielsen  2015). Zhou et  al. (2012) developed an effective organo- 
photolithotrophic system for improved wastewater nutrient removal, wastewater 
recycling, and enhanced algal lipid accumulation with Auxenochlorella protothecoi-
des UMN280. Carbohydrate-rich and nitrogen-deficient solid wastes and some food 
industry wastewaters, such as olive mill wastewater, can be also used for hydrogen 
production (Keskin et al. 2011). It was reported that photosynthetic H2 evolution 
from C. reinhardtii grown in advanced solid-state fermentation wastewater was 
increased by more than 700% compared to the cells grown in TAP medium (Chen 
et al. 2014). A study was also carried out to evaluate the potential of the green alga 
Scenedesmus obliquus grown in different concentrations of wastewater to produce 
biomass rich in sugar to produce bioethanol by fermentation processes; it was found 
that the highest removal efficiency of biological oxygen demand (BOD) and chemi-
cal oxygen demand (COD) were 18% for S. obliquus grown under aeration condi-
tions and that the highest ethanol efficiency of biomass hydrolysate was 20.33% 
(Hamouda et al. 2016). Also, biomethane production in digesters could be improved 
by the addition of microalgae biomass harvested from algae-based swine wastewa-
ter digestate (Perazzoli et al. 2016). Because of the complex nature of wastewaters, 
issues such as contamination, inconsistent wastewater components, and unstable 
biomass production hinder efforts to use wastewater for large-scale algal cultivation 
(Cai et al. 2013).

The combination of CO2 and/or NOx fixation from flue gases and nutrient removal 
from wastewaters may provide a very promising alternative to current bioremedia-
tion strategies; the concomitant supply of nutrients from the gas and the liquid phase 
synergistically increases the effectiveness of depuration by algae (Chen et al. 2015b) 
and also stimulates algal growth and accumulation of added-value metabolic prod-
ucts (e.g., lipids) within the cells (Devi and Mohan 2012). Chinnasamy et al. (2010) 
cultured Chlamydomonas globosa, Chlorella minutissima, and Scenedesmus bijuga 
in untreated wastewater from the carpet industry to which a gas stream containing 
5–6% v/v CO2 was added; biomass productivity reached 5.9–21.1 g m−2 day−1. The 
cyanobacterium Aphanothece microscopica Nägeli cultivated in a photobioreactor 
using supplemented wastewater from an oil refinery was found to assimilate CO2 
when light was present; the capacity for CO2 sequestration was lowered by one 
fourth when the algae were cultured in a light/dark photoperiod rather than under 
continuous light (Jacob-Lopes et al. 2010). The other important finding of this study 
was that only a small portion (about 3% v/v) of the CO2 sequestered during cultiva-
tion was in the end effectively fixed in algal biomass, whereas the rest was probably 
released as biopolymers or volatile organic compounds. This finding is a warning 
about the direct extrapolation to commercial application of physiological studies 
that do not include a thorough analysis of biomass.

Recently, the use of microalgae for the concomitant remediation of environmen-
tal pollution and biofuel production has also been proposed; this would allow 
decreasing energy, nutrients, water cost, and also CO2 emissions (Chen et al. 2015b; 
Sun et al. 2013), making biofuel production from microalgae more environmentally 
sustainable, cost-effective, and profitable (Chen et  al. 2015b; Nayak et  al. 2016) 
(Fig. 6.3).
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Chlorogonium sp. showed good potential in the simultaneous purification of 
saline sewage effluent and CO2 sequestration while delivering feedstock for poten-
tial biofuel production in a waste-recycling manner, achieving high removal effi-
ciencies of NH3-N, NO3

−-N, TN, and PO4
3−-P, at a CO2 consumption rate of 

58.96 mg l−1 day−1, and lipid content of 24.26% m/m of the algal biomass (Lee et al. 
2015). An economically viable algal biofuel-based DeNOx process using Chlorella 
was evaluated and verified in actual industrial flue gas condition by Zhang et al. 
(2014a). To reduce the mismatch between the large amount of NOx contained in flue 
gases and the relatively low capacity for its assimilation in photolithotrophic algal 
growth, the possibility of managing NOx by culturing oil-producing Chlorella 
strains mixotrophically was tested (Chen et al. 2016). After a stepwise optimization 
of mixotrophic cultivation of Chlorella using FGFS, an impressive DeNOx effi-
ciency of more than 96%, with a biomass productivity of 9.87 g l−1 day−1 and a high 
lipid productivity of 1.83 g l−1 day−1, were obtained.

6.9  Microalgal Cultivation for Food or Feed Production

The large and increasing demand for animal feed exerts a tremendous pressure on 
food crops, because, on a purely economic basis, the conversion of land use from 
crops (for humans) to animal feed production is more profitable; this trend is, how-
ever, in obvious conflict with the need to support the increasing human population 
on our planet. Microalgae can be effectively and conveniently used as animal feed 
(Norambuena et  al. 2015; Packer et  al. 2016; Tibbetts et  al. 2017; Vidyashankar 
et al. 2015); furthermore, their cultivation poses minimal or no threat to crop pro-
duction (Vidyashankar et al. 2015). The nutritional and bioactive effects of microal-
gal biomass have been assessed in a variety of studies (Benemann 2013; Wells et al. 
2017). The composition of algae, whose cells are rich in carotenoids and other 

Fig. 6.3 Flowchart of the combination of environmental pollution control and biofuel production
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antioxidants, essential polyunsaturated fatty acids, minerals, and protein with a bal-
anced amino acid profile, makes them an excellent alternative to conventional feed-
stocks such as corn, soya, barley, and skimmed milk (Shields and Lupatsch 2012). 
There are several examples of the utilization of algae for animal feed: Chlorella 
vulgaris has been used for the development of pet and fish feed (Groza et al. 1966; 
Li et al. 2015); Dunaliella can be used directly as a nutritional additive for fish or 
for secondary biological baits (such as rotifers and Artemia) and other aquacultured 
animals (Del Campo et al. 2007; Elbermawi 2009); Spirulina maxima has been used 
in swine feed (Saeid et al. 2013). Several studies have suggested that small amounts 
(2.5–10% of the diet) of algae in fish diets result in higher growth rates, feed utiliza-
tion efficiency, carcass quality, physiological activity, intestinal microbiota, disease 
resistance, stress response, modulation of lipid metabolism, and protein retention 
during periods of reduced feed intake, and also lead to a higher palatability in sea 
urchin formulated feed (Cyrus et  al. 2015; Valente et  al. 2006; Nakagawa 1997; 
Norambuena et al. 2015; Wassef et al. 2005).

The widespread and growing interest in algae as food and food complements for 
humans emerges clearly in the recent literature (Cottin et al. 2011; Hafting et al. 
2015; Harnedy and Fitzgerald 2011; Knies 2017; Packer et al. 2016; Pangestuti and 
Kim 2011; Sinéad et al. 2011; Wells et al. 2017). Limiting our excursus to microal-
gae (see Packer et al. 2016 for a panorama on macroalgae used for food), numerous 
species have been traditionally grown or have been collected as food: Nostoc 
sphaeroides, for instance, is a edible cyanobacteria widely cultivated in Hubei 
Province, China (Yi et al. 2016); there is evidence that in Central America the Aztecs 
were already eating cyanobacteria (Spirulina) collected from lakes in the fifteenth 
century; populations inhabiting the banks of Chad Lake, in Africa, have also tradi-
tionally used the cyanobacterium Arthrospira (formerly Spirulina) (Reed et  al. 
1985). Arthrospira was possibly the first microalga that spread widely across the 
shelves of supermarkets and “natural food” shops; this species encountered the 
favor of consumers for its rich protein, linolenic acid, and phycocyanin content. 
Nowadays, China is the main producer of Spirulina in the world (Lu et al. 2011). 
Also, Dunaliella salina encountered substantial success by its high content of 
β-carotene, an antioxidant in its own right and a precursor of vitamin A, with the 
first large production plants becoming operative in the 1980s in Israel, Australia, 
and the USA (Borowitzka 2016 and references therein). In more recent years, the 
fad of natural nutritional complements has facilitated the expansion of the market 
for nutritional products from algae, to which, with variably sound scientific bases, 
antioxidant, antibacterial, antiinflammatory, antiviral, and anti-cancer functions, for 
example, have been attributed (Wells et al. 2017). The consumption of microalgae 
as food has also, to some extent, been driven by the producers, who with the decline 
of profitability in algal biofuels have looked for alternative uses of their biomass 
(Packer et  al. 2016). More species are now cultured in large-scale plants for the 
production and commercialization of β-carotene, astaxanthin, phycocyanin, some 
fatty acids (including Ω-3 and Ω-6), and other bioactive substances (Borowitzka 
2016). Chlorella has been marketed as a health food because of its alleged ability to 
stimulate the human immune system; and its production is mainly distributed in 
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Japan, China, France, Portugal, and South Korea (An et al. 2008; Liu and Hu 2013; 
Saad et al. 2006). The green alga Haematococcus pluvialis can accumulate carot-
enoids, mostly astaxanthin and its ester derivatives, when subject to nutrient limita-
tion, high temperature, or excessive light (Borowitzka 2016); these compounds have 
a high value on the market as antioxidants (Bagchi et al. 2001; Hagen and Grunewald 
2001). The mass culture of H. pluvialis is mainly concentrated in Japan, Israel, and 
the USA (Gómez et al. 2013). Also, some heterotrophic species, such as the dinofla-
gellate Crypthecodinium cohnii and the labyrinthulid Ulkenia, have been used for 
production of docosahexaenoic acid (DHA), which has been proposed as a baby 
food additive (Ganuza et al. 2008; Lee Chang et al. 2014).

6.10  Conclusions

In the light of all these facts, it seems fair to conclude that, although some applica-
tions of microalgal cultivation appear not to be economically sustainable, at this 
point in time (e.g., the still fashionable use of these organisms for the sole produc-
tion of biofuels), the use of microalgae in large-scale multifunctional plants is fea-
sible and promising. Also, the direct use of algal biomass for human and animal 
nutrition or for the production of nutritional complements appears to have a positive 
outlook in terms of market demand and economic sustainability. However, further 
studies must be conducted, both on the engineering aspects of large-scale algal cul-
turing systems and, possibly more importantly, on the specific challenges that 
industrial applications pose to algal physiology (e.g., responses to high CO2, NOx, 
and SOx concentration, temperature, and low light penetration; C allocation under 
different growth regimes) and on the functional diversity of algae, which has been 
only marginally explored.
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Chapter 7
Enzymatic Conversion of First- and Second- 
Generation Sugars

Roger A. Sheldon

Abstract Processes for the hydrolytic conversion of polysaccharides to fermentable 
sugars as feedstocks for biofuels and commodity chemicals are discussed. The pro-
duction of first-generation biofuels, for example, bioethanol, involves the conversion 
of sucrose or starch; the latter requires initial enzymatic hydrolysis of the starch to 
glucose in a two-step process catalyzed by α-amylase and glucoamylase. These 
methods are established industrial processes that are conducted on an enormous 
scale. Although the enzymes involved are relatively inexpensive, they are used on a 
single-use, throw-away basis, and substantial cost savings can be achieved by immo-
bilization of the enzymes to enable their recycling. In particular, immobilization of 
the enzymes as magnetic cross-linked enzyme aggregates (mCLEAs), in combina-
tion with magnetic separation using commercially available equipment, offers pos-
sibilities for achieving substantial cost reductions.

The production of second-generation biofuels involves, in the long term, more 
sustainable conversion of waste lignocellulose to fermentable sugars, a much more 
complicated process requiring multiple enzymes. The hydrolytic step is preceded 
by a pretreatment step that opens the structure of the recalcitrant lignocellulose to 
make it accessible for the hydrolytic enzymes. This step is usually conducted in 
water, in which the lignocellulose is insoluble, but there is currently much interest 
in the use of ionic liquids or deep eutectic solvents in combination with water. 
Subsequent hydrolysis of the cellulose and hemicellulose to fermentable sugars 
involves a complex cocktail of enzymes referred to as “cellulase.” In this case the 
percentage cost contribution of the enzymes to the biofuel is even higher than with 
first-generation biofuels. Consequently, it is even more important to reduce the 
costs of enzyme usage by immobilization, and magnetic separation of magnetic 
immobilized enzymes, such as magnetic CLEAs, is a potentially attractive way to 
achieve this.
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7.1  Introduction

One of the grand challenges in chemistry and biology, motivated by the pressing 
need to mitigate climate change, is to devise green and sustainable technologies for 
the conversion of renewable biomass to fuels, commodity chemicals, and bio-based 
materials such as bioplastics in integrated biorefineries (Imhof and van der Waal 
2013; Yang et al. 2013; Gallezot 2012; De Jong et al. 2012) The majority (60–80%) 
of all biomass consists of carbohydrates, which can be divided into storage carbo-
hydrates—starch, inulin, and sucrose—and structural polysaccharides, such as cel-
lulose, hemicelluloses, and chitin. In particular, lignocellulose, a fibrous material 
that constitutes the cell walls of plants, is available in very large quantities. In addi-
tion, aquatic carbohydrates derived from micro- and macroalgae consist of a variety 
of polysaccharides that differ in structure from those of terrestrial biomass. The 
remainder of biomass comprises triglycerides (from fats and oils), proteins, and 
terpene hydrocarbons.

The use of first-generation (1G) biomass feedstocks, comprising sucrose, starch, 
and triglycerides from edible oil seeds, is not perceived as a sustainable option in 
the long term because it competes, directly or indirectly, with food production. 
Second-generation (2G) feedstocks, in contrast, comprise lignocellulose and tri-
glycerides produced by the deliberate cultivation of fast-growing, nonedible crops 
or, in a more attractive option, by the valorization of waste triglycerides (oils and 
fats) and, in particular, the enormous amounts of waste lignocellulose generated in 
the harvesting, processing, and use of agricultural products, including foods and 
beverages. Pertinent examples include sugarcane bagasse, corn stover, wheat straw, 
rice husks, and orange peel (Tuck et al. 2012). Indeed, the so-called bio-based econ-
omy is founded on the full utilization of agricultural biomass by using green and 
sustainable chemistry.

The first step in the conversion of polysaccharide feedstocks to, for example, 
biofuels and commodity chemicals is generally hydrolytic depolymerization to fer-
mentable sugars, mainly glucose. The preferred method, from both economic and 
environmental aspects, is enzymatic hydrolysis. The hydrolysis of starch, for exam-
ple, consists of two steps: liquefaction and saccharification. The former is conducted 
at 90 °C and pH 7 and is catalyzed by α-amylase (E.C. 3.2.1.1), which hydrolyzes 
α-(1-4) glycosidic bonds, affording a mixture of glucose oligomers (maltodextrins). 
The latter is conducted at 60 °C and pH 5 and involves hydrolysis of both α-(1-4) 
and α-(1-6) glycosidic bonds catalyzed by glucoamylase (E.C. 3.2.1.3).

Lignocellulose is much more difficult to process than starch. It consists of three 
major polymeric components: lignin (~20%), cellulose (~40%), and hemicellu-
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lose (~25%) in weight composition. Lignin is a three-dimensional polyphenolic 
biopolymer having a nonuniform structure that imparts rigidity and recalcitrance 
to plant cell walls. In volume, it is the second largest biopolymer after cellulose 
and the only one composed entirely of aromatic subunits. Basically, depolymer-
ization and (partial) deoxygenation of lignocellulose can be performed in two 
ways: hydrolytic and thermochemical (Fig. 7.1). The latter involves pyrolysis to a 
mixture of charcoal and pyrolysis oil or gasification to afford syngas (a mixture of 
carbon monoxide and hydrogen), analogous to syngas from coal gasification 
(Sheldon 1983). The syngas can be subsequently converted to liquid fuels or plat-
form chemicals using established technologies such as the well-known Fischer–
Tropsch process or methanol synthesis, respectively. Alternatively, it can be used 
as a feedstock for the microbial production of biofuels and platform chemicals 
(Munasinghe and Khanal 2007; Henstra et al. 2007). In this chapter, we are con-
cerned with the hydrolytic conversion of the polysaccharide feedstock, starch or 
lignocellulose, to monosaccharides (primarily glucose) for subsequent conversion 
to 1G and 2G biofuels and commodity chemicals, respectively.

7.2  Enzymatic Hydrolysis of Starch to Glucose

Although lignocellulosic biofuels are seen as the long-term option, in the short term 
biofuels consist primarily of corn- or sugar-based bioethanol. The United States 
(USA) is the largest producer, with a production of 14.7 billion gallons in 2015 
(Renewable Fuels Association 2016), from cornstarch as the feedstock. This pro-
cess includes the enzymatic hydrolysis of the starch to glucose (Fig. 7.2), followed 
by fermentation of the latter to ethanol; it can be conducted in a separate hydrolysis 
and fermentation (SHF) mode or, to be more cost-effective, in a combined simulta-
neous saccharification and fermentation (SSF) process (Olofsson et al. 2008). An 
SSF process has the added advantage that the glucose is immediately consumed by 
the fermenting organism, thus circumventing possible inhibition by increasing 
 concentrations of glucose.

Fig. 7.1 Methods for 
depolymerization of 
lignocellulosic biomass
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7.3  Enzyme Immobilization

The enzyme costs per kilogram of product are a crucial factor in determining the 
economic viability of these processes, particularly in the case of lignocellulosic 
feedstocks (see later). Enzyme manufacturers have achieved remarkable results, in 
recent years, in reducing enzyme costs by optimizing the production of the enzymes 
involved, but there is still room for improving the enzyme usage. The enzyme(s) 
used in the hydrolysis step are dissolved in the aqueous reaction mixture and, con-
sequently, are discarded with the wash water; that is, they are employed on a single- 
use, throw-away basis. Multiple recycling of the enzymes represents a clear 
opportunity to substantially reduce the enzyme costs and environmental footprint to 
drive competitiveness and sustainability. It can be achieved by using the enzyme in 
a solid, immobilized form, which can be easily recovered and reused. A further 
benefit of immobilization is that the resulting decrease in flexibility leads to increas-
ing operational stability by suppressing the propensity of enzymes to unfold (dena-
ture) under the influence of heat or organic solvents.

Immobilization typically involves binding the enzyme to a prefabricated carrier 
(support), such as an organic resin or silica, or entrapment in a polymeric inorganic 
or organic matrix that is formed in the presence of the enzyme. Binding to a prefab-
ricated carrier can involve simple adsorption, such as via hydrophobic or ionic inter-
actions or the formation of covalent bonds (Cao 2005). Typical supports are synthetic 
resins (Cantone et al. 2013), biopolymers such as polysaccharides, or inorganic sol-
ids such as (mesoporous) silicas (Hartmann and Kostrov 2013; Zhou and Hartmann 
2012; Magner 2013). Entrapment involves inclusion of an enzyme in an organic or 
inorganic polymer matrix, such as polyacrylamide and silica sol-gel, respectively, 
or a membrane device such as a hollow fiber or a microcapsule (Reetz 2013). The 
use of a carrier inevitably leads to ‘dilution of activity,’ owing to the introduction of 
a large portion of noncatalytic ballast, ranging from 90% to more than 99%, giving 
rise to lower space–time yields and catalyst productivities (Cao et al. 2003).

Fig. 7.2 Enzymatic hydrolysis of starch
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7.3.1  Immobilization Via Cross-Linking: CLEAs

In contrast, immobilization by cross-linking of enzyme molecules affords carrier- 
free immobilized enzymes with high productivities and avoids the extra costs of a 
carrier. For example, cross-linked enzyme aggregates (CLEAs) are formed by pre-
cipitation of the enzyme from aqueous buffer, as physical aggregates held together 
by noncovalent bonding without perturbation of their tertiary structure, followed by 
cross-linking with a bifunctional reagent, such as glutaraldehyde (Fig.  7.3) (Cao 
et al. 2000). The method is simple and inexpensive as it does not require highly pure 
enzymes. Indeed, because selective precipitation with ammonium sulfate is com-
monly used to purify enzymes, the CLEA methodology essentially combines two 
processes, purification and immobilization, into a single unit operation. The CLEA 
technology has subsequently been applied to the immobilization of a broad spectrum 
of enzymes and forms the subject of several reviews (Sheldon 2011, 2013; Talekar 
et al. 2013a; Cui and Ja 2015; Valesco-Lozano et al. 2015; Sheldon et al. 2013).

Multipurpose CLEAs can be prepared from crude enzyme extracts consisting of 
multiple enzymes (Dalal et al. 2007a, 2007b). Interestingly, enzymes that would not 
be compatible in solution can function effectively when co-immobilized. For exam-
ple, conducting reactions with a mixture of a protease and a lipase is not feasible 
with the free enzymes as the protease would break down the lipase, but it is possible 
when the two enzymes are co-immobilized in a novel lipase/protease multi-CLEA 
(Mahmod et al. 2015).

The term combi-CLEA is generally used when two or more enzymes are delib-
erately co-immobilized in a single CLEA for the purpose of performing two or more 
sequential biotransformations in a multi-enzyme cascade process. Catalytic cascade 
processes have several advantages compared with classical multistep syntheses: 
fewer unit operations, less solvent, smaller reactor volume, shorter cycle times, 
higher volumetric and space–time yields, and less waste. Furthermore, coupling of 

Precipitation  

e.g. (NH4)2SO4
or tert-butanol

Enzyme in
aq. buffer

Enzyme 
aggregates

CLEA

X-linking

e.g. glutaraldehyde

Fig. 7.3 Enzyme immobilization as cross-linked enzyme aggregates (CLEAs)
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reactions can be used to drive equilibria toward the product, thus avoiding the need 
for excess reagents. Because biocatalytic processes generally proceed under roughly 
the same conditions—in water at ambient temperature and pressure—they can be 
readily integrated into cascade processes. These processes have become a focus of 
attention in recent years, largely motivated by these envisaged environmental and 
economic benefits (Lopez-Gallego and Schmidt-Dannert 2010; Schrittweiser et al. 
2011; Santacoloma et al. 2011; Xue and Woodley 2012; Muschiol et al. 2015; Land 
et al. 2016). However, different enzymes can be incompatible, and Nature solves 
this problem by compartmentalizing enzymes in different parts of the cell. Hence, 
compartmentalization via immobilization is a possible solution in enzymatic cas-
cade processes.

The rates of sequential biocatalytic cascades can be substantially increased by 
simulating the close proximity of the enzymes extant in microbial cells by co- 
immobilization of the respective enzymes in, for example, combi-CLEAs. For 
example, combi-CLEAs of glucose oxidase or galactose oxidase with catalase 
exhibited significantly better activities and stabilities than corresponding mixtures 
of the two separate CLEAs (Schoevaart et al. 2004). Moreover, the combi-CLEAs 
could be recycled without significant loss of activity. Oxidases catalyze the aerobic 
oxidations of various substrates, generally with concomitant production of an 
equivalent of hydrogen peroxide. The latter can cause oxidative degradation of the 
enzyme and, in vivo, oxidases generally occur together with catalase, which cata-
lyzes the spontaneous decomposition of hydrogen peroxide to oxygen and water.

Combi-CLEAs have also been widely used in carbohydrate conversions. As 
already mentioned, glucoamylase catalyzes the hydrolysis (saccharification) of 
α-(1,4)- and α-(1,6)-glycosidic bonds in starch. Because the hydrolysis of the 
α-(1,6) branches is relatively slow, a second enzyme, pullulanase (E.C. 3.2.1.41), is 
sometimes added to facilitate this hydrolysis. Co-immobilization of the two enzymes 
in a combi-CLEA results in a shift in optimum pH values (from 5 to 7) and tempera-
ture (from 60 °C to 70 °C) (Talekar et al. 2013b). In a batch mode hydrolysis of 
starch, the combi-CLEA gave 100% conversion after 3 h compared with 30% with 
the free enzyme. A mixture of the two separate CLEAs gave 80% conversion. The 
combi-CLEA had good stability, retaining 90% and 85% of the glucoamylase and 
pullulanase activity, respectively, after eight recycles.

More recently, the same group prepared a tri-enzyme combi-CLEA containing 
α-amylase, glucoamylase, and pullulanase from commercially available enzyme 
preparations (Talekar et al. 2013c). In a one-pot starch hydrolysis (Fig. 7.4) in batch 
mode, 100%, 60%, and 40% conversions were observed with the combi-CLEA, a 
mixture of the separate CLEAs, and a mixture of the free enzymes, respectively. 
Co-immobilization increased the thermal stability of all three enzymes, and the 
catalytic performance was maintained for up to five cycles.

Similarly, combi-CLEAs have been used with success in the hydrolysis of ligno-
cellulose, which has become the focus of attention in connection with second- 
generation biofuels production from waste lignocellulose streams (see Sect. 7.5).
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7.3.2  Advantages and Limitations of CLEAs

Immobilization of enzymes as cross-linked enzyme aggregates can lead to dramatic 
increases in storage and operational stability (van Pelt et  al. 2008). Moreover, 
because the enzyme molecules in CLEAs are bound by covalent bonds, no leaching 
of enzyme is observed in aqueous media, even under drastic conditions such as in 
the presence of surfactants.

An important advantage from a cost-effectiveness aspect is their ease of recovery 
and reuse, as heterogeneous catalysts, by filtration, centrifugation, or, alternatively, 
in a fixed-bed reactor. In practice this translates to simpler, less expensive down-
stream processing. Another important cost advantage is the fact that CLEAs can be 
prepared from enzyme samples of low purity, including crude cell lysate obtained 
from fermentation broth. Furthermore, because they consist mainly of active 
enzyme, CLEAs exhibit high catalyst productivities (kilograms per product per 
kilograms of enzyme) compared to carrier-bound enzymes, and the costs of the car-
rier ballast are avoided.

A limitation of the technique is that, because every enzyme is a different mole-
cule, the protocol has to be optimized for every enzyme. However, in practice opti-
mizing the aggregation plus cross-linking protocol is not a lengthy procedure and it 
can be readily automated. Another limitation is the relatively small particle size, as 
already mentioned, which can be an issue for processes conducted in a fixed-bed 
reactor, for example. The problem can be alleviated by mixing the CLEA with an 
inert, less compressible solid, such as controlled microporous glass or perlite 
(Hickey et al. 2007).

7.4  Magnetically Separable Immobilized Enzymes

Applications in processes involving suspensions of other water-insoluble solids, 
such as fibers or yeasts in SSF conversions of 1G and 2G biomass, is a challenge for 
standard immobilized enzymes. However, industrially viable separation on a large 

Fig. 7.4 One-pot starch hydrolysis with a combi-CLEA
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scale, using standard commercial equipment, can be readily achieved using 
 enzyme- ferromagnetic particle composites, affording novel combinations of bioca-
talysis with downstream processing. Indeed, recently increasing attention has been 
devoted to the design of magnetically recoverable catalysts, based on ferromagnetic 
magnetite (Fe3O4) or maghemite (γ-Fe2O3) (nano)particles, in chemocatalytic (Rossi 
et al. 2014; Ranganath and Glorius 2011; Gawande et al. 2013; Zamani and Hosseini 
2014) and biocatalytic (Ansari and Husain 2012; Johnson et  al. 2008; Liu et  al. 
2011; Yiu and Keane 2012; Netto et al. 2013) processes. The magnetic separation of 
ferromagnetic heterogeneous catalysts, such as Raney nickel, has long been known 
(Whitesides et al. 1976; Lindley 1982) and is practiced on an industrial scale. In 
combination with commercially available magnetic separation equipment (e.g., see 
www.eclipsemagnetics.com), very high recoveries can be obtained at industrially 
acceptable flow rates. Magnetic separation can also be used to alleviate problems 
encountered with separation of relatively small particles by filtration or centrifuga-
tion. Ideally, one would like to have the high activity of small particles while main-
taining the ease of processing of large particles, and this goal can be achieved with 
magnetically separable immobilized enzymes.

Similarly, the CLEA technology has been raised to a new level of sophistication 
and industrial relevance with the invention of robust, cost-effective ferromagnetic 
CLEAs (mCLEAs), produced by conducting the cross-linking in the presence of 
ferromagnetic (nano)particles (Fig.  7.5) (Sheldon et  al. 2012). Using the latest 
methodology (Janssen et al. 2016), conversion to mCLEAs adds little cost to regular 
CLEAs and it does not require many recycles to achieve cost reductions. Hence, 
mCLEAs are expected to find applications in a variety of processes, including 1G 
and 2G biofuels.

mCLEAs have been prepared from a variety of enzymes, including lipases 
(Cruz- Izquierdo et al. 2014; Zhang et al. 2015a; Cui et al. 2016; Tudorache et al. 
2016), penicillin G amidase (Kopp et al. 2014), phenyl ammonia lyase (PAL, EC. 
4.3.1.24) (Cui et al. 2014), laccase (Kumar et al. 2014,) and even a combi-mCLEA 
of horseradish peroxidase and glucose oxidase for use in dye decolorization (Zhou 
et al. 2016). However, industrial interest is primarily in carbohydrate conversions, 

X-linking + 
magn. particles

m-CLEA

Precipitation

Fig. 7.5 Formation of magnetic cross-linked enzyme aggregates (mCLEAs)
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particularly in the conversion of polysaccharides such as starch and lignocellulose 
in connection with 1G and 2G biofuels and food and beverage processing.

For example, Talekar and coworkers (Talekar et al. 2012) described the prepara-
tion of mCLEAs of α-amylase, with an activity recovery of 100%, for use in starch 
hydrolysis. Thermal and storage stability was improved compared to the free 
enzyme, and the mCLEA retained 100% of its activity after six recycles. A mCLEA 
of α-amylase was also prepared with pectin dialdehyde as the cross-linker and 
exhibited 95% activity recovery compared to 85% using glutaraldehyde as the 
cross-linker (Nadar and Rathod 2016). The authors attributed the higher activity 
recovery to better mass transfer with macromolecular substrates in the more open 
porous structure. mCLEAs of glucoamylase from Aspergillus niger were prepared 
by Gupta and coworkers (Gupta et al. 2013) with 93% activity recovery and showed 
enhanced thermal and storage stability and reusability.

Probably the most exciting and challenging application of the mCLEA technol-
ogy is in the complex chemistry of lignocellulose conversion, which is discussed in 
the following section.

7.5  Enzymatic Depolymerization of Lignocellulose

Conversion of lignocellulose to biofuels and commodity chemicals basically 
involves three steps: pretreatment, enzymatic hydrolysis to fermentable sugars (sac-
charification), and fermentation, for example, to ethanol, or chemocatalytic conver-
sion. Alternatively, so-called consolidated bioprocessing (CBP) involves the use of 
cellulolytic enzyme-producing microbes—bacteria, fungi, or yeasts—in a single- 
step process in which enzyme production, enzymatic hydrolysis, and fermentation 
proceed simultaneously (Jouzani and Taherzadeh 2015). Although CBP is poten-
tially very attractive, it is still in its infancy, and a detailed discussion falls outside 
the scope of this review, which focuses on the more established classical approach 
of using separately produced enzyme cocktails.

7.5.1  Pretreatment of Lignocellulose

Some form of pretreatment, such as a steam explosion, ammonia fiber expansion 
(AFEX), or lime treatment, is generally necessary to open up the recalcitrant ligno-
cellulose structure and render it accessible to the enzyme cocktail (Rabemanolontsoa 
and Saka 2016; Kumar et al. 2009; Alvira et al. 2010). The pretreatment generally 
accounts for a large fraction of the total energy requirements of lignocellulose pro-
cessing (Menon and Rao 2012.) It is generally conducted in water in which the 
cellulose, hemicellulose, and lignin are present as suspended solids. The use of 
alternative reaction media, which (partially) dissolve these polymeric substrates, 
could have processing advantages. However, to be economically and 
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environmentally viable, the solvent should be inexpensive, nontoxic, biodegradable, 
recyclable, and preferably derived from renewable resources.

In the Organosolv process (Fig. 7.6) (Wildschut et al. 2013), for example, ligno-
cellulose is subjected to elevated temperatures (185–210°C) in water/organic sol-
vent (e.g., 50% v/v aqueous ethanol) mixtures, in the presence (Zhao et al. 2009) or 
absence of an acid catalyst (Viell et al. 2013a). This reaction results in hydrolysis of 
the hemicellulose and dissolution of the lignin. The remaining cellulose is sepa-
rated, and the dissolved lignin is precipitated by water addition or ethanol evapora-
tion. Overall the products comprise cellulose, solid lignin, and an aqueous stream 
containing hemicellulose, C5 sugars, and derivatives thereof, such as furfural.

In a variation on this theme, ionic liquids (ILs), which are known to dissolve 
polysaccharides, are being considered as potential alternatives for the deconstruc-
tion of lignocellulosic biomass in a so-called Ionosolv process (Brandt et al. 2013). 
Rogers and coworkers (Swatloski et al. 2002) showed that the room temperature IL, 
[bmim] [Cl], can dissolve 100 g l−1 cellulose at 100 °C. Currently, much attention is 
focused on the use of ILs (Bogel-Lukasic 2016; Fang et al. 2014; Dominguez de 
Maria 2014; Vancov et al. 2012; Zavrel et al. 2009) as reaction media for the sac-
charification of lignocellulose. A variety of waste lignocellulosic biomass, such as 
wood chips (Sun et  al. 2009; Xu et  al. 2014) and wheat straw (Li et  al. 2009; 
Magalhaes da Silva et al. 2013), has been shown to dissolve in ILs, and the latter 
could be used as reaction media for subsequent chemocatalytic (Rinaldi 2014; 
Morales-de la Rosa et  al. 2012; Long et  al. 2012) or enzymatic hydrolysis. For 
example, [emim] [OAc] was used as the solvent for the fractionation of wheat straw 
into lignin and carbohydrate fractions (da Costa Lopes et al. 2013) and for the com-
bined pretreatment and enzymatic hydrolysis of wood chips (Viell et  al. 2013b), 
switchgrass (Miscanthus giganteus) (Shi et al. 2013), and sugarcane bagasse (Qiu 
et al. 2012). Cholinium salts of amino acids, such as cholinium lysinate [Ch] [Lys], 
are examples of ILs derived from renewable resources. A 20:80 mixture (v/v) of 
[Ch] [Lys] and water was used for the pretreatment and subsequent enzymatic 
hydrolysis of rice straw (Hou et al. 2013) and switchgrass (Sun et al. 2014).

Ultimately, the goal is to develop an integrated process for IL pretreatment of 
lignocellulose and enzymatic hydrolysis, with efficient recycling of both the IL and 

Fig. 7.6 The Organosolv process with aqueous ethanol
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the (immobilized) enzyme (Ungerean et al. 2014). The commercial viability of ILs 
in lignocellulose pretreatment and saccharification depends on the biomass loading, 
the cost of the IL, its environmental acceptability and stability under operating con-
ditions, and its recycling efficiency. Protic ionic liquids (PILs) are interesting from 
a cost and availability aspect as they are readily prepared by mixing commodity 
amines with inexpensive acids. Welton and coworkers (Verdía et al. 2014; Brandt 
et al. 2011) used a mixture of the PIL, 1-butylimidazolium hydrogen sulfate, [bhim] 
[HSO4], and water (80:20 v/v) for dissolution and subsequent cellulase-catalyzed 
saccharification of switchgrass. In another study (George et al. 2015), a range of 
PILs containing the hydrogen sulfate anion, the cost of which is primarily deter-
mined by the price of the amine, was prepared by simply mixing the corresponding 
amines with sulfuric acid. The best results were obtained with triethylammonium 
hydrogen sulfate, [Et3NH] [HSO4]. Similarly, Henderson and coworkers (Achinivu 
et al. 2014) used pyrrolidinium acetate for extracting lignin, with little or no cellu-
lose extraction, from lignocellulosic biomass. The PIL was recovered by vacuum 
distillation.

Deep eutectic solvents (DESs), formed by mixing a salt with a hydrogen bond 
donor and gently heating, constitute inexpensive alternatives to ILs and PILs for 
lignocellulose pretreatment (see Fig. 7.7 for structures of Ils, PILs, and DESs). An 
example of a DES derived from renewable raw materials is the 1:2 mixture of cho-
line chloride and glycerol (Ch/Gly). Aqueous ChCl/Gly was effective as the reac-
tion medium for the pretreatment and saccharification of lignocellulose from 
switchgrass (Xia et al. 2014). Similarly, ChCl-based DESs were successfully used 
in the pretreatment and saccharification of lignocellulose from empty fruit bunches 
of the oil palm (Nor et al. 2016), corncob residues (Procentese et al. 2015), and 
wheat straw (Jablonski et al. 2015). Kroon and coworkers (Francisco et al. 2012; 
Kroon et  al. 2013) screened a range of natural deep eutectic solvents (NADES), 
derived from mixtures of CHCl or natural amino acids as hydrogen bond acceptor 
and natural carboxylic acids as hydrogen bond donor, as solvents for biopolymers 
(lignin, cellulose, and starch). Most combinations exhibited high lignin solubilities 
and negligible solubility for cellulose, and, hence, are potential candidates for lig-
nocellulose fractionation. Similarly, Kumar and coworkers (Kumar et  al. 2016) 
recently reported the use of NADES, such as CHCl/lactic acid, in the pretreatment 
of rice straw lignocellulose, with separation of high-quality lignin and holocellulose 
in a single step. Chitin was also shown to dissolve in DESs such as CHCl/Gly 
(Sharma et al. 2013).

7.5.2  Enzymatic Hydrolysis of Cellulose and Hemicellulose

Hydrolysis of cellulose and hemicellulose to fermentable sugars requires the 
involvement of a complex cocktail of cellulolytic and hemicellulolytic enzymes 
(Bhattachariya et al. 2015) in a process referred to as saccharification (Bornscheuer 
et al. 2014). The hydrolysis of cellulose involves catalysis by at least five enzymes: 
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exo-1,4-β-glucanase (EC 3.2.1.91), endo-1,4-β-glucanase (EC 3.2.1.4), cellobiohy-
drolase (EC 3.2.1.176), and β-glucosidase (EC 3.2.1.21), and the more recently dis-
covered, copper-dependent lytic polysaccharide monooxygenases (LPMO) 
(Johansen 2016; Hemsworth et al. 2015; Walton and Davies 2016), which catalyze 
the oxidative cleavage of polysaccharides. Hemicellulose has a more complicated 
structure than cellulose and requires a diverse suite of enzymes to effect its hydro-
lysis to its constituent sugars, mainly xylose and mannose. These enzymes can be 

Fig. 7.7 Structures of ionic liquids (ILs), protic ionic liquids (PILs), and deep eutectic solvents 
(DESs)
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divided into two groups: core enzymes that catalyze cleavage of the polysaccharide 
backbone and ancillary enzymes that perform the removal of functional groups. 
Examples of the core enzymes are endo-β-1,4-xylanase (EC 3.2.1.8), xylan- 1,4-β-
xylosidase (EC 3.2.1.37), endo-1,4-β-mannanase (EC 3.2.1.78), and β-1,4- 
mannosidase (EC 3.2.1.25). Ancillary enzymes include β-glucuronidase (EC 
3.2.1.139), acetyl xylan esterase (EC 3.2.1.55), ferulic acid esterase (EC 3.1.1.73), 
and p-coumaroyl acid esterase (EC 3.1.1.B10).

In vivo these enzymes are contained in multi-enzyme complexes, so-called cel-
lulosomes (Artzi et  al. 2017) produced by many cellulolytic fungi and bacteria. 
Cellulosomes have a distinct advantage compared to simple mixtures of the free 
enzymes owing to the close proximity of the enzymes in the former. This advanta-
geous close proximity of the individual enzymes can be mimicked in combi-CLEAs 
without many of the disadvantages of cellulosomes.

For example, a xylanase-mannanase combi-CLEA was prepared and success-
fully applied in the conversion of lime-pretreated sugarcane bagasse and milled 
corn stover (Bhattacharya and Pletschke 2015). The authors concluded that the effi-
ciency of combi-CLEAs makes them ideal candidates for achieving cost-effective 
application of lignocellulytic enzymes. Similarly, co-immobilization of xylanase, 
β-1,3-glucanase, and cellulase gave a combi-CLEA that was more thermally stable 
than the free enzymes and retained more than 97% of its activity on storing at 4 °C 
for 11 weeks, compared to 65% for the free enzymes (Periyasamy et al. 2016). The 
combi-CLEA was successfully used in the hydrolysis of ammonia-cooked sugar-
cane bagasse and could be recycled six times. Various groups have reported the 
successful immobilization of a cellulase cocktail as cross-linked enzyme aggregates 
(CLEAs) (Dalal et  al. 2007b; Perzon et  al. 2017; Jones and Vasudevan 2010; Li 
et al. 2012; Jamwal et al. 2016). Interestingly, hybrid cellulase CLEAs containing a 
silica core, prepared by physical adsorption of cellulase CLEAs on a highly porous 
silica support, exhibited twice as much activity as the regular CLEA, and settled 
better after the hydrolysis, thus facilitating its separation (Sutarlie and Yang 2013).

7.5.3  Magnetic Immobilized Enzymes in Lignocellulose 
Conversion

Probably the most exciting and challenging development in the processing of ligno-
cellulosic biomass is the use of magnetic immobilized enzymes, to provide the pos-
sibility of achieving substantial cost reductions by magnetic separation and recycling 
of the enzymes (Asgher et al. 2014). Immobilization of the cellulase enzyme cock-
tail on magnetic particles has been extensively studied, either on prefabricated mag-
netic (nano)carriers (Alftren and Hobley 2014; Abraham et al. 2014; Zhang et al. 
2015b, 2016; Jordan et al. 2011; Khoshnevisan et al. 2011; Zang et al. 2014; Roth 
et al. 2016) or as magnetic CLEAs (Khorshidi et al. 2016; Xie et al. 2012; Jia et al. 
2017), but activities were generally measured only in the hydrolysis of the 
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water- soluble carboxymethyl cellulose as a model for the complex mixture derived 
from lignocellulose. Immobilization of β-glucosidase, one of the enzymes con-
tained in the cellulase cocktail, on magnetic silica-based particles has also been 
described (Alftren and Hobley 2013). It is also worth noting that it may not be 
essential to immobilize all the enzymes in the cellulase cocktail. Immobilization 
and recycling of a selection of the enzymes present could lead to significant cost 
reductions.

Bhattachariya and Pletschke (2014) prepared mCLEAs of a bacterial xylanase 
and observed that incorporation of Ca2+ ions in the CLEA led to increased thermal 
stability. The Ca-mCLEA exhibited 35% more activity than the free enzyme and a 
ninefold higher sugar release from ammonia pretreated sugarcane bagasse. Similarly, 
Illias and coworkers (Shaarani et  al. 2016) prepared mCLEAs of a recombinant 
xylanase from Trichoderma reesei using maghemite (γ-Fe2O3) rather than the more 
usual magnetite (Fe3O4) nanoparticles.

As discussed in Sect. 7.5.1, much attention is currently being devoted to ligno-
cellulose pretreatment in ILs and DESs or their mixtures with water. Obviously, it 
would be attractive to conduct subsequent enzymatic hydrolysis in the same 
medium, which requires that the cellulase enzyme cocktail be active and stable in 
the presence of ILs and/or DESs, which has been demonstrated with [emim] [OAc] 
(Datta et al. 2010). However, to our knowledge, such magnetic cellulase CLEAs 
have not yet been used in IL- or DES-containing media. Xu and coworkers (Xu 
et al. 2015) used a cellulase from Trichoderma aureoviride, encapsulated in alginate 
beads, in the enzymatic in situ saccharification of rice straw pretreated in aqueous 
[emim] [(MeO)2PO2]. Interestingly, Ogino and coworkers (Nakashima et al. 2011) 
combined pretreatment and saccharification with fermentation in a direct SSF pro-
duction of bioethanol by a cellulase-displaying, ionic liquid-resistant yeast. The 
cellulase enzyme cocktail is known to be active and stable in designer ILs and DESs 
(Nakashima et al. 2011). For example, cellulase was engineered to improve its sta-
bility in mixtures of CHCl/Gly and concentrated seawater as a low-cost reaction 
medium for enzymatic hydrolysis of cellulose (Lehmann et al. 2012).

7.6  Conclusions and Future Outlook

The costs of the hydrolytic conversion of first- and second-generation biomass to 
fermentable sugars can be optimized by reducing the costs of the enzymes involved, 
which are currently used on a single-use, throw-away basis. This change can be 
achieved by enabling the recycling of the enzymes via immobilization. However, 
this move can be challenging because of the heterogeneous nature of the reaction 
mixture, which contains various suspended solids. A potentially attractive method-
ology is to produce magnetic immobilized enzymes, such as mCLEAs, which can 
be separated from other suspended solids on an industrial scale using commercially 
available equipment. Second-generation biofuels are still at the beginning of the 
learning curve, and significant future cost reductions are still needed to achieve 
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commercial viability. In this context, cost-effective immobilization and recycling of 
the complex enzyme cocktail involved can make an important contribution. In addi-
tion, we expect that such technologies will, in the future, be widely applied to con-
versions of polysaccharides in other areas such as food and beverage processing 
(Sojitra et al. 2016; Dal Magro et al. 2016).
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Abstract The bio-based economy is considered one of the options for mitigating 
greenhouse gas (GHG) emissions and is pursued by many countries seeking not 
only emissions reductions but also greater independency and security. In this con-
text, biofuels production has expanded in the first decade of this century, and the 
same increase can occur with biomaterials in the years to come. However, despite 
the large appeal of biofuel, various concerns regarding its sustainability have been 
raised, constraining production and imposing the necessity to attest compliance 
with some principles and criteria. As a result of interest group advocacy, a diversity 
of sustainability initiatives has emerged in recent years in the bioenergy context, 
which may soon be extended to chemicals and biomaterials as well. This chapter 
presents the main technical regulations and standards for bioenergy currently in 
place and discusses the social, economic, and environmental issues these address. 
Guided by the set principles and criteria, there is evidence supporting that, if imple-
mented correctly, the bio-based economy can indeed offer significant contributions 
toward sustainable development.

Keywords Bioeconomy • Climate change mitigation • Socioeconomic 
development

8.1  Introduction

Bioenergy has been promoted recently in different countries with the aims of reduc-
ing dependence on nonrenewable resources, supporting local economies, and offer-
ing a better quality of life in rural areas. The same arguments would be valid for 
large-scale production of renewable chemicals and biomaterials: the development 
of a bioeconomy is considered one of the options for mitigating greenhouse gas 
(GHG) emissions and is pursued by many countries seeking not only emissions 
reductions but also greater independency and security.
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A bio-based economy relies on biotechnology to guarantee the supply of goods 
without compromising nonrenewable resources. The bioeconomy concept was born 
in the 1990s from the search for a new economic paradigm (Richardson 2012), but 
it is still immature.

In the case of bioenergy, despite its large appeal, various concerns regarding its 
sustainability have been raised, constraining production and imposing the necessity 
to attest whether some principles and criteria have been fulfilled. Again, it seems that 
the same can occur with chemicals and biomaterials, defining limits for production.

Criticisms regarding the benefits of liquid biofuels followed the very fast growth 
of production in the first decade of this century (REN21 2016), such as no effective 
reduction of GHG emissions in comparison to the fossil fuels they displace, nega-
tive impacts on the environment and on natural resources (e.g., on biodiversity, on 
water resources), negative impacts of biofuels production over food supply, undesir-
able working conditions, land ownership considerations, and disrespect for land and 
water use rights.

The pressures that resulted in different sustainability initiatives came first from 
nongovernmental organizations (NGOs), mostly European NGOs, supported by the 
outcomes of academics that put priority on studying potential impacts of large-scale 
biofuel production. Pilgrim and Harvey (2010) state that “…. a consortium of NGOs 
has played a significant role in shaping the market for, and restricting the use of, 
biofuels as an alternative to conventional fuels for road transport in Europe,” and 
that they (e.g., Greenpeace, Oxfam, WWF, Friends of Earth, …) “have developed 
policy, agreed a political campaign, and exercised political influence” that resulted 
in strict regulations.

Hence, as a result of interest group advocacy (Endres et al. 2015), policymakers 
decided to implement sustainability initiatives that set conditions for commercial-
izing liquid biofuels in the most important consumer markets (i.e., Europe and the 
United States). In Europe, to verify compliance with principles and criteria, it was 
determined that certified production is required. Figure 8.1 schematically represents 

Fig. 8.1 Certification schemes as the consequence of imposed sustainability requirements, and the 
main related concerns
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the process and the concerns regarding the adoption of sustainability initiatives: Are 
these schemes able to cost-effectively promote sustainability? Could sustainability 
initiatives foster or constrain bioenergy production (and trade)?

This chapter focuses on the main sustainability initiatives for bioenergy currently 
in place, as well as the social, economic, and environmental issues these initiatives 
address. Bioenergy has been the focus of these initiatives, but renewable chemicals 
and biomaterials may also be included in the future. The chapter first presents the 
main concerns raised with the expansion of biofuels development and the technical 
regulations, standards, and certification schemes that have emerged. The require-
ments of these initiatives are then discussed, with a separate section on the overarch-
ing issue of land use change.

8.2  The Scientific Arguments

In the early 2000s, accompanying the growth of biofuels production came criticisms 
of the real benefits of biofuels, which resulted in different sustainability initiatives. 
Some examples of the academic publications that illuminated concerns regarding 
liquid biofuels are presented next. Some of these papers addressed extreme or very 
specific cases and thus their conclusions cannot be generalized, whereas the conclu-
sions of others were minimized, or even denied, by subsequent publications on the 
same subject.

Among these papers, those published by Fargione et al. (2008) and by Searchinger 
et al. (2008) were crucial; both consider the land use problem, which presented the 
idea that indirect impacts of land use change (i.e., deforestation) could void the 
benefits of biofuels for reducing GHG emissions. Also related to the avoidance of 
GHG emissions, Crutzen et al. (2007) concluded that nitrous oxide emissions from 
fertilizer use could nullify the contribution of biofuels.

In addition, Delucchi (2010) concluded that biofuels production from crops, 
using conventional agricultural practices, will likely exacerbate stress on water 
resources (considering water quality availability); this conclusion is basically the 
same as that presented by Dominguez-Faus et al. (2009).

As for the potential impacts of biofuels production on biodiversity, Koh and 
Ghazoul (2008) highlighted threats to ecosystems, mainly to forests, and Hennenberg 
et al. (2010) advocated that policies should preserve areas of significant biodiversity 
value and promote adequate agricultural practices. Concerns regarding the impacts 
on biodiversity have been exacerbated by the growing production of palm oil in 
Southeast Asia (Koh and Wilcove 2007; Venter et al. 2008), mainly as related to 
threats to orangutans (Nantha and Tisdell 2009).

In 2007–2008, during the crisis of food commodities prices, some international 
organizations and experts quickly stated that biofuels production was responsible 
for a significant part of the price rise (e.g., the World Bank and the Monetary Fund), 
thus causing a food shortage for poor people (UN FAO) and a “crime against 
 humanity” (Jean Ziegler, an independent UN expert, in 2007). Examples of papers 
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published at that time, stressing the impact of biofuels on food supply, are those by 
Pimentel et al. (2009) and Kullander (2010), both concluding that biofuels produc-
tion should not be based on food crops. However, later papers demonstrated that the 
conclusions at that time were an overestimation of the impacts of biofuels produc-
tion (Hochman et al. 2010; Zilberman et al. 2012).

A final example concerns the potential adverse social impacts of biofuels pro-
duction, a subject that has been addressed by many authors: by Martinelli and Filoso 
(2008), in the case of ethanol production from sugarcane in Brazil; by Semino et al. 
(2009), regarding biodiesel production from soy, in Argentina; and by Phalan 
(2009), considering biofuels production in Asia. A special concern was the deterio-
ration of basic rights (Eriksen and Watson 2009) and land grabbing (Robertson and 
Pinstrup-Andersen 2010) in new production regions, such as Africa (see further 
information in Sect. 8.5.3.2).

8.3  Sustainability Initiatives

The combination of the foregoing concerns, voiced by NGOs and by scientists, has 
led to diverse sustainability initiatives for bioenergy. These sustainability initiatives 
are, from a legal point of view, technical barriers to trade. They are classified as 
“soft law” and are accepted by the World Trade Organization (WTO) so long as 
their targets are legitimate. In the case of the initiatives for liquid biofuels, they aim 
at (1) promoting the sustainability of biomass production, trade, and consumption; 
(2) preventing biofuels that are harmful (to society and to the environment) from 
entering the international trade; (3) reducing GHG emissions related to the transpor-
tation sector; and (4) minimizing the dependence on fossil fuels (Correia 2011). In 
the case of bioenergy (and, possibly, in the future, for renewable chemicals and 
biomaterials), they bring technical conditions to products and services related to the 
cultivation of biomass.

These initiatives can be classified as (1) technical regulations, technical stan-
dards, or conformity assessment procedures, according to their scope; (2) public, 
private, or mixed, considering their nature; (3) voluntary or mandatory, according to 
flexibility; and (4) aiming at guidance, verification, or certification, considering the 
purpose.

Examples of technical regulations are the Renewable Energy Directive of the 
European Union (EU-RED), the Renewable Fuel Standard (RFS-2) in the United 
States, and the Californian Low Carbon Fuel Standard (LCFS). These rules are 
public by nature, and mandatory, in the sense that all these three regulations define 
conditions for the commercialization of liquid biofuels in their markets.

The Global Bioenergy Partnership (GBEP) and the standard ISO 13065 
(Sustainability Criteria for Bioenergy) are examples of technical standards that aim 
at guiding governments, producers, and consumers about how production occurs, its 
impacts, and important needs for verifying product sustainability. In both cases, 
adoption of these technical standards is voluntary.
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Conformity assessment procedures aim at verification or certification, and these 
schemes are mostly private and always voluntary. Examples are the certification 
schemes recognized by the European Commission, in the context of the EU-RED, 
such as the RSB standard (Roundtable on Sustainable Biomaterials), the Bonsucro 
Production Standard, and the ISCC (International Sustainability & Carbon 
Certification) standard. Currently, 19 schemes are recognized by the European 
Commission (European Commission 2017).

A brief description of these initiatives is presented next.

8.3.1  Technical Regulations

EU-RED is a legislative act that intends to achieve, by 2020, a 20% share of renew-
able energy sources in the EU’s final consumption (energy basis), as well as a 10% 
share of renewable sources in the transport sector (also energy basis). Each Member 
State shall accomplish these targets and all are free to define their own strategies. 
EU countries have already agreed on a new renewable energy target, that is, at least 
27% of final energy consumption in the EU as a whole, by 2030 (Goovaerts et al. 
2013).

The RED has set either specific minimum sustainability standards for biofuels or 
requirements for their verification; only biofuels of which the production fulfills 
these standards can be accounted toward the mandatory national renewable energy 
targets. Compliance with the sustainability requirements needs to be checked by 
Member States or through voluntary schemes that have been approved by the 
European Commission (the most used solution).

The original EU-RED sustainability requirements include the following:

 1. Minimum GHG savings of 35% compared to the fossil fuel displaced, a level 
that will be increased to 50% from 2017 onward, and to 60% for new installa-
tions (from 2018)

 2. Raw material cannot be extracted/produced from land with high biodiversity 
value (i.e., primary forest, highly biodiverse grasslands, and protected areas, 
except when biomass extraction is part of management practices)

 3. Raw material cannot be extracted/produced from lands with high carbon stock 
(i.e., forested areas, wetlands, peatlands)

 4. Compliance with the EU Common Agricultural Policy, relating to biomass pro-
duction in the EU

On a biannual basis, each Member State must also report on the impacts of bio-
fuels on biodiversity, water resources, water and soil quality, changes in commodity 
prices (e.g., food), and land use, in addition to GHG emission reduction (Goovaerts 
et al. 2013). More recently, it was decided that the use of biofuels produced from 
“food crops” shall be limited to 5%, considering the 10% target previously 
 mentioned (as for 2020). This policy was the result of strong pressure by NGOs to 
reduce the production of the so-called first-generation biofuels (1G).
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The RFS-2 is the second version of a regulation that defines the volume of differ-
ent biofuels that must be blended with conventional fuels between 2006 and 2022: 
it is valid throughout the USA, except in California. Biofuels are classified as con-
ventional, bio-based diesel, advanced, and cellulosic, and only one fourth of non-
conventional biofuels can be made from food crops. On the other hand, the LCFS is 
the regulatory standard in the case of California, which aims to reduce GHG emis-
sions from the transport sector in California by at least 10% in 2020 (Goovaerts 
et al. 2013).

In the context of RFS-2, the minimum GHG thresholds that must be reached for 
each of the four categories of biofuels are 20% in case of conventional (e.g., ethanol 
from corn produced in USA), 50% in case of bio-based diesel and advanced biofu-
els (e.g., ethanol from sugarcane produced in Brazil), and 60% in case of cellulosic 
biofuels. GHG emissions are evaluated on a life cycle basis, and the emissions 
resulting from land use (both direct emissions and emissions from indirect impacts) 
are taken into account. RFS-2 also set restrictions on the type of land used for feed-
stock production to protect areas with high carbon stock and high biodiversity value 
(Goovaerts et al. 2013).

Neither RFS-2 nor LCFS are sustainability standards that rely on voluntary cer-
tification schemes.

8.3.2  Technical Standards

The Global Bioenergy Partnership (GBEP) was created in 2006, following the com-
mitments taken by the G8 (the group of the largest economies in the world) to sup-
port bioenergy, in particular in developing countries. Currently, 23 countries and 14 
international organizations (including many United Nations Programmes, the World 
Bank, and the International Energy Agency) are members of GBEP, and 28 other 
countries and 12 organizations act as observers (GBEP 2017). To facilitate the sus-
tainable development of bioenergy, GBEP developed a set of voluntary indicators 
(24, in total, that is, 8 related to each of the three pillars: environment, social, eco-
nomic) aiming to support and to monitor the results of bioenergy policies and pro-
grams (GBEP 2011). The set of GBEP indicators corresponds to a voluntary 
technical standard, aiming at guiding different stakeholders (e.g., policy makers, 
regulators, and investors).

ISO 13065, the Sustainability Criteria for Bioenergy, was approved in 2015 as an 
international standard and aims to facilitate the sustainable production, use, and 
trade of bioenergy. The standard can facilitate business-to-business communica-
tions, the comparison of sustainability information, and can also be a reference for 
how to provide information regarding sustainability (ISO 2015). In total, the stan-
dard has 13 principles (7 environmental, 4 social, 2 economic), 17 criteria, and 62 
indicators. ISO 13065 is also a voluntary technical standard that can be used for 
guidance.
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8.3.3  Conformity Assessment Procedures

Examples are the schemes used for verifying compliance of sustainability criteria; 
in practice, these schemes are used for certifying conformity. In the case of bioen-
ergy, almost all existing certification schemes have been created—or adopted—in 
response to EU-RED. Next is presented brief information about three certification 
schemes used for bioenergy sustainability.

ISCC (International Sustainability & Carbon Certification) is able to certify the 
production of food, feed, bio-based products, and energy (including bioenergy); the 
standard ISCC EU is fully compatible with EU-RED. According to the company 
(ISCC 2017), in June 2017, 2750 certificates had been issued in accordance with 
EU-RED. Worldwide, the number of ethanol plants holding valid certificates at that 
moment was 365, plus 244 biodiesel plants with ISCC certificates, and 18 HVO 
(hydrogenated vegetable oil) plants.

RSB, the Roundtable on Sustainable Biomaterials, was created with a focus on 
bioenergy, but later the organization extended its scope to biomaterials. It is consid-
ered the most stringent certification scheme among those that can certify bioenergy 
and, so far, has issued a relatively small number of certificates. In June 2017, accord-
ing to RSB (2017), the total number of certificates issued was 32, with 16 being 
biofuels producers (among which 3 are able to produce bio-jet fuels).

Bonsucro is a certification scheme originally created to verify the sustainability 
of sugar produced from sugarcane, and it was later adapted to cover sustainability 
of ethanol. According to the company (Bonsucro 2017), more than 480 companies 
held a certificate by June 2017, covering 25% of the sugarcane cropped area world-
wide, and nearly 3 million tonnes of sugar produced; at that moment the number of 
certified mills was 63 (39 producing, or able to produce ethanol; 47 in Brazil).

8.4  Requirements of Sustainability Initiatives

This section presents the sustainability aspects covered by one technical regulation 
(EU-RED) and two technical standards (GBEP and ISO 13065) that are concerned 
with bioenergy production. The understanding is that they covered, somehow, the 
general concerns regarding bioenergy production on a large scale. Table 8.1 sum-
marizes environmental aspects covered by the three sustainability initiatives ana-
lyzed; in the case of EU-RED and ISO 13065, all aspects should be accomplished 
by the economic operator (e.g., a biofuel producer), whereas in the case of GBEP 
the aspects/indicators are guidance for assessing the impacts of bioenergy produc-
tion at a regional or national level.

For legal reasons, social aspects are not explicitly considered by EU-RED, 
despite their importance. In a sustainability initiative, social principles and criteria 
cannot go beyond what is established by the United Nations Declaration on Human 
Rights and, second, by the ILO Conventions (International Labor Organization). 
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Table 8.1 Environmental aspects addressed by three selected sustainability initiatives

Aspect EU-RED GBEP ISO 13065

GHG emissions 
(to be evaluated 
on life cycle 
basis)

Set thresholds of 
required avoided 
emissions

Assessment of GHG 
emissions from 
bioenergy production 
and use

GHG emissions should 
be reduced; no threshold 
is defined

Soil The Common 
Agricultural Policy 
shall be observed in 
case of production in 
EU

Soil quality, in terms of 
soil organic carbon, to 
be preserved

Soil quality and 
productivity shall be 
preserved

Water The Common 
Agricultural Policy 
shall be observed in 
case of feedstock 
production in EU

Assessment of impacts 
on water resources, 
considering water use 
and efficiency, and on 
water quality

Water resources shall be 
preserved (water 
availability and water 
quality shall be observed)

Air The Common 
Agricultural Policy 
shall be observed in 
feedstock production 
in EU

Assessment of 
non-GHG emissions 
along the whole supply 
chain; to be compared 
with other energy 
sources

Air emissions shall be 
controlled to maintain air 
quality

Biodiversity Define that biomass 
production cannot 
occur in areas of high 
biodiversity value

Address: (a) conversion 
of high biodiversity 
value areas for 
feedstock production; 
(b) introduction of 
invasive species; (c) use 
of recognized 
conservation methods

Actions to identify 
potential impacts on 
biodiversity; Actions for 
protecting biodiversity; 
biomass removal from 
areas designated as 
biodiversity-protected 
areas to be reported

Land use and 
land use change

Define that biomass 
production cannot 
occur in areas with 
high carbon stock; in 
biannual basis each 
Member State should 
report land use 
changes from 
bioenergy

Aspects mentioned: 
areas used for feedstock 
production; bioenergy 
production without 
pressure on agricultural 
land; land use changes 
caused by bioenergy 
feedstock production

Aspect not addressed

Harvest level of 
wood resources

Aspect not addressed Annual harvest (volume 
and as a percentage of 
net growth or sustained 
yield), plus the amount 
used for bioenergy

Aspect addressed in one 
of the biodiversity criteria

Energy 
efficiency

Aspect not addressed Aspect not addressed Energy consumption to 
be monitored

Wastes Aspect not addressed Aspect not addressed Waste management is 
required
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Even in this case, aspects addressed by ILO Conventions can only be required when 
a country has ratified them (Correia 2011).

Table 8.2 summarizes the social aspects covered by GBEP and ISO 13065. 
Social aspects do not perfectly match when these two technical standards are com-
pared, as they are applicable to different contexts (regional or national, in the case 
of GBEP, and at the operator level in the case of ISO 13065).

EU-RED does not mention economic sustainability aspects, and ISO 13065 has 
only two economic criteria that address the economic and financial feasibility of 
bioenergy production and trade, besides financial risk management. On the other 
hand, resulting from the motivation of assessing impacts at a regional or even 
national level, GBEP has an extensive list of economic indicators, although some of 
the indicators are not economic, sensu stricto:

• Productivity of feedstocks and production costs
• Net energy balance, expressed by the energy ratio and compared to other energy 

sources
• Gross value added per unit of bioenergy
• Change in the consumption of fossil fuels and traditional use of biomass

Table 8.2 Social aspects addressed by GBEP and ISO 13065

Aspect GBEP ISO 13065

Human rights Aspect not addressed Respect human rights
Labor rights One indicator related to unpaid time 

spent by women and children and 
another indicator related to occupational 
injury, illness, and fatalities in the 
production of bioenergy

Respect labor rights (i.e., avoiding 
forced and child labor, allowing 
collective bargaining and assessing 
working conditions)

Jobs creation Assessment of net job creation as a result 
of bioenergy production, plus an 
indicator about job quality

Aspect not addressed

Changes in 
income

Contributions of bioenergy production to 
wages and income

Aspect not addressed

Land use 
rights

Land title and procedures for change of 
land title shall be observed

Consent of local people for 
feedstock production

Water use 
rights

Aspect not addressed Identification of potential impacts 
on water availability and on water 
quality; consent of people affected

Food price 
and food 
supply

Changes in prices (including price 
volatility), production, imports, and 
exports should be observed

The criteria related to land use 
rights and water use rights have 
specificities for food-insecure 
regions

Access to 
modern 
energy 
services

Impacts of bioenergy to be assessed Aspect not addressed

Impacts of 
phasing out 
indoor smoke

Impacts of bioenergy to be assessed Aspect not addressed
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• Impacts on training and on re-qualification of workforce
• Change in diversity of total primary energy supply from bioenergy
• Infrastructure and logistics for distribution of bioenergy
• Capacity and flexibility of use of bioenergy

8.5  Sustainability Aspects Addressed by Certification 
Schemes

8.5.1  Aspects Addressed by Certification Schemes

This section presents the sustainability aspects handled by the three sustainability 
schemes considered in this chapter. Table 8.3 presents a list of the aspects addressed 
and a synthesis of principles (ISCC 2016; RSB 2016; Bonsucro 2016).

8.5.2  Environmental Aspects

8.5.2.1  GHG Emissions

The implementation of efficient bioenergy has been considered essential to reduce 
and stabilize GHG emission levels in the coming decades (Souza et  al. 2015). 
Bioenergy is different from other renewable energy technologies in that it is a part 
of the terrestrial carbon cycle. The CO2 emitted by bioenergy use was earlier seques-
tered from the atmosphere and will be sequestered again if the bioenergy system is 
managed sustainably, although emissions and sequestration are not necessarily in 
temporal balance with each other (e.g., long rotation periods of forest stands) 
(Edenhofer et al. 2012), while other GHG emissions in the supply chain must be 
considered as well.

Studies of environmental effects, including those focused on energy balances 
and GHG emissions, usually employ methodologies in line with the principles, 
framework, requirements, and guidelines of ISO 14040:2006 and 14044:2006 stan-
dards for Life Cycle Assessment (LCA). During past years, new standards and 
methods have also emerged, particularly focused on GHG emissions and removals 
(also referred to as carbon footprint), such as the GHG Protocol Product Standard, 
PAS 2050:2011, ISO/TS 14067:2013, but they are all based on the same principles 
as ISO 14040.

Most bioenergy LCAs are designated as attributional to the defined boundaries, 
as they describe the impacts of an average unit of a bioproduct. Consequential 
LCAs, on the other hand, analyze bioenergy systems beyond these boundaries, in 
the context of the economic interactions, chains of cause and effect in bioenergy 
production and use, and effects of policies or other initiatives that increase bioen-
ergy production and use. In summary, consequential LCAs investigate the responses 
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Table 8.3 Aspects addressed by three sustainability initiatives and their principles

Aspects ISCC RSB Bonsucro

GHG emissions GHG emissions, on a 
life cycle basis, should 
be reported; default 
values can be presented

Biofuels shall 
significantly reduce life 
cycle GHG emissions as 
compared to fossil fuels

Monitoring GHG 
emissions

No-go areas: high 
biodiversity value 
and high carbon 
stock

No production on land 
with high biodiversity 
value or high carbon 
stock

Topic addressed in the 
“conservation” principle, 
constraining feedstock 
production in such areas

Percentage of land 
with high 
biodiversity value, 
high carbon stock, or 
peatlands planted to 
sugarcane

Soil, water, and air Environmentally 
responsible production 
to protect soil, water, and 
air

In three different 
principles: (1) to reverse 
soil degradation and/or 
maintain soil health; (2) 
to maintain or enhance 
the quality and quantity 
of surface and 
groundwater resources; 
(3) to minimize air 
pollution

Continuously 
improve key areas of 
the business (the 
principle also 
address practices to 
protect soil, water, 
and air)

Working conditions Safe working conditions Compliance with 
national laws and 
international conventions

Safe and healthy 
working conditions

Human and labor 
rights

Compliance with human, 
labor, and land rights

No violation of human 
rights or labor rights

Respect human 
rights and labor 
standards

Continuous 
improvement

Good management 
practices and continuous 
improvement

Sustainable operations 
are planned, 
implemented, and 
continuously improved

Continuously 
improve key areas of 
the business

Biodiversity Requirements mentioned 
in the principle 
“Environmentally 
responsible production 
…”

To avoid negative 
impacts on biodiversity, 
ecosystems, and 
conservation values

Actively manage 
biodiversity and 
ecosystem services

Production 
efficiency

Not specifically 
addressed

Maximization of 
production efficiency and 
of social and 
environmental 
performance

Manage input, 
production and 
processing 
efficiencies to 
enhance 
sustainability (also 
address GHG 
emissions)

Rural and social 
development

Addressed in a broader 
way

Contribution to the social 
and economic 
development of local, 
rural, and indigenous 
people

Not specifically 
addressed

(continued)
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to bioenergy expansion and have hence become a common approach in the regula-
tory context of biofuels (ARB 2017; EPA 2010).

The different focuses of attributional and consequential approaches are reflected 
in several methodological choices in LCA, which may in turn lead to widely differ-
ent results. For bio-based supply chains, one important element addressed in conse-
quential LCAs is indirect land use change, which has been the most uncertain and 
contentious issue in the evaluation of GHG effects of biofuels (see Sect. 8.6).

Apart from land use change effects, bioenergy LCA results vary considerably 
among the different biofuel types and regions in response to the different agricul-
tural practices, technology performances, as well as according to the study methods. 
The ranges of GHG emissions for bioenergy systems and their fossil alternatives are 
illustrated in Fig. 8.2 for different uses (transport, power, heat).

The life cycle performance of biofuels is usually dominated by feedstock cultiva-
tion, with significant contributions from diesel for farming and fertilizers (and asso-
ciated N2O emissions). For corn ethanol, however, relevant contributions come from 
the fuel production stage, which are strongly influenced by the process fuel choice 
(usually fossil, opposed to bagasse used in sugarcane ethanol plants). In the case of 
advanced biofuels, processes for feedstock pretreatment and conversion also lead to 
significant differences in GHG emissions. Cellulosic ethanol plants can use residues 
such as lignin to generate steam and electricity with CHP and export excess 
 electricity to the grid to help improve plant economics and reduce the GHG foot-
print (Macedo et al. 2015).

It is worth noting that, for any form of bioenergy (current or advanced, solid or 
liquid), the life cycle performance increases as the efficiency of feedstock produc-
tion and conversion improves, and as the penetration of renewables increases in the 
overall energy matrix. Given the relevance of the fossil energy used in the ancillary 
processes involved in the production cycle (fertilizer manufacture, feedstock culti-
vation, and logistics), as the energy supply system moves toward low-carbon 
sources, the emissions associated with these ancillary processes are reduced, thereby 
lowering the life cycle GHG emissions of bioenergy (Macedo et al. 2015).

Table 8.3 (continued)

Aspects ISCC RSB Bonsucro

Food security Biomass production 
shall not replace stable 
crops or impair the local 
food security

To ensure food supply 
and improve food 
security

Not specifically 
addressed

Respect of land 
rights

Land is being used 
legitimately and 
traditional land rights 
have been secured

Operations shall respect 
land rights and land use 
rights

To demonstrate clear 
title to land and 
water in accordance 
with national 
practice and law

Legality Compliance with laws 
and international treaties

Operations follow all 
applicable laws and 
regulations

Obey the law
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8.5.2.2  Water

Global water withdrawal has sharply increased during past decades, largely domi-
nated by agriculture (FAO 2017a), which brings concerns about the additional pres-
sure on freshwater resources that might be caused by the increase in demand for 
food in combination with the expansion of the bioeconomy. Water scarcity is seen 
by many as the world’s single biggest water problem, although it is not equally dis-
tributed around the globe. The distribution of global freshwater (or river) runoff 
among the continents is highly uneven and corresponds poorly to the distribution of 
world population. As a consequence, in some countries the increase in evapotrans-
piration appropriation for human uses could lead to further exacerbation of an 
already stressed water resources situation, although there are also countries where 
such impacts are less likely to occur (Berndes 2002; Hernandes et al. 2014).

In general, the water footprint of fossil energy carriers and derived fuels is much 
lower than for biomass and biofuels, mostly because plants consume water to grow 
(Gerbens-Leenes et al. 2009). But the water footprints of biofuels reported in the 
literature vary by orders of magnitude (Fig. 8.3), as the reporting methods were not 
standardized. Some reports include rainwater inputs, theoretical transpiration losses 
from plant growth, and in some cases theoretical use of irrigation water (Berndes 
et al. 2015). There are also efforts to quantify the potential impacts from depriving 
human users and ecosystems of water resources, as well as specific potential impacts 

Fig. 8.2 Ranges of GHG emissions per unit energy output (MJ) from major modern bioenergy 
chains (excluding land use-related effects) compared to conventional and selected advanced fossil 
fuel energy systems (Edenhofer et al. 2012)
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from the emitted contaminants affecting water, through different environmental 
impact pathways and indicators (Boulay et al. 2011; Pfister et al. 2009, 2011).

The cultivation of conventional annual crops for bioenergy affects water resources 
in the same way as when such crops are cultivated for food and feed, and effects 
occur in both positive and negative ways. Feedstock cultivation can lead to leaching 
and emission of nutrients that increase the eutrophication of aquatic ecosystems, 
and pesticide emissions that reach water bodies may also negatively impact aquatic 
life (Diaz-Chavez et  al. 2011; Edenhofer et  al. 2012). However, semi-perennial 
crops and perennial grasses, or even trees grown in rotation, tend to have lower 
water quality impacts than conventional crops because of their extensive root 
 systems, long-term soil cover and protection, and reduced need for tillage and weed 
suppression (Berndes et al. 2015). Additionally, perennial grasses may increase sea-
sonal evapotranspiration (ET) compared to maize because these grasses have access 
to deeper soil moisture, which could lead to higher humidity, lower surface tem-
perature, greater precipitation, and more cloud cover with lower solar radiation. In 
turn, soil moisture would increase, affecting soil metabolism and finally carbon 
sequestration. The same trend was observed for sugarcane in parts of the Central 
Brazil savannas and in Southeast Brazil (Berndes et al. 2015).

Consumptive water use during the production of cultivated feedstocks dominates 
the water demand of bio-based supply chains, whereas feedstock processing for fuels 

Fig. 8.3 Water intensity indicators of biofuels (Berndes et al. 2015). Solid bars indicate the range 
of reported values; boxes represent the differences in median and mean values. The range for lig-
nocellulosic ethanol includes thermochemical and biological conversion pathways
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and electricity requires much less water, even though water must be extracted from 
lakes, rivers, and other water bodies. Water demand for bioenergy and bioproducts 
can be reduced substantially through process changes and recycling. For instance, 
water withdrawal in sugarcane mills in Southeast Brazil has been reduced from 
15–20 m3 t−1 cane to about 1.85 m3 t−1 cane in past decades through water recycling 
and other measures to improve water use efficiency. Further improvements of waste-
water treatment systems allowing increased reuse of water move the sector toward 
the water withdrawal goal of 1.0 m3 t−1 cane (Neto et al. 2009; Yeh et al. 2011).

8.5.2.3  Soil

With the possibility of intense agricultural practices, a main concern from the sus-
tainability aspect is maintaining soil quality and its productivity. The most impor-
tant drawbacks of feedstock production, frequently quoted in the literature, are soil 
erosion, loss of soil carbon (with impacts on its physical, chemical, and biological 
characteristics), the risk of borne diseases (that may reduce the frequency of crop-
ping), and eutrophication (Vries et al. 2010).

Essentially, ISO 13065 and the three certification schemes analyzed in this chap-
ter mention the same actions aiming at keeping soil quality and productivity, such 
as the use of best practices for avoiding erosion, the implementation of practices to 
protect soil structure (e.g., preventing compaction), the adoption of practices to at 
least maintain soil nutrient balance (reducing nitrate pollution), to recover agricul-
tural residues as much as possible, to control soil pH value, and to prevent 
salinization.

8.5.2.4  Air

The main concerns regarding the impacts on air quality from non-GHG emissions 
can be separated into four groups: (1) first, related to open burning in agricultural 
activities; (2) second, also in agricultural sites, related to the application of agro- 
toxics; (3) in regard with the transport of feedstocks and inputs, with the emissions 
of pollutants and air deterioration from dust; and (4) finally, related to emissions 
from industrial activities.

Particularly in Brazil, because for decades sugarcane was burned before manual 
harvesting, many researchers have focused on assessing the health impacts from this 
activity (Arbex et al. 2007; Cançado et al. 2006). This problem has been minimized 
with the phasing out of sugarcane in recent years.

The potential impacts of feedstock and biofuels production on air quality are 
addressed in the sustainability initiatives. In the certification schemes, for instance, 
RSB has a specific principle on air quality, whereas in the other schemes mentioned 
in this chapter (ISCC and Bonsucro) the issue is addressed by a more general prin-
ciple. In practice, a possible approach is the development of a management plan in 
which actions to allow compliance with air quality standards are listed.
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8.5.2.5  Biodiversity

Sustainable agriculture requires the preservation of natural resources (TEEB 2015). 
Biodiversity and the services derived from ecosystems are essential for the secure 
production and supply of food, fibers, biofuels, and freshwater, and also for main-
taining the resilience of production systems (CBD 2014). However, bioenergy pro-
duction can be a significant driver of ecosystem degradation, biodiversity loss, and 
social and cultural externalities (TEEB 2015), mostly allied with the conversion of 
natural habitats to agricultural land. On the other hand, benefits can be derived when 
bioenergy policies promote planning and more sustainable land management sys-
tems (Kline et al. 2015). In this sense, the environmental advantages of bioenergy 
depend largely on whether the production contributes to improved management of 
previously cleared and disturbed lands or, on the contrary, causes additional clear-
ing and degradation on lands that have high conservation value for biodiversity and 
carbon storage (Dale et al. 2015).

By far, the major concern regarding large-scale production of bioenergy is the 
conversion of natural habitats to agricultural land, and this explains the EU-RED 
requirement that feedstock production cannot occur in areas of high biodiversity 
value, such primary forests, in protection areas, and in highly biodiverse grasslands, 
excepting when good management practices require the extraction of biomass. 
Also, because EU-RED imposes this condition, the three certification schemes ana-
lyzed in this chapter specifically mention that sustainable feedstock production can-
not occur in such areas. In ISO 13065, a criterion states that the economic operator 
shall indicate how biomass is removed from areas designated as protected areas 
from a biodiversity aspect.

Other concerns are related to the introduction of alien species, mainly potentially 
invasive species, with the possible fragmentation of habitats caused by land use 
change, and with changes in habitat as the consequence of alterations in hydrology, 
biomass removal, biomass burning, etc. Aligned with these concerns, the certifica-
tion schemes explicitly mention the maintenance or restoration of ecological corri-
dors, the conservation (or restoration) of natural vegetation around springs and 
watercourses, the adoption of buffer zones to protect protected areas, restrictions on 
burning, and actions to minimize the use of fertilizers and agro-chemicals. It has 
been mentioned that the cultivation of invasive species and of genetically modified 
species should be avoided or, at least, a management plan shall be prepared to avoid 
negative impacts. In this sense, some certification schemes describe environmental 
management plans (EMP) to document actions taken for reducing impacts on bio-
diversity and ecosystem services.

The standard ISO 13065 has a criterion that demands the identification of poten-
tial impacts on threatened ecosystems and/or habitats, as well as on vulnerable and 
threatened species.

In conclusion, biofuel certification schemes address the main biodiversity con-
cerns about agricultural activities in two different ways. First, based on the precau-
tionary principle, biomass production is restricted in risky areas. Second, the schemes 
demand specific actions for minimizing relevant impacts (Kline et al. 2015).
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8.5.2.6  Wastes

Concerns regarding wastes are related to the substances of which the economic 
operator is required to dispose, involving such actions as storing, reusing, recycling, 
and disposal. The aim is to reduce the potential impacts on human health and on the 
environment (soil, water, air, biodiversity).

The certification schemes address this topic in more or less detail. In regard to 
agricultural waste, the aim is reducing waste generation or fostering reuse. In a 
general sense, the principal requirement is the use of best practices of waste man-
agement and waste disposal.

8.5.3  Social Aspects

8.5.3.1  Human Rights, Labor Rights, and Labor Conditions

The most basic legal document on human rights is the UN Declaration of Human 
Rights and, for this reason, both ISO 13065 and the three certification schemes ana-
lyzed in this chapter have a principle, or at least one criterion, in which the 
Declaration is addressed: any violation of human rights is unacceptable.

The concerns regarding labor rights and working conditions involve issues such 
compulsory labor, child labor, working journey, collective bargaining rights, and 
safety and health aspects. The three schemes mentioned in this text address these 
aspects in one or more criteria, in some cases with focus only on compliance of appli-
cable legislation, in some cases requiring more pro-active actions (see Table 8.3).

On the subject of labor conditions, examples of the concerns frequently pre-
sented in the literature are related to sugarcane cropping, in Brazil, and this can be 
explained by three main reasons: first, until recently, the sugarcane sector employed 
a large working force on manual harvesting; second, because of the heterogeneity of 
this large sector, it was relatively easy to find examples of bad practices; and third, 
because of the old governance practices that have been gradually eliminated. 
Examples of papers criticizing working conditions in sugarcane cropping are the 
publications by Martinelli and Filoso (2008) and Azadi et al. (2012).

It is worth mentioning that more recently, with mechanization of sugarcane har-
vesting, the number of employees working under tough conditions has decreased, 
although other problems have been reported (e.g., unemployment, and extensive 
working periods for those who operate the machines).

8.5.3.2  Land Use and Water Use Rights

In some cases, land use rights are not supported by law or by titles of ownership, but 
rather are customary. This difference is an important aspect, and its importance has 
increased with what has been called land grabbing. Land grabbing is an expression 
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used to describe the large growth of transnational land transactions that has been 
occurring in recent years (Borras and Franco 2010). The practice is more common 
where land tenure is more malleable and is exacerbated by both the food price crisis 
(2007–2008) and the broader financial crisis. It has been said that biofuels produc-
tion has boosted land grabbing, mainly in Asia and Africa (Borras et  al. 2011; 
Scheidel and Sorman 2012).

Indeed, Ravagnani et al. (2016) studied data from the Land Matrix (2015), for a 
period of 10  years, and concluded that land acquisitions for biofuels production 
occurred, with a significant amount of contracts and land extensions (estimated at 
0.7% of total agricultural area in Africa, i.e., 2.3 million hectares, and 0.32 million 
hectares in Asia). However, land acquisitions for biofuels production have recently 
diminished.

The sustainability initiatives are concerned with land rights demanding that local 
people, and the potentially affected community, would be informed about intended 
land use, and also requiring proof of consent; obviously these actions have not elim-
inated the risks of grabbing. ISO 13065 has an indicator that demands respect of 
traditional land use rights and the necessity of evidence of previous consultation and 
permission for using the land. In the case of water use rights, the same technical 
standard also mentions the necessity for evidence showing that the local population 
has been consulted about the enterprise.

Equally, the three certification schemes analyzed in this text address land tenure 
in greater or less detail. Basically, the recommended or required actions encompass 
(a) the identification of potentially affected local communities, and of their tradi-
tional land uses, (b) the verification of existence of statutory or customary land use 
rights, and (c) the negotiation of agreements for use of the land, a process that shall 
be free and result in formal documents, with fair compensation for the local people.

8.5.3.3  Food Security

The debate that is known as food versus fuel gained momentum with the food sup-
ply crisis in 2007–2008, as previously mentioned, when biofuels production was 
pointed out as the main reason for rise in food prices. Although afterward it was 
demonstrated that the impact from biofuels production was limited (Hochman et al. 
2010; Zilberman et  al. 2012), the issue is still very contentious and, as a conse-
quence, there is aversion to biofuels production using food feedstocks and arable 
land. One of the consequences was the constraint imposed by EU-RED to the so- 
called first-generation biofuels, which are produced from edible feedstocks.

One possible negative impact is the direct competition between food and biofu-
els production, but another potential negative impact is the pressure on food supply 
resulting from the limited availability of arable land. Both aspects have led to the 
support for biofuels that are produced from nonedible feedstocks and that do not 
demand high-quality land (e.g., second- and third-generation biofuels, 2G and 3G), 
such as from waste, cellulosic materials, or algae. So far, however, throughout the 
world there is not a single biofuels plant that commercially produces 2G and 3G. On 
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the other hand, a possible positive impact of biofuels production would be higher 
incomes in rural areas, minimizing the food supply problem.

In this sense, sustainability initiatives such as GBEP and EU-RED require moni-
toring of the impact of biofuels production on food supply, including impacts on 
prices, production, and consumption. This approach is in line with the assessment 
of macroeconomic impacts. On their side, the certification schemes demand an eval-
uation of impacts at the level the activity takes place, mainly in poor regions, or in 
regions that are recognized as food-insecure regions, as stated in RSB (“Operations 
ensure the human right to adequate food and improve food security in food insecure 
regions”) and ISCC (“Biomass production shall not replace stable crops or impair 
the local food security”). However, the Bonsucro scheme does not address food sup-
ply in any way.

The great importance assigned to potential impacts on food supply predicts that 
this issue will also be the focus of debates on future large-scale production of 
biomaterials.

8.5.3.4  Rural Development

The potential social and economic development of the regions where the production 
of feedstocks and biofuels take place (and, in the future, the production of biomate-
rials) is one of the main reasons for fostering bioproduction. In particular, the aim is 
enhancing the development of rural areas, by the creation of jobs, enhancement of 
the working force, larger income, improved infrastructure, etc. Some social and one 
of the economic (training and requalification of the workers) indicators proposed by 
GBEP induces the continuous monitoring of parameters that can attest the effective-
ness, from a local development perspective, of policies aiming at fostering biofuels 
production.

The papers by Machado et al. (2015, 2016) are examples of the effort aimed at 
evaluating the average local and regional socioeconomic impacts of large-scale 
ethanol production from sugarcane in Brazil. The results show that, on average, the 
impacts were positive so long as municipalities of the same size (on a population 
basis), where sugarcane is or is not relevant, are compared. The conclusion is based 
on indicators such as income, wealth distribution, social health, the Human 
Development Index, and infrastructure. The same author is completing a research 
project assessing the social and economic potential impacts of future production of 
biochemicals in Brazil (Machado 2017); the assessment is based on the use of a 
general equilibrium model. Also regarding socioeconomic impacts of the sugarcane 
sector in Brazil, a number of papers were published in recent years (Moraes et al. 
2015, 2016; Gilio and Moraes 2016) assessing regional impacts.

In the general sense, it is a difficult task to assess the impacts of a single eco-
nomic activity at the local level, first because a longer period is required, and sec-
ond because other economic activities have influence in the same region. As the 
regional economy becomes more diversified, the more difficult is this assessment. 
Thus, the authors of this chapter believe the aim of assessing the socioeconomic 
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impacts of a single enterprise is senseless, as is the attempt of some certification 
schemes. However, one certification scheme analyzed along this text (RSB) has a 
principle dedicated to this issue, and another scheme (ISCC) has a criterion that 
addresses the issue.

8.5.4  Economic Aspects

From a microeconomic perspective, the aspects to be considered regarding biofuels/
biomaterials production are limited to ensure that the enterprise is economically and 
financially viable and that the economic operator must act to minimize financial 
risks.

However, the most important economic issues are related to the impacts on 
regional and on national economy, and these are determined by the results for jobs, 
farm income (probably raised, diversified), workers’ wages, etc., as well as by the 
indirect impacts caused by reducing imports and dependence, developing technol-
ogy, supporting local industry, improving capacity building, and so on. These 
impacts are rarely related to a single enterprise and cannot be assessed directly. In 
this sense, economic models such as the input/output matrix and general equilib-
rium models (computable general equilibrium, CGE) have been used for this pur-
pose (Channing et al. 2008; Moschini et al. 2012; Herreras-Martínez et al. 2013).

The resulting impacts are site specific, and depend on the local reality, on the 
way supply chains are developed, on the investments for improving local 
 infrastructure, and on whether basic rights have been assured and how conflicts have 
been managed. Thus, results from previous experiences, whether positive or nega-
tive, cannot be generalized. In the general sense, the macroeconomic impacts are 
closely related to rural/regional development, as discussed previously.

8.6  Land Use Change

Land use activities for human use, whether through conversion of natural land-
scapes or changing management practices, have transformed a large proportion of 
the planet’s land surface (Foley et  al. 2005). Today, approximately 38% of the 
world’s 13 billion ha of land is dedicated to pasture and crops; forests retain about 
30% of the total area (FAO 2017b). Looking ahead, based on population and dietary 
trends, the FAO projects a net increase of about 70 Mha in land requirements to 
grow food crops by 2050, resulting from an expansion of 130 Mha in developing 
countries combined with a loss of 60 Mha to infrastructure, recreation, etc. in devel-
oped countries (Alexandratos and Bruinsma 2012). For the case of modern bioen-
ergy, estimations of gross land demand vary between 50 and 200 Mha by 2050, 
which could deliver between 44 and 135 EJ year−1 (Woods et al. 2015). Those val-
ues are well below the land availability for bioenergy, once most estimations from 
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global studies exceed 500 Mha for 2050, after allowing for food production, pro-
tected areas, urban expansion, and increased biodiversity protection.

One major opportunity to compensate for growth in biomass resource use is to 
intensify the use of low productivity pastureland and make use of (part of) the avail-
able area of pasture, which is estimated to be around 950 Mha, for multipurpose 
agriculture (Woods et al. 2015). However, land potentially available for bioenergy 
also includes degraded areas, as well as those areas suitable for rainfed agriculture 
that are not expected to be needed for other purposes, in addition to those not suit-
able for rainfed agriculture but potentially suitable for energy crops.

Even though land is not a constraint for bioenergy at a global level (Souza et al. 
2015), land use change (LUC) is expected to play a central role in the sustainability 
of bioeconomy, as a common denominator among food, energy, and environment. 
Given the continuous changes in human society, LUC can be seen as an inevitable 
consequence, with likely socioeconomic and environmental implications. However, 
the effects do not have to be negative.

Although unintended consequences to food security may surge at specific 
regional contexts when bioenergy expansion is not well implemented, bioenergy, 
when well planned, can actually enhance access to food through productivity gains 
enabled by technology deployment, or by promotion of higher household income, 
or improved infrastructure. Modern bioenergy can also allow better food quality/
stability if directly used for drying, cooking, and water purification (Nogueira et al. 
2015). With respect to the environment, it is widely recognized that converting land 
planted with row crops to perennial grasses can be accompanied by significant ben-
efits in terms of biodiversity, habitat, soil carbon, and fertility, whereas worst-case 
scenarios such as clearing rainforests or draining peatland to make land available 
for bioenergy must be avoided (Karp et al. 2015).

When addressing the impacts from LUC, the distinction between direct and indi-
rect LUC is important. Direct LUC (dLUC) involves “changes in land use on the 
site used for bioenergy feedstock production, such as the change from food or fiber 
production (including changes in crop rotation patterns, conversion of pasture land, 
and changes in forest management) or the conversion of natural ecosystems.” 
Indirect LUC (iLUC) refers to “the changes in land use that take place elsewhere as 
a consequence of the bioenergy project” (for example, the conversion of natural 
ecosystems to agricultural land caused by the reestablishment of displaced food 
producers) (Berndes et al. 2011).

Land use changes can influence global warming through CO2 emissions or 
sequestration from carbon stock changes in biomass, dead organic matter, and soil 
organic matter.1 Indicators such as “carbon debt” (Fargione et al. 2008) and carbon 

1 LUC may also influence the extent to which the land surface reflects incoming sunlight (i.e., the 
albedo), and thereby global warming. As pointed out by Berndes et al. (2011), in regions with 
seasonal snow cover or a seasonal dry period (e.g., savannahs), reduction in albedo caused by the 
introduction of perennial green vegetative cover can counteract the climate change mitigation ben-
efit of bioenergy. Conversely, albedo increases associated with the conversion of forests to energy 
crops (e.g., annual crops and grasses) may counter the global warming effect of CO2 emissions 
from deforestation.
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payback time (Gibbs et al. 2008) have been proposed to reflect the amount of CO2 
released from the direct land conversion to bioenergy production, respectively, and 
how many years are required to repay those debts by avoiding fossil fuel emissions 
with biofuels. As shown in Fig. 8.4, all biofuel options have significant payback 
times when dense forests or peatlands are converted into bioenergy plantations. 
However, payback times are relatively low for the most productive systems when 
grasslands and woody savannas are used (Edenhofer et al. 2012), and practically 
zero when degraded land or cropland is used (not considering the iLUC that can 
arise). Actually, studies have found that growing perennial grasses in lieu of row 
crops increases soil carbon stocks at a rate of 1 Mg C ha−1 year−1 or more (Woods 
et al. 2015), which is similar to the outcome of replacing annual crops with sugar-
cane in Brazil (Mello et al. 2014).

Even though there are large uncertainties about the overall carbon stock changes, 
the dLUC effects can be measured and observed with time. iLUC implications, 
conversely, result from projections using economics models, which are only able to 
capture both effects (dLUC and iLUC) together.2 When it is not empirically observ-
able, iLUC estimations depend on assumptions of cause–effect relationships that 
will attribute responsibility of land conversion to individual agricultural land use 
(Macedo et al. 2015). Quantifying the indirect effects of bioenergy policies is there-
fore a complex exercise that requires a combination of energy, agro-economic, 
global land use, and emission modeling approaches.

As illustrated in Fig. 8.5, the more recent studies of iLUC report a lower effect 
than did earlier studies. Estimates for new land brought into cultivation by the 
expansion of corn ethanol have been reduced by an order of magnitude and by 
threefold for sugarcane ethanol. Recent modeling exercises therefore suggest that 
the land use sectors are able to accommodate a significant part of the projected bio-
energy expansion without claiming new land (Macedo et al. 2015).

Furthermore, bioenergy does not always result in LUC. Lignocellulosic feed-
stocks can be produced in combination with food and fiber, avoiding land use 
displacement and improving the productive use of land (Edenhofer et al. 2012). 
Bioenergy can also make use of by-products from the agricultural and forest 
industries, or even organic municipal wastes, according to principle 7 of green 
chemistry.

8.7  Final Remarks

Bioenergy has been promoted in different countries with the aim of reducing depen-
dence on nonrenewable resources, supporting local economies, and offering a better 
quality of life in rural areas. However, to effectively contribute to sustainable 

2 As there is no information about how the feedstock from a newly cultivated land parcel will be 
used, the concept of dLUC is not applicable within the models. For this reason, some authors refer 
to the land use changes modeled in economics models as induced land use change.
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development, bioenergy deployment needs to be well planned and carefully imple-
mented to avoid environmental and social risks.

As a result of interest group advocacy, a diversity of sustainability initiatives has 
emerged in recent years in the bioenergy context, which may soon be extended to 
renewable chemicals and biomaterials to accommodate principle 7 of green chem-
istry (see Chap. 1). Even though these initiatives address the main sustainability 

Fig. 8.4 Ecosystem 
carbon payback time for 
potential biofuel crop 
expansion pathways across 
the tropics, as based on 
crop yields circa 2000 (a), 
and if all crops achieved 
the top 10% global yields 
through gradual or abrupt 
improvements in 
agricultural management 
or technology (b). 
(Adapted from Edenhofer 
et al. 2012)

8 Sustainability of Biomass



214

F
ig

. 8
.5

 
Se

le
ct

 m
od

el
-b

as
ed

 e
st

im
at

es
 o

f 
L

U
C

 e
m

is
si

on
s 

(3
0-

ye
ar

 a
cc

ou
nt

in
g 

fr
am

ew
or

k)
 f

or
 m

aj
or

 b
io

fu
el

 c
ro

ps
 g

iv
en

 a
 c

er
ta

in
 le

ve
l o

f 
de

m
an

d 
(E

de
nh

of
er

 
et

 a
l. 

20
12

)

A. Walter et al.



215

concerns, compliance with certification schemes does not necessarily translate into 
sustainable production. Risks of green-washing exist, and further investigation is 
needed to gauge the implications on trade, new producers, and ultimately the effec-
tive promotion of sustainable development.

Nevertheless, there is evidence supporting that, if implemented correctly, the 
bio-based economy can indeed improve energy security, generate jobs, spur eco-
nomic activity (especially in rural areas), enhance food supply, decrease air and 
water pollution, protect biodiversity, and counteract climate change. To that end, 
however, research and development, good governance (helped by appropriate certi-
fication schemes), and innovative business models are essential to address knowl-
edge gaps and foster innovation across the value chain. As argued by Souza et al. 
(2015), with these measures, a sustainable future would be more easily achieved 
with the contributions from biomass than without that input.
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application of new catalysts and biocatalysts, and improved microorganisms and 
plants. Thus, a glossary that compiles the terms and significances of this new chemi-
cal area has, as its main objective, dissemination of the concept of renewable 
chemistry.

In this glossary were considered contributions from the several areas closely 
related to the renewable chemistry concept and its application: analytical chemistry, 
biochemistry, environmental chemistry, organic chemistry, inorganic chemistry, and 
chemical engineering.

Keywords Bio-based economy; Biomass; Green chemistry; Renewable resources

Abbreviations

1G First generation (for biofuels)
2G Second generation (for biofuels)
3G Third generation (for biofuels)
AFEX Ammonia fiber explosion
APR Aqueous phase reforming
ATP Adenosine triphosphate
B100 Biofuel mixture with 100% v/v biodiesel
Bio-ETBE Ethyl tert-butyl ether or 2-ethoxy-2-methyl-propane, C6H14O
Bio-MTBE Methyl tert-butyl ether or 2-methoxy-2-methyl-propane, C5H12O
C5 Pentoses from carbohydrate polymers
C6 Hexoses from carbohydrate polymers
CDH Cellobiose dehydrogenase
CHP Combined heat and power
FAME Fatty acid methyl ester
FSCW Food supply chain waste
GBR Green biorefinery
HTS High-throughput screening
LCA Life cycle analysis
LC-MS Liquid chromatography–mass spectrometry
LPMO Lytic polysaccharide monooxygenase
MSW Municipal solid waste
NMR Nuclear magnetic resonance
PHA Polyhydroxyalkanoate
PHB Polyhydroxybutyrate
PMO Polysaccharide monooxygenase

Acid Pretreatment
Process catalyzed by an acid (Brønsted acid or Lewis acid) to promote the separa-
tion of lignocellulosic fractions, such as hemicellulose (see Hemicellulose). Sulfuric, 
hydrochloric, phosphoric, and nitric acids are commonly used.
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Advanced Fuels
Liquid fuel derived from sustainable or renewable sources of organic matter (see 
Organic matter) that do not typically compete with food production, such as agri-
cultural wastes (see Waste), forest and wood residues, certain oilseeds, and algae; 
these produce low CO2 emissions from their use.

Aerobic Digestion
Digestion process occurring by means of the activity of bacteria and fungi that 
requires molecular oxygen. This process has a high energy yield (see Yield in bio-
technology) obtained when molecular oxygen reacts with organic matter (see 
Organic matter), releasing heat (e.g., composting). It can be applied to hazardous 
wastes (see Waste) such as chemical process wastes and landfill leachates, with 
microorganisms (see Microorganisms) degrading the hazardous molecules.

Agricultural Biomass
All biomass (see Biomass) generated from crop production in the field, be it soil or 
an aquatic environment.

Agricultural Residues
Residues from crop production, such as bagasse (see Bagasse), straw, or liquid 
effluents.

Alternative Fuels
Alternative fuels for transportation applications include methanol, denatured etha-
nol, and other alcohols; fuel mixtures containing 85% or more by volume of metha-
nol, denatured ethanol, and other alcohols with gasoline or other fuels; natural gas; 
liquefied petroleum (see Petroleum) gas (propane); hydrogen; coal-derived liquid 
fuels; fuels (other than alcohol) derived from biological materials [biofuels (see 
Biofuels) such as soy diesel fuel]; and electricity [including electricity from solar 
energy (see Solar energy)].

Alternative Solvents
Solvents that have low toxicity, are easy to recycle, are inert, and do not contaminate 
the product. They are also called green solvents (see Green solvent). Biodegradability, 
biocompatibility, and sustainability (see Sustainability) are desirable qualities for an 
alternative solvent.

Reference: (Paiva et al. 2014).

Ammonia Fiber Explosion (AFEX)
Ammonia-based process for pretreatment of lignocellulosic biomass; AFEX 
improves the susceptibility of lignocellulosic biomass to enzymatic attack.

Amylases
Starch-degrading enzymes (see Enzymes) of hexose monomers such as glucose.

Anaerobic Digestion
Series of biological processes [hydrolysis (see Hydrolysis), acidogenesis, acetogen-
esis, and methanogenesis] in which microorganisms (see Microorganisms) convert 
organic material, in the absence of oxygen, to a mixture of methane (CH4) and 
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carbon dioxide (CO2) and other gaseous compounds in small amounts, called biogas 
(see Biogas), for bioelectricity generation (see Bioelectricity). It produces also a 
liquid fraction (rich in inorganic species in aqueous medium, which can be precipi-
tated) and a solid fraction that when dewatered can be used as a fertilizer (see 
Fertilizers), depending on its composition.

Aqueous Effluent
Discharge of liquid waste (see Waste) from a factory, refinery, or biorefinery (see 
Biorefinery) containing a large proportion of water and other compounds, which 
commonly must be treated before its disposal.

Aqueous Phase Reforming (APR)
Catalytic process to obtain H2, CO, CO2, and other volatile compounds by means of 
reforming (see Reforming) in an aqueous medium, normally using supported metal 
heterogeneous catalysts (see Heterogeneous catalyst). When the process is carried 
out by feeding reactants at high temperature (>350–400 °C) in the gas-phase sys-
tem, it is called steam reforming.

Basic Pretreatment
Alkaline agents such as sodium, potassium, calcium, and ammonium hydroxides 
are added in the pretreatment of lignocellulosic biomass (see Lignocellulosic bio-
mass) to release the cellulosic fraction (see Cellulosic fraction). This pretreatment 
promotes delignification and removal of hemicellulose (see Hemicellulose) from 
lignocellulosic biomass, allowing, in a later step, the enzymatic hydrolysis (see 
Hydrolysis) to release sugars. Beyond that, this has the advantage of causing less 
sugar degradation than acid treatment.

Bagasse
Fibrous fraction of the sugarcane after juice extraction constituting a lignocellulosic 
biomass (see Lignocellulosic biomass). It can be used to generate bioelectricity (see 
Bioelectricity), second-generation ethanol, chemicals, and materials.

Bio-Based Economy
Model of economy based on the use of renewable sources instead of nonrenewable 
sources such as petroleum (see Petroleum). In a bio-based economy, renewable 
resources (see Renewable resources) are used for industrial purposes and energy 
production, without compromising food and feed provision.

Reference: (Hennig et al. 2015)

Bio-Based Polymers
Polymers (see Polymers) obtained from renewable sources such as sugars, starch, or 
oleaginous or lignocellulosic biomass. Examples are the ‘green polyethylene’ from 
sugarcane ethanol, and polyhydroxyalkanoates (PHAs) and polyhydroxybutyrate 
(PHB) produced by a variety of microorganisms (see Microorganisms) as a reserve 
of carbon and energy. Cellulose is the major natural and bio-based polymer con-
stituent of the vegetal cell wall.
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Bio-Based Chemicals
Chemicals obtained from renewable sources such as sugars, starch, or oleaginous or 
lignocellulosic biomass by means of chemocatalytic, biochemical, or thermochemi-
cal processes; examples include furfural, succinic acid, and levulinic acid.

Biocatalysis
Use of enzymes (see Enzymes), isolated or present in whole cells, to promote an 
increase in the rate of chemical and biochemical reactions to produce, for instance, 
biofuels (see Biofuels) and chemicals.

Biocatalyst
Enzyme or a group of enzymes (see Enzymes) consisting of, or derived from, an 
organism or cell culture (in cell-free or whole-cell forms) that catalyzes metabolic 
reactions in living organisms or substrate conversions in one or various biochemical 
reactions.

Reference: (PAC 1992a)

Biochar
Product obtained from fast pyrolysis of biomass, when the biomass is heated quickly 
(<2  s) to 700  °C in the absence of oxygen, generating a solid with good fuel 
properties.

Biochemical Conversion Process
Processes based on enzymatic or fermentation technologies to convert a substrate 
into a product, for instance, biofuels (see Biofuels) or chemicals from sugars, or 
oleaginous, starch, or lignocellulosic feedstock.

Biodegradable Polymer
Polymer susceptible to being degraded by biological activity, with the degradation 
accompanied by a decrease of its molar mass.

Notes:

 1. See also Note 2 to polymer degradation.
 2. In the case of a polymer, its biodegradation (see Biodegradation) proceeds not 

only by the catalytic activity of enzymes (see Enzymes), but also by a wide vari-
ety of biological activities.

Reference: (PAC 2004)

Biodegradation
Breakdown of a substance catalyzed by enzymes (see Enzymes) in vitro or in vivo: 
this may be characterized for purposes of hazard assessment as follows.

 1. Primary. Alteration of the chemical structure of a substance, resulting in loss of 
a specific property of that substance.

 2. Environmentally acceptable. Biodegradation to such an extent as to remove 
undesirable properties of the compound; this often corresponds to primary bio-
degradation but it depends on the circumstances under which the products are 
discharged into the environment.
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 3. Ultimate. Complete breakdown of a compound to either fully oxidized or reduced 
to simple molecules (such as carbon dioxide/methane, nitrate/ammonium, and 
water. It should be noted that the products of biodegradation can be more harm-
ful than the substance that was degraded.

Reference: (PAC 1992b)

Biodiesel
Biofuel derived from oleaginous biomass (see Oleaginous biomass) for using in 
compression ignition engines (diesel-type engines). It can be usually obtained by 
various processes, such as transesterification, cracking (see Cracking), hydrotreat-
ment, and the Fischer–Tropsch process (see Fischer–Tropsch process): transesteri-
fication is the most common process. Technically, biodiesel is defined as a fuel 
composed of mono-alkyl esters of long-chain fatty acids derived from vegetable oils 
or animal fats, designated B100.

Reference: (American Society for Test and Methods 2015)

Bioeconomy
Economics model based on renewable sources (see Renewable resources), such as 
biomass, instead of an economics model based on nonrenewable resources (see 
Nonrenewable resources), such as petroleum (see Petroleum) and coal, according to 
sustainable metrics (see Sustainable metrics). Products of a bioeconomy system are 
biofuels (see Biofuels), chemicals, bioenergy (see Bioenergy), and biomaterials (see 
Biomaterials).

Bioelectricity
Production of electricity from biomass, for example, sugarcane bagasse (see 
Bagasse) as a feedstock, biomass derivatives by means of the co-generation 
process.

Bioenergy
Energy generated from biomass for industrial or domestic uses, commonly as elec-
tricity (for power) and heat.

Bioethanol
Ethanol (C2H6O) produced from sucrose or starch (first generation) or lignocellu-
losic biomass (second generation) by fermentation, mainly by the yeast (see Yeast) 
Saccharomyces cerevisiae, to be used as biofuel or renewable feedstock (see 
Renewable feedstock) for the chemical industry.

Biofuels
Fuels obtained from different biomass sources (sucrose, starch, oleaginous, or cel-
lulosic) by a chemical, biochemical, or thermochemical process to substitute green 
fossil fuels for petroleum (see Petroleum). Examples of biofuels: bioethanol (see 
Bioethanol), biodiesel (see Biodiesel), biogas (see Biogas), biomethanol, biodi-
methylether, bio-ETBE (ethyl tert-butyl ether, C6H14O), bio-MTBE (methyl tert- 
butyl ether, C5H12O), biokerosene (see Biokerosene), or biohydrogen (H2) (see 
Biohydrogen), and pure vegetable oil.
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Biogas
Mixture of gaseous compounds produced by anaerobic digestion (see Anaerobic 
digestion) of organic materials that can contain CH4 (ϕ  =  48–75%), CO2 
(ϕ = 25–47%), N2 (ϕ = 0–20%), O2 (ϕ = 0–5%), H2S (ϕ = 100–2000 × 10−6), and 
mercaptans (0–100 × 10−6). Biogas can be used for electricity and heat generation, 
and therefore by industrial or rural properties, bringing economic and environmen-
tal gains.

Note: ϕ = volume fraction.

Biohydrogen
Hydrogen produced biologically from organic materials, most commonly by algae, 
Bacteria, or Archaea, and hydrogen produced chemically from organic materials or 
biomass in general.

Biokerosene
Biofuel that meets standards for being used in the aviation sector as an alternative 
fuel or in mixtures with kerosene from petroleum (see Petroleum). It can be pro-
duced from fatty acid methyl ester (see Fatty acid methyl ester), when it comes from 
an oleaginous feedstock (e.g., soybean), or by hydrocarbons obtained by the 
Fischer−Tropsch process of syngas (see Syngas) from biomass (see Biomass) gas-
ification, as well as from the fermentation of sugars using recombinant microorgan-
isms (see Microorganisms) (e.g., farnesene).

Biomass
Material produced by the growth of microorganisms, plants, or animals.

Reference: (PAC 1992b)
In plants, we can consider four types: lignocellulosic (see Lignocellulosic bio-

mass), oleaginous (see Oleaginous biomass), starch (see Starch biomass), and sac-
charide (see Saccharide biomass).

Biomass Waste
Organic non-fossil material of biological origin that is a by-product or a discarded 
product. Biomass waste (see Waste) includes municipal solid waste (see Municipal 
solid waste) from biogenic sources, landfill gas, sludge waste, agricultural crop by- 
products, straw, and other biomass (see Biomass) solids, liquids, and gases, but 
excludes wood and wood-derived fuels, biofuels feedstock, biodiesel (see Biodiesel), 
and fuel ethanol.

Note:
Biomass waste data also include energy crops grown specifically for energy pro-

duction, which would not usually constitute waste.

Biomass Chemistry
Study of the chemical composition and properties of biomass (see Biomass) and its 
conversion processes.
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Biomaterials
Any material originated from biological and renewable resources (see Renewable 
resources) or applied to biological purposes, such as polymers (see Polymers), com-
posites (see Composites), and metallic alloys.

Bio-Oil
Oil or liquid bio-crude commonly obtained from the pyrolysis of biomass (see 
Biomass), as, for example, fast pyrolysis of lignocellulosic biomass (see 
Lignocellulosic biomass) by a rapid heating (<2 s) to about 500 °C in the absence of 
oxygen. The major compounds identified in its composition are carboxylic acids, 
aldehydes, ketones, furfurals, sugar-like material, and lignin-derived compounds.

Bioproducts
Products obtained from biomass (see Biomass) by means of conversion processes 
(see Conversion process), such as biofuels (see Biofuels), chemicals, and biomateri-
als (see Biomaterials).

Biorefinery
Industrial plant dedicated wholly to the use of biomass (see Biomass). As a petro-
leum (see Petroleum) refinery, it would be able to produce biofuels (see Biofuels), 
bioenergy (see Bioenergy), chemicals, and biomaterials (see Biomaterials). A biore-
finery can be based on a number of processing platforms using mechanical, thermal, 
chemical, and biochemical processes.

Biotechnology
Integration of natural sciences and engineering sciences to achieve the application 
of organisms, cells, parts thereof, and molecular analogues for products and 
services.

Reference: (PAC 1992b)

Black Liquor
By-product (see By-product) of the paper production process; alkaline spent liquor 
that can be used as a source of energy or solubilized lignin (see Lignins). Alkaline 
spent liquor is removed from the digesters in the process of chemically pulping 
wood. After evaporation, the residual “black” liquor is burned as a fuel in a recovery 
furnace that permits the recovery of certain basic chemicals.

Building-Block Molecules
Molecules from renewable sources, for example, phenolic monomers, fatty acids, 
and carbohydrates, which act as raw materials (see Raw material) for other products 
with high value such as polymers (see Polymers); several synthetic molecules, 
among others, for a large number of applications.

Carbohydrate Chemistry
Chemical aspects related to production, analysis, and conversion of C5 (pentoses) 
and C6 (hexoses) carbohydrates.
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Carbon Capture and Storage
Family of methods and technologies to capture CO2 emitted by combustion pro-
cesses (see Combustion process), for example, burning of fuels to generate energy, 
burning of coal by the cement and steel industries, or gasification processes (see 
Gasification process). An example is the CO2 captured and pressurized to about 
100 bar or more to be transported and stored in a site by means of injection into 
geological features, to prevent its emission into atmosphere for thousands of years.

Carbon Fiber
Fibers (filaments, tow, yarns, rovings) (see Fibers) consisting of w at least 92% 
carbon, usually in the non-graphitic state.

Note 1:
Carbon fibers are fabricated by pyrolysis of organic precursor fibers or by growth 

from gaseous hydrocarbons. Use of the term graphite fibers instead of carbon fibers, 
as is often observed in the literature, is incorrect and should be avoided. The term 
graphite fibers is justified only if three-dimensional crystalline order is confirmed, 
such as by X-ray diffraction measurements.

Reference: (PAC 1995a)
Note 2:
w = mass fraction.

Carbon Fixation
Carbon dioxide is converted into sugar that is found only in plants by means of 
photosynthesis (see Photosynthesis process).

Carbon Footprint
Metric to measure the global warming (see Global warming) potential of a process 
or a product, mainly by means of the consideration of the consumption of fossil 
fuels during the production and the CO2 produced or released (input and output) by 
the product or process. For renewable chemicals (see Renewable chemicals), their 
carbon footprint can be calculated by means of life cycle assessment tools (see Life 
cycle assessment) and compared against petrochemicals to prove their advantage or 
disadvantage.

Carbon Cycle
All carbon sinks and exchanges of carbon from one sink to another by various 
chemical, physical, geological, and biological processes.

Carbon Dioxide Equivalents
Amount of carbon dioxide by weight emitted into the atmosphere that would pro-
duce the same estimated radiative forcing as a given weight of another relatively 
active gas. Carbon dioxide equivalents are computed by multiplying the weight of 
the gas being measured (for example, methane) by its estimated global warming 
(see Global warming) potential (which is 21 for methane). “Carbon equivalent 
units” are defined as carbon dioxide equivalents multiplied by the carbon content of 
carbon dioxide (e.g., 12/44).
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Carbon Stocks
Quantity of carbon stored in biological and physical systems including trees, prod-
ucts of harvested trees, agricultural crops, plants, wood and paper products, and 
other terrestrial biosphere sinks, soils, the oceans, and sedimentary and geological 
sinks.

Carbonization
Process by which solid residues with increasing content of the element carbon are 
formed from organic material, usually by pyrolysis in an inert atmosphere.

Note:
As with all pyrolytic reactions, carbonization is a complex process in which 

many reactions take place concurrently such as dehydrogenation, condensation, 
hydrogen transfer, and isomerization. It differs from coalification in that its reaction 
rate is faster by many orders of magnitude. The final pyrolysis temperature applied 
controls the degree of carbonization and the residual content of foreign elements, 
for example, if the carbon content of the residue exceeds w of 90%, whereas at more 
than w of 99%, carbon is found.

Reference: (PAC 1995b)
Note:
w = mass fraction.

Catalysis
Application of a catalyst (see Catalyst) in a conversion process (see Conversion 
process).

Catalyst
Substance that increases the rate of a reaction without modifying the overall stan-
dard Gibbs energy change in the reaction; the process is called catalysis (see 
Catalysis).

Reference: (PAC 1996a)
Alternatively, we can consider organic and inorganic molecules as chemical cat-

alysts, in homogeneous or heterogeneous phase, according to the substrate, and 
biological catalysts as isolated enzymes (see Enzymes) or whole cells, in solution 
(homogeneous) or immobilized (heterogeneous).

Cellulase
Enzyme or a group of enzymes (see Enzymes), mainly hydrolytic, used to catalyze 
the depolymerization (see Depolymerization) of cellulose to obtain glucose. The 
cellulase system in both bacteria and fungi constitutes four different classes of 
enzymes: (1) endo-1,4-β-glucanases; (2) exo-1,4-β-d-glucanases, including both 
1,4-β-d-glucan cellobiohydrolases and 1,4-β-d-glucan glucohydrolases; (3) 1,4-β-d- 
glucosidases, also referred to as cellobiases; and (4) lytic polysaccharide monooxy-
genases (LPMOs), which are oxidoreductases.

Cellulose
The major constituent of plant cell walls and the most abundant organic compound 
in nature with glucose as the monomer, linked by 1,4-β-d bonds. Generally, 
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cellulose occurs in two forms: amorphous and crystalline. It is the framework sub-
stance in wood, accounting for w of 40–50% of the wood in the form of cellulose 
microfibrils. Cellulose is a source of sugar for second-generation ethanol and chem-
icals after a hydrolysis (see Hydrolysis) step (Fig. 1).

Note:
w = mass fraction

Cellulosic Fraction
Fraction obtained after the lignocellulosic biomass (see Lignocellulosic biomass) 
pretreatment by means of the use of chemicals in aqueous medium, commonly 
alkali or acid, separating it from hemicellulose (see Hemicellulose) and lignin frac-
tions (see Lignin fraction) for subsequent conversion to glucose.

Chemical Analysis
Application of chemical reactions to obtain quantitative or qualitative data about 
chemical composition.

Chemical Conversion Process
Transformation process (organic or inorganic) that occurs with or without the use of 
catalysts (see Catalyst), used to obtain biofuel, bioenergy (see Bioenergy), chemi-
cals, or materials from a certain feedstock.

Chemocatalytic Platform
Set of technologies to promote the transformation of biomass (see Biomass) into a 
large number of molecules with a high value using catalysts (homogeneous or het-
erogeneous) (see Catalyst).

Cogeneration (or Combined Heat and Power, CHP)
Use of lignocellulosic biomass (see Lignocellulosic biomass) [e.g., sugarcane 
bagasse (see Bagasse)] as fuel in boilers for heating water and generating steam, 
which will turn a turbine that produces electricity, or bioelectricity (see 
Bioelectricity), for power.

Combustion Process
Rapid exothermic process in the presence of oxygen that liberates substantial energy 
as heat together with CO2 and water. This process can be used to generate energy 
from biomass (see Biomass), as the co-generation process applied to the sugarcane 
bagasse (see Bagasse) to produce bioelectricity (see Bioelectricity).

Conversion Process
Certain process used to transform a biomass (see Biomass) into product(s), such as 
a biofuel, chemical, or material. It can be subdivided into noncatalytic processes, 
chemocatalytic processes [heterogeneous and homogeneous catalysis (see 

Fig. 1 Cellulose structure
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Heterogeneous catalysis and Homogeneous catalysis)], biochemical processes [fer-
mentation and enzymatic catalysis or biocatalysis (see Biocatalysis)], and thermo-
chemical processes (combustion, gasification, pyrolysis). Each process involves its 
own technological approach.

Composites
Systems formed by different materials in the same state; there are interactions 
between the materials near the surface. Wood is a composite.

Compositional Analysis
Chemical analysis (see Chemical analysis) or chemical analyses set used to deter-
mine the chemical composition of a certain sample, as biomass (see Biomass), 
based on analytical techniques such as gravimetry, thermogravimetry, and elemen-
tal analysis. It normally involves fractionation of the sample and it is fundamental 
to the establishment of quality criteria for feedstock and products.

Co-products
Secondary products from a biomass (see Biomass) conversion process (see 
Conversion process) that could be used to add value in an economic chain. An 
example is glycerine obtained from biodiesel (see Biodiesel) production.

Co-products Valorization
Exploitation of possible by-products (see By-product) to generate fuels, energy, or 
value-added chemicals (see Value-added chemicals) to improve the process of eco-
nomic viability.

Cracking (or Catalytic Cracking)
Process commonly used in refinery or biorefinery (see Biorefinery) for breaking 
down the larger, heavier, and more complex hydrocarbon molecules into simpler 
and lighter molecules with the help of a catalyst (see Catalyst).

Dehydration
Removal of water from feedstock or products. It is very useful for biomass (see 
Biomass) and its products because of their high oxygen content.

Deoxygenation
Removal of one or more oxygen atom from a molecule or group of molecules. It is 
very useful to obtain aromatic and alkyl compounds from biomass (see Biomass) 
components.

Depolymerization
Process of converting a polymer into a monomer or a mixture of monomers.

Note:
Unzipping is depolymerization occurring by a sequence of reactions, progress-

ing along a macromolecule (see Macromolecule) and yielding products, usually 
monomer molecules at each reaction step, from which macromolecules similar to 
the original can be regenerated.

Reference: (PAC 1996b)
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Detoxification
Process, or processes, of chemical modification that make a toxic molecule less 
toxic.

Reference: (PAC 1993a)

Downstream Processing
Refers to the recovery and purification of products, including the recycling or valo-
rization of usable components and proper treatment or disposal of waste (see Waste). 
It is an essential step to maintain the economic viability of industries based on bio-
mass (see Biomass) and renewable feedstock (see Renewable feedstock).

Drop-in
Addition of a renewable chemical (reactant) to make the final product ‘greener.’ 
Furthermore, a drop-in solution to a process is one where the process operation/
configuration does not have to be altered. For instance, in the case of drop-in biofu-
els (see Biofuels) there is no modification of the engine or final device used.

Eco-Friendly Process
Process with a minimal negative impact on the environment.

Ecology
Interdisciplinary field that studies the interactions among organisms and their envi-
ronment. Ecology also studies the environmental impact (see Environmental impact) 
from the use of natural resources.

Economic Impact
Impact of a technology, a process, or a product on the economy of a society. It is part 
of the sustainability (see Sustainability) measurement. It can be positive or 
negative.

E-factor
Measurement of sustainability (see Sustainability) for conversion processes (see 
Conversion process) based on the ratio of the amount of waste (see Waste) generated 
divided by the amount of desired product produced. The E-factor is lower for sus-
tainable processes and the ideal E-factor is zero. It can be calculated by

 
E - factor = ( ) ( )m mwaste product/

 

Reference: (Sheldon 2007)

Energy
In mechanics, the sum of potential energy and kinetic energy. In thermodynamics, 
the internal energy or thermodynamic energy increase, ΔU, is the sum of heat and 
work brought to the system. Only changes in energy are measurable. For photons:

 E hv=  

where h is the Planck constant and ν the frequency of radiation. In relativistic 
physics:
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 E mc= 2
 

which is the speed of light and the mass.
Reference: (Green Book)

Environmental Chemistry
Branch of the chemical sciences dedicated to studying the relationship between 
chemistry and the environment, involving analyses, remediation processes, and the 
understanding of the cycle of elements.

Environmental Impact
Impact of a technology, a process, or a product on the environment. It is part of the 
sustainability (see Sustainability) measurement and can be positive or negative.

Enzymes
Macromolecules (see Macromolecule), mostly of protein nature, that function as 
(bio)catalysts (see Biocatalyst and see Catalyst) by increasing reaction rates. In 
general, an enzyme catalyzes only one reaction type (reaction specificity) and oper-
ates on only one type of substrate (substrate specificity). Substrate molecules are 
attacked at the same site (regiospecificity) and only one or preferentially one of the 
enantiomers of chiral substrates or of racemic mixtures is attacked 
(stereospecificity).

Reference: (PAC 1992c)

Fatty Acid Methyl Esters (FAME)
Large-chain aliphatic carboxylic acids (fatty acids) that constitute the commonly 
named biodiesel (see Biodiesel) obtained, together with glycerine, by means of the 
transesterification of triglycerides with methanol.

Fast Pyrolysis Process
Rapid thermal decomposition (400–600 °C) of organic compounds [e.g., lignocel-
lulosic biomass (see Lignocellulosic biomass)] in the absence of oxygen to produce 
liquids (bio-oil) (see Bio-oil), gases, and biochar (see Biochar).

Fertilizers
Mineralized fractions rich in N, O, C, and S, applied to improve soil functionality 
for agriculture. It is a by-product (see By-product), for example, of a sugarcane 
biorefinery.

Fibers
Polymers (see Polymers) with high molecular symmetry and strong cohesive ener-
gies between chains that usually result from the presence of polar groups. Fibers can 
be obtained from natural or synthetic sources with a length-to-diameter ratio of at 
least 100.

Fine Chemicals
Large family of chemicals with a high added value: pharmaceuticals, intermediates, 
nutraceuticals, flavors and fragrances, agrochemicals, food and feed additives, and 
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catalysts (see Catalyst). These chemicals can increase the economic potential of the 
vegetable biomass (see Biomass).

First-Generation Biofuel
Biofuel (see Biofuel) obtained from the direct conversion—chemical or biochemi-
cal—or direct preparation of biomass (see Biomass) or biomass component without 
a previous chemical step [e.g., bioethanol (see Bioethanol) from sugarcane and bio-
diesel (see Biodiesel) from soybean].

Fischer–Tropsch Process
Conversion technology, which produces liquid products such as fuels, light olefins, 
and phenols, by means of an organic synthesis catalyzed by metallic catalysts (see 
Catalyst), for example, Co and Ru species, using syngas (see Syngas) from gasified 
biomass (see Biomass) as feedstock.

Food Supply Chain Waste (FSCW)
Waste (see Waste) generated from food production (animal or vegetable source) that 
can be used, for example, as a feedstock for chemicals and fuels, among others.

Gasification Process
High-temperature (750–850 °C) conversion of solid carbonaceous fuels into flam-
mable gas mixtures, sometimes known as synthesis gas or syngas (see Syngas), 
consisting of a mixture of CO and H2 (major components), CO2, methane (CH4), 
nitrogen (N2), and smaller quantities of higher hydrocarbons.

Reference: (Reed 1981)

Global Warming
Effect from a compound’s ability to absorb infrared radiation in the atmosphere. 
Methane (CH4) and carbon dioxide (CO2) are the major contributors.

Green Analytical Chemistry
Application of the green chemistry (see Green chemistry) principles to analytical 
chemistry. Generally, it produces (i) reduction of the amount of solvents required in 
sample pretreatment; (ii) reduction in the amount and the toxicity of solvents and 
reagents employed in the measurement step, especially by automation and miniatur-
ization; and (iii) development of alternative direct analytical methodologies not 
requiring solvents or reagents.

Reference: (Armenta et al. 2008)

Green Biomass
Biomass (see Biomass) produced by the growth of plants.

Green Biorefinery (GBR)
Biorefinery (see Biorefinery) based on the use of renewable biomass (see Renewable 
biomass) as feedstock (plants).

Green Chemistry
Design of chemical products and chemical processes in a way that minimizes the 
generation of waste (see Waste) and avoids the use of toxic and hazardous materials. 
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Green chemistry is based on 12 principles that go beyond concerns over hazards 
from chemical toxicity and include energy (see Energy) conservation, waste reduc-
tion, and life cycle considerations such as the use of more sustainable or renewable 
feedstocks (see Renewable feedstock) and designing for the end of life or the final 
disposition of the product.

References: (American Chemical Society 2016; Anastas and Warner 1998)

Green Engineering
Green engineering is the design, commercialization, and use of processes and prod-
ucts in a way that minimizes pollution, promotes sustainability (see Sustainability), 
and protects human health without sacrificing economic viability and efficiency.

Reference: (United States Environmental Protection Agency 2016)

Green Metrics
Mathematical parameters, such as atom economy and the E-factor (see E-factor), 
for any chemical transformation, applied to determine the ‘greenness’ of the experi-
ment, process, or products in a rigorous quantitative way according to green chem-
istry (see Green chemistry) principles.

Greenhouse Gases
Gases that produce global warming (see Global warming) from their capacity to 
absorb infrared radiation, highlighting methane (CH4) and carbon dioxide (CO2) as 
the main species. Their content can be calculated in kilogram carbon dioxide equiv-
alents per kilogram for each of the gaseous species.

Green Polymer
Polymer obtained from a renewable source (e.g., sugars) instead of a petrochemical 
source, such as the green polyethylene produced from ethanol from sugarcane.

Green Solvent
Solvent that promotes the substitution of solvent(s) derived from petroleum (see 
Petroleum) with others obtained from renewable resources (see Renewable 
resources), and the substitution of hazardous solvents with those that show better 
environmental, health, and safety properties.

Reference: (Espino et al. 2016)

Hemicellulases
Group of hydrolytic enzymes (see Enzymes) used to catalyze the depolymerization 
(see Depolymerization) of the hemicellulose (see Hemicellulose) structure to obtain 
sugars, mainly xylose. The complexity of hemicellulose requires using a complex 
mixture of enzymes for complete hydrolysis (see Hydrolysis) of this heteropolymer, 
such as endo-1,4-β-xylanases, β-1,4 xylosidase, α-l-arabinofuranosidase, 
α-glucoronosidase, and acetylxylane esterase.

Hemicellulose
Natural polymer present in the plant cellular wall. Their oligomers are pentoses–
hexoses type, mainly xylose–glucose, linked by means of a 1,4-β-d bond. Xylans 
are the most abundant kind of hemicellulose (Fig. 2).
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Hemicellulosic Fraction
Fraction obtained after the lignocellulosic biomass (see Lignocellulosic biomass) 
pretreatment by means of the use of chemicals in aqueous medium, commonly acid 
or alkaline, separating it from cellulose (see Cellulose) and lignin fractions (see 
Lignin fraction).

Heterogeneous Catalysis
Catalysis (see Catalysis) in which the reaction occurs at or near an interface between 
phases, and the catalyst (see Catalyst) is commonly used in the solid phase.

Reference: (PAC 1996a)

Heterogeneous Catalyst
Catalyst (see Catalyst) applied for a heterogeneously catalyzed reaction. Generally, 
it is in solid state (e.g., zeolites).

High-Throughput Screening (HTS)
Study of the performance of a large number of catalysts (see Catalyst) [inorganic, 
organometallic, or enzyme (see Enzymes)] using reduced quantities of reactants, 
catalysts (see Catalyst), and products (milli- or micro-quantities) in parallel mode 
and under the same experimental conditions. It can be applied also for synthetic 
chemistry or biology assays.

Holocellulose
Total carbohydrate fraction in the plant, considering α-cellulose plus the hemicel-
lulose (see Hemicellulose).

Homogeneous Catalysis
Catalysis (see Catalysis) in which only one phase is involved and the catalyst (see 
Catalyst) is miscible in the reaction medium.

Reference: (PAC 1996a)

Homogeneous Catalyst
Catalyst (see Catalyst) applied for a homogeneously catalyzed reaction. Generally, 
it is in liquid state (e.g., mineral acids).

Hydrocracking Process (or Catalytic Hydrocracking)
Process effected under hydrogen pressure and on a catalyst (see Catalyst) contain-
ing an ingredient with a hydrogenating function.

Reference: (PAC 1976)

Fig. 2 Hemicellulose 
structure
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Hydrogen Energy
Energy (see Energy) generated from the cracking (see Cracking) of the H2 molecule 
by means of an electrochemical process. Hydrogen-containing compounds such as 
fossil fuels, biomass (see Biomass), or water can be a source of hydrogen.

Hydrogenation
Addition of hydrogen atom(s) in an unsaturated molecule by the use of H2 (reactant) 
and a metallic catalyst (see Catalyst), such as Pt, Pd, or Ni. As an example, it is 
applied to produce certain saturated molecules from oleaginous oil.

Hydrogenolysis (or Hydrocracking)
Type of pyrolysis with the addition of hydrogen, which assists in the cleavage of 
bonds. This process creates more monomeric liquid molecules from biomass (see 
Biomass) (e.g., phenols) because of the lower reaction temperature.

Hydrolysis
Reaction with water involving the rupture of one or more bonds in the reacting 
solute.

Reference: (PAC 1994)
Cleavage of chemical bonds by the addition of water.

Klason Lignin
Lignin (see Lignins) isolated from extracted wood material after treating with cold 
concentrated sulfuric acid. It is very useful for analytical purposes.

Kraft Process
Alkaline degradation of lignin (see Lignins) using, mainly, sodium hydroxide (about 
0.8  mol  l−1) plus sodium sulfide (about 0.2  mol) at elevated temperatures (160–
180 °C) for 1–2 h. It is the most widely used process in the production of chemical 
pulps for papermaking and cellulose (see Cellulose) applications.

Intermediate (of Industrial Synthesis)
Reactant added during an intermediary step of the synthesis to obtain the final prod-
uct, commonly used in the pharmaceutical industry. An example of intermediate use 
is to solve the problem of regioselectivity in organic synthesis.

Ionic Liquids
Alternative solvents (see Alternative solvents) with unique properties such as low 
vapor pressure, good thermal stability, and high ion conductivity; these are salts that 
are liquid or close to liquid at room temperature. Quaternary onium salts are the 
main ionic liquids (e.g., 1-butyl-3-methylimidazolium hexafluorophosphate).

Reference: (Vafaeezadeh and Alinezhad 2016)

Life Cycle Analysis (LCA)
Conceptual analysis that comprises the consideration of all stages along the life 
cycle of a chemical [e.g., raw material (see Raw material) extraction, preproduc-
tion, production, use, recycling, and disposal] as well as the consideration of envi-
ronmental impacts (see Environmental impact) caused by the production of other 
consumables (such as solvents and additives), by-products (see By-product), and 
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auxiliaries (facilities that have to be provided to produce the green chemical). A life 
cycle conceptual approach also addresses and compares different environmental 
impacts such as global warming (see Global warming), ozone depletion, acidifica-
tion, and ecotoxicity.

Lignans
Plant products of low molecular weight formed primarily from oxidative coupling 
of two p-propylphenol moieties at their β-carbon atoms; products with units cou-
pled in other ways are neolignans.

Reference: (PAC 1995c)

Lignins
Macromolecular constituents of plants related to lignans (see Lignans), composed 
of phenolic propylbenzene skeletal units, linked at various sites and apparently ran-
domly (Fig. 3).

Reference: (PAC 1995d)

Lignin Fraction
Fraction obtained after the lignocellulosic biomass (see Lignocellulosic biomass) 
pretreatment by use of chemicals in aqueous medium, commonly alkali, separating 
it from cellulose (see Cellulose) and hemicellulose (see Hemicellulose) to later phe-
nolic monomers release.

Lignocellulosic Biomass
Biomass (see Biomass) from plants formed by a three-dimensional polymeric com-
posite as structural material with cellulose (see Cellulose), hemicellulose (see 
Hemicellulose), and lignin (see Lignins) as the major constituents. It is the most 
abundant biomass (see Biomass) on Earth. The approximate w is cellulose (see 
Cellulose), 35–50%; hemicellulose, 30–45%; lignin, 15–25%. This content depends 
on type of plant, soil composition, water availability, and climate conditions.

Note:
w = mass content.

Fig. 3 Lignin structure (left) and its precursors (right): (I) p-coumaryl alcohol, (II) coniferyl alco-
hol, (III) sinapyl alcohol
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Lignocellulosic Feedstock Biorefinery
Biorefinery (see Biorefinery) based on the lignocellulosic biomass (see 
Lignocellulosic biomass) as raw material (see Raw material).

Macroalgae
Marine algae: a source of functional ingredients in the food industry for use as 
emulsifying agents and to enhance viscosity and gelation. Furthermore, macroalgae 
can produce molecules (e.g., lipids and proteins) for pharmaceuticals, cosmetics, 
and biofuels (see Biofuels), and biomass (see Biomass) for bioenergy (see 
Bioenergy). The chemical composition of macroalgae species is significantly differ-
ent from that of terrestrial plants: they possess lower content of carbon, hydrogen, 
and oxygen and higher content of nitrogen and sulfur than that of land-based, ligno-
cellulosic biomass (see Lignocellulosic biomass).

Reference: (Ghadiryanfar et al. 2016)

Macromolecule
Molecule of high relative molecular mass, the structure of which essentially com-
prises the multiple repetition of units derived, from molecules of low relative molec-
ular mass.

Notes:

 1. In many cases, especially for synthetic polymers (see Polymers), a molecule can 
be regarded as having a high relative molecular mass if the addition or removal 
of one or a few of the units has a negligible effect on the molecular properties. 
This statement fails in the case of certain macromolecules for which the proper-
ties may be critically dependent on fine details of the molecular structure.

 2. If a part or the whole of the molecule has a high relative molecular mass and 
essentially comprises the multiple repetitions of units derived, actually or con-
ceptually, from molecules of low relative molecular mass, it may be described as 
either macromolecular or polymeric, or by polymer used adjectivally.

Reference: (PAC 1996c)

Metabolomics
Study of metabolics from biochemical routes by means of analytical technologies, 
as LC-MS and NMR. It is very useful to understand the formation of products by 
bioprocesses (e.g., fermentation) and the improvement of microorganisms (see 
Microorganisms).

Metabolic Process
Process that occurs by means of a biochemical route in an organism or microorgan-
ism and generates metabolites (see Metabolite) as products and by-products (see 
By-product).

Metabolic Route
Synthetic route (see Synthetic route) that occurs in a living organism (e.g., plants) 
by means of a metabolic process (see Metabolic process).
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Metabolism
Entire physical and chemical processes involved in the maintenance and reproduc-
tion of life in which nutrients are broken down to generate energy (see Energy) and 
to give simpler molecules (catabolism), which by themselves may be used to form 
more complex molecules (anabolism).

Reference: (PAC 1992d)

Metabolite
Any intermediate or product resulting from metabolism (see Metabolism).

Reference: (PAC 1992d)

Microalgae
Microscopic algae, particularly unicellular algae such as Chlamydomonas and 
Chlorella, and diatoms, which can produce metabolites (see Metabolite), oil, sur-
factants, and nutraceuticals, etc.

Microfiltration
Pressure-driven membrane-based separation process in which particles and dis-
solved macromolecules (see Macromolecule) larger than 0.1 μm are separated.

Reference: (PAC 1996d)

Microfluid
Any fluid in which the local motion of contained particles affects the behavior of the 
fluid as a whole. A monodispersive emulsion is an example.

Microorganisms
Microscopic organisms within the categories of algae, Archaea, Bacteria, Fungi 
(including lichens), Protozoa, viruses, and subviral agents.

Microreactor
Device to produce chemical transformations in micro-scale. It is very useful for the 
development of processes in the laboratory and to reduce waste (see Waste) 
generation.

Microwave Reaction (or Assisted-Microwave Reaction)
Reaction conducted by microwave instead of common temperature application. 
Microwave hydrothermal/solvothermal synthesis provides higher reaction rates at 
low reaction temperatures in a very short reaction time, along with good yield.

Reference: (Riaz et al. 2016)

Municipal Solid Waste (MSW)
Waste (see Waste) rich in organic matter (see Organic matter) produced from tree 
residues and food residues, among others, collected systematically in urban areas 
and disposed in landfills. MSW are the largest single source of lignocellulosic mate-
rials available for utilization in modern society.
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Nanomaterials
Materials from synthetic or natural sources obtained in the nano-scale of size. 
Examples are solids containing metal nano-particles or based on nano-crystals, 
porous materials with channels and pore sizes at the nano-scale.

Nanoscience
Study of the substances and their properties in the nano-scale size (10−9 m).

Nanotechnology
Application of nanoscience (see Nanoscience) for real situations.

Natural Fibers
Fibers (see Fibers), essentially cellulosic in nature, and chemically described as 
poly-(1,4-β-d-anhydroglucopyranose), with about 3000 units of repetition. Natural 
fibers may be derived from plant sources such as cotton and flax.

Natural Polymers
Polymers (see Polymers) present in nature, such as polysaccharides (see 
Polysaccharides): cellulose (see Cellulose), hemicellulose (see Hemicellulose), and 
starch, and protein-based polymers (e.g., polyamides and polynucleotides).

Natural Products
Chemical compounds or substances produced by a living organism, which are found 
in nature; for example, products obtained from plants.

Nonfood Crops
Crops for usages other than food in a biorefinery (see Biorefinery) [e.g., crops for 
natural fibers (see Natural fibers)].

Nonedible Crops
Crops and plants, in general, inappropriate to be used as human food or to be inte-
grated in the food chain or industry.

Nonhydrolytic Proteins for Biomass Deconstruction
Expansins, polysaccharide monooxygenase (PMO), and cellobiose dehydrogenase 
(CDH) are nonhydrolytic proteins known as biomass (see Biomass) saccharification 
stimulators. These proteins can improve the degradation of cellulose (see Cellulose) 
in combination with cellulases (see Cellulase) by the induction of the cellulose (see 
Cellulose) relaxation, reducing the crystallinity and stimulating the enzyme action.

Nonrenewable Resources
Industrial resources that are not renewable, such as oil and ores, antagonistic to 
renewable resources (see Renewable resources). Here, the idea of a cyclic dynamic 
from feedstock to residues for formation and consumption cannot be applied.

Oleaginous Biomass
Biomass (see Biomass) from plants that produce oil (fatty acids and esters) inside 
their seeds or fruits, such as soya, cotton, and palm. The approximate w value of 
some fatty acids in oleaginous plants is palmitic, 10–45%; stearic, 5%; oleic, 
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20–40%; and linoleic, 10%. This content depends on the type of plant, soil compo-
sition, water availability, and climate conditions (Fig. 4).

Note:
w = mass fraction.

Organic Matter
Material generated from the decomposition of biomass (see Biomass) (plant and 
animal) by means of chemical or biological processes. It is rich in carbon, hydro-
gen, and oxygen, as the humic substances in the soil.

Organic Solar Cell
Solar energy (see Solar energy) conversion device with low cost, flexibility, light-
weight, and easier fabricability than inorganic cells. An example is a bilayer device 
using copper phthalocyanine as an electron donor and perylene tetracarboxylic 
derivatives as an electron acceptor.

Reference: (Sathiyan et al. 2016)

Organosolv Lignin
Lignin fraction (see Lignin fraction) obtained by treating lignocellulosic biomass 
(see Lignocellulosic biomass) with the Organosolv process (see Organosolv 
process).

Organosolv Process
Delignification process using an organic solvent (frequently ethanol) in the pres-
ence or absence of acid, at 180–200  °C, generating a liquor rich in lignin (see 
Lignins). It is very useful for analytical purposes because the lignin structure suffers 
less interference.

Oxygenated Compounds Recovery
Attainment of potentially valuable substances from unusable sources containing 
chemicals with high levels of oxygen, as waste (see Waste) biomass (see Biomass).

Pellets
Material with reduced dimensions obtained from the densification of biomass that 
can be treated by thermal process to improve its energetic content.

Petroleum
Mixture of relatively nonreactive hydrocarbons with variable amounts of nonhydro-
carbons with a large variety in molecular weight (aliphatic and aromatic 

Fig. 4 Structures of some 
fatty acids from oleaginous 
plants
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compounds). It is formed by a reductive process of degradation of biomass (see 
Biomass), chemical or biological, during millions of years. It exists in the liquid 
phase and is called crude oil (see Crude oil).

Photochemical Reaction
Generally used to describe a chemical reaction caused by absorption of ultraviolet, 
visible, or infrared radiation. There are many ground-state reactions, which have 
photochemical counterparts. Among these are photochemical nitrogen extrusions, 
photo-cycloadditions, photo-decarbonylations, photo-decarboxylations, photo- 
enolizations, photo-Fries rearrangement, photo-isomerizations, photo-oxidations, 
photo-rearrangements, photo-reductions, and photo-substitutions.

Note:
Photochemical paths offer the advantage over thermal methods of forming ther-

modynamically nonfavored products, overcome large activation barriers in a short 
period of time, and allow reactivity otherwise inaccessible by thermal methods.

Reference: (PAC 2007)

Photosynthesis Process
Metabolic process (see Metabolic process) involving plants, microalgae (see 
Microalgae), and some types of bacteria (e.g., Chromataceae, Rhodospirillaceae, 
Chlorobiaceae) in which light energy (see Energy) absorbed by chlorophyll and 
other photosynthetic pigments results in the reduction of CO2 followed by the for-
mation of organic compounds. In plants, the overall process involves the conversion 
of CO2 and H2O to carbohydrates (and other plant material) and the release of O2.

Reference: (PAC 1992e)

Photovoltaic Cell
Solid-state device, usually a semiconductor such as silicon, which absorbs photons 
with energies higher than or equal to the bandgap energy (see Energy) and simulta-
neously produces electric power.

Reference: (PAC 1996e)

Platform Chemicals
Molecule(s) used as precursors to obtain a large amount of other molecules for 
industrial purposes.

Reference: (Gunukulaa et al. 2016)

Polymers
Macromolecular structures (see Macromolecule) formed by repeating units (mono-
mers). Cellulose (see Cellulose) is the main natural polymer from biomass (see 
Biomass), where the monomeric unities are glucose molecules.

Polysaccharides
Compounds consisting of a large number of monosaccharides linked glycosidically. 
This term is commonly used only for those containing more than ten monosaccha-
ride residues. Also called glycans.

Reference: (PAC 1995e)
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Pretreatment Process
A crucial step used to deconstruct the lignocellulosic biomass (see Lignocellulosic 
biomass) into cellulose (see Cellulose), hemicellulose (see Hemicellulose), and lig-
nin (see Lignins). Steps are physical (e.g., densification), chemical (e.g., acid or 
alkali), biological [e.g., fungi, bacteria, enzymes (see Enzymes)], or a combination 
of these steps, depending on the feedstock composition and the final products to be 
obtained.

Pyrolysis Process
Thermal decomposition (above 500 °C) of organic compounds in the absence of 
oxygen, when fast pyrolysis, with a short residence time, is the most interesting for 
biomass (see Biomass). Products are bio-oil (see Bio-oil) and biochar (see Biochar).

Raw Material
Feedstock for a transformation or conversion process: it can be renewable [e.g., 
biomass (see Biomass)] or nonrenewable (e.g., oil).

Reforming (or Catalytic Reforming)
Process using controlled heat and pressure together with catalysts (see Catalyst) to 
rearrange certain medium to high molecular weight hydrocarbon molecules into 
high-quality fuel stocks suitable for blending into finished gasoline or naphtha. In 
the case of vapor-phase reforming, water is added in the system to transform a wide 
range of feedstocks [including biomass (see Biomass) -derived fractions] into light 
gases useful for syngas (see Syngas) and hydrogen production.

Renewable Biomass
Biomass (see Biomass) from a renewable source (see Renewable source), as plants, 
which can be cultivated and processed for various purposes.

Renewable Chemistry
Concept related to the development of products and processes from renewable 
sources to promote a sustainable chemistry (see Sustainable chemistry): involves all 
areas from chemical sciences: analytical chemistry, biochemistry, organic chemis-
try, inorganic chemistry, physical chemistry, environmental chemistry, and chemical 
engineering.

Renewable Chemicals
Chemicals obtained from renewable feedstock (see Renewable feedstock), as sev-
eral biomass (see Biomass) types, such as bioethanol (see Bioethanol), and organic 
acids such as succinic and lactic acid. It can be a building block (see Building-block 
molecule), an industrial intermediate (see intermediate for industrial synthesis), or 
an end product. It is desirable that a renewable chemical can substitute for a petro-
chemical in an ideal situation.

Renewable Energy Resources
Energy (see Energy) resources that are naturally replenishing but flow limited: these 
are virtually inexhaustible in duration but limited in the amount of energy that is 
available per unit of time. Renewable energy resources include biomass (see 
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Biomass), hydro-energy, geothermal, solar, wind, and ocean thermal energy, and 
energy from wave action and tidal action.

Renewable Feedstock
Feedstock for industrial processes from a renewable resource (see Renewable 
resource) as biomass (see Biomass).

Renewable Fuels
Fuels from renewable resources (see Renewable resources) such as biomass (see 
Biomass) with a low CO2 emission.

Renewable Materials
Materials obtained from renewable feedstock (see Renewable feedstock), such as 
lignocellulosic biomass (see Lignocellulosic biomass); for example, natural fibers 
(see Natural fibers), resins, composites (see Composites).

Renewable Resources
Industrial resources obtained and used by means of a cycle mode. There is a cyclic 
dynamic from the feedstock to residues for formation and consumption. On the 
other hand, nonrenewable biomass—oil, coal, and natural gas—take millions of 
years to produce in geological reservoirs [from renewable biomass (see Renewable 
biomass)], whereas renewable biomass is produced in months or years; that is, in 
the same time period that it is consumed. Plant biomass is the most representative 
renewable resource.

Residues
Surplus from a transformation process without economic relevance when compared 
with the product(s). Sometimes, such surplus has a negative impact on the 
environment.

Saccharide Biomass
Biomass (see Biomass) from plants that produce sucrose (a disaccharide from glu-
cose and fructose), such as sugarcane and sweet sorghum. The d-glucose is linked 
to the d-fructose moiety by α-β-d-disaccharide bonds. The w of sucrose in sugar-
cane juice can reach as much as 85%. This content depends on the type of plant, soil 
composition, water availability, and climate conditions (Fig. 5).

Note:
w = mass fraction.

Fig. 5 Structure of 
sucrose present in 
sugarcane juice
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Saccharification Process
Production of simple sugars (hexoses) by hydrolysis (see Hydrolysis) of polysac-
charides (see Polysaccharides) contained in starch or lignocellulosic biomass (see 
Starch biomass) (see Lignocellulosic biomass).

Second-Generation Biofuel
Biofuel (see Biofuel) derived from purpose-grown nonfood feedstocks containing 
cellulose (see Cellulose), hemicellulose (see Hemicellulose), lignin (see Lignins), or 
pectin as agricultural or forestry wastes (see Waste), by means of a previous chemi-
cal or biochemical step to release sugars and other monomers to a second chemical 
or biochemical conversion step (e.g., cellulosic ethanol).

Second-Generation Bioproducts
Bioproducts (see Bioproducts) obtained from the deconstruction of lignocellulosic 
biomass (see Lignocellulosic biomass); for example, second-generation ethanol (2G 
ethanol), furfural.

Slow Pyrolysis Process
Pyrolysis process (see Pyrolysis process) with only two products at the output: solid 
biochar (see Biochar) and heat in the form of hot media such as water. Heat gener-
ated by direct burning of all gaseous products from pyrolysis runs the process and 
is also an output, a second final product. Temperature reaches nearly 1000 °C at a 
residence time up to 20 min.

Reference: (Klinar 2016)

Societal Impact
Generation of wealth, poverty, and employment, etc., from a product or from a pro-
cess in the society. It is part of the sustainability (see Sustainability) analysis and 
can be positive or negative.

Solar Energy
Energy (see Energy) generated from the sun. Plants can convert small quantities, 
with a low conversion rate (nearly 1%); photovoltaic surfaces can achieve nearly 
15%.

Solar Conversion Efficiency
Ratio of the Gibbs energy (see Energy) gain per unit time per square meter of sur-
face exposed to the sun and the solar irradiance, E, integrated between λ = 0 and 
λ = ∞.

Reference: (PAC 1996f)

Steam Explosion Pretreatment
Unit operation in which biomass (see Biomass) is processed at high-pressure satu-
rated steam (160–290 °C), for a period between 2 min and 10 min, followed by 
rapid decompression to atmospheric pressure. The process increases the potential of 
cellulose (see Cellulose) hydrolysis (see Hydrolysis) mainly because it can remove 
hemicellulose (see Hemicellulose). It is the most commonly used method for the 
pretreatment of lignocellulosic materials.
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Starch Biomass
Biomass (see Biomass) from plants that produce starch (a polymer of glucose), such 
as corn, sugar beet, and cassava. The glucose units (monomers) are linked by α-1- 4- 
d-disaccharide bonds. The approximate w of starch can reach 70–85%. This content 
depends on the type of plant, soil composition, water availability, and climate condi-
tions (Fig. 6).

Note:
w = mass fraction.

Supercritical Fluid
Defined state of a compound, mixture, or element above its critical pressure (pc) and 
critical temperature (Tc).

Reference: (PAC 1993b)

Supercritical Fluid Extraction
Extraction process using supercritical fluid (see Supercritical fluid) as the solvent. It 
can be used as an alternative green extraction process for oleaginous.

Sustainability
Concept and metric set that considers the following components for an analysis of a 
product or a process, from the feedstock to the end product: the economic impact 
(see Economic impact), the environmental impact (see Environmental impact), and 
the societal impact (see Societal impact). Each impact has its own metric for mea-
surement [e.g., life cycle assessment (see Life cycle assessment)] to quantify and to 
qualify (negative or positive) the environmental impact.

Sustainable Chemistry
Chemistry based on sustainability (see Sustainability) components: economic 
impact (see Economic impact), environmental impact (see Environmental impact), 
and societal impact (see Societal impact). It is desirable to have a high economic 
impact [e.g., valorization of a biomass (see Biomass) chain], a low or nonexistent 
environmental impact [e.g., process without residues generation and with energy 
(see Energy) economy], and a high societal impact (e.g., distribution of wealth and 
job creation).

Sustainable Metrics
Set of parameters based on sustainability (see Sustainability) criteria (e.g., costs and 
economic aspects, environmental impact (see Environmental impact), and water and 
land use, among others, taken into account for the evaluation of a chemical process.

Reference: (Sheldon and Sanders 2015)

Fig. 6 Structure of starch
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Sucrochemistry
Production of chemicals from sucrose (a disaccharide from glucose and fructose) by 
chemical or biochemical processes.

Syngas (or Synthesis Gas)
Gaseous mixture rich in CO and H2 (the major components) obtained by means of 
a gasification process (see Gasification process). It is an important feedstock for the 
chemical industry to produce fuels, chemicals, polymers (see Polymers), and other 
materials.

Synthetic Biology
Division of biology that studies the engineering of biological systems using genetic 
strategies to modify metabolic routes (see Metabolic routes) in organisms and plants 
for specific purposes, such as to produce chemicals.

Synthetic Route
Logical sequence of transformations (organic or inorganic) to obtain a product 
based on in one or in a set of reactions.

Thermal Cracking
Process in which heat and pressure are used to break down, rearrange, or combine 
hydrocarbon molecules, for example, those present in lignocellulosic biomass (see 
Lignocellulosic biomass).

Thermochemical Conversion Process
Conversion process (see Conversion process) based on the use of thermochemical 
technologies, such as gasification and fast pyrolysis, to obtain fuels and chemicals.

Third-Generation Biofuel
Biofuel (see Biofuel) derived from marine biomass (see Biomass) as microalgae 
(e.g., diesel-type fuel).

Transesterification Process
Conversion process (see Conversion process) based on reaction of an ester with an 
alcohol (e.g., methanol) to form a new ester and a new alcohol.

Two-Platform Biorefinery
Biorefinery (see Biorefinery) in which all carbohydrates constituting the vegetable 
biomass (see Biomass) [e.g., cellulose (see Cellulose), starch, sucrose] are enzy-
matically or chemically saccharified and unified to one sugar platform (hexose or 
pentose). As a sugar, they will continue processing to methane or carbon monoxide 
and hydrogen consumed [syngas (see Syngas) platform]. From this syngas, products 
such as methanol or higher hydrocarbons could be obtained by means of the 
Fischer–Tropsch process (see Fischer–Tropsch process).

Waste
Residue generated from a transformation process. Generally, it has an environmen-
tally negative impact. It could be used in a biorefinery (see Biorefinery) as a 
feedstock.
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Whole-Crop Biorefinery
Biorefinery (see Biorefinery) based on, for example, cereals with potential to be 
used for the production of not only traditional foods but also novel functional foods 
and nonfood products (e.g., biodegradable plastics, chemicals, fuels).

Yeast
Unicellular eukaryotic microorganism belonging to the kingdom Fungi. 
Saccharomyces cerevisiae is one of the best known yeast genera used in the fermen-
tation process.

Yield (in Chemistry)
Amount of product obtained from a chemical reaction. The absolute yield can be 
given as the weight in grams or in mol (molar yield). The percentage serves to mea-
sure the effectiveness of a synthetic procedure; it is calculated by dividing the 
amount of the desired product obtained by the theoretical yield (amount predicted 
by a stoichiometric calculation based on the number of moles of all reactants 
present).

Yield (in Biotechnology)
Ratio expressing the efficiency of a mass conversion process. The yield coefficient 
is defined as the amount of cell mass (kg) or product formed (kg, mol) related to the 
consumed substrate (carbon or nitrogen source or oxygen in kilograms or moles or 
to the intracellular ATP production (moles).

Reference: (PAC 1992f).
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