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Introduction

This book is a result of one of the workshops organized by the BioEn, the Bioenergy
Program of the Foundation for Advancement of Science in the State of Sdo Paulo
(FAPESP). The BioEn was established in 2009 aiming to bring together the research
in bioenergy at Sdo Paulo State, which is the second largest producer of sugarcane
in Brazil and one of the largest producers of bioethanol in the world in 2010.

This book is also a product of the National Institute of Science and Technology
of Bioethanol (INCT-Bioetanol), presenting some of the results of its associated
laboratories and collaborators.

Brazil and US are presently the largest producers of bioethanol on Earth and
motivated by the growing effect of the global climatic changes and also energy
security, both countries are focusing on increasing even more the production of this
important liquid biofuel for economical reasons too.

The obvious way to do that using biomass feedstocks is to learn how to extract
energy from the cell walls as they form up to 70% of the plant body. The valuable
polymers composed of carbohydrates linked by glycosidic linkages are either left
in the field for microorganisms to use them or are used for production of electricity
(in the case of sugarcane in Brazil) in a not so efficient way.

There is a lot to learn and the biological sciences are now in an excellent position
to provide valuable information that can lead us to potentially double the produc-
tion of bioethanol.

However, reaching this goal is not a trivial task. As will be seen in the chapters
of this book, the main targets are related to aspects concerning how to control the
architecture of the plant cell walls by modifying plant genome for instance and at
the same time to find microorganisms that are able to degrade the cell walls effi-
ciently and produce free sugars that can be fermented by yeast. In order to do that,
one needs to learn also about enzyme structure and how enzymes interact with
carbohydrate substrates.

Microorganisms have the potential to be redesigned by molecular biology tech-
niques and soon by synthetic biology, so that efficient enzyme cocktails can be
produced and introduced commercially. Also, yeast will have to be taught how to
use pentoses, along with hexoses, in order to produce ethanol.

The process of bioethanol production from biomass feedstocks such as maize,
sugarcane and miscanthus, eucalyptus, and others will have to include also the agro-
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nomical dimension of the problem that will have to be connected to the industrial
processing. However, in this book the agronomical side of the story is not visited.

In this book, some chapters deal with bioenergy in general, comparing the
energy matrices of US and Brazil and also comparing different forms to produce
bioenergy, such as gasification, pyrolysis, and biodiesel from oils. However, the
main focus is on different aspects that are important to reach better ways to decon-
struct biomass, i.e., cell walls.

However, we did not forget to include information about the thermal route,
because we believe that all means of science have to be applied in order to increase
the production of renewable energy to cope with the enormous challenges that
humanity is facing in this century.

We hope that this book will be a contribution to help this part of science and
technology to advance.

Marcos S. Buckeridge
Gustavo H. Goldman
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Chapter 1
The Role of Biomass in the World’s
Energy System

Jose Goldemberg

1 Introduction

Since the dawn of civilization until the middle of the nineteenth century, biomass
was the world’s dominant source of energy and its consumption grew from approxi-
mately 50 million tons of oil equivalent in the beginning of the Christian era to
1,000 tons of oil equivalent today (a 20-fold increase). In this period, biomass has
supplied the needs of the population for cooking and heating as well as shipbuilding,
housing, and forges to process metals (mainly for weapons). Presently, biomass
accounts for about 10% of the world’s primary energy consumption. The other 90%
is made up of nonrenewable fossil fuels (80%), hydroelectricity (2%), nuclear
energy (6%), and renewable solar energies (2%) (Fig. 1).

The fraction of biomass used varies widely across different regions of the globe.
It is as low as 3.9% in the OECD countries, 18.8% in all the developing countries
as a whole, and it reaches 61.5% in sub-Saharan Africa (Table 1).

Such uses, in many cases, have led to a reduction of the forest cover of coun-
tries and regions of the world. This was pointed out as early as 400 BC by Plato
when mourning the lost forests described by Homer that covered the barren hills
of Greece centuries ago. As a whole, there was a reduction of 7.01 million
square kilometers in total world’s forest area since preagricultural times to the
present, mostly for food production, although the contributions of energy use to
such reduction are not negligible, particularly in Africa and Latin America and
the Caribbean.

With the large increase in population since 1500 caA and particularly after the end
of the eighteenth century with the development of the Watt machine, coal started to
replace biomass. In the twentieth century, oil and gas entered the scene and contrib-
uted decisively to replace coal as well as biomass as can be seen in Fig. 2.

J. Goldemberg (D<)
University of Sdo Paulo, Sdo Paulo, Brazil
e-mail: goldemb @iee.usp.br

M.S. Buckeridge and G.H. Goldman (eds.), Routes to Cellulosic Ethanol, 3
DOI 10.1007/978-0-387-92740-4_1, © Springer Science+Business Media, LLC 2011
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Fig. 1 World total primary energy supply 2004, shares of 11.2 billion tons of equivalent, or
470 EJ (Goldemberg 2007)
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Box 1 Definition of Biomass (Goldemberg and Coelho 2004)

Biomass (plant matter) is usually classified into two categories:

i. “Traditional biomass,” which is used in inefficient ways such as the highly
pollutant primitive cooking stoves used by poor rural populations, leading
to deforestation in many cases.

ii. “Modern biomass,” which refers to biomass produced in a sustainable way
and used for electricity generation, heat production, and transportation of
liquid fuels. It includes wood and forest residues from reforestation and/or
sustainable management as well as rural (animal and agricultural) and
urban residues (including solid waste and liquid effluents).

The International Energy Agency (IEA) uses somewhat different definitions,

“Combustible renewables and waste comprises solid biomass, liquid bio-

mass, biogas, industrial waste and municipal waste. Biomass is defined as

any plant matter used directly as fuel or converted into fuels (e.g., charcoal)
or electricity and/or heat. Included here are wood, vegetal waste (including
wood waste and crops used for energy production), ethanol, animal materials/
wastes and sulphite lyes (...) also known as ‘black liquor (...)’. Municipal
wastes comprises wastes produced by residential, commercial and public
service sectors that are collected by local authorities for disposal in a central
location for the production of heat and/or power. Hospital waste is included
in this category.” The agency also recognizes that “Data under this heading
are often based on small sample surveys or other incomplete information.”
The available statistics do not separate unsustainable sources of biomass

(continued)
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Box 1 (continued)

(e.g., fuelwood from deforestation) from the sustainable (e.g., biodiesel). Until
more comprehensive data are published for all countries, it could be assumed
that all combustible renewables and waste (CRW) from developed countries
are renewable; for developing countries, at least, the CRW applied into elec-
tricity production (thus a modern process) can also be considered renewable.

Source Renewable energy—traditional biomass vs. modern biomass”
Goldemberg J. T. Coelho, Suani—Energy Policy 32 N° 6 pp. 711-714, 2004

2 Energy and Transportation

The main reason for that was the fact that in the twentieth century, road transporta-
tion became one of the most significant consumers of oil products. Today, transport
represents 22% of total energy consumption in industrialized countries and 14% in
the developing countries. About half the world’s oil production is consumed by
road vehicles. The fleet’s annual increase is about 10 million automobiles (doubling
every 20 years or so) and five million buses and trucks worldwide (Goldemberg
1998). If the trend continues, a billion vehicles will use the world’s roads by 2030.
Not only is the number of automobiles growing but there is also a tendency to drive
more, so the number of vehicle-miles traveled is increasing rapidly in countries
such as the US.

The heavy dependence of transportation on oil is not a sustainable situation
because of the problems associated with such resource:

1. Exhaustion of resources, which are estimated to last approximately 40 years
with presently available technologies.

2. Security of supply, which is frequently threatened since most of oil used today
comes from politically unstable regions (particularly the Middle East).

3. Environmental impacts, which can be local, regional, and global.

3 Environmental Impacts

Environmental impacts, particularly global ones, are presently becoming an overriding
concern due to their impacts in climate change in contrast to local and regional
impacts, which are already well known and being addressed by governments.

e Local impacts are mostly felt in cities such as Bangkok, Mexico City, Los
Angeles, and Athens during peak traffic periods. At these times, air pollution in
the city can approach crisis proportions and seriously affect the local population.
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Fig. 2 (World Energy Assessment 2000)
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Fig. 3 GHG emission by sector in 2004 (IPCC 2007)

The problem is sometimes aggravated by a combination of local topographical
and meteorological conditions that trap pollutants near the ground for extended
periods of time.

* Regional impacts are mainly due to acid rain which is caused by nitrogen oxides
emissions from the transport sector. The emissions from the increasing numbers
of aircraft are estimated to total around three million tons annually (equivalent
to about 15% of present automobile NOx emissions). In contrast to near ground-
level emissions, where the nitrogen oxides are usually washed out by rain within
days (generating acid rain), they persist in the upper atmosphere for long
periods, contributing to ozone destruction.

e Global impacts are mainly due to the global fleet of motor vehicles, which is
presently responsible for 13.1 of greenhouse gas emissions and 19.2% of the
world’s CO, output (Fig. 3).
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4 Strategies to Face the Impacts of Transportation

There are three strategies to reduce the dependence of transportation sector oil:

1.
. Technical approaches
. Alternative fuels

Systems operation improvement

System operation includes shifting passengers and freight to transport modes
that result in lower consumption and consequently lower emissions of pollutants
and CO,. Other measures include driving habits such as sharing and several
restrictions on circulations of vehicles in problematic areas such as central por-
tions of large cities as it was done in London.

Technical approaches involve

Engine efficiency improvement — increasing effectiveness with which the fuel
energy is converted into useful work for powering the automobile. Engine
efficiency is the product of two factors: Thermal efficiency, expressing how
much of the fuel energy is converted into work to drive the engine and vehicle
and Mechanical efficiency, the fraction of work that is delivered by the engine
to the vehicle.

Alternatives fuels to gasoline for Otto-cycle automobiles and diesel for Diesel-
cycle trucks

Liquefied petroleum gas (LPG) and compressed natural gas (CNG) have a
higher hydrogen-to-carbon ratio than gasoline, thereby emitting less CO, per
unit of energy. They have a higher octane number than gasoline, permitting
the use of higher compression ratio engines. No major infrastructure changes
are required for LPG or CNG use.

Hydrogen can fuel ultra-low-emission vehicles. Storage is a problem due
to its low energy density. Compressed hydrogen storage is the most prob-
able scheme, though liquid hydrogen or metal hydride storage is also
possible.

Biofuels include ethanol produced from sugars and starch by fermenta-
tion with yeasts. Ethanol can be used pure or as a gasoline extender in
spark-ignition engines. In addition, lignocellulose — from energy forestry,
agricultural and forest industry residues, and the carbohydrate fraction of
municipal solid waste (MSW) — is a further source of biomass liquids. Such
a resource is 20 times more plentiful in the US than maize, and does not
compete with food production (Fig. 4).
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Box 2 Electrical Vehicles

Electric vehicles, using batteries, are of great interest today, especially as
urban vehicles. If the electricity that fuels them comes from a nonfossil
source, they can yield a significant greenhouse gas emission reduction. The
key barrier to their implementation is the current state of chemical battery
technology, resulting in high costs, heavy automobiles, and limited range.
Also, while a gasoline automobile can be fueled in a few minutes, electric
automobiles are generally fueled much more slowly over a time span of
hours. Large-scale introduction of electric vehicles could require major infra-
structure changes, not only in the energy distribution system and the automo-
bile itself, but also in the electric power generation industry.

Fuel cells produce power electrochemically as opposed to combustion
processes in conventional engines and can potentially reach significantly
higher conversion efficiencies — perhaps by a factor of 2-3 — compared to
today’s internal combustion engine. Fuel cells come in several varieties, but
the proton-exchange-membrane (also called solid polymer) fuel cell is the
leading candidate for automobiles because of cost, size, simple design, and
low temperature (>120°C) operation. The technology was originally used in
the US space program. The fuel cells require hydrogen fuel, which may be
generated on-board the automobile by reforming methanol or natural gas.

Source Inter Academy Council (2007)

Thermal Methanogens/
treatment __————»SyYNgas —_ others
Consolidated process
[ /"'___ e %
Sunlight > [RHIIRSSN _ ., 13 > -
Feedstock Biomass Biofuels 4

development depolymerization production /

Photos_y1hetic microbe:

Fig. 4 (InterAcademy Council 2007)

5 Biodiesel and Ethanol

A number of plant-derived oils have also been considered for possible use as fuels
in diesel engines including sunflower, soya, groundnut, cottonseed, rapeseed, palm
oil, and castor oil. Vegetable oils have been tried unsuccessfully in the past, raising



10 J. Goldemberg

problems of carbon deposits in the engine, clogged injection systems, high
particulate emissions, reduced efficiency, and high maintenance needs. Diesel
engines operating on these fuels have reduced efficiency and higher maintenance
requirements.

Biodiesel oil is a potentially important enhancer or replacer of conventional
diesel fuel. It can be prepared from many renewable raw materials that include
soybean, rapeseed, and palm oils. The viscous, high-boiling triglycerides are
processed to obtain more volatile methyl esters of the straight-chain fatty acids.
Biodiesel oil is in the early stages of development, but specimens of it have under-
gone many successful long-term tests in buses, trucks, and tractors. In some of the
tests, a mixture containing 80% conventional fuel and 20% biodiesel oil has been
employed. Tests using 100% renewable fuel have also been successful. In both
instances, the results were superior in many ways to those noted when conventional
diesel fuel was employed. The renewable fuel is practically sulfur-free. It is non-
toxic and quickly biodegradable if spilled. On combustion, it produces less toxic
particulate matter. Only minor adjustments of existing engines are required to attain
optimum performance.

Of all these approaches, the use of ethanol is the one that has reached
maturity and is making a real contribution in reducing gasoline and diesel oil
consumptions.

Production of ethanol to supply the needs of this fleet takes place in 405 dis-
tilleries, most of which are equipped for the dual production of sugar and etha-
nol. In 2007, production reached 22 billion liters. For 2008, the expected
production was 26.1 billion liters and assuming a growth of 8% per year — which
took place in the last few years — it should reach 30.5 billion liters in 2010 using
approximately an area of four million hectares of sugarcane. There are at present
35 new distilleries starting production in 2008/2009 and another 43 in various
degrees of implementation. In 2015, production should reach 47 billion liters
and the land required approximately six million hectares (Goldemberg and
Guardabassi 2008).

The cost of production of ethanol in Brazil dropped significantly over the years
as seen in Fig. 5.

In 1980, it was roughly three times the price of gasoline in the international
market, but it became competitive with gasoline in 2004 due to technological
gains and economies of scale. Productivity increases of almost 4% per year in the
last 30 years took place. The number of liters of ethanol per hectare of sugarcane
increased from 3,000 liters per hectare to more than 6,000 liters per hectare.
Ethanol is today fully competitive with gasoline without any subsidies
(Goldemberg et al. 2004).

The drivers for such extraordinary expansion of ethanol production from sugar-
cane were not only economic and strategic — to reduce dependence from petroleum
imports — but also environmental.

Ethanol does not have the impurities that come along with gasoline such as sulfur
oxides and particulates, which are the main cause of the bad quality of the air in
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Fig. 5 The economic competitiveness of alcohol fuel compared to gasoline (Goldemberg et al.
2004)

large cities; examples are Beijing, Mexico city, Sdo Paulo, and even Los Angeles.
In the city of Sdo Paulo, the quality of the air has improved remarkedly with the
replacement of gasoline by ethanol, which today represents more than 50% of the
fuel used by automobiles (CETESB 2008).

Emissions from land-use changes (including massive deforestation) could be
a source of greenhouse gas emissions, as demonstrated by Fargione et al.
(Fargione et al. 2008), but their study refers to a worst case scenario, which is not
taking place presently, since expansion in the area used by biofuels is not taking
place in virgin tropical forests. Such practice, of course, would release a large
amount of co,, but extensive studies have been made on CO, releases, resulting
from other agricultural practices that do not involve deforestation with results
much less alarming.

There are almost 100 countries producing sugarcane in an area of 20 million
hectares (approximately 0.5% of the world total area used for agriculture)
(FAOSTAT 2007). The 15 most important producers representing 86% of total
production of sugarcane. It is easy to convert plants producing sugar to ethanol
distilleries, and most of the existing plants in Brazil have a dual purpose.

It is clear therefore that the production of ethanol from sugarcane could be
expanded significantly if the example of Brazil is followed by several others using
a fraction of the sugarcane for ethanol.

Ethanol can be produced from several feedstocks such as corn and other grains
(mainly wheat), but the problem is the cost (Fig. 6).

Since the cost of production of ethanol from grains (in the US and Europe) is
considerably higher than its cost of production from sugarcane (in Brazil); high
import duties were imposed on ethanol imports in the US and Europe to protect
local industries, which are therefore heavily subsidized. Table 2 gives estimates of
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Fig. 6 Cost ranges for ethanol and gasoline production, 2006 (World Watch Institute 2006)

Table 2 Subsidies for biofuels in the US and EU 2006

Ethanol Biodiesel

Total billion US$/liter Billion liters Total billion US$/liter Billion liters
Unites States 5.8 0.28 20.7 0.53 0.55 0.96
European Union 1.6 1.0 1.6 3.1 0.70 4.43
Total 7.4 - 22.3 3.63 - 5.39

the subsidies in the US and the European Union, which reached almost 12 billion
dollars in 2006.

The removal of such subsidies is under discussion in the Doha round of negotia-
tions, but prospects for progress in this area are not very good although countries
such as France have decided to phase them out by 2012.

One of the reasons for the advantage of sugarcane is that all the energy needed
for the processing comes from the bagasse which is not available using grains as the
feedstocks. In this case, energy has to be “imported” by the distilleries most of which
comes from fossil-derived fuels. This is the reason why the energy balance (i.e., the
ratio of the energy contained in a litter of ethanol to the energy used in the process
of preparation originating in fossil fuels) is 8:1 for sugarcane and 1.3:1 for corn. In
a sense, ethanol from sugarcane is solar energy converted into a liquid while ethanol
from corn is in reality fossil fuel (mainly coal in the US) converted into a liquid.

The consequence is that the greenhouse gas emissions resulting from the sugar-
cane route are much more favorable than from grains (Fig. 7).

6 Second Generation Technologies

However, progress in the use of cellulosic feedstocks of all kinds (including urban
waste) using second generation technologies seems to be essential to broaden the
feedstock used presently, which are in limited supply and could originate problems



1 The Role of Biomass in the World’s Energy System 13

Ethanol
Ethanol Biodiesel  Biodiesel from

Ethanol Ethanol |from sugar from from Paim  cellulosic
fromgrain  from sugar cane rapeseed Qi feedstocks
(US/EU)  beet (EU) (Brazl) (EU) (Malaysia) (IEA)

0% 4 = 1 1
e = ]
40%

60%
80%

100% \ /
NS

Fig. 7 Greenhouse gas reduction (Doornbosch and Steenblik 2007)

(in tons of oil equivalent)

M Sucrose M Bagasse I Tops and Leaves Composition of sugarcane bagasse

Cellulose
46%

Others
8%

Lignine Hemicellulose
21% 25%

Fig. 8 Energy contained in 1,000 tons of sugarcane

such as a competition between fuels “versus” food. Excellent candidates for such
feedstock are the bagasse of sugarcane and switchgrass.

In the case of sugarcane, bagasse contains a third of the energy contained in
sugarcane, tags and leaves another third. With mechanized harvesting, which is
progressing rapidly in Brazil, the available amount of such materials is increasing
and is thus a prime candidate for second generation (Fig. 8).

Switch grass in the US seems to be an interesting option for the cellulosic route
since it has a composition rather similar to bagasse.

Second-generation technologies that will allow the use of any cellulosic material
for the production of biofuels are being actively pursued but have not yet reached
commercial production.

This area is therefore open to new and creative approaches of great scientific
technological and economic significance in the direction of replacing fossil fuels by
renewable resources.
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Chapter 2
Bioenergy and the Sustainable Revolution

Wanderley D. dos Santos, Edgardo O. Gomez, and Marcos S. Buckeridge

1 Introduction

In this chapter, we will discuss some unexpected consequences that renewable energy
policies might present for technological development and present an overview about the
main current approaches to produce Biofuels. The technological barriers and alterna-
tives investigated to overcome them are also discussed. In the first section, we argue that
such radical changes in the way we think and sustain our development might imply that
we are facing a new revolution in our energy production system. We proceed to eluci-
date some principles that are likely to determine the ideal and actual scenario of renew-
able fuels, including how ethanol can succeed and how biotechnological approaches
chosen to produce second generation ethanol imply coping with the high complexity of
lignocellulosic material. We also discuss the principles of biodiesel production, the
importance of this incipient biofuel might offer to the setting of ethanol industry.
Finally, we discuss the advantages and main perspectives in the short-term develop-
ments expected by the promising area of themochemistry to biofuel production.
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2 Energy Revolution

2.1 Mitochondrial Revolution

Evolution does not always occur as a soft continuum of myriads of little adaptations.
It sometimes jumps. Since the origin of life around four billion years ago, green—blue
bacteria increased the amount of molecular oxygen (O,) in the atmosphere
conspicuously. For most of the living organisms at that time (exclusively bacteria),
oxygen was very dangerous. For some organisms it was (and still is) deadly. Thus, most
bacteria lived only in oxygen-free environments. In the absence of oxygen, one of the
main forms that heterotrophic organisms used to obtain energy was via the fermenta-
tion process. This process preserves part of the free energy content from a molecule
of glucose in two adenosine-triphosphate (ATP) molecules, the standard energy fuel
in catabolic processes. However, in this process, most of the chemical energy present
in glucose is wasted as fermentation residues such as alcohol or lactic acid.

In the presence of oxygen, some organisms are able to accomplish cell respira-
tion, a process in which glucose is completely oxidized to CO, and 36 ATP are
produced from every single glucose molecule!. About two billion years ago, micro-
organisms undergoing selective pressure in an atmosphere that was becoming
increasingly toxic with oxygen, developed the ability to tolerate and even obtain
benefits from it. The last enzyme from the citric acid cycle to emerge and make pos-
sible respiration as we know it today was the a-cetoglutarate complex. This is
thought to have occurred by mutations of genes of the pyruvate dehydrogenase
complex, an enzyme complex with a similar structure and role in the citric acid
cycle in aerobic as well as in anaerobic organisms (Fig. 1).

From Glycolysis

|

Piruvate

Acetyl CoA
Citrate.

Oxaloacetate Isocitrate

']

Malate Oxalosuccinate

\

Fumarate a-ketoglutarate

Succinate

Fig. 1 Some anaerobic bacteria have the enzymes to produce several metabolic intermediates of the
citric acid cycle. However, they cannot complete the cycle because they do not have the alpha-
ketoglutarate dehydrogenase, which converts alpha-cetotarate into succinl-CoA (red arrow in the
cycle). This enzyme probably evolved from pyruvate dehydrogenase. Such complex performs a
similar reaction converting pyruvate into acetyl-CoA (red arrow above). Both complexes exhibit
three analogous enzymes and use the same cofactors (TPP, lipoate, FAD, NAD, and coenzyme A).
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This highly efficient novel system for using energy from carbohydrates completely
changed the biological scenario, making a whole new level of complexity in living
organisms possible. From that time on, with more available energy, multicellularity
became viable and many other types of organisms evolved. In other words, this
energetic revolution was so powerful that today, most unicellular eukaryotes, all
fungi, animals, and plants are dependent on mitochondrial machinery, the organelle
responsible for accomplishing cell respiration.

2.2 Modern Bioenergy: A Sustainable Revolution

With the increase in population, which is expected to reach over nine billion people
by the year 2050, the issue of availability of energy appears to be crucial. Humans
are increasingly better at improving health and elongating life span. Furthermore,
capitalism requires profit, continuous production of all types of products in order
to survive. Therefore, over the next 40 years, humans will need to find a way to
greatly increase efficiency of energy production.

The problem is that in the cycle of energy production that we are in, which is
essentially based on fossil fuels, the excess of production of some useful or even
essential molecules residues such as CO, turned them into pollutants. As a result,
we discovered that we were poisoning the atmosphere and changing the climate
(IPCC 2007). The environmental impacts are now regarded as fundamental for the
survival of humans on this planet. As a consequence, the production of energy,
food, and all products consumed by human societies will need to come out from
sustainable ways of production.

As the evolutionary burst supported by the mitochondrial energetic efficiency,
we also experienced successful development cycles based on the exploration of
coal throughout the Industrial Revolution and still enjoy, sponsored by oil. We
need to find a way to produce more energy in order to supply our development
aims for the decades to come. However, we know that the consequences of this
step can cause problems further into the future, our choices must be based on
approaches capable of making the energy production system progressively sus-
tainable. Although there are nuclear and geothermal nonbiological ways to obtain
energy, the use of biomass to produce energy is certainly one of the more realist
ways to increase energy production in short term, especially thanks to the
advances obtained during the twentieth century in the areas of biochemistry and
molecular biology. The production of energy from biomass is not new as humans
have been burning wood for thousands of years. However, we are now reaching a
point in which we can think and design, through synthetic biology, forms to
improve plant photosynthesis and cell wall architecture to make cell wall carbo-
hydrate more accessible to hydrolysis and available for fermentation. These two
targets can possibly work to significantly increase energy production. This is
because (1) improving photosynthesis efficiency can increase productivity of
biomass, and (2) gaining access to the monosaccharides of the cell walls opens
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the way to obtain energy from ca 70% of the plant body thus greatly increasing
the production of energy in the form of biofuels as ethanol, for instance. Most
chapters in this book are about the biochemical routes to obtain lignocellulosic
ethanol. However, it is not (and cannot be) the only one to be adopted in biofuel
production. Transesterification of plant fat acids are used to produce biodiesel
and it is thought that the production of such hydrocarbons as well as a wide variety
of other chemicals is also possible by chemical routes such as pyrolysis and
gasification, as we discuss later in this chapter. Whatever the route, the development
of technologies to efficiently use renewable sources of energy might imply a
new age of social development without the ghosts of global warming and
petroleum shortage. Although such technologies alone do not mean an energy
revolution, they can be thought as a radical change in ways humans understand
economy and development. Production and goods do not move in closed mechanical
cycles as taught by classical economy. Rather, civilization is an opened
thermodynamic system in which crude matter and energy are continuously
appropriated from nature to produce humans goods and residues and entropy are
unavoidably produced (Cechin 2008). Being part of nature, we need to learn how
to cope with nature’s limits to supply our demands and recycle our residues.
Using bioenergy in a sustainable way is currently the most realistic form to
harmonize our ambitions for economic growth with the planetary constrictions.
It is certain that some day we will find the limits of using renewables as well,
given our boundless obstinacy for progress. Meanwhile, however, we seem to be
starting a promising cycle of sustainable technological growth based in renewable
sources of energy: the sustainable revolution.

3 Choices for Renewable Fuels

According to the second law of thermodynamics, in a chemical reaction the products
will conserve a fraction of the existent energy in its reactants. In general, the energy
potential of the products is lower than the reactants that made them. In this way, the
amount of energy conserved by a molecule is inversely proportional to the number of
chemical reactions necessary to build it. In this sense, perhaps the cheapest renewable
fuel that we can produce is the molecular hydrogen (H,). A source of energy (i.e.,
light, electricity, etc.) can be used to liberate hydrogen directly from water. As this
process is direct (i.e., without many chemical steps) the efficiency of the conservation
of the energy for the production of H, is relatively high. That type of direct production
can also be accomplished with other molecules, but considering the amount of water
on the planet, in practice, any other molecules are far less abundant. Another advantage
of using H, is that its combustion produces no pollution, only water. However,
although the production of H, can be cheap and clean, its use is not easy.

H, is a highly explosive gas and must be transported under pressure, which
considerably increases the cost of transport and risks of accidents. From this
point of view, liquid fuels seem to be a more convenient option for use in vehicles.
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When compared with H,, liquid fuels can present a considerable difference in
energy density, related to difference in the oxidation state of carbon. Alcohols
such as methanol and ethanol are more oxidized than lipids in the form of
biodiesel and in this way, alcohols release less energy during combustion per unit
of mass. The complete combustion of one gram of ethanol liberates about 7 kcal
of energy while one gram of lipids releases ca. 9 kcal. Because H, is a gas, it
presents an even smaller energy density. On the other hand, as discussed above,
the fact that liquid fuels are more complex than H, implies that they are less
efficient in energy conservation.

The processes involved in the synthesis of liquid biofuels such as ethanol is
indirect and imposes a higher cost to obtain it. Part of the energy present in the
sugars used to produce ethanol, for instance, encloses energy that had to be used for
agricultural processes, planting, irrigation, fertilization, harvesting, plant transportation,
milling, and industrial processes such as fermentation by yeasts, distillation, and
subsequently fuel distribution. Therefore, in order to rationally choose an ideal fuel
and production technology, one must consider the energy efficiency throughout the
whole chain of production, consumption. and renewability.

3.1 Biodiesel from Plant Sources

Following the wave of ethanol success, other kinds of biofuels are now being
developed as well in scale production, as biodiesel. In Brazil, plants such as palm,
soybean, and other edible cultures are being partially used to produce biodiesel. On
the other hand, nonedible plants able to grow in marginal lands and climates as semiarid
and cerrado (Brazilian savanna) have been studied in order to avoid competition with
traditional agriculture and food production. They have been studied and selected by
their seed and seed oil yields, oil profiles, and rusticity. Such characteristics are found
in many Euphorbiaceae species as Jatropha curcas, sea almond (Terminlia catappa),
neem (Azadirachta indica). J. curcas and other genera have been considered as plants
with the strongest potential for biodiesel production in Brazil with financial support
for farmers from cerrado regions and industrial plants being build.

Oleaginous plant seeds store oil in cell structures called oil bodies. Seedlings use
their reserve compounds as a source of carbon and energy until being able to self sus-
tain. The principal lipids stored by oleaginous are triglycerides. They exist in esters of
a residue of glycerol, a trihydroxylic alcohol known commercially as glycerin, with
fatty acids. Fatty acids are interesting as fuel because of their high energy content.

However, the viscosity of triglycerides can be too high for its direct use in diesel
engines. Therefore, they must to be converted to ethyl or methyl esters of fat acids
in order to be useful. The transesterification process includes substituting the
glycerol by ethanol or methanol using a chemical catalysts such as H,SO,, NaOH,
KOH, or NaOCH,. The length of fatty acids also influences the viscosity and energy
density of biodiesel. The longer the length of the aliphatic chain, the higher the
energy density, but the lower the viscosity will be. On the other hand, fatty acids might
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present unsaturations, i.e., some carbons of the aliphatic chain might be oxidized to
form one or more double bonds. These unsaturations produce breaks in the linear
geometry of saturated (nonoxidized) fatty acid, decreasing the spatial proximity
among molecules and as a consequence increasing its viscosity. In this way, the kind
of alcohol residue esterified to fatty acids, the length of aliphatic chain and the
degree of unsaturation of fatty acid residues are features that imply a trade off among
viscosity and energy density for biodiesel. Thus, the fatty acid profile of different
plants strongly determines the choice of plant species for biodiesel production.

3.2 Bioethanol

Ethanol is an organic compound used as liquid fuel in light vehicles since the invention
of internal combustion motors by Nikolaus Otto. Today, it is the first renewable fuel
produced from plants such as sugarcane in Brazil and corn in the USA. Carbon
dioxide produced by burning ethanol is assimilated by plants from the air. Thus,
ethanol does not generate a net unbalance of greenhouse gases as do gasoline,
diesel, and other petroleum derivatives.

Currently considered a traditional producer of sugarcane, Brazil inaugurated the
industry of ethanol for fuel applications early in the twentieth century. In 1973, an
unprecedented increase in the price of petroleum harnessed to Yom Kippur’s war
and the seizure of the USA and western Europe by Middle East petroleum producers.
As a result, the Brazilian government decided to increase the production of ethanol
throughout an extensive program of incentives.

Currently, Brazil has no pure gasoline in any gas station. Flex fuel engines afford
the choice to drivers to use E25 to E100 gasohol (25-100% of ethanol). Strategic
concerns about energy security and global warming has impelled other countries to
develop their own production of ethanol and in spite of the greater productivity of
sugarcane, 2,105 gallons per acre against 495 gallons per acre of corn ethanol, the
US overcame Brazilian ethanol production in 2006 and are today the largest
producer of ethanol in the world.

However, the current means of production are far from being able to supply ethanol
to support potential demand to the whole world. In this sense, governments and
researchers have been driving their attention to explore the wide energy availability
of lignocellulosic biomass in order to produce more biofuels, and do so more
efficiently and sustainably. Currently, most of the biomass from sugarcane and corn
is wasted as residue or inefficiently burned to run the mills. However, such biomass
is formed mainly by sugars such as cellulose and other related polysaccharides. The
problem is that they are linked to each other in complex ways, forming an interwoven
network of polymers, which are very difficult to disentangle. However, once broken
into free sugars these polysaccharides might be fermented to produce ethanol.

Two thirds of the energy produced by sugarcane is in the lignocellulosic material.
Besides being the most abundant biomolecules in nature, technologies able to hydrolyze
holocellulose (cellulose and hemicelluloses) in its monosaccharides at a low cost, will
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make possible the utilization of the most diverse plant residues for production of ethanol.
Such technologies might, in theory, double bioethanol productivity, thus helping to
avoid the expansion in the area needed to produce biofuels and consequently avoiding
impacts on forests by indirect land use.

3.3 Biochemical Conversion

The biochemical approach toward saccharification of lignocellulose biomass is
based on the principle that catalysts may decrease the activation energy and accelerate
the velocity of the hydrolytic reaction. A small amount of a specific catalyst might
accomplish a number of reactions virtually infinite. Due to the complexity of ligno-
cellulosic material, a cocktail of enzymes will have to act in concerted fashion in
order to carry out the hydrolysis of the great number of reactions necessary to
release all monosaccharides present. It would need to cope with the lignin present
in the mixture and also with the crystalline (water free) cellulose, which is resistant
to most of the physical and chemical attacks (Soccol et al. 2010).

In order to overcome these barriers, biomass has to be prepared beforehand and
this process is called pretreatment. Several types of pretreatments have been made.
They consist of methods able to increase the surface area of polysaccharidases
available to enzyme attack. In thermo acid treatment, lignin is partially removed,
exposing polysaccharides to enzyme hydrolysis. Alkali treatment may also be used
to remove ester linkage between lignin along with pectic and hemicellulosic
polysaccharides. Indeed, polysaccharides might be dissolved by strong alkali and
hydrolyzed by mild acid treatments with sulfuric acid. However, once the glycosidic
linkages are broken, the monosaccharides might be easily oxidized to furfurals and
hydroxymethylfurfurals. The different degrees of susceptibility from o and 3 linkages,
as well as the pectin connection among fibers (middle lamella), results in oxidation
of significant parcels of the carbohydrates. Pentoses, furfural derivatives, and
phenylpropanoids from lignin will inhibit subsequent sugars’ fermentation to ethanol
by yeasts, reducing the efficiency of direct chemical hydrolysis. Ethanol at high
temperature might be used to partially extract lignin and other soluble solids in
organosolv® process developed by the Dedini Co (Ramires et al., 2010). These and
other processes are used in the paper industry and have been adapted as pretreat-
ments for ethanol production from lignocellulosic material. Other processes have
been developed specifically for bioethanol technology. One of such processes is
steam explosion, a method in which biomass is submitted to high pressure and left
to expand fast in presence of vapor exposing the fibers to subsequent hydrolysis.

The biochemical route is in fact an application of modern techniques of cell and
molecular biology (Buckeridge et al. 2010). The possibilities are many (Fig. 2).
Bioenergy feedstock species can be genetically modified so that their cell walls
become more accessible to enzyme hydrolysis during the industrial process. The
microorganisms that will be used to produce the enzymes that will perform hydrolysis
can be engineered, and the ones that will ferment the sugars, which in the case of
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Fig. 2 Strategies for the biochemical route to obtain cellulosic bioethanol from sugarcane.
Numbers refer to phases that will need to be followed in time, in order to complete the process of
cellulosic ethanol. Phase 1 is already completed, but must be improved; it is called first generation.
Phase 2 refers to the use of acid hydrolysis couple with enzyme hydrolysis to produce fermentable
sugars. During phase 3, enzyme cocktails will be available and enzymatic hydrolysis will be mas-
tered in large scale. On phase 4, modified walls, better enzyme producing fungyi, and modified
enzyme structures could be used to improve the industrial process even more (from Buckeridge
and Salatino, 2010)

grasses are pentoses, will need to have their metabolism adapted to use this kind of
sugar. In the era of synthetic biology, the biochemical route will probably join other
industrial processes in a revolution without precedents in biology, i.e., industrial pro-
cesses strongly based on biological mechanisms.

3.4 Thermochemical Conversion

Synthesis gas generated from catalytic reform of fossil fuels (natural gas), or
gasification of coal, is a versatile platform in conventional chemical and energy
industries. By thermochemical processes, lignocellulosic biomass can be converted
into biofuels and other derivatives (Fig. 3). The main advantages of such an approach
do not cope directly with the natural complexity of biomass as in biochemical
approaches and the low intensity of pretreatment involved. The cores of ther-
mochemical conversion are the processes of pyrolysis and gasification. Pyrolysis is
a heating procedure performed in complete absence of oxygen. It produces different
phases depending basically on parameters such as temperature, pressure, time of
reaction, and heating rate. Among the phases, one is an oil (bio-oil) that can be used
to feed the gasification process. Gasification can be accomplished with a controlled
amount of oxygen and is driven toward obtaining a product gas, also named synthesis
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Fig. 3 Steps in thermochemical production of biofuel. The main thermochemical processes are
pyrolysis and gasification. Both pyrolysis and the gasification produce different phases depending
basically on temperature and pressure, reaction time, process time, heating rate, etc. The bio-oil
from pyrolysis can be used to feed the gasification process. The biofuel synthesis processes have
several requirements in relation to reactor temperature and pressure, type of catalysts, H2/CO ratio
in syngas, which can be adjusted by water gas shift reaction (WGS) or by membrane separation
techniques, impurities content in the syngas such as CO2, dust, tar, H2S, NH3, HCI, CH4, halogen
and alkali compounds, and type of downstream processes. There have been propositions of poly-
generation where integrated processes are used to produce syngas to chemicals, biofuels and
generation electricity in the same plant and from the same feedstock

gas or syngas (Fig. 3). Syngas can be converted by fermentation or catalytic
synthesis in liquid and gaseous fuels such as gasoline, diesel, ethanol, methanol,
methane, and hydrogen, among other energetic and nonenergetic products
(Rezaiyan and Cheremisinoff 2005; Knoef et al. 2005).

Theoretically, a syngas is composed of equimolar amounts of hydrogen (H,)
and carbon monoxide (CO), which goes through water gas shift reaction (WGS)
and a further process to remove carbon dioxide (CO,). Synthesis gas produced by
direct gasification of lignocellulose or bio-oil is composed of solid and liquid
particles (dust and tar), halogen and alkali compounds with inorganic impurities
being hydrogen sulfide (H,S), ammonium (NH,), hydrogen chloride (HCl), meth-
ane (CH,), and other light hydrocarbons (C,H,) which contaminate the catalysts
used in downstream processes (Obando et al. 2010). There have been proposi-
tions of polygeneration in which integrated processes are used to produce syngas
and generation of electricity in the same plant. Others consider the possibility to
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integrate the biochemical with the thermochemical route by using by-products of
the pretreatment processes.

3.5 Comparison of Thermochemical and Biochemical Routes

Thermochemical conversion is at a stage of development and evaluation on a pilot
scale to improve the quality of the syngas as well as the capabilities needed to
achieve economical viability. On the other hand, the biochemical route is presently
at the precommercial stage of development due the great number of plants being
implanted and already in operation. The current estimated costs of biofuel production
by thermochemical route are around 0.5-0.6 U$ per liter of equivalent fuel, while
the estimated cost of biochemical conversion is 0.7-0.9 US$ per liter of equivalent
fuel. However, biochemical conversion must undergo a rapid cost reduction in the
face of commercial plants being set until 2012, when costs are expected to reach
about 0.3 USS$ per liter of equivalent fuel (Lora et al. 2007).

Biochemical conversion presents great challenges in bioengineering of enzymes
and yeasts, detoxification of substrates (pretreatment), as well as the energetic
optimization and integration of the processes. Of course both routes require several
unitary operations as harvest, transport, storage and final arrangement of biomass
such as drying, fractionating and classifying of particles, to name but a few. But
there are differences. Pretreatment, for instance, has a high impact on the cost of
biofuels in both routes. However, pretreatments are considered of lower intensity in
thermochemical approaches, when compared with pretreatment intensities required
to biochemical conversion. Biochemical approaches demand improvement of
cellulose accessibility to enzymes that are capable of hydrolyzing polysaccharides.
This confers a considerable impact on the energetic balance of bioconversion.

Both technological platforms require large scale plants to reach economic viability.
However, reported data suggest facilities to process 100 ton/h of dry biomass to bio-
chemical plants are feasible, while about 500 ton/h of dry matter is necessary in order
for a themochemical platform to become economically viable. In this last case, gasifi-
ers of 150 ton/h of dry matter will be needed. This is currently a relevant technical and
economical constriction for the thermochemical route. One promising study, although
still on a laboratory scale, proposes the production of bio-oil by fast pyrolysis and suc-
cessive gasification of bio-oil. If such technology becomes possible and safe, reactors
able to process about 2 tons of biomass per hour could produce bio-oil in a decentral-
ized way, centralizing the gasification an economically viable scale (Rocha 2008).

4 Concluding Remarks

The availability of useful types of energy strongly determines the evolutionary
potential in nature. Human technological development is also highly dependent on
energy availability. In recent history, coal and petroleum played an important role
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in industrial and postindustrial revolutions. The pressure against environmental
imbalance caused by greenhouse gases emissions due to the use of fossil fuels
implies a strong barrier against the maintenance of the rates of social and economi-
cal development on the basis of oil and coal as main sources of energy. On the other
hand, the potential to produce energy from biomass and other renewable sources
exceeds (several times) the world current demand. The development of technolo-
gies to extract energy from renewable sources (such as ligonocelluloses) is the way
to enter a new age of technological development.

Lignocellulose is the most abundant biological crude matter on the planet
and is composed of high energy molecules. However, it is also a highly ordered
cell structure which renders mechanical and biochemical resistance to plant tis-
sues. Furthermore, cell walls present a relative high diversity among different
plant species and might become progressively recalcitrant when it is (wrongly)
disassembled. Nonetheless, several biological systems have coevolved with
plant cell walls and optimized the biochemical conversion of cellulosic biomass
using a similarly complex set of enzymes. We are now able to face this chal-
lenge using and advancing the knowledge about plant cell wall architecture.
Because most species chosen as feedstocks for bioenergy are grasses, the pri-
mary focus of technological development will be the type II cell wall (i.e., the
wall typical of grasses that is composed of arabinoxylans and mixed linkage
glucans as main hemicelluloses). Although they represent just a small fraction
of the plant species, grasses respond for ca. one-fifth of world green cover and
more than four-fifths of food consumed by humanity, including forage and
biofuel.

Some exciting synergy might be found between biodiesel and bioethanol
production. Glycerol, a by-product of the biodiesel industry, might be fermented by
yeast to produce ethanol. Ethanol, in turn, might be used to transesterify triglycerides
and reduce viscosity. On the other hand, harvesters, tractors, and trucks used in the
cultivation and transport of ethanol production and consumption chain today, all
run on diesel engines, which negatively impacts sustainability of ethanol. Therefore,
the emergence of large scale biodiesel industry might mean a snap point in
sustainability of the whole chain of biofuel production.

There is an aspect toward the technological routes convergence. They offer
opportunities for scientific development in areas such as development of new
pyrolysis and gasification processes, catalysis applied to syngas production and
purification, development of new pretreatments of biomass, enzymes and
microorganism engineering, as well as energetic optimization and integration of the
processes. All present potentials to be part of the solution and research in these
areas must be put forward in order to guarantee that a better solution to the problem
will be found in the shortest possible time and will be strongly based on high qual-
ity science.

Is seems, therefore, that humanity is living one of these moments of revolu-
tion in which the system will jump to a superior level of organization that will
made us capable of going far beyond where we have been during the last
centuries.
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Chapter 3
Biomass Gasification for Ethanol Production

Luiz A.H. Nogueira, Joaquim E.A. Seabra, and Isaias C. Macedo

1 Introduction

For a sustainable future, it is essential for mankind to access the largely untapped
solar resource by innovative bioenergy routes, an important way to overcome fossil
fuel dependence and mitigate related environmental impacts. In this framework,
as a good example of the potential to be exploited, among the several biomasses
under scrutiny to be used for energy supply, sugarcane appears as one with the most
interest and potential, with estimates that about 142 million hectares currently are
available for such culture, taking into consideration rain feed areas in tropical countries
and without significant impact on food production and the environment (Fischer
et al. 2008).

Sugarcane is a very productive plant, in Brazil and in many other wet tropical
countries where it is cultivated, it averages annual yields of approximately 110 tons/
ha (including stalks, tops and leaves), which translates to more than 35 tons of dry
solid biomass, corresponding to an output of 110 barrels of oil equivalent to a hect-
are per year, produced with solar energy, water, carbon dioxide, and a reduced
demand of exogenous energy in agricultural and transportation activities (Macedo
2005). This biomass, mostly polysaccharides (sucrose, cellulose and hemicellu-
lose), is used as raw material for a large range of products such as table sugar, sugar
syrups (glucose) and other sugar derivatives, food and feed additives, plastics, elec-
tricity, agrochemicals, and ethanol. An assessment conducted in 2005 identified
more than 60 different technologies in the Brazilian industry currently using sugar-
cane as raw material (IEL/SEBRAE 2005).

Indeed, in the huge expansion of the Brazilian sugarcane agro industry in the last
decades, it is remarkable to observe the development of a diversified biotechnology
and chemical industry based on sugarcane products. However, the lignocelullosic
by-product of sugarcane crushing, bagasse, a fibrous material composed by cellulose
(40-60% of dry matter), hemicellulose (20—40% of dry matter), and lignin (10-25%
of dry matter) remains essentially used only as fuel, burned in boilers to produce
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Fig. 1 Basic routes for biofuel production by biomass gasification

high pressure steam used in cogeneration schemes to supply heat and power to sugar
mills and to the grid. In some mills where improvements in energy management
have been introduced, bagasse surpluses are produced and sold to be used as fuel in
other industries such as ceramics, orange juice plants, or as fodder in intensive calf
breeding. In addition to that, a large amount of agricultural residues remain from
sugarcane harvesting, approximately 12 tons of tops and leaves (dry basis) per hectare
are available, practically useless which are mostly burned (a practice increasingly
eradicated) or are left in the sugarcane fields. Besides the costs associated with its
uses, sugarcane bagasse presents no cost in terms of production factors, and harvest-
ing and transporting sugarcane straw from sugarcane fields has a low cost, initially
estimated at around 1 US $/GJ (Hassuani et al. 2005).

Such large availability of lignocelullosic materials in the sugarcane industry,
as well as in other agricultural and agroindustrial activities, is effectively primary
primary energy resource to be better exploited. In this context and looking for new
perspectives for bioenergy, there is a growing interest in using lignocelullosic materials
for liquid fuel production. However, although these materials are accessible at
reduced cost, the technology for their conversion in biofuels is still to be developed.

Currently, two technological routes are the most studied to crack the complex
compounds of lignocelullosic biomass in more workable molecules to produce
liquid fuels: hydrolysis and thermal gasification processes at low and high tempera-
ture, respectively. In this chapter we will present a review of gasification covering
the basics aspects, the current state of the art, and some actual demonstration proj-
ects in operation or implementation. The objective is to summarize biomass gasifi-
cation and synthesis processes for producing ethanol and other biofuels, as pointed
out in Fig. 1, and set its perspectives of development.

2 Gasification of Biomass for Biofuels Production

The history of gasification, the partial combustion of solid fuels in controlled atmo-
spheres to produce a low to medium heating value fuel gas, dates back to the
seventeenth century, with the first attempts using coal. In 1788, Robert Gardner
obtained the first patent related to gasification and during the nineteenth century
many improvements were introduced into this technology, which became capable
of fueling the first commercial models of stationary internal combustion engines



3 Biomass Gasification for Ethanol Production 29

and, following the development of the auto industry, was also applied in light
vehicles, trucks, and tractors. Considering these automotive applications, biomass
gasification particularly, has been evolving since the 1930s, with the development
of different equipment for charcoal and wood, mainly in Europe (Turare 1997). The
interest in gasification dwindled after World War II but reborn with the oil shocks
in the 1970s. Contemporary gasifiers range from small systems that supply gas for
automotive internal combustion engines and small stationary units supplying com-
bined heat and power (CHP) systems to larger scale gasifiers developed to generate
power with gas turbines, at thermal power ratings of 10-100 MW and, more
recently, to produce clean gas for the synthesis of liquid fuels (Bridgewater 1995).
Gasification should not be confounded with pyrolysis, which is the thermal pro-
cessing of biomass with only high temperatures, generally aiming to produce oils
and heavy liquid fractions, sometimes called bio-oil.

In a broad definition, gasification is a thermochemical process for biomass con-
version carried out at high temperatures, using reactors called gasifiers, in which
solid or liquid organic substances are converted into gaseous products, usually
called producer gas, synthesis gas, or syngas. The main syngas components are CO,
H,, CO, and water steam, along with the formation of light hydrocarbons and other
volatile and condensable compounds as secondary products (Grabowski 2004).
This process is appropriated for dry lignocelullosic materials, with a low content of
inorganic components, generally discharged in the form of ashes. Gasification can
be carried out by reaction of biomass with oxygen from the air or from steam,
or even with pure oxygen, and using gasifiers at atmospheric pressure or pressurized.
The heating of gasifiers can be direct, by partial oxidation of the biomass, or indi-
rect, from external sources and using heat exchange mechanisms. According to the
relative movement of the biomass under gasification, the gasifiers are basically
designed as fixed bed (with gases flowing updraft or downdraft), fluidized bed (the
biomass is kept in suspension by an upward flow of gasification gas), or moving
bed, as explained in Tables 1 and 2 (Bridgewater 1995). In fact, there is a large
range of gasifier types and the choice of the gasification technology will basically
depend on the biomass to be processed, the type of product sought, and the size of
the plant.

The feedstock composition also affects the synthesis gas composition, as indi-
cated in Table 3, summing up of experimental results of gasification of charcoal and
several agroindustrial by-products, obtained in a small scale downdraft fixed bed
air-blown gasifier (Rajvanshi 1986). It is interesting to observe that when gasifica-
tion is carried out with oxygen and steam, the heating value and combustible gases
content increase, as could be expected.

The feedstock to be used in a gasifier usually requires a previous preparation,
aiming basically to reduce its moisture and size. In the gasifier, after the initial
phases of drying and partial volatilization of light compounds of biomass, the first
group of reactions takes place at approximately 280-500°C, producing large quan-
tities of tar and carbon dioxide, but with the increase of temperature, up to approxi-
mately 750°C, the tar components are cracked and some hydrogen is produced.
Then, depending on the gasification technology, a partial oxidation of some



30

L.A.H. Nogueira et al.

Table 1 Biomass gasifier types

Gasifier

Basic description

Fixed bed

Downdraft or concurrent
Updraft or countercurrent
Cross-current

Fluidized bed

Single reactor
Circulating

Entrained

Twin reactor

Moving bed
Other
Rotary kilns

Cyclonic or vortex
reactors

Biomass moves down, gas moves down
Biomass moves down, gas moves up
Biomass solid moves down, gas moves at right angles

Low gas velocity, inert solid stays in reactor

Inert solid is elutriated with product gas and recirculated

Usually no inert solid; highest gas velocity of lean-phase systems

Steam gasification and/or pyrolysis occurs in the first reactor; char
is burned in the second reactor to heat the fluidizing medium for
recirculation; either can be any type of fluidized bed

Mechanical transport of biomass; usually lower temperature processes

Good gas-biomass contact; careful design needed to avoid solids
carryover
High particle velocities give high reaction rates

Source: adapted from Bridgewater (1995)

Table 2 Typical gas characteristics from different gasifiers

Gasifier type and operation

Gas composition (vol.%) HHV
H, CO CO, CH, N, (MJ/m%) Gas quality Tars dust

2

Fluidized bed, air-blown 9 14 20 7 50 54 Fair Poor

Updraft, air-blown 11 24 9 3 53 5.5 Poor Good

Downdraft, air-blown 17 21 13 1 48 5.1 Good Fair

Downdraft, oxygen-blown 32 48 15 2 3 104 Good Good

Multi-solid fluidized bed, oxygen 15 47 15 23 0 16.1 Fair Poor
blown

Twin fluidized bed gasification, 31 48 0 21 0 174 Fair Poor
oxygen and steam blown

Pyrolysis (for comparison) 40 20 18 21 1 133 Poor Good

Source: adapted from Bridgewater (1995)

Table 3 Typical gas characteristics for different biomasses, downdraft air-blow gasifier

Composition (excluding N,) (vol. %)

HHV

Product gasified CO H, CH, CO, (MJ/m?)
Charcoal 28-31 5-10 1-2 1-2 4.6-5.6
Wood (12-20% moisture content) 17-22 16-20 2-3 10-15 5.0-5.9
Wheat straw pellets 14-17 17-19 - 11-14 4.5
Coconut husks 16-20 17-19 - 10-15 5.8
Sugarcane bagasse 15-18 15-18 - 12-14 5.3
Corn cobs 19 16 6 - 6.3

Rice hulls pelleted 16 10 1 - 32
Cotton stalks cubed 16 12 3 - 4.3

Source: adapted from Rajvanshi (1986)
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components can occur, releasing heat, to finally reach the last phase of gasification,
at temperatures near 1,000°C, at which time some components are reduced, absorbing
heat. In fact, the simultaneous reactions that occur in a gasifier are extremely complex
and difficult to follow due to high temperature and short life span of some interme-
diate chemical products, but the efficiency of the process depends directly on how
properly they are carried out. In some gasifiers the process is done at medium
temperature and the biomass is just partially converted in gaseous products, while
in high temperature gasifiers, a fully conversion of biomass is reached.

To give a simplified idea of the gasification process that follows the volatiliza-
tion of the solid fuel, the following reactions summarize what occurs simultane-
ously (Rauch 2002):

C+ %02 - CO (1)
C+H,0—->H, +CO (2)
C+0, - CO, 3)
CO+H,0 > CO, +H, @)
C+CO, —2CO 5)
C+2H, — CH, 6)

From the above equations, it is possible to conclude that higher contents of
steam in the gasification gas increase the tendency of hydrogen formation, while
the increase of gasifier pressure facilitates the methane production (Nogueira and
Lora 2004).

Considering cellulose gasification with oxygen in ideal conditions, in which the
heat supplied from exothermic reactions is enough to promote gasification, the
equivalence ratio, which expresses the amount of oxygen required for gasification
relative to the amount required for combustion, is 0.244 and the gasification process
can be exemplified as below, according Prins et al. (2007):

C,(H,0), +1.4610, — 4.567CO +1.295CO, +0.138CH, +3.958H, +0.766H,0 (7)

In regard to gasification efficiency, defined as the ratio between the total heating
value of produced gas and the heating value of gasified feedstock, actual biomass
gasifiers are less efficient than coal gasifiers, especially due to the high oxygen
content of biomass feedstock, in which the atomic ratio O/C typically ranges from
0.5 to 0.8. Depending on the final temperature and operational condition, taking
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into account the energy consumption in ancillary systems, the efficiency of biomass
gasifiers using steam and oxygen as gasifying agents ranges from 66 to 74%, in the
best cases (Prins et al. 2007).

By gasification, a heterogeneous material such as biomass can be transformed into
a more uniform gaseous product suited to various applications. The straightforward
application is as fuel in boilers and furnaces, but it can also be used in internal com-
bustion engines, gas turbines, and biofuel synthesis which imposes the gas cleaning
to meet the specifications required by each particular use. Cleaning can occur at low
temperatures, for example by filtering (at approximately 200°C) and washing for
removal of particulates and condensable materials after cooling. Cleaning may also
be carried out at medium tohigh temperatures (350-400°C) for use in gas turbines and
fuel cells, in this case usually using ceramic filters (Macedo et al. 2006).

Many of the technical problems encountered in the development of this technology
were identified and partially resolved in the 1990s, including how to feed large
quantities of comminuted biomass into pressurized reactors and the development of
systems to clean the gas to meet gas turbine quality standards. Thus, biomass gas-
ification can actually be used in gas turbines designed for gases with low calorific
power. Nevertheless, for application in synthesis reactors to convert biomass gasifi-
cation products into liquids fuels, the contaminant removal and the balanced com-
position requirements will certainly require further development in gasification
technology and gas treatment.

The scale of production is a determinant factor of the economic feasibility of
liquid fuels production using gasification technology, and a reason why the pressur-
ized CFB gasification technology is preferred by some authors (Hamelinck et al.
2003; Larson et al. 2005). The gasification process should be such that the gas pro-
duced is rich in CO and H,, the two main reactants in liquid fuel production. Thus,
air injection should be avoided because it is not desirable for the gas produced to be
diluted with nitrogen. Another particular concern in biomass gasification is the slag
formation related to alkaline elements of ash, which imposes appropriated design of
gasifiers and, in some cases, additives to control the slag viscosity (Coda et al.
2007).

An example of state of the art biomass gasification is the two-stage atmospheric
pressure biomass gasifier developed by Batelle (Higman and Van der Burgt 2003),
shown in Fig. 2.

In this gasifier, biomass initially reacts with steam and hot recycled sand in a
fluidized bed to produce synthesis gas. Some unreacted char and sand exits the
gasifier with the synthesis gas, and is captured in a cyclone separator, to be burned
in a fluidized bed combustor where the sand is heated to high temperatures. Such
sand is conveyed back to the gasifier to provide the heat necessary for converting
the biomass into synthesis gas, which can reach a heating value near 17 MJ/Nm?®.
This gas can be cooled, cleaned, and compressed for use as fuel or synthesizing
biofuels. One interesting application for this gasifier is in cogeneration schemes
associated with conventional ethanol production from corn, allowing efficient use
of the residues to cover energy demand and reducing the natural gas consumption
(De Kam et al. 2009).
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Fig. 2 Two-stage atmospheric fluidized bed gasifiers. Source: Higman and Van der Burgt (2003)

In addition to the technical aspects, a preliminary evaluation of biofuels production
by gasification route points out that the gas production represents between 50% and
75% of overall cost, indicating the importance of gasifier optimization in order to
reach the maximum gas yield at a low cost (Spath and Dayton 2003).

3 Synthesizing Biofuels from Syngas

Biofuels can benefit from the experience of the fossil fuel industry, where coal
gasification has been in use for liquid fuel production for decades, but the high
complexity of the processes involved in the biofuel synthesis, as mentioned,
deserves attention. Despite the great effort involved in the development of this
route, the synthesis phase is still an object of research and development, although
for some research groups it seems to be one of the most feasible alternatives for
biomass conversion in liquid fuels. Below, the synthesis process is presented
considering the chemical and biochemical routes.
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3.2 Chemical Synthesis

All significant discoveries in hydrocarbons synthesis were done in the beginning of the
twentieth century. In 1902, Sabatier and Sanderens produced methane from CO hydro-
genation by passing CO and H, over Ni, Fe, and Co catalysts. During that same period,
hydrogen from syngas produced from steam methane reforming was commercialized. In
a crucial development for explosives and fertilizers production, in 1910, Haber and
Bosch discovered the synthesis of ammonia from H, and N, and the first industrial
ammonia synthesis plant was commissioned in 1913. The production of liquid hydrocar-
bons and oxygenates from syngas conversion over iron catalysts was discovered in 1923
by Fischer and Tropsch (FT), whose process was in use in Germany between 1939 and
1945 to produce fuels from coal, generally called FT liquids. Currently, this technology
has been applied in other plants in South Africa (by Sasol, since 1955), and more recently
in Malaysia and Australia, using coal or heavy oil streams (Spath and Dayton 2003).

In the process of biofuels production, the synthesis gas coming from biomass
gasification must pass through cleaning and reforming processes and, if necessary,
adjustment of its composition, to be converted into fuel in a catalyzed reactor.
Given that not all the gas is converted into fuel, the unconverted portion can be
recirculated (to maximize fuel production), or it can simply be burned to generate
electric power, in a Biomass Integrated Gas Turbine Combined Cycle (BIG/GT-CC)
system, for example. The last option is known as once-through and it is considered
the most economically viable approach when the electricity can be sold at conve-
nient tariff (Hamelinck et al. 2005 and Larson et al. 2005). Figure 3 presents a
general diagram of the production of different biofuels such as methanol, hydrogen,
and Fischer-Tropsch liquids (FT diesel or FT gasoline), also indicating the possi-
bilities for electricity production in steam and gas turbines. Other similar processes
can be used to produce ethanol and dimethyl ether (DME).

Because gas produced by gasification may contain considerable quantities of methane
and other light hydrocarbons, one option is converting these compounds into CO and
H, at high temperatures and in the presence of a catalyst, generally nickel alloys. New
catalysts, including the use of carbon-based nanoparticles, have been proposed with
promising results (He and Zhang 2008). Another important factor is the H,/CO ratio,
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Fig. 3 Generic flowsheet for methanol, hydrogen, or FT diesel production, via gasification of
biomass. Source: adapted from Hamelinck (2004)
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which should be kept above 2 and adjusted for each type of biofuel, with less hydrogen
in heavy fuels like diesel. This adjustment is done by the water—gas shift reaction, car-
ried out in the presence of an iron-based catalyst (Van der Laan 1999):

CO+H,0 - CO, +H, (8)

The basic reactions involved in the production of each fuel are the following
(Larson et al. 2005; Dermibas 2009):

For FT liquids:
nCO+(n+m/2)H, <> C H_ + nH,0O )
For DME:
3CO+3H, «<> CH,0CH, +CO, (10)
For methanol:
CO+2H, « CH,0H (11)

As of today, especially in regard to ethanol production from synthesis gas, no
commercial process exists, although research on this topic has been conducted
during the past 90 years. Both homogeneous and heterogeneous catalytic processes
can be used, but the first one is relatively more selective for ethanol. However, the
need for expensive catalyst, high operating pressure, and the complex procedures
involved for catalyst separation and recycling make these processes unattractive for
commercial applications. Nevertheless, more recently, catalytic routes previously
reported for the conversion of syngas to higher alcohols are in evaluation for ethanol
production, with good perspectives, according to Subramani and Gangwal (2008).

There are three basic reactor designs for synthesizing biofuels: fixed bed, fluid-
ized bed, and slurry bed. The first design provides low conversions with only a
single passage and it is still difficult to extract heat. One example is the fixed bed
tubular reactor known as the ARGE reactor, operating at 220-260°C and 20-30 bar.
The second design offers greater conversions, but it involves a more complex
operation, as in the high temperature circulating fluidized bed reactors, known as
Synthol reactors, developed for light olefin production and operating at 350°C and
25 bar. Based on this concept, the Sasol Advanced Synthol reactor has been devel-
oped, as a fixed fluidized bed reactor with similar operating conditions as the
Synthol reactor but at half the capital cost and size for the same capacity. The last
kind of synthesis reactor, with a slurry bed, is the one that offers the highest conver-
sion rates for processes with simple passage and lower methane production. One
example is the low temperature slurry reactor with a solid catalyst suspended and
dispersed in a high thermal capacity liquid, often a paraffin product. In this reactor,
syngas is bubbled through the liquid phase allowing excellent contact with the
catalyst while keeping the catalyst particles dispersed. Figure 4 presents schemes
of these reactors, as used in actual FT plants (Spath and Dayton 2003).
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Fig. 4 Types of reactors for FT synthesis. Source: Spath and Dayton (2003)

Two basic features of FT synthesis are the simultaneous production of a wide range
of hydrocarbon products (olefins, paraffins, and oxygenated products) and the intense
release of heat from the highly exothermic synthesis reactions. Product distributions
are influenced by reaction temperature, feed gas composition, pressure, catalyst type,
and catalyst composition. Depending on the types and quantities of products desired,
the most usual catalysts are iron or cobalt. Aiming at good performance, it is important
to maintain the catalyst activity, which can be done by controlling the impurity levels
in the synthesis gas. One of most studied catalyst poisons is sulfur, which is practically
absent from biomass, however, other catalyst poisons include halides and nitrogen
compounds (e.g., NH, <10 ppmv, NO, <0.2 ppmv and HCN <10 ppb), which mean a
real problem with use of biomass synthesis gas (Spath and Dayton 2003). Even in the
case of gasification with oxygen and steam, the nitrogen naturally present in the feed-
stock is a real concern in terms of synthesis gas contamination.

3.3 Biochemical Synthesis

Still under research and development, but with good perspectives if these efforts
succeed, the biochemical synthesis associated to biomass gasification has been
intensively studied in the last years (Klasson et al. 1992; Morrison 2004; Datar
et al. 2004; Younesi et al. 2005, Rajagopalaan et al. 2002 among others). The basic
idea is simple: while yeasts decompose sugar or starch to produce ethanol, some
bacteria of genus Clostridium, such as C. ljungdahlii and C. autoethanaogenum,
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can use H,, CO, CO,, and H,0 to synthesize acetate and ethanol in a fermentation
process. The reactions involved in this process are (Datar et al. 2004):

4CO +2H,0 — CH,COOH +2CO, (12)
4H, +2C0, —> CH,COOH +2H,0 (13)
6CO +3H,0 — CH,CH,OH +4CO, (14)
6H, +2CO, — CH,CH,OH +3H,0 (15)

The temperatures required for biosynthesis reactions range from 30 to 40°C at
atmospheric pressure. The ethanol bioconversion rate is low because the interaction
between the gas phase and bacteria in liquid phase is inherently limited. In the
experimental studies, synthesis gas is cyclically bubbled into the solution containing
the bacteria, and it may take more than 20 days to completely convert a unit volume
of syngas intoto ethanol. The biosynthesis product is a liquid stream containing ethanol,
acetate, water, and a small amount of other compound results, which should be sub-
mitted to through a series of distillation and dehydration cycles to obtain fuel grade
ethanol. In a parametric study of biomass gasification/fermentation process, Piccolo
and Bezzo (2009) conservatively assumed that 53.1% of CO and 18.8% of H, are
converted in ethanol, reaching final mass concentrations in broth of 2.4% for ethanol
and 0.4% acetic acid. With improvements, we believe that up to 90% of CO and 70%
of H, can be converted into ethanol (Spath and Dayton 2003).

The current research efforts are mostly directed at enhancing microbial culture
stability and improving ethanol-to-acetate ratios (Cotter et al. 2009). In addition to
that, Piccolo and Bezzo (2009) point out the importance of evaluation whether a
higher mass transfer may cause a higher concentration of inhibitors in the broth, as
well as recommend improving the bacteria resistance to ethanol concentration in
the broth in order to allow more concentrated solutions and decrease the energy
requirement for ethanol recovery. In order to remove ethanol and reduce its inhibi-
tion effect on biosynthesis, new separation processes are under evaluation, using
vacuum, gas stripping, membranes, and liquid extraction, also with potential inter-
est for cellulose hydrolysis technologies (Cardona and Sanchez 2007).

4 Current Development of Ethanol Production
by Biomass Gasification

Looking into the current state of this technology, significant development has been
observed with the construction and operation of pilot plants, demonstration projects,
and even some precommercial units. Based on the experience with biomass gasifiers
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and in the oil synthesis industry, some analyses have been conducted in recent years
to evaluate the possibilities and costs of these biofuels in the future, with stimulating
prospects, although with a high level of uncertainty. In the case of FT liquids
(gasoline and diesel), for example, if all technological problems were resolved, the
overall efficiency could surpass 57%, considering the combined production of fuels
(34% efficiency) and electricity (23% efficiency). Larson et al. (2009) estimated that
biofuel produced by biomass gasification followed by FT synthesis would cost, in
the medium term, approximately 15 US $/GJ. For the sake of comparison, the price
paid to Brazilian producers of sugarcane ethanol varied between 3 and 9 US $/GJ in
the period between 1990-2002 (Goldemberg et al. 2004).

Table 4 presents some values from the literature, including yields and costs of
liquid biofuels produced by means of synthesis processes associated with biomass
gasifiers (Seabra 2008; Piccolo and Bezzo 2009). Although the estimated ethanol
cost in this table is beyond the current market value, indicating that more develop-
ment is still necessary to reach full commercial feasibility, these values should be
compared with care because they were estimated using different parameters and
hypothesis with regard to financial conditions, feedstock costs, by-products value,
and process performance, including the value of electricity produced in cogenera-
tion schemes. For the particular case of sugarcane residual biomass in Brazil, recent
analysis has shown that ethanol costs for thermochemical conversion (considering
short-term performance parameters) would be competitive in the current scenario,
essentially due to the low biomass cost (Seabra and Chum 2009).

Aiming to support the development of cellulosic ethanol technology, the U.S.
Department of Energy applied US$385 million in grants in 2007 to cofinance six
demonstration plants expected to produce 492 million liters of ethanol in 2012.
Among them, three initiatives put forward will use gasification and one will use a
mix of technologies, as indicated in Table 5. These plants are planned to begin
operation circa 2011.

Table 4 Comparison of yields and costs for biofuel production from gasification route
Biofuel and

synthesis Yield Unitary
Reference process (liter/dry t)  capital cost ~ Feedstock cost Biofuel cost
Piccolo and Ethanol 203 4.72 US$/ 48 US $/t 1.12US $/
Bezzo (2009) biochemical liter/year liter
Phillips et al. Ethanol 334 0.82US$,,/ 35US $/US 027 US $/
(2007) chemical liter/year ton dry liter*
Larson et al. FT liquids 170 606 US$,, ./ 3USS$/GI,, 1525US9/
(2009) kwinpuL LHV GJ LHV
DME® 310 kg/dry t 667 US S,/ 3USS$/GJ,, 13.80US$/
input, LHV GJLHV
Hamelinck and Methanol 280-630 520-660 US 2 US $/GJ,,, 8-12US$/
Faaij (2001) chemical® $2001/ Gl
input, HHV

Source: adapted from Seabra (2008) and Piccolo and Bezzo (2009)
“Minimum ethanol selling price

*Considering reactor with recycle

‘Range of values estimated for six different production concepts
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Table 5 Demonstration plants of cellulosic ethanol using gasification route cofinanced by US
Department of Energy

Company Estimated investment Project

Alico, Florida US $33 million To convert 770 tons/day of yard, wood, vegetative
wastes and eventually sugarcane into synthesis gas
and produce 52.6 million liters of ethanol a year and
6,255 kW of electric power, as well as 8.8 tons of
hydrogen and 50 tons of ammonia per day

Range Fuels, US $76 million To process 1,200 tons/day of wood residues and wood

Georgia based energy crops by gasification and fermentation
to make annually about 150 million liters of ethanol
and 34 million liters of methanol

Abengoa US $76 million Using both biochemical and thermochemical routes, to
Bioenergy, process 700 tons/day of corn stover, wheat straw,
Kansas milo stubble, switchgrass, and other feedstock to

produce 43.5 million liters of ethanol annually and
enough energy to power the facility, with the surplus
energy supplied to the adjacent corn dry grind mill

Source: US Department of Energy (2007)

5 Final Comments

Although the gasification process is still in development for ethanol production,
rivaling other technologies, some parameters point out that gasification is a consis-
tent option for biofuels production and is actually able to play an important role in
the future. In this direction, fundamental feasibility indicators such as life cycle
energy ratios, relating (1) the energy available in biofuel with the fossil energy con-
sumed (fossil energy ratio), and (2) the energy available in biofuel with the total
primary energy consumed (primary energy ratio) are respectively estimated as 16
and 0.35 for ethanol production by gasification and chemical synthesis (Spath and
Dayton 2003). These values were estimated based only on technical data, without
inferences of prices and costs, representing sound indicators of long-term feasibility.
The first ratio indicates a very positive leverage of solar energy and the second one,
which is in the same range of many other conversion processes in evaluation, indi-
cates a reasonable conversion efficiency, independent of any economic aspects.

As reviewed in this chapter, innovative bioenergy systems are certainly interesting
and have a significant volume of applied technology; however, their economic fea-
sibility has not been demonstrated and the knowledge of their performance and
costs, as well as their optimization conditions for design and efficient operation of
plants is still in development, in spite of the impressive work already completed.
Preliminary economic analyses showed that assigning a value to their ability to
mitigate climate change is important to promote their economic viability compared
with conventional energy sources, but only if their technical feasibility on com-
mercial scales is effectively confirmed.

The expectation is that biomass gasification could lead to the production of both
liquid biofuels, mainly for automotive use, and bioelectricity on a large scale in the
medium to long term. Thus, to maintain the research and development efforts in this
field is crucial.
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Chapter 4
Hemicelluloses as Recalcitrant Components
for Saccharification in Wood

Takahisa Hayashi and Rumi Kaida

1 Introduction

Cellulose is a linear polymer consisting of more than 2,000 1,4-B-glucopyranosyl
residues. The glucosyl residues form intramolecular hydrogen bonds at O3—-O5’
and O6-02'. Therefore, each glucosyl residue is bound to its neighbors by three
bonds consisting of one covalent bond at C13—-C4' and two hydrogen bonds at
03-05" and 06-02'. Each glucosyl residue is oriented at an angle of 180° to the
next residue of the chain, which might be synthesized from two residues at a time
during cellulose biosynthesis. Since individual strands of cellulose are intrinsically
less hydrophilic than other soluble polysaccharides, crystals tend to form with
extensive intra- and intermolecular hydrogen bonds and complex, three-dimensional
structures. In these crystals, each parallel glucan strand is situated between hydro-
phobic ribbon faces by both hydrophobic bonds and intermolecular hydrogen bonds
(06-03"). Glucan forms a nanofiber, which associates to form bundles of compact
lattices made up of hydrophobic and hydrogen bonds. In the natural crystals (cellu-
lose I), the cellulose strands are parallel and form monoclinic cellulose I (IB)
(Hackney et al. 1994). There are also the noncrystal regions, which contain multiple
intercalations of some paracrystal glucans. Cellulose microfibrils consist of many
paracrystal 1,4-B-glucans, which form nanofibers 3—4 nm in width and thickness.
The surface glucans of these nanofibers may be irregularly intercalated with hemi-
celluloses to various degrees so that each nanofiber includes anywhere from one to
several glucan layers (O’Sullivan 1997).

There is no enzyme equivalent to cellulase which can hydrolyze natural ligno-
cellulose completely in a short time. It has been suggested that it is hard for
enzymes to attack the crystal regions of cellulose, and also that the presence of
lignin and hemicellulose prevents enzymes from attacking the cellulose. Cellulase
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does not easily hydrolyze 1,4-B-glucans that are intercalated with hemicellulose,
nor does hemicellulase efficiently attack hemicellulose that is intercalated tightly
into microfibrils in the xylem, because plant cell elongation and expansion further
tighten the intercalation between 1,4-f-glucans and hemicellulose during growth.
Once hemicelluloses are tightly intercalated between the microfibrils and the glu-
cans, neither cellulase nor hemicellulase can attack the resulting complex com-
posed from cellulose and hemicellulose. Hemicellulose association can only be
prevented through its constitutive degradation in the inner surface of walls during
wall assembly.

This review discusses the reasons why hemicellulose is a cause of the recalci-
trance of wall polysaccharides to saccharification as well as of the recalcitrance of
cellulose microfibrils to hydrolysis. Our aim was to assess hemicellulose intercala-
tion as a cause of this recalcitrance.

2 Crystal Regions and the Presence of Lignin

Cellulose occurs in crystal and noncrystal regions as well as in association with
lignin deposition in the secondary wall. Cellulose microfibrils are known to be
particularly recalcitrant to saccharification where they occur in the crystal con-
figuration or in the presence of lignin (Chen and Dixon 2007). Our question is
whether the hydrolysis of cellulose in wood could be affected by the presence of
crystal regions and/or lignin in any of several tropical trees. Acacia mangium is a
fast-growing dicotyledonous tree grown on plantations in Indonesia, Vietnam,
China, Brazil, and South Africa (Orchard and Maslin 2005). Paraserianthes fal-
cataria, another dicotyledonous tree, belongs to the subfamily Mimosoideae of
Leguminosae (Binkley et al. 2003), and could become one of the most useful
tropical tree species in terms of biomass in industrial forests (Shivery et al. 2004;
Kurinobu et al. 2007; Siregar et al. 2007). Elaeis guineensis (Oil palm) is a peren-
nial monocotyledon widely planted for its oil in Malaysia and Indonesia, both of
which are major producers of palm oil; these trees are cut down for replantation
at ~25-year intervals.

Crystallinity was high for the xylems of A. mangium and P. falcataria and low
for that of E. guineensis (Fig. 1); this is probably because oil palm trunk contains
higher quantities of parenchyma cells than the other species do (Lim and Khoo
1986; Husin 2000). Based on the chemical analysis of their xylems (Table 1), the
cellulose content was highest in A. mangium and lowest in E. guineensis (Kaida
et al. 2009); this is because oil palm trunk contains a relatively large concentration
of primary wall. The lignin levels in A. mangium and P. falcataria are within the
range typically found in hardwoods, 20-26%, while that of P. falcataria was higher.
The amounts of hemicelluloses in A. mangium and P. falcataria were comparable
to one another (about 20%).

Woody meals of each of these three species were subjected to saccharification
with cellulose preparation for 48 h. By the end of this time, A. mangium had only
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Fig. 1 X-ray diffraction profiles
of xylems. Control xylem before
enzymatic hydrolysis (upper) and
the residual xylem (lower) after
enzymatic hydrolysis for 48 h
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released 8 mg of sugars, while P. falcataria had released 29 mg, and E. guineensis
18 mg (Table 1) (Kaida et al. 2009). X-ray diffraction analysis showed that enzy-
matic digestion of xylem preparations resulted in patterns of crystalline and non-
crystalline regions similar to those seen in the undigested xylem preparations, due
to two broad equatorial diffractions centered at ca. 15.5° and ca. 22° (Fig. 1). Thus
the degradation of cellulose microfibrils occurred at equal rates in crystalline and
noncrystalline regions at all loci.

When saccharification was accompanied by fermentation with yeast, ethanol
production was higher in P. falcataria than in the other species, as was the degree
of saccharification achieved. During this process, both saccharification and
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Table 1 Components of wood from Acacia mangium and Paraserianthes
falcataria, and of trunk from Elaeis guineensis, and their saccharification levels

A. mangium P. falcataria E. guineensis
Components mg/100 mg xylem
Cellulose 59.7 52.5 45.9
Lignin 21.2 26.5 19.9
Hemicellulose® 20.1 21.0 344
Saccharification® 8.0 29.0 18.0

*Hemicellulose was determined as glucose by the phenol sulfuric acid method
bSaccharification was determined as reducing sugar by the Nelson—Somogyi
method

fermentation occurred at high rates in P. falcataria, in spite of the fact that it has
a higher lignin content than the other two species. This result shows that crystal
regions and lignin do not always restrict the enzymatic saccharification of plant
cell walls.

3 Xylan

Xylan fibers constitute a significant portion of the hemicellulose in the lignocellu-
losic components of wood in fast-growing trees (Baba et al. 2009), providing the
strength of plant secondary walls (Bachner et al. 1993). Xylan is a complex poly-
saccharide, which consists of a backbone of xylose residues linked by B-1,4-xylosidic
bonds. Significantly for our purposes, xylan is bound to lignin (Imamura et al.
1994; Lawoko et al. 2006), so that the constitutive degradation of xylan might also
reduce lignin deposition in plant cell walls.

Xylanases are glycosyl hydrolases that catalyze a hydrolysis of the B-1,4-
glycosidic bonds in xylan. The biotechnological application of xylanases has
broadened recently, as xylan is an antinutritional material in monogastric animals,
particularly poultry (Kimura et al. 2003). The stable expression of xylanase in a
particular crop would be expected to improve the digestibility of that crop’s cell
wall fibers when the plants are used as forage. For this purpose, several transgenic
plants have been generated expressing xylanases from microorganisms; not only
can xylanases accumulate in the intercellular spaces of tobacco (Borisjuk et al.
1999; Komarnytsky et al. 2000), but they can also be targeted to chloroplasts or
peroxisomes (Leelavathi et al. 2003; Hyunjong et al. 2006). These transgenic
plants also have a potential application in our field, in the production of plants
expressing recombinant xylanase to aid in cell wall saccharification, because
xylan acts as a barrier to efficient cellulase function, and thus must be removed
for efficient cell wall saccharification. When plant xylanase was overexpressed in
poplar, xylan content was decreased to be less than half in the walls. However, no
significant difference in lignin content was found between any of the transgenic
lines and wild-type poplar.
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Table 2 Levels of hydrolysis for wall polysaccharide and cellulose
released during enzymatic hydrolysis of woods from poplars
overexpressing xylanase, xyloglucanase, and cellulase

Level of hydrolysis® (%)

Poplar Wall polysaccharide ~ Cellulose
Wild type 30 31
Transgenic overexpressing
Xylanase 38 52
Xyloglucanase 48 57
Cellulase 37 46

2Level of hydrolysis was shown as the ratio of the amount of
labile sugar to that of wall polysaccharide and the ratio of the
amount of labile glucose to that of cellulose

Saccharification level in poplar woody meal was increased from 30% in the wild
type to 38% in the transgenic poplar overexpressing xylanase (Table 2). Cellulose
was also highly hydrolyzed in the same transgenic poplar, at up to 52% of the total
cellulose content. Furthermore, xylan was almost completely hydrolyzed after 48 h.
This is in agreement with the finding by O’Dwyer et al. (2008) that xylan hydroly-
sis was independent of cellulose digestion during the initial hydrolysis stage of
poplar wood samples. When saccharification was accompanied by fermentation
with yeast, ethanol production from the enzymatic hydrolysate was higher in the
xylem overexpressing xylanase than in the wild type. Thus the constitutive degrada-
tion of xylan was able to accelerate the saccharification of poplar wood.

4 Xyloglucan

Xyloglucan consists of 1,6-a-xylosyl residues along a 1,4-B-glucan backbone.
Species-specific differences occur in the distribution of additional branching galac-
tosyl and fucosyl-galactosyl residues. Since the 1,4-B-glucan backbone can bind
specifically to cellulose microfibrils by hydrogen bonds (Hayashi et al. 1994),
xyloglucan probably contributes to the rigidity of the cell wall by cross-linking
adjacent microfibrils. In fact, microfibrils seem to be coated with xyloglucan,
which is located both on and between microfibrils throughout cell elongation.

The overexpression of xyloglucanase in poplar resulted in the cleavage of xylo-
glucans cross-linked with cellulose microfibrils and in the acceleration of stem
elongation through a loosening of the wall (Park et al. 2004). The overexpression
of this enzyme also causes wall density and cellulose content to increase (Park et al.
2004). Since cellulose deposition in the stem is enhanced in the secondary xylem
of the transgenic lines as well as in the primary wall, the enhancement of cellulose
deposition in transgenic poplar trees could perhaps be ascribed to their altered
pattern of xyloglucan cross-links. It seems that cellulose formation is restricted by
entanglement with xyloglucan and enhanced by the relaxation that results from
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cross-linking xyloglucans. Nevertheless, no significant difference in lignin content
was found between any of the transgenic lines and wild-type poplar.

Saccharification level in poplar woody meal was increased from 31% in the wild
type to 48% in the transgenic poplar overexpressing xyloglucanase (Table 2).
Cellulose was also highly hydrolyzed in the same transgenic poplar, at up to 57%
of the total cellulose content.

The increased cellulase activity in the walls did not affect the level of cellulose,
but rather loosened xyloglucan intercalation, which led to an irreversible wall
modification (Park et al. 2003; Shani et al. 2004). Reducing xyloglucan content
through the overexpression of cellulase could enhance not only growth rate but also
enzymatic hydrolysis. Saccharification level in poplar woody meal was increased
from 31% in the wild type to 37% in the transgenic poplar overexpressing
Arabidopsis cellulase (Table 2). Cellulose was also highly hydrolyzed in the same
transgenic poplar, at up to 46% of the total cellulose content. These results show
that xyloglucan intercalated into cellulose microfibrils could be one of the major
causes of lignocellulose’s recalcitrance to saccharification.

5 Glucomannan

Glucomannan possesses a straight $-(1—4)-linked glycan composed of glucose and
mannose in various ratios. Species-specific differences may occur in the ratio of glu-
cose residues to mannose residues. Since the glycan may bind specifically to cellulose
microfibrils by hydrogen bonds, the function of the polysaccharide is unknown
(Schroder et al. 2009). Cellulose microfibrils seem to be coated with glucomannan as
well as xyloglucan, which is located both on and between microfibrils.

Plant cellulase can hydrolyze paracrystalline sites of cellulose microfibrils, leading
to the release of glucomannan and xyloglucan (Shani et al. 2004; Park et al. 2003).
Overexpression of Arabidopsis cellulase decreased the amount of glucomannan as
well as that of xyloglucan in poplar. A decrease in glucomannan due to the overex-
pression of cellulase could enhance not only growth but also enzymatic hydrolysis.
The saccharification level in poplar woody meal was increased from 31% in wild-
type poplar to 46% in the transgenic poplar overexpressing Arabidopsis cellulase
(Table 2). It should be noted that the increase in saccharification that is caused by
the overexpression of cellulase is due not only to a decrease in glucomannan con-
tent but also to a decrease in xyloglucan content.

6 Conclusion

In this chapter, we have shown that enzymatic saccharification is accelerated after
the constitutive degradation of specific hemicellulases in xylem. Overexpression
of xyloglucanase resulted in the apparent acceleration of hydrolysis of wall
polysaccharides and cellulose.
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The constitutive removal of hemicellulose may increase the effectiveness of cel-
lulase’s attack by two distinct mechanisms: first, by increasing the pore space in the
walls, and second, by increasing the incidence of paracrystalline sites of microfi-
brils where xylan and xyloglucan cannot be intercalated. Increasing the pore space
creates more physical space, which allows the enzyme to access cellulose more
easily, while increasing the incidence of paracrystalline sites favors the binding of
cellulase to microfibrils. These modifications to the wall structure could facilitate
saccharification. Although it is impossible to remove xyloglucan once it has been
intercalated into cellulose microfibrils, its intercalation can be prevented, but only
during the synthesis of microfibrils when cell walls are growing.

Plant biomass of a particular species can be made more easily degradable into
monosaccharides by enhancing certain relevant qualities through genetic engineering.
Now that the structure and function of wall components are beginning to be understood,
it is becoming possible to apply in fibril and in wall modifications (Hayashi et al. 2010)
to generate cell walls that are strong enough to support the plant during growth
yet also easy to digest with an enzyme preparation for saccharification after harvest.
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Chapter 5

Topochemistry, Porosity and Chemical
Composition Affecting Enzymatic Hydrolysis
of Lignocellulosic Materials

Adriane ML.F. Milagres, Walter Carvalho, and Andre Ferraz

1 Introduction

Lignocellulosic materials such as sugarcane bagasse represent a lowcost source of
carbon for biofuel and chemical production, including cellulosic ethanol. Despite
its low cost and availability, bagasse presents several technical challenges for its
conversion to monomeric sugars suitable for fermentation processes. It is highly
recalcitrant, which requires efficient pretreatment for enzymatic hydrolysis. Both
pretreatment and enzymatic hydrolysis have frequently been highlighted as the
most costly steps in the bioprocessing of this lignocellulosic material.

Several technologies for the pretreatment and disruption of the lignocellulose
matrix have been developed worldwide. Acid prehydrolysis and some analogous
technologies being reviewed in this chapter have been to date preferred. Such pre-
treatments aim essentially to remove hemicellulose from the lignocellulose tem-
plate, providing a less structured material with increased porosity, which is highly
desirable for the subsequent enzymatic hydrolysis of the remaining cellulose.
Unfortunately, the presence of lignin in plant cell walls or even in acid pretreated
lignocellulose hinders the efficient enzymatic breakdown of cellulose. In this
regard, research groups worldwide are involved in multidisciplinary projects aiming
to select or to create lignified plants with reduced lignin contents. In these cases,
the idea is to mitigate the need for severe pretreatment because they are costly and
often quite harsh, resulting in degradation and loss of substantial parts of the ligno-
cellulose substrate.

Putting information together from several research areas, it is easy to realize that
pretreatments and genetic engineering programs focused on plant improvement for
cellulosic ethanol production aim to enhance the cell wall porosity in lignocellulosic
materials. The challenge for this development is to define how much lignin and/or
hemicellulose removal would be necessary for efficient enzymatic hydrolysis of
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cell wall components. Breakthrough advances in this area must be accompanied by
ultrastructural and molecular investigations of the lignocellulosic material. In this
context, the current chapter compiles information on the topochemistry, porosity,
and chemical composition determining successful enzymatic hydrolysis of ligno-
cellulosic materials.

2 Cell Wall in Lignified Plants: Structure, Chemical
Composition, and Recalcitrance to Natural Decay

Lignocellulosic materials represent the most significant fraction of the terrestrial
phytobiomass, the largest source of organic compounds in the biosphere. They are
composed by three major fractions, namely cellulose, hemicelluloses, and lignin.
Together, these fractions usually make up more than 90% of the material dry mass
(Pandey et al. 2000).

Cellulose, the most abundant constituent of the plant cell wall, is a homopoly-
saccharide composed by D-glucose units joined together by B(1—4) glucosidic
linkages. It may present a degree of polymerization higher than 10,000. Its linear
structure, conferred by the configuration of the glucosidic bonds, facilitates the
formation of intra- and intermolecular hydrogen bonds and leads to the aggregation
of the cellulose chains in “elementary fibrils” with a high crystallinity degree.
These aggregates are highly resistant to tension, make cellulose insoluble in a large
number of solvents, and explain, at least in part, its resistance to microbial degrada-
tion (Ding and Himmel 2006; Matthews et al. 2006).

In turn, hemicellulose is a name given to heteropolysaccharides composed by
D-glucose, D-galactose, b-mannose, D-xylose, L-arabinose, D-glucuronic acid, and
4-O-methyl-D-glucuronic acid units. These heteropolysaccharides are branched,
may be acetylated, and usually present a degree of polymerization below 200.
In soft woods, galactoglucomannans and arabinoglucuronoxylans are the main
constituents. In hard woods, 4-O-methyl-glucuronoxylans and glucomannans are
commonly found. Grasses, such as sugarcane, present 4-O-methyl-
glucuronoarabinoxylans as the main hemicellulosic polysaccharide (Carpita 1996;
Kuhad et al. 1997; Willfor et al. 2005a, b).

Lignin, on the other hand, is a complex aromatic macromolecule formed by radical
polymerization of phenyl-propane alcohols (p-coumarilic, coniferilic, and synap-
ilic). It is usually classified as softwood lignin when the coniferilic alcohol deriva-
tives prevail, hardwood lignin when both coniferilic and synapilic alcohol derivatives
coexist, and grass lignin when it contains important amounts of p-coumarilic alco-
hol derivatives. The most abundant nonpolysaccharidic component of the lignocel-
lulose can form covalent bonds with the constituents of the hemicellulose, most of
them esterbonds among lignin constituents and side chain arabinosyl residues.
Lignin and hemicelluloses involve the cellulose microfibrils, conferring protection
against chemical and/or biological degradation. While the cell walls of grasses
present the lowest contents of lignin, those of softwoods are the richest in this
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component (Kuhad et al. 1997). The mechanism that explains the protective effect
of lignin against polysaccharide hydrolysis remains uncertain although a number of
factors such as the degree and type of cross-linkage to polysaccharide, the diversity
of structures found in the lignin component, and the distribution of phenolic poly-
mers through the cell wall are important.

It is important to differentiate the components of the plant cell wall, polysac-
charides and lignin, from those compounds extraneous to the fiber. Many of the
latter components are readily soluble in water and/or neutral organic solvents and,
therefore, are collectively named extractives. Others, such as proteins and some
salts on the other hand, can be completely insoluble in the solvents used for the
removal of the extractives. Commonly associated with properties such as color,
smell, and taste, the extractives are composed by low molar mass compounds (sug-
ars, aromatics, waxes, fatty acids, and resins) involved in the metabolism of the
plant cell (Browning 1967).

From a technological point of view, the monosaccharides contained in the cellu-
lose (glucose) and in the hemicellulose (xylose, arabinose, glucose, mannose, and
galactose) represent the substrates that can be used for the production of ethanol and
other goods by fermentative means. However, as shown in Fig. 1, the close associa-
tion among the three main fractions (cellulose, hemicelluloses, and lignin) is such
that it imposes great difficulties to recover the constituent sugars in the form of
monomers with high purity (Sun and Cheng 2002). As shown in Fig. 2, the wall of

Cell wall

Hemicellulose

Lignin

Elementary fibril

Fig. 1 Architecture of the plant cell wall (Adapted from http://genomics.energy.gov)
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Fig. 2 Schematic
representation of a generic
plant cell: middle lamella
(ML), primary wall (P),
outer secondary wall (S1),
middle secondary wall (S2),
inner secondary wall (S3),
lumen (L)

a lignified cell is composed by several layers, namely primary wall (P), outer sec-
ondary wall (S1), middle secondary wall (S2), and inner secondary wall (S3). These
layers are formed by cellulosic microfibrils arranged in the space in particular orien-
tations characteristic for each layer. Hemicellulose and lignin work as an amorphous
matrix involving these elementary microfibrils (Fengel and Wegener 1989).

At this point, it is worth mentioning that no definitive model of the cell wall
exists, particularly one that relates the cell wall composition to its porosity.
For example, past studies by Carpita et al. (1979) have shown that even cells with
only the nonlignified primary walls presented very limited pore diameters (in the
range of 35-52A). When the authors compared their findings with other studies
carried out with lignified cell walls, they were surprised to observe that cells con-
taining only the thin (about 0.1 um) primary wall presented pore diameters similar
to the ones observed in lignified cells with thick secondary walls.

Owing to the recalcitrance of the cell walls from lignified plants, only a
small group of microorganisms are able to degrade these materials in nature.
They comprise mainly soft-, brown-, and white-rot fungi which use an intricate
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extracellular system to decompose the wood cell wall macromolecules into small
compounds that can pass across the cell membrane and be used in the metabo-
lismtries (Kirk and Cullen 1998). This extracellular system is based on oxidative
and hydrolytic enzymes such as lignin peroxidase (LiP) (EC 1.11.1.14), manga-
nese peroxidase (EC 1.11.1.13), and “versatile” peroxidase (EC 1.11.1.7) that
oxidize Mn(II) but also oxidize LiP substrates (Hammel and Cullen 2008), as
well as cellulases and hemicellulases discussed in detail later in this chapter.
Nonetheless, most of these enzymes are too large to penetrate intact lignified cell
walls (Flournoy et al. 1991), thus requiring, for example, some type of cell wall
cutdown to operate inside S2 layers. In fact, fungi use cooperative mechanisms,
which first involve low molecular mass compounds, such as metal chelators
(Goodell et al. 1997) or enzyme mediators (Hammel and Cullen 2008) capable to
precede enzymes into the microvoids of lignocellulose structure and opening up
the cell wall. These intricate metabolic routes, in wood decay fungi, could be seen
as a ‘“natural” pretreatment step developed to overcome the recalcitrance of
lignified wood cell walls.

3 Topochemistry, Porosity, and Chemical Composition
Determining Successful Enzymatic Hydrolysis
of Lignocellulosic Materials

Some substrate characteristics are critical for limiting cellulose and hemicellulose
hydrolysis. Limited porosity of lignified cell walls hinders enzyme infiltration in a
nonpretreated lignocellulosic material (Grethlein 1985). The amount of crystalline
cellulose in the material is also relevant, because the higher its amount the lower is
the enzymatic hydrolysis rate (Jeoh et al. 2008). Topochemical distribution of
lignin and hemicelluloses in cells is noteworthy because these components encap-
sulate cellulose microfibrils hindering cellulase domains to adsorb on cellulose for
initiating enzymatic hydrolysis (Yang and Wyman 2004; Kristensen et al. 2008).
Additional recalcitrance of lignocellulosic materials to enzymes is related to the
variety in the thickness of the cell walls in different tissues, to the presence of
epidermal tissue in some plant stems and to the diversity in the arrangement and
density of vascular and fiber bundles (Mooney et al. 1999; Himmel et al. 2007).

The increase in the cellulase reactivity toward cellulose attributed to pretreatment
of lignocellulose has usually been related to the creation of surface openings or
internal slits, voids, or spaces by the removal of other cell wall components, enhanc-
ing the direct physical contact between the enzymes and the substrate (Himmel et al.
2007). For example, an acid pretreatment that removes hemicellulose to allow more
cellulase-cellulose interaction, coupled with a way to physically disrupt the crystal-
linity of the cellulose structure, would greatly improve the enzyme digestibility of
the biomass sample. In accordance, Bertran and Dale (1985) showed that the lower
the initial crystallinity of cellulose, the higher the extent of conversion to soluble
sugars. Recent research evaluating the selective lignin removal from wood cell walls
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by ionic liquids clearly demonstrated a direct correlation among the levels of lignin
removal from the cell walls and the increased digestibility of the remaining material
by cellulases (Fig. 3). The same work provided evidence of improved digestibility
of the substrate as a function of reduced contents of crystalline cellulose (Lee et al.
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Fig. 3 Relationship between lignin content (a) and cellulose crystallinity (b) of pretreated wood
flour and its digestibility (Reproduced from Lee et al. 2009)
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2009). These data are in close agreement with past research published by Ramos
et al. (1992). In this case when 80% of the lignin was removed the cellulose hydro-
lysis was largely improved. Furthermore, due to the lower lignin content, a sixfold
lower enzyme loading was required to obtain the same degree of cellulose conver-
sion. According to Silverstein et al. (2007), alkaline pretreatment of lignocellulosic
materials can increase the cell wall porosity through delignification, breaking
down some ester bonds cross-linking lignin and xylan, and causing swelling of
microfibrils.

The characterization of the cell wall pores (i.e., size and size distribution) has
been proposed as a means to predict the reactivity of the substrate to enzymatic
hydrolysis (Mooney et al. 1998; Sanjudn et al. 2001; Jeoh et al. 2008). Past seminal
work performed by Grethlein (1985) showed that dilute acid pretreatment of several
lignocellulosic materials provided increased porosity in the substrate. In some
cases, he observed a large increase in the volume of pores which were accessible to a
solute with the size of a cellulase (diameter of 51 A). Walker and Wilson (1991) also
reported that during the process of cellulose fragmentation, there was a threefold
increase in the specific surface area of the substrate. More recently, Ishizawa et al.
(2007) corroborated that dilute acid pretreatment of lignocellulosic materials
increased the volume of pores accessible to cellulases in corn stover. The same
authors presented evidence that porosity may distinguish lignocellulosic substrates
of low digestibility from those of high digestibility; however the results also indi-
cated that porosity may not be the unique variable affecting the overall yields of
ethanol production from lignocellulosic materials.

Another topic requiring attention is the conservation of the structure of the cell
wall through pretreatment not being in accordance with the general perception that
pretreatments must disrupt the structure of the cell wall in order to increase its
accessibility to enzymes. For example, only partial hemicellulose removal and
lignin relocalization are sufficient factors for increasing the digestibility of hydro-
thermally pretreated wheat straw (Palonen et al. 2004). These authors claimed that
these factors were more important than the rupture of the skeletal cell wall structure
and modification of cellulose crystallinity. Their results showed that it is possible
to sufficiently pretreat wheat straw without disrupting the cell wall. Furthermore,
they pointed out that only modest pretreatment suffices to p