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Preface

Nine billion. This is the estimated number of people who will inhabit our planet in
2050. In a few decades, we will have nearly a quarter more than humans circling the
globe in search of food, shelter, clothing and other manufactured products. Among the
new individuals, the United Nations (UN) estimates that 98% will live in developing
countries, with the highest level of economic growth, which in turn will result in a
considerable expansion in per capita consumption worldwide.

On the one hand we have a significant increase in energy demand and consumption,
resulting from population and income growth, and on the other, there is a
considerable uncertainty about the world's available supply of natural resources to
support this development. Intergovernmental Panel on Climate Change (IPCC) recent
reports have shown strong evidence of the impact of human activity on the climate of
the planet. Estimates of the entity warn about a potential increase in global average
temperature by up to 5 or 6°C by the end of this century. The raise in temperature itself
would cause drastic changes in many ecosystems, but the reports also mention the
intensification of extreme weather events such as hurricanes.

This apparently catastrophic scenario for the maintenance of the human species on
Earth, opens up several possibilities for what is now called "green" or low carbon
economy. We are talking about creating new businesses and industries geared to
develop products and services with low consumption of natural resources and
reduced emission of greenhouse gases. Within this category of business, biofuels is a
highlight and the central theme of this book.

Biofuels are now the main alternative to automotive fossil fuels due to the fact that
they are produced from renewable sources such as sugar cane, corn, cassava, oil seeds,
agricultural waste, algae, etc.. Ethanol from sugar cane produced in large scale in
Brazil, for example, illustrates the benefits of these products. Its production costs are
low, which makes it competitive with oil derivatives. Each unit of fossil energy used in
ethanol production is reversed in eight to nine units stored in the fuel. Finally, one of
the most important qualities, each cubic meter of sugarcane bioethanol used as fuel
reduces from 1.7 to 1.8 tonnes of CO2 (equivalent) emitted into the atmosphere. Due to
the flex-fuel engine technology, more than 90% of light vehicles produced in Brazil are
now able to run on 100% fuel ethanol.
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The successful history of Brazilian ethanol is undoubtedly the first successful case of
production and use of a biofuel in large scale, but is far from being the last. From the
beginning of the century, two main factors have made the world turn its attention to
research on biofuels. The first, already mentioned, is the increasing debate on
climate issues. The second is the raise in the price of the oil barrel. In 1970, before the
first shock in the price of fossil fuel, a barrel costs about $ 3. In 2008 the price was
above $ 120. These facts stimulated scientists around the world to focus their
research on themes that could result in the diversification of the energy matrix in
many countries.

The globalization of the research on biofuels may bring a number of advancements to
the industry and has already awakened a wish the market: to also convert cellulose
into ethanol. Materials not used in the production of biofuels, such as sugarcane
bagasse, corn stover and forest residues can be a significant source of additional
ethanol, provided that appropriate industrial technologies are developed. In the case
of sugarcane ethanol for example, data from the Brazilian Bioethanol Science and
Technology Laboratory (CTBE) indicate that the conversion of bagasse and straw
would increase the current production of bioethanol in Brazil in about 50%.

However, the challenges to make this technological potential an industrial reality are
numerous and need investment in research and development (R&D). There are
technological barriers with respect to the initial treatment of the raw material,
production of microorganisms that break down cellulose into fermentable sugars, the
fermentation of five-carbon sugars (pentoses), among others.

The new global market of bioenergy that has been structured in recent years has yet
another relevant route for exploration: the biorefinery. Similar to the oil industry, it
uses different types of processes to transform the same raw material in different
products used by many industrial sectors, such as food, pharmaceutical, chemical, etc..
Companies and research institutes have studied and developed processes that convert
biomass into raw materials for their production chain, potentially replacing substances
that were produced from petroleum. Thus, in most cases, the environmental benefits
and the reduction of dependence on fossil fuels are evident. Some studies even
indicate that the use of biomass within the biorefinery concept may improve the
profitability of cellulosic ethanol technology (second generation) and favor the
integration of this new technology with the current first generation process.

The first section of this book presents some results for first generation ethanol
production, i. e, from starch and sugar raw materials, which include cassava,
sorghum, and sugarcane. In the second section, the chapters present results on some of
the efforts being made around the world in order to develop an efficient technology
for producing second-generation ethanol from different types of lignocellulosic
materials. While efficient ethanol production technologies are being developed, one
can also start thinking about different uses for it. In addition to the more
straightforward use as fuel, it is worth to study other applications. The chapter in the
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third section points to the use of hydrogen in fuel cells, where this hydrogen could be
produced from ethanol.
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1. Introduction

1.1 Cassava

Cassava (Manihot esculenta Crantz) is a shrubby perennial crop in the Family of
Euphorbiaceae. It is also named others, depending upon geographic regions such as yucca
in Central America, mandioca or manioca in Brazil, tapioca in India and Malaysia and
cassada or cassava in Africa and Southeast Asia. Cassava is mostly cultivated in tropics of
Africa, Latin America and Asia, located in the equatorial belt, between 30° north and 30°
south. The crop produces edible starch-reserving roots which have long been employed as
an important staple food for millions of mankind as well as animal feed. Due to the fact of
ease of plantation and low input requirement, cassava is mostly cultivated in marginal land
by poor farmers and is sometimes named as the crop of the poor. In these planting areas,
cassava plays an essential role not only as food security, but also income generation. In
addition to a primary use for direct consumption and animal feed, starch-rich roots are good
raw materials for industrial production of commercial tapioca starch, having excellent
characteristics of high whiteness, odorless and tasteless and when cooked, yielding high
paste viscosity, clarity and stability. The distinct attributes of extracted cassava starch, either
as native or modified form, are very attractive for a broad range of food and non-food
application including paper, textile, pharmaceutical, building materials and adhesives.
Furthermore, cassava starch is extensively utilized for a production of sweeteners and
derivatives including glucose syrup, fructose syrup, sugar alcohols (e.g. sorbitol, mannitol),
and organic acids (e.g. lactic acid, citric acid). The application of cassava as renewable
feedstock is now expanded to biorefinery, i.e. a facility that integrates processes and
equipment to produce fuels, power, chemicals and materials from biomass (Fernando et al.,
2006). With this regard, cassava is signified as a very important commercial crop that can
have the value chain from low-valued farm produces to high-valued, commercialized
products.

1.2 Cassava agronomy and plantation
Cassava is well recognized for its excellent tolerance to drought and capability to grow in
impoverished soils. The plant can grow in all soil types even in infertile soil or acid soil (pH
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4.2-4.5), but not in alkaline soil (pH > 8). Despite of that, cassava prefers loosen-structured
soil such as light sandy loams and loamy sands for its root formation. As the drought -
tolerant crop, cassava can be planted in the lands having the rainfall less than 1,000 mm or
unpredictable rainfall. Rather than seeding, the plants are propagated vegetatively from
stem cuttings or stakes, having 20-cm in length and at least 4 nodes. To ensure good
propagation, good-quality stakes obtained from mature plants with 9-12 months old should
be used. The appropriate time of planting is usually at an early period of rainy seasons
when the soil has adequate moisture for stake germination. When planted, the stakes are
pushed into the soil horizontally, vertically or slanted; depending on soil structure. For
loosen and friable soil, the stakes are planted by pushing vertically (“standing”), or slanted
approximately 10 cm in depth below the soil surface with the buds facing upward. This
planting method gives higher root yields, better plant survival rates and is easy for plant
cultivation and root harvest (Howeler, 2007). The horizontal planting is suited for heavy
clay soils. Planting with 100 x 100 cm spacing (or 10,000 plants/hectare) is typical, however,
less spacing (100 x 80 cm or 80 x 80 cm) and larger spacing (100 x 120 cm or 120 x 120 cm) are
recommended for infertile sandy soil and fertile soil, respectively. At maturity stage with 8-
18 months after planting, the plants with two big branches (i.e. dichotomous branching) or
three branches (i.e. trichotomous branching) are 1-5 m in height with the starch-
accumulating roots extending radially 1 m into the soil. Mature roots are different in shapes
(as conical, conical-cylindrical, cylindrical and fusiforms), in sizes (ranging from 3 to 15 cm
in diameter, as influenced by variety, age and growth conditions) and in peel colors
(including white, dark brown and light brown). Although the roots can be harvested at any
time between 6-18 months, it is typically to be harvested on average at 10-12 months after
planting. Early or late harvesting may lower root yields and root starch contents. Still, the
actual practice of farmers is depending on economic factors, i.e. market demand and root
prices. Root harvesting can be accomplished manually by cutting the stem at a height of 40 -
60 cm above the ground and roots are then pulled out by using the iron or woody stalk with
a fulcrum point in between the branches of the plant. Plant tops are cut into pieces for
replanting, leaves are used for making animal fodder and roots are delivered to the market
for direct consumption or to processing areas for subsequent conversion to primary
products as flour, chips and starch.

1.3 Cassava production

Since 2004, the world production of cassava roots has been greater than 200 million tons and
reaches 240 million tons in 2009 (Food and Agriculture Organization [FAO], 2011; Table 1).
The major cassava producers are located in three continental regions which are Nigeria,
Brazil and Thailand, accounting approximately for 20, 11 and 12% of total world production,
respectively. In the last two decades, the world production of cassava continuously
increases (Table 1), as primarily driven by the market demand, in particular an expansion of
global starch market. The growth rate of root production in the last decade (2000-2009) is
even greater than the previous one (1990-1999) due to markedly rising demand of cassava
for bioethanol production in Asia especially in China and Thailand. Interestingly, the root
productivity of cassava has been dramatically increased in some countries including
Vietnam, India, Indonesia and Thailand by 8.46, 7.46, 6.22 and 5.85 tons/hectare in the past
10 years. The root productivity of India is the greatest (34.37 tons/hectare), followed by
Thailand (22.68 tons/hectare) and Vietnam (16.82 tons/hectare) while the world average is
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Food and Agriculture Organization of the United Nations [FAO], 2011

Source

Table 1. Annual production of cassava roots by major producers.
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12.64 tons/hectare (Table 2). The world leading cassava producers, i.e. Nigeria and Brazil,
however, do not have much improvement in root productivities in the past 10 years; only by
2.10 tons/hectare (from 9.70 to 11.80 tons/hectare since 2000 to 2008) and by 0.35
tons/hectare (from 13.55 to 13.90 tons/hectare since 2000 to 2009), respectively.

The production of cassava can be simply increased by expanding planting areas.
Nevertheless, in most regions, no new marginal land is accessible as well as forestry areas
are not allowed for area expansion. Moreover, in some countries, there is a competition for
land uses among other economic crops such as sugar cane and maize in Thailand. The
sustainable and effective means of increasing root production should be achieved by an
increase in root productivity. Yields or root productivities of cassava roots vary significantly
with varieties, growing conditions such as soil, climate, rainfall as well as agronomic
practices. Better root yields can be obtained by well-managed farm practices including time
of planting (early of a wet season), land preparation (plowing by hand or mechanically and
ridging), preparation of planting materials (ages of mother plants, storage of stems, length &
angle of cuttings, chemical treatment), planting method (position, depth of planting and
spacing), fertilization (type of fertilizers - chemical vs. organic, dose , time and method of
fertilizer application), erosion control, weed control, irrigation and intercropping (Howeler,
2001; 2007). The agronomic practices implemented by farmers vary markedly from regions
to regions, depending greatly on farm size, availability of labor, soil and climatic conditions
as well as socio-economic circumstances of each region (Table 3). It is very interesting to
note that the highest root productivity was reported in India (i.e. 40 tons/hectare) which
was irrigated cassava rather than rainfed one, with a highest amount of fertilizer
application. In some planting areas such as in Thailand, irrigation is now introduced instead
of relying only on rainfall. Yet, the investment cost is high and farmer’s decision is upto
market demand, price of cassava roots as well as other competitive crops. By effective farm
management, it is expected that the root productivity can be increased twice, from 25 to 50
tons/hectare. By combining that with varietal improvement, the root productivity can be
potentially improved upto 80 tons/hectare (Tanticharoen, 2009).

The production cost of cassava is classified into fixed costs and variable costs. The fixed
costs include land rent, machinery, depreciation cost and taxes. The variable costs are
consisted of labor costs (for land preparation, planting material preparation, planting,
fertilizer & chemical application, weeding, harvesting and irrigation) and others including
planting materials, chemicals (herbicides, sacks), fuels and tools. Except China, all countries
demonstrate that the labor cost is greater than 40% of total production cost. In particular, the
labor cost as well as the fixed costs of cassava plantation in India is quite high comparatively
to other countries, making their production cost quite high. A semi-mechanized practice for
cassava plantation is therefore developed in some countries such as Brazil and Thailand in
order to minimize the labor cost, and hence total production cost.

1.4 Cassava attributes

Cassava plants photosynthesize and store solar energy in a form of carbohydrate, mainly as
starch in edible, underground roots. The roots are very moist having the water content
around 59-79% w/w (Table 4). On dry solid basis, starch is a major component of cassava
roots, accounting upto 77-94% w/w, the rests are protein (1.7-3.8% w/w), lipid (0.2-1.4%
w/w), fiber (1.5-3.7% w/w as crude fiber, i.e. cellulose and lignin) and ash (1.8-2.5% w/w)
(Table 4). Some sugars, i.e. sucrose, glucose and fructose are also found in storage roots at
4-8% w/w (dry basis). In addition to cellulosic fiber, the roots also contain non-starch
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Source: Food and Agriculture Organization of the United Nations [FAO], 2011

Table 2. World average root productivity (tons/ hectare) and those of major producers.
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1 Information of Java and Sumatra 2 Information of Tamil Nadu 3 Information of South Vietnam
4 Irrigated cassava 5 Source: Office of Agricultural Futures Trading Commission [AFTC], 2007

n.a. = not available Source: Howeler, 2001

Table 3. Agronomic practices and production cost of cassava plantation in some Asian

countries.
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Grains Tubers | Roots |(Cagsava
Composition! ;
Maize | Wheat | Barley | Sorghum | Rye | Rice? | Potato? [Cassava#| chips
Moisture 12-15 | 11-14 | 11-14 11-14 11-14| 14 78 59-70 14
Starch 65-72 | 62-70 | 52-64 72-75 52-65 77
685 775 77-945

Sugar 2.2 n.a. na. na. na. na.
Protein 9-12 12-14 | 10-11 11.2 10-15| 6.6 10 1.7-3.8 3.1
Lipid 4.5 3 2.5-3 3.6 2-3 1.9 04 | 02-14 1.1
Fiber/ Cell 96 | 114 | 14 na. | na | 161 | 18 [1537| 31
wall materials

Ash 1.5 2 23 1.7 2 4.0 4.5 1.8-2.5 1.4

1 %w/w (dry basis) except moisture content reported as %w/w (wet basis)
2 As paddy rice (Juliano, 1993)

3 Source: Treadway, 1967

4 Source: Breuninger et al., 2009

5 As starch and sugar content

¢ As crude fiber content.

n.a. = not available

Source: Monceaux, 2009

Table 4. Chemical composition of starch-accumulating edible parts of various starch crops.

polysaccharides, i.e. hemicellulose and pectic substances as evidenced by a presence of
monosaccharide including rhamnose, fucose, arabinose, xylose, mannose, galactose, glucose
in hydrolyzed cell wall materials (Kajiwara & Maeda, 1983; Menoli & Beleia, 2006; Charles et
al., 2008). Some minerals such as sodium, calcium, potassium, magnesium, iron, copper,
zinc, manganese and phosphorus are detected in fresh roots as well (Balagopalan et al.,
1988; Rojanaridpiched, 1989; Charles et al., 2005).

Unlike grains of cereals having low moisture content (11-15%), cassava roots contain very
high moisture contents and are very perishable. This is a constraint for cassava utilization as
roots are subjected to deterioration and spoilage by microorganism attacks during storage.
Fresh roots can be stored only a few days and should be transformed to products as soon as
they are harvested. To prolong their shelf-life, the roots can be simply chopped and sun-
dried; the final product is named as cassava chip with the moisture content approximately
14% (Table 4). Cassava roots also contain much lower protein contents than cereals.

The starch content of mature roots can range significantly, depending on genetic traits and
environmental factors during plant development, as well as harvest time or ages after
planting. Roots collected from crops being planted with the drought during initial state of
growth have much lower starch contents and root yields than those from crops without the
drought (Pardales and Esquibel, 1996; Santisopasri et al., 2001; Sriroth et al., 2001). Immature
or young roots (less than 8 months) provide low starch yields due to low starch contents and
root yields. The genetic and environmental growth condition can also influence starch
qualities in term of starch composition (amylose and amylopectin content), ease of cooking
as indicated by gelatinization or pasting temperature and cooked paste viscosity (Moorthy
and Ramanujam, 1986; Asaoka et al., 1991;1992; Defloor et al., 1998; Sriroth et al., 1999;
Santisopasri et al., 2001).
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2. Use of cassava for bioethanol production

2.1 Bioethanol production

Instead of chemical synthesis, the bioprocess, i.e. fermentation of simple sugars by
microorganism is nowadays used extensively to produce ethanol from renewable sugar-
containing biomass. Important ones are sugar crops, starch crops, and lignocellulosic
materials derived from agricultural residues. The two former ones are recognized as the first
generation feedstock for bioethanol production while the last one is the second generation
feedstock. When ethanol is produced by yeast fermentation of sugar feedstock such as sugar
cane, molasses, sugar beet and sweet sorghum, yeast can directly consume simple sugars
and convert them to ethanol. However, starch and cellulose feedstock are a polymer of
glucose and cannot directly be utilized by yeast. They have to be converted or
depolymerized to glucose prior to yeast fermentation. Depolymerization or hydrolysis of
starch is much simpler and more cost effective than that of cellulosic materials and can be
achieved by acid or enzyme or a combination of both.

Starch is a polysaccharide comprising solely of glucose monomers which are linked together
by glycosidic bonds. It is composed of two types of glucan namely amylose, a linear glucose
polymer having only a-1,4 glycosidic linkage and amylopectin, a branched glucose polymer
containing mainly o-1,4 glycosidic linkage in a linear part and a few a-1,6 at a branch
structure. Most starches contain approximately 20-30% amylose and the rest are
amylopectin. Some starches contain no amylose such as waxy corn starch, waxy rice starch,
amylose-free potato, amylose-free cassava and some have very high amylose contents upto
50-70% as in high amylose maize starches. These two polymers organize themselves into
semi-crystalline structure and form into minute granules, which are water insoluble. Starch
granules are less susceptible to enzyme hydrolysis. Upon cooking in excess water, the
granular structure of starch is disrupted, making glucose polymers become solubilized and
more susceptible to enzyme attacks. At the same time, the starch slurry becomes more
viscous. This process is known as gelatinization and the temperature at which starch
properties are changed is named as gelatinization temperatures. Different starches have
different gelatinization temperatures, implying different ease of cooking. Cassava starch has
a lower cooking temperature, relatively to cereal starches; the pasting temperatures for
cassava, corn, wheat and rice are 60-65, 75-80, 80-85 and 73-75°C (Swinkels, 199§;
Thirathumthavorn & Charoenrein, 2005).

The starch hydrolysis by enzymes is a two-stage process involving liquefaction and
saccharification. Liquefaction is a step that starch is degraded by an endo-acting enzyme
namely a-amylase, which hydrolyzes only a-1,4 and causes dramatically drop in viscosity of
cooked starch. Typically, liquefying enzymes can have an activity at a high temperature (>
85°C) so that the enzyme can help reduce paste viscosity of starch during cooking. The
dextrins, i.e. products obtained after liquefaction, is further hydrolzyed ultimately to
glucose by glucoamylase enzyme which can hydrolyze both a-1,4 and a-1,6 glycosidic
linkage. Glucose is then subsequentially converted to ethanol by yeast. By the end of
fermentation, the obtained beer with approximately 10%v/v ethanol, depending on solid
loading during fermentation, is subjected to distillation and dehydration to remove water
and other impurities, yielding anhydrous ethanol (Figure 1).

2.2 Cassava feedstock
Cassava roots can be used as the feedstock for bioethanol production. During the harvest
season, roots are plenty and cheap. However, roots contain very high moisture contents and
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Sugar feedstock Starch feedstock Lignocellulosic feedstock
l Starch hydrolysis Pretreatment
(Liquefaction by a-amylase)
Juice extraction
A 4 1
Starch hydrolysis

Enzyme Hydrolysis

(Saccharification by glucoamylase)

Fermentable sugars |

)

Yeast fermentation

v
a

A 4
Distillation/ dehydration

Anhydrous ethanol

Fig. 1. Schematic diagram of bioethanol production by fermentation process of sugar, starch
and lignocellulosic feedstock.

are prone to spoilage over the storage time. Mostly, roots are transformed readily to a dried
form called cassava chips nearby the plantation areas. To produce chips, harvested roots are
cut into pieces manually or by small machine and then sun-dried. The dried chips contain
low moisture contents (< 14%), are less bulky, less costly for transportation and can be
stored for a year in the warehouse. In addition, dried cassava chips have comparable
characteristics as corn grains and can be processed by adopting conversion technology of
corn grains. Cares must be taken when storing dried chips as heat can be generated and
accumulated inside the heap. Therefore, the warehouse should have a good air ventilation
system to prevent overheating and burning of chips. When used, the chips have to be
transferred, using the rule of first-in and first-out, to the process line. Dusts are produced,
resulting in starch loss as well as severe air pollution. The major concern of using chips is
soil and sand contamination, being introduced from roots and during drying on the floor.
Sand and soil can cause machine corrosion and result in shorter machine shelf life. They
have to be removed in the production process. In Thailand where chips are used for many
applications including animal feed and bioethanol production, farmers are encouraged to
produce a premium quality of chips that meets with the standard regulation announced by
Ministry of Commerce (Table 5).
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Parameter Value

Starch content

- by Polarimetric method Not less than 70%by weight

- by Nitrogen Free Extract, NFE Not less than 75% by weight
Fiber Not greater than 4% by weight
Moisture Not greater than 13% by weight
Sand and soil Not greater than 2% by weight
Unusual color and odor Not detected
Spoilage and molds Not detected
Living insects Not detected

Table 5. Standard quality of premium grade of cassava chips, announced by Ministry of
Commerce, Thailand.

When cassava is used for bioethanol production, different forms including fresh roots, chips
and starch can be used. Table 6 summarizes advantages and disadvantages of using
different forms of cassava feedstock. The factory has to make and manage an effective
feedstock plan as the feedstock cost can account upto 70%of total ethanol production cost.
Types of feedstock used for bioethanol plants depend on many concerns including plant
production capacity, plant location, nearby cassava growing areas, amount of feedstock
available and processing technology. Ethanol plants that are not close to cassava farms
prefer to use dried chips to reduce costs of transportation and storage, while those locating
next to cassava fields can use chips and roots. When using both feedstocks, the plants have
to somewhat adjust the process in particular feedstock preparation.

2.3 Cassava feedstock preparation

2.3.1 Cassava chip

Similar to bioethanol production of corn grains, there are two processes for preparing
cassava chips which are “Dry Milling” and “Wet Milling”. In Dry Milling process (Figure 2),
chips are transferred to the hopper and a metal and stone detector. The chips are then milled
and sieved to obtain fine powders. Coarse powders are remilled. The fine powder having all
components including fibers is slurried with water and proceeds to cooking and enzyme
hydrolysis. The heat to cook slurry for liquefaction process is usually from direct steam
instead of a jet cooker due to the difficulties of handling particles and contaminants in
slurry. Owing to contamination of sand, conveyor system and grinding system require
special treatment. Furthermore, after passing through syrup making process, an extra
separation unit or hydrocyclone is required to remove sand and other impurities. The dry
milling process is suitable for batch fermentation. Most of existing factories in China and
some factories being installed in Thailand apply this dry milling process as it uses less
equipment and investment (Sriroth & Piyachomkwan, 2010b).

As corn grains are composed of many valuable components including protein, lipid and
starch, wet milling process has been developed as a separation technique in order to
fractionate starch and other high-valued products including corn gluten meal with high
protein content, corn gluten feed and corn germ for oil extraction. The grains are initially
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Form Advantages Disadvantages

- Not available for whole year, seasonally
harvested
- Bulky, costly to transport

- Low cost during harvest - Cannot be stocked / short shelf-life due to

- Less costly to remove soil & sand

Fresh ) . . high moisture content/ high perishability
- Contain fruit water having some e . . .
roots . . - Difficult to adjust total dry solid content in
nutrients and minerals that are
advantageous to yeast fermentation a fermentor
- Limit total dry solid content for high solid
loading or very high gravity (VHG)
fermentation
- Extended shelf-life - Higher cost than fresh roots
- Can be stored - Must be dried before stored
Dried - Less costly for transportation - High soil & sand contamination
Chips - Can be processed by applying - Limit total dry solid content for high solid
conversion technology of corn loading or very high gravity (VHG)
grains fermentation
- Less costly to stock i H¥gh feedstoc.k cost
- Less costly to transport - High production cost
- Loss of nutrients during starch extraction

Starch - Easy to adjust total solid content in
a reactor and prepare high solid
loading slurry

process
- High demand in other production of
valued products

Table 6. Advantages and disadvantages of different forms of cassava feedstock.

cleaned and soaked in steeping water containing some chemicals such as sulfur dioxide, the
most typically used one, and lactic acid to soften the grains. The soften kernels are milled to
be suitable for degermination process and separated germ is used for oil extraction.
Degermed ground kernels are then passed through fine mills so that the fiber can be readily
separated. The protein is further fractionated from the defibered starch slurry by centrifugal
separators. After fractionation of each component, starch slurry is further processed to
cooking and enzyme hydrolysis for ethanol production. In wet milling process of cassava
chips (Figure 3), the starch slurry is prepared from dried chips by modifying typical cassava
starch production process. Unlike wet milling of corn grains with water, the chips are milled
to fine powder before slurried with water. The process is sometimes named as “Starch milk”
process of which the starch is then extracted from chips by a series of extractors. After
depulping, the starch slurry is then concentrated by a separator and subjected to a jet cooker
for liquefaction. Currently, only a few plants are using this process, because this process
requires a high investment. Factories have modified the process by reducing the extractor
and stipping tank unit. Wet milling generates high starch losses in the solid waste.
However, the process is more controllable and can be practically applied to high solid
loading and continuous fermentation process (Sriroth & Piyachomkwan, 2010b).

In contrast to wet milling process, dry-milling process does not fractionate each component,
yielding a by-product of mixed components. Although more valuable products are co-
produced by wet milling process, this process is capital and energy intensive and results in a
lower yield of ethanol as compared to dry-milling process; one ton of corn yields 373 and
388 liters of ethanol when processed by wet- and dry -milling, respectively (FO Licht, 2006).
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Fig. 2. “Dry milling” process for bioethanol production from dried cassava chips.

A modified dry-milling process has been developed recently by quickly removing germ or
both germ and fiber prior to fermentation (Singh and Eckhoff, 1997; Wahjudi et al., 2000;
Huang et al., 2008). This combined process improves cost reduction as compared to wet-
milling process while increases value addition to dry-milling process. Although, cassava
chips are corn analog and can be processed either by wet-milling or dry-milling process, the
chips do not contain other valuable components. Dry-milling process is therefore generally
applied for bioethanol production.

2.3.2 Cassava roots

During cassava harvest season, fresh roots are plenty available and the price is low.
Therefore, it is common to use them to make slurry by grinding and then mix with cassava
chip. Alternatively, cassava roots are used as a main raw material and then cassava chips are
used to adjust the solid concentration. Similar to dried chips, there are two processes for
preparing cassava fresh roots for bioethanol production, namely “With fiber” and “De-
fiber” process.
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Fig. 3. “Wet milling” or “Starch Milk” process for bioethanol production from dried cassava
chips.

In “With Fiber” process (Figure 4), the roots are transferred to the root hopper, in which soil
and sand are effectively removed by root peelers. The roots are then washed and subjected
to the chopper and rasper. The puree of milled roots is then slurried without fiber removal
and used for liquefaction. This process requires less equipment and investment cost and is
recommended for batch-type fermentation (Sriroth & Piyachomkwan, 2010b). However,
with the presence of cell wall materials, ground fresh roots has developed semi-solid like
characteristic and should be slurried with water to reduce viscous behavior. This causes
dilution of solid loading in a fermentor, yielding a low ethanol concentration in final beer. A
pretreatment of ground fresh roots with appropriate cell wall degrading enzymes has been
introduced to handle that inferior flowability (Martinez-Gutierrez et al., 2006;
Piyachomkwan et al., 2008), allowing potential use of fresh roots with Very High Gravity
(VHG), ie. high solid loading (> 30%) process and resulting in a higher ethanol
concentration (upto 14.6% w/w or 18%v/v) in beer (Thomas et al., 1996). By almost
doubling the ethanol concentration in the final beer, the VHG process can not only minimize
the energy consumed during the downstream distillation process, but also improve the
plant capacity. This concept can be applied to improve fermentation of other feedstock as
well.

Similar to wet milling process of cassava chips, in “De-fiber” process (Figure 5), the starch
slurry is prepared from fresh roots by modifying a typical cassava starch production
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Fig. 4. “With fiber” process - starch slurry preparation from fresh cassava roots for
bioethanol production.
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Fig. 5. “De-fiber” process - starch slurry preparation from fresh cassava roots.

process. After desanding and washing, roots are subjected to the chopper and rasper. The
pulp is removed and starch is extracted by a series of extractors. After depulping, the starch
slurry is then concentrated by a separator and subjected to a jet cooker for liquefaction. This
process requires a higher investment cost and also generates high starch losses in the pulp.
However, defiber process is more controllable and can be readily applied to current well-
established technology of ethanol production from other materials. It is also practical for
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applying in high solid loading and continuous fermentation process (Sriroth &
Piyachomkwan, 2010b).

2.4 Cassava bioethanol production

As described previously, the ethanol production from cassava feedstock involves 5 main

steps (Figure 6a) which are

- Feedstock preparation: the main purpose of this step is to make cassava feedstock be
physically suitable for downstream processing, ie. cooking, starch hydrolysis,
fermentation and distillation & dehydration. Details are different regarding to types of
feedstock and milling process. In general, the preparation includes impurity removal
(washing and peel removal of fresh roots, metal detector, sand and soil removal of
slurry by hydrocyclone), size reduction by milling or rasping and fiber separation.

- Cooking: The starch is cooked to rupture the granular structure and hence improve its
susceptibility to enzyme hydrolysis. Cooking is achieved at a temperature greater than
a gelatinization temperature. During cooking, the high viscosity of the slurry is
developed due to starch gelatinization and swelling of some particles. Cooking is,
therefore, commonly performed in a presence of liquefying enzymes, i.e. a-amylase to
liquefy cooked slurry.

- Starch hydrolysis: Starch is enzymatically hydrolyzed to glucose by a-amylase and
subsequently by glucoamylase. The liquefaction by a-amylase is usually conducted at
high temperatures at which the starch become gelatinized. After liquefaction, the
liquefied slurry is cooled down to an optimum temperature for glucoamylase
hydrolysis which is about 50-55°C, depending on enzyme types.

- Yeast fermentation: Glucose is then fermented by yeast. By the end of fermentation, the
obtained beer contains approximately 10%v/v ethanol, depending on solid loading
during fermentation.

- Distillation and dehydration: The beer is subjected to distillation to concentrate the
ethanol to 95% and then dehydration to remove water, yielding anhydrous ethanol
(99.5%).

Nowadays, the production process of bioethanol from starch feedstock is developed to

significantly reduce processing time and energy consumption by conducting

saccharification and fermentation in a same step; this process is called “Simultaneous

Saccharification Fermentation”, or SSF process (Figure 6b). In this SSF process, the liquefied

slurry is cooled down to 32°, afterward glucoamylase and yeast are added together. While

glucoamylase produces glucose, yeast can use glucose to produce ethanol immediately. No
glucose is accumulated throughout the fermentation period (Figure 7) (Rojanaridpiched et

al, 2003).

The material balance of ethanol process with a production capacity of 150,000 liters/day, a

recommended size of ethanol plants for optimum production costs, feasible feedstock

management and effective waste water treatment, from dried cassava chips by

Simultaneous Saccharification and Fermentation (SSF) process is estimated from production

data collected during pilot trials (at 2,500 L working volume) and factory survey (Figure 8)

(Sriroth et al., 2006). The conversion ratio of feedstock (kg) to ethanol (liter, L) is about 2.5:1

for dried chips or 6:1 for fresh roots, this conversion factors are starch-quantity dependent.

Based on the pilot production data, the estimated production cost, excluding the feedstock

cost, of ethanol from cassava chips by SSF process is about 0.259 USD/L (Rojanaridpiched et



18 Bioethanol

al., 2003; Sriroth et al., 2006) which is close to a value reported by FO Licht to be 0.24 USD/L
(FO Licht, 2006). The estimated production cost of cassava chips are detailed in Table 7
(Sriroth et al., 2010a).

Roots/ Chips Roots/ Chips Roots/ Chips
\ 4 A 4 A 4
Grinding Grinding Grinding
Slurry Slurry Slurry
A 4 l
Liquefaction | 85 Liquefaction | 5> ‘
105°C 105°C Simultaneous
Liquefaction,
Saccharification & | 330c
v A Fermentation
Saccharification | 55. Simultaneous (SLSF)
60°C Saccharification & |32°C
Fermentation (SSF)
A
Fermentation |32°C v
\ Distillation
Distillation
A 4
Distillation
A A
v Dehydration Dehydration
Dehydration
\ 4 A 4
r Anhydrous Ethanol Anhydrous Ethanol
Anhydrous Ethanol (99.5%) (99.5%)
(99.5%)

Note: The temperatures are enzyme- and yeast-type dependent.

Fig. 6. (a) Conventional, (b) SSF, Simultaneous Saccharification and Fermentation and (c)
SLSF, Simultaneous Liquefaction, Saccharification and Fermentation process of ethanol
production from cassava feedstock.
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Fig. 7. Changes of total soluble solid (TSS, °Brix by a refractometer), cell counts, glucose and
ethanol contents (by High Performance Liquid Chromatography using Bio-Rad Aminex
HPX-87H column), during ethanol fermentation from cassava chips by conventional
fermentation (CF) and Simultaneous Saccharification and Fermentation (SSF) process.
(Experimental condition for CF; a slurry of 25% dry solid was initially liquefied by a-
amylase at 95°C, saccharified by glucoamylase at 60°C and then fermented by yeast
(Saccharomyces cerevisiae) at 32°C) and for SSF; a slurry of 25% dry solid was liquefied in a
similar manner and then subjected to SSF by adding a mixture of glucoamylase enzyme and
yeast at 32°C).

In SSF process, the starch in cassava material has to be initially cooked and liquefied prior to
SSF process. Recently, a granular starch hydrolyzing enzyme has been developed to
produce fermentable sugars from native or uncooked corn starch and is then applied to
cassava chips (Piyachomkwan et al., 2007; Sriroth et al., 2008). This enzyme can attack
directly to uncooked starch granules (Figure 9), allowing liquefaction, saccharification and,
in the presence of yeast, fermentation to occur simultaneously in one step at the ambient
temperature without cooking; this process is Simultaneous Liquefaction, Saccharification
Fermentation or SLSF (Figure 6c). Figure 10 demonstrates the ethanol production from
cassava chips using conventional, SSF and SLSF process. It is interesting to note that by SLSF
process, the total soluble solid and glucose content do not change over fermentation as
starch is used in a native, granular insoluble form. The fermentation efficiency of SLSF
process is reported to be comparable with cooked process (Table 8). SLSF process is energy-

saving, easy to operate and can be applied economically to produce sustainable energy, at a
small scale, for community.
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Fig. 8. Mass balance of ethanol production from cassava chip by SSF (Simultaneous
Saccharification and Fermentation) process; T/D = Tons/Day, TS = Total Solid,

L/D =Liter/day (Fermentation efficiency 90%, Distillation efficiency 98.5%) Source: Sriroth
et al., 2006




Cassava Bioethanol 21

Estimated production costs (USD/L)

Descriptive Thailand! China?
Materials and chemicals 0.032b 0.201¢
Energy 0.109 0.013
Wage and addition 0.014 0.005
Depreciation 0.036 0.016
Maintenance 0.002 0.011
Miscellaneous 0.007 0.003
Fiscal charges 0.029 0.013
Land rent expense - 0.0003
Selling expense 0.014 0.003
Waste treatment 0.014 -
Insurance 0.002 -
Water - -
Total cost 0.259 0.267

! the conversion ratio = 400 L ethanol/ton of cassava chips and the material and chemical cost excludes
the raw material cost.

2 the conversion ratio = 460 L ethanol/ton of cassava chips and the material and chemical cost includes
raw material cost.

Source: Sriroth et al., 2010a

Table 7. Estimated production costs of ethanol from cassava chips by Simultaneous
Saccharification and Fermentation (SSF) process.

Cassava starch

Ohr 12 hr 24 hr 48hr

Fig. 9. Scanning electron microscopic (SEM, at 3,000x magnification) pictures of corn and
cassava starches treated with granular starch hydrolyzing (using 30% db starch in 0.06M
acetate buffer, pH 4.5 and incubating with 0.5% granular starch hydrolyzing enzyme
(Stargen™, Danisco-Genencor, USA, at 32°C).

Source: Sriroth et al., 2007
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Fig. 10. Changes in total soluble solids (°Brix), glucose and ethanol content (%w/v) during
ethanol production from cassava chips by Simultaneous Saccharification and Fermentation
(SSF; the slurry of 25% dry solid was liquefied by 0.1% Termamyl 120L (Novozymes) at 95-
100°C, 2 hr followed by simultaneous saccharification and fermentation with 0.1% AMG
(Novozymes) and Saccharomyces cirivisiae yeast at 32°C for 48 hrs) and Simultaneous
Liquefaction, Saccharification and Fermentation (SLSF; the slurry of 25% dry solid was
liquefied, saccharified and fermented with 0.25% granular starch hydrolyzing enzyme
(Stargen™, Danisco-Genencor, USA) and Saccharomyces cirivisiae yeast at 32°C, 60 hr.
Source: Rojanaridpiched et al., 2003 ; Sriroth et al., 2007

2.5 Cassava bioethanol wastes and their utilization

During cassava bioethanol production, wastes are generated; the quantity and quality are
depending significantly on feedstock quality and processing types. Since dry milling process
is more widely used for bioethanol production from cassava feedstock, the information
provided here is based on dry milling process of cassava chips. Similar to dry milling
process for bioethanol production of corn grains, both of solid and liquid wastes are
obtained at the end of distillation. The waste can be generated as a whole stillage containing
both solid and liquid waste if the whole beer is subjected to the mash column without fiber
separation. This process is applied in order to minimize ethanol loss in the solid pulp if fiber
separation is accomplished prior to distillation. Recently, the process is adjusted by
separating the fiber first and the fiber is washed to collect ethanol in pulp. At the production
capacity of 150,000 liters of anhydrous ethanol/day, the total whole stillage is produced
approximately 1,400-1,600 m3/day, being wet cake 100-200 ton/day and the stillages 1,200-
1,400 m3/day (Sriroth et al., 2006).
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Values
Parameters

SSF! SLSF2
Slurry
Volume (L) 2,053 2,200
% Total solid (w/v) 2418 2424
% Starch content of chips 80.4% 74.49%
pH 4.68 4.45
Beer after fermentation
Fermentation time (hrs) 48 60
Volume (L) 2,166 2,258
Total soluble solid (°Brix) 12.2 7.4
Glucose content (%w/v) 1.09 1.24
Ethanol content (%w/v) 8.66 8.18
Cell counts (x 107 cell/ ml) 6.82 1.15
Yield
g ethanol/g dried chips 0.378 0.344
g ethanol/g starch 0.470 0.462
%Fermentation efficiency? 82.88 82.11

1 Using 25% dry solid of chips, liquefied by 0.1% Termamyl 120L (Novozymes) at 95-100°C, 2 hr
followed by simultaneous saccharification and fermentation with 0.1% Rhizozyme (Alltech) or AMG
(Novozymes) and Saccharomyces cirivisiae at 32°C for 48 hrs.

2 Using 25% dry solid of chips, liquefied, saccharified and fermented with 0.25% granular starch
hydrolyzing enzyme (Stargen™, Danisco-Genencor, USA) and Saccharomyces cirivisiae at 32°C, 60 hr.
3 as a percentage of theoretical yield

Source: Rojanaridpiched et al., 2003 ; Sriroth et al., 2007

Table 8. Parameters and results of ethanol production from cassava chips by SSF and SLSF
process.

2.5.1 Solid waste

The wet cake has the total solid around 20-30% and contains a mixed component of cassava

feedstock since no fractionation of cassava components is employed in dry milling process.

The wet cake can be used to produce Dry Distillers Grains With Solubles or DDGS as

developed in corn ethanol industry. However, cassava roots do not contain a high protein

content as corn grains, cassava DDGS contains less protein contents (around 11-14% and

30% dry basis for cassava and corn DDGS; Sriroth et al., 2006). Though the solid waste from

cassava chips is not as valuable as corn DDGS, it can be utilized in many ways:

- To produce biogas: this waste treatment has been practiced in China. The solid waste in
the thick slop is sent to Biomethylation process. The results are successfully reported by
Dai et al. (2006).

- To feed the burner: Another alternative design for Thai factories is that the solid waste
from the thick slop is separated by a decanter so that the moisture content is around
50% of total solids (50% H,O). This semi-dry solid is then used as the feedstock for fuel
production by direct burning.

- To supplement in animal feed: The solid waste contains some fibers, proteins and ash
and can be used as animal feed fillers.
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2.5.2 Liquid waste (stillage)

Whilst the slop from molasses is very dark in color, cassava liquid waste has a light
yellowish color with a lower COD (40,000-60,000) and BOD (15,000-30,000) values. The
characteristics of waste water from the ethanol factories using cassava and molasses as
feedstock are shown in Table 9. In consideration of this, the waste water from cassava-based
process is much easier to handle than the waste obtained from molasses. This implies less
investment and operational costs. In China, cogeneration of biogas obtained from waste
water treatment in ethanol factory operating with cassava is reported to be able to cover all
electricity needs in ethanol production process and still have some excess to supply to the
grid (Dai et al., 2006). The practice for using thin stillage in Thailand is also for biogas
production.

Characteristic Factory using cassava Factory using
chips molasses

1. Chemical Oxygen Demand (COD, 40,000-60,000 100,000-150,000
mg/L)
2. Biological Oxygen Demand (BOD, 15,000-30,000 40,000-70,000
mg/L)
3. Total Kjedahl Nitrogen (TKN, mg/L) 350-400 1,500-2,000
4. Total Solids (mg/L) 60,000-65,000 100,000-120,000
5. Total Suspended Solid (TSS, mg/L) 3,000-20,000 14,000-18,000
6. Total Volatile Solids (mg/L) 20,000-40,000 n.a.
7. Total Dissolved Solids (mg/L) 50,000 105,000-300,000
8. pH 3.5-4.3 4.1-4.6

Source: Sriroth et al., 2006; n.a. = not applicable

Table 9. Characteristics of stillage obtained from ethanol factories in Thailand.

3. Lesson learned from Thai cassava bioethanol industry

The ethanol industry in Thailand has been active since 1961 as one of the Royal Project of
His Majesty the King. Later, as an oil-importing country, Thailand has lost economic growth
opportunity and energy security due to limited oil supply and price fluctuation. The seek
for alternative energy for liquid fuel uses for transportation sector has been developed as a
part of National Energy Policy and ethanol was then upgraded as national policy in 1995,
initially in order to replace a toxic Octane Booster, i.e. Methyl tert-butyl ether (MTBE) in
gasoline. By that time, the consumption rate of gasoline was 20 million liters per day which
required 10% Octane Booster or 2 million liter per day; this formula is equivalent to Gasohol
E10 (for octane 91 and 95), a blend of unleaded gasoline with 10% v/v anhydrous ethanol.
With a rising concern of Global Warming and Clean Development Mechanism (CDM),
gasohol containing higher ethanol components has been currently developed; E20 & E85.
Presently, there are 47 factories legally licensed to produce biofuel ethanol with a total
capacity of 12.295 million liters/day or 3,688.5 million liters per annum (at 300 working
days). Two feedstocks, namely sugar cane molasses and cassava are their primary raw
materials. A total of 40 factories use only a single feedstock; 14 factories using molasses with
a total production capacity of 2.485 million liters/day, 25 factories using cassava with a total
production capacity of 8.590 million liters/ day and 1 factory using sugar cane with a total
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production capacity of 0.2 million liters/ day. A multi-feedstock process using both
molasses and cassava is, however, preferred in some factories (7 factories with a total
production capacity of 1.020 million liters/day) to avoid feedstock shortage (Department of
Alternative Energy Development and Efficiency, DEDE, 2009). A complication of Thai
bioethanol industry is generated due to the fact that there are two feedstock types being
used in other industries and also other alternative energy for transportation, i.e. LPG
(Liquefied petroleum gas) and CNG (Compressed natural gas), being promoted by the
government.

3.1 Feedstock supply

In Thailand, cassava is considered as one of the most important economic crops with the
annual production around 25-30 million tons. The role of cassava in Thailand is not only as a
subsistent cash crop of farmers, but it also serves as an industrial crop for the production of
chips and starch, being supplied for food, feed and other products. This can be indicated by
a continuous increase in root production since 2000 and be greater than 20 million tons since
2006. With the national policy on bioethanol use as liquid fuel, it significantly drives a rise in
root demand. Various scenarios have been proposed to balance root supply and demand, in
order to reduce the conflict on food vs. fuel security. Under the normal circumstance, root
surplus should be used for bioethanol production, which initiates another industrial
demand of roots and helps stabilize root price for farmers. Figure 11 is an example of
projecting plan for root consumption by various industries, which corresponds to the
targeted root production, proposed by Ministry of Agriculture and current root demand for
chip and starch production. Another scenario is to reduce the amount of exporting chips
and allocate those locally to existing industries. Meanwhile, the campaign for increasing
root productivity (ton per unit area) by transferring good farming and agricultural practices
has been distributed throughout the countrywide. In spite of that root shortage occurs in the
last few years, caused by unexpected climatic change and widespread disease, i.e. mealy
bugs. This, in fact, critically affects starch industries at a much greater extent than ethanol
industry. Nevertheless, the starch industry is more competitive for higher root prices than
ethanol industry. This situation of an unusual reduction of root supply emphasizes the need
of increasing root production. A short-term policy on increasing root productivity from 25
tons/hectare by good farm management and cultivation practice has continuously pursued
and expected to be 50 tons/hectare. Furthermore, long-term plan on R&D for varietal
improvement is also greatly significant in order to develop varieties with higher root
productivity (potentially be upto 80 tons/hectare), good disease resistance and good
adaptation to climatic change such as higher growing temperatures or very dry condition.

3.2 Ethanol demand in biofuel use

Presently, there are 17 factories operating with the total production capacity of 2.575 million
liters/day but most of them have operated under their full production capacity due to
oversupply of ethanol. The influencing factor for decreasing ethanol demand is other
alternative energy for transportation, i.e. Liquid Petroleum Gas (LPG) and Compressed
Natural Gas (CNG), being promoted by the government. LPG is a primary fuel for
household use such as for cooking that is why it is important to control the price of LPG
(being low at 18 Baht per kilogram or 0.59 USD per kilogram). This promotes an increase
usage of LPG in automobile sector, as indicated by increasing automobile engine change
from gasoline to LPG. For CNG, there are several policies being released to promote the use
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v
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- Export market

Fig. 11. Schematic diagram of cassava root consumption projection plan in Thailand.

of CNG in automobile sector in order to reduce the amount of gasoline consumption. Firstly,
there is an exemption of tax for CNG fuel tank. Secondly, government agrees to cover the
cost of changing car engine to CNG-using engine for taxi countrywide and tax reduction for
CNG fuel cost. With the cost of production and fuel itself, the actual price is at 14.75 Baht
per kilogram but the selling price is only at 8.50 Baht per kilogram. This difference requires
a significant amount of subsidized oil fund to compensate the gap. At present, the
government led by Ministry of Energy, has considered different mechanisms to intensify
ethanol demands in transportation sector by promoting use of gasohol with a higher ethanol
component (E85 and E100) for Flexible Fuel Vehicle (FFV), use of ethanol in motorbikes and
use of ethanol as diesohol for trucks. These applications need technical support to acquire
consumer’s confidence. In addition, supporting policy and effective mechanism for
exporting bioethanol can help expand market demand.

3.3 Regulation and pricing

To establish the local market for bioethanol demand in transportation sector, Thailand has
released the regulation of denatured ethanol for gasohol uses (Table 10) to ensure high
quality fuel for automobile use. No regulation for biofuel uses is announced by the
government. In stead, the utilization of bioethanol as liquid fuel has been promoted by price
incentive system. The retail price of gasohol E10 (for octane 95) is cheaper than gasoline
around 0.33 USD/liter by exemption and reduction of excise & municipal tax and Oil Fund
charge.

At the initial phase of trading ethanol locally, the price of ethanol for domestic market is
referred to the price of imported ethanol from Brazil (FOB price of Brazilian Commodity
Exchange Sao Paulo) with the additional cost of freight, insurance, loss, survey and currency
exchange rate. Thai cassava ethanol industry has used two feedstock, i.e. molasses and
cassava; the former one being utilized at a higher production capacity. This leads to shortage
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No. | Description/Details Value Analytical method
1 Ethanol plus higher saturated >99.0 EN 2870 Appendix 2
alcohols, %vol. ’ Method B
p | Higher saturated (C3-C5) <20 EN 2870 Method IIT
mono alcohols, %vol.
0 EN 2870
3 Methanol, %vol. <05 Method I1I
4 Solvent washed gum, mg/100 <50 ASTM D 381
mL
5 Water, %wt. <03 ASTME 203
6 Inorganic chloride, mg/L <20 ASTM D 512
7 Copper, mg/kg <0.07 ASTM D 1688
8 Acidity as acetic acid, mg/L <30 ASTM D 1613
9 pH >6.5and <9.0 | ASTM D 6423
10 Electrical conductivity, pS/m <500 ASTM D 1125
Clear liquid, not cloudy, homogenous, and no
11| Appearance colloidal particles
12 | Additive (if contains) Agree with .C0n51derat10n of Department of
Energy Business

Source: Modified from Department of Energy Business, Ministry of Energy, Thailand (2005).

Table 10. The Thai standard of denatured ethanol for gasohol use as announced by the
Department of Energy Business.

of molasses and price increase. As a result, the reference price based on Sao Paulo does not
reflect the real ethanol situation of the country, both in term of production and uses.
Subsequently, the pricing formula of biofuel ethanol has been revised. The reference price of
bioethanol for fuel uses, as approved by The National Energy Policy Committee, Ministry of
Energy, has taken into account for the cost of raw materials and produced quantities of fuel
ethanol from both feedstocks, i.e. molasses and cassava, using the conversion ratios of 4.17
kg molasses (at 50°Brix) and 2.63 kg cassava chips (with starch content > 65%) for 1L of
anhydrous ethanol. In addition, the structure of ethanol reference prices includes the
production costs of each feedstock, which are 6.125 and 7.107 Baht/L for molasses and
cassava, respectively. This monthly-announced ethanol reference price reflects the actual
cost of local ethanol producers.

Peg, = (PMol x OMol) + (Pcas x Qcas)
QTotal

Where

Prw, = Monthly reference price of ethanol (Baht/L)

Pumol = Price of molasses-based ethanol (Baht/L)

Pc,s = Price of cassava-based ethanol (Baht/L)

Qwmot = Quantity of molasses-based ethanol (million L/ day)
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Qcas = Quantity of cassava-based ethanol (million L/day)

Qrota = Total ethanol quantity (million L/day)

(For Qwmol, Qcas and Qrotal using the value of one month previously, e.g. for the 5th month
reference price, use the value of 3th month)

I)Mol = RMol + CMol

Where

Pumol = Price of molasses-based ethanol (Baht/L)

Rmol = Raw material cost of molasses, using a previous 3-month average export price
announced by Thai Customs Department and the conversion ratios of 4.17 kg molasses (at
50°Brix) for 1L of anhydrous ethanol, e.g. using the average export price of 1st, 2nd, and 3rd
month to calculate the price of 5th month

Cwuol = Production cost of molasses-based ethanol (6.125 Baht/L)

PCas = RCas + CCas

Where

Pcas = Price of cassava-based ethanol (Baht/L)

Rcas = Raw material cost of cassava, using the root price of one month previously, the
conversion of 2.38 kg (25% starch) fresh roots for 1kg of chips with the production cost of
300 Baht/ ton chips, and the conversion ratios of 2.63 kg cassava chips (with starch content
> 65%) for 1L of anhydrous ethanol

Ccas = Production cost of cassava-based ethanol (7.107 Baht/L)

(Note: 1 USD = 30 Baht)

4. Conclusion

Cassava is not only a traditional subsistence food crop in many developing countries, it is
also considered as an industrial crop, serving as a significant raw material base for a
plenitude of processed products. Important ones are starches, modified starches and
sweeteners for application in food, feed, paper, textile, adhesive, cosmetics,
pharmaceutical, building and biomaterial. Consequently, the demand of cassava has been
rising continuously and thereby contributes to agricultural transformation and economic
growth in developing countries. Recently, in some countries such as Thailand, China and
Vietnam, cassava is also used as the energy crop for producing bioethanol, an
environmentally friendly, renewable alternative fuel for automobile uses. The promise of
using cassava for bioethanol use is supported by many reasons including distinct plant
agronomic traits for high tolerance to drought and soil infertility, low input requirement
relatively to other commercial crop, and potential improvement of root yields. In
addition, roots are rich in starch and contain low impurities. Although, fresh roots contain
high moisture contents and are perishable, simple conversion to dried chip can be
achieved by farmers at a low cost. Chips as corn analog are less costly to transport, store
and process. High energy input for ethanol production from starch materials become less
concerned as low energy consumption processes are developed including SSF, SLSF for
uncooked process and VHG for a higher ethanol concentration. Improved waste treatment
and utilization is also significant in order to minimize overall production cost. With those



Cassava Bioethanol 29

development, the use of cassava as an energy crop raises more concerns for food and fuel
security. Both are critical to agricultural countries that mainly import fossil oil fuel and
have lost their economic growth. To overcome that concern, the development of sufficient
feedstock supply is considered as the first priority. A short-term and long term plans for
root yield and productivity improvement by good cultivation practice and varietal
improvement have been presently implemented in some regions. By that with a
combination of zero-waste process concept, effective policies and market mechanism, the
use of cassava as a food crop, industrial crop and energy crop become sustainable and
beneficial to mankind.
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1. Introduction

The global economic recession that began in 2008 and continued into 2009 had a profound
impact on world income (as measured by GDP) and energy use. Since then the price of the
energy supply by conventional crude oil and natural gas production has been fluctuating for
years which has resulted in the need to explore for other alternative energy sources. One of
the fastest-growing alternative energy sources is bioethanol, a renewable energy which can
reduce imported oil and refined gasoline, thus creates energy security and varies energy
portfolio. Global biofuel demand is projected to grow 133% by 2020 (Kosmala, 2010).
However, the biofuel supply is estimated deficit by more than 32 billion liters over the same
period and the deficit is worse for ethanol than biodiesel. Ethanol may serve socially
desirable goals but its production cost is still remained as an issue. Extensive research has
been carried out to obtain low cost raw material, efficient fermentative enzyme and
organism, and optimum operating conditions for fermentation process. In addition to that,
researchers have been trying to capitalize certain features of the plant equipment and
facilities to increase the throughput of ethanol and other high value by products as well as
to apply suitable biorefinery for the product recovery. At the same time, effort has been
made to reduce utilities costs in water usage, cooling or heating, and also consumables
usage via minimizing the effluent production.

Aimed to provide an alternative means for ethanol production, this book chapter introduces
a single-step or direct bioconversion production in a single reactor using starch fermenting
or co-culture microbes. This process not only eliminates the use of enzymes to reduce the
production cost but also yield added value by-products via co-culture of strains. Before
further elaboration on this single-step fermentation, we will visit the conventional process,
the substrate preparation and microbe used. By this way a clear picture of the differences
between conventional process and the proposed single-step fermentation with the
advantages and disadvantages of both processes will be discussed.
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1.1 Conventional process of starch fermentation

Traditionally, production of ethanol from starch comprises of three general separate
processes namely; liquefaction using a-amylase enzyme, which reduces the viscosity of the
starch and fragments the starch into regularly sized chains, followed by saccharification
whereby the starch is converted into sugar using glucoamylase enzyme. Each of the process
operated at different temperature and pH optima with respect to the maximum enzyme
reaction rate. The final process involved the fermentation of sugar into ethanol using yeast.
The simplified flow of the process can be summarized as in Figure 1.

Stach | e-amylase Lowersaccharides | glucoamylase Glucose yeasl Ethanol

Fig. 1. Conventional Starch Fermentation.

1.2 Substrate and the preparation

In this chapter, starch as carbon source will be primarily discussed in the application for
single-step or direct bioconversion. Starch is a polysaccharide and the most abundant class of
organic material found in nature. Sources of starch that are normally used in the production of
ethanol are derived from seeds or cereals such as corn, wheat, sorghum, barley, soy and oat.
Other sources of starch can be from tuber or roots such as potato, yam or cassava. By using
starch as substrate for bioethanol production has distinct advantages in terms of its economical
pretreatment and transportation compared to other types of biomass. For example cassava or
tapioca tuber that has received an enormous attention in the production of biofuel in particular
bioethanol in East Asia region such as China, Thailand, Malaysia and Indonesia (Dai et al.,
2005; Hu et al., 2004; Nguyen et al., 2006). Cassava is a perennial woody shrub, ranks second to
sugarcane and is better than both maize and sorghum as an efficient carbohydrate producer
under optimal growing conditions. It is also the most efficient producer under suboptimal
conditions of uncertain rainfall, infertile soil and limited input encountered in the tropic
(Fregene and Puonti-Kaerlas, 2002).

Before undergo conventional or traditional fermentation, starch regardless of its sources
required to be hydrolyzed. Two types of hydrolysis usually applied are mineral acid
hydrolysis and enzymatic hydrolysis. The mineral acid or acid-base involved in the
hydrolysis can be of diluted or concentrated form. The dilute acid process at 1-5%
concentration is conducted under high temperature and pressure and has fast reaction time
in the range of seconds or minutes. The concentrated acid process on the other hand uses
relatively mild temperatures and the reaction times are typically much longer as compared
to those in the dilute acid hydrolysis. The biggest advantage of dilute acid processes is their
fast reaction rate, which facilitates continuous processing for hydrolysis of both starch and
cellulosic materials. Their prime disadvantage is the low sugar yield and this has opened up
a new challenge to increase glucose yields higher than 70% (especially in cellulosic material)
in an economically viable industrial process while maintaining high hydrolysis rate and
minimizing glucose decomposition (Xiang et al., 2004; McConnell, 2008). The concentrated
acid hydrolysis offers high sugar recovery efficiency, up to 90% of both hemicelluloses and
cellulose sugars. Its drawback such as highly corrosive and volatility can be compensated by
low temperatures and pressures employed allowed the use of relatively low cost materials
such as fiberglass tanks and piping. Without acid recovery, large quantities of lime must be
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used to neutralize the acid in the sugar solution. This neutralization forms large quantities
of calcium sulfate, which requires disposal and creates additional expense. In addition to
that, this type of hydrolysis has resulted in the production of unnatural compounds that
have adverse effect on yeast fermentation (Tamalampudi et al., 2009).

Enzymatic hydrolysis of starch required at least two types of enzymes. This is due to that the
starch or amylum comprises of two major components, namely amylose, a mainly linear
polysaccharide consisting of a-1,4-linked v-glucopyranose units and the highly branched
amylopectin fraction that consists of a-1,4 and a-1,6-linked p-glucopyranose units (Knox et al.,
2004). Depending on type of plants, starch typically contains 20 to 25% amylose (van der
Maarel et al., 2002) and 75 to 80% amylopectin (Knox et al., 2004). These two type linkage, a-1,4
and a-1,6-linked required an efficient starch hydrolysis agent or enzyme that can fraction a-1,4
and promote a-1,6 debranching activity. Since starch contains amylose and amylopectin, single
or mono-culture cells are usually added during fermentation stage where starch has already
been hydrolyzed to reducing sugar by hydrolysis agent such as acid-base or microbial
enzymes in pretreatment and saccharification steps. The microbial enzyme of a -amylase
cleaves a-1,4 bonds in amylose and amylopectin which leads to a reduction in viscosity of
gelatinized starch in the liquefaction process. The process is the hydration of starch by heating
the starch in aqueous suspension to give a-amylase an access to hydrolyze the starch. Dextrin
and small amount of glucose and maltose are the end products. Exoamylases such as
glucoamylase is then added during saccharafication which hydrolyses 1,4 and 1,6-alpha
linkages in liquefied starch (van der Maarel et al., 2002). Enzyme has an advantage over acid-
based hydrolysis. Amylolytic enzymes hydrolysis work at milder condition with the
temperature lower 110°C (Cardona et al.,, 2010). However, enzyme is expensive especially
cellulosic enzyme where it was reported the most expensive route accounted for
approximately 22%-40% of total total cost (Wooley et al., 1999; Yang and Wyman, 200; Rakshit,
2006). Furthermore, fermentation of high concentration of starch to obtain high yield of
ethanol is unfeasible due to reducing sugar inhibition on enzyme. This was shown in the work
of Kolusheva and Marinova (2007) where the high reducing sugar produced from hydrolysis
of high concentration not only inhibited the enzyme activity but also the fermenting yeast.

1.3 Microbes

Many investigators offer direct fermentation of starch using amylolytic microorganisms as an
alternative to the conventional multistage that employs commercial amylases for liquefaction
and saccharification, and followed by yeast fermentation. By using the amylolytic
microorganism, ethanol production cost can be reduced via recycling some of the microorganism
back to fermentors, thereby maintaining a high cell density, which facilitates rapid conversion of
sugar into ethanol. However, there are very few types of amylolytic yeasts that are capable of
efficiently hydrolyzing starch. Recombinant microbes and mix of amylolytic microorganism with
glucose fermenting yeast in co-culture fermentation can resolve this setback. To further minimize
contaminations and process handling cost, a single step or direct bioconversion of cassava or
tapioca starch to bioethanol in one reactor (i.e. simultaneously saccharification and fermentation)
in place of separate multistage processes will be focused upon in this chapter.

2. Single-step bioconversion

The idea of single-step bioconversion is to integrate all processes such as liquefaction,
saccharafication and fermentation in one step and in one bioreactor. This alternative process
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will reduce contamination and the operation cost resulted from multistage processes of
ethanol production. This also will reduce energy consumption of the overall process. The
one-step bioconversion can be done by using recombinant clone or by co-culture or
consortium of microorganisms that able to degrade or digest starch into intermediate
product such as oligosaccharides and reducing sugar by starch fermenting
microorganism(s). Then, the fermentation followed by fermenting the intermediate products
into ethanol by microbe in the mixture. This process not only eliminates the use of enzymes
to reduce the production cost but also yield added value by-products via co-culture of
microbes. Besides, it also has a distinctive advantage as far as biorefinery is concerned.
Unlike enzymes which normally required purification before recycled and added into the
process, microbial growth can replace cells that have been removed. Even if cell separation
and recycle are required, the processes are simpler compared to the more complex and
sophisticated enzyme separation and purification process such as enzyme membrane
reactor (lorio et al., 1993) using ultrafiltration, extraction in aqueous two-phase system
(ATPS) of water-soluble polymers and salts and/or two different water soluble polymers
(Minami and Kilikian, 1998; Bezerra et al., 2006) and selective precipitation (Rao et al., 2007).

2.1 Carbon source

The cost of raw material is important and cannot be overlooked since it governs the total
cost which represents more than 60% of total ethanol production cost (Ogbonna et al., 2001).
Using cassava (Manihot esculenta) or tapioca starch as substrate in bioethanol production will
reduce the production cost since cassava plants are abundant, cheap and can easily be
planted. It is a good alternative at low production cost. It is a preferred substrate for
bioethanol production especially in situation where water availability is limited. It tolerates
drought and yields on relatively low fertility soil where the cultivation of other crops would
be uneconomical especially on idle lands. Furthermore, the starch has a lower gelatinization
temperature and offers a higher solubility for amylases in comparison to corn starch
(Sanchez and Cardona, 2008).

Cassava is one of the richest fermentable substances and most popular choice of substrates
for bioethanol production in the Asian region. The fresh roots of cassava contain 30% starch
and 5% sugars while the dried roots contain about 80% fermentable substances. Its roots can
yield up to an average 30-36 t/ha. Several other varieties of its non edible tubers maybe
selected based on the cyanide content which can be categorized as sweet, bitter, non-bitter
and very bitter cassava contains 40-130 ppm, 30-180 ppm, 80-412 ppm and 280-490 ppm,
respectively (Food Safety Network, 2005). Since fresh cassava tubers cannot be kept long, it
needs to be processed immediately or produced ethanol from dried root. Alternatively, its
roots can be milled and dried to form pallet or flour. This will prolong its storage time and
save storage spaces. Cassava tuber also can be kept in soil after maturating for several
months unharvest without deteriorating. Besides the tuber, cassava waste also can be
utilized for ethanol production due to its high content of cellulose, hemicelluloses and starch
respectively at 24.99%, 6.67% and 30-50% (w/w) (Ferreira-Leitdo et al., 2010).

One of the advantages of using starch such as cassava is that most of the plants can be
intercropped with other plants such as cover crops (legume plant) or tree crops (such as
cocoa plant and palm oil plant) which can simultaneously grow together (Aweto and Obe,
1993; Polthanee et al., 2007). Polthanee et al. (2007) discussed four possible ways of
intercropping practice. They are i) mixed inter-cropping, simultaneous growing of two or
more crop species; ii) row-intercropping where simultaneous growing of two or more crop
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species in a well-defined row arrangement in an irregular arrangement; iii) strip inter-
cropping, simultaneous growing of two or more crop species in strips wide enough to allow
independent cultivation but, at the same time, sufficiently narrow to induce crop
interactions and iv) Relay inter-cropping, planting one or more crops within an established
crop in a way that the final stage of the first crop coincides with the initial development of
the other crops. This will improve the land productivity and better land usage without the
need to explore new land which might lead to deforestation. Figures 2 and 3 show the row-

Fig. 3. Cassava intercrop with oil palm (Ismail et al., 2009)
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intercropping of immature oil palm plantation intercrop with soyabean and cassava,
respectively by Malaysian Palm Oil Berhad (MPOB), Malaysia.

2.2 Preparation method

The first step in the pre-separation process of starchy root or cassava tuber is to remove the
adherent soil from roots by washing in order to prevent any problem later caused by the soil
and sand. The process is followed by disintegration of cell structure to break down the size
mechanically (i.e. milling) or thermally (i.e. boiling or steaming) or by combination of both
processes. Slurry will be produced from the disintegration process which contains a mixture of
pulp (cell walls), fruit juice and starch. This slurry can be cooked directly to gelatinized starch.
When it is required, it can also be separated to produce flour by exploiting the difference in
density using hydrocyclone and/ or centrifuge separators as presented in Table 1.

Component Density g/ml
Starch 1.55
Cell walls (fibers) 1.05
Water 1.00
Soil, sand above 2

Table 1. Density of root components, water and soil (International Starch Institute, 2010).

For direct fermentation from starch to ethanol, there are two techniques normally employed
in preparing starch medium which are non-cooking and low-temperature cooking
fermentation. In non-cooking technique no heating is required however an aseptic chemical
or method may be required to avoid contamination. Since it is uncooked, some aeration or
agitation may also be required to avoid sedimentation of the starch particle. In low-cooking
temperature fermentation, the medium is either semi or completely gelatinized first prior to
inoculation of fermenting microorganism. Gelatinized starch forms a very viscous and
complex fermentation media. It contains nutrients that required by microorganisms to grow
and to produce different fermentation products. During fermentation, various physical,
biochemical and physical reactions take place in the media. The nature and composition of
the fermentation media will also affect the efficiency of the fermentation process. Many
difficulties in designing and managing biological processes are due to the rheologically
complicated behavior of fermentation media. Due to that, a pseudoplastic of a non-
Newtonian behavior of starch solution is essential for cooked or gelatinized starch. This
pseudoplastic property of gelatinized starch is important because it has suspending
properties at low shear rates and its viscosity becomes sufficiently low when it is processed
at higher rates of shear. Any fermentation medium which does not apply any viscosity
reduction agent such as enzyme, its viscous nature combined with non-Newtonian flow will
affect the mass heat transfer, dissolved oxygen homogeneity, mixing intensity, cell growth
rate and eventually, the product accumulation state. Thus, it is imperative to minimize the
viscosity to eliminate these problems. Starch slurry or flour concentration, temperature,
agitation speed and cooking/gelatinization time are the major factors affecting media
preparation. Optimization study of these conditions is useful prior to single-step
fermentation of consortium or co-culture microorganisms. Table 2 gives the gelatinization
temperature for different sources of starch. This information is helpful to prepare cooked or
gelatinized starch for direct bioconversion at low temperature cooking.



Single-Step Bioconversion of Unhydrolyzed Cassava Starch

in the Production of Bioethanol and Its Value-Added Products 39
Starch Gelatinization Temperature Range (°C)

Potato 59-68abc

Cassava/ tapioca 58.5-70a<

Corn 62-80ab
Paddy, rice and brown rice 58-79a
Sorghum 71-80a
Waxy corn 63-72b

Wheat 52-85ad

aTurhan and Sagol (2004), ® Whistler and Daniel (2006), ‘Tulyathan et al. (2006), ¢ Sagol et al. (2006)

Table 2. Starch gelatinization temperature range

2.3 Direct starch fermentation without enzyme

In the industry whereby ethanol is produced from starch, temperature around 140°C-180°C
is applied to cook the starch during hydrolysis using a-amylase prior to liquefaction. This
high-temperature completely sterilizes harmful microorganisms and increases the efficiency
of saccharification for high ethanol yield (Shigechi et al, 2004a, b). Consequently, this
resulted in high energy consumption and added cost to amylolitic enzymes used in the
process which ultimately increased the overall production cost. Several methods have been
developed to reduce the energy consumption by applying milder liquefaction and/or
saccharafication temperatures (Kolusheva and Marinova, 2007, Majovic et al., 2006;
Montesinos and Navarro, 2000; Paolucci-Jeanjean et al, 2000) and also by exercising non-
cooking fermentation (Shigechi et al., 2004b; Zhang et al, 2010). However, these types of
fermentation usually required longer process time and sometimes may demand for
additional volume of enzyme to maintain same productivity. The cost of enzyme will upset
the total process cost.

To overcome this shortcoming, an alternative method of direct fermentation from starch
may be employed to reduce the cost of enzyme. However, there are relatively few
fermentation microorganisms that are capable of converting starch directly to ethanol since
they do not produce starch-decomposing enzymes. One of the attempts to resolve this
problem is by constructing recombinant microbes to coproduce a-amylase and
glucoamylase with incorporating low temperature cooking of starch prior to fermentation
by many research teams as shown in Table 3.

Several investigators reported that direct fermentation of starch using amylolytic
microorganism offers a better alternative to the conventional multistage using commercial
amylases for liquefaction and saccharification followed by fermentation with yeast
(Abouzied and Reddy, 1986; Verma et al., 2000; Knox et al., 2004). By using this amylolytic
microorganism in direct fermentation, the ethanol production cost can be reduced via
recycling some of the microorganism back to fermentors, thereby maintaining a high cell
density, which facilitates rapid conversion of substrate into ethanol. Furthermore by using
cell exhibiting amylolytic activities, unlike using liquid enzyme that needs to be replenished
or recycled unless if it is in immobilized system, the cell can multiply and reproduce with
the enzymes. Fermentation using recombinant microbes, the starch medium can be
prepared at low temperature cooking or uncook as a raw starch.

Another attempt of the direct fermentation without utilising any enzyme is by using co-
culture microbes in the process. Instead of having enzyme separated and purified in
different processes and subsequently to be used for hydrolysis in another separated process
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Author | Transformed/ | Source of a- Source of Type of Starch Max. ethanol
recombinant amylase glucoamylase starch  |concentration|concentration
strain (/L) (&/L)
Altintas et | Saccharomyces |Bacillus subtilis| ~ Aspergillus | Pure starch 40 29.7
al (2002) cerevisiae awamori in25L
fedbatch
Ulgen et al.| Saccharomyces |Bacillus subtilis| ~ Aspergillus Starch 5- 80 47.5 (fed-
(2002) cerevisiae awamori batch culture)
15.6 (batch
culture)
Knox et al. | Saccharomyces | Lipomyces |Saccharomycopsis| Pure starch 55 21
(2004) cerevisiae kononenkoae fibuligera (Merck)
Shigechi et | Saccharomyces Bacillus Rhizopus oryzae | Corn starch 50 18
al. (2004a) cerevisiae  |stearothermophil cook at 80°C 90 30
us
Shigechi et | Saccharomyces | Streptococcus | Rhizopus oryzae | Raw corn |200 g/L total 61.8
al. (2004b) cerevisiae bovis starch in sugar
shake flask
Oner et al. Respiration- |Bacillus subtilis|  Aspergillus Starch 5% starch + 6.61
(2005) Deficient awamori 0.4% (wt/vol)
Recombinant S. glucose
cerevisiae
Khaw etal.| S. cerevisiae Not stated Not stated Raw corn 100 8
(2007) (non- and starch
flocculent)
Kotaka et S. cerevisiae | Not required Aspergillus Corn starch 50 18.5
al. (2008) (Sake yeast oryzae Rhizopus
strain) oryzae
Heetal. Zymomonas | Notrequired | Aspergillus Raw Sweet 20.00 10.53
(2009a) mobilis awamori potato 50.00 13.96

Table 3. Recombinant microbes for direct fermentation at low cooking temperature.

which contribute to higher expense, co-culture fermentation is worth to be considered as it
might reduce the cost by omitting the unnecessary steps. While recombinant microorganism
is constructed to provide the amylase activities, co-culture is simply selecting the
microorganisms that naturally possess these amylase activities and combine them to work
together to produce ethanol from starch.

Not many research works dedicated and related to co-culture fermentation for direct
bioconversion of starch to ethanol. From just a few, same conclusions were drawn on the
fermentation yield of the co-culture was better compared to mono-culture with
improvement in the ethanol fermentation process. For instance study done by Verma et al.
(2000), the co-culture fermentation of liquefied starch to ethanol can be carried out
effectively with fermentation efficiency up to 93% compared to 78% and 85% when two-step
bioconversion process using a-amylase and glucoamylase were applied to hydrolyze starch.
Abuzied and Reddy (1986) observed that higher cell mass was produced in monoculture
than in co-cultures which suggesting that substantially more carbon is used for cell
production in monoculture, whereas in the co-culture most of the substrate carbon is
utilized for ethanol production. Studies on co-culture microorganisms and systems are
summarized in Table 4. The co-culture fermentation can either be simultaneous or
subsequent mode for direct fermentation of low-temperature-cooking starch.
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Strains for co-culture fermentation can also be obtained inexpensively from dry starter such
as Ragi Tapai or Ragi Tape. This is similar to other oriental starter such as Ragi in Malaysia
and Indonesia, Bubod in Philipine, Loog-pang in Thailand, Nurok in Korea, Koji in Japan,
Banh Men in Vietnam, Chinese yeast in Taiwan and Hamei and Marcha in India. It is a dry-
starter culture prepared from a mixture of rice flour and water or sugar cane juice/extract
(Merican and Yeoh, 2004, Tamang et al., 2007). Clean rice flour is mixed with water or sugar
cane juice to form thick paste. Sometime spices such as chilies, pepper, ginger and garlic
which are assumed to carry desirable microorganism or may inhibit the development of
undesirable microorganism are added to the paste (Basuki ef al., 1996; Merican and Yeoh,
2004). Then the thick paste is shaped into hemispherical balls. Ragi from previous batch is
inoculated either on thick paste before or after it is shaped into hemispherical balls.
Hesseltine et al. (1988) reported that at least one yeast and one Mucoraceous mold (Mucor,
Rhizopus, and Amylomyces) were present with one or two of cocci bacteria in every sample of
the dry starter. Apart from the Rhizopus sp. which capable of producing lactic acid besides
fermentable sugar and ethanol (Soccol et al., 1994), lactic acid bacteria are among the integral
of the dry starter such as Pediococcus pentosaceus, Lactobacillus curvatus, Lactobacillus plantarum
and Lactobacillus brevis (Sujaya et al., 2002; Tamang et al., 2007).

The traditional fermented food of tapai or tape’ usually contains ethanol at concentration of
1.58% with high sugar content at concentration of 32.06%. Microaerophilic condition is
required for the fermentation condition since fungi are unable to grow under anaerobic
conditions and will result in unhydrolyzed starch. At lower temperature of 25°C, higher
alcohol content will be produced after 144 h whereas at temperature of 37°C the tapai
produces higher sugar content and becomes sweeter. (Merican and Yeoh, 2004). Tapai may
contain up to 5% (v/v) of ethanol concentration (Basuki et al., 1996).

The benefit of using strains from dry starter such as ragi is that its application to produce
fermented food such as tapai, is proven edible. Moreover, with addition of S. cerevisiae into
the medium, the residue from ethanol recovery will contain yeast extract which can be
processed as animal feed since it is edible and contain valuable nutrient that suitable for
animal consumption as compared to fermentation using microbe such as Escherichia coli.
Direct fermentation has several advantages. First, to have multistage processes carried out
in one reactor in which the glucose is produced during saccharification and simultaneously
is fermented to ethanol can reduce contaminations and process handling cost. Second, direct
fermentation reduces energy consumption. The starch medium can be prepared either at
low-cooking temperature or by using the raw starch (uncooked starch). Even though some
aseptic chemical or method may be required especially in raw starch fermentation, the cost
incurred is still lower than the cost of energy consumption used in conventional
fermentation.

Third, by applying direct fermentation, it is able to reduce inhibition of reducing sugar on
fermenting yeast. In conventional fermentation, when starch is hydrolyzed using enzyme or
mineral acid, certain amount of reducing sugar will be produced depending on the starch
concentration. High level of reducing sugar in the fermentation medium (above 25% (w/v))
exerts osmotic pressure to the cells and limits their fermenting activity. This value may vary
with different fermenting yeasts. However in direct fermentation, the osmotic pressure can
be reduced by simultaneous converting starch to sugar and sugar to ethanol. This is
particularly true in the recombinant clone which can co-express both the degrading
enzymes. In the case of co-culture fermentation, the suitable inoculation time for the second
microorganism needs to be determined. This is to avoid high yield of reducing sugar in
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Author 15t microorganism 2nd Co-culture | Type of starch | Maximum
microorganism System/ and ethanol
Fermentation | concentration |concentration
procedure
Hyun and Clostridium Clostridium 4L 5 % Starch with| >120 mM
Zeikus  |thermohydrosulfuricum |thermosulfurogenes | microfermentor| TYE medium
(1985) (contains
vitamin
solution,
ammonium
chloride,
magnesium
chloride and
trace mineral)
Abouzied Aspergillus niger Saccharomyces | Simultaneous | Potato starch 5% (w/v)
and Reddy cerevisiae co-culture (500 |recovered from
(1986) mL shake flask) | waste water of
a potato chip
manufacturing
plant. (5%
(w/v) starch)
Abouzied Saccharomycopsis Saccharomyces Co-Culture Similar to 5%(w/v)
and Reddy fibuligera cerevisiae fermentation | Abouzied and
(1987) (500 ml shake | Ready (1986)
flask)
Reddy and Endomycopsis Zymomonas Shake flask 22.5% (w/v) | 10.5% (v/v)
Basappa | fibuligera NRRL 76 mobilis ZM4 cassava starch
(1996)
Jeon et al. Aspergillus niger Saccharomyces Separate Potato starch | 22 g/L/day
(2007) cerevisiae fermentationin| 55 g/L/day
serial
bioreactors (1.5
-3.0L).
Heetal. Paenibacillus sp. Zymomonas Simultaneously | 50.0 g/L raw 6.6 g/L
(2009b) Mobilis vs. subsequently | sweet potato (120 h
co-cultured at 48 starch fermentation,
h of 5% w/v pH 6.0)
fermentation starch) From
time. (100 mL subsequent
shake flask) co-culture
Yuwa- Rhizopus sp. Saccharomyces | Subsequently 6% 14.36 g/L at
Amornpitak cerevisiae co-culture at 24, 24 h
(2010) 48 and 72 h. subsequent
co-culture

Table 4. The co-culture microorganisms in direct fermentations without enzyme addition.

medium before the second inoculation. When reducing sugar inhibition is avoided,
fermentation of high starch concentration can be achieved for high ethanol yield and thus it
reduces the water use. Subsequently this will reduce energy consumption in ethanol-water

separation.



Single-Step Bioconversion of Unhydrolyzed Cassava Starch
in the Production of Bioethanol and Its Value-Added Products 43

Direct fermentation is not limited to starch as it had been reported that different sugars from
lignocellulosic hydrolysates such as mixture of glucose and pentose sugar for instance;
xylose (Murray and Asther, 1984; Kordowska and Targonski, 2001; Qian et al., 2006) were
fermented by glucose and pentose-fermenting microorganisms.

2.4 Ethanol by-products

During the fermentation process, several by-products are produced together with ethanol.
In co-culture fermentation which involves different strains, different side-products besides
ethanol are produced. The list of by-products and their applications in industry are listed in
Table 5.

By-product name Application
L-Lactic Acid Food and baverage (acidulent, pH regulator, emulsifier, flavor
(LA) enhancer & preservative), cosmetics (skin rejuvenating agent,

moisturizer & exfoliant), industrial (degreasing agent, solvent &
complexant), pharmaceuticals (sanitizer, drug delivery &
administration, intermediate for optical active drug), animal feed
(feed additive for farmed animals to reduce intestinal infection)

(Hyflux Itd., 2008)
Polylactic acid Food packaging (disposable service ware, food containers &
(PLA) cartons), medical (suture threads, bone fixation & drug delivery),

non-woven (diapers, specialty wipes & geotextiles), fiberfill
(mattresses, pillows & comforters), woven fibers (apparel, socks,
decorative fabrics), specialist applications (automotive heads &
door liners) (Hyflux Itd., 2008)

Acetic acid Vinegar, chemical reagent, industrial chemical, food industry
(ethanoic acid) (food additive code E260 as acidity regulator)
Acetoin Food flavoring and fragrance
Carbon dioxide Carbonated water, dry ice, fire extinguisher, photosynthesis
Glycerol Cosmetic and toiletries, paint and varnishes, automotive, food and

beverages, tobacco, pharmaceutical, paper and printing, leather
and textile industries or as a feedstock for the production of
various chemicals (Pagliaro and Rossi, 2010; Wang et al., 2001).

Table 5. Ethanol by-products and their applications.

The production of by-products somehow reduces the ethanol yield due to the competition
from other metabolic conversions. The inhibition of lactic and acetic acids on yeast for
ethanol production in corn mash was examined when both the acids synergistically reduced
the rates of ethanol synthesis and the final quantities of ethanol produced by the yeast
(Graves et al., 2007). The inhibitory effects of the acids were more apparent at elevated
temperatures. So, a reduction in the formation of by-products is needed to achieve higher
ethanol yield.

Alternatively, a fermentation process should not be only aimed for higher conversions of
raw materials and ethanol productivity, but should rather take the advantage of the
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byproducts released during the transformation of feed stocks and convert them into
valuable co-products. To reduce the inhibition effect, in-situ separation can be applied to
separate the valuable co-product from the process. In this way, economical and
environmental criteria can be met. However, depending on the objective and the economic
analysis of the particular ethanol plant, the by-products may either generate extra revenue
for the plant or just an inhibition the conversion process.

Among the ethanol byproducts, glycerol and lactic acid are used extensively by industries
and can increase the production profit. These fermentative products have attracted interest
owing to their prospect environmental friendliness and of using renewable resources
instead of petrochemical. These byproducts have broad applications which can generate
lucrative profit for the processes i.e. lactic acid. The global market for lactic acid is predicted
to reach 328.9 thousand tonnes by 2015 (Plastics Today, 2011). The world consumption of
lactic acid is stimulated by its applications in key industries such as cosmetics,
biodegradable plastics and food additives. Lactic acid is used as a pH balancer in shampoos
and soaps, and other alpha hydroxy acid applications, was expected to elevate the
consumption in the market. Polymer lactic acid (PLA) for biodegradable plastics has
properties similar to petroleum derived plastic and was expected to increase the demand for
environmental friendly packaging. Food additives will continue to be the largest application
area for lactic acid globally, but biodegradable plastics represent the fastest growing end-use
application.

Glycerol or glycerin is a simple alcohol produced by S. cerevisize during glucose
fermentation to ethanol to maintain the redox balance. The global market for glycerin is
forecasted to reach 4.4 billion pounds by 2015 (PRWeb, 2010). The increased demand for
glycerin was reported to originate from various end-use area such as oral care, personal
care, pharmaceutical and food and beverage. In fact, there are over 1,500 end-uses for the
chemical. In most products, glycerin is used in very small portions with exception in a few
end-uses which require a significant amount of glycerin in their formulation. Glycerin is also
used in several novel applications such as propylene glycol, syngas and epichlorohydrin
and it is expected to improve the glycerin demand.

Glycerol also can be potentially used as fuel additives for diesel and biodiesel formulation
that assist to a decreasing in particles, hydrocarbons, carbon monoxide and unregulated
aldehydes emissions. It can also act as cold flow improvers and viscosity reducer for use in
biodiesel and antiknock additives for gasoline (Rahmat et al., 2010). Since glycerol is also
produced in the fermentation broth, it is attractive as an entrainer to reduce the use of fresh
entrainer in extractive distillation of azeotrope mixture of ethanol-water system.

3. Conclusion

Cassava is an attractive alternative as the carbon substrate for ethanol production especially
where water availability is limited as it can tolerate drought and yields on relatively low
fertility soil. The conventional method for the ethanol production involves liquefaction,
saccharification and fermentation steps which are time consuming and cost ineffective, in
view of the use of enzymes. Therefore, direct fermentation with integrated steps that
incorporating recombinant or co-culture strains in a single reactor offers a more convenient
method for the production of ethanol and its high value by products. By co-culture
fermentation, high starch concentration can be used to reduce water usage in fermentation
and subsequently in ethanol-water separation system. Furthermore, the fermentation
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medium can be prepared at lower temperature or raw starch can be used for direct
fermentation to reduce the energy consumption. From the safety, economic and production
process aspects, single-step bioconversion using co-culture microorganisms is a better
alternative as far as production of ethanol and its by products from starch is concerned. The
ethanol by-products such as lactic acid and glycerol can be value added co-products to
generate extra revenue.
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1. Introduction

Nowadays, there is a growing interest for alternative energy sources because of the
reduction of fossil fuel production. Ethanol used as automotive fuel has increased at least six
times in the current century. According to the Renewable Fuels Association, in 2010 the USA
bio-refineries generated 13 billion gallons of fuel ethanol and the year before worldwide
production reached 19 billion. This noteworthy increment is in its majority based on maize
and sugar cane as raw materials (Berg, 2004; Renewable Fuels Association, 2010). The use of
these feedstocks has triggered concerns related to food security especially today when the
world population has reached 7 billion people.

The relatively sudden rise in food prices during 2008, 2010 and 2011 has been attributed
mainly to the use of maize for bioethanol even when other factors like droughts or changes
in global consumption patterns have also played a major role (World Food Program, 2008).
Food price projections indicate that this situation will worsen, breaking the downward trend
registered in food prices in the last thirty years (The Economist, 2007).

Even if there was not a food-fuel controversy especially due to the current conversion of
millions of tons of maize for bioethanol, the use of only this crop cannot support the
ambitious objectives of renewable fuel legislation in countries like the United States of
America, where a target of 36 billion gallons of liquid biofuels have been established for
2022. In order to meet this requirement all the 333 million tons of maize yearly produced by
USA should be channelled to biorefineries. This production represents 2 and 16 times the
maize harvested in countries like China and Mexico respectively, which in turn are two of
the five top world producers.

Environmental factors have been also pushing for the quest of new crops dedicated
exclusively for liquid automotive fuel in order to reduce the use of prime farming land,
irrigation water and other resources. A dedicated energy crop ideally must meet several
requirements such as: high biomass yield and growth rate, perennial, with reduced input
necessities, fully adapted to the geographic regions where will be planted, easy to
manipulate via genetic improvement, non-invasive, tolerant to stress and with a good
carbon sequestration rate among others (Jessup, 2009). At the present time, energy crops are
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mainly represented by perennial grasses as switchgrass (Panicum virgatum L.), energy cane
(Saccharum spp), sweet and forage sorghum (Sorghum bicolor), miscanthus (Miscanthus spp.)
as well as other short-rotation forest resources (willow -Salix spp- and poplar -Populus spp)
(Jessup, 2009; McCutchen et al., 2008).

The development of new and improved enzymes, bioprocesses and feedstocks could lead to
cost reduction from an estimated of 0.69 cents to below 0.51 cents/L that nowadays is the
benchmark established for starchy raw materials (Kim & Day, 2011). Besides the
development of dedicated crops for energy, one of the best approaches for cost reduction
and optimal use of resources is the use of flexible facilities allowing the integration of
different streams of same or different feedstocks. Flexibility, balance, diversification and
regionalization are indeed keywords in the development of solutions to meet future world
energy demands.

In tropical, subtropical, and arid regions from the United States, Mexico, China, India,
Southern Africa, and other developing countries, where agronomic harsh conditions prevail,
one of the most promising crops for fuel is sorghum (Sorghum bicolor (L.) Moench) (Reddy et
al., 2005; Zhang et al., 2010). This is a high efficient photosynthetic crop that reached a
worldwide production of 56 million tons of grain in 2009 (FAOSTAT, 2011), just behind
maize, wheat, rice and barley. Almost 30% of this production is harvested in North America
where sorghum is mainly used for feed. Sorghum is a C4 plant, highly resistant to biotic and
abiotic factors as insects, drought, salinity, and soil alkalinity. Furthermore, this crop has
one of the best rates of carbon assimilation (50 g/m2/day) which in turn allows a fast
growth and a better rate of net CO, use (Prasad et al., 2007). Sorghum requires one third of
the water with respect to sugar cane and 80 to 90% compared to maize (Almodares & Hadi,
2009; Wu et al., 2010b). Thus, sorghum is considered as one of the most drought resistant
crops. Furthermore, sorghum requires approximately one third of the fertilizer required by
sugar cane (Kim & Day, 2011) and its growth cycle is between 3 to 5 months allowing two or
three crops per year instead of one commonly obtained with sugarcane. Besides
environmental advantages, sorghum is one of the more acquiescent plants to genetic
modification because is highly variable in terms of genetic resources and germplasm. This
facilitates plant breeding and development of new cultivars adapted to different regions
around the globe (Zhang et al., 2010).

Sorghum can be classified in four broad groups: grain, sweet, forage and high biomass. All
belong basically to the same species and virtually there are no biological or taxonomic
differences (Wang et al., 2009). Grain sorghum is used mainly as food, feed and for starch
production. In the United States only a small percentage of fuel ethanol (around 2-3%) is
obtained from grain sorghum (Renewable Fuels Association, 2010; Turhollow et al., 2010;
Zhao et al., 2008), but in 2009 about 30% of the U.S. grain sorghum crop was used for
ethanol production (Blake, 2010).

On the other hand, forage sorghum is characterized as a high biomass crop. This capacity
has been boosted by intensive research programs worldwide, focused in the design of
new varieties tailored for ethanol production (Rooney et al., 2007). The main product
obtained from sweet sorghums is the fermentable sugar rich juice that is produced and
accumulated in the stalks in a similar fashion as sugar cane. The extracted sweet juice is
mainly composed of sucrose, glucose, and fructose, and thus can be directly fermented
into ethanol with efficiencies of more than 90% (Wu et al.,, 2010b). According to
Almodares & Hadi (2009) sorghum yields a better energy output/input ratio compared to
other feedstocks such as sugar cane, sugar beet, maize and wheat. Altogether with the
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juice, the residue or bagasse can be also converted to ethanol or used for other traditional
applications.

In summary, sorghum is a crop well adapted to adverse climatic conditions which at this
time is one of the growing concerns in agronomic projections. This is mainly due to the
change of rain patterns and climate, greenhouse effect and the steadily rise of world
temperature. Given all these advantages of sorghum as a potential source of biofuels, the
objective of this chapter is to explore its potential, as an integrated crop for fuel production
in terms of yield and technologies available for processing. The chapter especially focuses on
optimum technologies to produce bioethanol from sweet sorghums, starchy grains and
biomass from dedicated crops.

2. Botanical features and agronomic characteristics

Sorghum is a member of Poaceae family, a high-efficient photosynthetic crop, well adapted
to tropical and arid climates. As a result, sorghum is extremely efficient in the use of water,
carbon dioxide, nutrients and solar light (Kundiyana, 1996; Serna-Saldivar, 2010). This crop
is considered one of the most drought resistant, making it one of the most successful in
semi-desert regions from Africa and Asia (Woods, 2000). This resistance is due mainly to its
photosynthetic C4 metabolism that allows sorghum to accumulate CO, during the night, to
lower the photorespiration rate in presence of light, to reduce the loss of water across the
stoma and the waste of carbon (Keeley & Rundel, 2003).

The leaves of sorghum and maize are similar but in the case of sorghum they are covered by
a waxy coat that protects the plant from prolonged droughts. The sorghum grain is grouped
in panicles and the plant height ranges from 120 to 400 cm depending on type of cultivar
and growing conditions. An advantage of sorghum compared to maize is that it has a
comparatively lower seed requirement because only 10 to 15 kg/ha are used compared with
40 kg/ha required by other cereals (Kundiyana, 1996). In some regions is possible to
produce multiple crops per year, either from seed (replanting) or from ratoon (Saballos,
2008; Turhollow et al., 2010).

3. Chemical composition

3.1 Juice from sweet sorghum

The mature stems of sweet sorghum contain about 73% moisture and the solids are divided
in structural and non-structural carbohydrates. Approximately 13% are non-structural
carbohydrates composed of sucrose, glucose and fructose, in variable amounts according to
cultivar, harvesting season, maturity stage, among other agronomic factors (Mamma et al.,
1996; Phowchinda et al., 1997). Anglani (1998) suggests a classification of sweet sorghums
based on proportion of soluble sugars in the juice. The first group with a high content of
sucrose (sugary type) and the second with more monosaccharides (glucose and fructose)
compared to other soluble carbohydrates (syrup type). Smith et al. (1987) in their evaluation
of six sweet sorghum varieties throughout four years in nine different locations did not find
significant differences in sugar content or composition. The typical composition indicates
that around 70% was sucrose and the rest glucose and fructose in equal parts. In stem dry
basis, Woods (2000) reported fermentable sugars content between 41 to 44% in Keller and
Wray varieties with 80 and 63% represented by sucrose and the rest by glucose and fructose.
A fiber variety analyzed by the same author (H173) reached only 20% fermentable sugars
based on the dry stem weight; sucrose, glucose and fructose were found in equivalent
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amounts (around 7% for each sugar). Compared to sugar cane, the main difference is that
the sucrose content in cane is significantly higher compared to glucose and fructose (90, 4
and 6%respectively) and the total content sugar is 49% of the dry stem weight. In general
terms, composition of simple sugars in sweet sorghum juice is 53-85, 9-33 and 6-21% for
sucrose, glucose and fructose, respectively (Gnansounou et al., 2005, Mamma et al., 1996;
Phowchinda et al., 1997; Prasad et al., 2007).

Beyond the proportion of soluble sugars in sweet sorghum plants, the yield of total sugars
per harvested area is a better guide in the analysis for fuel production. Woods (2000)
reported for sweet sorghum cultivars (Keller, Wray and H173) an average of 7, 10 and 4 ton
of fermentable sugars/ha respectively, significantly lower compared to the 17 ton/ha for
sugarcane indicated by the same author. The varieties studied by Davila-Gomez et al. (2011)
yielded an average of 1.85 to 2.03 ton of sugar/ha, whereas Smith et al. (1987) in a extensive
study performed in several locations of continental United States and Hawaii, obtained from
4.5 to 10.6 ton/ha. In other varieties evaluated in China, the best yields reached 18 ton/ha
(Zhang et al., 2010).

Sugars in sweet sorghum are very sensitive to microbial contamination especially after
crushing stalks for juice production. In data reported by Davila-Gomez et al. (2011), the
percentage of sugars, as °Brix before fermentation, was lower (11 to 24% lower) than the
obtained immediately after harvest in summer time, when temperatures easily reached 32°C
in Northeast Mexico. The microbial contamination was the most obvious explanation of this
phenomenon. Besides, the sucrose proportion in the fermented juices was lower in relation
to glucose and fructose (0 to 10% of total). This can be related to invertase activity of
contaminating wild yeasts that hydrolyzed sucrose into glucose and fructose. These
monomers are quickly metabolized by means of facilitated diffusion into the yeast cell. Wu
et al. (2010b), working with cultivars with 16 to 18% of fermentable sugars, found that as
much as 20% of substrate can be lost in 3 days at 25°C. This loss corresponds to
approximately 700 L ethanol/ha when a yield of 50 ton of sorghum stems/ha is considered.
Daeschel et al. (1981) reported that juices can be preserved during 14 days at 4°C without
detectable changes or deterioration (sour odor and foaming). These authors also reported
that the dominant spoilage microorganisms were Leuconostoc mesenteroides and Lactobacillus
plantarum at 25 and 32°C, respectively and recommended to process the juice within five
hours after extraction.

3.2 Sorghum grain

Sorghum grain is a naked caryopsis composed of three major anatomical parts: pericarp,
germ, and endosperm. The pericarp is composed of epicarp, mesorcarp and endocarp
(cross and tube cells). Among cereals, sorghum is the only one that can contain significant
amounts of starch granules in the mesocarp cells. The starch-devoid germ is rich in fat,
soluble sugars and proteins (albumins and globulins) whereas the endosperm is divided
into the single layered aleurone and the starchy endosperm cells positioned in the
corneous and floury or chalky regions of the endosperm. The endosperm constitutes the
largest fraction of the kernel and where almost all the starch is contained. Similar to
maize, sorghum contains 60 to 70% of starch. The endosperm texture and hardness are
highly related to the performance of the grain during several stages of ethanol production.
In general terms, composition of sorghum is similar to maize with a few small but
significant differences mainly in protein and fat concentrations. Sorghum for instance, has
an average 1% less fat and 1.5 to 2.0% more crude protein compared to maize. Both
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sorghum and maize have more than 50% of this protein as prolamins named kafirins and
zeins, respectively. In sorghum, approximately half of the prolamin fraction is bound. In
contrast, approximately 70% of the maize prolamins are free or alcohol-soluble. There are
some sorghum varieties that contain significant amounts of condensed tannins in the
testa. These sorghums are classed as type Il and have a lower nutritional value compared
to other sorghums and maize. This is due to the presence of tannins that bind proteins and
inactivate enzymes. As a result, high tannin sorghums may have reduced ethanol yields
(Serna-Saldivar, 2010).

One of the most noteworthy differences between sorghum and maize is its starch granule-
protein matrix interaction that negatively affects the susceptibility of both proteins and
starch to enzyme hydrolyses. These structural differences affect protein digestibility and
the speed of dextrins and glucose production during liquefaction and saccharification and
thereafter the efficiency of yeast fermentation. Kafirins, despite the high sequence
homology with zeins, tend to be less digestible especially after wet-cooking indicating the
change in conformational structure attributed to formation of disulphide bonds. This is
due to its high hydrophobicity which also makes possible the formation of additional
protein aggregates that enhance the formation of more covalent bonds compared to zeins
(Wong et al., 2009). Prolamins in the kernel are concentrated in protein bodies arranged
among starch granules. The protein body composition in maize and sorghum is also
similar, with alpha kafirin in the inner core surrounded by beta and gamma kafirins. The
difference with maize is that during wet thermal processes the external part of protein
body seems to form a net that makes difficult to access the alpha portion that is in turn
more digestible than the beta and gamma counterparts. This phenomenon affects starch
digestibility because in sorghum is 15 to 25% less digestible compared to maize. Taylor &
Belton (2002) indicate that in sorghum, a complex rather than a simple obstruction
mechanism between kafirins and starch is more likely to occur. This is the main reason
why sorghum has lower susceptibility to hydrolysis and fermentation and yields less fuel
ethanol compared to maize. Besides the starch-protein relationship, some other factors
such as mash viscosity, amount of phenolic compounds, ratio of amylose to amylopectin
and formation of amylose-lipid complex in the mash, limit the rate of enzymatic
hydrolysis and fermentation efficiency during bioethanol production. For instance, starch
in amylose-lipid complex cannot be converted into fermentable sugars, reducing
conversion rate and final ethanol yield (Wang et al., 2008).

3.3 Sorghum bagasse and straw

As stated in section 3.1, besides water-soluble sugars (sucrose, glucose and fructose),
sorghum is composed by structural cell wall carbohydrates primarily cellulose and
hemicellulose, which in turn can be hydrolyzed and used as substrate for ethanol
production (Sipos et al., 2009).

Sorghum bagasse is the residual fraction obtained after juice extraction from sweet sorghum
whereas sorghum straw is the remaining material usually left on the field after threshing.
The composition and proportion of fibrous-structural fractions in sorghum is widely
reported and varies according to intrinsic and extrinsic factors such as cultivar type,
maturity and climatic conditions. An average of 15% of the total weight corresponds to the
fibrous portion within a range from 12 to 17% (Woods, 2000).

In sweet sorghum bagasse, average content of cellulose, hemicelluloses and lignin is 34-44%,
27-25%, and 18-20% respectively (Ballesteros et al., 2003; Kim & Day, 2011; Sipos et al., 2009).
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Table 1 summarizes chemical composition of sweet sorghum bagasse and straw compared
to energy-dedicated sugar cane, maize, wheat and rice counterparts.

Feedstock Fiber(%) | Cellulose(%) | Hemicellulose (%) | Lignin (%) | Ash (%)
Sweet sorghum 13.0 44.6 27.1 20.7 0.4
Sweet sorghum 2 - 25.0 22.0 4.0 -
i:vgeae::e‘;rghum - 413 24.6 14.0 37
Sorghum straw - 324 27.0 7.0 0.7
Sugar cane 13.5 41.6 25.1 20.3 4.8
Energy cane 26.7 43.3 23.8 21.7 0.8
Corn stover - 40.0 28.0 21.0 7.0
Wheat straw - 38.0 32.0 19.0 8.0
Rice straw - 36.0 28.0 14.0 20.0

Modified from Kim & Day (2011) and Reddy & Yang (2005). All data expressed in dry weight basis.
Percentage of fiber is based in 100% of original material and cellulose, hemicellulose, lignin and ash are
percentages of the total fiber; 2Wray variety (Woods, 2000); 3 Data yet not published from sweet
sorghum bagasse harvested in Central Mexico and manually pressed for juice extraction.

Table 1. Fiber composition of different ethanol feedstock 1

4. Ethanol fuel from sweet sorghum juice

Sweet sorghum juice can be used for syrup, molasses, sugar and ethanol production with
average fermentation efficiencies from 85 to 90% (Almodares & Hadi, 2009; Prasad et al,,
2007; Wang et al., 2009; Wu et al., 2010b). The sweet sorghum juice is not commonly used for
crystallized sugar production because of the presence of significant amounts of inverted
sugars (glucose and fructose) that makes difficult crystallization in large-scale processes.
However, the sweet sorghum juice, rich in fermentable sugars, has an excellent potential for
yeast fermentation (Turhollow et al., 2010; Woods, 2000).

The sweet sorghum juice is obtained through a mechanical operation with a roller mill
composed by a set of cylinders, similar to the ones employed by the sugar cane mills. Water
is added during the last stage of the crushing process with the aim to augment the
solubilization of residual sugars associated to the bagasse. The sweet sorghum juice yields
around 50% in relation to the initial weight of the stems (Wu et al., 2010b). However, these
authors describe an extraction process by pressing, which results in lower yields compared
to roller mills. Furthermore, pressing is a batch process which is difficult to optimize for
industrial conditions.

Approximately 90% of fermentable sugars from sorghum stalks can be obtained after
conventional roller-milling, yielding an extraction ratio of 0.7 in relation to the initial plant
weight (Almodares & Hadi, 2009). Gnansounou et al. (2005) reported extraction ratios
ranging from 0.59 to 0.65 for the sweet sorghum cultivars Kelley, Wray, Rio and Tianza. On
the other hand, Kundiyana (1996) observed that extraction percentages varied between 47 to
58%, close to values observed by our research group in central Mexico (unpublished data).
After extraction, the sweet sorghum juice is fermented, distilled and the ethanol finally
dehydrated (Fig. 1). This is the simplest way to produce fuel ethanol because the grain and
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fiber processes require the hydrolysis of starch and fiber components into fermentable
sugars. These steps are considered expensive, take time and expend energy and other
additional resources (i.e. enzymes, chemical reagents, etc.) (Fig. 2 and 3). Despite these
benefits, some challenges must be solved in order to efficiently convert the sweet sorghum
crop into fuel ethanol. The main setbacks are the relatively higher rate of sugar degradation
at ambient temperature and the low nitrogen content for yeast growth (Mei et al., 2009; Wu
et al., 2010b). Thus, the logistics of just in time harvesting and the storage of the feedstock in
facilities that retard decomposition and degradation of fermentable carbohydrates should be
considered and stressed. In relation to nitrogen availability, this disadvantage can be
overcome with the supplementation of urea, ammonia or yeast extract in order to avoid
sluggish fermentation.

Besides sugar and nitrogen content, fermentation performance of sweet sorghum juice can
also be affected with processing parameters and bioreactor configuration. Nuanpeng et al.
(2011) observed in a repeated-batch study that very high gravity (VHG) fermentation is a
good alternative to produce high ethanol concentrations from sweet sorghum juice when an
adequate level of yeast cell concentration, nitrogen, and agitation are used. On the other
hand, Laopaiboon et al. (2007) reported better results in fed-batch fermentation compared to
batch configuration, in terms of ethanol concentration and product yield but not in
productivity (measured as grams of ethanol generated/L/hr). These findings indicate the
need to optimize parameters as feeding and withdrawn rate in order to optimize yields.

Water
5.0 ton
Sweet sorghum . . . T
stalks! Extraction Juice 2 Fermentation Distillation and
50 -85 ton/ha 39.7-42.5 ton/ha dehydratanon

\ 4
Ethanol
3,450 -4,132 L/ha

Fig. 1. Flowchart for ethanol production from sweet sorghum juice; 1Water 73%, sugars
(sucrose, glucose and fructose) 13.0%; 2Water 84 %, sugars (sucrose, glucose and fructose)
14.2%. Data from: Almodares & Hadi (2009) and Gnansounou et al. (2005).

The microorganism used, as indicated in the next sections, is also a factor that is worthwhile
exploring. In the case of sweet sorghum juice, fermentation with different yeast strains has
been evaluated and productivity varies significantly, but most of the strains showed an
efficiency of more than 90% (Wu et al., 2010b). Liu et al. (2008) reported the use of
immobilized yeast in a fluidized bed reactor that shortened process time and increased
conversion efficiency. These results can be optimized when parameters as temperature,
agitation rate, particles stuffing rate and pH are modified. Liu & Shen (2008) found that
fermentation with immobilized yeast at 37°C, 200 rpm, 25% particles stuffing rate and pH of
5.0 in shaking flasks and 5 L bioreactor corresponds to the optimal conditions derived from
an orthogonal experimental design.
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5. Ethanol fuel from sorghum grain

5.1 Conventional dry grind

The five basic steps in the conventional dry-grind ethanol process are milling, liquefaction,
saccharification, fermentation and ethanol distillation/dehydration (Fig. 2). Mashing goes
throughout the entire process beginning with mixing the grain meal with water (and possibly
backset stillage) to obtain a mash ready for fermentation. Mashing is a wet-cooking process to
turn the gelatinized starch into fermentable sugars first with the use of thermostable alpha-
amylase and then with amyloglucosidase (Zhao et al., 2008; Solomon et al., 2007, Wu et al.,
2007). Starch is the substrate for grain fuel ethanol. Unlike maize, the starch content of
sorghum is not the best indicator of ethanol yield obtained by the dry-grind process because
this carbohydrate greatly differs in availability or susceptibility to amylases.

The comparatively higher protein content of sorghum compared to maize should be
advantageous because the protein is partially degraded into free amino nitrogen compounds
during biocatalysis. These compounds are a source of nitrogen for yeast nutrition. However,
the relatively lower protein digestibility and nature of the endosperm proteins associated to
sorghum counteracts its higher protein concentration. As a result, sorghum mashes almost
always contain less free amino nitrogen compared to maize mashes. The use of proteases
during or after liquefaction is a good alternative to increase free amino nitrogen in sorghum
mashes (Perez-Carrillo & Serna-Saldivar, 2007). Protein digestibility in wet-cooked sorghum is
relatively lower compared to other cereals, mainly because of the cross-linking of prolamins.
This phenomenon reduces the availability of nitrogenous compound in sorghum mashes
needed to support yeast metabolism during fermentation.

Yeast cannot use proteins as source of nitrogen, instead it utilizes amino acids and short
peptides (di or tri), indicating the importance of protein fragmentation altogether with starch
hydrolysis in mashing. Beyond yeast nutrimental quandary, there are also issues related to
starch digestibility that affects the performance of amylolytic enzymes during liquefaction and
saccharification. This trend is also related to proteins because of the interaction between
protein and starch that in sorghum reduces the susceptibility of this polysaccharide in both
native and gelatinized conditions. Sorghum starch has higher gelatinization temperature
compared to maize and more prolamin containing bodies within the endosperm, differences
that can restrict gelatinization of starch granules (Zhao et al., 2008).

It has been reported that ethanol yields from sorghum decreases as protein content
increases; however, at the same protein level, ethanol fermentation efficiency can vary as
much as 8%. The difference is higher than typical experimental variations which indicate
that additional factors to protein affects starch-conversion rate. In a work reported by Wang
et al. (2008), nine sorghum genotypes were selected and used to study the effect of protein
availability on efficiency of ethanol fermentation. The results showed a strong positive
linear relationship between protein digestibility and fermentation efficiency, indicating the
influence, and at the same time, the usefulness of this sorghum grain features as predictor of
ethanol yield (Rooney et al., 2007; Wang et al., 2008; Wu et al., 2007; Wu et al., 2010a).

In Fig. 2 a typical process of dry-grind ethanol production is depicted. An average yield of 390
L of ethanol from 1 ton of sorghum can be obtained, but yields as high as 400 L/ton with
fermentation efficiencies of more than 90% has been achieved and reported (Chuck-Hernandez
et al., 2009; Pérez-Carrillo & Serna-Saldivar, 2007). The Dried Distillers Grains with Solubles
(DDGS) obtained in these processes contribute to the economics of biorefineries. The wet
distillers grains can be dried to 12% moisture with the aim to produce a shelf-stable byproduct.
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Its nutritional composition (39 and 49% of protein and carbohydrates respectively) makes it an
excellent option for livestock feed, especially for ruminants.

5.2 Use of biotechnology to improve ethanol yields

5.2.1 Genetic modified sorghum

Nowadays, advances in transformation and genetic modification in plants make the
development of special sorghum cultivars one of the best tactics to overcome the various
known factors that reduce ethanol yields. Previous research works have concluded that
fermentation efficiencies and ethanol yields are influenced by genotype and chemical
composition (Wu et al., 2007, 2008; Zhao et al., 2008). These investigations have determined
important traits that enhance or reduce yields. Starch, protein and tannins are the principal
components related to ethanol production from sorghum grain and these characteristic can
be associated to genotype and also, in the case of starch and protein, to environmental
factors as sowing season and location (Wu et al., 2008). Starch composition, specifically the
amylose:amylopectin ratio, is related to fermentation efficiency. Raw materials with less
amylose are more efficiently converted into ethanol (Wu et al., 2006). The improvement is
related to digestibility of starch, reported as higher in waxy types (Rooney & Pflugfelder,
1986). Wu et al. (2006) also attributed the increased efficiency to the lower content of
amylose-lipid complexes in mashes.

Sacharification
and
fermentation

Distillation and

Milling
dehydration

Cooking and
liquefaction

. G Amylase and Glucoamylase Drying Ethanol
(14% moisture) .
Lo water and fermentation 390 L
microorganism

v

Distillers grains
0.3 ton

(12%moisture)

Fig. 2. Flowchart for ethanol production from sorghum grain. Data from: Serna-Saldivar
(2010).

The DSC thermograms of starches from waxy sorghum and waxy maize are essentially the
same: both display a single, smooth endothermic peak, with approximately the same onset,
peak, and ending temperatures in the range of 60-80°C. However, in normal sorghum a
second peak appears around 85 to 105°C corresponding to an amylose-lipid complex that
reduces the availability of starch. Waxy starches are thereby easily gelatinized and
hydrolyzed, giving high conversion efficiencies (Wu et al., 2007). Thus, the waxy
characteristics improved the susceptibility of the endosperm matrix for low-energy
gelatinization, enzymatic hydrolysis and total ethanol production (Wu et al., 2010a).

In the case of proteins, Wu et al. (2010a) indicate that high-lysine, high-protein-digestibility
(HD) sorghum lines have been developed. These genotypes have several potential
advantages for their use as feedstocks in biorefineries. First, the starch granules swells and
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pastes more easily at lower temperatures; second, the proteins have improved feed value
with higher bioavailability even for monogastrics. Interestingly, these high-lysine genotypes
can contain 60% more of this essential amino acid compared to regular counterparts and
similar content compared to quality protein maize (QPM) genotypes (Wu et al., 2010a). The
enhanced protein digestibility of these lines is attributed to an improved kafirin digestibility
as a result of the unique, abnormal and highly invaginated protein bodies. Segregated
progeny with HD population lack the kafirin protein body matrix that surround starch
granules and restrict swelling and pasting.

While modification in starch and protein digestibility affects ethanol production, one of the
most important traits in starch conversion is total starch harvested per area. The primary
goal of sorghum breeding programs has been and continues to be the development of high-
yielding, drought-tolerant and pest-resistant hybrids. This effort will continue and
additional gains in yield can be expected which will result in higher ethanol production
from each hectare dedicated to sorghum (Rooney et al., 2007).

5.2.2 Exogenous enzymes

As explained before, protein digestibility is related to ethanol production and this
digestibility in turn is related to the tendency of sorghum proteins to form web-like
structures during mashing which reduces the possibility of enzymes to access starch. Protein
solubility should decrease with the increase of protein cross-linking; thus, this parameter
can be used as a quality indicator in sorghum biorefineries (Zhao et al., 2008).

The utilization of proteases before conventional starch liquefaction can be used as an
alternative method to improve rate of starch hydrolysis and yield hydrolyzates with high
FAN concentration (Perez-Carrillo & Serna-Saldivar, 2007).

Perez-Carrillo et al. (2008) proposed the use of protease before starch gelatinization and
liquefaction of both decorticated and whole sorghum meals. The use of decortication to
remove the sorghum outer layers and the exogenous protease had a positive synergic effect
in terms of ethanol yield and energy savings because mashes required about half of the
fermentation time compared to conventionally processed sorghum. Decorticated meals with
more starch were more susceptible to alpha-amylase during liquefaction and produced more
ethanol during fermentation (Alvarez et al., 2010). This technology produced similar ethanol
yields compared to soft yellow dent maize and 44% more ethanol compared to the whole
sorghum control treatment. The other advantage of mechanical decortication is that the
bran, separated beforehand, is shelf-stable and can be directly channeled for production of
animal feeds and consequently the yield of wet distilled grains from decorticated sorghum
is significantly lower compared to the obtained after processing whole sorghum meals.
Thus, if dried distilled grains are produced, the biorefinery plant will spend less energy
when processing decorticated sorghum.

5.2.3 Germination and sprouting

Germinated or sprouted regular and high-tannin sorghums have improved ethanol yields
compared to the unmalted kernels. Yan et al. (2009, 2010) reported a reduction in fermentation
time and reported higher yields when sprouted sorghum was processed. The improved yield
and efficiency is attributed to the action of intrinsic enzymes in starch, proteins and cell walls.
Thus, the use of purposely malted or field sprouted sorghums can be advantageous for fuel
ethanol biorefineries. Nevertheless, the industries should consider that malting requires
important inputs in terms of water, labor, energy for drying and logistics.
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5.2.4 Very High Gravity (VHG) fermentation

Very High Gravity (VHG) mashes are used for fuel ethanol production at industrial scale.
Among the benefits include an increased productivity, a reduced capital cost, a higher ethanol
concentration in the fermented mash (from 7-10% to 15-18% -v/v- or more), and a decrease in
water requirements. The most concentrated ethanol in fermented mashes also reduces
distillation requirements, being an important issue because after feedstock, energy is the
biggest production input, representing 30% of total ethanol cost (Pradeep et al., 2010; Wang et
al., 2007). This economic consideration indicates the importance of the substrate concentration
at the beginning of the process. The use of mashes with higher sugar concentration influences
the decision of which fermentation microorganism will be selected and used.

Yeast osmotolerance is determined by genetics and by the carbohydrate level present in
mashes, fermentation temperature, osmotic pressure/water activity and substrate
concentration. Osmotolerant yeast fermenting in batch conditions can produce and tolerate
levels of 16 to 17% (v/v) alcohol (Casey & Ingledew, 1986). According to the same authors,
higher alcohol beers can be produced if oxygenation and nitrogen sources are supplemented
to worts. Predeep et al. (2010) reported a maximum ethanol concentration of 15.6% (v/v)
converted with about 86.6% efficiency when finger millet mashes were fermented with
Saccharomyces bayanus. Fermentation temperature is also an important factor affecting
productivity, and generally speaking, at higher temperatures the time required to finish
fermentation is decreased. Jones & Ingledew (1994) reported an increment in fermentation
efficiency when dissolved solids concentration increased from 14 to 36.5 g/100 mL and also
observed that the use of urea accelerated the rate of reaction and decreased time required to
complete fermentation.

Working with VHG sweet sorghum juice rather than with ground sorghum grain, Wu et al.
(2010b) reported an increase in glycerol (0.3 to 0.6%) and residual sugars (0.2 to 5.1%) when
sugar in juices increased from 20 to 30%. A reduction in fermentation efficiency (93 to 72%)
was also observed after 72 hours fermentation. Authors recommend the use of juices with
no more than 20% soluble sugars in order to obtain the highest efficiency.

In general terms, yeasts can exhibit osmotic inhibition starting at 15% sugar, and this
inhibition is higher in glucose followed by other carbohydrates such as sucrose and maltose.
Sumari et al. (2010) stated that very few types of yeasts were known to tolerate sugar
concentration above 40% and normally at this concentration their growth is sluggish. For
this reason, the screening for osmotolerance and the development of new strains is
necessary for industrial purposes. Sumari et al. (2010), using a molecular genetic approach,
characterized a set of yeasts isolated from African brews and wines. One strain was able to
ferment a medium with sucrose concentration of 1000 g/L. The phylogenetic analysis with
rDNA clustered this microorganism away from the typical osmotolerant yeast. This
indicates the opportunity to explore and look for new strains in nature.

Besides yeast, other microorganisms, as bacteria, are especially designed for ethanol
fermentation. Escherichia coli is the typical modified microorganism for ethanol production
because of the wide spectrum of metabolized carbohydrates, its well-known genetic makeup
and the easiness of manipulation. Zymomonas mobilis, a rod shaped, gram negative, non-
spore forming bacteria is naturally ethanologenic and compared to yeast, has higher rates of
glucose uptake. Z. mobilis has also a higher ethanol production, increased yield and
tolerance, making it a good option to use in VHG fermentation. Kesava et al. (1995), working
with Z. mobilis, reported 95% conversion rates after 35 hours fermentation and ethanol
yields of approximately 70 g/L when fermenting mashes containing 150 g glucose/L. The
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bacterium was able to ferment mashes containing 200 g glucose/L in a step-fed system.
Perez-Carrillo et al. (2011) observed that Z. mobilis had lower nitrogen requirements
compared to S. cerevisize when fermenting mashes adjusted to 20° Plato. This bacterium has
potential and possible advantages for commercial use in biorefineries.

5.3 Physico-mechanical technologies to Improve ethanol yield

Several approaches to increase ethanol yield from sorghum involve physical or mechanical
treatments, v.gr: reduction of particle size, decortication or steam flaking. The aim of these
treatments is to reduce physical barriers to hydrolytic enzymes in order to yield more
fermentable sugars in shorter reaction times.

5.3.1 Particle size

Particle size of ground sorghum meals also plays an important role in the starch-to-ethanol
conversion process. Wang et al. (2008) observed that fermentation efficiencies of finely
ground samples were approximately 5% higher compared to coarsely ground counterparts.
This effect is a consequence of differences in gelatinization temperature and accessibility of
starch to hydrolyzing enzymes. Wang et al. (2008) reported that gelatinization temperatures
of larger or coarser particles are 5-10°C higher compared to finer particles.

The conversion of meals with smaller particles enhanced digestibility due to an
improvement in the relative surface-contact area. Mahasukhonthachat et al. (2010) indicate
that starch digestion proceeded by diffusion mechanisms is based on an inverse square
dependence of rate coefficient on average particle size.

5.3.2 Decortication

According to Rooney & Serna-Saldivar (2000) pericarp, testa, aleurone and mainly
peripheral endosperm are grain tissues directly related to the lower nutrient digestibility of
sorghum. These layers can be removed through decortication or pearling, an abrasive
process used on a regular basis for production of refined flours or grits (Serna-Saldivar,
2010). Commercial mills are typically batch type and are equipped with a set of abrasive
disks or carborundum stones to mechanically remove from 10 to 30% of the grain weight.
The resulting mixture of bran and decorticated sorghum is separated via air aspiration or
sifting (Serna-Saldivar, 2010). The classified pearled grain is then conventionally milled into
a meal or flour. This technology requires little capital investment or alteration of existing
facilities (Wang et al., 1999). The mechanical removal of the sorghum outer layers increases
starch concentration and decreases fiber, fat and phenolics. The ground decorticated
sorghum kernels are more susceptible to thermoresistant alpha-amylase hydrolysis (Perez-
Carrillo & Serna-Saldivar, 2007). Furthermore, the removal of the sorghum outer layers
allows greater starch loading and results in improved ethanol yields.

5.3.3 Steam-flaking

Other proposed alternative to process sorghum before dry-milling is steam-flaking. This
technology, widely used in feedlots, disrupts the endosperm structure with the injection of
live steam in a period of 15 to 30 min, followed by flaking through grooved rolls. Before
flaking, moisture of sorghum is increased to at least 21% and a conditioning or surfactant
agent as lecithin is added in order to obtain whole flakes and reduce processing losses
(Serna-Saldivar, 2010). After drying and cooling, sorghum flakes can be milled using
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traditional processes. The pregelatinized starch associated to the ground and steamed flaked
sorghum had higher susceptibility during liquefaction and produced more ethanol during
fermentation. Compared to the whole sorghum counterpart the steam-flaked sorghum
yielded approximately 40% more ethanol (Chuck-Hernandez et al., 2009). Currently, the cost
of steam flaking one ton of sorghum is approximately $7.5 US dollars.

5.3.4 Supercritical Fluid Extrusion (SCFX)

Extrusion has been widely used for the processing of cereal grains because this
thermoplastic technology is continuous and saves unit operations and energy. In extrusion,
the materials are subjected to heating, mixing, and shearing, resulting in physical and
chemical changes during its passage through the extruder. The major advantages of
extrusion include: improvement of starch digestibility and reduction of its molecular
weight, production of free sugars and dextrins, changes in the native structure of both starch
granules and proteins and reduced viscosity of fermentation broths. Therefore, extrusion
could be an effective process to improve the bioconversion rate of sorghum starch (Zhan et
al., 2006).

An innovative processing technology patented by researchers of Cornell University
combines extrusion process and supercritical-fluid technology. The main difference between
supercritical-fluid (SCFX) and conventional extrusion is the injection of supercritical carbon
dioxide, which replaces water as blowing agent for expansion. The injection of supercritical-
fluid carbon dioxide breaks the intimate bonds between starch granules and protein matrix
and results in the improvement of starch availability (Zhan et al., 2006). These researchers
suggested that SCFX produces molecular degradation of starch during extrusion of
sorghum. This process also increased about 8% the protein digestibility, the measurable
starch content, the free sugar concentration and gelatinized starch and other parameters that
increased ethanol yield (+5%) and boosted fermentation efficiency compared to the non-
extruded counterpart. The SCFX cooking also affected the crude fiber, chemical fraction that
after microscope examination showed disruption and fissures. These authors describe the
sorghum extrudates with “porous structure”. Thus, this thermoplastic procedure was
indeed effective as pretreatment to improve bioconversion of sorghum into ethanol.

6. Ethanol from sorghum bagasse and straw

6.1 Raw material conditioning

After extraction of juice or grain harvesting, the lignocellulosic residue is chopped, milled,
and dried at 50-60 °C to reduce the moisture content to about 10 to 15% (Herrera et al., 2003;
Sipos et al., 2009). There are many options to reduce particle size; the most commonly used
are hammer or rotary mills. Grinding can be used on both dry and wet materials, and the
cost is one of the lowest compared with others methods used for milling biomass. The
grinder reduces the particle size to a fine powder by mechanical shearing and this operation
can also be made with rotating and stationary abrasive stones (Mizuno et al., 2009).

6.2 Fiber extraction

One of the most significant problems in ethanol production from lignocellulose is
production cost (Mizuno et al., 2009) because the fiber conversion requires of high energy
investments in order to obtain high concentrations of fermentable sugars from the insoluble
polymers (Kurian et al., 2010; Mamma et al., 1996). A pre-hydrolysis step releases both the
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hemicellulosic and cellulosic fractions of the fiber (Herrera et al., 2003). The main processes
related to the pretreatment of sorghum biomass for ethanol production are the acid and/or
enzyme-catalyzed hydrolyses (Mamma et al., 1996; Sipos et al., 2009). Generally, the acid
hydrolysis precedes the enzymatic in order to optimize production of C6 and C5
fermentable sugars (Sipos et al., 2009).

6.3 Pretreatments used for sorghum bagasse

The extraction of structural carbohydrates from bagasse cell walls is highly related to the
effectiveness of pretreatments. Nowadays there are many proposed treatments for cellulose
and hemicellulose extraction, but only few have been commercially implemented. In the
following sections some of the proposed technologies for sorghum biomass are discussed.

6.3.1 Steam explosion

The ground sorghum bagasse is rehydrated with steam at atmospheric pressure and
impregnated with low amounts (up to 3% w/w) of sulfur dioxide (SO2) in plastic bags for
20-30 minutes in order to improve enzymatic saccharification (Sipos et al., 2009; Stenberg et
al., 1998; Ohgren et al., 2005). The impregnated bagasse is introduced into a reactor and the
temperature is maintained by injection of saturated steam, varying in a range of 170-210°C
(Sipos et al., 2009; Stenberg et al., 1998; Ohgren et al., 2005). After 2 to 10 minutes, the blow-
down valve is opened and the hydrolyzate is released into a cyclone (Stenberg et al., 1998).
Sipos et al. (2009) achieved an extraction of 89% to 92% of cellulose with steam explosion, up
to 18 g glucose, 23 g xylose and 5.5 g arabinose/L hydrolyzate. Ballesteros et al. (2003) used
steam explosion pretreatment without sulfur dioxide and obtained around 50% of solids
recovery and only 20% solubilization of the cellulose. Hemicellulose sugars were extensively
solubilized because the raw material had originally 25% xylose and after the treatment only
2% remained on the fibrous residue.

6.3.2 Dilute acid hydrolysis

Acid hydrolysis, the most common fiber pretreatment method (Ban et al., 2008), generates
significant amounts of sugars from hemicellulose. Besides it is a process relatively cheap
(Gnansounou et al., 2005). Sulfuric, hydrochloric, hydrofluoric or acetic acids have been
tested as catalysts (Herrera et al., 2003). The process consists on the addition of diluted
aqueous acid solution (0.1 to 10 % w/v) to the ground raw material and hydrolyzing in an
autoclave. A solid residue, rich in cellulose and lignin, is formed after acid hydrolysis and
subsequently treated with enzymes in order to increase the amounts of fermentable sugars
(Tellez-Luis et al., 2002). Kurian et al. (2010) achieved extract with 92 g/L of total sugars
from sweet sorghum bagasse treated with sulfuric acid at a concentration of 5 g/kg and
treated at 140°C for 30 minutes. Ban et al. (2008) treated the same raw material at a solid-
liquid mass ratio of 10% with 80 g phosphoric acid/L at 120°C for 80 minutes. These authors
reported 302 g reducing sugars/kg with this pretreatment.

6.3.3 Alkali pretreatment

Unlike other pretreatments, the use of strong alkali delignifies biomass by disrupting the
ester bonds of cross-linked lignin and xylans, resulting in cellulose and hemicellulose
enriched fraction. Alkali pretreatment processes generally utilize lower temperatures,
pressures and residence times compared to other technologies (McIntosh & Vancov, 2010).
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The main compounds used as pretreatment agents in alkali processes are: sodium
hydroxide, ammonia and lime, because of their comparatively lower cost and the possibility
of chemical and water recycling (McIntosh & Vancov, 2010). Usually two temperature
conditions are used for hydrolysis: mild (60°C) or high (121°C).

6.4 Enzymatic extraction

There are several enzymes generally used to convert cellulose and hemicellulose into
soluble sugars. They are a mixture of pectinases, cellulases and hemicellulases (Lin et al.,
2011; Reddy & Yang, 2005). Cellulose can be hydrolyzed by the synergistic action of endo-
acting enzymes knows as endoglucanases, and exo-acting enzymes, known as
exoglucanases (Lin et al, 2011). Today it is common to employ enzyme complexes
consisting of seven or more degrading enzymes that act synergistically. The enzyme mixture
is added before or after chemical or mechanical treatments (Reddy & Yang, 2005). Enzymes
appear to be the best prospects for continued improvements because can reduce production
costs (Gnansounou et al., 2005).

Sipos et al. (2009) observed that the separation of the solid and the liquid phases after
chemical pretreatment is beneficial to the whole process because the xylose-rich liquid
fraction can be fermented into ethanol through the pentose pathway or as substrate for
microbial cellulase production or transformed into other various valuable products. On the
other hand, the solid fraction can be further hydrolyzed and fermented into ethanol. The use
of alkali treatment before enzyme hydrolysis generated 540 g glucose/kg raw material,
equivalent to a 90% conversion of available cellulose to monomeric sugars. On the other
hand, 235 g xylose/kg was released after pretreatment of sorghum straw (McIntosh &
Vancov, 2010). These hydrolysates were obtained with an enzyme complex containing
endoglucanase, exoglucanase, xylanase, beta-glucosidase and cellulase.

6.5 Hydrolysis by-products or fermentation inhibitors

The fiber chemical hydrolysis process can produce a large number of sugar degradation
products which are known to inhibit bacteria and yeast and thus the conversion of
fermentable sugars into bioethanol (Ban et al., 2008). The most important inhibitors are
furfural, 5-hydroxymethylfurfural and acetic acid. After the acid hydrolysis, it is necessary
to adjust the pH with alkalis in order to obtain the adequate conditions for the subsequent
step of fermentation. Lime or calcium hydroxide is commonly added to increase the pH to 9-
10. This alkali treatment precipitates inhibitors in the form of insoluble salts and therefore
acts as detoxifying treatment (Kurian et al., 2010).

6.6 Fermentation

Hydrolyzates obtained from sorghum fiber are solutions rich in both hexoses and pentoses
(Kurian et al., 2010). Production of ethanol from these mashes is possible only with the use
of osmotolerant and pentose fermenting yeast or bacterial strains (Table 2).

Ballesteros et al. (2003) obtained 16.2 g ethanol/L when hydrolyzates obtained from sweet
sorghum bagasse were fermented with Kluyveromyces marxianus. On the other hand, Kurian et
al. (2010) working with Pichia stipitis obtained 38.7 g ethanol/L with a theoretical conversion of
82.5%. In Fig. 3, a flowchart of ethanol production from sorghum bagasse is depicted. A yield
of 158 L ethanol/ton biomass (wet basis) can be obtained after a sulfuric acid hydrolysis. The
process yielded 110 kg of lignin and other non-fermentable materials. Almodares & Hadi
(2009) and Gnansounou et al. (2005) reported that the cellulase used in Simultaneous
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Microorganism Characteristics

Useful in fermentation of xylose to acetone and butanol; bioethanol
produced in low yield

Capable of converting cellulose directly to ethanol and acetic acid.
Clostridium thermocellum  |Bioethanol concentrations are generally less than 5 g/1. Cellulase is
strong inhibition encountered by cellobiose accumulation

Native strains ferment xylose to a mixture of bioethanol, succinic, and
Escherichia coli acetic acids but lack ethanol tolerance; genetically engineered strains
predominantly produce bioethanol

Native strains rapidly ferment xylose and cellobiose; engineered to
ferment cellulose and produce bioethanol predominantly

Clostridium acetobutilicum

Klebsiella oxytoca

Klebsiella planticola ATCC  |Carried gene from Zymomonas mobilis encoding pyruvate
33531 decarboxylase. Conjugated strain tolerated up to 4% ethanol

Consumes xylose and arabinose. Slowly uses glucose and cellobiose.
Acetic acid is produced along with lactic in 1:1 ratio

Lactobacillus casei Ferments lactose, particularly useful for bioconversion of whey

Uses cellobiose if nutrients are supplied: uses glucose, D-xylose and L-
arabinose

Homolactic fermentation. Some strains produce lactic acid from sulfite
waste liquors

Consumes cellobiose more rapidly than glucose, xylose, or arabinose.
Lactobacillus plantarum Appears to depolymerize pectins; produces lactic acid from
agricultural residues

Lactobacillus pentoaceticus

Lactobacillus xylosus

Lactobacillus pentosus

Pachysolen tannophilus
Saccharomyces cerevisine ATCC |Co-culture of S. cerevisiae and strains resulted in the best ethanol yield
24 860

NRRL strain Y-7124 utilized over 95% xylose based on 150 g/L initial
concentration. Produced 52 g/L of ethanol with a yield of 0.39 g
ethanol per g xylose

Maximum cell concentration of 50 g/L. Ethanol production rate of 10.7
g/L.h with more than 80% xylose conversion. Ethanol and xylitol yield
of 0.4 and 0.03 g/ g xylose

Pichia stipits NRRL Y-7124, Y-
11 544, Y-11 545

Pichia stipits NRLL Y-7124
(floculating strain)

Saccharomyces cerevisiae CBS
1200
Candida shehatae ATCC 24 860

1 With data from: Balat et al. (2008) and Lee (1997).

Co-culture of two yeast strains utilized both glucose and xylose. Yields
of 100 and 27% on glucose and xylose, respectively

Table 2. Native and engineered microorganisms capable of fermenting xylose to bioethanol!

Saccharification and Fermentation (SSF) can be added directly or from material previously
deviated from pretreatment and inoculated along with Trichoderma reesei or other fungi such
as Neurospora crassa and Fusarium oxysporum. These microorganisms were capable of directly
fermenting cellulose (Mamma et al., 1996). F. oxysporum was used in a SSF along with S.
cerevisiae, yielding 5.2 to 8.4 g ethanol per 100 g of fresh sorghum. The efficiency was
calculated based on soluble sugars and not in total polysaccharides (Mamma et al., 1996).

7. Estimated ethanol yields

Fig. 1 to 3 summarizes and compares average ethanol yields from sorghum grain, sweet
juice and biomass. Ethanol yields vary according to variety, geography, soil fertility and
temperature.
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Sweet sorghums usually yield from 50 up to 120 tons of stalks after the first cut. This
feedstock contains 73% moisture, 13% soluble sugars, 5.3% cellulose, 3.7% hemicelluloses
and 2.7% lignin. The stalks yield up to 70% sweet juice and 15.33 ton/ha of spent bagasse
(Almodares & Hadji, 2009; Prasad et al., 2007).

Stalks
50-85 ton/ha

Fiber-degrading

Extraction Juice - enzyme complex and
39.7-42.5 ton/ha ! fermentation m.o
4

* Simultaneous Distillati d
Bagasse! Pre-treatment Saccharification and dlshl ; 1(;11:111

15.3-42.5 ton/ha : Fermentation ehydratation
I yy |
! 1
A 4 \ lignin and non- Ethanol

H,S04 Cellulase production : fermentable 1.8 2,400-6,375 L/ha?
(0.5-1.0% v/v) (Trichoderma reesei) ton/ha (dry)

Fig. 3. Flowchart for ethanol production from sweet sorghum bagasse. ! Average
composition of sweet sorghum bagasse: Water 54%, simple fermentable sugars 5.4%;
Cellulose 17%; Hemicellulose 12%; Lignin 11.7% 2 Practical yield from fermentation with I.
orientalis: 3,865 L/ha. From: Almodares & Hadi (2009); Gnansounou et al. (2005).

Water added during extraction is considered part of the sweet juice yield (Fig. 1) and the
sweet juice commonly contains around 14% soluble sugars. This substrate allows the
production of 3,450 L ethanol/ha with a fermentation efficiency of 95%, similar to the result
reported Kim & Day (2011) (3,296 L/ha). These last researchers did not consider losses that
negatively affect fermentation efficiencies. Almodares & Hadi (2009), on the other hand,
reported a yield of 3,000 L ethanol/ha directly when processing juice extracted from
varieties that yielded from 39 to 128 ton stalks/ha. Although Wu et al. (2010b) did not report
ethanol yields per hectare, the calculated ethanol production from the amount of total
fermentable sugars extracted from a high yielding M81E cultivar planted at two different
locations and bioconverted with a 95% of fermentation efficiency was in the range of 4,750 to
5,220 L/ha. These potential ethanol yields are equivalent to the bioconversion of 12 to 13
tons of maize kernels.

Experimental data obtained from sweet sorghums cultivated in Central Mexico indicated
that these materials are capable of yielding 6.38 tons of sugar/ha/cut. Consequently, when
are adequately bioconverted have the potential of producing 4,132 L ethanol (unpublished
data). Regarding to the lignocellulosic fraction, if 15.33 ton of bagasse/ha is obtained
containing 29% cellulose and hemicellulose and 5.4% of remaining unextracted soluble
sugars, up to 2,400 L of ethanol can be obtained (Fig. 3). This yield represents almost half of
the 4,058 L/ ha described by Kim & Day (2011) as theoretical ethanol.

In central Mexico, 42.5 ton of bagasse/ha with 50% fermentable sugars are commonly
obtained. This biomass is capable of yielding 6,375 L ethanol with perfect conversion
efficiency. However, experimental data where the acid-treated biomass was fermented with
Issatchenkia orientalis indicated only 60% fermentation efficiency (3,865 L/ha) (unpublished
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data). These results indicate that there are still many areas for potential improvements
especially when processing spent biomass.

Almodares & Hadi (2009) reported that a yield up to 2 ton of grain/ha can be expected from
sweet sorghum. If this material is milled, hydrolyzed and fermented, a final ethanol yield of
780 L can be expected. Nevertheless, the sweet sorghum grain during optimum harvesting is
not fully matured and generally collected along the vegetative parts of the plant. Thus, the
immature sweet sorghum kernels are usually processed with the bagasse and not fermented
using grain technologies.

The biomass production per cultivated surface (Fig. 3) is the key and most important factor
that affects ethanol yields indicating the importance of both plant breeding for the generation
of new improved cultivars and the agronomic conditions mainly affected by soil fertility and
water availability. The new biomass cultivars should adapt to marginal lands in order to
minimize competition with basic grain production. The potential to obtain ethanol yields of
6630, 7000 and 10000 L/ha (with 95% of extraction and fermentation efficiency) can be
achieved because yields of 50 to 120 tons of biomass/ha are reported. Comparatively Kim &
Day (2011) indicated that the theoretical yield of maize kernels can be as high as 5,100 L/ha
and up to 8,625 L/ha when the whole plant is bioconverted into ethanol (grain + corn stover).
One of the most important factors to be addressed during yield calculation is indeed the
energy required for ethanol production. Biomass and starch require more energy for
hydrolysis compared to sweet sorghum juice. The technologies for starchy kernels and
sweet juice are matured but the conversion and estimation of energy balances when
processing lignocellulosic material will be critically important for the evaluation of
economic advisability.

8. Future trends

One of the most promising research priorities in agricultural production is the genetic
improvement of crops with high economic relevance. In the case of sorghum for fuels there
are important advances in the development of biomass, sweet and high yielding grain
varieties and hybrids, but is yet one of the most important and critical research topics. The
new cultivars should be adapted to marginal lands and also they must be resistant to pests,
other phytopathogens and stable facing water stress.

The creation of new varieties for ethanol production is not an easy task because the relevant
traits, such as plant height, total soluble solids, juice production and lignin : cellulose :
hemicellulose ratio are “non additive” (Reddy et al., 2005). On the other hand and according
to Turhollow et al. (2010), the genetic mapping combined with its relatively fast hybridation
and field tests, can facilitate the design and development of dedicated bioenergy cultivars.

It is also of upmost importance to develop machinery to harvest sweet and biomass
sorghums because the use of existing sugarcane equipments reduce yields and efficiencies.
Furthermore, it is also imperative to development new agronomical and technological
packages that include “just in time” harvesting.

The use of biomass sorghum represents one of the most relevant topics in research even
when there are not economic and energy efficient technologies. However, there have been
important advances in terms of fiber degradation to yield extracts rich in C5 and C6
fermentable sugars. The development of new and more environmental-friendly
pretreatments that include the use of fiber degrading enzymes and hot water and new
strains of yeast and bacteria are critical points for the economics of biomass transformation.
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The new microorganisms must be designed or genetically engineered to be more efficient in
terms of enhanced capacity to fully ferment C5 and C6 sugars at high temperatures (Canizo,
2009). The development of new strains of Saccharomyces cerevisine designed for pentose
utilization, with high tolerance to inhibitors, and with a better genomic stability has not
been yet fully addressed despite the recent advances in genetic engineering. Unfortunately,
there are only few industrial and commercial strains in the market.

Process wise, biorefineries should focus on designing new bioreactors, flow-patterns, new
cocktails of enzymes to optimize hydrolysis, the utilization of immobilized microorganisms
and the development of new distillation and ethanol dehydration technologies that favors
the total energy balance.
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1. Introduction

With the ever growing concern on the speed at which fossil fuel reserves are being used up
and the damage that burning them does to the environment, the development of sustainable
fuels has become an increasingly attractive topic (Wyman & Hinman, 1990; Lynd & Wang,
2004; Herrera, 2004; Tanaka, 2006; Chandel et al., 2007; Dien et al., 2006; Marelne Cot, et al.,
2007). The interest partially caused by environment concern, especially global warming due
to emission of Greenhouse Gas (GHG). Other factors include the rise of oil prices due to its
unrenewability, interest in diversifying the energy matrix, security of energy supply and, in
some cases, rural development (Walter et al., 2008). The bioethanol such as sugarcane
ethanol is an important part of energy substitutes (Wheals et al., 1999). This chapter was
focused on the development and trends of the sugarcane ethanol in China. Based on the
analysis of the challenge and the chance during the development of the sugarcane ethanol in
China, it introduced a novel process which is suitable for China, and mainly talked about
simultaneous production of sugar and ethanol from sugarcane, the development of
sugarcane varieties ,ethanol production technology, and prospect aspects. We hope it will
provide references for evaluation the feasibility of sugarcane ethanol in China, and will be
helpful to the fuel ethanol development in China.

2. Sugarcane for bioethanol - A new highlight of sugar industry development

The technology of producing fuel ethanol using sugarcane, which has a characteristic of
high rate of energy conversion, wide adaptability, and strong resistance, etc, has received
extensive attention (Watanabe, 2009). Brazil, Australia and other countries have made
breakthroughs in the sugarcane improvement, ethanol fermentation process and its
application (Goldemberg et al., 2008; International Energy Agency (IEA), 2004). Brazil is the
world's largest sugar producer and exporter of fuel ethanol, which is expected that annual



76 Bioethanol

output of 65 billion liters by 2020(Walter et al., 2008). Energy security and environmental
stress force China to seek and develop biofuels as a substitute of fossil energy. Meanwhile,
China has also introduced policies that encourage the development of fuel ethanol using
sugarcane and other non-food crop, to ease pressure on energy demand. Recently, the study
and the industrial-scale production of biofuels, particularly, fuel ethanol and biodiesel, have
progressed remarkably in China as a result of government preferential policies and funding
supports (Zhong et al., 2010).
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Fig. 1. Highlight of sugarcane for bioethanol

3. Benefits of sugarcane for ethanol

The reasons why we choose ethanol from sugarcane as the most promising biofuels are
illustrated below. Firstly, the balance of GHG emissions of sugarcane ethanol is the best
among all biofuels currently produced (Macedo et al., 2008; Cerri et al., 2009; Oliveira et al.,
2005). As reviewed in several studies, bioethanol based on sugarcane can achieve
greenhouse gas reductions of more than 80% compared to fossil fuel use (Macedo et al.,
2008). Figure 2 (BNDES, 2008) showed correspond to the consumption of ethanol produced
from maize (USA), from wheat (Canada and Europe) and from sugarcane (produced in
Brazil and consumed in Brazil or in Europe). Sugarcane ethanol is much better than ethanol
from maize and wheat (a maximum of 35%) in case of the avoided emissions.

Secondly, as we known, cropland is very limited for planting in China. So it is very
important that the land use is keeping in a high efficient level. Ethanol from sugarcane is the
most productive among different crops. The fortunate experience of ethanol use in Brazil
may also be coupled with a superior sucrose yield and a higher potential of biomass
production of sugarcane - an average of 87 tons per hectare in South Central Brazil - than
observed in other crops. As shown in figure 3, only beets can be compared with sugarcane
in terms of ethanol production per cultivated hectare. However, the industrial process of
ethanol production from beets depends on an external power input (electricity and fuel)
while sugarcane electricity is provided by bagasse burning at the mill. (BNDES, 2008).
Ethanol produced from sugarcane is the biofuel with the best energy balance (see tablel).
This can be illustrated as the ratio between renewable products and the energy input as
fossil fuel for Brazilian sugarcane ethanol is 9.3 (compared with 1.2-1.4 in the case of ethanol
produced from American maize, and approximately 2.0 in the case of ethanol produced
from European wheat). Apart from these above, other environmental impacts of the
sugarcane sector, such as water consumption, contamination of soils and water shields due
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to the use of fertilizers and chemicals, and loss of biodiversity, are less important in
comparison to other crops (Watanabe, 2009). Above in all, Sugarcane is by far the best
alternative from the economical, energy and environmental point of view, for bio-fuel
production.
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Fig. 3. Average ethanol productivity per area for different crops. Source: BENDES(2008)

Feedstock Energy ratio
Sugarcane 9.3
Lignocellulosic residues 8.3~8.4
Cassava 1.6~1.7
Beet 1.2~1.8
Wheat 09~11
Corn 0.6~2.0

Table 1. Comparison of different feedstock for biofuel production. Source:BNDES(2008)
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4. The challenge and perspectives to develop sugarcane ethanol in China

Sugarcane is mainly planted in southern China, such as Guangxi, Yunnan, Guangdong,
Hainan et al, Its total planting areas were about 20 million acres in 2010 statistically, and
Guangxi contribute about 60 percent of the total. Lands suitability for sugarcane is limited. It
is very difficult to expand the land for sugarcane production because of the industrialization
in China. An additional challenge is the harvesting. High investment requirements and
difficulties with mechanization on, for example steep land, increase the risks of the
implementation of mechanized harvest. About over 90 percent of the China sugarcane area
was still manually harvested. Expansion of sugarcane areas will be affected by the
cost/benefit of manual labor. Under the driving of the market opportunities, national
policies giving incentives to the sugarcane agri-business, the further expansion of sugarcane
areas forecasted for China is expected to about 2 million acres, which mustn't reduce the
availability of arable land for the cultivation of food and feed crops.

There are risks of environmental degradation in different stages of sugarcane ethanol
production and processing. Negative impacts have been caused by the lack of
implementation of best management practices and ineffective legislation and control.
Nevertheless, further improvements are necessary.

A major concern of developing sugarcane ethanol in China is the threat to sugar security.
Rapid expansion of bioethanol production could potentially reduce the availability of sugar
production, causing a reduction in its supply and increase of sugar price. In recent years, the
sugar productions are stably at about 12 million tons, the max exceeded 14.84 million tons in
2008. While the total demand for sugar is about 12 million tons in China. With the
combination of the further expansion of about 2 million acres sugarcane areas, and applying
the advanced technology, for example: genetically modified sugarcane and improved
cultivation techniques, yields can be increased from 5 tons to about 6-7 tons . So the sugar
productions in China are expected to over 16 million tons. Based on these estimates, without
affecting the supply of sugar, the current potential of sugarcane ethanol production reached
over 2 million tons.

5. Simultaneous production of sugar and ethanol from sugarcane

As the major raw material, most of sugarcanes are refined into sugar in China now. Also the
international sugar price is running in high level, and it needs to balance the domestic sugar
supply and demand through imports, so it is impossible to produce large amounts of
ethanol by sugarcane. However, it is unfavorable to sugar price stability and its healthy
development if only refining sugar. To achieve more economic benefits, a viable option is to
explore the "Simultaneous production of sugar and ethanol " mode. In recent years, we have
made some progress on the sugarcane breeding, ethanol production technologies and
process optimization for simultaneous production of sugar and ethanol.

5.1 Material distribution

At present, sugar is produced following the three stage boiling technology or the three and a
half stage boiling technology. It takes a long time and high energy consumption to boil the B
sugar and C sugar. The value the by-product is low. There are high costs and weak
adaptability to the market.

Generally, it is advantage to regulate sugar production and ethanol production according to
market demand the flexibility while applying the “Simultaneous production of sugar and
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ethanol” mode. It is necessary to distribute the raw material fluxes rationally. However, less
literature is related to juice and syrup distribution for simultaneous production of sugar and
ethanol. In this paper, material fluxes balance calculation is carried out according to Brazil
experience and the parameters of three and a half stage boiling process. The feed syrup is 60
Bx, the purity is 87%, and the feed syrup fluxes are 100 tons. The sugar combined fuel
ethanol process is showed as Figure 4:
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Fig. 4. Sugar combined ethanol process and its material balance

5.2 Sugarcane for simultaneous production of sugar and ethanol

In China, biotechnology research and genetic improvement have led to the development of
strains which are more resistant to disease, bacteria, and pests, and also have the capacity to
respond to different environments, thus allowing the expansion of sugarcane cultivation.
The leading sugar enterprise in charge for applied research on agriculture, together with
research developed by state institutes and universities. Efforts have been concentrated in
taking advantage of its genetic diversity and high photosynthetic efficiency characteristic,
high separation sugarcane population was generated via distant hybridization technology.
To obtain the new material of sugarcane for ethanol, we took total biomass, total
fermentable sugars as targets and adopted advanced photosynthetic efficiency living early-
generation determination technology, molecular markers and cell engineering technology
combined with conventional breeding. Then, in order to optimize the selection of energy
sugarcane, we took a series of pilot test and technical and economic indexes of evaluation.
By 2010, more than 10 sugarcane varieties for simultaneous production of sugar and ethanol
are cultivated in China, such as “00-236", “FN91-4710”,“FN94-0403”, FN95-1702",“G94-116",
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“Y93-159”, “Y94-128”, “G-22” et al.. Although potential benefits are high, there is still a lack
of understanding of the potential impacts of genetically modified organisms on
environmental parameters.

Fig. 5. Sugarcane for simultaneous production of sugar and ethanol

5.3 Ethanol production technologies for simultaneous production of sugar and
ethanol

5.3.1 Genome shuffling of Saccharomyces cerevisae for multiple-stress resistant
yeast to produce bioethanol

In the fermentation process, sugars are transformed into ethanol by addition of
microoganism. Ethanol production from sugars has been commercially dominated by the
yeast S. cereviseae (Tanaka, 2006). Practically, yeast cells are often exposed in multiple stress
environments- Therefore, it is helpful to fermentation efficiency and economic benefits to
breed the yeast strains with tolerance against the multiple-stress such as temperature,
ethanol, osmotic pressure, and so on (Cakar et al., 2005). Yeast strain improvement strategies
are numerous and often complementary to each other, a summary of the main technologies
is shown in Table 2. The choice among them is based on three factors: (1) the genetic nature
of traits (monogenic or polygenic), (2) the knowledge of the genes involved (rational or
blind approaches) (3) the aim of the genetic manipulation (Giudici et al ., 2005; Gasch et al.,
2000 ).
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Table 2. Summary of the main genetic improvement strategies. Dpt Desired phenotype

It is difficult to improve the multi-tolerance of the yeast by rational genetic engineering
technology before its mechanism completely clarified. Nevertheless, for quantitative traits,
the number of responsible genes QTLs is so great that a “gene-by-gene” engineering
strategy is impossible to perform. In these cases, blind strategies, such as genome shuffling
(Zhang et al., 2002), could be applied in order to obtain quickly strains with recombinant
traits. Genome shuffling is an accelerated evolutionary approach that, on the base of the
recursive multiparental protoplast fusion, permits obtaining the desired complex phenotype
more rapidly than the normal breeding methods (Figure 6). Genome shuffling technology
can bring a rapidly improvement of breeding a hybrid with whole-genome random
reorganization. After the initial strains in various long term evolution experiments (Figure
7), we successfully applied the genome shuffling technology that combines the advantage of
multi- parental recursive fusion with the recombination of entire genomes normally
associated with conventional mutant breeding to selecting the multiple-stress resistant yeast
(Figure 8).

5.3.2 Continuous fermentation

Traditionally, ethanol has been produced batch wise. However, high labor costs and the low
productivity offered by the batch process have led many commercial operators to consider
the continuous fermentation. Continuous fermentation can be performed in different kind of
bioreactors - stirred tank reactors or plug flow reactors. Continuous fermentation often
gives a higher productivity, offers ease of control and is less labor intensive than batch
fermentation (Cheng et al., 2007). However contamination is more serious in this operation
(Skinner & Leathers, 2004). In the fuel ethanol industry, control of bacterial contamination is
achieved by acidification and using antibiotics such as penicillin G, streptomycin,
tetracycline (Aquarone E,1960; Day et al., 1954), virginiamycin(Hamdy et al., 1996; Hynes et
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Fig. 6. Protoplast fusion of the genome shuffling process

al., 1997; Islam et al., 1999), monensin(Stroppa et al., 2000), or mixtures thereof. Fig 9 shows
the process of continuous fermentation of molasses and sugarcane juice to produce ethanol.
A high cell density of microbes in the continuous fermenter is locked in the exponential
phase, which allows high productivity and overall short processing of 6 - 12 h as compared
to the conventional batch fermentation (30 - 60 h). This results in substantial savings in labor
and minimizes investment costs by achieving a given production level with a much smaller

plant.
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Fig. 9. Continuous fermentation of molasses and sugarcane juice to produce ethanol

5.3.3 Sugarcane pieces as yeast supports for alcohol production from sugarcane
juice and molasses

A limitation to continuous fermentation is the difficulty of maintaining high cell
concentration in the fermenter. The use of immobilized cells circumvents this difficulty.
Immobilization by adhesion to a surface (electrostatic or covalent), entrapment in polymeric
matrices or retention by membranes has been successful for ethanol production (Godia et
al., 1987). The applications of immobilized cells have made a significant advance in fuel
ethanol production technology. Immobilized cells offer rapid fermentation rates with high
productivity - that is, large fermenter volumes of mash put through per day, without risk of
cell washout. In continuous fermentation, the direct immobilization of intact cells helps to
retain cells during transfer of broth into collecting vessel. Moreover, the loss of intracellular
enzyme activity can be kept to a minimum level by avoiding the removal of cells from
downstream products (Najafpour, 1990). Immobilization of microbial cells for fermentation
has been developed to eliminate inhibition caused by high concentration of substrate and
product and also to enhance ethanol productivity and yield. Neelakantam (2004)
demonstrated that a high yeast inoculation at the start of the sugarcane juice fermentation
allows the yeast outgrow the contaminant bacteria and inhibit its growth and metabolism.
Varies immobilization supports for variety of products have been reported such as
polyvinyl alcohol (PVA, see Figl0), alginates (Kiran Sree, 2000; Corton et al., 2000), Apple
pieces (Kourkoutas et al., 2006), orange peel (S.plessas, 2007), and delignified cellulosic
residues (Kopsahelis, 2006; Bardi & Koutinas, 1994). We applied sugarcane pieces as yeast
supports for alcohol production from sugarcane juice and molasses(Fig 11).The
results(Liang et al.,2008) showed ethanol concentrations (about 77g/1 or 89.76g/1 in average
value) , and ethanol productivities (about 62.76 g/1.d or 59.55g/1 .d in average value)were
high and stable, and residual sugar concentrations were low in all fermentations(0.3-
3.6g/l)with conversions ranging from 97.7-99.8%, showing efficiency(90.2-94.2%) and
operational stability of the biocatalyst for ethanol fermentation. the results presented in this
paper (see table 3), according to initial concentration of sugars in the must, showed that the
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(L
Fig. 11. Scanning electron micrographs of the middle part of the support after yeast
immobilization.

sugarcane supported biocatalyst was equally efficient to that described in the literature for
ethanol fermentation. Sugarcane pieces were found suitable as support for yeast cell
immobilization in fuel ethanol industry. The sugarcane immobilized biocatalysts showed
high fermentation activity. The immobilized yeast would dominate in the fermentation
broth due to its high populations and lower fermentation time, that in relation with low
price of the support and its abundance in nature, reuse availability make this biocatalyst
attractive in the ethanol production as well as in wine making and beer production. After a
long period of using, spent immobilized supports can be used as protein-enriched( SCP
production) animal feeds.
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Initial Residual Ethanol

. . Ferm.time Ethanol . . Conversion
Carrier Medium sugar (b) sugar (&/1) productivity %)
(8/) &N ® (8/1.d)
Apple pieces (Y.
Kourkoutas et Grape must 206 80 30.8 85 26 85
al.,2001)
Dried
figs (Bekatorou et Glucose 120 45 14 45.0 24.0 98
al., 2002)
Spent grains
(Kopsahelis et molasses 187 30 8.8 514 42.7 95.3
al.,2006)
Orange peel Glucose 125 9 4 51.4 128.3 96.8
molasses 128 14 2 58.9 100.1 98.4
(S.plessas et Raisin
al.,2007) 124 12 23 55.3 1104 98.1
extract
. Molasses 154 27 23 7712 62.76 98.5
Sugarcane pieces Sugarcane
present study fuice 176 32 0.85 89.76 59.55 99.5

Table 3. Fermentation parameters (average value) obtained in batch fermentation with
Saccharomyces cerevisiae, immobilized on various carriers, at 30°C

5.3.4 Ethanol purification and water recovery

Distillation and molecular - sieve absorption are used to recover ethanol from the raw
fermentation beer. The flow sheet of this section is presented in Figure 12 and figure 13.
Distillation itself is a two-way progress include heating and cooling. That could be possible to
save much steam and cooling water if we take good advantage of the heat exchange in the
system. Due to its energy-saving, so far negative pressure distillation system has been popular
in China. Take molasses alcohol as an example, compare to air distillation system, negative
pressure distillation system could save approximately 2t steam per ton 95% (v/v) alcohol. The
system showed in figure contains 3 columns, which is .fractioning column 1, fractioning
column 2, and separating methanol column respectively. Making use of the different boiling
points the alcohol in the fermented wine is separated from the main resting solid components.
The remaining product is hydrated ethanol with a concentration of 95% (v/v). Further
dehydration is normally done by molecular-sieve absorption, up to the specified 99.7°GL in
order to produce anhydrous ethanol which is used for blending with pure gasoline to obtain
the country's E10 mandatory blend. The fermented mash which contains 10~13 %(v/v) alcohol
is preheated by the alcohol gas from the top of the first column and gas is cooled
simultaneously. Then the gas stream is cooled by 3 heat exchangers, the cooler is water.
Subsequently the liquid distillate which contains 30% (v/v) alcohol is feeding on the middle
tray of column 2. Wastewater of column 1 is heated by the alcohol gas from the top of column
2 in the reboiler, meanwhile the steam flash evaporated in the vacuum bottom. The waste goes
to anaerobic jar and then aeration tank. Cooled alcohol is pumped back to the top trays of
column 2. Fusel oil is extracted from the middle trays of the column 2. Liquid distillate
contains 95 %( v/v) alcohol and exceeded methanol amount. In order to decrease the
concentration of aldehyde and methanol, one more column is needed. The 96%v /v alcohol
with 4% water is feeding on the molecular-sieve absorption system.Finally 99.5%v/v ethanol
which could be added to the gas to make gasohol is achieved.
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Fig. 13. Ethanol dehydration with molecular sieve bed

5.4 Economic analysis for simultaneous production of sugar and ethanol from
sugarcane

Based on the economic analysis, the profits of the three different modes in 5,000 tons
sugarcane pressed plants are showed in table 4. There are high costs of fermentation and
distillation for sugarcane directly for ethanol fermentation due to low concentration of
sugarcane juice, and about 15 tons waste water need treatment. It is also uneconomic to
produce fuel ethanol using concentrated juice because of high energy costs. Therefore, that
sugarcane is used directly for fuel ethanol production does not reflect its best economic
benefits and flexible market response capacity.

In traditional opinion, people prefer to produce sugar as possible as they can rather than
use more molasses to produce ethanol. They think that it is uneconomic to produce 1 ton
ethanol with nearly 2 tons sugar consumption. In fact, we can achieve the maximized
economic benefits applying “the simultaneous production of sugar and ethanol " mode,
in which we boil the A-syrup that have the good characteristic of low energy
consumption, to produce the top-grade white sugar production. B-green syrup and
second pressed juice are mixed to produce the fuel ethanol. Costs of the ethanol
production can be greatly reduced.

According to the calculations, it will bring more economic benefits while employ “the
simultaneous production of sugar and ethanol” mode.
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Project Sugar sugar combined Ethanol
product only fuel ethanol product only
Sugarcane milled (t/d) 100 100 100
Fuel ethanol (t) - 1 7
Sugar (t) 12 11.5 -
Molasses (t) 3 - -
Sugar product costs (RMB/t sugar ) 4000 3970 -
Fuel ethanol product costs (RMB) - 1000 5500
Total costs (RMB) 48000 46655 38500
Fuel ethanol product incomes (RMB) - 8000 56000
Sugar product incomes (RMB) 72000 69000 -
Molasses incomes (RMB) 2700 - -
Total incomes (RMB) 74700 77000 56000
profits (RMB) 26700 30345 17500

Table 4. The profits of the three different modes

6. Conclusions

Various technologies have been identified for immediate increases in the efficiency and
sustainability of current and future sugarcane ethanol. In conclusion, recycle utilization
design are seems to be suitable for sugarcane bioethanol development, for example,
recycling of byproducts of sugarcane in the fields reduces chemical fertilizers application
rates, reducing water consumption with closure of water-processing circuits and the use of
bagasse to generate electricity or to manufacture bagasse polymer composites (Xu et al.,
2010), improving the energy balance of ethanol production; as well as in production and
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harvesting processes. At present, we think bagasse is not preferable for directly bioethanol
production due to their high bioconversion costs. Adequate developed technology is
available to achieve sustainable sugarcane production and bioethanol. However, the
adoption of new technologies requires a favorable economic and political environment that
facilitates investments in clean technologies. Pollution problems require strict enforcement
of legislation and inspection of agricultural and industrial activities.

Developing the sugarcane ethanol provides a novel option for utilization of the sugar
industry, and it will be also helpful to the fuel ethanol development in China.
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1. Introduction

Bioethanol can be produced from several different biomass feedstocks: sucrose rich
feedstocks (e.g. sugar-cane), starchy materials (e.g. corn grain), and lignocellulosic biomass.
This last category, including biomass such as corn stover and wheat straw, woody residues
from forest thinning and paper, is promising especially in those countries with limited lands
availability. In fact, residues are often widely available and do not compete with food
production in terms of land destination. The process converting the biomass biopolymers to
fermentable sugars is called hydrolysis. There are two major categories of methods
employed. The first and older method uses acids as catalysts, while the second uses
enzymes called cellulases. Feedstock pretreatment has been recognized as a necessary
upstream process to remove lignin and enhance the porosity of the lignocellulosic materials
prior to the enzymatic process (Zhu & Pan, 2010; Kumar et al., 2009).

Cellulases are proteins that have been conventionally divided into three major groups:
endoglucanase, which attacks low cristallinity regions in the cellulose fibers by endoaction,
creating free chain-ends; exoglucanases or cellobiohydrolases which hydrolyze the 1, 4-
glycocidyl linkages to form cellobiose; and p-glucosidase which converts cello-
oligosaccharides and disaccharide cellobiose into glucose residues. In addition to the three
major groups of cellulose enzymes, there are also a number of other enzymes that attack
hemicelluloses, such as glucoronide, acetylesterase, xylanase, p-xylosidase,
galactomannase and glucomannase. These enzymes work together synergistically to attack
cellulose and hemicellulose. Cellulases are produced by various bacteria and fungi that can
have cellulolytic mechanisms significantly different.

The use of enzymes in the hydrolysis of cellulose is more effective than the use of inorganic
catalysts, because enzymes are highly specific and can work at mild process conditions. In
spite of these advantages, the use of enzymes in industrial processes is still limited by

* Corresponding Author
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several factors: most enzymes are relatively unstable at high temperatures, the costs of
enzyme isolation and purification are high and it is quite difficult to recover them from the
reaction mixtures. Currently, extensive research is being carried out on cellulases with
improved thermostability. These enzymes have high specific activity and increased
flexibility. For these reasons they could work at low dosages and the higher working
temperatures could speed up the hydrolysis reaction time. As consequence, the overall
process costs could be reduced. Thermostable enzymes could play an important role in
assisting the liquefaction of concentrated biomass suspensions necessary to achieve ethanol
concentrations in the range 4-5 wt%.

The immobilization of enzymes has also been proposed to remove some limitations in the
enzymatic process (Hong et al., 2008). The main advantage is an easier recovery and reuse of
the catalysts for more reaction loops. Also, enzyme immobilization frequently results in
improved thermostability or resistance to shear inactivation and so, in general, it can help to
extend the enzymes lifetime.

This chapter contains an overview of the lignocellulosic hydrolysis process. Several process
issues will be deepened: cellulase enzyme systems and hydrolysis mechanisms of cellulose;
commercial mixtures; currents limits in the cellulose hydrolysis; innovative bioprocesses
and improved biocatalysts.

2. Structure of lignocellulose biomass

Lignocellulosic biomass is typically nonedible plant material, including dedicated crops of
wood and grass, and agro-forest residues. Lignocellulosics are mainly composed of
cellulose, hemicellulose, and lignin.

Cellulose is a homopolysaccharide composed of B-D-pyranose units, linked by p-1, 4-
glycosidic bonds. Cellobiose is the smallest repetitive unit and it is formed by two glucose
monomers. The long-chain cellulose polymers are packed together into microfibrils by
hydrogen and van der Waals bonds. Hemicellulose and lignin cover the microfibils
(Fig.1). Hemicellulose is a mixture of polysaccharides, including pentoses, hexoses and
uronic acids. Lignin is the most complex natural polymer consisting of a predominant
building block of phenylpropane units. More specifically, p-coumaryl alcohol, coniferyl
alcohol and sinapyl alcohol are the most commonly encountered alcohols (Harmesen et
al., 2010). Lignocellulosic materials also contain small amounts of pectin, proteins,
extractives (i.e. no- structural sugars, nitrogenous material, chlorophyll and waxes) and
ash (Kumar et al., 2009).

The composition of the biomass constituents can vary greatly among various sources (Table
1). Accurate measurements of the biomass constituents, mainly lignin and carbohydrates,
are of prime importance because they assist tailored process designs for the maximum
recovery of energy and products from the raw materials.

Since 1900, researchers have developed several methods to measure the lignin and
carbohydrates content of lignocellulosic biomass. Globally recognized Organizations, such
as American Society for Testing and Materials (ASTM), Technical Association of the Pulp
and Paper Industry (TAPPI) and National Renewable energy and Laboratory (NREL) have
developed methods to determine the chemical composition of biomass, based on
modifications of the two main procedures developed by Ritter (Ritter et al., 1932) and by
Seaman (Saeman et al., 1954), (Table 2).
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HEMICELLULOSE LIGNIN
PENTOSES HEXOSES  ACID P-coumars-, coniferyl-and
Xylose Glucose URONICS simapyl  aleohol:  dominant
Rhamnose  Mannose building blocks of the three-
Arabinose  Galnctose dimensional polymer lignin
CELLULOSE
HEXOSES
D-ghucose
Fig. 1. Lignocellulosic materials: composition of major compounds (Kumar, 2009)
Lignocellulosic materials Cellulose Hemicellulose Lignin
(%) (%) (%)
Coastal bermudagrass 25 35.7 6.4
Corn Cobs 45 35 15
Cotton seed hairs 80-95 5-20 0
Grasses 25-40 35-50 10-30
Hardwoods steam 40-55 24-40 18-25
Leaves 15-20 80-85 0
Newspaper 40-55 25-40 18-30
Nut shells 25-30 25-30 30-40
Paper 85-99 0 0-15
Primary wastewater solids 8-15 NA 24-29
Softwoods stems 45-50 25-35 25-35
Solid cattle manure 1.6-4.7 1.4-3.3 2.7-5.7
Sorted refuse 60 20 20
Swine waste 6.0 28 NA
Switchgrass 45 31.4 12.0
Waste papers from chemical pulps 60-70 10-20 5-10
Wheat straw 30 50 15

Table 1. Composition of some common sources of biomass (Sun and Cheng, 2002)
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TAPPI ASTM NREL
Method Title Method Title Title
T 13 os 54; Lignin in D 1106-96 Standard Test Determination of
Later T222 | Wood (original) (2007) Method for Structural
om-06 Acid- Insoluble Cromatographic Carbohydrates
Lignin in Wood Analysis of and Lignin in
and Pulp (later) Chemically Refined Biomass
Cellulose (1996)
T249 cm-00 Carboydrate ASTM D1915- Standard Test
Composition of 63 (1989) Method for
Extractive -Free withdrawn, Chromatographic
Wood and Wood | replaced by Analysis of
Pulp by Gas-Liquid D5896 Chemically Refined
Chromatography Cellulose (1996)
AST D5896-96 Standard Test
Method for
Carbohydrate

Distribution of
Cellulosic Material
Standard Test
Method for
Determination of
Acid-Insoluble
Residue in Biomass
Determination of
Carbohydrates in
Biomass by High
Performance Liquid
Chromatography

E1721

E1758

Table 2. Methods provided by globally recognized organizations for the chemical composition
of biomass (Sluiter et al., 2010)

3. Products from lignocellulosic biomass

Lignocellulosic biomass is a potential source of several bio-based products according to the
biorefinery approach. Currently, the products made from bioresources represent only a
minor fraction of the chemical industry production. However, the interest in the bio-based
products has increased because of the rapidly rising barrel costs and an increasing concern
about the depletion of the fossil resources in the near future (Hatti-Kaul et al., 2007). The
goal of the biorefinery approach is the generation of energy and chemicals from different
biomass feedstocks, through the combination of different technologies (FitzPatrick et al.,
2010).

The biorefinery scheme involves a multi-step biomass processing. The first step concerns the
feedstock pretreatment through physical, biological, and chemical methods. The outputs
from this step are platform (macro) molecules or streams that can be used for further
processing (Cherubini & Ulgiati, 2010). Recently, a detailed report has been published by
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DOE describing the value added chemicals that can be produced from biomass (Werpy,
2004). Figure 2 displays a general biorefinery scheme for the production of specialty
polymers, fuel, or composite materials (FitzPatrick et al., 2010).

Besides ethanol, several other products can be obtained following the hydrolysis of the
carbohydrates in the lignocellulosic materials. For instance, xylan/xylose contained in
hemicelluloses can be thermally transformed into furans (2-furfuraldeyde, hydroxymethil
furfural), short chain organic acids (formic, acetic, and propionic acids), and cheto compounds
(hydroxy-1-propanone, hydroxy-1-butanone) (Giilli, 2010; Bozell & Petersen, 2010).
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Fig. 2. Scheme of a lignocellulosic biorefinery. The shape of each step describes the type of
process used, chemical, biological, and physical (legend) (FitzPatrick et al., 2010)

Furfural can be further processed to form some building blocks of innovative polymeric
materials (i.e. 2, 5-furandicarboxylic acid). In addition, levulinic acid could be formed by the
degradation of hydroxymethil furfural (Demirabas, 2008). Another product prepared either
by fermentation or by catalytic hydrogenation of xylose is xylitol (Bozell & Petersen, 2010).
Furthermore, through the chemical reduction of glucose it is possible to obtain several
products, such as sorbitol (Bozell & Petersen, 2010). The residual lignin can be an
intermediate product to be used for the synthesis of phenol, benzene, toluene, xylene, and
other aromatics. Similarly to furfural, lignin could react to form some polymeric materials
(i.e. polyurethanes) (Demirabas, 2008).

4. Production for ethanol from lignocellulosic biomass

Ethanol is the most common renewable fuel recognized as a potential alternative to
petroleum-derived transportation fuels. It can be produced from lignocellulosic materials in
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various ways characterized by common steps: hydrolysis of cellulose and hemicellulose to
monomeric sugars, fermentation and product recovery (fig 3). The main differences lie in the
hydrolysis phase, which can be performed by dilute acid, concentrated acid or
enzymatically (Galbe & Zacchi, 2002).

4.1 Acid hydrolysis

The main advantage of the acid hydrolysis is that acids can penetrate lignin without any
preliminary pretreatment of biomass, thus breaking down the cellulose and hemicellulose
polymers to form individual sugar molecules. Several types of acids, concentrated or
diluted, can be used, such as sulphurous, sulphuric, hydrocloric, hydrofluoric, phosphoric,
nitric and formic acid (Galbe & Zacchi, 2002). Sulphuric and hydrochloric acids are the most
commonly used catalysts for hydrolysis of lignocellulosic biomass (Lenihan et al., 2010).

The acid concentration used in the concentrated acid hydrolysis process is in the range of
10-30%. The process occurs at low temperatures, producing high hydrolysis yields of
cellulose (i.e. 90% of theoretical glucose yield) (Iranmahboob et al., 2002).

Lignocellulosic

biomass
\

| Pretreatment ‘
Acid hydrolysis Enzymatic bSilﬂhult?iJJﬂDl_ls )
, : saccharification
(concentrated or diluted) hydrolysis | and fermentation_J

\( Fermentation /

Distillation

Ethanol

Fig. 3. Process for production ethanol from lignocellulosic biomass. The circle in the scheme
indicates two alternative process routes: simultaneous hydrolysis and fermentation (SSF);
separate hydrolysis and fermentation (SHF).

However, this process requires large amounts of acids causing corrosion problems to the
equipments. The main advantage of the dilute hydrolysis process is the low amount of acid
required (2-5%). However this process is carried out at high temperatures to achieve
acceptable rates of cellulose conversion. The high temperature increases the rates of
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hemicellulose sugars decomposition thus causing the formation of toxic compounds such as
furfural and 5-hydroxymethyl-furfural (HMF). These compounds inhibit yeast cells and the
subsequent fermentation stage, causing a lower ethanol production rate (Larsson et al., 1999;
kootstra et al., 2009). In addition, these compounds lead to reduction of fermentable sugars
(Kootstra et al., 2009). In addition, high temperatures increase the equipment corrosion
(Jones & Semrau, 1984).

In 1999, the BC International (BCI) of United States has marketed a technology based on
two-step dilute acid hydrolysis: the first hydrolysis stage at mild conditions (170-190°C) to
hydrolyze hemicellulose; the second step at more severe conditions to hydrolyze cellulose
200-230°C (Wyman, 1999).

In 1991, the Swedish Ethanol Development Foundation developed the CASH process. This
is a two-stage dilute acid process that provides the impregnation of biomass with sulphur
dioxide followed by a second step in which diluted hydrochloric acid is used. In 1995, this
foundation has focused researches on the conversion of softwoods using sulphuric acid
(Galbe & Zacchi, 2002).

4.2 Pretreatment

A pretreatment step is necessary for the enzymatic hydrolysis process. It is able to remove the
lignin layer and to decristallize cellullose so that the hydrolytic enzymes can easily access the
biopolymers.The pretreatment is a critical step in the cellulosic bioethanol technology because
it affects the quality and the cost of the carbohydrates containing streams (Balat et al., 2008).
Pretreatments methods can be classified into different categories: physical, physiochemical,
chemical, biological, electrical, or a combination of these (kumar et al., 2009), (Table 3).

On the whole, the final yield of the enzymatic process depends on the combination of
several factors: biomass composition, type of pretreatment, dosage and efficiency of the
hydrolytic enzymes (Alvira et al., 2010).

The use of enzymes in the hydrolysis of cellulose is more advantageous than use of
chemicals, because enzymes are highly specific and can work at mild process conditions.
Despite these advantages, the use of enzymes in industrial applications is still limited by
several factors: the costs of enzymes isolation and purification are high; the specific activity
of enzyme is low compared to the corresponding starch degrading enzymes. As
consequence, the process yields increase at raising the enzymatic proteins dosage and the
hydrolysis time (up to 4 days) while, on the contrary, decrease at raising the solids loadings.
One typical index used to evaluate the performances of the cellulase preparations during the
enzymatic hydrolysis is the conversion rate to say the obtained glucose concentration per
time required to achieve it (g glucose/L/h/). Some authors reported conversion rates of
softwoods substrates (5%w /v solids loading) in the range 0.3-1.2 g/L/h (Berlin et al., 2007).
In general, compromise conditions are necessary between enzymes dosages and process
time to contain the process costs.

In 2001, the cost to produce cellulase enzymes was 3-5$ per gallon of ethanol (0.8-1.32%/liter
ethanol), (Novozymes and NREL)!. In order to reduce the cost of cellulases for bioethanol
production, in 2000 the National Renewable Laboratory (NREL) of USA has started
collaborations with Genencor Corporation and Novozymes. In particular, in 2004, Genencor
has achieved an estimated cellulase cost in the range $0.10-0.20 per gallon of ethanol (0.03-

1 News on: Sci Focus Direct on Catalysts, 2005
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Operating Advantages Disadvantages
conditions

Physical Chipping Room temperature | Reduces cellulose | Power consumption

Grinding Energy input < critallinity higher than inherent
Milling 30Kw per ton biomass energy
biomass

Physio- Steam 160-260°C (0. 69- Causes Destruction of a

chemical pretreatment | 4.83MPa) for 5-15 | hemicellulose auto | portion of the xylan

min hydrolysis and | fraction; incomplete
lignin distruption of the
transformation; lignin-carboydrate
cost-effective for | matrix; generation of
hardwoods and inhibitory
agricultural compounds; less
residues effective for
softwoods
AFEX 90°C for 30 min.1- |Increases accessible | Do not modify lignin
(Ammonia fiber| 2kg ammonia /kg surface area, neither hydrolyzes
explosion dry biomass removes lignin and hemicellulose;
method) hemicellulose;
ARP (Ammonia| 150-170°C for 14 |Increases accessible | Do not modify lignin
recycle min Fluid velocity surface area, neither hydrolyzes
percolation lem/min removes lignin and hemicellulose;
method) hemicellulose;
CO, explosion |4kg CO,/kg fiber at| Do not produce | Itis not suitable for
5.62 Mpa 160 bar inhibitors for biomass with high
for 90 min at 50 °C downstream lignin content (such
under supercritical |processes. Increases| as woods and nut
carbon dioxide | accessible surface shells) Does not
area, does not modify lignin neither
cause formation of hydrolyze
inhibitory hemicelluloses
compounds
Ozonolysis | Room temperature | Reduce lignin Expensive for the
content; does not ozone required;
produce toxic
residues
Wet oxidation | 148-200°C for 30 |Efficient removal of| High cost of oxygen
min lignin; low and alkaline catalyst
formation of
inhibitors; low
energy demand
Chemical Acid Type I: T>160°, Hydrolyzes Equipment corrosion;
hydrolysis: continuous-flow hemicellulose to formation of toxic
dilute-acid | process for low solid| xylose and other substances
pretreatment | loading5-10%,)- | sugar; alters lignin

Type II: T<160°C,
batch process for
high solid loadings
(10-40%)

structure
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Operating Advantages Disadvantages
conditions

Alkaline Low temperature; Removes Residual salts in
hydrolysis Long time high. | hemicelluloses and biomass
Concentration of | lignin; increases
the base; For accessible surface
soybean straw: area
ammonia liquor
(10%) for 24 h at

room temperature

Organosolv | 150-200 °C with or | Hydrolyzes lignin |High costs due to the

without addition of | and hemicelluloses | solvents recovery
catalysts (oxalic,

salicylic,
acetylsalicylic acid)
Biological Several fungi Degrades lignin  |Slow hydrolysis rates
(brown-, white- and|and hemicelluloses;
soft-rot fungi low energy
requirements
Electrical Pulsed ~2000 pulses of 8 Ambient Process needs more
electrical field kV/cm conditions; disrupts research
in the range of plant cells; simple
5-20kV/cm, equipment

Table 3. Methods for biomass lignocellulosic pretreatment (Kumar et al., 2009)

0.05%/liter ethanol) in NREL’s cost model (Genencor, 2004)2. Similarly, collaboration
between Novozymes and NREL has yielded a cost reduction in the range $0.10-0.18 per
gallon of ethanol (0.03-0.047$/liter ethanol), a 30-fold reduction since 2001 (Mathew et al.,
2008).

Unlike the acid hydrolysis, the enzymatic hydrolysis, still has not reached the industrial
scale. Only few plants are available worldwide to investigate the process (pretreatment and
bioconversion) at demo scale. More recently, the steam explosion pretreatment, investigated
for several years in Italy at the ENEA research Center of Trisaia (De Bari et al., 2002, 2007), is
now going to be developed at industrial scale thanks to investments from the Italian Mossi
& Ghisolfi Group.

5. Enzymatic hydrolysis: Cellulases

5.1 Cellulolytic capability of organisms: Difference in the cellulose-degrading strategy
Different strategies for the cellulose degradation are used by the cellulase-producing
microorganisms: aerobic bacteria and fungi secrete soluble extracellular enzymes known as
non complexed cellulase system; anaerobic cellulolytic microorganisms produce complexed
cellulase systems, called cellulosomes (Sun et al., 2002). A third strategy was proposed to
explain the cellulose-degrading action of two recently discovered bacteria: the aerobic
Cytophaga hutchinsonii and the anaerobic Fibrobacter succinogenes (Ilmén et al., 1997).

2 Genencor, relations, 21 October 2004, avaible from: http:/ genencor.com/cms/connect/
genencor/media_relations/news/archive/2004/gen_211004_en.htm
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e Non-complexed cellulase system. One of the most fully investigated non-complexed cellulase
system is the Trichoderma reesei model. T. reesei (teleomorph Hypocrea jecorina) is a
saprobic fungus, known as an efficient producer of extracellular enzymes (Bayer et al.,
1998). Its non-complexed cellulase system includes two cellobiohydrolases, at least
seven endoglucanases, and several B-glucosidases. However, in T. reesei cellulases, the
amount of B-glucosidase is lower than that needed for the efficient hydrolysis of
cellulose into glucose. As a result, the major product of hydrolysis is cellobiose. This is a
dimer of glucose with strong inhibition toward endo- and exoglucanases so that the
accumulation of cellobiose significantly slows down the hydrolysis process (Gilkes et
al., 1991). By adding 3-glucosidase to cellulases from either external sources, or by using
co-culture systems, the inhibitory effect of cellobiose can be significantly reduced (Ting
et al., 2009).

It has been observed that the mechanism of cellulose enzymatic hydrolysis by T.reesei

involves three simultaneous processes (Ting et al., 2009):

1. Chemical and physical changes in the cellulose solid phase. The chemical stage
includes changes in the degree of polymerization, while the physical changes
regard all the modifications in the accessible surface area. The enzymes specific
function involved in this step is the endoglucanase.

2. Primary hydrolysis. This process is slow and involves the release of soluble
intermediates from the cellulose surface. The activity involved in this step is the
cellobiohydrolase.

3. Secondary hydrolysis. This process involves the further hydrolysis of the soluble
fractions to lower molecular weight intermediates, and ultimately to glucose. This
step is much faster than the primary hydrolysis and f-glucosidases play a role for the
secondary hydrolysis.

o Complexed cellulase system. Cellulosomes are produced mainly by anaerobic bacteria, but
their presence have also been described in a few anaerobic fungi from species such as
Neocallimastix, Piromyces, and Orpinomyces (Tatsumi et al., 2006; Watanabe & Tokuda,
2010). In the domain Bacteria, organisms possessing cellulosomes are only found in the
phylum Firmicutes, class Clostridia, order Clostridiales and in the Lachnospiraceae and
Clostridiaceae families. In this latter family, bacteria with cellulosomes are found in
various clusters of the genus Clostridium (McCarter & Whiters, 1994; Wilson, 2008).
Cellulosomes are protuberances produced on the cell wall of the cellulolytic bacteria
grown on cellulosic materials. These protuberances are stable enzyme complexes tightly
bound to the bacteria cell wall but flexible enough to bind strongly to cellulose (Lentig
& Warmoeskerken, 2001). A cellulosome contains two types of subunits: non-catalytic
subunits, called scaffoldins, and enzymatic subunits. The scaffoldin is a functional unit of
cellusome, which contain multiple copies of cohesins that interact selectively with
domains of the enzymatic subunits, CBD (cellulose binding domains) and CBM
(carbohydrates binding modules). These have complementary cohesins, called
dockerins, which are specific for each bacterial species (Fig. 4) (Gilligan & Reese, 1954;
Lynd et al., 2002; Arai et al., 2006;).

For the bacterial cell, the biosynthesis of a cellulosome enables a specific adhesion to the

substrate of interest without competition with other microorganisms. The cellulosome

allows several advantages: (1) synergism of the cellulases; (2) absence of unspecific
adsorption (McCarter & Whiters, 1994; Zhang & Lynd, 2004). Thanks to its intrinsic

Lego-like architecture, cellulosomes may provide great potential in the biofuel industry.
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The concept of cellulosome was firstly discovered in the thermophilic cellulolytic and
anaerobic bacterium, Clostridium thermocellum (Wyman, 1996). It consists of a large
number of proteins, including several cellulases and hemicellulases. Other enzymes
that can be included in the cellulosome are lichenases.

o Third cellulose-degrading strategy. The third strategy was recently proposed to explain the
cellulose-degrading behavior of two recently sequenced bacteria: Cytophaga hutchinsonii
and Fibrobacter succinogenes (Ilmén, 1997). C. hutchinsonii is an abundant aerobic
cellulolytic soil bacterium (Fagerstam & Petterson, 1984), while F. succinogenes is an
anaerobic rumen bacterium which was isolated by the Rockville, (Maryland), and San
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Fig. 4. Schematic representation of a cellulosoma

Diego (California) Institute of Genomic Research (TIGR) (Mansfield et al., 1998). In the
aerobic C. hutchinsonii no genes were found to code for CBM and in the anaerobic F.
succinogenes no genes were identified to encode dockerin and scaffoldin. Thus, a third
cellulose degrading mechanism was proposed. It includes the binding of individual
cellulose molecules by outer membrane proteins of the microrganisms followed by the
transport into the periplasmic space where they are degraded by endoglucanases
(Ilmén, 1997).

5.2 Characteristics of the commercial hydrolytic enzymes

Most cellulase enzymes are relatively unstable at high temperatures. The maximum activity
for most fungal cellulases and p-glucosidase occurs at 50+£5°C and a pH 4.5- 5 (Taherzadeh
& Karimi, 2007; Galbe & Zacchi, 2002). Usually, they lose about 60% of their activity in the
temperature range 50-60 °C and almost completely lose activity at 80°C (Gautam et al.,
2010). However, the enzymes activity depends on the hydrolysis duration and on the source
of the enzymes (Tengborg et al., 2001). In general, cellulases are quite difficult to use for
prolonged operations.

As mentioned before, the enzyme production costs mainly depend on the productivity of
the enzymes-producing microbial strain. Filamentous fungi are the major source of
cellulases and mutant strains of Trichoderma (T. viride, T. reesei, T. longibrachiatum) have long
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been considered to be the most productive (Gusakov et al.,, 2007, Galbe & Zacchi, 2002).
Preparations of cellulases from a single organism may not be highly efficient for the
hydrolysis of different feedstocks. For example, Thrichoderma reesei produces
endoglucanases and exoglucanases in large quantities, but its 3-glucosidase activity is low,
resulting in an inefficient biomass hydrolysis. For this reason, the goal of the enzymes
producing companies has been to form cellulases cocktails by enzymes assembly
(multienzyme mixtures) or to construct engineered microrganisms to express the desired
mixtures (Mathew et al., 2008). Enzyme mixtures often derive from the co-fermentation of
several micro-organisms (Ahamed & Vermette, 2008; Kabel et al., 2005; Berlin et al., 2007),
(Table 4). All the commercial cellulases listed in table 4 have an optimal condition at 50°C
and pH of 4.0-5.0. More recently, some enzymes producers have marked new mixtures able
to work in a higher temperature ranging from 50 to 60°C (Table5).

In 2010, new enzymes were produced by two leading companies, Novozymes and
Genencor, supported by the USA Department of Energy (DOE). Genencor has launched four
new blends: Accelerase®1500, Accelerase®XP, Accelerase®XC and Accelerase®BG.
Accelerase®1500 is a cellulases complex (exoglucanase, endoglucanase, hemi-cellulase and
B-glucosidase) produced from a genetically modified strain of T. reesei. All the other
Accelerase are accessory enzymes complexes: Accelerase®XP enhances both xylan and
glucan conversion; Accelerase®XC contains hemicellulose and cellulase activities;
Accelerase® BG is a p-glucosidase enzyme. In February 2010, Genencor has developed an
enzyme complex known as Accellerase®Duet which is produced with a genetically
modified strain of T. reesei and that contains not only exoglucanase, endoglucanase, [-
glucosidase, but includes also xylanase. This product is capable of hydrolyzing
lignocellulosic biomass into fermentable monosaccharides such as glucose and xylose
(Genencos, 2010)3. Similarly, Novozymes has produced and commercialized two new
enzymatic mixtures: cellic Ctec, and cellic Htec. Cellic CTec is used in combination with
Cellic HTec and this mixture is capable to work with a wide variety of pretreated feedstocks,
such as sugarcane bagasse, corn cob, corn fiber, and wood pulp, for the conversion of the
carbohydrates in these materials into simple sugars (Novozyme, 2010)4.

In order to meet the future challenges, innovative bioprocesses for the production of new
generation of enzymes are needed. As already described, conventional cellulases work
within a range of temperature around 50°C and they are typically inactivated at
temperatures above 60-70 °C due to disorganization of their three dimensional structures
followed by an irreversible denaturation (Viikari et al., 2007). Some opportunities of process
improvement derive from the use of thermostable enzymes.

5.3 Enzymes for the cellulose liquefaction: Thermophilic enzymes

The thermophilic microrganisms can be grouped in thermophiles (growth up to 60 °C),
extreme thermophiles (65-80 °C) and hyperthermophiles (85-110 °C). The unique stability of
the enzymes produced by these microrganisms at elevated temperatures, extreme pH and
high pressure (up to 1000 bar) makes them a valuable resource for the industrial

3 Genencor, products, 14 January 2010, avaible from: http:// www.genencor.com/ wps/ wem/
connect/ genencor/ genencor/ products and services/ business development/ biorefineries/
products/ accellerase product line en.htm

4 Novozyme, brochure, 29 January 2010, Viable from: http:// www.bioenergy. novozymes.com/ files/
documents/ Final %20Cellic %20Product%20Brochure_ 29Jan2010.pdf



Hydrolysis of Lignocellulosic Biomass:

Current Status of Processes and Technologies and Future Perspectives 107
Commercial FPU Cellobiase Proteins Source Supplier
mixture (U/ml)= (U/ml)® (U/ml)e PP
Bio-feed beta L <5 12 8 T. longibrachiatum Novozymes
T. reesei (Bagsvaerd,
Denmark)
Cellubrix 56 136 43 T. longibrachiatum Novozymes
(Celluclast) A. niger
Cellulase 2000L 10 nd 7 T. longibrachiatum Rodhia -Danisco
T. reesei (Vinay, France)
Cellulyve 50L 24 nd 34 T. longibrachiatum | Lyven (Colombelles
T. reesei France)
Energex L <5 19 28 T. longibrachiatum Novozymes
T. reesei
GC220 116 215 64 T. longibrachiatum Genencor-Danisco
T. reesei (Rochester, USA)
GC440 <5 70 29 T. longibrachiatum Genencor
T. reesei
GC880 <5 86 43 T. longibrachiatum Genencor
T. reesei
Novozymes 188 <5 1,116 57 A.niger Novozymes
Rohament CL 51 28 44 T. longibrachiatum T. | Rhom-AB Enzymes
reesei (Rajamaki, Finland)
Spezyme CP 49 nd 41 T. longibrachiatum Genencor
T. reesei
Ultraflo L <5 20 18 T. longibrachiatum Novozymes
T. reesei
Viscozyme L <5 23 27 T. longibrachiatum Novozymes
T. reesei
Viscostar 150L 33 111 40 T. longibrachiatum T. | Dyadic (Jupiter,

reesei

Usa)

A) One FPU (filter paper unit) is the amount of enzyme that forms 1 pmol of reducing sugars/min

during the hydrolysis reaction of filter paper Whatman No.1

B) One CBU (cellobiase unit) corresponds to the amount of enzyme which forms 2 pmol of glucose/min

from cellobiose

Table 4. Commercial cellulases

Commercial mixture B-glucosidase pH | Temperature (°C) Source Supplier
activity(U/ml)a
Biocellulase A 32 5 55 A. niger Quest Intl.
(Sarasota, Fl)
Cellulase AP 30 K 60 45 60 A. niger Amano
Enzyme Inc.

Table 5. Commercial cellulases able to work at temperature ranging from 50 to 60°C.
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bioprocesses that run at harsh conditions (Demain et al., 2005). Of special interest is the
thermoactivity and thermostability of these enzymes in the presence of high concentrations
of organic solvents, detergents and alcohols. On the whole, thermophilic enzymes have an
increased resistance to many denaturing conditions such as the use of detergents which can
be often the unique efficient mean to obviate the irreversible adsorption of cellulases on the
substrates. Furthermore, the utilization of high operation temperatures, which cause a
decrease in viscosity and an increase in the diffusion coefficients of substrates, have a
significant influence on the cellulose solubilization. It is worth noting that, differently from
the mesophilic enzymes, most thermophilic cellulases did not show inhibition at high level
of reaction products (e.g. cellobiose and glucose). As consequence, higher reaction rates and
higher process yields are expected (Bergquist et al., 2004). The high process temperature also
reduces any contamination of the fermentation medium.

Several cellulose degrading enzymes from various thermophilic organisms have been
investigated. These include cellulases mainly isolated from anaerobic bacteria such as
Anaerocellum thermophilum (Zverlov et al., 1998), Clostridium thermocellum (Romaniec et al.,
1992), Clostridium stercorarium (Bronnenmeier et al.,, 1991; Bronnenmeier & Staudenbauer,
1990) and Caldocellum saccharolyticum (Te’o V et 1., 1995), Pyrococcus furiosus (Ma & Adams,
1994), Pyrococcus horikoshi (Rahman et al., 1998), Rhodothermus strains (Hreggvidsson et al.,
1996), Thermotoga sp., (Ruttersmith et al., 1991), Thermotoga marittima (Bronnenmeier et al.,
1995), Thermotoga neapolitana (Bok et al., 1998).

Xylanase have been detected in Acidothermus cellulolyticus in different Thermus, Bacillus,
Geobacillus, Alicyclobacillus and Sulfolobales species (Sakon et al., 1996).

Although many cellulolytic anaerobic bacteria such as Clostridium thermocellum produce
cellulases with high specific activity, they do not produce high enzymes quantities. Since the
anaerobes show limited growth, most researches on thermostable cellulases production
have been addressed to aerobic species. Several mesophilic or moderately thermophilic
fungal strains are also known to produce enzymes stable and active at high temperatures.
These enzymes are produced from species such as Chaetomium thermophila (Venturi et al.,
2002), Talaromyces emersonii (Grassick et al., 2004), Thermoascus aurantiacus (Parry et al., 2002).
They may be stable at temperatures around 70 °C for prolonged periods. Table 6
summarizes some of thermostable enzymes isolated from Archea, Bacteria and Fungi.
During the last decade several efforts have been devoted to develop different mixtures of
selected thermostable enzymes. In 2007, mixtures of thermostable enzymes, including
cellulases from Thermoascus auranticus, Thrichoderma reseei, Acremonium thermophilum and
Thermoascus auranticus, have been produced by ROAL, Finland (Viikari et al., 2007).
Multienzyme mixtures were also reconstituted using purified Chrysosporium lucknowense
enzymes (Gusakov et al., 2005).

Despite the noticeable advantages of thermostable enzymes, cultivation of thermophiles and
hyperthermophyles requires special and expensive media, and it is hampered by the low
specific growth rates and product inhibition (Krahe et al., 1996; Schiraldi et al., 2002;Turner et
al., 2007). Large scale commercial production of thermostable enzymes still remains a challenge
also dependent on the optimization of their production from mesophilic microorganisms.

6. Immobilization of enzymes

Thanks to the latest breakthroughs in the research for improving the enzymes, nowadays
most enzymes are produced for a commercially acceptable price. Nonetheless, the industrial
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Archea
Enzymes Organism pH T Stability (half life) Refs.
optimum | optimum
((Y)
B-glucosidase Pyrococcus 5 102 13h at 110°C  [Ma & Adams,
furiousus 1994
Pyrococcus 6 100 15h at 90°C Rahman et al.,
horikoshi 1998
Endoglucanase Pyrococcus 6 100 40h at 95°C Bergquist et
furiousus al.,
2004
Pyrococcus 6-6.5 100 19h at 100°C Bergquist et
horikoshi al., 2004
Bacteria
Enzymes Organism pH T Stability (half life) Refs.
optimum | optimum
(W)
Endoglucanase | Acidothermus 5.0 83 Inactivated at 110°C| Sakon |. et al.
cellulolyticus 1996
Anaerocellum 5-6 95-100 40min at 100°C | Zverliv et al.,
thermophilum 1998
Clostridium 6-6.5 90 Stable for several |Bronnenmeier
stercorarium days Ketal,
1991
Clostridium 6.6 70 33% of activity B )
thermocellum remained after 50h | D0 89415t et
al., 2004
at 60°C
Clostridium 7.0 70 50% of activity )
thermocellum remained after 48h Romaniec et
al. 1992
at 60°C
Rhodothermus 7.0 95 50% of activity
marinus remained after 3.5h| Bergquist et
at 100°C, 80% after | al., 2004
16h at 90°C
Thermotoga 6.0-7.5 95 2h at 95°C Bronnenmeier
marittima K etal,
1995
Thermotoga 6.0 95 >240min at 100°C | Bok JD et al.,
neapolitana 1995
Exoglucanase Clostridium 5-6 75 3 days at 70°C  |Bronnenmeier
stercorarium Ketal,
1990
Fungal
Enzymes Organism pH T Stability (half life) Refs.
optimum | optimum
(O




110 Bioethanol

Endoglucanase |  Chaetomium 4.0 60 60min at 60°C | Venturi L. Et
termphilum al., 2002
Thermoascus 45 75 98h at 70°C and 41h| Parry N.,
aurantiacus at 75°C 2002
Exoglucanase Talaromyces 3.6 78 34 min at 80°C Grassik A.,
(CBHIA) enersonii 2004

Table 6. Thermostable cellulases

utilization of cellulases could be even more convenient by improving their stability in long-
term operations and by developing methods/processes for the downstream recovery and
reuse. These objectives can be achieved by the immobilization of the enzymes (Cao, 2005).
The main advantages of the enzyme immobilization are:

more convenient handling of enzymes

easy separation from the product

minimal or no protein contamination of the product

possible recovery and reuse of enzymes

enhanced stability under storage and operational conditions (e.g. towards denaturation
by heat or organic solvents or by autolysis) (Sheldon, 2007).

The main methods of enzyme immobilization can be classified into four classes: support
binding (carrier), entrapment, encapsulation and cross-linking.

Support binding is based on fixing the enzyme to the external or internal surface of a
substrate, by physical (adsorption), ionic or covalent bonding. Adsorption is a simple and
inexpensive method of immobilization, and does not modify the enzyme chemical structure.
However, it does not produce strong bonds between enzyme and substrate and this could
cause a progressive lost of the enzyme from the support. Ionic-binding determines a strong
bond between enzyme and support. The supports may be functionalized with a variety of
chemical groups to achieve the ionic interaction, including quaternary ammonium,
diethylaminoethyl and carboxymethyl derivates (Brady & Joordan, 2009). Covalent binding
is the most widely used method of immobilization. Here the amino group of lysine is
typically used as point of covalent attachment (Brady & Joordan, 2009). Lysine is a very
common amino-acid in proteins, often localized on the surface of proteins. It has a good
reactivity and provides acceptable bonds stability (Krenkova & Forest, 2004). Supports
containing epoxy groups are widely used in the immobilization by covalent binding. These
can react with lysine and with many other nucleophilic groups on the protein surface (e.g.
Cys, Hys, and Tyr). Epoxy groups also react, in a slower way, with carboxylic groups
(Mateo et al,, 2007). The support used in this immobilization method is typically a
prefabricated carrier, such as synthetic resins, biopolymers, inorganic polymers such as
silica or zeolites.

Entrapment is based on inclusion of the enzyme in a polymer network (i.e. organic polymer,
silica sol-gel). Unlike the previous methods, entrapment requires the synthesis of the
polymeric network in the presence of the enzyme (Sheldon, 2007). This method has the
advantage of protecting the enzyme from direct contact with the environment, reducing the
effects of mechanical sheer and hydrophobic solvents. However, low amount of enzymes
can be immobilized (Lalonde & Margolin, 2002).

Encapsulation is a method similar to entrapment, but, in this case, the enzyme is enclosed in
a membrane that acts as a physical barrier around it (Cao L., 2005). The disadvantage is that
entrapping or encapsulating matrix offer a certain resistance to the substrates diffusion.

AN .
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Cross-linking results in the formation of enzyme aggregates by using bifunctional reagent,
like glutaraldehyde, able to bind enzymes to each other without resorting to any support. In
1996, cross-linked enzyme crystals (CLEC; St. Clair and Navia 1992) were commercialized
by Altus Biologics (Margolin, 1996). However the CLEC formation requires laborious and
expensive processes of protein purification and it is applicable only to crystallisable
enzymes. In addition, only one kind of enzyme can be used in the CLEC formation (Brady &
Joordan, 2009). In 2001 a less-expensive method, known as CLEA (cross linked enzyme
aggregates) was developed in Sheldon’s Laboratory and commercialized by CLEA
Technologies (Netherlands), (Sheldon et al., 2005). Recently a new method has been
developed, especially suitable for lipase immobilization. It is defined Spherezymes and it is
based on the formation of a water-in-oil emulsion, in which lipases and surfactant are
dissolved. Following the addition of a bifunctional cross-linker, permanent spherical
particles of enzyme are generated (Brady & Joordan, 2009).

The most interesting immobilization procedures are in the area of covalent binding. Supports
containing epoxy groups are widely used in the immobilization by covalent binding because
these generate intense multipoint covalent attachment with different nucleophiles present on
the surface of the enzyme molecules (Mateo et al., 2007). One limitation of the epoxy supports
is the slow reaction of immobilization. To overcome this problem, Mateo and coworkers have
designed epoxy supports able to ensure a mild physical adsorption of the enzymes followed
by a very fast intramolecular covalent binding with the material epoxy groups. These supports
were used to immobilize and stabilize enzymes such as glutaryl acylase (Mateo et al., 2001), -
galactosidase from Thermus sp. (Pessela et al., 2003), and peroxidase (Abad et al., 2002). Epoxy
supports, known as Sepabeads® are marketed by Resindion s.r.l. and quickly have begun to
supersede another commercial support, known as Eupergit. This last is a microporous, epoxy-
activated acrylic beads with a diameter of 100-250n, used for a wide variety of different
enzymes (Boller et al., 2002).

6.1 Immobilization of cellulases

In literature, only few papers are available on the cellulases immobilization. This is due to
the fact that cellulose is not soluble and some immobilization techniques, such as enzymes
entrapment, impede the interaction enzyme-substrate. Immobilization of cellulases via
covalent bonds appears to be the most suitable technique. Besides the enzyme stabilization,
the covalent-immobilization allows the use of supported enzymes for several cycles of
reactions (Brady & Joordan, 2009; Li et al., 2007; Mateo et al., 2007; Dourado et al., 2002;
Yuan et al., 1999).

In 1999, Yuan and coworkers, immobilized cellulases onto acrylamide grafted acrylonitrile
copolymer membranes (PAN) by means of glutaraldehyde. They showed that the enzyme
stability was increased after the immobilization process. Also, the activity of the
immobilized cellulases was higher than the free cellulases at pH 3 - 5 and at temperatures
above 45 °C (Yuan et al., 1999).

In 2002, cellulases from T. reesei were immobilized on Eudragit L-100 by researchers of the
University of Minho (Portugal). They used the commercial mixture Celluclast® 1.5L
supplied by Novozymes (Denmark). This method allowed to improve the stability of the
enzymes without significant loss of its specific activity. The adsorption of cellulases on
Eudragit lowered the enthalpy of denaturation, but affected only slightly the denaturation
temperature (Dourado et al., 2002).
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In 2006, Li and coworkers, immobilized cellulase enzymes by means of liposomes. These are
phospholipid vesicle, ranging in size from 25 nm to 1um. In this method, glutaraldehyde-
activated liposome bound to the enzyme thus forming the liposome-cellulase complex.
Following this step, the complex was immobilized on chitosan-gel. The immobilized
enzyme by the liposome molecules showed efficiency higher by 10% compared to the
enzyme immobilized in chitosan-gel without liposome. The immobilized cellulase-liposome
complex showed a loss of activity of 20% with respect to the original value after six cycles of
reaction. Therefore, liposome-binding cellulase appeared to prevent or limit the enzyme
deactivation (Li et al., 2007).

In recent investigations, two commercial cellulase enzymes (Celluclast 1.5 and Novozym
188) were immobilized on epoxy Sepabeads® support (Resindion s.rl.). The preliminary
data showed that 60% of loaded Celluclast proteins were adsorbed by the support and that
more than 90% of these proteins remained stably linked even after repeated washings
(Verardi et al., 2011).

7. Process strategies for the hydrolysis and fermentation of lignocellulosics

After the pretreatment step, the bioconversion of lignocellulosic materials includes the
biopolymers hydrolysis and the sugar fermentation. These two steps can be performed
separately (SHF, separate hydrolysis and fermentation) or simultaneously (SSF,
simultaneous saccharification and fermentation). SSF technology is generally considered
more advantageous than SHF technology, for several reasons:
e reduced number of the process steps (Koon Ong, 2004)
e reduced end product inhibition because of the rapid conversion of glucose into ethanol
by yeast (Viikari et al., 2007)
¢ reduced contamination by unwanted microorganisms thanks to the presence of ethanol
(Elumalai & Thangavelu, 2010).
However, the optimum temperature for the enzymatic hydrolysis is typically higher than
that of fermentation. Therefore, in SHF process, the temperature for the enzymatic
hydrolysis can be optimized independently from the fermentation temperature, whereas a
compromise must be found in SSF process (Olofsson et al., 2008). Another obstacle of the
SSF process is the difficulty to carry out continuous fermentation by recirculating and
reusing the yeast due to the presence of the solid residues from the hydrolysis.
High solids loadings are usually required to obtain high ethanol levels in the fermentation
broths (high gravity fermentation). In particular, solids loadings of pretreated biomass up
to 30% (w/w) could be necessary to reach an ethanol concentration of 4-5 wt% that is
considered a threshold level for a sustainable distillation process. However, increasing the
amount of the solids content in a bioreactor, the hydrolytic performances of the enzymes
mixture tends to worsen. In particular, the high initial substrate consistency causes a
viscosity increase (Sassner et al., 2006) that is an obstacle toward the homogeneous and
effective distribution of the enzymes in the bioreactor. This problem could be partly
overcome by using thermostable enzymes. In particular, the hydrolysis could be carried out
in two steps: a former step at elevated temperatures with thermostable hydrolytic enzymes
producing the liquefaction of biomass (SHF); the latter step, aimed at completing the
biomass saccharification, could be carried out at milder temperatures by using the SSF
approach (Olofsson et al., 2008).
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8. Innovative bioreactor geometries and process strategies

A major requirement in cost-efficient lignocellulosics-to-ethanol process is to employ reactor
systems yielding the maximal conversion of the cellulose with the minimal enzyme dosage.
As consequence, one of the most important parameter for the design and operation of
bioreactors for lignocellulosic conversion is the effective use of the biocatalysts to obtain
high specific rates of cellulose conversion (namely the yield of glucose obtained per amount
of enzymes). The maximization of the product concentration, i.e. the amount of glucose
obtained per liquid volume, is also an important parameter as well as the optimization of
the volumetric productivity, in this case the rate of glucose formation per reactor volume.
When the hydrolysis is carried out with high dry matter contents, hence high cellulose levels,
the product concentration will drive up. For this reason, some recent researches have been
finalized into attempting the enzymatic biomass conversion at high-solids loads (Jergensen et
al., 2007; Tolan, 2002). The most important problem of high solid loadings is related to the fact
that the viscosity of the reaction mixture is very high and the rheology of the mixture has to be
well studied: normal stress might become very significant during bioconversion. In particular,
mixing and mass transfer limitations, and, presumably increased inhibition by intermediates
come into play. Various fed-batch strategies have been attempted with the scope of supplying
the substrate without reaching excessive viscosities and unproductive enzyme binding to the
substrate (Rosgaard et al., 2007a; Rudolf et al., 2005).

As said, the currently employed cellulolytic enzyme systems, that include the widely
studied T. reesei enzymes, are significantly inhibited by the hydrolysis products cellobiose
and glucose. This inhibition retards the overall conversion rate of lignocellulosics-to glucose
(Gan et al.,, 2002; Katz and Reese, 1968). Product inhibition is particularly significant during
processing at high substrate loadings mainly because the glucose concentration is higher
than that obtained in diluted biomass suspensions. (Kristensen et al., 2009; Rosgaard et al.,
2007a). As consequence, both the conversion rate and the glucose yields achievable in batch
processing of lignocellulose are reduced (Rosgaard et al., 2007b; Tengborg et al., 2001).
General criteria in the bioreactor design and in the selection of the operating conditions
could be: use of reactors or reaction regimes that allow a rapid reduction of the glucose
concentration; running of the reactions at low to medium substrate concentrations in order
to maintain higher conversion rates and hence obtain higher volumetric productivity of the
reactor (Andric et al. 2010, a).

The integration of the bioreactor with a separation unit (reaction-separation hybrids) has
shown promising results with product inhibited or equilibrium limited enzyme-catalyzed
conversions, because it is possible to remove the products as they are formed (Ahmed et al,,
2001; Gan et al., 2002). In this regard, membrane (bio) reactors could be a viable process
configuration. Unlike the SSF approach in which the glucose consumption is carried out by the
microrganisms simultaneously available in the hydrolyzate, the use of membrane bioreactors
would accomplish the same function without any compromise in the reaction temperature. A
membrane (bio-) reactor is a multifunction reactor that combines the reaction with a
separation, namely in this case product removal by membrane separation, in one integrated
unit, ie. in-situ removal, or alternatively in two or more separate units. The membrane
bioreactors hitherto used for the separation in enzymatic processes have been mainly ultra-
and nanofiltration (Pinelo et al., 2009). However, the use of this technology is limited by the
bank-up of unreacted lignocellulosics (lignin and particularly recalcitrant cellulose) in large-
scale and/or continuous processing (Andri¢ et al. 2010, b). Already in the past, some authors
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improved the efficiency of the continuous stirred tank bioreactor (CSTR) by incorporating
separation membranes in the reactor design. In particular, Henley et al. (1980) incorporated an
UF membrane (UF) or hollow-fiber cartridge (HFC) into the CSTR-UF and CSTR-HFC system,
respectively (Henley et Al, 1980). Ishihara et al. (1991) accomplished a semi-continuous
hydrolysis reaction by using a continuously stirred reservoir tank, connected to a suction filter
unit for the removal of the lignin-rich residue and an ultra-filtration membrane unit (tubular
module), through which the filtrate was pumped in order to separate the hydrolysis products
from cellulases. The concentration of the lignocellulosic substrate in the reactor was
maintained almost constant by the addition of fresh substrate at appropriate intervals. The
filter and ultrafiltration units were operated intermittently, while the enzymes were added at
the start, recovered in the UF module, and recycled back into the reactor (Ishihara et al., 1991).
More recently, Yang et al. (2006) designed the removal of reducing sugars during the cellulose
enzymatic hydrolysis through a system consisting in a tubular reactor, in which the substrate
was retained with a porous filter at the bottom and buffer entered at the top through a
distributor. The hollow-fiber ultrafiltration module with polysulfone membrane enabled the
permeation and the separation of the sugars. To keep the volume constant in the tubular
reactor, all the remaining buffer was recycled back from the UF membrane and the make-up
buffer was continuously supplied from the reservoir (Yang et al., 2006). In some applications
an additional microfiltration unit has exceptionally been used to retain the unconverted lignin-
rich solid fraction due to the presence of tightly bound enzymes (Knutsen and Davis, 2004) or
has been employed to remove the unconverted substrate from the reactor. These set-ups result
in slightly complex process layouts for the hydrolysis.

It is evident that the optimization of the reactor designs will permit to overcome both the
rheological and inhibition limit of the bioconversion and maximize the enzymatic
conversion. Therefore, the reactor design become strong relevant for large-scale processing
of cellulosic biomass (Lynd et al., 2008; Wyman, 2008).

9. Conclusion

In this chapter an overview of the current knowledge on the hydrolysis of lignocellulosics for
bioethanol production has been presented. In the last years several important breakthroughs
have been made either on the biochemical and technological sides. This is confirmed by
several industrial initiatives spread over the world. Among these, in recent days, the first brick
of the lignocellulosic bioethanol demo plant (40 kton/y) has been layed in Northern Italy by
the Mossi and Ghisolfi Group. Some cooperation agreements were strengthen with
Novozymes for improving the efficiency of the hydrolysis step. This event represents an
important stage for all the Europe making the production of lignocellulosic ethanol closer to
the industrialization and opening the way to new lignocellulosic biorefineries.
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1. Introduction

The world is facing a reduction of global fossil fuels resources, like petroleum, natural gas,
or charcoal, while energy requirements are progressively growing up. Fossil fuels should be
replaced, at least partially, by biofuels once the current fuel supply is suspected to be
unsustainable in the foreseen future. In fact, the search for sustainable alternatives to
produce fuel and chemicals from non-fossil feedstocks has attracted considerable interest
around the world, to face the needs of energy supply and to response to climate change
issues. Alternative resources of energy are being explored in order to reduce oil dependence
and increase energy production by exploring of solar, wind, hydraulic and other natural
phenomena. Besides these sources of energy, also biomass possesses a potential target for
fuel and power production as well as for chemicals or materials feedstocks. Thus biomass
can efficiently replace petroleum-based fuels for a long term. (Sanchez et al. 2008; Alvarado-
Morales et al. 2009; Brehmer ef al. 2009; Gonzalez-Garcia et al. 2009; Singhania et al. 2009;
Mussatto et al. 2010; Sannigrahi et al. 2010).

Many countries in Europe, North and South America and Asia are replacing fossil fuels by
biomass-based fuels according to international regulations. One of the directives of
European Union (2009/28/CE) imposes a quota of 10% for biofuels on all traffic fuel until
2020 (Rutz et al. 2008; Xavier et al. 2010). Also economic incentives for research on biofuels
are being implemented all over the world. Bioethanol can be produced from different raw
materials containing simple sugars, starch or more complex substrates as lignocellulosics.
New methodologies for biofuels (e.g. ethanol and biodiesel) production have been
developed in the last years, to achieve new and non cost-intensive technologies for
bioconversion of lignocellulosic renewable resources. The most common renewable fuel is
ethanol, which is produced from direct fermentation of sugars (e.g. from sucrose of
sugarcane or sugar beet) or polysaccharides (e.g. starch from corn and wheat grains)
(Gonzalez-Garcia et al. 2009; Mussatto et al. 2010). The selection of the best raw material is
strongly dependent on the local conditions where feedstock is obtained. Evidently, ethanol
in Brazil is produced from sugarcane, whereas, in North America or Europe the ethanol
industry is based on starchy materials. Besides, energy considerations should be attained:
not only the energy input required for ethanol production and the content in fermentable
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sugars of the feedstock must be considered, but also the annual ethanol yield per cultivated
hectare. As suggested, for beet molasses, the yield of ethanol per ton of feedstock is lower
than that for corn, but on the other hand, when compared to starchy materials the beet
productivity per cultivated hectare, expressed in L/(ha year), is considerably higher,
(Sanchez et al. 2008).

The growth of the biofuels industry raised questions regarding the sustainability of these
“first generation” biofuels. The feedstocks described play an essential role in human and
animal food chains, therefore the rise of prices of food all over the world resulted in social
disturbance (Gonzalez-Garcia et al. 2009; Mussatto et al. 2010; Xavier ef al. 2010). These raw
materials were also expected to be limited due to the reassign of arable lands from food to
fuel production leading to competition for feedstocks (Gray et al. 2006; Bacovsky et al. 2010).
Moreover, first generation biofuels were accused of not contributing to reduce gas
emissions, therefore the use of this technology was highly criticized. For all these reasons
additional research in this area is mandatory, in order to search for non-food crops, like
wastes from agriculture and/or industry as sources of raw-material. European Union
strongly incentives research focusing biotechnological solutions for energy and chemical
demands from renewable resources, such as, forestry wastes, agricultural biomass residues
and food industrial wastes for “second generation” biofuels production.

The great advantage for the choice of lignocellulosic biomass as feedstock is the non-
interference with food chain, which allows the production of bioethanol without using
arable lands (Sanchez et al. 2008; Zhang 2008). Lignocellulosic biomass is a complex raw
material which can be processed in different ways to obtain other value-added compounds
contributing to the possibility of establishing a biorefinery. Different value-added products
such as lactic acid, acetic acid, furfural, methanol, hydrogen and many other products can be
obtained from its sugars. Lignin, the non-carbohydrate component, can be used for the
production of advanced materials, polymers and aromatic aldehydes (Sanchez et al. 2008;
Zhang 2008; Sannigrahi et al. 2010; Santos et al. 2001). In this way, lignocellulosic biomass
can be used as substrate for the production of second generation biofuels, contributing to
the diversification of energy supply and gas mitigation, offering less competition for the
food and feed industry (Rutz et al. 2008; Bacovsky et al. 2010). The use of these raw materials
to produce fuel, power and value-added chemicals, fits well into the biorefinery concept
invoked to decrease the dependence from fossil resources and to improve the economic
sustainability (Alvarado-Morales et al. 2009; Xavier et al. 2010). However, for a world
massive utilization of fuel ethanol, a cost-effective technology for ethanol production is also
required. In other words, ethanol production costs should be lowered (Sanchez et al. 2008).
In a biorefinery, different technologies, including fermentation, biocatalytic, thermal and
chemical technologies, must be used simultaneously for biomass conversion for the
production and the purification of different value-added products (Alvarado-Morales et al.
2009).

Bioethanol is one of the products that can be obtained via biorefinery using bio-based
resources. It is one of the most attractive biofuels, since it can be easily produced in large
amounts and blended with gasoline or used pure as a “green” fuel. Furthermore, due to the
higher oxygen content, ethanol allows a better oxidation of the gasoline and reduces CO and
particulate emissions. Other advantages of ethanol versus gasoline are the higher octane
number, broader flammability limits, higher flame speeds, heat of vaporization and
compression ratio and a shorter burn time (Balat ef al. 2008; Mussatto et al. 2010). The use of
bioethanol can also contribute for the reduction of CO; build-up, while the CO, content of
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fossil fuels will remain in storage (Sanchez et al. 2008; Gonzalez-Garcia ef al. 2009; Chen et al.
2010a; Balat 2011). Moreover, combustion of ethanol results also in lower NOx emissions,
being free of sulphur dioxide. However, as disadvantages, ethanol has an energy density
lower than gasoline, it is fully miscible in water and its lower vapour pressure makes motor
cold start more difficult (Balat et al. 2008, Gonzalez-Garcia et al. 2009; Chen et al. 2010a;
Mussatto et al. 2010; Balat 2011). Simultaneously, bioethanol is a building block for the
production of several other chemicals, usually petrochemical-based, like acetaldehyde,
ethane, ethylene, propylene, butadiene, carbon monoxide or hydrogen (Idriss et al. 2000;
Wang et al. 2008; Yu et al. 2009; Lippits et al. 2010; Oakley et al. 2010; Song et al. 2010). Today
nearly 95% of hydrogen is produced from fossil-based materials such as methane and
naphtha. Bioethanol as chemical reagent for hydrogen production could be a way to support
hydrogen economy from a renewable and clean energy source (Yu et al. 2009; Lippits et al.
2010). Besides, the production of olefins from ethanol has attracted much attention since it
valorises bioethanol production under a biorefinery context (Thygesen et al. 2010).

In this context Hardwood Sulphite Spent Liquor (HSSL) is a subproduct of pulp and paper
industry that results from the acidic sulphite pulping process in high amounts per day. The
main objective of acidic sulphite pulping process is to remove lignin and hemicelluloses
from wood and to maintain cellulose integrity as much as possible. In this process, lignin
and hemicelluloses are hydrolysed and released in the aqueous phase. HSSL can be a
suitable substrate for 2nd generation bioethanol production as well as other biobased
products since it is rich in monosaccharides obtained during the acidic sulphite pulping
process.

2. Lignocellulosics: Variety and chemical composition

2.1 Lignocellulosic biomass as a renewable resource for energetic, chemicals and
materials platform

Lignocellulosic biomass (LCB) is the most abundant renewable resource on Earth,
comprising about 50% of world biomass. LCB is outside the human food chain and its
energetic content exceeds many times world basic energy requirements. These features
make it an important option as feedstock, as a relatively inexpensive raw-material, for
bioethanol production, and for the development of other bioindustries, to face the
international demand for biofuel market. In 2008 it was estimated that 200 x 10° tons of
biomass were produced and only 3% were used in pulp and paper industries (Rutz et al.
2008; Sanchez et al. 2008; Zhang 2008).

The use of LCB as feedstock for bioethanol production results in significant reduction of gas
emissions (Sanchez et al. 2008; Brehmer et al. 2009) and in economic profits increase due to
low-cost raw-materials (Balat et al. 2008). LCB can be classified based on their origin: wood
(softwoods and hardwoods) and shrubs, non-food agricultural crops (kenaf, reed, rapeseed,
etc.) and residues (such as olive stones, wheat straw, corncobs, rise husk, sugarcane and
winemaking residues, among others), and municipal solid wastes related to thinning,
gardening, road maintenance, etc. (Demirbas 2005; Balat et al. 2008; Sanchez ef al. 2008).
Wastes from pulp and paper industries, as spent liquors, paper broke, fibres from primary
sludge, waste newsprint and office paper or recycled paper sludge are another specific
group of LCB to consider.

The conversion of LCB to fermentable monomeric sugars is much more difficult than the
conversion of starch. Numerous studies on the development of large-scale production of
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Fig. 1. Lignin potential utilization pathways, adapted from Zhang 2008

ethanol from LCB have been carried out around the world in the last years (Mussatto et al.
2004). The particular inherent structure of LCB is the main limiting factor of its conversion to
ethanol. Besides cellulose, with a broad range of applications, lignin and hemicelluloses are
also considered promising raw materials for the aforementioned purposes. The brief
presentation of potential pathways of lignin and hemicelluloses is depicted in Fig. 1 and Fig.
2, respectively.

2.2 Major macromolecular components of lignocellulosic biomass

The composition of LCB depends on the plant species and consists primarily of cellulose,
hemicelluloses and lignin, which are the integral part of cell wall in plant tissues (Fig. 3)
(Fengel et al. 2003). Lignin is an amorphous aromatic biopolymer composed of phenyl
propane structural units linked by ether and/or carbon-carbon bonds, supplying tissues
stiffness, antiseptic, and hydrophobic properties amongst others (Fig. 4). The types of lignin
structural units (p-hydroxyphenyl, guaiacyl and syringyl units), their abundance, types and
frequency of inter-unit linkages vary significantly from plant to plant (Fengel et al. 2003).
Lignin contributes to 15-30% of plant biomass and is the principal non-hydrolysable residue
of LCB.

Cellulose and hemicelluloses are hydrolysable structural polymers of cell wall and the main
sources of fermentable sugars (Lawford et al. 1993; Sanchez et al. 2008). Hemicelluloses
contribute to 10-40% of plant material and are essentially heteropolysaccharides constituted



Second Generation Bioethanol
from Lignocellulosics: Processing of Hardwood Sulphite Spent Liquor 127

-oxigen-barrier film
. -emulsifiers
Hemicelluloses ————» .
-stabilizers
-animal feed and nutrients

-xvlitol
Monosaccharides ————— -ethanol
-organic acids

-lubricants

-coatings

-adhesives

-plastics
-polytetramethylene ether
-furan resins

-nylon-6

-nylon-6,6

Furfural R

Fig. 2. Hemicelluloses potential utilization pathways, adapted from Zhang 2008

Hemicellulose

Lignin

Cellulose chain

Fig. 3. Representation of wood plant cell wall and its macromolecular components

by pentoses, mainly D-xylose and L-arabinose, and hexoses, mainly D-mannose, D-galactose
and D-glucose. These monosaccharides result from pentosans with a main backbone built by
pentoses, and hexosans with a main backbone built by hexoses. Hemicelluloses possess an
irregular structure and are chemically linked to lignins in the cell wall (Sjostrom 1993). The
structure and the composition of hemicelluloses vary significantly among plant species. The
most abundant hemicelluloses are xylans followed by mannans and galactans (Fig. 5).
Hemicelluloses play an important structural role in cell wall regulating the spatial
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distribution of principal macromolecular components (cellulose and lignin) and providing
their compatibility.

Cellulose, the most abundant structural polysaccharide (30-50% abundance in the cell wall),
is comprised by repeated B-D-glucopyranose units linked by B(1—4)-glycosidic bonds. In
plant cell walls, cellulose chains aggregate into elementary fibrils (EF) which, in turn, are
assembled into microfibrils (MF). MF are embedded into a matrix of lignin and
hemicelluloses, thus becoming isolated of each other (Fig. 3). Plant cells assembled in
different tissues are also separated by a layer enriched in lignin (middle lamella). This
structural hierarchy hinders either chemical or enzymatic hydrolysis of cellulose, being the
last one particularly difficult. Cellulose, the amorphous-crystalline polymer, is poorly
accessible to hydrolysis due to the predominance of crystalline domains.
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Fig. 4. Schematic representation of lignin (fragment of hardwood lignin)
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2.3 Hydrolysis of LCB polysaccharides for the ethanol production

Bioethanol production from LCB includes basically the following steps: (1) hydrolysis of
cellulose and hemicelluloses; (2) separation of released sugars from lignin residue (3)
fermentation of sugars; (4) recovery and purification of ethanol to meet final specifications.
The hydrolysis (saccharification) is one of the most important steps and is technically
difficult to perform due to the poor accessibility of cellulose caused by many physical,
chemical and structural factors mentioned above. It is an energy consuming task,
contributing substantially to the economic costs of the process and is a subject of many
research works (Mussatto et al. 2004; Sanchez et al. 2008; Alvira et al. 2010; Sannigrahi et al.
2010). Hydrolysis can be carried out using organic or strong inorganic acids or enzymes as
cellulases and hemicellulases. Some characteristics of different conventional and prospective
hydrolytic processes are summarised in Table 1.

Parameter Hydrolytic processes
Dilute acid Concentrated acid Enzymatic
Yield of sugars, % ca 50 80-90 ca 50
Acid consumption Low High -
Reactivity of hydrolysis lignin Low Low High
Technological status ig&ti%ﬁéﬁn Pilot scale Pilot scale

Table 1. Process conditions and properties for different hydrolytic processes

Organic acids, mainly acetic and formic acids, are normally used in the autohydrolysis
process and arisen upon hydrothermal treatment of LCB at high temperatures (170-220 °C)
as the result of partial degradation of macromolecular components (acetylated
xylan/mannan and lignin). These relatively weak organic acids at low concentration are
more effective in the hydrolysis of hemicelluloses to a significant extent than of cellulose.
Consequently a pre-hydrolysis step is widely used in the production of dissolving pulps by
kraft cooking when wood chips are processed prior to pulping by hydrothermal treatment
to eliminate significant part of hemicelluloses (Sjostrom 1993). The pre-hydrolysis is also a
part of pretreatment strategies aiming to hydrolyse selectively the hemicelluloses in LCB to
obtain fermentable sugars and/or to improve cellulose accessibility towards hydrolytic
enzymes. In this process, the monomeric sugars from hemicelluloses (xylose, galactose,
glucose, mannose, and arabinose) and acetic acid are released in the medium (Lawford et al.
1993; Sanchez et al. 2008). Additionally, degradation of lignin/tannins and sugars originate
biologically toxic compounds: gallic acid, syringic acid, pyrogallol, vanillic acid, furfural, 5-
hydroxymethylfurfural, among others (Marques et al. 2009). Significant efforts were done to
minimize the production of such highly toxic compounds, as well as acetic acid, for ethanol-
producing microorganisms. The pretreatment should improve recovery of sugars from
hemicelluloses, facilitate the cellulose hydrolysis step (when the main objective is the
complete saccharafication of all polysccharides from LCB), and avoid the formation of
inhibitors for subsequent fermentation processes (Mussatto et al. 2004; Alvira et al. 2010;
Sannigrahi et al. 2010).

Inorganic acids (mainly H,SOs and HCI) are effective hydrolysis catalysts and allow
complete saccharification of LCB polysaccharides. There are some differences between the
use of diluted (1-5%) and concentrated acids in the hydrolysis step. In the first case the
complete saccharification takes place at high temperatures (160-180 °C) and leads to the
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formation of residual hydrolysis lignin (cellolignin) as a massive by-product (Sanchez et al.
2008). Due to drastic reaction conditions, sugars are readily degraded via intramolecular
dehydration resulting in furfural from pentoses and 5-hydroxymethylfurfural from hexoses.
All of these secondary products have a high inhibitory effect on the metabolism of
microorganisms. In order to avoid sugars degradation, these compounds should be
continuously removed from the reactor by continuous pumping of “fresh” acidic solution
through the biomass bed (percolation hydrolysis). This process is used industrially since
1930th in former USSR and nowadays may be considered outdated due to its poor efficiency:
low sugars recovery and production of high amounts of chemically inert hydrolysed lignin.
The hydrolysis with concentrated acids (50-70% of HxSO4 or 30% HCI) allows for effective
saccharification of LCB at moderate temperatures (30-80 °C) for short reaction time with
high sugars yield. However, due to the technical difficulties and high consumption of acid,
this hydrolysis method is not commercialized yet and is implemented only on pilot scale.
The hydrolysis of polysaccharides by hydrolytic enzymes (cellulases and hemicellulases) is
one of the most promising tools for the saccharification of LCB. Hydrolytic enzymes permit
highly selective hydrolysis of polysaccharides at relatively low temperatures (30-60 °C),
practically without emission of products from sugars degradation. Endo-cellulases break
internal bonds to disrupt both the amorphous and the crystalline structures of cellulose,
exposing its polysaccharide chains. Exocellulase cleaves two to four units from the ends of
the exposed chains produced by endocellulase, while B-glucosidase hydrolyses the
exocellulase product into individual monosaccharides. Since no degradation of glucose
occurs, more sugars could be available for a subsequent fermentation, which is the main
advantage of this process. However, this process is slower when compared with acidic
hydrolysis and hydrolytic enzymes have poor accessibility to polysaccharides of cell wall,
especially cellulose. For these reasons this process is time consuming and results in low
sugar yields. LCB enzymatic hydrolysis needs a preliminary treatment step to improve the
accessibility of enzymatic attack. This preliminary step includes the application of physical
methods (mechanical, hydrothermal, etc) to disintegrate plant tissues and
chemical/biochemical treatments to eliminate concomitant biopolymers, mainly lignin and
hemicelluloses, hindering the cellulose accessibility. However, the enzymatic efficiency of
cellulose conversion still needs to be improved.

The poor efficiency of mild acidic hydrolysis and, particularly, enzymatic biotreatment for
direct saccharification of LCB, represents an obstacle for a successful production of second-
generation biofuels. For this reason, the development of pretreatment techniques to improve
cellulose accessibility and saccharification efficiency is a permanent challenge (Sanchez et al.
2008). A general perspective scheme for LCB conversion into ethanol is presented in Figure
6. The first step presumes LCB pretreatment invoked to degrade strong woody biomass
matrix and thus blows away the integral tissues. Different lignocellulosic materials have
different physic and chemical characteristics and consequently it is necessary to adopt a
specific pretreatment suitable for each raw material. The selected pretreatment will have a
determinant effect in the subsequent steps. The amount and type of simple sugars released,
toxic compounds formed and their concentration, as well as the overall energy demand and
wastewater required in the treatments, depend directly on the specific pretreatment applied
(Mussatto et al. 2004; Alvira et al. 2010). Several methodologies for biomass pretreatments
have been developed during the last decades. They can be classified into biological (using
brown, white and soft-rot fungus or their lignolytic and cellulolytic enzymes to degrade
lignin and hemicelluloses), physical (mechanical milling and extrusion), chemical (alkali or
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acid pretreatments, ozonolysis, organosolv and pretreatment with ionic liquids) and
physicochemical (steam explosion, hydrothermal treatment, ammonia fibre explosion, wet
oxidation, microwaves, ultrasound and CO; explosion) (Balat et al. 2008; Alvira et al. 2010;
Sannigrahi et al. 2010). LCB pretreatment leads to partial or major removal of hemicelluloses
in the form of mono- or oligosaccharides. Then, cellulose is prepared for the hydrolysis step,
if the objective is fermentation of glucose from cellulose, or for further processing to obtain
pulps for textile and paper products (Fig. 6). This extra step (dashed) can be catalysed by
dilute or concentrated mineral acids or enzymes (cellulases).
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Fig. 6. Schematic steps for production of bioethanol from lignocellulosic biomass

Until now, fuel ethanol from LCB is not yet considered a viable alternative, mainly due to
the high complexity involved on this process, compared with the cheaper oil derived fuels.
However, in the last years, with the oil crisis, environmental concerns and the increased
need for energy and fuels, bioethanol has become a realistic option in the energy market
(Cardona et al. 2007; Sanchez et al. 2008). New research has been developed in order to
overcome cellulosic to ethanol bioconversion problems and to make this process a cost-
effective technology, with a process integration that combines different steps into one single
unit (Lawford et al. 1993; Cardona et al. 2007). Furthermore, the process integration in other
industrial plants, namely large scale industries, can be a good solution for reducing costs of
bioethanol production, such as in pulp and paper mill industries, with the advantage of
reduced release of subproducts.

3. HSSL as a source of fermentable sugars

3.1 Acidic sulphite wood pulping process and (H)SSL composition

In pulp-and-paper industry the removal of lignin (fibre consolidating material) from wood
is carried out during the pulping process to obtain a fibre material (cellulose pulp) suitable
for papermaking or as a chemical feedstock. About 10% of chemical pulps are produced
worldwide employing sulphite methods. The acidic sulphite chemical pulping is carried out
under acidic conditions (pH 1-2) at 135-145 °C for 6-12h in batch digesters using
SO,/MeHSO; (Me - pulping base) aqueous solution (Sjostrom 1993). During sulphite
pulping process, lignin and part of hemicelluloses (about 50% based on wood) are dissolved
in sulphite spent liquors (SSLs) composed by monomeric sugars already in the fermentable
form. Roughly 1 ton of solid waste is dissolved in the spent liquor (SSL 11-14% solids) per
ton of pulp produced. SSLs are produced in large amounts, about 90 billion litres annually
worldwide (Lawford 1993). SSL is usually burned, for chemical and energy recovery after its
concentration by evaporation (Fig. 7). The utilization of SSL is considered for a long time to
produce value-added products fitting well to the biorefinery concept (Lawford et al. 1993;
Marques et al. 2009).
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Fig. 7. Representation of acidic sulphite wood pulping process with Spent Sulphite Liquor
release

For this reason, the use of raw materials like SSL is advantageous over other agro-forestry
wastes, since the more complex lignocellulosic components were previously hydrolysed,
releasing most of the sugars as monosaccharides. Consequently this process is already cost-
effective for pulp production, improving the 2nd generation bioethanol process economy
from SSL (Lawford et al. 1993; Helle et al. 2008; Marques et al. 2009; Xavier et al. 2010).
However, besides monosacharides, SSL contains several fermentation inhibitors that require
a preliminary detoxification step (Lawford et al. 1993; Xavier et al. 2010).

The major organic components of SSLs are, lignosulphonates, and sugars, and their
composition varies notably among softwoods and hardwoods (Table 2). Softwood sulphite
spent liquor (SSSL) from coniferous, yields a high proportion of hexose sugars content (about
76%), mainly mannose and glucose, while HSSL, from hardwood Eucalyptus globulus,
produces a liquor with high content of pentose sugars (xylose about 70%). Hexoses
bioprocessing is well studied and already implemented in different processes, while pentoses
are difficult to use as feedstock for industrial bioprocesses, because pentoses are not
fermented by the yeasts currently used on ethanol production, namely Saccharomyces
cerevisiae. Therefore, while the use of SSSL has been studied since 1907, when SSSL was used
in Sweden for bioethanol production and also during the World War 1I, for yeast production
as a source of protein and vitamins, the HSSL bioprocessing only recently become
investigated (Lawford et al. 1993; Helle et al. 2008; Marques et al. 2009; Xavier et al. 2010).
Pichia stipitis, recently reclassified as Scheffersomyces stipitis (Kurtzman and Suzuki, 2010), is
the most studied yeast capable to convert pentoses to ethanol. However, this yeast is highly
sensitive to HSSL inhibitors, namely formic and acetic acids, furfural, levulinic acid and
phenolics. For this reason, HSSL needs a special pretreatment for inhibitors removal, which is
another technical issue to consider (Helle et al. 2008; Xavier et al. 2010).
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Component Spruce! Birch! Eucalyptus?
52%yield 49% yield 52% yield
Lignosulfonates 480 370 360
Carbohydrates 280 375 200
Xylose 60 340 135
Mannose 120 10 5
Arabinose 10 10 5
Galactose 50 10 30
Glucose 40 5 20
Acetic acid 40 40 50
Extractives 40 60 20

1 (Sjostrom 1993)

2 (Marques et al. 2009)

Table 2. Chemical composition of Spent Sulphite Liquors of Spruce, Birch and Eucalyptus
wood (approximate values given in kilograms per ton of pulp)

3.2 Fermentation inhibitors and their removal

As mentioned before, during the conversion of LCB into monomeric sugars, other type of
products are formed and some of them can be strong inhibitors in fermentation
bioprocesses. When compared to the fermentation of pure sugars, LCB hydrolysates present
slower kinetics with a lower ethanol yield and productivity and in some cases a complete
inhibition of growth and ethanol production can be observed. The variety and concentration
of toxic compounds in feedstocks depend on both, the raw material and the pretreatment
conditions applied for polysaccharides hydrolysis. The maximum concentration allowed for
each inhibitor, without losing fermentation efficiency, depends on several factors: the origin
of toxic compound, the inhibition mechanism, the microbial strain used and its
physiological state, and also the fermentative process technology, the dissolved oxygen
concentration in the medium and the pH (Mussatto et al. 2004).

Selection of a detoxification methodology for a specific feedstock is mandatory for
attaining good results in 2nd generation bioethanol production. The identification of the
main and relevant inhibitors present in the feedstocks is crucial in order to choose a
specific, efficient and low-cost detoxification methodology. Besides, this knowledge can
helps to establish the best conditions in hydrolysis pretreatment in order to minimize the
inhibitors formation.

Fermentation inhibitors are conventionally classified in four groups according to their origin
in lignocellulosics and hydrolysis processing: sugar degradation products, lignin
degradation products, compounds derived from extractives and heavy metal ions (Parajé et
al. 1998; Mussatto et al. 2004). Sugar degradation products are formed during hydrolysis and
the main compounds produced are furfural from pentoses and 5-hydroxymethylfurfural
(HMF) from hexoses as mentioned above. Furfural can inhibit cell growth, affecting the
specific growth rate and cell-mass yield (Palmqvist ef al. 2000b). However, it was noticed
that some bioethanol-producing microorganisms like Pichia stipitis are not affected by
furfural in low concentrations up to 0.5 g.L-1 (Mussatto ef al. 2004). Moreover it could have a
positive effect on cell growth. Nigam (2001) referred that ethanol yield and productivity
were not affected by 0.27 g.L-1 of furfural. However concentrations above 1.5 g.L-! interfered
in respiration and inhibited cell growth almost completely, decreasing ethanol yield in 90%
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and productivity in 85% (Nigam 2001b). HMF has an inhibitory effect similar to that of
furfural, but at a lower extension. Usually HMF is present in lower concentrations than
furfural, due to its high reactivity and also due to the experimental conditions in the
hydrolysis process that degrades lower amounts of hexoses. It was reported that HMF
increases the lag phase extension and decreases cell growth (Delgenes ef al. 1996; Palmqvist
et al. 2000b). Mussatto ef al. (2004) reported that a synergistic effect occurs when these
compounds are combined with several other compounds formed during lignin degradation.
Different compounds, aromatic, polyaromatic, phenolic, and aldehydic can be released from
lignin during hydrolysis of LCB materials, and they are considered more toxic to
microorganisms than furfural and HMF, even in low concentrations. Phenolic compounds
are the most toxic products for microorganisms present in lignocellulosic hydrolyzates.
They promote a loss of integrity in biological membranes, thus, affecting their ability as
selective barriers and as enzyme matrices and decreasing cell growth and sugar assimilation
(Parajo et al. 1998; Palmqvist et al. 2000b). Syringaldehyde and vanillic acid affect cell growth
(Mussatto et al. 2004; Cortez et al. 2010) and the ethanolic fermentative metabolism of several
microorganisms, like P. stipitis (Delgenes et al. 1996). In SSL, these compounds are normally
present in the sulphonated form, due to the cooking process (Marques et al. 2009).
Extractives (acidic resins, taninic, and terpene acids) and also acetic acid derived from acetyl
groups present in the hemicellulose are released during the hydrolytic processes. In terms of
toxicity, the extractives are considered less toxic to microbial growth, than lignin derivatives
or acetic acid (Mussatto et al. 2004). Gallic acid and pyrogallol are low molecular weight
phenolic compounds normally formed from hydrolysable tannins (Marques et al. 2009) and
some authors have shown anti-fungal properties of these phenolics (Dix 1979; Panizzi et al.
2002; Upadhyay et al. 2010). Acetic acid is also known as antimicrobial compound and the
mechanism of inhibition is well-understood. At low pH, in the undissociated form, it can
diffuse across the cell membrane, promoting the decrease of the cytoplasmatic cell activity
and even causing cell death (Lawford et al. 1998; Mussatto et al. 2004). It has been reported
that acetic acid inhibition degree depends not only on its concentration, but also on oxygen
concentration and on pH of fermentation medium (Vanzyl et al. 1991). Another type of
inhibitors are heavy metal ions, namely iron, chromium, nickel and copper, which result
from reactors corrosion during the acidic hydrolysis pretreatment. Their toxicity acts at
metabolic pathways level, by inhibiting enzyme activity (Mussatto et al. 2004).

As previously mentioned, a detoxification step is required before the hydrolysates undergo
fermentation. Therefore, after identification of the toxic compounds, the choice of the best
hydrolysate detoxification method is crucial for an effective and economical feasible
detoxification methodology, in order to improve the fermentative process (Mussatto et al.
2004; Sanchez et al. 2008). Three different approaches have been described to decrease the
concentration of inhibitors: (1) prevention of formation of inhibitors during the pretreatment
step as mentioned before; (2) detoxification of the raw-material before fermentation; (3)
development of microorganisms able to resist to inhibition.

Xavier and co-workers (2010) reported HSSL containing nearly 25 g.L-1 of xylose to P. stipitis
for bioethanol production. Four increasing concentrations of HSSL were accessed to
evaluate its toxicity. The results showed that increasing HSSL content in the fermentation
medium decreased dramatically the maximum cell growth rate (jimax), ethanol yield (Yp/s)
and productivity (qpm) attained. It was reported that HSSL content higher than 40% (v/v)
was critical for bioethanol production (Table 3). Acetic acid has been appointed as the main
inhibitor of P. stipitis and other microorganisms (Schneider 1996, Lawford et al. 1998; Nigam
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HSSL content (%) Mmax (A1) qpm (g.L-1.h1) Yo/s (ge.gs?)  |Acetic acid (g.L?)
0 0.37 0.77 0.37 0
20 0.32 0.40 0.30 1.6
40 0.12 0.10 0.23 3.3
60 0 0 0 4.9

Table 3. Results of bioethanol production by P. stipitis at different HSSL contents (Xavier et
al. 2010)

2001a). After the removal of acetic acid, ethanol fermentations were still unsuccessful,
meaning that other compounds present had a toxic effect (Xavier et al. 2010).

Several biological, physical and chemical detoxification methods were developed in order to
reduce inhibitor concentrations. The efficiency of detoxification methodology depends on
chemical composition of the hydrolysate, as well as on microorganism chosen for bioethanol
production (Mussatto et al. 2004; Helle et al. 2008; Sanchez et al. 2008). For this reason, the
detoxification methods cannot be directly compared since mechanisms of inhibition and
degree of toxicity removal are completely different (Palmqvist et al. 2000a).

Evaporation with vapour and vacuum evaporation are physical detoxification methods, in
order to reduce the concentration of volatile compounds present in the hydrolysates, such as
acetic acid, furfural and formaldehyde, and at the same time, to increase sugars
concentrations. However, these methods also increase the non-volatile toxic compounds
content, such as extractives and lignin derivatives. A balance between these two effects
should be achieved or, consequently, the degree of fermentation inhibition will increase.
Furthermore, the energy required for these processes should be properly considered to
attain a potential economical gain (Lawford et al. 1993; Mussatto et al. 2004). As mentioned
above, in the particular case of HSSL, evaporation is already implemented in the pulp
production process for liquor concentration, to prepare it to burn for energy and chemical
recovery. This is an advantage for HSSL bioconversion, and it is possible to optimise the
evaporation stage, in order to get a good balance between volatile and non-volatile toxic
compounds and sugar concentration for the fermentation process. Additionally, the
condensate obtained in this step is rich in furfural and acetic acid, that can be easily
extracted and purified for selling purposes as added-value products (Evtuguin ef al. 2010).
Alkali treatment, in particular overliming, is the most common detoxification method and is
considered one of the best technologies. This method consists on the addition of lime
(Ca(OH)y), or other alkali compound such as sodium or potassium hydroxide, until pH 9-10
promoting the precipitation of toxic compounds. Acetic acid, furfural, HMF, soluble lignin
and phenolic compounds are mostly removed with this methodology, increasing the
fermentability of hydrolysates. Several authors obtained the best results with alkali
treatment using calcium hydroxide (Lawford et al. 1993; Martinez ef al. 2001; Helle et al. 2008;
Sanchez et al. 2008). Martinez et al. (2001) reported for sugarcane bagasse hydrolysate at 60
°C that the addition of Ca(OH); to adjust the pH to 9.0, promoted the precipitation of furanic
and phenolic compounds. The obtained results showed a removal of nearly 51% and 41%
respectively, of furans and phenolics with only 8.7% of sugars loss. Lawford et al. (1993) also
used Ca(OH), for HSSL treatment at pH 10, followed by neutralisation to pH 7 with 1N of
HSO;. This methodology resulted in the improvement of the volumetric productivity and
conversion efficiency, 92%, of bioethanol production by a recombinant strain of Escherichia
coli.
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Toxic compounds can also be removed by adsorption. Several authors have studied the
capacity of removal of toxic compounds using different materials as adsorbents such as,
activated charcoal (Dominguez et al. 1996; Lee et al. 1999; Mussatto et al. 2001; Canilha ef al.
2004) and ion-exchange resins (Vanzyl et al. 1991; Larsson et al. 1999; Lee et al. 1999; Nilvebrant
et al. 2001; Xavier et al. 2010). In particular, a specific strategy of adsorption on ion-exchange
resins was employed by Xavier et al. (2010) to toxic compounds removal from HSSL for
subsequent sugar purification and then ethanol fermentation with P. stipitis (Fig. 8).

HSSL
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exchange resin resin
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Fig. 8. Scheme of HSSL detoxification by adsorption of inhibitors using ion-exchange resins

In order to remove the cations added during pulping processing, namely Mg2*, HSSL was
initially treated with a cation-exchange resin column. Then free carboxylic acids and
polyphenols, including lignosulphonates, were separated from sugars with an anion-
exchange resin in the second column. This process provided a transparent solution (sugars
faction) containing essentially neutral monomeric sugars with traces of neutral
polyphenolics (Table 4). However, this separation process released the sugars with some
dilution and a concentration step was required for fermentation. This procedure led to
excellent results of ethanol production by P. stipitis: high fermentation efficiency, 96%,
productivity, 1.22 g.L-L.h-, and yield, 0.49 g of ethanol / g of sugar.

Biological methods for detoxification of hydrolysates involve the use of specific enzymes or
microorganisms that can degrade or consume the toxic compounds present in the
hydrolysates. Jonsson et al. (1998) reported an increasing glucose consumption and ethanol
productivity when wood hydrolysates were detoxified with laccase and peroxidase
enzymes from Trametes versicolor, a white-rot fungus. These oxidative enzymes have the
capability to degrade acid and phenolic compounds (Jonsson ef al. 1998). The use of
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Compound Concentration (g.L1)
Lignosulphonates traces
Acetic acid n.d.a
pH 54+0.1
Xylose 57+03
Glucose 05+0.2

anot detected

Table 4. Chemical composition of sugars fraction after ion-exchange detoxification

microorganisms was also proposed to remove inhibitors from HSSL. Xavier and co-workers
(2010) presented the first approach for HSSL biological detoxification, specifically for acetic
acid removal. Four yeasts commonly used for acetic acid removal from wine were chosen,
Candida tropicalis, Candida utilis, S. cerevisiae and Pichia anomala, and results are presented in
Table 5.

Time of complete
Yeast o () consumption of ace%ic acid (h)
Saccharomyces cerevisiae 0.15+0.02 20
Candida tropicalis 0.14 £ 0.03 70
Candida utilis 0.16 + 0.05 220
Pichia anomala 0.22+0.03 72

Table 5. Results of biological deacidification of HSSL (Xavier et al. 2010)

According to these results, S. cerevisiae was selected for biological deacidification of HSSL.
Sequential strategy of deacidification by S. cerevisiae and fermentation by P. stipitis on 60% of
HSSL was carried out. Despite the acetic acid consumption by S. cerevisize, xylose
fermentation by P. stipitis produced only cell biomass, and no ethanol was detected in the
medium. These results clearly showed the presence of other toxic compounds from HSSL,
eventually phenolic compounds, probably inhibiting the sugars conversion to ethanol by P.
stipitis (Xavier et al. 2010).

A different approach for performing biological detoxification of HSSL, with better results,
was made in the same research group, using the Paecilomyces variotti filamentous fungus.
This fungus can be found in air and soils of tropical countries, and has been studied for
single cell protein (SCP) production, another important added-value product, normally used
in animal feeding (Nigam 1999). Besides, P. variotti presents a good performance to grow in
residues like HSSL and consumes substrates, including phenolic compounds, as carbon
source. Pereira et al. (2011) showed for the first time the possibility of using this fungus to
detoxify HSSL hydrolysates for subsequent ethanol fermentation. The biological treatment
with P. variotti yielded HSSL with very low levels of acetic acid. Moreover, toxic compounds
like gallic acid, pyrogalol and other low molecular phenolics were completely consumed
and metabolized by P. variotti, indicating that this detoxification method can be suitable for
treating HSSL into a proper feedstock for further bioprocessing. A successful fermentation
of this detoxified HSSL by P. stipitis was performed, attaining an ethanol yield of 0.24
Gethanol-Esugars 1. However, more research is required in order to improve the ethanol
fermentation yields and productivities (Pereira et al. 2011).
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Comparing the four different detoxification methodologies described, ion-exchange resins
provided the best results on subsequent bioethanol fermentation (Table 6). High percentages
of different toxic compounds from the hydrolysate were removed and provided the highest
ethanol yield (0.49 g.g1) and volumetric productivity (1.22 g.L-1.h-1). However, ion-exchange
resins are expensive and difficult to implement and operate in large scale industries. P.
variotti treatment, despite the fact of having promoted low ethanol fermentation yields in
preliminary results (Table 6), appeared to be a very promising detoxification method.
Furthermore the biomass of P. variotti can be used as SCP for animal feeding, increasing the
economic potential of the process. More research work is being developed to combine this
coupled strategy of biological detoxification of HSSL with simultaneous SCP production
(Pereira et al. 2011). Other approaches for detoxification of hydrolysates were proposed and
different methods can be used sequentially to improve their own capacity (Mussatto et al.
2004).

Conversion
Ethanol Yp/s . Strain and
Treatment (&L | (gegs) Effl(ct;e)ncy feedstock Reference
Ion-exchanges L (Xavier et al.
Resins 8.10 0.49 96 P. stipitis/HSSL 2010)
Evaporation +
alkaline 9.7 0.30 59 P. stipitis/HSSL | (Nigam 2001a)
treatment
P. variotti 236 | 024 47 P. stipitis/HssL, | (Fereiraetal
2011)
S. cerevisine/ .
Ion-exchanges na. 045 88 Spruce (Nilvebrant et
Resins al. 2001)
hydrolysate
Alkaline o (Lawford et al.
treatment 10.0 0.40 78 Escherichia coli 1993)
Alkaline L (Vanzyl et al.
treatment 12.2 0.25 49 P. stipitis 1988)

Table 6. Results of bioethanol production for different detoxification methodologies

3.3 Microorganisms and their metabolism

The extension of substrate utilisation is critical to determine the economic viability of
ethanol production from LCB. This presumes a complete conversion of sugars presented in
feedstocks to ethanol under industrial conditions. Under an industrial context, the
microorganism chosen should meet some requirements, which are discussed in relation to
four benchmarks: (1) Process water economy; (2) Inhibitor tolerance; (3) Ethanol yield; (4)
Specific ethanol productivity. Several species of bacteria, yeast and filamentous fungi
naturally ferment sugars to ethanol. Each microorganism has its advantages and
disadvantages, some can use only hexoses for producing ethanol and others can use both,
hexoses and pentoses, but many times with low ethanol yields (Hahn-Hagerdal et al. 2007).
The mixture of sugars obtained after LCB hydrolysis, besides glucose, also contains other
sugars e.g. xylose, mannose, galactose, arabinose and also some oligosaccharides. Therefore,
in the fermentation process, microorganisms ferment these sugars into bioethanol according
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to reactions presented below. The calculation of the theoretical maximum yield should
follow equation 1 for pentoses or equation 2 for hexoses:

3CsH1005 — 5C,Hs0H + 5CO, 1)

CgH12,06 — 2C,Hs0OH + 2CO;, (2)

According to these equations, the theoretical maximum yield is 0.51 g bioethanol and 0.49 g
carbon dioxide per g of xylose and glucose.

In order to obtain an economically feasible conversion process of any biomass, it is
imperative that the microorganisms chosen should be able to convert efficiently all the
sugars present into the desired end product, in this case bioethanol (Chu et al. 2007; Hahn-
Hagerdal et al. 2007; Matsushika et al. 2009). The ideal yeast for bioethanol production from
LCB should consume the sugars present and provide high production yields as well as
specific productivities. Moreover it should not suffer any inhibition from the other
components of the raw material (Hahn-Hagerdal et al. 2007).

One of the most effective and well-known ethanol producing microorganisms from hexose
sugars is the yeast S. cerevisige. This yeast is successfully employed at industrial scale,
allowing for high ethanol productivity, since it bears high tolerance to ethanol and to
inhibitors normally present in lignocellulosic residues. However, this yeast is unable to
ferment xylose to ethanol efficiently, though it can only ferment its isomer, xylulose
(Jeppsson et al. 2006; Chu et al. 2007; Hahn-Hagerdal et al. 2007; Matsushika et al. 2009). Some
yeasts were reported to be efficient in xylose conversion to ethanol, such as, P. stipitis,
Candida shehatae and Pachysolen tannophilus (Huang et al. 2009). Among them, P. stipitis
exhibits the best potential for industrial application due to the high ethanol yield obtained
(Huang et al. 2009). Nevertheless, this yeast is sensitive to organic acids, including acetic
acid, which are present in lignocellulosic residues. These compounds inhibit both cell
growth and the bioethanol production (Bajwa et al. 2009; Huang et al. 2009). Although, wild
type S. cerevisine cannot ferment xylose to ethanol, several genetic engineered strains have
been already developed (Hahn-Hagerdal et al. 2007; Mussatto et al. 2010). Other yeasts, like
P. stipitis, can naturally utilize both types of sugars with high yields and its use for
producing 2nd generation bioethanol from HSSL is being developed (Xavier et al. 2010).
Hence, it is important to improve the yeast strain with the most promising characteristics in
order to optimize ethanol production from LCB hydrolysates through genetic engineering
and/or strain adaptation (Chu et al. 2007; Hahn-Hagerdal et al. 2007; Matsushika et al. 2009).
Table 7 summarizes the fermentation performance of several yeasts in different media.
Among bacteria, the most promising for industrial implementation are Escherichia coli,
Klebsiella oxytoca and Zymomonas mobilis. Z. mobilis is the bacteria which has the lowest
energy efficiency resulting in a higher ethanol yield (up to 97% of theoretical maximum).
However, this bacterium is only able to ferment glucose, fructose and sucrose to ethanol.
Another problem appears when the medium has sucrose, due to the formation of the
polysaccharide levan (made up of fructose), which increases the viscosity of fermentation
broth, and of sorbitol, a product of fructose reduction that decreases the efficiency of the
conversion of sucrose into ethanol (Lee et al. 2000). K. oxytoca, an enteric bacterium, found
in paper, pulp streams and different sources of wood, is able to grow at low pH
(minimum 5.0) and temperatures up to 35 °C. This bacterium is able to grow either on
hexoses or pentoses, as well as on cellobiose and cellotriose (Lee et al. 2000; Cardona et al.
2007; Chen et al. 2010Db).
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Table 7. Fermentation performance of several yeasts in different media
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Several metabolic engineering and genetic modification strategies to enhance an efficient
fermentation of xylose to ethanol were studied for S. cerevisize (Chu et al. 2007; Hahn-
Hagerdal et al. 2007, Matsushika ef al. 2009). Although the genes that allow for xylose
utilization are present in S. cerevisize, they are expressed in low levels resulting in
production rates of ethanol from xylose ten times lower than the verified for glucose as
substrate (Chu et al. 2007; Hahn-Hagerdal et al. 2007). In pentose-fermenting yeasts, xylose
catabolism begins with its reduction to xylitol by a NADH- or NADPH-dependent xylose
reductase (XR), as seen in Fig. 9. Then, xylitol is oxidized to xylulose by NAD-dependent
xylitol dehydrogenase (XDH) (Chu et al. 2007; Hahn-Hagerdal et al. 2007; Bengtsson et al.
2009). Xylulose is phosphorylated by the enzyme xylulokinase (XK) to produce xylulose-5-
phosphate (X5P). This enters in glycolytic pathway and then in the pentose phosphate
pathway (PPP). The formed intermediates are converted to pyruvate in the Embden-
Meyerhof-Parnas pathway. Under anaerobic conditions, fermentation of pyruvate occurs by
decarboxylation promoted by pyruvate decarboxylase to acetaldehyde which is then
reduced to ethanol by alcohol dehydrogenase (Chu et al. 2007; Hahn-Hagerdal et al. 2007).

Xylose MNADH MNADPH
Reduclase
NAD: | * NADP
Xylitol
- MNAD®
Xylitol

Dehydrogenase
chydrogenase NADH

| }-.‘{yhl]nf-p

Xylulokinase

D-Xyluloge-5-1

Pentose phosphate
pathway

Pyruvate )
Acetaldehyde }

Fthanol J}

Fig. 9. Xylose metabolic pathway in yeasts (adapted from Matsushika et al. 2009)
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The most straightforward metabolic engineering strategy was the expression of a bacterial
xylose isomerase (XI) gene, so that xylose can directly be converted to xylulose (Jeppsson et
al. 2006). The XI gene from the thermophilic bacterium Thermus thermophilus was
successfully expressed in S. cerevisinze, generating xylose-fermenting recombinant strains
(Karhumaa et al. 2005). Also, the genes of Piromyces sp. XI were also successfully expressed
in S. cereviasine (Kuyper et al. 2003). Another possible metabolic engineering strategy
consisted in expressing fungal XR and XDH genes. Stable xylose-fermenting S. cerevisiae
strains were obtained by integrating the P. stipitis XYL1 and XYL2 genes encoding XR and
XDH, respectively, and over expressing the endogenous XKS1 gene encoding xylulokinase
(XK) (Bengtsson et al. 2009; Matsushika et al. 2009). However, ethanol yield attained with
these strains was far from the theoretical maximum of 0.51 g.g-, as can be seen in Table 7
because the metabolic pathway stopped in xylitol. This situation was attributed to the fact
that since XR is NAD(P)H-dependent and XDH is strictly NAD+-dependent the relation
between the two cofactors sometimes becomes unbalanced (Jeppsson et al. 2006; Chu et al.
2007; Bengtsson et al. 2009).

Wahlbom and Hahn-Hégerdal (2002) found that the addition of electron acceptors such as
acetoin, furfural and acetaldehyde re-oxidized NAD* needed by XDH and decreased the
amount of xylitol formed. Shifting the cofactor utilization in the XR step from NADPH to
NADH was also a successful strategy for decreasing xylitol (Jeppsson et al. 2006). Since S.
cerevisiae lacks the xylose-specific transporter, another common approach is to express in
this microorganism the gene that encodes the transport of monosaccharides from P. stipitis
(Van Vleet et al. 2009). Hence, xylose uptake occurs by facilitated diffusion mainly through
non-specific hexose transporters, which have lower affinity for xylose (Matsushika et al.
2009). This approach enhanced xylose fermentation to ethanol by S. cerevisize (Van Vleet et
al. 2009).

In addition to metabolic engineering, natural selection of strains and random mutation are
also alternatives to obtain improved xylose-fermentative yeasts. These evolutionary
engineering approaches were successfully applied to several S. cerevisiae strains for effective
xylose fermentation. These methods are particularly useful since they are non-invasive and
can identify bottlenecks in the xylose metabolic pathway that can then be targeted to be
overcome by genetic engineering (Chu et al. 2007; Matsushika et al. 2009). Chu and Lee
(2007) suggested that an intense selection pressure will favour the presence of S. cerevisiae
mutants able to grow slowly on xylose.

Recent studies have redirected their attention to the xylose-fermenting yeast, P. stipitis. In
this case, the major issue is the inhibitors tolerance which can be critical when real raw
materials are tested. Hence, an evolutionary strategy has been adopted. The strains
adaptation was normally accomplished by sequential transfer of culture samples to different
media composed by increasing concentrations of the residue in study (Mohandas et al. 1995;
Bajwa et al. 2009; Huang et al. 2009). To accelerate the mutations, ultra violet radiation (UV)
was also tested by Bajwa and co-workers (Bajwa et al. 2009).

Many challenges in ethanol production from xylose using metabolically engineered strains
were being overcome. Several approaches were successfully employed to engineer xylose
metabolism. Nevertheless, these approaches are insufficient for industrial bio-processes
mainly due to the low fermentation rate of xylose when compared with glucose. Another
bottleneck is the lack of tolerance to the major inhibitors present in lignocellulosic
feedstocks. A successful fermentation of LCB hydrolysates requires not only a producing
strain that consumes all the sugars present but with tolerance towards lignocellulose
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degradation products. Moreover, most of the methodologies tested were applied to defined
synthetic media containing pure substrates and their applicability to real complex substrates
should be validated. However, the composition of the inhibitors in raw materials as
lignocellulosic wastes changes frequently and, consequently, the metabolic engineering
method probably need some modifications to be applied (Hahn-Hagerdal et al. 2007;
Matsushika et al. 2009). Metabolic engineering approaches to improve inhibitor tolerance
were so far limited to the over expression of specific enzymes including laccase,
phenylacrylic acid decarboxylase, glucose 6-phosphate dehydrogenase and alcohol
dehydrogenase (Hahn-Hagerdal et al. 2007). These enzymes can transform some of the
inhibitors (mainly the aromatic compounds) into products that microorganisms can
assimilate.

In brief, the technical and economic issues related to the choice of fermenting
microorganism are the conversion efficiency uniformity, the tolerance to inhibitors, the
process requirements (aeration, temperature, pH, sterilization) and the bioprocess licensing
(Lawford ef al. 1993). Further intensive studies that combine functional genomics analysis
with metabolic engineering are required for developing robust yeast strains, tolerant to
several inhibitors and to the variability of the substrate and with the ability to ferment
xylose from lignocellulosic feedstocks, in order to produce ethanol, at similar rates as those
attained with glucose, to be applied at industrial level (Chu et al. 2007; Hahn-Hagerdal et al.
2007; Matsushika et al. 2009).

4. Biorefinery approach

With the depletion of petroleum resources and increasing demand on energy, lignocellulose
derived ethanol seems to be the future of transportation fuels. Also, it is noticeable that the
integrated biorefineries, which generate chemicals, materials, fuels and energy from the
biomass, would replace the current petroleum refineries, moving the world toward a
carbohydrate-based economy (Gnansounou 2009).

By-products like HSSL cannot be discharged into natural basins due to environmental
concerns (211 g COD.L-1) and must be processed (Evtuguin et al. 2010). The biochemical
processing of HSSL is a well-known approach to produce value-added products such as
SCP and ethanol, among others (Busch et al. 2006).

As seen previously, biological detoxification of HSSL by P. variotti was possible and the
fungal biomass obtained (2.0 g biomass/g substrate consumed) can be sold as SCP, for
animal nutrition. For process optimization a Sequential Batch Reactor (SBR) was chosen and
the same inoculum was used during three batches to treat fresh HSSL. Each cycle was ended
when the acetic acid reached a non-inhibitory concentration for P. stipitis and this operating
strategy provided high volumes of detoxified HSSL, for subsequent bioethanol fermentation
(Pereira et al. 2011). With this detoxification process as well as with the described ion-
exchange process (Xavier et al. 2010) HSSL can be further bioprocessed by P. stipitis, as
reviewed before. The maximum concentration of ethanol attained was 8.1 g.L-1 with a yield
of 049 g ethanol.g sugars? (Xavier et al. 2010). The bioethanol produced from HSSL,
regarding the aforementioned fermentation results, may be estimated as high as 100 litters
per one ton of pulp (Evtuguin et al. 2010).

Biopolymers are also important value-added products that can be produced within a
biorefinery concept, being capable to replace fossil-fuels based polymers. Microbial mixed
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cultures (MMC) under aerobic dynamic feeding conditions (ADF) in HSSL, can utilize acetic
acid for polyhydroxyalkanoates (PHAs) production. PHAs are biodegradable plastics that
can be stored intracellularly by bacteria from renewable resources. A MMC culture was
selected in a SBR under ADF conditions using HSSL as substrate and was able to produce
37.7% of PHA per cell dry weight. The microorganisms were able to uptake the acetic acid
and also xylose and store them as PHA. Another polymer that was possible to produce from
HSSL is bacterial cellulose (BC). The majority of the cellulose available on earth is produced
by plants but some microorganisms such as algae, fungi and bacteria are also able to
produce an extra-cellular form of cellulose. Bacteria belonging to the genera
Gluconacetobacter, Sarcina or Agrobacterium are able to produce BC. BC is highly pure, since it
is not associated with hemicelluloses and lignin as in plants (Klemm et al. 2001). BC bears
also unique physical and mechanical properties that arise from its tridimensional and
branched nano and micro-fibrillar structure (Iguchi et al. 2000). Finally, BC shows
biocompatibility, being an excellent material for biomedical applications (Carreira et al.
2011). Carreira et al. (2011) using HSSL and Gluconacetobacter sacchari was able to produce
0.29 g.L1 of BC with a conversion ratio of 28% and yield of 105%. Although the production
of BC was low, when compared to the results obtained with pure compounds (2.70 g.L!
with glucose) these preliminary results showed that it was possible to produce BC from this
kind of by-product (Carreira et al. 2011).

Even after all these bioprocesses, the remaining residues (biomass, sugars not consumed
and other compounds) still represent a large amount of carbon oxygen demand (>100
gCOD.L1). In this way, anaerobic digestion (AD) has shown great potential in using
renewable resources such as management residues. AD is a biological process by which
organic matter is transformed into methane and carbon dioxide in the absence of oxygen
(Mata-Alvarez et al. 2000). The digestion process begins with bacterial hydrolysis of the
input materials in order to break down insoluble organic polymers, such as carbohydrates,
and make them available for other bacteria. Then acidogenic bacteria convert sugars and
amino acids into carbon dioxide, hydrogen, and organic acids. These are then converted into
acetic acid, along with additional hydrogen, and carbon dioxide. Finally, methanogenic
microorganisms convert these products to methane and carbon dioxide (Mata-Alvarez et al.
2000). Preliminary results showed that with a MMC, volatile fatty acids (VFAs) like acetic,
proprionic and n-butiric acids, can be produced using HSSL after bioethanol production. A
yield of 0.15 mg COD.mg COD-! for the acetic acid was obtained using AD. Although AD in
HSSL is a research area in progress, acidification of HSSL and wastes from bioethanol
production is possible. Not only the remaining sugars but also other compounds present in
the HSSL were converted into VFAs.

SCP, bioethanol, PHAs, BC and VFAs are some of the value-added products that so far, can
be produced from HSSL the subproduct of acidic sulphite pulping process (Fig. 10).
Although yields were low for industrial implementation, most of these data are preliminary
results and would be useful to optimize the process and develop new strategies towards a
comprehensive utilization of by-products from sulphite pulp production thus fulfilling the
environmental concerns, improving the sustainability of pulp plant and contributing also
for the pulp mill profits. Optimization of all these processes is a necessary step for
improving productivity for the biorefinery implementation in the industrial process and the
commercial application of the value-added products.
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1. Introduction

1.1 Motivation and environmental aspects

The combustion of fossil fuels is responsible for 73% of carbon dioxide emissions into the
atmosphere and therefore contributes significantly to global warming. Interest in the
development of methods to reduce greenhouse gases has increased enormously. In order to
control such emissions, many advanced technologies have been developed, which help in
reducing energy consumption, increasing the efficiency of energy conversion or utilization,
switching to lower carbon-content fuels, enhancing natural sinks for carbon dioxide, capture
and storage of carbon dioxide, reducing the use of fossil fuels in order to decrease the
amount of carbon dioxide and minimizing the levels of pollutants. In the last few years,
research on renewable energy sources that reduce carbon dioxide emissions has become
very important. Since the 1980s, bioethanol has been recognized as a potential alternative to
petroleum-derived transport fuels in many countries. Today, bioethanol accounts for more
than 94% of global biofuel production, with North America (mainly the US) and Brazil as
the overall leading producers in the world (about 88% of the world bioethanol production in
2009).

Generally, biofuel production can be classified into three main types, depending on the
converted feedstocks used: biofuel production of first, second and third generation.
Bioethanol production of the first generation is either from starchy feedstocks, e.g. seeds or
grains such as wheat, barley and corn (North America, Europe) or from sucrose-containing
feedstocks (mainly Brazil). The feedstocks used for bioethanol production of the second
generation are lignocellulose-containing raw materials like straw or wood as a carbon
source. Biofuel production of the third generation is understood as the production of
lipolytic compounds mainly from algae.

The feedstocks of bioethanol production of the first generation could also enter the animal
or human food chain. Therefore, bioethanol production of the first generation is regarded
critically by the global population, worrying about food shortages and price rises. Other
reasons which lead to research and developments in bioethanol production of the second
generation are: a shortage of world oil reserves, increasing fuel prices and reduction of the
greenhouse effect. In addition to this, the renewable energy directive (EC 2009/28 RED)
demands a reduction for Europe of 6% in the greenhouse gases for the production and use
of fuels. This reduction is only possible if biofuels are added to diesel fuel or gasoline by the
year 2020. It also seems that the target for greenhouse gas reduction for Europe can only be
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achieved if the biofuels are mainly from biothanol of the second generation. Outside Europe
(Brasil, USA) the targets can be achieved using first generation biofuels. Hence, research and
development on the production of bioethanol of the second generation needs to be
intensively promoted, particularly in the European countries.

1.2 State of science and technology

Bioethanol production of the first generation from sugar cane and from wheat or corn is well
established in Brazil as well as in the US and Europe. The world’s ethanol production in
more than 75 countries amounted in 2008 to more than 77 billion litres of ethanol (Sucrogen
bioethanol, 2011).

Bioethanol production of the second generation can use lignocelluloses from non-food crops
(not counted in the animal or the human food chain), including waste and remnant biomass
e.g. wheat straw, corn stover, wood, and grass. These feedstocks are composed mainly of
lignocellulose (cellulose, hemicelluloses and lignin).

The process of bioethanol production of the first generation is well established and shown in

Fig. 1.
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Fig. 1. Flow chart showing bioethanol production from starchy raw materials

The process of bioethanol production from wheat normally consists of five major process
steps:

1. Milling of the grain

2. Liquefication at high temperatures

3. Saccharification (enzymatic degradation of starch)

4. Fermentation with yeast

5. Distillation (rectification) of ethanol

The production of bioethanol from lignocelluloses follows more or less the same principle
and is composed of the following sub-steps: milling, thermophysical pretreatment
hydrolysis, fermentation, distillation and product separation/ processing (Fig. 2).
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Fig. 2. Flow chart showing bioethanol production from lignocelluloses

The cellulose in the lignocellulose is not accessible to enzymes. Therefore, lignin and/or
hemicelluloses have to be removed in order to make the enzymatic degradation of the
cellulose possible. Ideal pretreatment should lead to better performance during bioethanol
production from lignocelluloses.

The pretreament should cause the hydrolysis of hemicelluloses, high recovery of all
carbohydrates, and high digestibility of the cellulose in enzymatic hydrolysis. No sugars
should either be degraded or converted into inhibitory compounds. A high solid matter
content and high concentration of sugars should be possible. The process should have low
energy demands and require low capital and operational cost.

The pretreament methods can be classified roughly into three types: thermophysical
methods, acid-based methods and alkaline methods. Thermophysical methods like steam
pretreament, steam explosion or hydrothermolysis solubilise most of the cellulose and
hemicelluloses. There is only a low level of sugar conversion. Cellulose and hemicelluloses
have to be converted enzymatically into C6 sugars (mainly glucose) and to C5 sugars
(mainly xylose). Acid-based methods use mineral acids like sulphuric acid and phosphoric
acid. Hemicelluloses are degraded to sugar monomers, cellulose has to be converted to
glucose enzymatically. Alkaline methods like ammonia fibre explosion leave some of the
hydrocarbons in the solid fraction. Hemicellulases acting both on solid and dissolved
hemicelluloses are required as well as the celluloytic enzymes.

Lignocellulose containing substrates are mainly composed of cellulose (40-50%),
hemicellulose (25-35%) and lignin (15-20%). Cellulose is a glucose polymer, hemicellulose is
a heteropolymer of mainly xylose and arabinose, and lignin is a complex poly-aromatic
compound. The different pretreatment methods are necessary to loosen the close bonding
between cellulose, hemicellulose and lignin. Wheat (Triticum aestivum L.) straw is composed
of 45% cellulose, 26% hemicellulose and 19% lignin. Maize (Zea mays) straw is composed of
39% cellulose, 30% hemicellulose and 17 % lignin.

The high percentage of hemicelluloses and the resulting pentoses, e.g. xylose from the
hydrolysis of the polymer, are a further challenge to a cost-competitive bioethanol process
with lignocelluloses as carbon source.

Yeasts used for the conversion of sugars into ethanol (mostly Saccharomyces spec.) usually
only convert glucose into ethanol. C5 sugars like xylose are only converted into ethanol at
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low rates by very few yeast (Pichia spec.) strains. Research programs are underway either to
adapt yeasts for the use of both C5 and C6 sugars or to modify Saccharomyces genetically to
obtain yeast that produces ethanol simultaneously from C5 and C6 sugars.

Nevertheless, because of its ready availability and low costs, lignocellulosic biomass is the
most promising feedstock for the production of fuel bioethanol. Large-scale commercial
production of bioethanol from lignocellulose containing materials has still not been
implemented.

2. Potential of second generation bioethanol

The world-wide availibility of feedstock has to be taken into account if bioethanol from
lignocelluloses is to contribute significantly to the world fuel market. A report by Bentsen &
Felby (2010) shows existing agricultural residue of 1.6 Gt/year cellulose and 0.8 Gt/year
hemicelluloses (figures do not include Africa and Australia). This gives a theoretical
quantity of 1.24 Gm3 bioethanol from cellulose (690 1/t using Saccharomyces spec.) and
0.480 Gm3 (6001/t using Zymomonas spec.) from hemicelluloses. For comparison: the
worldwide production of crude oil is estimated to reach not more than 4.8 Gm3 pa
(83 million bbl/day) and is supposed/ predicted to decline to under 2.4 Gm?3 pa (41.5 million
bbl/day) by 2040 (Zittel, 2010). The potential of bioethanol from agricultural residues seems
to be high. But not all residues will be available and the conversion rates will not be 100%.
Therefore, it is thought that lignocellulose-containing materials have to be produced on
agricultural land possibly in combination with the production of feedstocks like wheat, corn
or sugar cane. These crops would serve as feedstocks for bioethanol production of the first
generation.

The yield per hectare is conservatively estimated at 30001 and 15001 per hectare of
agricultural land for bioethanol of the first and second generation, respectively. A
replacement of 41.5 million bbl/day of crude oil would require an area of land of around
5 million km2.

Using DDGS (distillers dried grain solubles) as protein-rich animal feed, taking into account
an increase in productivity in agriculture and using intermediate crops as feedstock, the
required area could be reduced to under 2.5 million kma2. This represents approximately 3%
of the world’s land (Bentsen & Felby, 2010).

3. The production of bioethanol from lignocelluloses

3.1 Pretreatment

Lignocellulose containing biomass has to be pretreated prior to hydrolysis to improve the
accessibility of the biomass. For this pretreatment, several processes are available:
mechanical treatment for size reduction (e.g. chopping, milling, grinding), hydrothermal
treatment (e.g. uncatalysed steam treatment with or without steam explosion, acid catalysed
steam treatment, liquid hot water treatment) and chemical treatment (e.g. dilute acid,
concentrated acid, lime, NH3, H>O»). Diverse advantages and drawbacks are associated with
each pretreatment method (Mosier et al., 2005; Hendriks & Zeeman, 2009; Chen & Qui, 2010;
Talebnia et al., 2010).

Steam explosion is a widely-employed process for this pretreatment. This process combines
chemical effects due to hydrolysis (autohydrolysis) in high temperature water and acetic
acid formed from acetyl groups, and mechanical forces of the sudden pressure discharge
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(explosion). The steam explosion process offers several attractive features when compared
to other technologies. These include less hazardous process chemicals and significantly
lower environmental impact (Alvira et al.,, 2010). Typical operation conditions for steam
explosion treatment of straw - temperature and duration of treatment - are summarised in
Table 1.

Biomass Temperature |Duration of pretreatment|Catalyst Reference

in °C in minutes
Wheat straw 220 2.5 none Tomas-Pejo et al., 2009
Wheat straw 190 8 none Ballesteros et al., 2004
Wheat straw 190 10 H>SO4 Jurado et al., 2009
Wheat straw 200 10 none Sun et al., 2005
Wheat straw 200 45 none Chen et al., 2007
Barley straw 210 5 none Garcia-Aparicio et al., 2006
Barley straw 210 5 H250;4 Linde et al., 2007
Corn stover 200 10 none Yang et al., 2010
Corn stover 200 5 H250;4 Varga et al., 2004
Rice straw 220 4 none Ibrahim et al., 2011

Table 1. Typical operation data for steam explosion of straw

According to Overend and Chornet (1987), the severity of the pretreatment can be
quantified by the severity factor Ro. The severity factor combines the temperature of the
pretreatment (T in degree Celsius) and the duration of the pretreatment (t in minutes) thus:

RO:jexpM.dt 1)

0 14.75

The severity factor is based on the observation that it is possible to trade duration of
treatment and the temperature of treatment so that equivalent final effects are obtained.
However, it is not intended to give mechanistic insight into the process.

3.2 Hydrolysis

Clearly, the hydrolysis step is affected by the type of pretreatment and the quality of this
process - particularly by the accessibility of the lignocellulose.

Lignoculluloses can be solubilised by enzymatic or chemical hydrolysis (mainly with acids).
Both the pretreatment and hydrolysis are performed in a single step during acid hydrolysis.
Two types of acid hydrololysis are usually applied: concentrated and dilute acid hydrolysis
(Wyman et al., 2004, Gray et al., 2006, Hendriks & Zeeman, 2009).

Cellulase enzymes from diverse fungi (e.g. like Trichoderma, Aspergillus) (Dashtban et al.,
Sanchez, 2009) and bacteria (e.g Clostridium, Bacillus) (Sun & Cheng, 2002) can release sugar
from lignocellulose at moderate temperatures (45-50°C) with long reaction times (one to
several days) (reviewed in Brethauer & Wyman, 2010; Balat, 2011).

Three different enzymes work synergistically - the endo-p-1,4-glucanases (EC 3.1.2.4), exo-p-
1,4-glucanases (EC 3.2.1.91) and p-glucosidase (EC 3.2.1.21) - to generate glucose molecules
from cellulose (Lynd et al., 2002). In addition, enzymes like hemicellulases and ligninases
improve the hydrolysis rate and raise the content of the fermentable sugar (Palonen &
Viikari, 2004; Berlin et al., 2005).
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Diverse factors inhibit the activity of the cellulase and thereby decrease the rate of
hydrolysis and the effectiveness of the hydrolysis step: end-product inhibition, easily
degradable ends of molecules are depleted, deactivation of the enzymes, binding of
enzymes in small pores of the cellulose and to lignin (Brethauer & Wyman, 2010; Balat,
2011).

Hemicellulose is a highly complex molecule and multi-enzyme systems are needed like
endoxylanase, exoxylanase, P-xylanase, a-arabinofuranosidase, a-glucoronidase, acetyl
xylan esterase and ferulic acid esterase (all produced by diverse fungi e.g. Aspergillus and
bacteria e.g. Bacillus) for the enzymatic hydrolysis (reviewed in Balat, 2011).

3.3 Fermentation

The microorganisms for the ethanolic fermentation process for lignocellulose-containing
hydrolysates should ferment both hexoses and pentoses (if both cellulose and hemicellulose
are solubilised) to achieve efficient bioethanol production. Unfortunately, no known natural
microorganisms can efficiently ferment both pentoses and hexoses, which are generated
during hydrolysis from lignocelluloses (Ragauskas et al., 2006). The perfect microorganism
for fermentation should exhibit several properties: sugar tolerance, ethanol and
thermotolerance, resistance against diverse inhibitors, fermentation of hexoses and pentoses
and stability during industrial application.

Diverse microorganisms like Saccheromyces cervisiae, Pichia stipitis, Escherichia coli and
Zymomonas mobilis are typically applied in the bioethanol process from lignocellulose. Both
generally used microorganisms, the yeast Saccheromyces cervisine and the bacterium
Zymominas mobilis, can convert hexoses into bioethanol offering high ethanol tolerance and
ethanol yields. Genetically modified yeast strains from Saccheromyces cervisiae converting
both pentoses and hexoses into bioethanol have been generated (reviewed in Vleet &
Jeffries, Bettiga et al., Matsushika et al., 2009). Zymomonas mobilis was also genetically altered
converting xylose into ethanol (reviewed in Girio et al., 2010, Balat, 2011).

Pentoses (xylose, the main sugar from hemicellulose) can be utilized from the yeast strains
Pichia stipitis, Pachysolen tannophilus and Candidae shetatae. The main disadvantage of these
yeast strains is their low ethanol tolerance and ethanol yield. Bacteria like Escherichia coli and
Klebsiella oxytoca take up hexoses and pentoses but lead to very low ethanol yields.
Successful genetic modifications have been performed in these bacteria leading to higher
ethanol yields (reviewed in Girio et al., 2010; Balat, 2011).

Enzymatic hydrolysis and fermentation can be carried out simultaneously (SSF). This
process has several advantages: lower enzyme concentrations, higher sugar yields (no end
product inhibition of cellulase), higher product yields, shorter process times and lower risk
of contamination. The main disadvantage is the different optimal conditions for the
hydrolysis and fermentation reactions (reviewed in Balat, 2011). Performing enzymatic
hydrolysis and fermentation separately is known as SHF. Each step has to be carried out
under optimal reaction conditions but the end product inhibition of the cellulase reduces the
rate of hydrolysis and this type of process is costlier (reviewed in Balat, 2011).

3.4 Distillation

With conventional distillation at atmospheric pressure, the maximum achievable ethanol
concentration is 90-95%, because in the system ethanol-water there is an azeotrope at 95.6%
(w/w) ethanol, boiling at a temperature of 78.2°C. For the production of anhydrous ethanol
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further dehydration of the concentrated ethanol is required. This can be achieved by
employing azeotropic distillation, extractive distillation, liquid-liquid extraction, adsorption,
membrane separation or molecular sieves (Hatti-Kaul, 2010; Huang et al., 2008).

Separation of ethanol from water is an energy-intensive process. The energy required for
production of concentrated ethanol by distillation also depends very much on the feed
concentration (Zacchi & Axelsson, 1989). The search for solutions for the reduction of the
energy required is a field of intensive research. Membrane separation processes need much
less energy for ethanol separation but are not in operation on an industrial scale. First results
from a pilot plant using the Siftek™ membrane technology show a reduction of the energy
required for dehydration of about 50% (Coté et al., 2010). Process and heat integration
techniques also play an important role in energy saving in the bioethanol process (Alzate &
Toro, 2006; Wingren et al., 2008). Maximum energy saving in the distillation of about 40% is
possible by applying mechanical vapour recompression (Xiao-Ping et al., 2008). Solar
distillation of ethanol is under investigation for distillation of bioethanol in smaller plants
(Vorayos et al., 2006). The production of solid biofuel or biogas for thermal energy supply
also reduces the net energy requirement of bioethanol production (Eriksson & Kjellstrom,
2010; Santek et al., 2010).

3.5 Use of residues for energy supply

The stillage from distillation can be separated in a liquid-solid separation step into two
fractions. The solid fraction is usually used for solid fuel production. The liquid fraction is
either fed to an anaerobic digestion process, generating biogas with a methane concentration
of about 60% (Prakash et al., 1998) or is used for solid fuel production together with the
solid fraction after evaporation of most of the water. In this case the concentrated liquid
fraction is mixed with the solid fraction before drying and pelletizing.

Biogas is used for heat generation or combined heat and power generation for the
bioethanol process, whereas solid biofuels can also be sold on the market.

4. Our results for bioethanol production from steam explosion pretreated
straw

4.1 Steam explosion pretreatment

4.1.1 Operation of steam explosion reactor

The bulk density of the straw in the steam explosion reactor depends very much on the
condition of the straw and the feeding method. When filling the pilot reactor with chopped
straw manually, a bulk density of about 60 kg m-3 was achieved. Loading baled straw would
lead to a bulk density of approximately 150 kg m=3 (bulk density of straw bales according
Jenkins (1989): 100 - 200 kg m-3). The bulk density of straw pellets is 500 kg m-3 and higher
(Theerarattananoon et al., 2011). For reliable discharge of the treated straw from the reactor
in the explosion step, addition of water to the dry straw is usually required. The thermal
energy requirement of the steam explosion treatment is met by steam directly fed into the
reactor. In small steam explosion units, steam is also optionally used for jacket heating of the
reactor. In adiabatic operation, the thermal energy is required for heating up the biomass
and the added water. The steam in the vapour phase of the reactor is lost through a vent
during the sudden pressure discharge of the reactor. The steam required for heating up the
biomass and the added water m1 (in kg) can be calculated thus:
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m 1
mstll :ms.[cp’s.ATS +7W.Cp,w.ATW +AhRJE (2)
S 1

The mass of straw ms and the mass of the added water mw are in kg. The specific heat
capacity of straw cps and the specific heat capacity of water c,w are in k] kg1 K. The
temperature difference between pretreatment temperature and feed temperature for straw
ATs and water ATw are in K. The enthalpy of vaporization for water Ahy at pretreatment
temperature and the net reaction enthalpy Ahg of the pretreatment process are in kJ kg-1.

The venting loss of steam my> (in kg) can be calculated thus:

1 1 m Mg 1 1
SN S W KR 0
Psp-v  Ps mg ms ) Pw

The bulk density of the straw in the reactor psy as well as the density of straw ps, the density
of water pw and the density of steam ps, all at operation temperature and pressure, are in
kg m=3. The factor for the volumetric use of reactor volume is 1v.

An increase in steam consumption of 10% can be estimated because of non-adiabatic
operation of the steam explosion system and steam leakages (Sassner et al., 2008). The total
steam consumption is therefore calculated thus:

Mg = 11. (mst,l + mst,Z) (4)

A reduction in the cost of pretreatment can be achieved by minimisation of the specific
steam demand. Ahn et al. (2009) determined the specific heat capacity of wheat straw with a
water content of 4.3 g water/g dry sample to be 1.63+0.07 k] kg! K-1. The specific heat
capacities of other types of straw were in the same range. The specific heat capacity of water
is about 2.5 times higher than the specific heat capacity of straw. Therefore, the total water
content of the input material is a main influencing factor on the thermal energy
consumption of steam explosion pretreatment. Minimizing the rate of water addition to the
straw is a way to reduce the steam consumption. Preheating of the added water using waste
heat e.g. from the condenser of the distillation or increasing the bulk density of the straw in
the reactor are also ways to reduce the steam consumption (Fig. 3).

A reduction in steam temperature would reduce the steam demand too, but at the same time
reduce the effect of steam explosion treatment.

For the discharge of the treated straw from the reactor in the explosion step a certain
fraction of the reactor volume has to remain filled with uncondensed steam. The remaining
steam- filled fraction of the reactor volume under various operation conditions is shown in
Fig. 4.

The steam explosion pretreatment of straw pellets is restricted by the pore volume available
for the addition of water and condensing steam. From this point of view, a type of
compacted straw with a density between 150 kg m- and 500 kg m-= would be preferable.

4.1.2 Steam explosion experiments

The pretreatment of the straw was carried out in a steam explosion pilot unit using a reactor
with a reaction volume of 0,015 m?. Explosion was carried out into a cyclonic separator to
separate the treated straw from the vapour phase. The vapour was then condensed in a
regenerative cooler. The maximum steam temperature of the steam generator was 200°C
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Fig. 3. Specific steam demand in steam explosion pretreatment of straw; general operating
data: assumed volumetric use of reactor volume: 0.95; density of straw: 1290 kg m- (Shaw &
Tabil, 2005); net reaction enthalpy neglected; individual operating data (as shown in the
legend): temperature of treatment, bulk density of straw, temperature of added water;
literature data: thermal energy demand without indication of water content (Zhu & Pan,
2010).
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Fig. 4. Remaining steam-filled fraction of the reactor volume under various operating
conditions; individual operating data (as shown in the legend): temperature of treatment,
bulk density of straw, temperature of added water

(equivalent to a steam vapour pressure of 1.55 MPa). The operation temperature in the
reactor is reached via a temperature ramp. In most experiments the mass of added water
was 1.0 kg per kg of straw. The operation temperature was generally 200°C and the duration
of the treatment was usually 10 minutes. This results in a severity factor of 9500 (log (Ro) =
3.98).

The bulk density of the straw in the reactor was 60 kg m?3 for chopped straw. When straw
pellets (mixture of Triticale (Triticosecale Wittmack) and wheat straw) were pretreated, the
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bulk density increased to 520 kg m3. However, in these cases the volumetric use of reactor
volume had to be reduced. Also the ratio of added water was lower.

The steam consumption in the pilot tests was more than two times the calculated value due
to only partial thermal insulation of the reactor. In the case of a cold start of the system,
steam consumption was even higher.

Figs. 5a and 5b show an example of wheat straw before and after pretreatment. The
scanning electron microscope (SEM) images show wheat straw with intact bundles of fibres
before preatrement (Fig. 5a) and the same material after pretreatment (Fig. 5b), where the
morphological structure has been broken down. This material is now accessible to the
cellulytic enzyme complex.
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Fig. 5a. Wheat straw untreated (SEM)
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Fig. 5b. Wheat straw treated (SEM)

4.1.3 Recycling of low ethanol concentration solutions into the steam explosion

reactor
The outcome of an economic study shows that the most important factor for economic

bioethanol production is maximum ethanol output (von Sivers & Zacchi, 1996). A possibility
to increase the ethanol output would be the recycling of effluents with low ethanol
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concentration, e.g. the stillage from the distillation, which contains about 1% ethanol
(Cortella & Da Porto, 2003) or low concentration effluents from membrane separation steps
via the steam explosion reactor. In this case, the added water would be replaced by the
effluent to be recycled. During the steam treatment, vapour-liquid equilibrium of the
ethanol-water system will be reached. Due to the fact that ethanol is more volatile than
water, the concentration of ethanol in the vapour phase will be much higher than in the
liquid phase. The vapour-liquid equilibrium of the ethanol-water system at 1.5 MPa is
shown in Fig. 6.
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Fig. 6. Vapour-liquid equilibrium of the ethanol-water system at 1.5 MPa, calculated with
the Wilson equation (Gmehling & Brehm, 1996)

When the reactor is vented, the exploded biomass is separated from the vapour phase in a
cyclonic separator. In the separator secondary vapour is also produced by evaporation
cooling of the wet biomass. The vapour phase has to be condensed by cooling at the
separator outlet to recapture the ethanol. The collected condensate can be added to the feed
of the distillation column.

In a first series of experiments on the recycling of ethanol-containing effluent, the added
water in the feed to the steam explosion reactor was replaced by a solution containing
10% (w/w) ethanol. Analyses of the pretreated wet straw are shown in Table 2. The
samples were taken from the treated straw heap in the separator immediately after the
explosion step and transferred into a gastight bottle. With the exception of ethanol no
significant differences were found when 10% ethanol (w/w) solution was used. The
ethanol content of 31.6 g/kg feed straw (d.b.) in the treated straw from the experiment
with the addition of 10% ethanol solution (w/w) is equivalent to 31.6% of the added
ethanol; the remaining 68.4% is expected to be in the condensate. It was not possible to
verify this due to limitations in the drainage of such small amounts of condensate from
the installed regenerative cooler.

Treated straw samples taken from the separator about five minutes after the explosion step
showed a significantly lower ethanol content. The average ethanol content in these samples
was 13.5 g/ kg of feed straw (d.b.), whereas the concentrations of the other components were



164 Bioethanol

Added water Ethanol Formic acid | Acetic acid HMEF Furfural
1 kg/kg wheat

straw

Water 3.7 3.8 16.8 0.3 1.9
10% ethanol 31.6 6.1 20.1 0.2 1.0
(w/w)

Table 2. Analyses of steam-exploded wheat straw (pretreatment conditions: 200°C, 10 min);
all values in g/kg feed straw (d.b.); averages of two pretreatment experiments; wet straw
samples were leached with deionised water, analysis of the filtrate by HPLC

very much the same. This can be explained by the evaporation of ethanol during the cooling
of the treated straw. For example, the recycling of a 1% ethanol (w/w) solution would result
in a condensate with about 5% ethanol (w/w) considering also the dilution of the liquid
phase in the reactor by condensation of steam.

However, recycling of low ethanol concentration effluents could be limited by inhibitors
contained in the effluent. Further tests with real effluents are therefore required.

4.2 Hydrolysis and fermentation

4.2.1 Description of the experiments

Bioethanol production from wheat straw was investigated. Several improvements,
particularly one washing step and the recirculation strategy, were made. The washed wheat
straw was named inhibitor-controlled wheat straw. These improvements increase both the
sugar concentration and the bioethanol yield by up to 7%(vol). Also, the lignocellulose-
containing substrate corn stover was tested for its potential in bioethanol production.
Furthermore, recirculation of bioethanol was performed to ultimately raise the end
concentration of bioethanol. Therefore, ethanol was added during the pretreatment process
and a possible effect on the hydrolysis and fermentation steps was examined.

The enzyme mixture Accellerase TM1000 from Genencor® was used with enzyme activities
of 775 IU cellulase (CMC)/g solids and 138 IU beta-glucosidase/g solids. Suspensions with
various dry substances (10-20%) were produced with the pretreated substrate in citrate
buffer (50 mM, pH 5.0) and incubated at 50°C for 96 hours in a shaking incubator (100 rpm).
The hydrolysis of pretreated substrate was repeated three times in a recirculation process.
Sample analysis was performed with HPLC. Diverse salts were added to the straw
hydrolysate for fermentation. A wild-type strain of Saccharomyces cerevisize was used
exclusively for all experiments. The fermentation process was conducted at 30°C in a
shaking incubator for one week (110 rpm).

4.2.2 Results

The glucose concentration obtained after hydrolysis from wheat straw pretreated with
different levels/degrees of severity (conditions ranging from 160°C, 10 minutes to 200°C,
20 minutes) is demonstrated in Fig. 7. The pretreatment at 200°C over 20 minutes (severity
factor 18000; log(Ro)=4.26) achieved the highest sugar concentration, converting about 100%
cellulose during the hydrolysis. Recirculation strategies with wheat straw were developed,
where the sugar solution of a first hydrolysis reaction was recycled twice to fresh straw and
the subsequent hydrolysis reaction. The glucose concentration was further increased by a
recirculation process to fresh washed solids and subsequent hydrolysis from 30 g/1 to 143 g/1
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Fig. 7. Glucose concentration after hydrolysis of pretreated wheat straw

(20% solids, third hydrolysis). After fermentation with Saccharomyces cerevisiae, an ethanol
concentration of 7.5%(vol) was obtained. In Fig. 8, the final glucose concentrations after
recirculation processes with inhibitor-controlled wheat straw as well as bioethanol yields
after fermentation are shown.
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Fig. 8. Produced glucose concentration and bioethanol yields after fermentation of inhibitor
controlled wheat straw

Corn stover was pretreated at 190°C for 10 minutes. Initially, 10% of the dry substance
corn stover was hydrolyzed and fermented. Here, the sugar concentration was 32 g/1
glucose and 10 g/1 xylose yielding 1.9% bioethanol (Table 3). The dry substance was
increased to 15% and 20%, yielding considerably higher sugar and bioethanol
concentrations (Table 3).
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10 % dry substance | 15 % dry substance | 20 % dry substance
Glucose (g/1) 32 47 58
Xylose (g/1) 10 16 20
EtOH (%(vol)) 1.9 2.8 3.9

Table 3. Sugar concentration and ethanol content from corn stover (10, 15 and 20 % solids)

Wheat straw was moistened with water before steam explosion pretreatment. Ethanol was
added during pretreatment (10 minutes at 200°C) to test for a possible effect on the
hydrolysis and fermentation step. The wet straw was hydrolyzed with the enzymes and
fermented with yeast. Additional ethanol during the pretreatment process did not influence
the sugar and bioethanol content (Table 4).

Standard pretreatment Pretreatment with 10% ethanol (w/w)
Glucose (g/1) 41 40
Xylose (g/1) 20 19
EtOH (% (vol)) 21 22

Table 4. Sugar concentration and ethanol yields after fermentation of standard pretreatment
and pretreatment with ethanol (from 10 % dry substance)

Alternatively, pellets from mixed straw were used to increase the dry substance already
during the pretreatment step. It was possible to increase the glucose concentration from wet
straw pellets to 60 g/1 resulting in 2.5% (vol) bioethanol (from 10 % dry substance).

5. Other concepts for the use of lignocellulosic feedstocks

Diverse concepts for the use of lignocellulose-containing plants for bioethanol production
are available. In the simplest concept, only the glucose is fermented to bioethanol, with the
by-products xylose solution and lignin pellets. The xylose sugars can be used as barrier
films, hydrogels, paper additives (Soderqvist et al., 2001; Lima et al., 2003; Gronholm et al.,
2004) or in xylitol production (reviewed in Chen et al., 2010). At the moment, the utilization
of lignin is unsatisfactory; therefore, the lignin pellets are used as solid biofuel.

The economy of bioethanol production from lignocellulose-containing materials can be
improved in a cost-effective concept by simultaneous fermentation of both sugars (glucose
and xylose) to bioethanol by diverse microorganisms. In the last twenty years, diverse
microorganisms were genetically modified to ferment both glucose and xylose, with good
results (reviewed in Hahn-Hégerdal et al., 2007; Matsushika et al., 2009; Jojima et al., Kim et
al., Mussatto et al,, Weber et al, Young et al, 2010). Furthermore, diverse adaptation
programs, mutagenesis and breeding were performed to produce yeasts and other
microorganisms with improved xylose fermentation (reviewed in Hahn-Hagerdal et al.,
2007; Matsushika et al., 2009; Mussatto et al., 2010). However, in several countries
production with GMO is only possible under strict standards and acceptance of GMO in
these countries is poor.

In a biorefinery concept, co-production of biofuels, bioenergy and marketable chemicals
from renewable biomass sources take place simultaneously. Diverse biorefinery concepts for
wheat straw were developed such as: bioethanol from glucose, biohydrogen from xylose
and the residual effluents from bioethanol and biohydrogen processes being used for biogas
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production (Kaparaju et al., 2009). The biorefinery concept including higher-value chemical
by-products and autonomous power supplies will enhance economic competitiveness of
second generation plants and, therefore, will make this type of plant economical in the near
future.

6. Outlook

Research on bioethanol production from lignocellulose-containing substrates has made
great progress over the last decades. As shown by other authors and our own results, the
theoretical yield of bioethanol from cellulose (690 1/t cellulose, 283 1/t straw) is almost
achievable. The yield of bioethanol from hemicelluloses still has to be increased. Compared
to bioethanol production of the first generation, cost-effectiveness also has to be improved.
No commercial bioethanol plant using lignocellulose-containing residues as feedstock is in
operation in 2011. However, diverse pilot plants are in operation and the first demonstration
plants have been completed and running succesfully.

The production of biofuels such as bioethanol is often criticized because of the negative
impact of the feedstock on biodiversity. The competition of the raw materials for use either
as biofuel or for food production is also a major obstacle to increasing bioethanol production
capacity. Therefore, lignocellulose-containing residues offer a possibility to satisfy part of
the increasing demand for fuel by means of biofuel.

Diverse scenarios are possible - only using first generation fuel, resulting in dramatic
increases in world prices for feedstock crops. The stimulation of the second generation
results in reduced pressure on world prices for feedstock crop. It is the authors” opinion that
the higher demand for biofuels will necessarily lead to the use of lignocelluloses as
feedstock to produce biofuels. In order to replace fossil fuels to a larger extent, not only
agricultural residue must be used as feedstock. Agriculture has to be geared towards food as
well as towards energy production. This will only be possible in the context of a coordinated
international effort.
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1. Introduction

Bioethanol is not only currently the most widely used biofuel, but also potentially the most
promising alternative to fossil fuels. The majority of bioethanol in today’s use is made from
sucrose-containing (e.g., sugarcane, sugar beet, and sweet sorghum) or starch-based
feedstocks (e.g., corn, wheat, rice, barley, and potatoes). The excessive production of such
crop-based (first generation) bioethanol, however, imposes an adverse effect on global food
supply. A sustainable alternative feedstock which can be used for non-crop (second
generation) bioethanol is lignocellulosic biomass such as rice straw (Binod et al., 2010),
wheat straw (Talebnia et al.,, 2010), corn stover (Kadam & McMillan, 2003), switchgrass
(Keshwani & Cheng, 2009), sugarcane bagasse (Cardona et al., 2010), and various other
agriculture and forest residues.

Lignocellulose primarily consists of cellulose, hemicellulose and lignin. Cellulose is a
homopolymer of glucose, while hemicellulose is a heteropolymer of pentoses (i.e., xylose
and arabinose) and hexoses (i.e., glucose, mannose, and galactose) sugars. Lignin is a rich
source of aromatic carbon compounds but extremely recalcitrant. Lignocellulose is
decomposed via pretreatment and hydrolysis into a spectrum of sugars in which glucose
and xylose are the first and second most dominant. These cellulosic sugars are finally
converted to bioethanol by fermentation. The lignocellulosic bioethanol has not yet been
produced on a commercial scale due to lack of cost-effectiveness. For ensuring its
economical viability, comprehensive efforts are required to reduce cost (and maximize the
profit) throughout the entire process from biomass to bioethanol.

In the current discussion, we limit ourselves to the fermentation step only and examine
various issues with increasing bioethanol productivity. Cost-benefit analysis of the
fermentation process shows that the processing cost is more dominant (two-thirds of the
total cost) than the feed cost (Lange, 2007; Wingren et al., 2003). It is thus important to
improve the processing efficiency, not just the sugar conversion alone. In this regard,
increasing the productivity should be a preferred target over increasing the yield, not only in
the reactor optimization, but also in strain improvement.

The yeast Saccharomyces cerevisiae has typically been used for the production of crop-based
bioethanol. This wild-type strain is, however, not suitable for converting cellulosic sugars as
it can efficiently ferment glucose but hardly xylose. Considerable effort has been made to
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endow S. cerevisize with the ability to utilize xylose (Hahn-Hagerdal et al., 2007). Basic
approaches to this end are to “push” and “pull” xylose into the central metabolism of S.
cerevisige. Push strategies introduce the transport and initial metabolic routes of xylose by
expressing exogenous (i.e., foreign) genes. In pull strategies, reactions in the central
metabolism are selectively overexpressed. Introduction of foreign plasmids imposes a
“metabolic burden” or “metabolic load” on the host cell by consuming a significant amount
of internal resources, hurting the normal metabolic functioning of the host cell (Glick, 1995).
The most common observation is the decrease of cell growth rate (Bentley et al., 1990; Ricci
& Hernandez, 2000). It is often (while not always) that as the product yield is increased, the
production rate is reciprocally low (Chu & Lee, 2007).

Most of the recombinant yeast strains currently available show a sequential pattern in their
consumption of mixed sugars (i.e., glucose and xylose). They preferably consume glucose with
xylose on standby as denoted by the vertical line in Fig. 1.1(a). Then, simultaneous
consumption take places along the tilted line only when the preferred substrate is depleted to a
very low level (say, one tenth or one fifth of xylose level). Obviously, the productivity can be
increased if simultaneous consumption occurs earlier (i.e. at higher concentrations of glucose).

To achieve this, two different strategies can be considered. First, we may develop a more
efficient fermenting organism through further pathway modifications of existing
recombinant yeast. The goal of this attempt at the genetic level corresponds to making the
slope of the tilted line steeper (Fig. 1.1(b)). Alternatively, we may design a more efficient
fermentation process through optimization of operating conditions or reconfiguration of
reactors. For example, if we change initial sugar composition in batch culture by increasing
relative portion of xylose in the culture medium, this also leads to earlier start of the
simultaneous consumption (Fig. 1.1(c)).

(a) ® 1
+  Glucose 30-40%

Xylose 20%

Glucosa

consumplion
11:' r 3

Ny
{

Glucose concentration

Simultaneous
..... A consumption

Xylose concentration

Fig. 1.1. (a) Sequential consumption of mixed sugars by existing recombinant yeast. Two
possible ways to promote the simultaneous consumption: (b) metabolic pathway
modification of fermenting organisms and (c) adjustment of sugar composition in the
culture medium. Adapted from Song and Ramkrishna (2010) with minor modification.

In this chapter, we present model-based strategies for increasing the bioethanol productivity
both at the genetic and reactor levels. Metabolic models help not only reduce trial and error,
but also discover fresh strategies (Bailey, 1998). In view of the issues discussed above, there
are two essential aspects of metabolic models required for the application to reactor and
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metabolic engineering. First, the mathematical models should be able to address
productivity as well as yield. Second, it should be possible to account for metabolic burden.
While diverse modeling approaches have been suggested as a tool, the cybernetic
framework (Ramkrishna, 1983) is unique in this regard (Maertens & Vanrolleghem, 2010).
The cybernetic modeling approach describes cellular metabolism from the viewpoint that a
microorganism is an optimal strategist making frugal use of limited internal resources to
maximize its survival (Ramkrishna, 1983). Metabolic regulation of enzyme synthesis and
their activities is made as the outcome of such optimal allocation of resources. This unique
feature of accounting for metabolic regulation endows cybernetic models with the capability
to accurately predict peculiar metabolic behaviors such as sequential or simultaneous
consumption of multiple substrates. Further, in view of the constraint placed on resources,
the cybernetic model provides a mechanism to account for metabolic burden imposed on
the organism as a result of genetic changes.

After a brief sketch of the model structure (Section 2), we will see how metabolic models are
used to establish rational strategies for increasing the productivity. In Section 3, basic
guidelines for genetic modification of fermenting organisms are provided by identifying the
potential target pathway and reactions. Diverse reactor-level strategies are also discussed in
Section 4.

2. Metabolic model

The hybrid cybernetic approach (Kim et al., 2008; Song et al., 2009; Song & Ramkrishna, 2009)
is used for modeling of recombinant yeast consuming glucose and xylose. The hybrid
cybernetic model (HCM) incorporates the concept of elementary modes (EMs) (Schuster et
al., 2000) into the cybernetic framework. EM is a metabolic pathway (or subnetwork)
composed of a minimal set of reactions supporting a steady state operation of metabolism.
Any feasible metabolic state can be represented by nonnegative combinations of EMs. HCM
views EMs as cell’s metabolic options, the choice of which is optimally modulated under
dynamic environmental conditions such that a prescribed metabolic objective (such as the
total carbon uptake flux) is maximized.

2.1 Basic structure
A hybrid cybernetic model can be given in a general form as follows:

ax_ S, Zryc + FI—N(XIN -x)
dt 1%
@
av
—r = fiv —Four

where x is the vector of n, concentrations of extracellular components in the reactor (such as
substrates, products and biomass), Sx is the (n,xn,) stoichiometric matrix, and Z is the (n,xn,)
EM matrix, rv is the vector of 1, fluxes through EMs, Fiy and Four are volumetric feed rates
at the inlet and outlet, V is the culture volume, xinv is the vector of n, concentrations
of extracellular components in the feed. Eq. (1) can also represent batch operation by setting
Fiv = Four = 0 (i.e., V is constant), and fed-batch systems by setting Four = 0. In chemostat
operations, Fiy = Four = F, and F/V is often given as dilution rate D. With Z normalized with
respect to a reference substrate, ry implies uptake fluxes through EMs. Fluxes through EMs
are given as below:
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where the subscript j denotes the index of EM, vy is the cybernetic variable controlling
enzyme activity, ey; and e}&?}‘ are the enzyme level and its maximum value, respectively,
and rff,}’fj is the kinetic term. Enzyme level ey is obtained from the following dynamic
equation, i.e.,

dEM,]‘
dt

kin
=ay,; +Upng,OME, |~ B, iem,j — Hem, ®)

where the first and second terms of the right-hand side denote constitutive and inducible
rates of enzyme synthesis, and the last two terms represent the decrease of enzyme levels by
degradation and dilution, respectively. In the second term of the right-hand side, uy; is the
cybernetic variable regulating the induction of enzyme synthesis, b is the fraction of internal
resources (such as DNA, RNA, protein, lipid and other components) involved in the enzyme
synthesis process, and r]l\‘,}% j Is the kinetic part of inducible enzyme synthesis rate. In the
third and fourth terms, fv; and u are the degradation and specific growth rates,
respectively.

The cybernetic control variables, uy,; and vm; are computed from the following the
“Matching Law” and the “Proportional Law” (Kompala et al., 1986; Young & Ramkrishna,
2007), respectively:

Pj

- max(py)

)

p .
U= Umj
py

k

where the return-on-investment p; denotes the carbon uptake flux through the jth EM.

The structure of HCMs is illustrated using Fig. 2.1. In this tutorial example, we get three
EMs from the network. The uptake flux is split into three individual fluxes thorough EMs,
which are catalyzed by enzymes E;, E; and E;, respectively. HCMs view that the uptake
fluxes are optimally distributed (by the cybernetic variables u and v) among three EMs for
maximizing a metabolic objective function (such as the carbon uptake flux or growth rate).
The uptake and excretion rates are represented by nonnegative combinations of individual
fluxes through EMs.

2.2 Recombinant yeast strain 1400 (pLNH33)

Among many recombinant yeast strains currently available, we specifically choose S.
cerevisize 1400 (pLNH33) developed by Ho and coworkers (Krishnan et al., 1997). The strain
was constructed by transforming the recombinant plasmids with two exogenous genes
XYL1 and XYL2 (introduced from xylose-metabolizing Pichia stipitis), and one endogenous
gene XKS1 (introduced from S. cerevisiae) into the host strain Saccharomyces yeast 1400 with
high ethanol tolerance (Krishnan et al., 1997). The first two genes encode xylose reductase
(XR) and xylitol dehydrogenase (XDH), which convert xylose to xylitol, and xylitol to
xylulose, respectively, and the last one encodes xylulokinase (XK), which converts xylulose
to xylulose-5-phophaste.

The HCM for the recombinant yeast 1400 (pLNH33) is presented below. The model has been
previously developed by the authors (Song et al., 2009). The formulation of HCM is
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Fig. 2.1. Schematic illustration of the HCM concept. Adapted from from Song et al. (2009).

composed of (i) construction of metabolic network, (ii) computation and selection of EMs,
and (iii) parameter identification by model fitting.

2.3 Construction of network model

The metabolic network encompasses all the primary reaction routes involved in the
anaerobic growth of recombinant yeast such as glycolytic and pentose phosphate pathways,
citric acid cycle, and reactions for pyruvate metabolism. In addition, two oxidoreductase
reactions from xylose to xylulose catalyzed by the heterologous expression of XR and XDH
enzymes are incorporated. Biochemical reactions participating in the metabolism of
recombinant yeast are listed up in Table 2.1.

2.4 EM decomposition and reduction

Using METATOOL v5.0 (von Kamp & Schuster, 2006), the network is decomposed into 201
EMs, which are too many to be incorporated in the model. In general, as the network size
increases, the number of EMs undergoes combinatorial explosion (Klamt & Stelling, 2002),
leading to overparameterization (which implies an excessive number of parameters relative
to the measurements available to determine them). This problem can be avoided using the
Metabolic Yield Analysis (MYA) developed by Song and Ramkrishna (2009) by which an
original set of EMs is condensed to a much smaller subset. As a result, 201 EMs are reduced
to 12 EMs which can be classified into three groups depending on the substrate associated
with them (Table 2.2).
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GLYCOLYSIS

1 GLC+ATP — G6P + ADP 6 GOL — GOL,
2 G6P« F6P 7 GAP + NAD + ADP < PG3 + NADH + ATP
3 F6P+ ATP <> DHAP + GAP + ADP 8 PG3 < PEP
4 DHAP < GAP 9 PEP + ADP < PYR + ATP
5 DHAP + NADH — GOL + NAD

PYRUVATE METABOLISM
10  PYR— ACD + CO; 14  ACT - ACT,
11  ACD + NADH — ETH + NAD 15 ACT + CoA + 2ATP — AcCoA + 2ADP
12 ACD + NADHn — ETH + NADn 16 PYR+ ATP + CO, — OAA + ADP

13 ACD + NADP — ACT + NADPH
PENTOSE PHOSPHATE PATHWAY

17 G6P + 2NADP — Ru5P + CO; + 2NADPH 20  R5P + X5P <> S7P + GAP
18  Ru5P < X5P 21  X5P + E4P & F6P + GAP
19  Ru5P < R5P 22 S7P + GAP < F6P + E4P
CITRIC ACID CYCLE

23 PYR+NADu+CoAm —> AcCoAm+CO+NADHm 27  ICT + NADPw — AKG + CO; + NADPHm
24 OAA+NADn+NADH <> OAAn+NADHn+NAD 28  AKG+NADu+ADP — SUC+ATP+CO+NADHm
25 OAAm + AcCoAm — ICT + CoAm 29  SUC + 0.5NADm <> MAL + 0.5NADHn
26 ICT + NADm — AKG + CO; + NADHn, 30 MAL + NADwn <> OAAm + NADHn

XYLOSE METABOLISM
31 XYL +NADH — XOL + NAD 34  XOL+NAD — XUL + NADH
32 XYL+ NADPH — XOL + NADP 35  XUL+ ATP — X5P + ADP

33 XOL — XOL

BIOMASS FORMATION
36  1.04AKG + 0.57E4P + 0.11GOL + 2.39G6P + 1.070AA + 0.99PEP + 0.57PG3 + 1.15PYR + 0.74R5P + 2.36AcCoA
+ 0.31AcCoAm + 2.68NAD + 0.53NADw + 11.55NADPH + 1.5INADPHm + 30.48 ATP + 0.43CO2 — “1 g BIOM”
+2.36CoA + 0.31CoAm + 2.68NADH + 0.53NADHm + 11.55NADP + 1.51INADPy, + 30.48ADP
OTHERS
37  ATP — ADP + MAINT 38  NADH — NAD

Table 2.1. List of biochemical reactions included in the metabolic network model of
recombinant yeast 1400 (pLNH33). Adapted from Song and Ramkrishna (2009).

Substrate EM Net reaction

1 GLC —» 2 CO2 + 2 ETH + 2 MAINT

2 25.31 GLC — BIOM +41.43 CO2 + 33.21 ETH

3 40.41 GLC — BIOM + 56.52 CO2 + 48.31 ETH + 15.10 GOLx
4 XYL — 1.833 CO2 + 1.583 ETH + 1.583 MAINT

5 2 XYL —-2CO2+1.5ETH + 1.5 MAINT + XOLx
6
7
8
9

Glucose

Xylose 31.97 XYL — BIOM +49.42 CO2 + 33.21 ETH

138.5 XYL — BIOM + 160.4 CO2 + 117.6 ETH + 84.37 GOLx
GLC+4 XYL — 2 ACTx + 2 CO2 + 2 MAINT + 4 XOLx
GLC +4 XYL — 9.333 CO2 + 8.333 ETH + 8.333 MAINT
10  239GLC +25.99 XYL — 22.19 ACTx + BIOM + 37.82 CO2 + 9.037 ETH
11 5333 GLC +2 XYL — ACTx + 8.5 CO2 + 4.5 ETH + 7.5 GOLx
12 81.62 GLC + XYL — 12.03 ACTx + 1.754 BIOM + 105.9 CO2 + 85.25
ETH + 39.01 GOLx

Mixture

Table 2.2. EMs represented in terms of extracellular metabolites. Acronyms for metabolites:
ACTx = acetate, BIOM = biomass, CO2 = carbon dioxide, ETH = ethanol, GLC = glucose,
GOL = glycerol, MAINT = Dissipated ATP for maintenance, XOLx = xylitol, XYL = xylose.
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2.5 Model fit to experimental data
The model was compared with four different sets of anaerobic growth data on single and
mixed sugars (Fig. 2.2). As a measure for the quality of model fit, coefficient of

determination (also referred to as R?) is presented for each component of Figs. 2.2(a) to (d)
(Table 2.3). R? is defined as follows:

SS 2 N2
R2 = 1_?err; SSerr = Z(yi,exp _yi,model) ’ SStot = Z(yi,exp _yexp) ’ (5)

tot i i

where Y; oo Yimodel » a0d Yoy, denote experimental data, their associated modeled value,
and the mean of the observed data, respectively. R2 values are very high (i.e., over 0.9) for
major components (such as glucose, xylose, biomass and ethanol). R2 values of minor
components (such as glycerol and xylitol) are relatively low which is possibly due to the

error introduced in data reading from literature graphs. Average R2 values are over 0.8 in all
cases.
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Fig. 2.2. Comparison of model simulations with experimental data. Substrates: (a) glucose

only, (b) xylose only, (c) and (d) mixed sugars. Symbols: O glucose, O xylose, V ethanol, &
cell dry weight, + glycerol, % xylitol, == simulations.

Fig. 2.2
(a) (b) ©) (d)
Glucose 0.997 - 0.972 0.982
Xylose - 0.974 0.985 0.990
Cell dry weight 0.988 0.929 - -
Ethanol 0.936 0.926 0.956 0.957
Glycerol 0.788 0.857 0.501 0.480
Xylitol - 0.828 0.838 0.729
Average 0.927 0.903 0.850 0.828

Table 2.3. Coefficient of determination (or R?) for individual components of Figs. 2.2(a) to (d).
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3. Strategies for metabolic pathway modification

Comprehensive in silico analysis is carried out to establish rational guidelines for further
genetic modification of recombinant yeast. The basic strategy is to identify the effective
target mode for the genetic change. To this end, we examine the effect of overexpressing
enzymes (catalyzing the throughput flux of EMs) on the ethanol productivity (Prrr) which is
computed as follows:

Pery =[xprr(t £) = xpru(0)1/ tf (6)

where xery is the (molar or mass) concentration of ethanol, and # is the batch fermentation
time.

For realistic simulations, incorporation of metabolic burden is critical. Metabolic burden is
ascribed to the lower availability of internal resources for host cells because the same
resources are competitively used by plasmids for their replication and more importantly, the
synthesis of exogenous proteins. While several empirical correlations are available to
consider the change of growth rate with the plasmid content (e.g., Lee et al., 1985; Satyagal
& Agrawal, 1989), cybernetic models are able to directly take into account of the reduction of
internal resources (b), for example, as follows:

by

“Tig @)

where ¢ is the parameter depending on the overexpressed level of heterologous proteins as
well as the plasmid copy number, and by denotes the fraction of internal resources when no
genetic modification is made (i.e., ¢ = 0). We simulate enzyme overexpression by increasing
the constitutive enzyme synthesis rate (am; 's) in Eq. (3) and relate ¢ to the ratio of “the total
incremental of o 's due to plasmids” to “the summation of inducible enzyme synthesis
rates.”

3.1 Identification of target pathway

Sensitivity analysis reveals the dependence of the ethanol productivity on the
overexpression of enzymes catalyzing EM fluxes. The sensitivity of the ethanol productivity
is calculated as follows:

M, dPery

Sensitivity of Prry = , je{1,2,..,12} 8)

Pery day,;

The sensitivity plot (Fig. 3.1(a)) shows that all xylose-consuming EMs (EM4 to EM7) are
effective in increasing the ethanol productivity but the highest sensitivity is found among
glucose-consuming modes (i.e., EM2). Both can contribute to increasing the productivity but
in different ways. The former (i.e., amplifying fluxes of EM4 to EM7) promotes the
simultaneous consumption of mixed sugars as illustrated in Fig. 1.1(b). On the other hand,
the latter (i.e., amplifying EM2 flux) effectively increases the biomass formation as the
growth rate of EM2 is the highest among others.

It should be noted that information provided from the sensitivity analysis is local because it
shows only the change of productivity with respect to the “infinitesimal” change of enzyme



Towards Increasing the Productivity of
Lignocellulosic Bioethanol: Rational Strategies Fueled by Modeling 181

expression level. It is more important to know how the productivity will change with
respect to the “appreciable” change of enzyme levels. This information on nonlinear cellular
behaviors can be acquired from dynamic simulations. The results are shown in Fig. 3.1(b)
where mixed-sugar-consuming modes (EM8 to EM12) are excluded due to their negligible
level of activation (Song et al., 2009). From this investigation, EM6 (red line) is chosen as the
“best” mode, while EM?2 is the second.

Non-monotonic profiles are observed in Fig. 3.1(b). For example, as the overexpression level
of mode 5 increases, the productivity goes up initially but comes down afterwards. This
may be seen as the outcome of competition between amplification of throughput flux of
EMA4 (i.e., benefit) and metabolic burden (i.e., cost).
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Fig. 3.1. The effect of enzyme overexpression on the ethanol productivity: (a) sensitivity of
the productivity, (b) change of productivity subject to appreciable change of enzyme level.

3.2 Effect of amplifying the flux of the target pathway

The effect of amplifying EM6 flux on ethanol productivity is more clearly presented in batch
fermentation profiles (Fig. 3.2).

Obviously, overexpression of enzymes has a limit due to the finite internal resources and
other reasons. Although it is difficult to estimate the upper limit to overexpression level, we
constrain the constitutive synthesis rates of enzymes to be less than a certain threshold, i.e.,
the total increase of au;’s is less than or equal to 0.4.

Fig. 3.2 shows that xylose consumption rate is accelerated, while glucose consumption rate
is reduced. The decrease of glucose consumption rate can be attributed to a combined effect
of metabolic burden and cellular regulation. Consequently, simultaneous consumption of
glucose and xylose is facilitated, leading to the substantial increase of ethanol productivity
from 1.5 to 2.07 g/L/h (i.e., increase of volumetric productivity by 38%), while the ethanol
yield is slightly decreased from 0.402 to 0.392. The total conversion of mixed sugars is fixed
to 0.99 in this calculation.
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3.2. Dynamic fermentation curves in a batch reactor before (black lines) and after (red

lines) overexpressing the target mode (EM6). (a) Ethanol, (b) glucose (GLC), xylose (XYL)

and

biomass (BIOM).

3.3 Implications of amplifying EM6 flux
Comparison of the flux distributions between before (r) and after (') pathway modification
suggests an approach to redirect flux distribution for increasing ethanol productivity. Fig.

3.3(a

the

3.3(b

ofa

and

i

ii.

1ii.

iv.

) shows r and 1’ at a specific instant when cell density is 3g/L. Metabolic shift caused by
genetic change is also presented by displaying the difference between r and r* (Fig.
)). Then, amplification of the mode throughput flux could be translated as amplification
set of reactions with positive values of 1’- r which are highlighted in colors in Figs. 3.3(a)
(b). From this analysis, we obtain several interesting findings as follows:

First of all, it is observed that none of the reactions in the glycolytic pathway are
amplified. It implies that amplification of the glycolytic enzymes may not be a key to
increasing ethanol productivity. This is consistent with experimental findings reported
in the literature. Overproduction of different glycolytic enzymes of S. cerevisine showed
no effect on the rate of ethanol formation (Schaaff et al., 1989). It is because flux control
is not inside the glycolytic pathway. Understandably, past efforts for increasing the
glycolytic flux by overproduction of glycolytic enzymes have been often unsuccessful
(Koebmann et al.,, 2002). In the in silico analysis, flux control is found elsewhere
(highlighted in color) which includes xylose utilization pathway, and pentose
phosphate (PP) pathway.

While recombinant strain 1400 (pLNH33) efficiently utilizes xylose through the
pathway constructed by overexpressing exogenous genes (XR and XDH), as well as
endogenous gene (XK), simulation shows that the increase of ethanol productivity
requires further overexpression of not only xylose transport reactions (i.e., R31 and
R32), but also xylitol conversion to X5P (i.e., R34 and R35).

In addition, it is shown that four reactions in the PP pathway (R19 to R22), ie.,
transaldolase (TAL1), transketolase (TKL1), ribulose-5-phosphate 4-epimerase (RPE1)
and ribulokinase (RKI1), are possible targets for overexpression. The finding by
Johansson & Hahn-Hagerdal (2002) that overexpression of all four genes resulted in
better ethanol production than the overexpression of each gene individually is also
consistent with the simulation result.

Another interesting aspect that emerges from the model is as follows. Jeppsson et al.
(2002) observed that deletion of ZWF1 (i.e., R17), coding for glucose-6-phosphate
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dehydrogenase, results in higher ethanol yield but lower productivity. Instead, the
hybrid model shows the need to overexpress this oxidative PP pathway to increase
ethanol productivity. The calculations show an increase in productivity though there is
a small drop in the yield.
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Fig. 3.3. Comparison between before and after amplifying the flux of the target mode (EM6).
(a) Flux distributions within the network. The upper and lower numerical values along
arrow denote the magnitude of fluxes before (r) and after (r') the genetic change. The unit of
flux is mmol/gDW/h. (b) Difference between r’and r.

4. Reactor-level approaches

In this section, we discuss reactor-level strategies towards the enhanced ethanol
productivity in two ways. First, we seek optimal ratios of glucose and xylose in batch and
continuous cultures to maximize bioethanol productivity. Second, various configurations
combining batch, fed-batch and continuous reactors are considered. Their maximum
achievable productivities are assessed using the model for the original recombinant strain S.
cerevisine 1400 (pLNH33) (i.e., with no amplification of EM6 flux).

The ethanol productivity in a batch and continuous reactor is computed as follows:
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[xer (t f) —xerr (0)]/ (7 +1,)  (batch)

ETH = {[xETH(t) —xpry,v]D  (continuous)

©)

where xpry,n is the ethanol concentration in the feed (which is zero in our case), t; is the
extra time taken for harvesting and preparation for the next batch. The normal range of ; is
from 3 to 10 hours (Shuler & Kargi, 2002) and we set it to 6 hours.

4.1 Effect of sugar composition

We examine the effect of increasing the portion of xylose in the culture medium on ethanol
productivity (Fig. 4.1). The total conversion of mixed sugars is set to 0.99 as before.
Additional xylose is assumed obtainable by collecting an unconverted sugar from
fermentation systems using wild-type yeast which converts glucose only.
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Fig. 4.1. Productivities with different initial sugar concentration in (a) batch and (b)
continuous reactors. Adapted from Song and Ramkrishna (2010).

First, the change of ethanol productivity with initial glucose concentration in a batch reactor
is given in Fig. 4.1 (a). Ethanol productivity may or may not increase with the ratio of xylose
to glucose concentration depending on initial glucose concentrations. If, for example, the
upper limit of xxyr0/xcrco is 1.0, xylose addition results in increase (or decrease) of
productivity when xgrco is below (or above) about 50 g/L. If the ratio of initial sugar
concentration is allowed to vary up to 2.0, such threshold is extended to xcrco = 58 g/L.
Higher improvement of ethanol productivity is expected for lower initial concentrations of
glucose (e.g., 45% up at xcrco = 20 g/L, but 5.4% up at xgrco = 50 g/L). Optimal operating
conditions correspond to segments of curves above other ones. In Fig. 4.1(a), for example,
optimal operating conditions imply that xxyro/XcLco = 2 when 20 < xcrco < 58, and
xxyL0/ XcLco = 0.5 when 58 < xgrco < 80.

Next, operating curves in a continuous reactor are presented in Fig. 4.1(b). It is shown that,
unlike the batch case, it is always recommendable to increase xylose level in the feed to
increase the ethanol productivity. The best productivity is obtained when xxyr,v/XcrLciv =
2.0, which increases the productivity by 56%, 26%, and 12% at xcrciv = 20, 50, and 80 g/L,
respectively.
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4.2 Comparison of batch and continuous reactors

Ethanol productivity curves at standard conditions in batch and continuous systems are
collected together in Fig. 4.2 for clear comparison. In general, the productivity of growth-
associated products in a chemostat is far higher than in a batch reactor. This is not the case
with ethanol production because it is suppressed by growth (Shuler & Kargi, 2002). The
ethanol productivity from mixed sugars in batch culture is about two to three times higher
than in continuous culture (Fig. 4.2(a)). Meanwhile, the foregoing considerations show that
chemostats outperform batch fermenters in ethanol production from glucose alone as cells
grow relatively fast (Fig. 4.2(b)). Choice of preculture medium affects ethanol productivity
of batch fermentation and its effect is more clearly shown for mixed sugars (Fig. 4.2(a)) than
a single substrate (Fig. 4.2(b)).
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Fig. 4.2. Performance comparison between batch and continuous systems: (a) fermentation
of mixed sugars, (b) fermentation of glucose only. Adapted from Song and Ramkrishna
(2010).

4.3 Synergistic integration of different type of reactors

In the preceding section, the possibility of improving the productivity in batch reactors was
examined by increasing the initial concentration of xylose. Elevation of xylose concentration
has both positive and negative effects, i.e., it facilitates simultaneous consumption initially,
but prolongs the fermentation time after glucose consumption. Overall, this trade-off
resulted in the increase of ethanol productivity only at low sugar concentrations. It was
further shown that continuous operation produces significantly more ethanol than batch
when only glucose is consumed, but less when mixed sugars are consumed. These findings
suggest the investigation of new reactor configurations which may outperform conventional
batch fermentation.

We consider the following five configurations (denoted by C1 to C5), each of which
combines two different reactor operations (O1 and O2) (Table 4.1). C1 represents a
conventional batch operation where mixed sugars are fermented to ethanol by recombinant
S. cerevisige. The same is repeated at every batch (i.e., O1 is identical to O2). In C2, Ol is a
batch reactor for the growth of the “wild-type” S. cerevisiae which can ferment glucose alone.
Leftover sugars in O1 are then fed to O2 (i.e., fed-batch operation) where mixed sugars are
fermented using the recombinant strain. C3 is the same as C2 except that a chemostat is used
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Config. Operation 1 (O1) Operation 2 (O2)
Reactor Strain Sugar Reactor Strain Sugar
C1 Batch GM GLC, XYL Batch. GM GLC, XYL
2 Batch WT GLC Fed-batch GM GLC, XYL
C3 Cont. WT GLC Fed-batch GM GLC, XYL
C4 Batch WT GLC Fed-batch GM GLC, XYL
C5 Cont. WT GLC Fed-batc GM GLC, XYL

Table 4.1. Reactor configurations integrating two different types of reactors. Acronyms: C1
to C5 = reactor configurations 1 to 5, GM = genetically modified strain, WT = wild-type
strain. GLC = glucose, XYL = xylose. Redrawn from Song et al. (2011).

for O1. C4 and C5 are respective counterparts of C2 and C3, and these two groups are
differentiated only by the xylose feeding policy in O2. That is, in C2 and C3, all leftover
sugars in O1 are fed into O2 at its start-up (which implies that O2 is a batch system with
elevated initial concentration of xylose). In C4 and C5, on the other hand, the xylose feeding
rate is optimized such that the ethanol productivity in O2 is maximized.

We introduced a continuous reactor in C3 and C5 in the above. Chemostats have been
preferred less than batch reactors in practice. One of the primary reasons for this is the
genetic instability of fermenting organisms as continuous operation will impose strong
selective pressure of fast growing cells instead of efficient ethanol producers. This will pose
a serious problem for recombinant yeast strains, but may not for the wild-type. Thus, we
consider C3 and C5 also as practically meaningful configurations.

In Table 4.2, an overall comparison is made for C1 to C5 at three different sugar
concentrations with respect to the actual productivity and its relative change (in comparison
to C1), respectively. From the comparison of the C2-C3 group and the C4-C5 group, it is
clear that the effect of optimizing the feed rate is most significant at high sugar
concentration, and appreciable at medium, but least at low. Strangely, at
[GLC]/[XYL]=20/10, the productivities of C4 and C5 with optimal feeding policies
are lower than those of C2 and C3, respectively, where all extra sugars are dumped into
reactors at their start-up without optimization. This is because the initial feeding of
C2 and C3 is closer to the “true” optimal than the feed profiles of C4 and C5 obtained
from direct methods involving control profile discretization (Song et al., 2011). Other than
this exception, C5 exhibits the highest productivity among all other configurations. In

Productivity (increase or decrease in comparison to C1)

[GLC]/[XYL]=20/10 70/35 120/60
C1 0.43 1.04 1.30
2 0.51 (19%) 1.06 (2%) 1.22 (-6%)
c3 0.66 (52%) 1.29 (23%) 1.40 (8%)
C4 0.51 (18%) 1.13 (9%) 1.41 (9%)
C5 0.64 (48%) 1.34 (29%) 1.60 (23%)

Table 4.2. Total bioethanol productivities of C1 to C5 and relative increase (or decrease) of
productivities of C2 to C4 in comparison to C1. The total conversion of mixed sugars in all
configurations is fixed to 0.95. Redrawn from Song et al. (2011).
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comparison to C1, C5 achieves a substantial increase of the bioethanol productivity, i.e., by
48, 29 and 23 % when [GLC]/[XYL] = 20/10, 70/35, and 120/ 60, respectively. [GLC]/[XYL]
denotes the mass concentration ratio of glucose and xylose.

5. Conclusion

Various possibilities of increasing the productivity of lignocellosic bioethanol at the
fermentation step have been discussed, including metabolic pathway modification of
fermenting organisms, optimization of reactor operating conditions, and synergistic
combination of different types of reactors. Mathematical models play a key role in
establishing rational strategies at such diverse levels. The success of the proposed methods,
of course, depends on the reliability of the employed mode. We have demonstrated that the
cybernetic models are uniquely effective for the in silico analysis of fermentation systems in
view of their capacity to address productivity.

In regard to strain modification, it is emphasized that increasing the productivity rather
than the yield is a more suitable goal as the former is directly related to economic
competiveness. Note that emphasis on productivity is not at undue expense of yield since
any pronounced drop on yield would also lead to a drop in productivity. On the other hand,
sole stress on yield at the expense of productivity (due to a possible drop in growth rate) is
not conducive to economics. Therefore, in the course of metabolic engineering undergoing
several rounds of analysis and synthesis of strains, the productivity issue must be
considered from the very outset. While the HCM framework based on a reduced subset of
EMs can be useful in developing basic guidelines for flux redistribution of fermenting
organisms, reasonable interpretation should be made under the possible loss of modes with
significance for strain improvement. For metabolic engineering application, more
sophisticated frameworks such as Lumped HCM (L-HCM) (Song & Ramkrishna, 2010; 2011)
or Young's model (Young et al., 2008) represent promising methodologies in the future.

It is also shown that the productivity of lignocellulosic bioethanol can significantly be
enhanced by synergistic combination of continuous and fed-batch reactors and optimizing
their operating conditions. While experimental verification should follow, our model-based
study provides solid proof-of-concept support for the success of the proposed methods.
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Production by Using a Mushroom
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1. Introduction

Plant cell walls are the most abundant biomass source in nature and are of increasing
importance because worldwide attention has now focused on bioethanol production to
combat global warming and to safeguard global energy. Because of competition between
food and fuel production, lignocelluloses are expected to be utilized for future fuel ethanol
production. One of the major problems in producing ethanol from lignocellulosic biomass is
the expensive production cost. Consolidated bioprocessing (CBP) is gaining recognition as a
potential breakthrough for low-cost biomass processing (Lynd, 1996; Lynd et al., 2002; Lynd
et al., 2005; Van Zyl et al., 2007; Xu et al. 2009). CBP of lignocellulose to bioethanol refers to
the combination of the 4 biological events required for this conversion process (production
of lignocellulose-degrading enzymes, hydrolysis of polysaccharides present in pre-treated
biomass and fermentation of hexose and pentose sugars) in one reactor. However, no
natural microorganism exhibits all the features desired for CBP. Bacteria and yeast have
been the primary candidates for CBP research and some progress has been made in this
regard. Traditionally, proponents of CBP processes have identified two primary
developmental pathways capable of producing industrially viable CBP microbial strains.
These are category I, engineering a cellulase producer, such as Clostridium thermocellum, to
be ethanologenic; and category II, engineering an ethanologen, such as Saccharomyces
cerevisiae or Zymomonas mobilis, to be cellulolytic (Lynd, 1996; Lynd et al., 2002; Lynd et al.,
2005; Van Zyl et al., 2007; Xu et al., 2009). However, the both categories have advantages and
disadvantages. Cellulase producer lacks ethanol tolerance, and it is very difficult to
coexpress of multiple saccharification enzyme genes in ethanol producer. Especially,
heterologous expression of Trichoderma reesei cellobiohydrolases (cellobiohydrolase 1 and
cellobiohydrolase II), which play the crucial role in cellulose degradation, are generally
poor.

Basidiomycetes, also known as wood-rotting fungi, can achieve the complete breakdown of
lignins (Cooke & Rayner, 1984; Cullen, 1997), and are considered primary agents of plant
litter decomposition in terrestrial ecosystems (Thorn et al., 1996). Furthermore, some
basidiomycetes produce alcohol dehydrogenases, thus allowing the production of wine
using a mushroom (Okamura et al, 2000; Okamura et al., 2001). These properties of
basidiomycetes appear suitable for use in CBP. In a preliminary study, we screened some
edible mushrooms for their ability to produce ethanol and found that Flammulina velutipes is
a good producer of ethanol. F. velutipes is a white-rot fungus that grows from spring through
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late autumn on a variety of hardwood tree stubs and dead stems and is widely distributed
in temperate to subarctic regions. Currently, F. velutipes is the most produced mushroom in
bed cultivation in Japan, the annual production being 130,000 tons/year. Artificial
cultivation of mushrooms in polypropylene bottles is popular in Japan. F. velutipes has been
characterized as wide adapted strain for various kinds of substance of artificial cultivation
media, thus suggesting that the strain may be useful in the conversion of a wide variety of
biomass types.

In this study, we investigated the properties of ethanol fermentation by F. velutipes to
determine its suitability for CBP, because the use of basidiomycetes for bioethanol
production is not common and the ethanol fermentation abilities of basidiomycetes are not
well characterized. Furthermore, several biomass such as sorghums and rice straw were
used as raw material to evaluate the detail conversion from biomass to ethanol by F.
velutipes.

2. Properties of ethanol fermentation by F. velutipes

Because the use of basidiomycetes in bioethanol production is not common, and the ethanol
fermentation abilities of basidiomycetes are not well characterized, we investigated the
properties of ethanol fermentation by F. velutipes to determine its suitability for CBP
(Mizuno et al.,, 2009b). Before the experiment, to obtain a suitable strain for CBP, 10 F.
velutipes strains, culture stock of the Forest Institute of Toyama Prefectural Agricultural,
Forestry, and Fisheries Research Center, were screened for cellulase production and ethanol
fermentation. The Fv-1 strain was selected for further study because it not only produces
high levels of cellulases, but also because its ability to ferment ethanol is superior to the
other strains.

Firstly, fermentation of D-glucose was done by F. velutipes Fv-1. Figure 1A shows a
conversion of 1% w/v of D-glucose to ethanol by F. velutipes. The consumption of D-glucose
started gradually after incubation, and it was depleted after 6 d. Ethanol production
correlated with sugar consumption, and it reached a maximum after 6 d. Thereafter, the
amount of ethanol decreased gradually. Finally, F. velutipes converted 10 g/1 of D-glucose to
4.5 g/1 of ethanol, equivalent to a theoretical ethanol recovery rate of 88%. In the case of
ethanol production from 5% w/v D-glucose, ethanol production reached a maximum, and
all of the D-glucose was consumed after 18 d of incubation (Fig. 1B), and 50 g/1 of D-glucose
was converted to 22.4 g/l of ethanol, equivalent to a theoretical ethanol recovery rate of
87%. The conversion rate was the same as the case of 1% w/v of D-glucose. Because the
incubation time to ferment 1% w/v sugar is shorter than the case of 5% w/v, we employed
1% w/v of sugar concentration in subsequent experiments.

Secondary, determination of the fermentation specificity of sugars by F. velutipes Fv-1 was
done using various monosaccharides. As shown in Fig. 2, both D-mannose and D-fructose
were converted to ethanol by F. velutipes. Consumption of D-mannose occurred slightly
faster than that of D-glucose; it started immediately after incubation and was completely
depleted after 5 d. Ethanol production from D-mannose was similar to that from D-glucose.
It started during the first day of incubation and reached a maximum after 6 d. Furthermore,
4.4 g/1 of ethanol was produced from 10 g/1 of D-mannose, equivalent to a theoretical
ethanol recovery rate of 86% (Fig. 2A). In contrast, consumption of D-fructose was slower
than that of D-mannose. It started slowly after incubation and took 7 d to completely
consume the D-fructose. Production of ethanol correlated with sugar consumption, and
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Fig. 1. Ethanol production from fermentation of D-glucose by F. velutipes

maximum conversion of D-fructose to ethanol was observed after 6 d. Upon completion of
incubation, 4.0 g/1 of ethanol was obtained from 10 g/l of D-fructose (Fig. 2B), yielding a
theoretical conversion rate of 77%. In contrast to these sugars, F. velutipes did not convert L-
arabinose, D-xylose, or D-galactose to ethanol (Figs. 2C, 2D, and 2E). Although there was
slight consumption of D-xylose and D-galactose during incubation, ethanol production was
not observed. In the case of L-arabinose, little sugar consumption was observed.

Next, we examined the fermentation specificity of F. velutipes Fv-1 toward various
disaccharides. As shown in Fig. 3, F. velutipes possibly converted these sugars to ethanol and
produced high yields. The theoretical conversion rates of these sugars were 83% and 77%
from sucrose and maltose respectively. Degradation of sucrose was observed immediately
after the incubation to import the sugar. The amount of reducing sugars was maximum on
day 3 and was completely consumed after 7 d of incubation. Ethanol production was
observed 1 d after incubation, and the amount of ethanol reached a maximum after 6 d.
Finally, 4.5 g/1 of ethanol was produced from 10 g/I of sucrose (Fig. 3A). In the case of
maltose, degradation was observed on the first day of incubation, and the amount of
reducing sugars reached a maximum after 2 d. Furthermore, the reducing sugars were
completely depleted after 7 d of incubation. Ethanol production started during the first day
of incubation and reached a maximum after 7 d. At the end of incubation, 10 g/1 of maltose
was converted to 3.8 g/l of ethanol (Fig. 3B). No conversion of xylobiose to ethanol was
detected (data not shown), but a significant amount of ethanol production was observed
when cellobiose was used as the carbon source (Fig. 4A). Cellobiose began degrading during
the first day of incubation, and both D-glucose and cellobiose were completely depleted
after 8 d. B-Glucosidase activity increased gradually during incubation. Ethanol production
started after 1 d of incubation, and the amount of ethanol reached a maximum after 8 d.
Upon completion of incubation, 10 g/1 of cellobiose was converted to 4.5 g/1 of ethanol (Fig.
4A). The theoretical conversion rate was 83%, a value similar to that of glucose and
significantly higher than that of maltose. A high yield of ethanol was observed also in the
higher concentration of cellobiose (Fig. 4D). Finally, 25 g/1 of ethanol was produced from 50
g/1 of D-glucose, and the theoretical conversion rate was 91%.

Since cellobiose was converted to ethanol at a relatively high rate, the conversions of cello-
oligosaccharides to ethanol by F. velutipes were also investigated. Figures 4B and 4C show
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(Reproduced from Mizuno et al., 2009b)

Fig. 2. Ethanol fermentation from (A) D-mannose, (B) D-fructose, (C) L-arabinose, (D) D-
xylose and (E) D-galactose by F. velutipes

the results of the conversion of cellotriose and cellotetraose to ethanol. Both cello-
oligosaccharides were effectively converted to ethanol by F. velutipes. During incubation,
cellotriose was initially hydrolyzed to D-glucose and cellobiose, and almost 80% of the
initial amount of cellotriose was hydrolyzed by 2 d. Cellotriose was not detected after 5 d of
incubation, and D-glucose and cellobiose were completely depleted after 7 d. -Glucosidase
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Fig. 3. Ethanol fermentation from (A) sucrose and (B) maltose by F. velutipes

was slightly induced by 6 d, and the activity gradually increased after 6 d. The amount of
ethanol increased during incubation and reached a maximum after 7 d of incubation. F.
velutipes produced 4.2 g/1 of ethanol from 10 g/1 of cellotriose, equivalent to a theoretical
conversion rate of 76% (Fig. 4B). In the case of cellotetraose, it was initially hydrolyzed to
cellotriose, cellobiose, and D-glucose, and more than 90% of the cellotetraose was
hydrolyzed by 2 d. Cellotetraose was not detected after 3 d of incubation, and cellotriose,
cellobiose, and D-glucose were completely depleted after 4, 6 and 7 d respectively. B-
Glucosidase activity increased rapidly over 2 d then decreased gradually from 2 d to 5 d,
and stabilized at an activity level of about 30 mU/ml. The amount of ethanol increased after
incubation, and 4.4 g/1 of ethanol was produced from 10 g/1 of cellotetraose after 7 d of
incubation (Fig. 4C). The ethanol recovery for the theoretical conversion value was 78%.

To date, many microorganisms, including Saccharomyces cerevisiae, Zymmonas mobilis, Pichia
stipitis, Rhizopus oryzae, and Clostridium thermocellum, have been reported to produce ethanol
(DeMoss & Gibb, 1951; Maas et al., 2006; Ng et al., 1981; Parekh & Wayman, 1986; Weimer &
Zeikus, 1977). In general, S. cerevisiae is the most widely used microorganism in the industry
and is popular in bioethanol production, because it has high efficiency of ethanol production
and high ethanol tolerance. However, we focused on basidiomycetes to develop CBP
because these microorganisms have both lignocellulose degradation and ethanol
fermentation abilities.

Here, we characterized properties of ethanol fermentation by F. velutipes Fv-1. The strain
converted D-glucose to ethanol at a theoretical conversion rate of 88%, comparable to those
of S. cerevisine and Zymomonas (Swings & DeLey, 1977). On the other hand, F. velutipes
scarcely converted pentose and D-galactose to ethanol (Fig. 2). These properties of F.
velutipes are similar to those of S. cerevisine (Barnett, 1976). Moreover, F. velutipes
demonstrated the preferable features for CBP when oligosaccharides were used as starting
materials (Figs. 3 and 4). The tested oligosaccharides were converted to ethanol at almost the
same rate as that of D-glucose, and B-glucosidase activity increased during fermentation.
These features are indispensable in CBP, which requires saccharification and fermentation of
cellulose contained in the cell wall. It has been reported that C. thermocellum and P. stipitis
can ferment cellobiose (Parekh & Wayman, 1986). Furthermore, C. thermocellum can also
convert cellulose to ethanol directly (Ng et al., 1981; Lynd et al., 1989; Weimer & Zeikus,
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Fig. 4. Ethanol fermentation from (A) cellobiose, (B) cellotriose, (C) cellotetraose and (D) 5%
cellobiose by F. velutipes

1997). However, this species cannot be used at the scene of ethanol production because
fermentation of C. thermocellum is strongly inhibited at relatively low ethanol concentrations
(5 g/1) (Herrero & Gomez, 1980). In contrast, it has been reported that basidiomycetes have
tolerance of up to 120 g/1 of ethanol (Okamura et al., 2001), and therefore basidiomycetes
are more suitable for CBP than Clostridium strains. From these results, we concluded that F.
velutipes possesses advantageous characteristics for use in CBP.

3. Properties of ethanol production from biomass by F. velutipes

3.1 Use of whole crop sorghums as a raw material in consolidated bioprocessing
bioethanol production using Flammulina velutipes

The ethanol fermentation abilities of basidiomycetes have not been well characterized, we
evaluated the ability of F. velutipes in CBP. Preliminary fermentation experiments indicate
that F. velutipes convert sugars to ethanol much more under the high concentration of
biomass which close to solid state cultivation than liquid cultivation condition. Therefore,
we employed solid state cultivation which usually performed in artificial cultivation of
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mushrooms for the coversion of biomass to produce bioethanol. Sorghum is selected as a
possible raw material to produce bioethanol by CBP using F. velutipes. Sorghum is a C4 crop
of the grass family belonging to the genus Sorghum bicolor L. It is well adapted to temperate
climates and can be cultured from Kyushu to Tohoku area in Japan. The plant grows to a
height from about 120 to above 400 cm, depending on the variety and growing conditions,
and can be an annual or a short perennial crop. Sorghum is considered to be one of the most
drought resistant agricultural crops, as it is able to remain dormant during the driest periods
(Xu et al., 2000). These properties of sorghum are suitable as raw material for the ethanol
production. We evaluated the ability of F. velutipes in CBP using sorghum strains as a raw
material, and solid-state CBP of ground sorghum strains (SIL-05 and Kyushukou No. 4)
using F. velutipes was investigated. The possibility of sorghum strains as a raw material in
the CBP ethanol production by F. velutipes is also discussed below.

We selected grinding for the pretreatment of sorghum strains. This can be used on both dry
and wet materials, and the cost of grinding is one of the cheapest compared to other
methods used for milling biomass. The grinding of sorghum was carried out with an ultra-
fine friction grinder. Grinding was performed at room temperature, and was repeated twice.
To examine the efficiency of grinding as a pretreatment, the degree of saccharification was
tested using commercially available enzymes Celluclast 1.5L (Sigma, St. Louis, MO),
Novozyme 188 (Sigma) and Multifect xylanase (Genencor Kyowa, Tokyo).

The saccharification yields of SIL-05 and Kyushukou No. 4 by the enzymes were 30.1% and
51.7% respectively (Fig. 5A). Kyushukou No. 4 is one of the sorghum brown mid-rib (bmr)
mutants in which cafferic acid O-methyltransferase (COMT), a lignin biosynthetic enzyme,
activity is reduced as compared to the wild type (Bout & Vermerris, 2003). This property of
bmr significantly affected the hydrolysis of polysaccharides in the biomass, but there were
no significant differences in the proportions of hydrolysis of the components such as
cellulose and hemicellulose (Fig. 5). When the saccharification yields of cellulose and
hemicelluloses were compared, degradation of hemicelluloses was slightly higher than for
cellulose in both types of sorghum.
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(A) Closed circle, SIL-05; closed square, Kyusyukou No. 4. Broken lines were drawn by roughly
following the experimental data points. (B) White, cellulose; black, hemicelluloses. (Reproduced from
Mizuno et al., 2009a)

Fig. 5. (A) Time course of sorghum hydrolysis and (B) saccharification yield of cellulose and
hemicellulose incubated for 72 h
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Next, solid-state ethanol fermentation by F. velutipes was performed for both sorghum
strains. Solid-state fermentation is advantageous because it carries a low ethanol production
cost. Generally, sorghums contain 70-80% v/v water, corresponding to 43-25% w/v. These
concentrations are necessary to obtain relatively high final ethanol concentrations.
Furthermore, it is possible to reduce the costs of many procedures, such as amount of water,
concentration of biomass, treatment of waste water, and so forth, if the water concentration
of the raw materials in the all ethanol production procedures is retained. The Fv-1 strain was
selected for further study because it not only produces high levels of cellulases, but also
because its ability to ferment ethanol is superior to the other strains. Mycelia of Fv-1 were
harvested in the late exponential growth phase by centrifugation at 3,000 x g and washed
with sterile water. The prepared wet mycelia (20 mg of dry weight) were mixed with 100 mg
of ground sorghum for solid-state fermentation.

A larger amount of ethanol was produced from SIL-05 than from Kyushukou No. 4 (Fig. 6).
Because SIL-05 contained a larger amount of soluble sugars than Kyushukou No. 4 (Table 1),
it should be advantageous for total ethanol fermentation. The ethanol conversion rates for
the soluble sugars contained in SIL-05 and Kyushukou No. 4 were 57.2% and 38.9%
respectively. The addition of saccharification enzymes was not effective for SIL-05 (Fig. 6A).
This corresponded with the results of enzymatic hydrolysis (SIL-05 just hydrolyzed almost
30%) (Fig. 6). However, the ethanol conversion rate for the degraded cellulose was 85.6%,
significantly higher than that for soluble sugars. In contrast, although total ethanol
production was not high, ethanol production from Kyushukou No. 4 significantly increased
when saccharification enzymes were added to the culture (Fig. 6B). Because the cellulose
and hemicellulose in Kyushukou No. 4 were more easily hydrolyzed than SIL-05 by
cellulases, significantly more ethanol was produced by the addition of the saccharification
enzymes. The ethanol conversion rate for the degraded cellulose of Kyushukou No. 4 (98.3%)
was much higher than that of SIL-05 (85.6%). Thus, the bmr mutation appears to be useful
for CBP because it gives a high yield of glucose from biomass without acid or alkali
pretreatment. However, the results indicate that the production of cellulases by F. velutipes is
not sufficient for CBP, or that the saccharification enzymes are suppressed by carbon
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Fig. 6. Solid-state ethanol fermentation of (A) SIL-05 and (B) Kyushukou No. 4 by
Flammulina velutipes
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SIL-05 Kyushukou No. 4
Water content (%) 78 (£0.7) 80 (+1.4)
Soluble sugar (%) 12 (£ 0.1) 4.5 (£ 0.0)
Cellulose content (%)a 5.1 (x0.3) 7.4 (£0.8)
Hemicellulose content (%) 3.6 (£0.1) 5.2 (£ 0.5)
Other content (%)c 1.2(x0.2) 24 (x0.5)

a The amount of hexose was determined by the anthrone-sulfuric acid method.
b The amount of pentose was determined by the orcin-Fe3*-hydrochloric acid method.
¢ All components except for sugars. (Reproduced from Mizuno et al., 2009a)

Table 1. Compositions of SIL-05 and Kyushukou No. 4

catabolites due to the existence of soluble sugars. Therefore, an effective saccharification
enzyme inducing method for F. velutipes in the CBP is required.

In this work, we demonstrated CBP ethanol fermentation of sorghum strains by F. velutipes
Fv-1. The procedure is quite simple and cost effective, and can reduce energy consumption,
because the raw material is simply ground and then mixed with mycelia. We demonstrated
the merit of high concentrations of soluble sugars and the bmr mutation in sorghums. Both
sorghum strains can be used in CBP. The bmr mutation is only found in sorghums, corn, and
pearl millet, giving sorghum an advantage over many other crops for ethanol production.
Future studies should focus on the improvement of CBP using F. velutipes and the selective
breeding of novel types of sorghums with high concentrations of soluble sugars and the bmr
mutation.

3.2 Solid state fermentation of rice straw by F. velutipes

The solid state ethanol fermentation by F. velutipes was performed for ammonia treated
rice straw. Solid state cultivation has a large merit to decrease the ethanol production cost.
But it has demerit on the saccharification of biomass. As shown in Fig. 7A, saccharification
of biomass at high concentration is quite difficult. Significant amount of cellulase is
necessary to obtain enough level of saccharification, and saccharification yield do not
increase in proportion to the amount of cellulase if increased the amount of cellulase.
Furthermore, saccharification yield will be significantly decreased under the high
substrate condition. The hydrolysis rate of 30% w/v biomass was very low (less than
10%). In contrast, ethanol yield was equivalent to 80-90% of hydrolysis rate so that the
merit of our process using F. velutipes was proven (Fig. 7B). In the case that enzymes were
not added, ethanol production by F. velutipes was only 0.026 1/kg of dry biomass,
equivalent to a theoretical ethanol recovery rate of 5.9% from total hexose. In contrast to
no enzymes addition, in the case that 1 and 5 mg/g product of enzymes were added to
the fermentation, ethanol production after 15 d by F. velutipes was 0.26 and 0.34 1/kg of
dry biomass, respectively. The ethanol conversion rates of 1 and 5 mg/g product enzymes
addition were 61.6% and 77.8% for total hexose, respectively. The maximum weight loss
was approximately 70% in the case that no enzymes were added to the fermentation,
while the maximum weight loss for enzyme addition of 1 and 5 mg/g product were
approximately 90% and 96% respectively (data not shown).

These results suggest F. velutipes has favourable properties for CBP. It could be expected that
development of novel bioethanol production process by using F. velutipes.
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Fig. 7. Saccharification and ethanol production at high biomass concentration

4. Development of a gene transfer system for F. velutipes

4.1 Development of a gene transfer system for the mycelia of F. velutipes

As shown in above, we found the edible mushroom F. velutipes Fv-1 strain to be an efficient
ethanol producer, and, we demonstrated its preferable properties of ethanol fermentation from
various sugars (Mizuno et al., 2009b), whole crop sorghums and rice straw (Mizuno et al.,
2009a). However, the strain can only slightly convert pentoses, which account for
approximately 20-30% of plant cell walls, into ethanol (Mizuno et al., 2009a). Therefore, genetic
engineering of the pentose metabolism is necessary to make possible the ethanol fermentation
from pentose. Furthermore, more efficient (low cost) conversion of biomass to ethanol could be
expected if saccharification ability was strengthened by expressing cellulases. A
transformation method of F. velutipes by the electroporation protocol for basidiospores has
been reported (Kuo et al., 2004), but it requires a long period to produce basidiospores because
it must go through fruiting body formation, and cannot eliminate the risk of contamination in
the process of spore harvest. Since screening of many transformants is needed for
improvement of the metabolic pathway by genetic engineering, the development of a simpler
transformation method is desired to obtain high numbers of transformants.

Therefore, an adequate condition for protoplast preparation from mycelia of F. velutipes Fv-1
strain was investigated, and simpler a transformation protocol for this fungus was
developed by the calcium-PEG method and the restriction enzyme-mediated-integration
(REMI) method.

First, we constructed a pFvT vector for transformation of the F. velutipes Fv-1 strain (Fig.
8A). The vector possessed a F. velutipes tryptophan synthetase gene promoter and
terminator (GenBank no. AB028647) to regulate expression of the constructed genes, and the
hygromycin phosphotransferase gene (iph) from Escherichia coli as selection marker. The hph
gene was obtained from pCAMBIA1201 vector (CAMBIA; http:/ /www.cambia.org/).

Next, conditions to prepare protoplast from the mycelia of F. velutipes were optimized by
modifying a method for Phanerochaete sordida (Yamagishi et al., 2007). The F. velutipes Fv-1
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hygromycin B phosphotransferase gene; amp*, ampicilin resistance gene; Eori, pUC19 ori. (Reproduced
from Maehara et al., 2010b)

Fig. 8. Structures of the plasmids used in this study

strain was grown in PCMY (1% polypeptone, 0.2% casamino acid, 1% malt extract, and 0.4%
yeast extract) medium at 25°C for 3 d. Then the mycelia were collected and incubated in
enzyme solution [1.5% cellulase Onozuka-RS (Yakult Pharmaceutical, Tokyo) and 1.5% lysis
enzyme (Sigma, St. Louis, MO) in 0.75 M MgOsm (0.75 M MgSOy, 20 mM MES, pH 6.3)] at
30°C for 5 h. The protoplasts were filtered through Miracloth (Cosmo Bio, Tokyo), washed at
twice with 1 M SorbOsm (1.0 M sorbitol, 10 mM MES, pH 6.3), and suspended in SorbOsm
plus 40 mM CaCl; solution to a final concentration of approximately 108 protoplasts ml-1.
Genetic transformation was investigated using the pFvT vector and the protoplasts
prepared as described above. The transformation procedures for Lentinus edodes (Sato et al.,
1998) and Schizophyllum commune (Van Peer et al, 2009) were modified for the
transformation of F. velutipes Fv-1. In the course of the transformation process, the effect of
the structure of the plasmid DNA on transformation was evaluated using circular and linear
pEvT plasmids. Approximately 6-fold transformants were obtained when the plasmid DNA
was linearized (Table 2).

Because the REMI method is a popular transformation tool for fungi (Hirano et al., 2000;
Maier & Schifer, 1999; Riggle & Kumamoto, 1998; Sato et al., 1998), we evaluated the effect
of REMI on the transformation for F. velutipes Fv-1. The F. velutipes Fv-1 strain was
transformed by pFvT with a restriction enzyme, Bgll, Kpnl, or Pstl. The addition of the
restriction enzymes increased the number of transformants by about 1.6- to 5.8-fold (Table 2).
The suggests that the addition of restriction enzymes enhanced the transformation efficiency
of F. velutipes. Therefore, to find the optimum enzyme concentration for REMI, we
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No. of transformants*

Restriction enzyme (50 U)

Form of pEvT none Bgll Kpnl Pstl
Circular 07+1.2 73+12 18.3+6.1 25771
Linear 44+06 12.7+64 20.0+8.7 21771
Plasmid
Form of DNA pFvT pFVG pFvTgh pFvGgh
Circular 11.3+2.6 123+25 283+13 33.3+29
Linear 11.3 +6.6 10.7+6.9 247+84 27711

*The values represent the average and standard deviation of triplicate. (Reproduced from Maehara et
al., 2010a & 2010b)

Table 2. Numbers of transformants obtained by the REMI method

performed transformation using circular pFvT plasmid with the presence of various
concentrations of Pst] (Fig. 9). As for the results, the number of transformants obtained was
affected by the amount of restriction enzyme. The efficiency was significantly increased by
the addition of Pstl at 25 units, by it gradually decreased when the Pst] amount was over 25
units, suggesting that the optimal value for transformation mediated by the Pstl is 25 units.
In conclusion, we found a simple transformation procedure for the mycelia of F. velutipes Fv-
1 strain by the calcium-PEG method combined with REMI. The transformation method of F.
velutipes Fv-1 strain does not require a process of spore formation, because the mycelia could
be used as starting material. Moreover, a high efficiency of transformation was obtained by
the adoption of REML
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Fig. 9. Effects of the amount of PstI on transformation by REMI method (Reproduced from
Maehara et al., 2010a)

4.2 Improvement of the transformation efficiency of Flammulina velutipes Fv-1 using
the glyceraldehydes-3-phosphate dehydrogenase gene promoter

To make possible genetic manipulation in F. velutipes, we constructed the pFvT plasmid
containing the hygromycin phosphotransferase gene (hph) under the control of the
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tryptophan synthetase gene (trp1) promoter, and developed an easy transformation method
for F. velutipes by the REMI method (Maehara et al., 2010a). Here, we focused on the
promoter of the glyceraldehyde-3-phosphate dehydrogenase (gpd) gene because many tools
such as promoters and selection markers are desirable for effective metabolic pathway
engineering of F. velutipes Fv-1. The gpd promoters are the most frequently used constitutive
promoters in basidiomycetes. GPD constitutes up to 5% of the soluble protein in
Saccharomyces cerevisiae and other higher eukaryotic organisms (Piechaczyk et al., 1984; Punt
et al., 1990), and gpd mRNA accounts for 2-5% of the poly (A)+ RNA in yeast (Holland &
Holland, 1978).

In this section, we described that construction of new plasmids having the hiph gene from
Escherichia coli as a selection marker, which regulated by the gpd promoter and the potency
of the gpd promoter from F. velutipes were evaluated.

First we constructed three vectors, pFvG, pFvTgh, and pFvGgh, by modification of pFvT.
The pFvT vector possessed a frpl promoter and terminator regulating the expression of the
constructed genes, and the hiph gene as selection marker (Fig. 8A, Maehara et al., 2010a).
Vectors pFvG (Fig. 8B) and pFvGgh (Fig. 8D) contained the gpd promoter and the terminator
of F. velutipes (Kuo et al., 2004) located upstream and downstream of a multiple cloning site
(MCS), and both pFvTgh (Fig. 8C) and pFvGgh (Fig. 8D) contained the gpd promoter and
the terminator located upstream and downstream of the hph gene (Maehara et al., 2010b).

To determine the potency of the gpd promoter, we compared transformation efficiency by
the gpd promoter with that by the trpl promoter. Gene integrations were performed by the
REMI method. Protoplasts were prepared from mycelia of the F. velutipes Fv-1 strain, and
then plasmids were transformed into the protoplasts with PstI (25 U). As shown in Table 2,
about 10 transformants (10.7 to 12.3) were obtained by the transformation of pFvT and of
pFvG, which contain the hph gene controlled by the trpl promoter. In contrast, as for the
results of the transformation of pFvIgh and pFvGgh, the numbers of transformants were
significantly increased and about 24.7 to 33.3 transformants were obtained, suggesting that
the activity of the gpd promoter was higher than that of the trp1 promoter in F. velutipes Fv-1.
There is a difference of about 500-bp in the length of pFvT and pFvG, or pFvTgh and
pFvGgh, but no significant difference in the number of transformants obtained by pFvT and
by pFvG, and by pFvTgh and pFvGgh was not observed. It might suggest, that the
difference of the sizes of these plasmids was not affected on transformation efficiency.

To compare the activity of the gpd and the trpl promoter, the expression levels of the hph
gene in each transformant were examined by reverse transcription-polymerase chain
reaction (RT-PCR). Total RNA was extracted from each set of three transformants and equal
amounts of RNAs from each set of three clones were mixed and used as template for RT-
PCR. As shown in Fig. 10A, the intensities of the bands of the pFvTgh and pFvGgh
transformants were stronger than that of the pFvT and pFvG transformants (upper panel),
suggesting that the expression level of the hph gene in the pFvIgh and pFvGgh
transformants was higher than that in the pFvT and pFvG transformants. The results were
corresponded to the transformation efficiency presented in Table 2, and strongly suggest
that the gpd promoter is functional in the heterologous gene expression system in F. velutipes
Fv-1 to improve the expression level of the target gene.

Finally, in order to determine whether the plasmid vector was integrated into the genomic
DNA by the REMI method, the genomic DNAs of 10 randomly selected pFvGgh
transformants were analyzed by Southern blot using the digoxigenin-labeled hph gene as a
probe (Fig. 10B). Hybridization signals were detected in all the transformants, and multiple
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(A) RT-PCR-based evaluation of the expression of the hygromycin phosphotransferase gene: Upper
panel, hph gene; Lower panel, f-tubulin gene as a control. (B) Southern blotting of PstI digested genomic
DNA using the hph gene probe: Lane M, DNA molecular size markers (values on left); lane 1, pFvGgh
as a positive control; lanes 2-11, genomic DNA from transformants. (Reproduced from Maehara et al.,
2010b)

Fig. 10. Analysis of the transformants obtained by REMI method

hybridization signals were also detected in some transformants. There was no signal from
the genomic DNA of wild-type Fv-1 as a negative control (data not shown). These results
indicate that at least a single hph gene was introduced into all the transformants, and the hph
gene is thought to exist as a multicopy in the genomic DNAs of many transformants (Fig.
10B, lanes 3, 4, 5, 6, 8, 9 and 11). The same size bands were detected between 2,027 and 3,530-
bp in four transformants (Fig. 10B, lanes 3, 4, 8 and 9). These bands might represent about
2,700-bp of the full-length gpd promoter-hph-gpd terminator region. A 6.9-kb DNA fragment,
corresponding to the size of the pFvGgh plasmid, was observed in the genome of only one
clone (Fig. 10B, lane 6), indicating that the full length of the plasmid was successfully
introduced into the transformant. Consequently, we estimate the probability of integration
of full-length pFvGgh vector by the REMI method to be approximately 10%. In our previous
study, the probability of integration of the full-length vector was 30% so that the frequency
of REMI events of Fv-1 was 10-30% (Maehara et al.,, 2010a). This value seems to be the
comparable level in the case of model mushroom, Coprinus cinereus (8-56%) (Granado et al.,
1997).

In conclusion, we demonstrated that the gpd promoter from F. velutipes Fv-1 would be a
useful in the transformation system of the strain. The transformation efficiency was about 3
times improved by the use of the gpd promoter. The vectors constructed in this study will be
available to improve the genetic engineering of F. velutipes Fv-1 for ethanol fermentation
from pentose.
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5. Conclusion

In spite of CBP is gaining recognition of a low-cost biomass processing as it involves
enzyme production, completely no enzyme process which does not add the saccharification
enzymes have not been established. In this study, we demonstrated that F. velutipes can
highly convert biomass to ethanol using only small amount of saccharification enzyme even
in the quite high concentration of biomass such as 30% w/v. These results suggest F.
velutipes has favorable properties for CBP. Generally, artificial cultivation of mushrooms in
polypropylene bottles is performed under the condition of water content 70 to 80%. The
condition must be most suitable condition to cultivate the mushrooms. Therefore, F. velutipes
will be especially effective in situations that CBP performed under the high concentration of
biomass. We believe that this point would be advantage of F. velutipes compared with the
other microorganisms engineered for CBP and even for fungus which is possible to ferment
the both pentose and hexose. In the future, we would like to develop a novel bioethanol
production process by using F. velutipes.
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1. Introduction

In 2003 R. E. Smalley (Smalley 2003) made a list of the top 10 problems mankind was going
to face in the next 50 years.

Energy

Water

Food

Environment

Poverty

Terrorism and War

Disease

Education

Democracy

10. Population

With the declining amount of fossil fuels, and the increasing energy demand, it is not
possible to satisfy our large energy consumption without alternative energy sources,
especially sustainable ones that also take care of problem number 4, (Environment). One of
the possible ways to produce a liquid sustainable energy source is to replace our large
gasoline demand with fermented biomass (bioethanol). To ensure that the food availability
does not decrease (problem 3), the biomass for bioethanol fermentation is only gathered
from waste materials of the food production, such as the straw of cereals. The fermentation
on waste products is commonly referred to as 2nd generation bioethanol.

Biomass of interest for cellulosic produced ethanol includes wheat straw, rape straw and
macro algae. In 2009 the production of oilseed rape in EU was 21x106 ton together with an
even larger amount of rape straw (Eurostat 2010). The most commonly used rape in Europe
is a winter rape with a low erucic acid and glucosinolate content (Wittkop et. al. 2009). The
rape straw is composed of 32% cellulose and 22% hemicelluloses. In this chapter the focus
will be on the fermentation of sugars derived from cellulose.

O XN



210 Bioethanol

The enzymatic hydrolysis can be described in three steps: Endoglucanase separates chains
of cellulose by breaking down the bonds in amorphous regions of the crystalline cellulose,
thereby creating more free ends in the cellulose. Exoglucanase breaks the cellulose down
from the non-reducing end into cellubiose (the disaccharide derived from cellobiose) (Teeri
and Koivula 1995). This explains the importance of endoglucanase as it creates more “attack
points” for exoglucanase. P-glycosidase breaks down cellubiose into glucose. Cellulase
enzymes are commonly produced by the fungus Trichoderma reesei (Busto et al. 1996). This
process has two functions, first it produces the glucose needed for the fermentation, and
second it turns the non-soluble cellulose into soluble sugars, which provides the liquid
medium required for fermentation.

The fiber structure consists of cellulose microfibrils, bound to each other with hemicellulose
and lignin. A model of a plant fibre is shown in Fig. 1.

Lignin

Cellulosebundtar

Fig. 1. Structure of cellulosic fibers in e.g. rape straw (adapted from Bjerre & Schmidt 1997)

The hemicellulose content consists of branched and acetylated carbohydrates. These
molecules consist of 90% xylan and 10% arabinan in wheat straw (Puls and Schuseil 1993).
The lignin content of the straw consists of polymerized molecules with a phenolic structure.
The ethanol production process was conducted by simultaneous saccharification of cellulose
with cellulase enzymes, and fermentation of the produced glucose with Turbo yeast
(Saccharomyces cerevisiae, Brewer’s yeast) (SSF) (Thomsen et al. 2009).

The production efficiency of the fermentation is strongly dependant on the wellbeing of the
yeast. To visualize the health of the yeast, microscopic tests using blue staining were
conducted. The bioethanol is produced from wet oxidized rape straw and the effect of the
important fermentation inhibitor furfuryl alcohol is tested.

2. Materials and methods

2.1 Furfuryl alcohol effect on glucose fermentation and microscopy

To assess the number of inactive yeast cells “blue staining” is usually done. Methylene blue
is the most commonly used color agent. It is a redox indicator that turns colorless in the
presence of the active enzymes produced by the yeast Saccharomyces cerevisiae. For
verification of the results this compound is compared with erioglaucine (E133) (Brilliant
blue No. 1).
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In order to verify that erioglaucine is equal in quality to methylene blue, a dose response
curve for the toxic compound fufuryl alcohol is produced, and the mortality is then
examined with the two color agents. 6 fermentations of 100 ml are started with different
levels of furfuryl alcohol (0.0, 1.5, 3.5, 6.0, 9.0 and 15.0) (mL/L) and 2 g/L Turbo yeast (from
AlcoTec). All the fermentations are completed in blue cap flasks in Millipore water and with
100 g/L glucose monohydrate. The yeast is left to ferment at 25, 32, 40 and 45°C, using 100
rpm of stirring for 24 hours. Weight loss is measured during working hours to monitor the
fermentation. After 24 hours samples are taken for HPLC analysis as described by Thomsen
et al. (2009). A methylene blue and an erioglaucine solution are produced each of 0.29 g/L.
The 6 samples are divided into 12 portions to perform double repetition. Six portions were
mixed with methylene blue in a 9:1 ratio and six portions with erioglaucine in a 1:1 ratio.
The samples are examined with microscopy at 1000x magnification just after the color agent
was added.

2.2 Wet oxidation of rape straw

Rape straw was produced after harvest during cultivation of Brassica napus Linnaeus
commonly known as rape in Denmark in 2007. The straw was milled to a particle size of 2
mm using a knife mill. The milled straw was then soaked in 80°C hot water for 20 min
before wet oxidation in a 2 L loop autoclave (Bjerre et al., 1996). The autoclave setup
includes 1 L water, 60 g dry milled rape straw with the canister pressurized to 12 bar oxygen
during the reaction. The mixing of oxygen and liquid is obtained by a pumping wheel. The
wet oxidation was performed at 205°C for 3 min (Arvaniti et. al 2011). Following the wet
oxidation, pressure is released and the prehydrolysate is cooled to room temperature. The
filter cake and filtrate are separated and stored at -18° C (Thygesen et. al. 2003).

During wet oxidation, oxygen is introduced in the pre-treatment phase at high pressure and
temperature. This causes 50 % (w/w) of the lignin to oxidize into CO,, H>O, carboxylic acids
and phenolic compounds. It is important that the lignin fraction is low since lignin can
denaturize the enzymes involved in the subsequent hydrolysis of cellulose. The majority of
the hemicellulose (80 %) is dissolved while 10 % is oxidized to CO,, H,O and carboxylic
acids. During this process, carboxylic acids, phenolic compounds, and furans are produced,
which act as inhibitors in the fermentation process. However, the concentrations are too low
to fully hinder microbial growth as wet oxidation also degrades the toxic intermediate
reaction products (Thomsen et. al. 2009).

2.3 SSF fermentation and enzymatic hydrolysis

The dry matter content (DM) of the solid straw fraction after wet oxidation (filtercake) is
measured by drying at 105°C overnight. The procedure for SSF is as follows: 250 mL flasks are
loaded with 100 ml substrate with either 17 g DM or with 8 g DM. The substrate is adjusted to
pH 4.8 with 6 mol/L of NaOH. After pH adjustment, 15 FPU/g DM of Celluclast (Novozymes
mixture of endo- and exo-glucanase) is added together with 0.20 ml of Novozym 188 (p-
glycosidase) per ml Celluclast using sterile conditions. The flasks are shaken at 50 °C with 120
rpm for 24 hours during the pre-hydrolysis. After the pre-hydrolysis, 10FPU/g DM of
Celluclast and 0.20 ml of Novozym 188 (B-glycosidase) per ml Celluclast are added together
with 1-4 g/L of Turbo yeast and 0.8 g/L of urea and the pH value re-adjusted to 4.8 with
addition of NaOH. The flasks are sealed with glycerol yeast locks and incubated at 37°C with
shaking at 120 rpm. During SSF, the flasks are weighed to measure ethanol production with
respect to time, and after the SSF termination a sample of the supernatant is analyzed by
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HPLC (High Performance Liquid Chromatography, Shimadzu) with a Bio-Rad Aminex
HPX87H column and 0.6 mL/min flow of the eluent (4 mmol/L of H,SOy) at 63°C for ethanol
and monosaccharides (Thomsen et al., 2009).

2.4 Analysis of the plant fibers for carbohydrates and lignin

The composition of the raw and the pre-treated straw is measured by strong acid hydrolysis
of the carbohydrates. Dried and milled samples (160 mg) are treated with 72 % (w/w)
H,SO4 (1.5 mL) at 30°C for 1 hour. The solutions were diluted with 42 mL of water and
autoclaved at 121°C for 1 hour. After hydrolysate filtration, the Klason lignin content is
determined as the weight of the filter cake subtracted the ash content. The filtrate is
analysed for sugars on HPLC. The recovery of D-glucose, D-xylose and L-arabinose is
determined by standard addition of sugars to samples before autoclavation. The sugars are
determined after separation on a HPLC-system (Shimadzu) with a Rezex ROA column
(Phenomenex) at 63°C using 4 mmol/L H;SO; as eluent and a flow rate of 0.6 mL/min.
Detection is done by a refractive index detector (Shimadzu Corp., Kyoto, Japan). Conversion
factors for dehydration on polymerization are 162/180 for glucose and 132/150 for xylose
and arabinose (Kaar et al., 1991; Thygesen et al., 2005).

2.5 Calculations
The amount of ethanol produced in the SSF fermentations is calculated based on the weight
loss as a result of CO; formation in the reaction shown below.

CeHy,06 = 2C,HsOH + 2C0, 1)

The resulting formula is derived as below, using the molar masses of ethanol and CO, of
46.07 g/mol and 44.01 g/mol, respectively:
_ _ Mw(CH;CH,0H) )
wight of ethanol = wightloss X W

The ECE (ethanol conversion efficiency) is then calculated as such.

Ethanol concentration after SSF
ECE% = ®)

Ethanol potential of biomass in SSF

The chemical expression for cellulose and its hydrolysis into glucose is shown in Equation 4.

(CeH1905)nH,0 + (n — 1)H,0 — nCeHy;06 4

Where n is in the range 2000 - 10000. The highest ethanol yield is obtained when the
cellulose is completely hydrolyzed into glucose and fermented into ethanol as shown in
Equation 1 and 4. We now consider the number of monomers (n) in one gram of cellulose.
Under complete hydrolysis this amount of matter becomes the amount of glucose. From
equation 1 it can be seen that the amount of ethanol produced is 0.512 g per g of glucose
fermented. The potential weight of ethanol from 1 g of cellulose is 0.569 g (Equation 5).

ZMW(CZHSO) _ 2 X461

=0.57 ®)
MW(C5H1005) 162 9/9

YLEIdethanol from cellulose =
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Yleldethanolfrom biomass — Ylddethanol from cellulose X CONCeelyiose X CONCpy (6)

3. Results and discussion

3.1 Effect of temperature on ethanol fermentation from glucose

Temperature optimizations for glucose fermentation are shown in Fig. 2. The highest rate
was obtained at 32°C this fermentation is not limited by hydrolysis of cellulose. A challenge
is that the optimal temperature for the yeast is 20°C lower than for the cellulase enzymes.

110
100
90
20
70
60 —a—25"C
50 32°C

40
10 —+—40°C

20 == 45°C
10
0
0 5 10 15 20

Ethanol produced (g/L)

Time(h)
Fig. 2. The effect of temperature on Turbo yeast in ethanol fermentation with glucose.

By further fermentation of the rape straw in which hydrolysis of cellulose is needed it is
therefore an advantage to use a higher temperature at which the yeast survives while the
enzymes work at a higher reaction rate (Arvaniti et. al 2011).

3.2 Wet oxidation of rape straw

The rape straw used in the fermentation experiments consist of 32 % cellulose, 16 %
hemicellulose, 18 % lignin, 5 % ash and 20 % non cell wall material (NCWM). During the
wet oxidation process, large contents of hemicellulose and NCWM are extracted resulting in
a liquid phase of glucose (1 g/L), xylose (7 g/L) and arabinose (0.5 g/L). The remaining
solid phase became thereby enriched in cellulose and contained 54 % cellulose, 14 %
hemicellulose, 23 % lignin, 3 % ash and 13 % NCWM. This solid material was subsequently
tested by SSF fermentation.

3.3 Effect of yeast concentration on ethanol fermentation from rape straw

Fig. 3. shows the results of SSF on wet oxidized rape straw with 80 g/L DM content using
initial yeast concentrations from 2.0 to 8.2 g/L.

As expected, the rate of fermentation dependants on the concentration of yeast, as there is
plenty of sugar monomers present in the medium, which are produced in the pre-hydrolysis
step of the SSF. At some point the excess sugar from the prehydrolysis is depleted and the
rate of fermentation becomes dependent on the amount of sugar released by hydrolysis
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Rape straw Solid phase Liquid phase
Compound g/100gDM | Compound g/100gDM | Compound g/L
Cellulose 32 Cellulose 54 Glucose 1.1
Hemicellulose 16 Xylan 13 Xylose 6.7
Arabinan 1 Arabinose 0.5
Lignin 18 Lignin 23 Acetic acid 0.9
Ash 5 Ash 3 Formic acid 0.9
NCWM 20 NCWM 13 Furfural 0.1
Phenolics 1.3
pH 3.9

Table 1. Components of rape straw before and after the wet oxidation pretreatment resulting
in a solid and a liquid phase. *NCWM is none cell wall material

25
5 20
=
]
£ 15
= —4=—2 g/ yeast
5]
o 10 ——4 g/l yeast
2 6 g/l yeast
m
E 3 —==8.2 g/l yeast
0

0 20 40 60 80 100

Time (h)

Fig. 3. The amount of ethanol produced on wet oxidized rape straw using 80 g/L DM and
yeast concentrations of (2.0 to 8.2) g/L.

(rate of hydrolysis). Since the enzyme loading was the same in all the samples the
fermentations produce ethanol at roughly the same rate once the excess sugar has been used.
In experiments with high dry matter content such as 170 g/L the difference between the
yeast dependant and the enzyme dependant phase is more pronounced than with low DM
content (Fig. 4). The viscosity of the sample changes drastically during SSF since hydrolysis
changes insoluble cellulose to soluble glucose. This means that the rate of both the yeasts
and the enzymes production increases over time, as the production rate of both the enzymes
and the yeast is related to the viscosity of the medium. An explanation can be that a high
concentration of dry matter gives higher inhibitor concentrations and a larger yeast
concentration can make faster detoxification.
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Fig. 4. The amount of ethanol produced during SSF of wet oxidized rape straw using 170
g/L DM and initial yeast concentrations of (2.0 to 8.2) g/L.

Yeast CO, Ethanol Ethanol potential ECE
g/L g/L g/L g/L %
170 g/L straw DM 34.9 51.9 67.2
2 323 33.8 51.9 65.2
4 30.3 31.7 51.9 61.1
6 33.7 35.3 51.9 68.0
8.2 339 35.5 51.9 68.4
80 g/L straw DM 18.4 24.5 75.2
2 16.8 17.6 245 71.8
4 17.8 18.6 245 76.1
6 17.8 18.6 245 76.1
8.2 16.8 17.6 24.5 71.8

Table 2. Ethanol production and ECE (ethanol conversion efficiency) for different DM contents

As shown in table 2, the high DM content result in low ECE% of 67% compared to 75%
when using low DM content. This is an essential problem in ethanol production since
industrial distillation works best with more than 50 g/L ethanol, which could potentially be
achieved with 75% ECE and 220 g/L of rape straw. However, in reality this is a challenge
since increased DM contents result in reduced ECE% due to increasing viscosity and
difficulties in mixing and higher concentrations of inhibitors. No direct correspondence
between the final ECE% and the initial amount of yeast is found in this study. This indicates
that the drop in ECE% at high DM can be due to decreasing enzyme performance in high
DM pre-hyrolysates of rape straw.

The rate of fermentation is calculated for the time period with the highest fermentation rate
and the results are shown in Fig. 5. For 170 g/L DM content that is between 10 and 52 hours,
and for 80 g/L DM content it is between 2 and 4 hours. This time period covers the phase
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Fig. 5. Rate of ethanol fermentation with respect to the concentration of yeast

where the excess sugars from the hydrolysis is fermented and the positive feedback effect
seen in high DM contents is also expressed. As shown in Fig. 5 generally the maximum rate
of fermentation increases as a function of the yeast concentration. The slope coefficient of 80
g/L DM was found by linear regression to be 0.48 h-1 while it was found to be 0.20 h1 at 170
g/L DM. The amount of yeast therefore contributes strongly to the positive feedback effect
as explained in Fig. 4 and in this time period the dependency is also due to the fact that high
yeast content can simply ferment the excess sugar from the hydrolysis faster than low
contents of yeast.

3.4 The effect of furfuryl alcohol on yeast

The obtained concentration of ethanol versus the concentration of furfuryl alcohol is shown
in Fig. 6. The amount of produced ethanol increased from 10 g/L with pure glucose to 24 g/ L
at the dose of 1.5 mL/L furfuryl alcohol. At higher concentrations a decrease in ethanol is
observed with almost no ethanol being produced at the dose of 15 mL/L. This indicates that
with the presence of small doses of furfuryl alcohol, ethanol production can increase.

To provide information about the sharp increase between measurement one and two,
another experiment was conducted with the same method as the previous, except the dose
of furfuryl alcohol were (0.0, 0.5, 1.0, 1.5, 2.0 and 2.5) mL/L. Samples of this experiment
were analyzed by HPLC and the results are shown in table 3.

As shown in table 3, the fermentation will peak with a dose of 1.5 mL/L and at levels above
that the amount of ethanol produced will decrease versus the concentration of furfuryl
alcohol. It was further shown that there was plenty of leftover glucose for the yeast to
ferment. Therefore in none of the cases the loss in fermentation rate was due to lack of
glucose.

As shown in Table 3 there is a strong correspondence between the amount of ethanol
produced and the dose of furfuryl alcohol. Furfuryl alcohol is a microbial growth inhibitor,
but when added in small concentrations it will force the yeast cells to increase their
metabolism to survive. This effect should be present for the norm of microbial inhibitors.
Despite of the fact that furfuryl alcohol is toxic to the yeast, the stress that it causes can lead
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Fig. 6. Relative correspondence between added furfuryl alcohol and ethanol production
during 24h of fermentation in a glucose medium.

Dose Ethanol Glucose
(mL/l)  conc(gl)  (g/L)
0.0 15.0 424
0.5 21.0 38.7
1.0 25.7 324
1.5 27.2 33.4
2.0 25.0 37.2
25 21.6 452

Table 3. Final ethanol and glucose concentrations in yeast fermentations with added furfuryl
alcohol

to approximately 80% increase in ethanol production given that sufficient amounts of
glucose are available. For SSF the amount of glucose needed for this effect to be visible is
only present in the start of the SSF which is also where the positive feedback effect of the
yeasts fermentation rate is mainly present.

To describe the effect of lacking inhibitory stress on the yeast the maximum fermentation
rate with 2 g/L yeast of both 80 g/L DM and 170 g/L DM in the SSF experiments with rape
straw are compared and shown in Fig. 7.

The rate of fermentation for the furfuryl alcohol experiment is calculated for the period of 5
to 19 hours, which is estimated to be the highest rate of fermentation for the experiment. As
shown in Fig. 7, it seems that even though microbial inhibitors are generally restricting the
fermentation process, a medium completely without inhibitors (such as the control from Fig.
8) will have a decreased fermentation rate compared to medium with a small dose of
microbial inhibitors.
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Fig. 7. Fermentation rate with respect to dose of furfuryl alcohol from the glucose experiment
from Fig 6. For comparison the fermentation rate with rape straw of both 80 g/L DM and 170
g/L DM content from Fig. 5 is investigated for similar yeast concentrations (2g/L).

3.5 Vitality of the yeast cells
Fig. 8 shows the yeast cells after a glucose fermentation. A large part of the yeast cells have

become inactive, even though there is still enough sugar in the substrate to sustain living
cells.

Fig. 8. Methylene blue stained yeast cells after glucose fermentation.
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Fig. 9. Methylene blue stained yeast cells after heating to 100 °C.

During the experiments with dose response on furfuryl alcohol in glucose fermentation, a
relation was found between cell death and the concentration of furfuryl alcohol (Fig. 8). Yet
at this writing, there still exist some inconsistencies between erioglaucine and methylene
blue. Overall the results produced by methylene blue appeared slightly more consistent and
matching with the data for ethanol production.

3.6 Comparison of feed stocks

In this study the main focus was on production of bioethanol from rape straw, but there are
a lot of other possible feedstocks suitable for bioethanol production in general, all cellulosic
material can be converted by physical/chemical pretreatment followed by enzymatic
hydrolysis into glucose. It is also possible to produce bioethanol from sugar and starch from
crops such as corn, wheat, sugarcane, and sugar beet, but since sugar is a food source, using
it could decrease food availability for future generations. Using food sources or available
agricultural land for pure energy production is generally classified as a 1st generation
technology, and is not normally regarded as a sustainable energy source. To compare the
different feedstocks Table 4 is produced. However, there are numerous ways to co-produce
food and feedstocks for bioenergy when utilizing the lignocellulosic residues from
agricultural production as shown in table 4.

As table 4 shows, bast fibers have a very high cellulose content (60-63%) and a low lignin
content (3-4 %) which should make them ideal for producing bioethanol, but bast fibers as a
feedstock would fall under the category of 1st generation bioethanol, because the production of
bast fibers requires land that could otherwise be used for food production. Rape straw has a
low cellulose content compared to other straw fibers (32%) but in return the hemicellulose
(14%) and lignin (18%) content is also low compared to wheat straw (20%) and corn stover (19
- 21%). Low lignin content is good for the enzymatic hydrolysis, since lignin can denaturize
cellulase enzymes (Thygesen et. al 2003). Low hemicellulose content will result in a slightly
lower concentration of microbial growth inhibitors derived from oxidation of the
hemicellulose. Sugarcane bagasse seems to be the ideal 27 generation feedstock with its high
cellulose content (43%) and low lignin content (11%) but sugarcanes require high temperatures
and a lot of rainfall to grow and are therefore only energy efficient when grown in tropical
regions, which limits the amount of ethanol produced from sugarcane bagasse worldwide. It is
possible to produce bioethanol from wood fibers, like waste wood from carpentry or
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Feedstock Cellulose  Xylose  Arabinose Lignin Ash Ref.
B w/w % w/w % W/wW B w/w b w/w

Straw fibres
Corn stover (Zea

33 Hemicellulose = 21 19 7 1
mays)
Rape straw (Brassica 3 14 5 18 5 5
napus)
Sugarcane Bagasse 45 Hemicellulose = 31 11 6 3
(Saccharum)
Winter rye (Secale 41 2 3 16 5 5
cereal)
Wheat straw 39 20 2 20 7 4
(Triticum)
Wood fibres
Nor‘fvay spruce 49 Hemicellulose = 20 30 0 1
(Picea abies)
Marine biomass
Green hairweed
(Chaetomorpha 34 - 40 4-7 8-13 6-8 8-24 5
linum)
Bast fibres
Flax (Linum 60 8 1 3 4 6
usitatissimum)
Hemp (Cannabis) 63 9 1 4 4 1

Table 4. The composition of cellulose containing and plant -based raw materials including
straw, wood, marine biomass and bast fibers. The individual data comes from the following
sources: 1. Thygesen et. al. 2005, 2. Petersson et. al. 2007, 3. Martin et. al. 2007, 4. Schultz-
Jensen et. al. 2010, 5. Schultz-Jensen et. al. 2011, 6. Hinninen et. al. 2011.

willow, which can grow on land not suitable for agriculture, using pretreatment methods
such as steam explosion (Soderstrom et. al. 2002). The high lignin content in wood fibers
increases the amount of enzymes needed and the time period of the fermentation.
Furthermore wood fibers have other uses and can easily be burned to produce electricity
and heat in a cogeneration plant.

Marine biomass has the advantage that it does not use the same space as agriculture and
even though it is not a waste product from food production it is still a viable feedstock
because it does not reduce food availability. Chaetomorpha linum has very low lignin content
(6 - 8 %) and cellulose content similar to straw fibers (34 - 40 %). C. linum and other types of
useable macroalgae are easy to grow in most of the world, and is therefore a suitable
candidate for expanding the bioethanol production to more than what can be obtained from
waste products (Schultz-Jensen et. al. 2011).

4. Conclusion

The amount of yeast needed for SSF of pretreated rape straw is dependent on the DM
content, despite the fact that enzymes continue to be the primary rate-determining factor.
The positive feedback effect from the yeast lowering the sugar concentration can have high
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relevance when running SSF with high DM content. After prolonged testing of Turbo yeast,
the optimal temperature of the SSF is found to be 37°C. Furfuryl alcohol and possibly other
growth inhibitors as well, show a positive effect on the rate of fermentation when added in
small dosages, since yeast will increase its metabolism under stress. The positive effect of
growth inhibitors is so strong that the fermentation rate in sugar media is lower than the
fermentation rates in a medium produced from wet oxidized rape straw (filter cake), given
the DM concentration does not exceed critical levels.
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1. Introduction

1.1 General needs for energy

General needs for energy are still increasing. In 2000, the energy provided worldwide was
10 Gt of oil equivalent (Gtoe) and the demand is forecasted to be around 15 Gtoe for 2020
(source: Energy Information Administration [EIA], 2002, as cited in Scragg, 2005). During
the 20th century, coal proportion in energy supply decreased whereas oil and gas increased
drastically. First after the 1973 oil crisis and afterwards periodically depending on oil prices,
developments for producing energy by new ways were considered. In the last decade, the
depletion of fossil energy sources appeared as a reality although exhaustion time remains
highly controversial. Currently, it is clear that considerable efforts to promote alternative
sources of energy are driven by both environmental concern (limiting fuel by-products
emissions) and economic necessity linked to the fossil fuel depletion.

1.2 Bioethanol among other alternative sources

Ethanol from biomass (Bioethanol) is one of these alternative sources. Despite polemics for
biomass uses i.e. biofuels vs food and some alarmist politicians” declarations, this alternative
is really promising considering (i) the ability to satisfy a significant part of the demand for
energy and (ii) biomass renewability. Polemics and limitations could have been almost
rational when first generation of biofuels was concerned, “noble parts” of plants, the same
used for food, being transformed. It is not the case anymore for any modern project.
Another problem raised is the part of the cultivated surfaces to be reserved to biofuels, but
in fact, realistic scenario is not to replace all fossil fuels volumes, but only part of them by
using wastes preferentially.

1.3 “Biomass to ethanol” process and review of improvements

The general scheme of “Biomass to ethanol” process is presented elsewhere in this book.
Our purpose in this section is to highlight the numerous and various ways to optimize the
whole process from biomass to ethanol at different steps: choice of the biomass,
pretreatment, enzyme productions, enzymatic hydrolysis, and ethanol fermentation. First
of all, as discussed earlier, in the second generation of biofuels, biomass collection should
not compete with food plants. Biomass should be abundant and cultural practices as
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sustainable as possible. Interest was recently focused on plants providing good yields of
biomass for a given surface as the tall Miscanthus. Reduction of lignin cell wall content is
another interesting approach to enhance sugar recovery from biomass, lignin being an
abundant and resistant polymer limiting the digestion of biomass in biofuels processes.
With anti-sense technology, tobacco plants lines were obtained with 20% lower lignin
content (Kavousi et al,, 2010). The modified lines displayed a threefold increase of
saccharification efficiency compared to wild type. Of course, the application of such
studies in larger scales depends on the acceptance of transgenic plants by the society.
Decision to use these plants has to be supported by studies of environmental risks and
potential benefits (Talukder, 2006). Literature about pretreatment is very abundant,
describing various methods: physical, chemical or combination of both (Soccol et al. 2010).
Fine optimization of conditions should be performed individually depending on biomass.
Among innovative method proposed, dry wheat straw has been treated successfully with
supercritical CO,. After treatment, 1kg biomass yields to 149 g sugars (Alinia et al., 2010).
Another currently emerging feature for bioethanol process amelioration is protein
engineering. For instance, a cellulase from the filamentous bacterium Thermobifida fusca
has been modified both in its catalytic domain and in its carbohydrate binding module (Li
et al., 2010). A mutant enzyme displays a two fold increase activity, and a better synergy
with other enzymes, leading it to be very useful for biomass digestion. At the next step,
i.e. sugar fermentation to ethanol, many efforts have been run to allow yeast to perform
both hexoses and pentoses fermentations. Industrial yeast Saccharomyces cerevisiae strains,
fermenting only hexoses have been modified by addition of xylose degradation enzymes
(Hector et al., 2010). Finally the outcome of engineering could be the use of synthetic
biology, which is creating cell systems able to convert biomass to sugars and also to
ferment them to ethanol. This strategy needs better fundamental knowledge to be
developed (Elkins et al., 2010).

As discussed above, the step following the pretreatment of the biomass could be
performed via the enzymatic hydrolysis of the cell wall polysaccharides into
fermentescible, monomeric sugars. Unfortunately, it is well known that recalcitrance of
plant cell wall to enzymatic digestion impairs the process. The behavior and the efficiency
of the cell wall degrading enzymes (CWDE) in situ and in wvitro with isolated
polysaccharides are completely different. The properties of the CWDE, as conformation,
hydrophobicity, capacity of adsorption onto the cell wall, interaction with the lignins, and
catalytic efficiency in heterogeneous catalysis, are major parameters which should be
considered and studied.

This chapter focuses on biomass degradation enzymes. What is the best strategy to produce
the most efficient enzymes? What is the best choice depending of up- and downstream
steps: commercial enzyme cocktail, enzymes produced by a given microorganism or
heterologous production of individual enzymes? Efficiencies and cost of enzymes, two
bottlenecks in the process, will be discussed. For some authors, the improvements of the
conversion of biomass to sugar offer larger cost-saving potential than those concerning the
step from sugar to biofuels (Lynd et al., 2008). These authors evaluated two scenarios; the
first based on current technology and the second one including advanced nonbiological
steps. In both cases, conversion of polysaccharides from biomass could be improved by
increasing polysaccharides hydrolysis yields combined by lowered enzyme inputs. On-site
enzyme production was also identified as beneficial for cost of the whole ethanol production
process.
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2. Diversity of plant cell wall structures

The plant cell wall structures are highly diverse. Various lignocellulosic species have been
used for biofuels production, woods, crop by-products, herbaceous plants, beet pulp,
municipal and paper industry wastes. Although all these different biomasses contain
typically four major components (i.e. cellulose, hemicelluloses, pectin and lignin), the
architecture of the cell wall, the fine biochemical structures of these components and their
interactions into the cell wall could be quite different. Nevertheless, cellulose and
hemicelluloses leading, with lignins, to the formation of an insoluble, tridimensional
network is a constant behavior. A schematic drawing of the plant cell wall polysaccharides
is shown in Fig. 1.
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Fig. 1. Schematic representation of plant cell wall polysaccharides. Cellulose and B-1,3/1,4-
glucan are composed of glucose residues (red). p-1,4-xyloglucan is a glucose-based polymer
substituted by xylose residues (green) themselves possibly linked to galactose (blue) and
fucose (black). p-1,4-arabinoxylan is a xylose backbone linked with arabinose (orange),
and/or with glucuronic acid acid (white). Xylose could be substituted by acetyl groups (blue
circle). B-1,4-mannan is a mannose polymer (dark red) linked to some galactose residues and
sometimes acetylated. a-1,4-polygalacturonan is formed of linear chains of galacturonic acid
(pale yellow) linked by rhamnose (pink). Galacturonic residues could be either methylated
(red circle) or linked to xylose residues. Rhamnogalacturonan is highly ramified and is also
called “hairy region” for this reason. The basic backbone is a rhamnose-galacturonic acid
motif. Side chain of arabinose, galactose, mixed or not, linear or not, forms a very complex
and variable structure. Adapted from Dalboge (1997).
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As another example of variable composition of plant cell wall, lignins and sugars in cell
walls of different origins were quantified (Table 1). Although this study is not exhaustive, it
is clear that every plant has its own characteristic. These biomasses have been used as
growth substrates for Fusarium graminearum (see paragraph 4).

Regarding cell wall composition variation, it could be postulated that cell wall degradation
recalcitrance could be related to cell wall structure and ultra structure variability.

Hop Wheat bran Corn cops Birch
Lignin 30.9 17.3 6.5 18.1
Total neutral sugars 35.2 50.1 63.5 57.6
Glucose (i.e. glucans) 20.1 14.8 28.8 40.0
Xylose (i.e. xylans) 2.7 15.0 21.0 15.6

Table 1. Lignin, glucose and xylose contents of hop, destarched wheat bran, corn cops and
birch. Results are expressed as % of dry matter (unpublished results from the laboratory).
Klason lignin was quantified as the acid-soluble residue after sulfuric acid hydrolysis
(Rémond et al. 2010) and sugar contents were estimated by enzymatic methods as described
in Phalip et al. (2009).

3. A strategy for improving biomass hydrolysis: Studying (and using
afterwards) fungi able to degrade plant cell wall components

3.1 Introduction on phytopathogenicity, saprophytism

The primary choice of a microorganism (fungus) potentially providing cell wall degrading
enzymes should be directed toward one naturally present in plant environment i.e. a
phytopathogen or a saprophyte. Considering the ecology, fungi are qualified as
“decomposers” in the opposite to plants, the producers and animals, the consumers. Some
fungi, called saprotrophs, get nutrients from dead organisms, especially plants. Some other
are pathogen, attacking living organisms. Invasive growth thanks to hyphae gets fungi very
adapted to penetrate plants. Hyphae diameter (2-10 pm) permit cell penetration and their
hyphal growth in several directions allow them to colonize quickly the plant material with
very close contact. Many saprotrophs, phytopathogens and other fungi living in plant
environment developed tools for gaining energy from plants during their evolution. Cell
wall degrading enzymes (CWDE) are one of these tools which are also efficient for
bioethanol production. This is the reason why this chapter focuses on CWDE produced and
secreted by some fungi.

3.2 Genome level studies

After the completion of the project of the backer’s yeast Saccharomyces cerevisize genome
sequencing in 1996, genomes of some fungi have been decrypted. Many reasons drive the
decision to sequence one genome and not the other one: some fungi being for a long time
scientific models, others displaying industrial relevance, and others acting as saprophytes or
pathogens. Backer et al. (2008) propose an interesting concept: let’s change our way of thinking
and let’s consider microorganisms (especially fungi) as reservoirs for sustainable answers to
environmental concerns. This point of view fits well with the directing idea of this chapter. To
improve the “biomass to ethanol” process, we have to consider many options and enlarge the
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fields to be prospected rather than being focalized on a single system. As an example for
biomass degradation, many efforts have been directed though Trichoderma reesei due to
historical reasons (discovered during World War II because it degraded uniforms and cotton
tents) and to its capacity to produce cell wall degrading enzymes, specially cellulases. But, as it
will be described later in this section, this fungus is not -by far for some categories of enzymes-
the most equipped in CWDE. Other fungi have to be considered then.

Genome sequence availability offers the scientific community the opportunity to analyze
them, deciphering their metabolism, in order to find response to fundamental or applied
questions. As valorization of plant biomass arise as an important question to be addressed,
several studies attempt to describe the fungal polysaccharide degradation potential. An
extensive and complete work leads to a comparison of the genome of 13 fungi (Martinez et
al., 2008). The first observation is that the yeast model Saccharomyces cerevisiae is poorer in
CWDE than filamentous fungi (Fig. 2). This is not surprising regarding their respective
lifestyles; all the filamentous fungi shown in Fig. 2 are saprotrophs or pathogens in the
opposite of S. cerevisiae. This is a first argument for considering the natural habitat of a
fungus when examining it for a peculiar application. Here, clearly, fungi living in plant
environment displayed many more genes encoding CWDE or associated activities. Note that
the model for plant polysaccharide degradation, Trichoderma reesei, displays fewer putative
glycosyl hydrolases (200) than the pathogens Magnaporthe grisea (231) and Fusarium
graminearum (243). Perhaps even more important is the number of cellulose binding
modules (CBM), allowing a better enzyme-substrate binding and then a better efficiency in
natural cellulose hydrolysis. T. reesei was predicted to have half CBM than the two
pathogens (Fig. 2). In the same study, T. reesei is shown to be poorer than M. grisea and F.
graminearum in cellulases, hemicellulases and pectinases (Martinez et al., 2008).
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Fig. 2. Number of predicted glycosyl hydrolases (GH), glucosyl transferase (GT), cellulose
binding modules (CBM), carbohydrate esterase (CE) and polysaccharide lyases (PL) in the
genome of Saccharomyces cerevisiae, Aspergillus oryzae, Neurospora crassa, Trichoderma reesei, :
Magnaporthe grisea and Fusarium graminearum (data from Martinez et al., 2008).
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The main idea driving genome study is that evolution leads to genomes remodeling: i.e.
leading to CWDE diversity for fungi dealing with plants. But through the example of T.
reesei, it could be concluded that genome study - if available- is useful but not sufficient.
Furthermore, obviously, a gene is not a protein; it has to be transcribed and mRNA has to be
translated and modified to yield to mature and functional proteins.

3.3 Transcriptome studies

In order to appreciate if the information provided by genome analysis is pertinent,
transcriptome studies should also be performed. Our purpose is not to describe the
regulation of CWDE in fungi, but it is essential to determinate efficiency of CWDE
transcription depending on growth conditions. The goal is of course to optimize conditions
leading to high transcription of the required enzymes. This regulation is rather complex,
variable and well described in reviews (as an example see Aro et al., 2005). However, global
characteristics leading to transcription of hydrolases genes are interesting to point out, since
they could be a rational strategy basis for ethanol production. First, and for a long time,
CWDE genes were considered generally as being repressed by glucose (catabolic repression)
and by other released monosaccharides upon polysaccharide hydrolysis (de Vries & Visser,
2001). On the opposite, CWDE are massively expressed when fungi are grown in presence
of polysaccharides and plant material (de Vries & Visser, 2001; Foreman et al., 2003 ; Aro et
al., 2005). However, the view of a strict co-regulation of all CWDE is wrong. Induction of a
given hydrolase goes on as a function of the polysaccharide in contact with the fungus. An
interesting illustration is found in the pea pathogen Nectria hematococca. Two pectate lyases
were found to be involved in pathology (Rogers et al., 2000). The first one was induced by
pectin and repressed in planta, whereas the other was induced in planta but repressed by
pectin. This means that CWDE transcription could be individual and precise. In Fusarium
graminearum, well known as pathogen of cereals, we performed microarray experiments to
test the expression on the whole genome on glucose, cellulose, xylan and hop cell wall
(Carapito et al., 2008). Methods and essential findings are summarized in Fig. 3.

First, some genes were actually found to be over-expressed on polysaccharides
comparatively to their expression on glucose (Fig. 3.). Their number varies depending on
carbon source. CWDE represent also a variable part of overexpressed genes. It is particularly
interesting to note that the largest proportion of CWDE was observed when the fungus was
grown on plant cell wall (19% of overexpressed genes) i.e. the most diverse substrate. It
denotes a strong re-orientation of the metabolism towards cell wall degradation since
CWDE correspond to approximately 0.5% of the genome only. Furthermore, cellulases,
hemicellulases and pectinases encoding genes are quite equally represented as
overexpressed ones when the fungus is grown on plant cell wall, whereas mostly cellulases
were shown to be overexpressed on cellulose and mostly hemicellulases were overexpressed
on xylan. This data suggest that there is no global response to the presence of plant cell wall,
but that the different polysaccharides sent specific signals which are recognized by the
fungus and induce various responses.

3.4 Proteomics

As the number of fungal genome sequenced increase, the number of proteomics studies
increase the same way. The studies are driven for various reasons, but some of them are
devoted to the identification of proteins produced (and most frequently secreted) by fungi
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Fig. 3. Expression of the genome of Fusarium graminearum when grown on different carbon
sources. Microarrays were analyzed and the number of genes overexpressed (p<0.02, fold
change >2) comparatively that after growth on glucose where determined (Table). The
graph represents the repartition of the CWDE (cellulases in yellow, hemicellulases in pink
and pectinases in green) as a function of the substrate used for growth.

in response to plant material. This fact fits well with the purpose of this chapter and is
perfectly summarized by the title of a recent paper: “Plant-pathogen interactions: what is
proteomics telling us” (Mehta et al., 2008). In this paper, is shown that when pathogens are
in the presence of plants, their metabolism is changed to secrete proteins, including CWDE,
potentially involved in plant cell wall degradation. These findings are in perfect accordance
with the conclusion of the transcriptomics studies (see previous section).

We performed a proteomics study with the plant pathogen Fusarium graminearum grown
either on glucose or on a preparation of plant cell wall as the sole carbon source (Phalip et
al., 2005). When it is grown on glucose (Fig. 4.), the fungus secretes a few proteins in small
quantities. When the more complex and diverse plant cell wall is used, the fungus reacts by
secreting a much higher amount of more diverse proteins. Approximately half (45%) of
these are putative CWDE. Furthermore, CWDE identified are able to take in charge the three
cell wall layers: cellulose (11 proteins are putative cellulases), hemicellulose (25) and pectin
(19). These results are also perfectly correlated with transcriptome studies. The fungus
clearly responds to cell wall diversity by enzyme diversity. It could be a good point to keep
in mind when looking for an enzyme cocktail for biomass valorization.
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Fig. 4. Proteomics studies of Fusarium graminearum grown on glucose (A) and plant cell wall
(B). Culture supernatants were concentrated and the equivalent of the same volume of
supernatant was loaded on SDS-PAGE (C). The corresponding proteins were by identified
by Mass Spectrometry and classified thanks to their homologies with protein in databases
(D). The CWDE were further considered as a function of the cell wall layer they degrade (E).

3.5 Enzymatic measurements

Genome, transcriptome and proteome studies lead to interesting but perturbing questions.
Several studies indicate that fungi could secrete up to 50 different CWDE in order to
degrade cellulose, hemicellulose, pectin and, for some of them, lignin. Among these
enzymes, some display the same EC number and/or belong to the same glycosyl hydrolase
family (GH). Why fungi use up so much energy to secrete enzymes with quite similar
activities? Is it true or apparent redundancy?

Several clues indicate that this is apparent redundancy. Most of the CWDE, still putative,
wait for potent substrate specificities characterization. By analogy with the enzymes already
characterized, it means that slightly different specificities are likely to be discovered and
could be essential to complete plant cell wall degradation. Furthermore, quantitative studies
performed on Fusarium hemicellulases demonstrate that on hop cell wall, the expression
level of the 30 putative enzymes varies greatly from 1 (the less abundant) to 1500 (Hatsch et
al., 2006). When another biomass is used for growth, the pattern of secreted enzymes is
different, clearly indicating that there is no “general response” to the presence of plant
material but specific responses to a given biomass. Taken together these studies mean that
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the fungus exhibits a large flexibility in its response. Then it could be thought that the
observed redundancy actually reflects the multitude of different structures of plant cell wall.
Consequently, it is of primary importance that in silico studies should be carefully validated
by enzymatic measurements. For example, an exponential increase of putative CAZY
(Carbohydrate-Active enZYmes) described is observed, but unfortunately only a small
proportion of them are biochemically characterized yet (Cantarel et al., 2009). Whereas
entries in CAZY database increased exponentially from 1999 to 2007 (a 14-fold increase), less
than 10% of them have been enzymatically characterized and less than 1% of the enzyme
structures have been solved. This means that there is a real lack in enzyme knowledge
regarding to the huge potential of new activities undiscovered yet. It should be noticed that
the increasing difference between the number of putative enzymes and well characterized
ones also lead to the possibility of mis-annotation and/or false identification. This
phenomenon has been known for a long time by molecular biologists and correction of
errors and inconsistencies in data bases became an authentic research area (Ghisalberti et al.,
2010). In order to thoroughly characterize the enzyme activities and their capacity to
degrade the complex structures found in plant cell wall, CWDE substrate specificity should
be determined with both artificial and natural substrates. This absolute necessity drives us
to perform the characterization of the enzyme cocktail produced by F. graminearum on hop
cell wall. We used 29 different substrates, poly-or oligosaccharides, natural or artificial
(Phalip et al., 2009). Enzyme activities were evaluated by assays of the products (monomers)
or by their visualization by polysaccharide analysis using carbohydrate gel electrophoresis
(PACE). The conclusion of this study is that the enzymes constituting this cocktail are no
more putative but active on each layer of the plant cell wall. On the opposite, the enzyme
cocktail produced on glucose displays very tiny activities, furthermore on a small number of
substrates. The proof is then provided that to get a large diversity of cell wall degrading
enzymes, it is very important to choose the right substrate for a given fungus to grow.

3.6 Synergy

A relevant feature of CWDE activities is the synergy observed between them. Typically an
endo-enzyme acts randomly on the polysaccharide to yield oligomers. These oligomers are
numerous for a single starting polysaccharide and their extremities are hydrolyzed to di- or
monosaccharides by exo-acting enzymes. Accessory enzymes (debranching or
desubstituting) proceed if necessary and all three kinds of enzymes work together. Synergy
leads to the concept of “Minimal enzyme cocktail”, i.e. a few selected enzymes (Sorensen et
al., 2007), supposed to be sufficient for the complete digestion of plant cell wall. This paper
described efforts performed to digest the more efficiently wheat arabinoxylan to arabinose
and xylose. Starting from an “enzymatic base” (a B-xylosidase, and three endo-B-xylanases),
they screened three different arabinofuranosidases to enhance substrates digestion. AbfIII
was found to be the best enzyme when used alone (Fig. 5). Addition of AbfI significantly
increased hydrolysis yields, although in different extent depending on the substrate used.
Addition of the three arabinofuranosidases together did not improve the yields further. The
strategy used and the results obtained clearly support the view of the necessity of a rational
design of the process leading to ethanol. In other words, such a study has to be repeated
when another biomass is concerned. Would the same enzyme be as efficient with the other
substrate? Only experiments could address this question. Nevertheless, this study indicates
that the starting biomass influence the choice of the enzymes to be used. For the complete
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Fig. 5. Yields of arabinose and xylose released from different substrates (substrates are
indicated below each pyramid). Base mix of enzyme (top of each pyramid) is constituted of
a xylosidase and three endo-B-xylanases. Arfl, Afrl and ArfIll are three
arabinofuranosidases belonging to GH (glycosyl hydrolase) families 51, 43 and 51,
respectively. As described in the top left pyramid, the more different enzymes were added,
the more the result is shown at the bottom of the pyramid. Yield superior to 100% was due
to pretreatment. Adapted from Sorensen et al., 2007.

digestion of a plant biomass, minimal enzyme cocktails for all kind of polysaccharide are
required. Note that Section2 of this chapter concludes to a great diversity of cell wall fine
structures leading to design of much larger and much diverse cocktails.

4. Conclusions and future prospects

Studies of cell wall and CWDE presented in this chapter could be summarized by the same
word: diversity. But how the previously mentioned studies inform us about the right
strategy driving efficiently from biomass to ethanol? This will be discussed below.

We demonstrated for the first time that the exoproteome of Fusarium graminearum grown in
presence of plant material was rich in various CWDE: more than 80 different proteins, half
of them being putatively involved in cell wall digestion were recovered from culture
supernatant (Phalip et al., 2005). It is noticeable that later, rather the same number of
proteins was found to be secreted by Trichoderma reesei grown on corn cell wall (Nagendran
et al., 2009). Commercial preparation Spezyme® used for biomass hydrolysis contains also
more than 80 different proteins. All these data corroborate the concept of using complex
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enzyme cocktails for complete biomass hydrolysis. A thorough analysis of Fusarium and
Trichoderma proteomes reveals some differences between them. For instance, Fusarium
secretes enzymes belonging to 29 different GH families and 6 pectate lyases whereas
Trichoderma’s exoproteome exhibits 22 GH families but no pectate lyase. Furthermore, only
14 GH families are present in both proteomes (Fig 6), 15 are recovered in Fusarium but not in
Trichoderma and 8 are only found in Trichoderma. These are convincing arguments that in a
strategy meant to produce bioethanol from various sources, the design of a biomass to
ethanol process should be optimized for each couple biomass/fungus.

GH3
GH5 GH28
GGH"'76 GH54
ch1o  GHSS
GH12 GHe2

GH16 GH74
GH18

T. reesei on corn cops F. graminearum on hop cell wall

Fig. 6. Nature of putative secreted CWDE found in Trichoderma reesei grown on corn cops
(left; Nagendran et al., 2009) and in Fusarium graminearum grown on hop (right; Phalip et al.,
2005).

We studied the patterns of enzymes produced by F. graminearum on four different
lignocellulosic biomasses, two poorly lignified (wheat bran and corn cobs) and two highly
lignified (hop and birch). Each enzyme cocktail was thereafter used for long-term
hydrolyses of the ammonia pretreated four biomasses (16 combinations). The oligo- and
mono-saccharides (end products) have been characterized. Their patterns showed variations
depending on the nature of the biomass used for growth. Accordingly, different enzyme
activities were measured on different culture supernatants. For example, enzymes produced
when grown on birch, were efficient with pretreated birch and hop in a lesser extent but
were also the most efficient for poorly lignified biomasses. Furthermore, the proteins
produced in each condition were identified by mass spectrometry. As shown in Fig. 7, the
number of unique proteins recovered in supernatants varies greatly from 25 on birch to 72
on hop (14 for the monosaccharide glucose). More interesting is that 80% (20/25) of the
proteins recovered on birch corresponds to CWDE whereas only 19% of the proteins are
putatively active on polysaccharides with corn cops for growth (0 on glucose). Finally,
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Fig. 7. Number of unique proteins and CWDE identified by mass spectrometry in culture
supernatants after growth on wheat bran, corn cops, hop, birch and glucose.

among the 43 CWDE identified during this experiment, not less than 32 were recovered in
one culture condition only, 11 were produced in at least two conditions and only 2 were
present for each growth conditions (hop, birch, corn cops and wheat bran). Therefore, the
fine specificities of the CWDE towards polysaccharides are directly induced by the different
lignocellulosic biomasses used for growth.

Of course, even if the couple biomass/fungus is rationally chosen, one could not exclude that
the microorganism does not produce a set of keys enzyme(s) for the peculiar biomass to be
completely split up. In this case, mixing two (or more) enzymes crude cocktails could be a very
good alternative as illustrated by Gottschalk et al. (2010). Enzymes from Trichoderma reesei
grown on corn steep liquor and Aspergillus awamori grown of wheat bran have been obtained.
The cocktails display different hydrolytic activities and blends of both led to enhancement of
some synergic activities up to a 2-fold factor. It is also observed that their association improved
glucose release from steam-treated sugarcane. The authors notice that T. reesei cocktail was
better for cellulose hydrolysis and A. awamori was better for xylan hydrolysis. This is obviously
a very good argument for a fungal specific response towards a given biomass. The same kind
of concept could also be extended by using one of the rare lignin-degrading fungi,
Phanerochaete chrysosporium (Kersten & Cullen, 2007) in association with another one providing
great amount of CWDE. Lynd et al. (2008) suggest that replacing chemical pretreatment by
enzymatic one could be a way to explore to improve the process. Furthermore, proceeding this
way is mimicking nature diversity since fungi are often associated in communities acting in
synergy for the degradation of plants. Furthermore, Wei et al. (2009) claims rightly that “the
plant-microbe-enzyme relationship is the foundation of plant biomass degradation in natural
environments”. They mean that plant cell wall is naturally degraded by a community of
microorganisms. Efficient processes from “biomass to ethanol” could advantageously use this
property, of course by means of accelerating the natural process.

Many studies have been performed aiming to get huge quantities of individual enzymes,
mostly cellulases. Actually, high quantity of enzyme input is not the panacea since



Competing Plant Cell Wall Digestion Recalcitrance
by Using Fungal Substrate- Adapted Enzyme Cocktails 235

saturation of sugar yields due to increasing enzyme charge is often observed (see Sorensen
et al,, 2007 as an exemple). After reaching the plateau, adding more enzymes did not
improve yields anymore. A real diversity of enzyme responding to that of cell wall is better
to overcome cell wall recalcitrance for full degradation. Although fungi naturally secrete
small amounts of enzymes in liquid cultures, solid state fermentation (SSF) is preferable as
an accurate solution for increasing enzyme production yield at the industrial level.
Furthermore, a lot of different biomasses, including wastes, have been proved to support
fungal growth and to promote CWDE production. The “waste-to-energy” technology was
recently reviewed (Bemirbas et al., 2011) and the authors underlined that as population and
urbanization increase, the amount of wastes increased regularly. As described elsewhere in
this volume (Verardi et al., 2011; Xavier et al., 2011), wastes included municipal solid waste,
paper wastes and also agricultural and forestry by-products, all containing lignocellulosic
material.

For sustainable development, we strongly encourage the concept of local small units of
bioethanol production. Gnansounou & Dauriat (2010) evoke the necessity of “low-risk
biorefineries” in opposition to “complex schemes” production units. Therefore biomass
should be easily available, preferentially composed of wastes, transports as limited as
possible, wastes almost totally used and co-products fully valorized.

As a conclusion, seeking a universal process for total hydrolysis of all kind of biomasses is
utopian. Rather, there is an appropriate methodology to follow, described in this chapter,
considering the biomass to be treated and the co-products to be valorized in the respect to
sustainable development. This point is perfectly illustrated by Saxena et al., (2009). For every
step of biomass conversion, starting by the biomass choice, there are multiple routes for
hydrolysis technology, monomers produced, microorganism used for fermentation and by-
product formed. In this volume, Xavier and al., 2011 underline the necessity of a specific
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pretreatment for each biomass to be digested. This means that an industrial process should
be developed by taking into account the nature of biomass, and consequently the enzymes
necessary for its digestion and the down-stream processes.

Fig. 8 summarizes the views developed in this chapter. Taking into account fundamental
research, a couple biomass / fungus is chosen. The fungus is grown on the biomass and
produced a cocktail rich in CWDE (A). After adding maybe another cocktail (or individual
enzymes; see also Verardi et al, 2011), the enzymes are used to digest the pretreated
biomass (in a first approach, the same biomass that the one used for growth), yielding
diverse fermentescible sugars in quantity (B). The latter are taken in charge by
microorganisms to produce ethanol (C).
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1. Introduction

Lignocellulose, starch, sucrose, and macroalgal biomass are different forms of plant biomass
that have been exploited for bioethanol production. Among them, lignocellulose, found in
both agricultural and forest waste, has attracted great attention because of its relative
abundance in nature (Lynd et al. 2002). Lignocellulose is a complex polymer made up of
cellulose, hemicellulose, and lignin. Efficient conversion of lignocellulose into bioethanol
involves a series of steps, namely, the collection of biomass; pretreatment to dissolve lignin;
size reduction to reduce the number of recalcitrant hydrogen bonds; enzymatic
saccharification to yield simple sugars; and, finally, fermentation of the sugars to ethanol. The
main hurdle in this process is the lack of low-cost technology to overcome the recalcitrance
associated with lignocellulose (Lynd et al. 2002; Himmel et al. 2007; Xu et al. 2009).
Pretreatment is needed to dissolve the lignin, and enzymes such as xylanases are needed to
hydrolyze the hemicellulosic fraction that otherwise would prevent cellulases from accessing
the cellulose (Wen et al. 2009) (Fig 1A). The half-life of crystalline cellulose at neutral pH is
estimated to be one hundred million years (Wilson 2008). A cocktail of saccharification
enzymes—with endoglucanases, exoglucanases and f-glucosidases forming the major
portion—is needed to disrupt the chemical stability of cellulose. The physical stability of
lignocellulose, rendered by hydrogen bonds formed between adjacent cellulose polymers, is
still a major obstacle to the efficient hydrolysis of cellulose. An additional challenge in cellulose
hydrolysis is the relatively poor kinetics exhibited by cellulases (Himmel et al. 2007).
Cellulases have lower specific activities than do other hydrolytic enzymes, because their
substrate (cellulose) is insoluble, crystalline, and heterogeneous (Fig 1B) (Zhang and Lynd
2004; Wilson 2008). Activity of each of the cellulases in complex enzyme cocktails is inhibited
by intermediates—such as cello-oligosaccharides and cellobiose, produced during cellulose
hydrolysis—leading to discontinuity in the process. For example, exoglucanase action yields
cellobiose, which inhibits endoglucanase (Fig 1C) (Lee et al. 2010).
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Fig. 1. (A) Schematic representation of the barriers to access the cellulose present in plant
cell wall. Adapted from Biotechnology and Bioengineering (Zhang and Lynd 2004). (B)
Degree of solubility of various forms of cellulose. CD, cellodextrin; SS CDs, Semi soluble
CD; CT, cotton linters; FP, filter paper; P, wood pulp; BC, bacterial cellulose; BMCC,
bacterial microcrystalline cellulose; PASC, phosphoric acid swollen cellulose; NW, natural
wood; NC, natural cotton. Reproduced with the permission from Biotechnology and
Bioengineering (Zhang and Lynd 2004). (C) Schematic representation of enzymatic
hydrolysis of cellulose.

Despite these hurdles, several species of Clostridium, Trichoderma, and Aspergillus can
efficiently degrade cellulose. Exploitation of the innate potential of the microbial world
might be an economical alternative to overcome the recalcitrance associated with
lignocellulose (Alper and Stephanopoulos 2009). Two major strategies have been employed
to hydrolyze lignocellulose by using microbial consortia. In the first strategy, native
cellulolytic organisms like Clostridium spp. are engineered to produce bioethanol. In another
approach, cellulolytic ability is imposed on efficient ethanol producers such as Escherichia
coli, Saccharomyces cerevisiae, and Zymomonas mobilis (Xu et al. 2009). This chapter focuses
mainly on the cellulolytic systems that have been engineered into recombinant
microorganisms.

2. Enzymatic hydrolysis of lignocellulose

In native cellulolytic organisms, enzymes needed for cellulose hydrolysis—xylanase,
endoglucanase, exoglucanase, and f-glucosidase—are expressed either separately or in
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complexes called cellulosomes (Fig 2). Noncomplexed cellulase systems are characteristic of
cellulolytic aerobic bacteria (such as Bacillus spp.) and fungi (such as Trichoderma spp.)
(Lynd et al. 2002). Endoglucanase hydrolyzes amorphous cellulose randomly, leading to the
formation of cello-oligosaccharides of varying chain length. Exoglucanases are highly
selective enzymes and act on either the reducing or the nonreducing end of cello-
oligosaccharides to liberate glucose or cellobiose, respectively. f-Glucosidase hydrolyzes
cellobiose into its glucose monomers (Lynd et al. 2002). Cellobiose inhibits both
exoglucanase and endoglucanase. Hence, f-glucosidase plays an important role in the
overall process, because it prevents the accumulation of cellobiose (Shewale 1982).
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Fig. 2. (A) A model of cellulosome. (B) Synthetic scaffoldin favors arrangement of cellulases
with higher activity in close proximity and hence would favor a proper synergy.
Reproduced with a permission from Annals of New York Academy of Science (Doi 2008).

Anaerobic bacteria such as Clostridium spp. usually produce complexed cellulases called
cellulosomes. In cellulosomes, individual enzymes attach to a scaffoldin with their dockerin
domains, while exposing the cellulose-binding domain. This complex enables proper
synergy among endoglucanase, exoglucanase, and p-glucosidase. (Bayer et al. 1998). Several
chimeric scaffoldins have been engineered to position enzymes of higher activity together,
and thereby increase the overall hydrolysis efficiency (Fig 2B) (Wen et al. 2009). Even
though the large size of the cellulosomes restricts them to only the most readily accessible
regions of cellulose, cellulosomes can hydrolyze cellulose more efficiently than free
cellulases can (Wilson 2009).

Engineering efforts to increase the efficiency of cellulases and to enhance their kinetic
properties have focused mainly on improving the specific activity by improving the
thermal or the pH stability of the enzymes (Wen et al. 2009). However, a more important
parameter to consider is the efficiency of access to the cellulose interior. While the active-
site plays an essential role in other hydrolytic enzymes, the cellulose-binding domain
constitutes the key module for cellulases (Bayer et al. 1998). In fact, the cellulose-binding
domain determines the type of cellulase. Several efforts to establish a kinetic model for
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cellulose hydrolysis have failed because of the heterogeneous nature of the cellulosic
substrate and the need for multiple enzyme activities (Kadam et al. 2004). In addition to
enzyme-substrate proximity, enzyme-enzyme synergy should be considered as a factor
for the efficient hydrolysis of cellulose. Whether any relationship or correlation between
the crystallinity of lignocellulose and the rate of enzymatic hydrolysis exists remains
unclear (Zhang and Lynd 2004). Moreover, the mechanism of cellulose hydrolysis remains
incompletely understood, because some groups of cellulases have both exoglucanase and
endoglucanase activities.

The low processivity of cellulases demands that the enzymes be replenished several times
during the saccharification process. The economic feasibility of enzymatic hydrolysis of
lignocellulose to simple sugars is limited by the poor kinetic properties of the enzymes. The
use of cellulase-secreting microbes could be an economical alternative to the enzymatic
saccharification process. With microbes, the enzymes can be continuously produced,
secreted, and used to hydrolyze cellulose into simple sugars that could be directly
fermented to ethanol (Fig 3). Thus, microbial fermentation of lignocellulose offers greater
promise for economical bioethanol production.

3. Native cellulolytic organisms

The quest for cellulolytic organisms has recently gained increased interest because of the
potential to circumvent the cost of enzymes used for cellulose hydrolysis. An ideal host
for cellulosic ethanol production should possess certain traits, such as a broad substrate
range (utilizing both pentoses and hexoses), high productivity, and tolerance to both
ethanol and toxic compounds of lignin (Fischer et al. 2008). In order to identify desirable
organisms for cellulosic ethanol production, naturally evolved cellulose-degrading
microbes have been characterized from several sources, including the rumen of cattle and
the gut of insects, and even from marine environments (Hess et al. 2011). However, most
of these microbes cannot be cultivated with synthetic media in the laboratory. Hence,
DNA isolates were directly sequenced and putative carbohydrate-hydrolyzing genes were
identified (Hess et al. 2011). With this metagenomic approach, identification of microbes
suitable for cellulosic fuel production has not been possible, because our current
knowledge of the genes is limited.

Well-characterized native cellulolytic organisms include Cellulomonas fimi, Fibrobacter
succinogenes, Ruminococcus albus, and C. thermocellum. Among these, C. thermocellum is of
considerable importance, because it is recognized as a “cellulose-using specialist” (Zhang
and Lynd 2005). Cellulolytic organisms produce many isoforms of the three different
cellulases. T. reesei, for example, can secrete five endoglucanases, two cellobiohydrolases,
and two p-glucosidases. Apart from cellulases, these organisms also secrete adhesion
proteins like glycocalyx, which enables strong adhesion of the cellulolytic organisms to
cellulose (Lynd et al. 2002).

Despite the diversity of cellulolytic organisms, none of these organisms are known to produce
ethanol efficiently (Xu et al. 2009). Even as the search for a cellulolytic organism with the
ability to produce ethanol continues, another strategy would be to engineer efficient ethanol
production into cellulolytic organisms such as Clostridium spp. (Lynd et al. 2005). However, a
lack of proper genetic tools for manipulating these uncommon laboratory strains and very
limited knowledge of their genotypes have resulted in a need to engineer the cellulolytic
ability into efficient ethanol producers such as S. cerevisiae, E. coli and Z. mobilis.
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4. Recombinant cellulolytic organisms

Because the specific activity of cellulase enzymes is at least two-fold lower than that of other
hydrolytic enzymes such as starch-hydrolyzing enzymes (Zhang and Lynd 2004; Wilson
2008), even native cellulolytic organisms must produce a high titer of cellulase to efficiently
hydrolyze cellulose. The need for synthesis of a large quantity of cellulases is a “metabolic
burden,” even to native cellulolytic organisms (Zhang and Lynd 2005). Thus, heterologous
expression of cellulolytic enzymes in industrial ethanol-producing hosts such as S. cerevisiae,
E. coli and Z. mobilis is especially challenging. Despite these obstacles, several recombinant
strains have been engineered for efficient cellulosic ethanol production.

4.1 S. cerevisiae

Yeast is an efficient industrial host with a high productivity of ethanol and with well-
developed genetic tools. However, yeast does not possess endogenous cellulolytic ability.
Several heterologous cellulases have, therefore, been expressed in yeast for direct
conversion of cellulose into ethanol. Endoglucanase genes from Bacillus spp. were
successfully integrated (randomly, at approximately 44 sites) into the chromosome of yeast,
resulting in the direct conversion of cellodextrin into ethanol (Cho et al. 1999).

With the advent of cell-surface display technologies, it has become possible to express
artificial cellulosomes (rather than free cellulases) in yeast. Cellulosomes facilitate the
assembly of different cellulolytic enzymes in close proximity, and thereby favor a proper
synergy between the enzymes (Tsai et al. 2010). Surface display of endoglucanase from T.
reesei and f-glucosidase from A. aculeatus in yeast helped in the successful conversion of
barley f-glucan into ethanol with 93% of the theoretical yield and without any pretreatment
(Fujita et al. 2002). Co-displaying the exoglucanase from Aspergillus spp. along with the
endoglucanase and f-glucosidase in yeast has resulted in the direct conversion of
amorphous cellulose into ethanol (Fujita et al. 2004; McBride et al. 2005). Very recently,
recombinant yeast has been further modified to express p-glucosidase within the cell. A
high-affinity transporter for cellobiose and cellodextrin has also been cloned into the
recombinant yeast. This strain co-metabolizes xylose and cellobiose more efficiently (Ha et
al. 2011).

Although several studies have demonstrated efficient ethanol production from amorphous
cellulose, attempts to engineer yeast to hydrolyze crystalline cellulose have been
unsuccessful because of low exoglucanase activity (la Grange et al. 2010). The exoglucanase
and p-glucosidase activities in recombinant cellulolytic yeast strains are insufficient to
support growth with cellulose as a sole carbon source. Hence, a synthetic yeast consortium
has been developed with four engineered yeast strains, each expressing either the scaffoldin
from Clostridium spp. and Ruminococcus spp. or the three enzymes, namely, exo- and
endoglucanases from Clostridium spp. and p-glucosidase from Ruminococcus spp. (Fig 4)
(Tsai et al. 2010). However, investigators have been unable to completely decipher the
efficiency of the synthetic consortium, because the ratio of the different cellulases needed for
a proper synergy has not been established. A cocktail 8-integration tool has been developed
in yeast to predict the optimum ratio of different cellulases, but with little success (Yamada
et al. 2010).

Another major problem with recombinant cellulase expression is that heterologous
cellulases are made to function at a suboptimal temperature. The optimal temperature for
the growth of recombinant hosts is 37°C, but cellulases are more active at temperatures
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above 50°C. Therefore, the thermotolerant yeast Kluyveromyces marxianus has been engineered
to display thermostable endoglucanase and p-glucosidase on its surface. This engineered,
thermostable yeast ferments p-glucan directly to ethanol at 48°C (Yanase et al. 2010).

4.2 E. coli

The broad substrate range of E. coli, together with its ample genetic tools and its substantial
fermentation capacity, renders the species to be a potential candidate for bioethanol
production. E. coli, with chromosomally integrated genes encoding pyruvate decarboxylase
and alcohol dehydrogenase, is an efficient ethanol producer (Ohta et al. 1991). Several attempts
have been made to engineer cellulolytic ability in ethanologenic E. coli. The species also has
endogenous cryptic genes for cellobiose metabolism and an endoglucanase for the hydrolysis
of soluble cellulose (Park and Yun 1999; Kachroo et al. 2007; Vinuselvi and Lee 2011).
Achieving a higher extracellular titer of cellulases is a bottleneck in the development of a
recombinant cellulolytic E. coli for ethanol production. E. coli does not have a proper protein
secretion system (Shin and Chen 2008). Because E. coli is a gram-negative bacterium, it has
an outer membrane rich in peptidoglycan, which acts as a barrier for protein secretion. The
extracellular protein concentration observed with E. coli is 0.0088 g/L, one hundred-fold less
than that observed with native cellulolytic organisms (Qian et al. 2008; Xu et al. 2009;
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Vinuselvi et al. 2011). Gram-negative bacteria possess five different protein-export pathways
(Types I-V), two of which are found in E. coli (Type I and Type II).

Several attempts have been made to increase the extracellular titer of recombinant proteins
in E. coli: by exploiting the Sec/ TAT signal sequence (Zhou et al. 1999; Angelini et al. 2001),
by fusion of recombinant proteins with extracellular proteins such as OsmY (Qian et al.
2008), or by increasing membrane permeability (Shin and Chen 2008). Cellulase secretion in
E. coli has been achieved through the expression of endoglucanase, along with the out genes
of Erwinia chrysanthemi, under the control of a surrogate promoter (Zhou et al. 1999).
Deletion of Ipp weakens the outer membrane, allowing any proteins targeted to the
periplasmic space to be secreted into the medium. Approximately 70% of the cellulases
produced were secreted into the medium in an Ipp knockout E. coli strain (Shin and Chen
2008). Several studies have used OsmY as a fusion partner for recombinant protein secretion
in E. coli. However, this technique has not been exploited for cellulase secretion because of
the large size of cellulases (Aristidou and Penttild 2000; Qian et al. 2008) (Fig 5).
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Fig. 5. Schematic representation of the strategies used for extracellular secretion of
recombinant proteins in E. coli. (A) Membrane disruption using detergents or through Ipp
deletion increases membrane permeabilization and the periplasmic proteins are leaked into
the extracellular space. (B) Use of OmpF fusion proteins helps in the secretion of small
proteins. (C) out gene of Erwinia encodes for a bacteriocin release protein pore which helps
in the secretion of the periplasmic proteins. (D) Use of SEC/TAT pathway signal sequence
favors direct secretion of cellulases into the medium. Reprinted with a permission from
Applied Microbial Biotechnology (Choi and Lee 2004).

The cellobiose metabolic operon from Klebsiella oxytoca has been introduced into E. coli, but
the expression level of the cellobiose transporter and metabolic genes was poor, and hence
could not support the growth of E. coli on cellobiose (Moniruzzaman et al. 1997). Cellulases
from several species of Clostridium, Bacillus, Cellulomonas, and Ruminococcus have been
expressed and characterized in E. coli (Hinchliffe 1984; Zappe et al. 1986; Fierobe et al. 1991;
ReverbelLeroy et al. 1996; Lam et al. 1997; ReverbelLeroy et al. 1997; Lee et al. 2008; Li et al.
2009). Co-expression of endoglucanase from B. pumilus and p-glucosidase from
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Fervidobacterium spp. in E. coli favored growth of the recombinant strain, with soluble
carboxymethyl cellulose (CMC) as the sole carbon source (Rodrigues et al. 2010).

4.3 Z. mobilis

Zymomonas is an efficient ethanol producer, together with a higher tolerance to ethanol and
to several inhibitory substances of lignin. Zymomonas species also possess a gene that codes
for cellulase (Rajnish et al. 2008). While protein secretion is not a hurdle in Zymomonas spp.,
a major difficulty arises with the lack of amenable genetic tools for the introduction or
modification of a gene (Linger et al. 2010). Two cellulases from Acidothermus cellulolyticus
have been expressed in Z. mobilis, and a significant amount of secretion was observed when
they were fused with predicted N-terminal signal peptides of Z. mobilis (Linger et al. 2010).
Endoglucanases from different cellulolytic organisms such as Cellulomonas spp., Enterobacter
cloacae, Pseudomonas fluorescens, and Erwinia spp. have been expressed in Z. mobilis.
However, none of these cellulases were secreted efficiently (Lejeune et al. 1988; Misawa et al.
1988; Brestic-Goachet et al. 1989; Thirumalai Vasan et al. 2011).

5. Future of cellulosic ethanol

An Ideal Biofuel Producing Microorganism (IBPM) should possess four important traits: it
should be able to carry out (1) biomass degradation and (2) product formation; (3) it should
show tolerance to solvents, and (4) it should serve as a chassis organism for rapid growth in
the bioreactor (French 2009). Chassis organisms, such as yeast and E. coli, are well
characterized. Commercial bioethanol has been produced from sugarcane by yeast. In
addition, E. coli and Z. mobilis are progressing as efficient ethanol producers. A current
challenge is to engineer biomass degradation (cellulolytic) ability. Further, investigators seek
to enhance tolerance to harsh conditions that arise during cellulose fermentation, such as
substrate and product toxicity. In particular, the chassis organism should have enhanced
tolerance to toxic compounds of lignin. Classical strain improvement through long-term
adaptation and mutagenesis may be an effective way to increase the tolerance to harsh
environments, such as ethanol or lignin, because the mechanisms of toxicity and tolerance are
largely unknown (Fischer et al. 2008).

Engineering cellulolytic ability into recombinant hosts has long been a challenge. The
number of cellulase genes that should be cloned into the recombinant host remains unclear
(Vinuselvi et al. 2011). The main obstacle to developing a recombinant cellulolytic host is the
inability of hosts to support expression and secretion of a sufficient quantity of cellulases.
Although cellulase expression is well established in yeast, there is no known study
demonstrating direct conversion of plant biomass into ethanol. Despite the characterization
of several cellulases in E. coli, a cellulolytic cassette containing all three cellulases has not
been established for E. coli. Furthermore, efficient genetic tools are still lacking for
Zymomonas, limiting its potential to be engineered with a heterologous gene.

One way to address the problems associated with heterologous cellulase expression and to
reduce the metabolic burden imposed by the expression of cellulolytic enzymes in
recombinant hosts would be the development of a well-defined synthetic consortium with
two efficient players—native cellulolytic and solventogenic organisms—acting together. A
high level of expression of multiple heterologous proteins would impose a heavy metabolic
burden on the host. With a synthetic consortium, this burden could be shared by different
species or by different strains of the same species. A co-culture of these strains to produce a
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cellulase cocktail would, therefore, reduces the overall metabolic burden and increase the
ethanol yield (Brenner et al. 2008). Synthetic biology also offers superior inducible systems,
such as light-inducible promoters and the fim inversion system, which are capable of
providing spatiotemporal changes in gene expression (Levskaya et al. 2005; Ham et al. 2006).
With such systems, it is possible to regulate the expression of genes with time and,
potentially, to help reduce the metabolic burden imposed on the recombinant host (Drepper
et al. 2011). Using metabolic engineering and synthetic biology, Steen et al. (2010) have
developed a promising way of causing E. coli to produce more complex biofuels—fatty
esters and fatty alcohols—directly from hemicellulose, a major component of plant-derived
biomass (Fig 6). This study is representative of the recent progress in cellulosic fuel
production. However, the possibility of increasing the productivity of such advanced
biofuels remains a significant challenge.
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Fig. 6. Schematic representation of the new pathways engineered into recombinant E. coli for
the production of advanced biofuels from hemicellulosic fraction of plant biomass. This
recombinant strain is a representative candidate proving the potency of synthetic biology and
metabolic engineering to develop a cellulosic ethanol producer. TES, thioesterase; ACL, acyl-
CoA ligase; FAR, fatty acyl-CoA reductase; AT, acyltransferase; pdc, pyruvate decarboxylase;
adhB, alcohol dehydrogenase; AcAld, acetaldehyde; EtOH, ethanol; pyr, pyruvate; xyn10B &

xsa, xylanase. Overexpressed genes or operons are indicated; green triangles represent the
lacUV5 promoter. Reproduced with a permission from Nature (Steen et al. 2010).

6. Conclusions

Cellulosic bioethanol is gaining importance to circumvent the oil crisis and climate change.
However, two major problems remain to be solved, in order to produce cellulosic ethanol
economically. One problem is the high price of the cellulolytic enzymes used in the
saccharification of lignocelluloses. The other problem is that the traditional saccharification
and fermentation for bioethanol requires huge initial capital investment and operational
cost. Consolidated bioprocessing presents a desirable way to produce bioethanol
economically from lignocellulose. Microorganisms such as Trichoderma spp. and C.
thermocellum effectively challenge the recalcitrance of lignocellulose, whereas microbes such
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as yeast and Z. mobilis can produce ethanol more efficiently. Several attempts have been
made to combine these two abilities into a single organism, but with little success. Recent
progress in synthetic biology, metabolic engineering, and protein engineering gives hope
that the goal of generating cellulosic ethanol with a single organism may not be far from
reality.
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1. Introduction

Along with the maturity of the production technology (i.e., fermentation) for a long
history, bioethanol has become one of the most significant chemicals and energy carriers
in large quantity derived from biomass. Although ethanol production from non-food
resources remains challengeable for scientists, how to utilize ethanol in an efficient and
economical way opens more space for all researchers both from industry and academia to
play with.

Hydrogen is likely to play an important role in the energy portfolio of the future due to its
high gravimetric energy density. Especially when it is used in fuel cells, it is an ideal energy
carrier that can offer clean and efficient power generation. In the United States, ~95 % of
hydrogen is produced using a steam reforming process [1]. Over 50% of world’s hydrogen
production relies on natural gas as the feedstock [2]. As the concern for a sustainable energy
strategy grows, replacing natural gas and other fossil fuels with renewable sources is
gaining new urgency. In this context, producing hydrogen from bio-derived liquids such as
bio-ethanol has emerged as a promising technology due to the low toxicity, ease of handling
and the availability from many different renewable sources (e.g., sugar cane, switchgrass,
algae) that ethanol has to offer. An added advantage of producing hydrogen from bio-
derived liquids is that it is quite suitable for a distributed production strategy.

This chapter is aimed to provide a big overview of the current technologies for catalytic
hydrogen production from bioethanol while focusing the discussion on the hydrogen
production through steam reforming of bioethanol over non-precious metal based catalysts,
more specifically, cobalt-based catalysts. By combing the work performed at the author’
laboratories, this chapter will also provide the professional insights on the future
development direction of such technologies. Through the estimated economic analysis of
this process simulated at industrial scale, the ways of final commercialization of the
developed catalyst system specially tailored for central and distributed hydrogen
production from steam reforming of bioethanol will be suggested.

2. Production technology overview

Multiple techniques have been developed during the past decades to convert bioethanol to
hydrogen by following the reaction (1).

CoHsOH() +3H,0p 2CO,+6H,  (AH; a0k = 348 kJ/mol) (1)
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It is clearly observed that 6 moles of hydrogen can be produced per mole of ethanol fed.
However, the highly endothermic feature of this reaction requires external energy supply.
Depending on the type of energy input, the current hydrogen production technologies can
be categorized into two areas: non-thermal including bio, photo, plasma, and thermal-
chemical processes. Besides, several hybrid systems have also been recently developed to
produce hydrogen relying on the energy supply of more than one source (e.g., photo-
fermentation and thermal plasma). Compared to thermochemical conversion, non-thermal
hydrogen production can take place at much mild conditions with minimal thermo-energy
input requirement from surroundings. However, the biological or photo hydrogen
production efficiency is much lower than acceptable scale for industrial application. Unlike
biological or photo process, thermochemical conversion can happen at much higher reaction
rate, but under relatively severe conditions (e.g., high temperature and pressure) with
notable amount of thermo-energy input. In addition to water, CO; (dry reforming) and O;
(partial oxidation or oxidative reforming) can also act as oxidant to oxidize ethanol for
hydrogen production. Among all the available techniques described in details in this
section, steam reforming might possess the highest potential to be commercialized in the
near term.

2.1 Fermentative hydrogen production

In this process, metabolically engineered microorganisms such as bacteria convert ethanol to
hydrogen under the facilitation of hydrogenase enzymes which are metalloproteins,
containing complicated metal active centres that catalyze the interconversion of protons and
electrons with dihydrogen. According to literature reporting [3-5], two major classes of
hydrogenases are recognized based on their metal active sites: [FeFe] and [NiFe]. Depending
on whether light will be involved, this biological hydrogen production process can be
simply classified as photo- and dark-fermentation processes [6].

During the photo-fermentation process, the hydrogenase enzyme synthesized and activated
under dark anaerobic condition is used to convert ethanol to biohydrogen under light
anaerobic condition. Since the light acts as the energy source, the consumption rate of
substrate is less than that required for dark fermentation. However, the hydrogen efficiency
will be dramatically reduced in the presence of oxygen concurrently produced through
photosynthesis by bacteria, which has been evidenced by many researchers [7].
Furthermore, the ultra-violet wavelength radiation requirement and relatively slower
production rate limit its industrial application at large scale.

Under the dark operation environment, there is no risk for hydrogenases exposed to
oxygen, which makes the hydrogenase enzymes remain active throughout the whole
process, leading to more efficient hydrogen production. Compared to photo-fermentation,
the inherent continuous and fast production feature makes dark anaerobic digestion
economically promising for industrial scale practice. In recent years, many publications
have reported their efforts spent on optimization of operation parameters, development of
genetically modified microorganism, metabolic engineering, improvement of reactor
designs, use of different solid matrices for cell immobilization, etc. to maximize hydrogen
yield. Among many considerations, the blockage of methanogenesis in the anaerobic
pathway is crucial to improve hydrogen selectivity through the inhibition of methane
formation.
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2.2 Photocatalytic hydrogen production

In addition to biological process, photocatalytic oxidation of ethanol provides alternative
interesting approach to generate hydrogen. Similar to photo-fermentation where enzyme is
used to catalyze the conversion, solar energy is again utilized to offer sufficient power to
produce hydrogen from ethanol under the facilitation of inorganic catalyst. Among many
catalysts documented in the literature, TiO, [8-10] is the most commonly used catalyst base
due to its excellent photoreactivity which has a suitable band gap for efficient light photon
absorption. Upon radiation, the electron contained in a semiconductor such as TiO; will be
excited and transferred from valence band to conduction band, resulting in the creation of
an electron-hole pair and in turn providing an active site for redox reaction. As shown in
Figure 1, reaction (1) is a typical redox reaction where H,O serves as the oxidant to oxidize
ethanol while itself being reduced to H,. The adsorbed ethanol and water species will react
with each other on the surface of the active sites of the synthesized photocatalyst to produce
H,. Usually, certain amount of active metal (noble metal or transition metal) will be loaded
to the TiO, support to promote its photoactivity. According to the publications, Cu, Ni, V,
Pt, Pd, Rh, Au, Ir, and Ru have been tested [11-14], among which Pt doped TiO, exhibits the
highest photoactivity toward hydrogen production from bioethanol. Various synthesis
methods have been successfully demonstrated to get TiO, supported catalyst with desirable
particle size and morphology for hydrogen generation maximization. Besides TiO;
supported catalyst, there are multiple other novel semiconductors being developed recently
for effective hydrogen production including CdS [15], VO [16], WO;3 [17], and ZnSn(OH)s
[18]. Nevertheless, the hydrogen production efficiency from catalytic ethanol oxidation still
remains at very low level probably due to two facts: the fast recombination rate of the
created electron-hole pairs and the low photon absorption efficiency at visible light range.
Although hydrogen evolution rate of 21 mmol/get/h has been reported and is the fastest
rate claimed so far in the literature [19], it is still significantly lower than that obtained from
thermochemical ethanol conversion. Therefore, the technical breakthrough is required in the
field of photocatalysis before the commercialization of this technique can be seriously
considered.

co, CH,CH;0H

Fig. 1. The schematic diagram of photocatalytic ethanol reforming
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2.3 Aqueous phase reforming

As a low temperature alternative to steam reforming, Aqueous Phase Reforming (APR) has
emerged as a valuable means of converting organic compounds of biological origin to value-
added chemicals and fuel components. Due to its feature of low temperature operation, the
energy required for water and oxygenated hydrocarbon evaporation is eliminated, leading
to the notable reduction of overall energy input, which overcomes the evaporation difficulty
of some organic compounds with high boiling point required for steam reforming. In order
to keep all reactants in the liquid phase at operation temperature (typically ~500 K), certain
pressure (typically 15~50 bar) has to be applied to the whole reactor system. Such operation
temperature and pressure benefit the happening of water-gas shift reaction, making it
possible to produce hydrogen with low amounts of CO in a single reactor. Undesirable
organic compound decomposition can also be minimized under such low reaction
temperature. Furthermore, the relatively high pressure operation will also favour the
downstream gas separation and purification, and even subsequent gas compression,
storage, and delivery. This process is exclusively suitable for the biomass derived organic
compounds with relatively longer carbon chain such as sorbitol, which has been
comprehensively reviewed by the researchers in Dumesic’s group [20]. For smaller organic
compounds like ethanol discussed in this chapter, APR process for hydrogen generation is
less favourable from the overall energy utilization viewpoint, which is concluded by
Tokarev, et al. in their recent publication [21]. Moreover, the relatively high pressure
requirement raises the concerns on safety and operation cost. Hydrogen selectivity is
another big challenge APR has to face, because H, and CO, produced are
thermodynamically unstable and methane formation is favourable at such low temperature.

2.4 CO; dry reforming
In addition to H,O, CO; can also acts as oxidant to reform ethanol to generate gaseous
products. The reaction involved in this process is depicted in Reaction (2).

C2H5OH(1) + CO, 3H,+3CO (AHr,QQSK =338 k] / mol) (2)

Compared to Reaction (1), although only 3 moles of hydrogen are produced per mole of
ethanol by using dry reforming process, it is still a valuable approach to utilize CO, for
hydrogen or syngas production beneficial for reducing greenhouse gas emission. The
process feasibility and optimal operation parameters have been investigated by W. Wang, et
al. thermodynamically, which is valuable for desirable product yield maximization.
According to the calculations performed in [22], higher temperature, lower pressure,
addition of inert gas, and lower CO: to ethanol ratio benefit the improvement of hydrogen
yield. Several catalysts such as Ni/ALOs [23] and Rh/CeO, [24] have been developed in
recent years for hydrogen or syngas production. Generally speaking, CO; is less active than
water in oxidizing ethanol. Therefore, more active catalysts are critical for making ethanol
dry reforming more attractive to industrial investors. Similarly to methane dry reforming,
coke can be formed with high possbility at certain reaction conditions on the catalyst
surface, resulting in catalyst deactivation. Carbon tends to form at low temperature and low
CO,/ ethanol ratio based on thermodynamic prediction, which should be avoided to prevent
catalyst deactivation. However, sometimes as a preferable byproducts, production of
various types of carbon nanofilaments is desired by following Reaction (3), which has been
found to be effectively catalyzed by stainless steel or carbon steel catalysts [25, 26].
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C2H5OH(1) + CO, 2H,+2CO+2C +H20(1) (AHr,zgsK =163 k] / mol) (3)

2.5 Plasma reforming

The energy required for ethanol reforming can also be provided by the electrical discharge
powered by high voltage transformer. The ethanol solution fed can thereafter be ionized to
plasma state under such discharge, leading to the creation of a variety of chemically active
species and energetic electrons which will quickly react with each other to form product gases.
Depending on their energy level, temperature, and electronic density, plasma state can be
generally classified as thermal and non-thermal plasma. Compared to thermal plasma, the
hydrogen production under non-thermal plasma condition has much lower energy
consumption. The features of low temperature operation, rapid reaction start-up, no
involvement of catalyst handling, and non-equilibrium properties make non-thermal plasma
technique very promising for energy conversion and fuel gas treatment [27]. Comparable
performance has been reported through non-thermal plasma process toward hydrogen
production, which is very close to the ones obtained from catalytic reactors [28]. However, its
relatively high energy requirement, complicated reaction network, and low selectivity remain
the main obstacles preventing it from industrial application at current stage.

2.6 Partial oxidation

Compared to H>O and CO,, O, is much active in partially oxidizing ethanol for hydrogen
production by following a representative Reaction (4) which is a slightly endothermic
reaction, indicating that much less external energy is needed for reaction proceeding.

CH:OHp+050, 3H,+2CO  (AH, 98¢ = 56 kJ/mol) (4)

As a result, the ethanol partial oxidation can take place at much lower temperature (200
~300 °C) in the presence of catalyst than those required for steam or dry reforming (typically
450 ~650 oC). Depending on the reaction conditions and catalyst used, in addition to CO,
various ethanol oxidation products with different oxidation states have been observed
including acetaldehyde, acetone, acetic acid, and CO,. Plenty of catalyst systems have been
extensively studied for catalyzing ethanol oxidation at low temperature. Among them, Ni-
Fe alloy [29] from transition metal group and Pt from noble metal group based catalyst [30]
have drawn special attentions. According to literature reporting, 51% ethanol conversion
and 97% hydrogen selectivity has been successfully achieved at temperature as low as 370 K
over Pt/ZrO, [31]. Although O usage significantly improves the ethanol reactivity and
lowers down the energy input, it reduces the hydrogen production by half, referring to
Reaction (1). Moreover, the likelihood of hot-spot formation makes the control of this
reaction difficult.

2.7 Steam reforming

As mentioned earlier in this chapter, hydrogen production can be maximized per fed
ethanol through pure steam reforming. However, the highly endothermic feature of this
reaction limits its widely industrial application for hydrogen production. In order to lessen
its heavy dependence on external energy supply, part of ethanol is sacrificed to provide
required energy for steam reforming through the introduction of oxygen, which is named as
oxidative steam reforming (Reaction 5). Depending on the value of §, the enthalpy change of
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Reaction (5) will become less positive, indicating less energy requirement from
surroundings. The reaction will finally become autothermal at the point where little or no
energy is needed from external sources (e.g., if 6=0.6, AH29sx =4.4 k] /mol).

CoHsOH) + 6 O, + (3-28) HiOyy  (6-28) Ha +2 CO, )

Although the products from the desired reactions are only CO, and H», in reality,
depending on the reaction conditions and catalysts used, the product distribution can be
governed by a very complex reaction network. Possible reactions involved can be as follows.

CH;CHOH CH4+CO+H, (ethanol decomposition) (6)
CH;CH,OH CH3CHO+H: (ethanol dehydrogenation) (7)
CH;CH,OH CHy+HO  (ethanol dehydration) 8)
CH;CH,OH+H,O 2CO+4H; (ethanol incomplete reforming) )
2 CH;CHOH  (CoHs),0+H2O  (ethanol dehydrative coupling) (10)
CH;CHOH+H,O CH3COOH+2H; (acetic acid formation) 11)
CH;CHO CH4+CO  (acetaldehyde decomposition) (12)
2CH3;CHO  CH3;COCH3+CO+H; (acetone formation) (13)
CO+3H, CHytHO  (methanation) (14)

CHy coke  (polymerization) (15)

CHs+2H,O COy+4H;  (methane steam reforming)1 (16)

CHy; C+2H; (methane cracking) (17)

CO+H,O 5 CO+H,  (water-gas shift) (18)

2CO COytC  (Boudouard reaction) (19)

There are many side reactions that might take place during ethanol steam reforming,
complicating the product distribution. To get the highest possible H» yield for industrial
applications, it is essential to investigate the effects of temperature, reactants ratio, pressure,
space velocity as well the catalytic parameters. A thermodynamic analysis was performed
using the software HSC® Chemistry 5.1. All possible products, including solid carbon were
included among the possible species that could exist in the equilibrium state. In the
thermodynamic analysis, the following definitions are used.

moles of H, produced
6 x (moles of ethanol fed)

x100

H, Yield % =
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mol of a certain product

Selectivity % = %100

mol of total products

EtOH Conv. % — moles of ethanol converted <100

moles of ethanol fed

The thermodynamic analysis in Fig.2 shows ethanol conversion, yield and selectivity of
main products starting from a reactant composition similar to a bio-ethanol stream from
biomass fermentation (ethanol-to-water ratio of 1:10). Ethanol conversion is not
thermodynamically limited at any temperature. The methanation reaction, which is
exothermic, is thermodynamically favored at lower temperatures (below 400 °C). At higher
temperatures (above 500 °C) the reverse of this reaction, i.e., steam reforming of methane to
CO; and H> becomes favorable. This would suggest that, if operated in a
thermodynamically controlled regime, in order to minimize CHj concentration in the
product stream, the reaction temperature should be kept as high as possible. However, as
shown in Fig.2, once the temperature is increased above 550 °C, the reverse-water-gas shift
reaction takes off, i.e.,, CO formation becomes significant and hydrogen yield decreases. At
this ethanol-to-water ratio, there is no solid carbon at the equilibrium state.
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Fig. 2. Product distribution from ethanol steam reforming at thermodynamic equilibrium
with EtOH:Water=1:10 (molar), Ceion=2.8%, and atmospheric pressure

Fig.3 shows the effect of ethanol-to-water molar ratio on H» yield. Lower molar ratios of
ethanol-to-water can increase the hydrogen yield, since both water gas shift reaction and
CH4 reforming reactions would shift to the left with increased water concentration. In Fig.3,
solid carbon selectivities for the lowest water concentrations are also included. At high
ethanol-to-water ratios, solid carbon deposition becomes thermodynamically favorable,
especially at lower temperatures.

The effect of dilution with an inert gas on the equilibrium H, yield is shown in Fig.4. The
addition of inert gas increases the equilibrium hydrogen yield at low temperatures and has
no effect at high temperatures. At low temperatures, the dominant reaction is the
methanation/methane steam reforming. Diluting the system favors the methane steam



262 Bioethanol

reforming, and hence we see a difference at low temperatures. At high temperatures, the
main reaction is the reverse water gas shift reaction, which is not affected by dilution, since
there is no change in the number of moles with the extent of this reaction. Increased
pressure has a negative influence on hydrogen yield at lower temperatures and no effect at
higher temperatures (Fig.5).
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Fig. 3. Effect of EtOH-to-water molar ratio on equilibrium H, yield and C selectivity at (no
dilution)
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Fig. 4. Effect of dilution on equilibrium hydrogen yield (Dilution ratio used: Inert:EtOH:H,O
=25:1:10)

Although it is important to be aware of the thermodynamic limitations, these analyses do
not provide any information about the product distribution that would be obtained under
kinetically controlled regimes. However, the study is still meaningful for guiding the choice
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of the desirable reaction parameters such that reaction is always controlled by kinetics under
thermodynamically favorable conditions.

Due to its simplicity, flexibility, maturity, and high hydrogen yield, thermal bioethanol
steam reforming has been extensively studied and a variety of technical improvements and
researches directions have been proposed and implemented over the past several decades.
The discussions of the following sections will focus on this technique.
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Fig. 5. Effect of pressure on equilibrium hydrogen yield (EtOH:Water=1:10 (molar ratio), no
dilution)

3. Catalyst overview

In order to achieve equilibrated or even higher hydrogen yield especially at lower
temperatures, catalytic bio-ethanol steam reforming (BESR) has been studied increasingly in
recent years. More than three hundreds papers have been devoted to this field within the
last two decades. The catalyst systems developed in these studies can be generally classified
into two categories, i.e., supported noble and non-noble metal catalysts [32, 33]. However,
based on the results reported in the literature, there is no commonly accepted optimal
catalyst system which has excellent performance as well as low cost.

The noble metal catalysts such as Rh, Ru, Pd, Pt, Re, Au, and Ir [34-39] have been extensively
investigated for BESR, which exhibit promising catalytic activity within a wide range of
temperatures (350 °C~800 °C) and gas hourly space velocities (GHSV: 5,000~300,000 h1).
The outstanding catalytic performance experienced by noble metal catalysts might be
closely related to its remarkable capability in C-C bond cleavage [40]. Among the noble
metal catalysts reported so far, it is evidenced [41-44] that Rh is generally more effective
than other noble metals in terms of ethanol conversion and hydrogen production. Diagne et
al. [45] claimed that up to 5.7 mol H» can be produced per mol ethanol (equal to 95 % H»
yield) at 350 ©C-450 oC over CeO,-ZrO; supported Rh catalyst. However, although the metal
loading is relatively low (1~5 wt.%) compared with its non-noble counterparts (10~15 wt.%),
the extremely high unit price still limits its wide-scale industrial applications.
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As a less expensive alternative way to address the cost issue, increasing attention has been
focused on the development of non-noble metal catalysts. According to the publications
documented so far, the efforts are mainly focused on the Cu, Ni, and Co based catalyst
systems, especially supported Ni catalysts. As typical transition metals, the active outer
layer electrons and associated valence states determine their identities as the candidates for
BESR. Similar with noble metals, Ni also works well as it favors C-C rupture. Based on the
observations reported by several authors [38, 43, 46], the non-precious metals are less
reactive than noble metal supported samples. Specifically, Rh sites resulted to be 3.7 and 5.8
times more active than Co and Ni, respectively, supported by MgO under the reaction
conditions used in [43]. For obtaining the same reactivity (H: yield > 95 %), much higher
temperatures (650 °C) have to be employed [43, 47] over Ni catalysts. Furthermore, the non-
noble metals are more prone to be deactivated due to sintering and coking compared with
Rh. In order to achieve the comparable catalytic performance with noble metals, the
formulation modifications of non-noble metal catalyst systems are worth studying for future
commercialization. After summarizing the papers dedicated to investigation of various
supports, ZnO and LaO3; seem more promising than MgO, Y203, and AlO; in terms of
activity and stability [48, 49]. The basicity of sample surface has been evidenced crucial to
improve its stability by adding La,Os into the Al;O; support aiming to neutralize the acidic
sites present on the Al,O;3 surface [50]. The addition of alkali metals (e.g., Na, K) to Ni/MgO
has been observed to depress the deactivation occurrence by preventing Ni sintering [51]. It
is worth noting that the recent interests on Ni catalysts seem to be transferred to CeO, and
ZrO, supported samples, which could be ascribed to its well-known oxygen mobility,
oxygen storage capability (OSC), and thermal stability [52-55], in turn improving coke-
resistance. In addition, the synergetic effects become notable leading to better catalytic
performance (activity, selectivity, and stability) when the second component (Cu) is
incorporated into the Ni catalysts indicated by the work performed by Fierro et al., Marino
et al., and Velu et al. [56-58]. They believe that the introduction of Cu might favor the
dehydrogenation of ethanol to acetaldehyde, one of the important surface reaction
intermediates during BESR. Compared with Ni based catalysts, cobalt samples have been
less studied as catalysts for BESR. However, recent years have witnessed a significant
increase in publications focusing on the development of Co-based catalysts, among which is
the pioneering work by Haga et al. [59, 60]. Then Llorca et al. reported the promising results
that 5.1 mol of Hy can be produced per mol of reacted ethanol over Co/ZnO sample [61].
Although the reaction condition is slightly unrealistic for industrial applications, this study
proved that cobalt is also efficient in C-C bond breakage [62]. Neither copper nor nickel
alone supported on zinc oxide appears to have as good reactivity and stability as that of its
Co counterpart for hydrogen production under the same reaction conditions [63, 64]. After
thorough investigation of the product distribution at various temperatures, it was indicated
that the copper sample prefers dehydrogenation of ethanol into acetaldehyde but the
reforming reaction does not further progress significantly into H> and COy. On the other
hand, the nickel sample favors the decomposition reaction of ethanol to CHy and CO,,
accounting for the lower H» yield at lower temperatures. Only at high temperatures can the
methane production be lowered through steam-reforming. Moreover, Co catalysts have
been applied in the Fischer-Tropsch to generate liquid hydrocarbons for more than 80 years.
The knowledge accumulated during the study of Co based catalyst systems provides a good
starting point. With these encouraging initial data, cobalt catalysts merit to be studied
extensively as an alternative solution for reducing the cost from usage of noble metals.
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4. Catalyst optimization strategies

In order to acquire competitive catalytic performance with noble metals, a series of
optimization procedures need to be carried out over cobalt based catalysts. The significance
of support was first explored by Haga et al. [59] indicating that Co/Al,O3 shows more
promising activity than SiO», C, ZrO,, and MgO. A relatively systematic investigation of the
effect of supports was performed by Llorca and his coworkers [65]. Among the supports of
CeO,, Smy0;, MgO, AlLO;, SiO,, TiO,, ZnO, LayOs, V205 reported in this study, ZnO was
ranked the best.

Recently mixed metal oxides have been employed as the support to improve the behavior of
single metal oxides by doping one or more additional components into the original support
lattice. For instance, in the implementation of Ce1ZrO,, as the washcoat material in three-
way catalysts, support combines the oxygen mobility of CeO; and thermal tolerance of ZrO,
[66-69]. The introduction of Ca creates oxygen vacancies, which is beneficial for the
enhancement of oxygen mobility [70, 71]. Besides, the perovskite-type oxides such as
LaAlO;, SrTiOs, and BaTiOs have been used as the support for BESR catalysts due to their
highly labile lattice oxygen [72, 73].

The cobalt precursor was proved by several authors [60, 74, 75] to have prominent effect on
catalytic performance, which was proposed to be related to the cobalt dispersion. From the
comparison between several precursor candidates, the one complexed with organic
functional groups gave higher dispersion, which could be attributed to its isolation effect on
the nearby Co atoms from agglomeration. It has been accepted that the active site during
bio-ethanol steam reforming is related to the metal cobalt [76], that is, the higher the
percentage of the cobalt that is available, the better the catalytic performance for BESR.
Therefore, the improvement of cobalt dispersion will benefit the enhancement of
corresponding catalytic activity.

It is expectable that cobalt loading has direct impact on the cobalt dispersion in the final
catalyst. From the studies performed over Ni-based catalysts [53, 77], there exists an
optimal loading, which can obtain the highest metal dispersion, through increasing the
metal loading while avoiding metal sintering occurring at high loading due to the
agglomeration of nearby metal atoms during thermal treatment. To the best of our
knowledge, there is no systematic research of the effect of cobalt loading on its catalytic
performance during BESR. Therefore, executing such a study can provide us better control
of the catalyst optimization.

The impregnation medium is expected to have influence on the diffusion of cobalt precursor
during impregnation and redistribution of cobalt atoms during the subsequent thermal
treatment, which is shown by the experimental observations over Co/SiO; [78]. The smaller
Co304 crystallite size obtained for samples using ethanol rather than water as impregnation
solvent is attributed to the formation of ethoxyl groups on silica and/or CosO, surface
during impregnation which hindered the sintering of Co3O4 by physically interfering during
the thermal decomposition of nitrates. As a result, a higher percentage dispersion of cobalt
metal was achieved from reduction of smaller crystallites of Co3Os4. In addition, further
sintering of cobalt metal during reduction might be hindered by ethoxyl groups as well.
Since the cobalt dispersion is closely correlated to the activity during BESR as described
above, this effect needs to be further investigated.

It was reported by Enache et al. [79] and Ruckenstein [80] in their studies of cobalt-based
catalysts for Fischer-Tropsch reaction that the parameters used in the sample heat treatment
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before being charged for reaction play a significant role on the cobalt dispersion and in turn
catalytic activity. Thus the synthesis parameters during calcination and reduction need to be
explored to optimize the catalytic performance.

The promotion effect of alkali metal addition has been observed separately by Llorca et al.,
and Galetti et al. [63, 64, 81]. The hydrogen yield enhancement and carbon deposition
inhibition showed the improvement of catalytic performance even when a small amount of
Na and K (~0.7 wt.%) was introduced. As an inexpensive additive, this promising
modification should be further explored.

Similar to Ni catalysts, promotion effect has also been evidenced over the samples with the
formation of metallic alloy. According to the results published so far, the second active
metal in addition to Co can be generally categorized as noble metals (e.g., Rh [82] and Ru
[83-85]) and non-noble metals (e.g., Ni, Cu [63, 86], Fe, and Mn [87]). The integration of each
metal specialized in different functions might be responsible for the synergetic interaction
on the improvement of catalytic performance. The non-noble metal additives also merit
further investigation.

Not only the modifications to the formulation of catalyst system, but also the preparation
methods can impact the catalytic performance. Versatile synthesis strategies have been
developed for obtaining catalysts with high performance during BESR. Incipient wetness
impregnation (IWI) [88-91], wet impregnation [84, 92, 93], sol-gel (SG) [94, 95], and co-
precipitation (CP) [63, 64, 86, 87] are the most commonly utilized methods, each of which
has its own advantages and disadvantages. Impregnation is the most convenient method
to be scaled up, for manufacturing. However, nonhomogeneous distribution of the metal
precursor is the biggest issue associated with the impregnation method, leading to metal
agglomeration, one of the reasons which contribute to catalyst deactivation. On the
contrary, it is easier for SG and CP to achieve homogeneous dispersion of active metal.
However, the synthesis procedure of SG and CP is more complicated compared with that
of impregnation, leading to poor reproducibility between various batches. Also, since
most of the active metal atoms are embedded in the matrix of support, resulting in less
exposure of active metal on the sample surface, SG and CP prepared samples are more
stable but less active than those prepared by impregnation. In addition, several novel
preparation protocols such as hydrothermal [96], solvothermal [97], and microemulsion
[98] have been developed to control the sample particle size and morphology which have
been shown to be highly relevant to catalytic activity. On the other hand, most of the
newly developed methods mentioned involve the employment of organic solvents, which
could be harmful to the surroundings. Although all the preparation techniques
documented up to now supply abundant resources to start with, the establishment of an
appropriate method balancing low cost, easy operation, and environmental benignancy is
important to be researched.

4.1 Cobalt based catalyst performance optimization

A series of catalyst optimization efforts have been carried out in the past several years
aiming to enhance the catalytic performance during BESR. Studies on cobalt-based catalysts
supported on y-Al,Os, TiO,, ZrO, supports have indicated that ethanol conversion correlates
closely with metal dispersion and hence, the metallic Co sites. Among the supports studied,
zirconia is shown to provide the highest metal dispersion and the highest H; yield. H» yields
as high as 92% (5.5 mol of Hy per mole of ethanol fed) are achieved over a 10% Co/ZrO;
catalyst at 550 °C [69].



Catalytic Hydrogen Production from Bioethanol 267

Investigation of the evolution of the Co-ZrO; catalysts through different stages of the
synthesis process showed that catalyst precursors start out with Co existing primarily in a
nitrate phase and transforming into a Co3O; phase in the fully calcined state. The
reduction proceeds in two distinct steps as in Co304 — CoO and CoO — Co. There is an
optimum in each of the synthesis parameters, which gives the highest metallic Co surface
area. The maximum in metallic Co area is often determined by a series of competing
processes, such as transformation from a nitrate to an oxide phase and onset of
crystallinity versus reaction with the support at higher calcination temperatures,
reduction to metallic state versus sintering at higher reduction temperatures. The
maximum in metallic Co area was seen to coincide with the maxima in both ethanol
adsorption capacity and H; yield in the BESR reaction, suggesting a strong correlation
between metallic Co sites and BESR activity [99].

Although promising activity toward hydrogen production is observed over Co/ZrO,,
steady-state reaction experiments coupled with post-reaction characterization experiments
showed significant deactivation of Co/ZrO; catalysts through deposition of carbon on the
surface, mostly in the form of carbon fibers, the growth of which is catalyzed by the Co
particles. The addition of ceria appears to improve the catalyst stability due to its high OSC
and high oxygen mobility, allowing gasification/oxidation of deposited carbon as soon as it
forms. Although Co sintering is also observed, especially over the ZrO,-supported catalysts,
it does not appear to be the main mode of deactivation. The high oxygen mobility of the
catalyst not only suppresses carbon deposition and helps maintain the active surface area,
but it also allows delivery of oxygen to close proximity of ethoxy species, promoting
complete oxidation of carbon to CO,, resulting in higher hydrogen yields. Overall, oxygen
accessibility of the catalyst plays a significant role on catalytic performance during BESR
[100].

the effect of impregnation medium on the activity of Co/CeO, catalysts was also
systematically investigated under the environment of BESR. The significant catalytic
performance improvement has been observed over ethanol impregnated Co-CeO; catalyst,
especially at lower temperature (300-400 °C), compared with its counterpart with aqueous
impregnation. This promotion effect is considered to be closely related to the cobalt
dispersion amelioration through cobalt particle segregation under the facilitation of surface
carbon oxygenated species derived from ethanol impregnation. Moreover, even better
catalytic performance is achieved using ethylene glycol as impregnation medium in our
recent study, which might be closely related with the achievement of even smaller cobalt
particle size due to its superior ability in preventing cobalt agglomeration probably
originating from the presence of organic surface species [101].

In order to further improve the oxygen mobility within the catalyst, the effect of Ca doping
on CeO; support has been intensively studied. According to the observations obtained from
the various characterization techniques employed, the introduction of calcium into the CeO,
lattice structure leads to the unit cell expansion and creation of oxygen vacancies due to
lower oxidation state of Ca (2+) compared to Ce (4+), which facilitates the improvement of
oxygen mobility. As a result, the catalytic performance has been significantly enhanced
when Ca is present, leading to larger amount of final product formations (H> and CO) from
BESR reaction [102].

The influence of cobalt precursor on catalytic performance was also systematically
investigated. Multiple cobalt precursors including inorganic salts and organometallic
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compounds were used to prepare Co/CeO; catalysts. The steady-state reaction experiments
show much higher H; yields and fewer side products over the catalysts prepared using
organometallic precursors. Among these, the catalyst prepared using cobalt acetyl acetonate
has the highest H> yield, most favorable product distribution, and best stability. The
superior performance is verified by the transient data. Characterization results point to an
improved dispersion on the surface. It is possible that the organic ligands surrounding Co
ions provide a spatial barrier effect, keeping the particles segregated and leading to better
dispersion [103].

In the interest of figuring out the impact of catalyst preparation method on its performance
during BESR, in addition to conventional Incipient Wetness Impregnation (IWI) method,
solvothermal, hydrothermal, colloidal crystal templating, and reverse microemulsion
methods have also been employed to prepare CeO, support and CeO, supported Co
catalysts with various morphologies. All of the novel preparation techniques led to superior
behavior in ethanol steam reforming reaction compared to IWI method. Among the catalysts
studied, the one prepared with the reverse microemulsion technique showed the best
performance, giving higher H, yields at much higher space velocities. The catalyst also
showed good stability, with no sign of deactivation when it was kept on-line at 400 °C for
120 h. The superior performance is likely to be related to the improved cobalt dispersion,
enhanced metal-support interaction and increased metal-support interphase facilitated by
the reverse microemulsion technique. In addition, the hydrothermal method has also been
employed to prepare the Co/CeOs catalyst. The CeO; particles with various shapes and size
distribution have been successfully achieved in our laboratories by controlling the
parameters during preparation process. The morphological effect on the -catalytic
performance will be evaluated in the future [104].

5. Reaction mechanism and kinetic studies

As can be seen in Section 2.7, the reaction network which would possibly occur during BESR
is fairly complicated and heavily dependent on the catalyst system employed. In order to
obtain maximum amount of hydrogen out of ethanol used, the side reactions should be
effectively suppressed, leading to the minimization of byproducts such as methane, carbon
monoxide, acetaldehyde, acetone, acetic acid and so on. For controlling the reaction
proceeding along the desired pathway which will give us the highest hydrogen yield, it is
critical to gain a comprehensive understanding of the reaction mechanisms involved, which
will in turn guide the rational design of catalyst system. There are two approaches we can
follow to achieve our final goal, that is, theoretical and experimental directions. The
theoretical approach (reaction mechanism study through computational chemistry) is still at
its initial stage referring to the papers published in this area and will be covered in detail in
Section 6. However, the experimental route has been widely adopted to study the catalytic
behaviors present during BESR.

As an interfacial phenomenon, any heterogeneous catalytic reaction takes place involving
three basic steps: reactants adsorption, surface reaction, and products desorption. To be a
gas-solid reaction, catalytic BESR must embroil gas composition variation and catalyst
surface evolution. Therefore, in order to attain a complete view of the reaction,
systematical investigation should be performed on both gas and solid phases. Gas
chromatography (GC) and mass spectrometer (MS) are the two popular instruments used
to monitor the gas phase composition and fourier transform infared spectroscopy (FTIR)
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can detect the surface species and their evolutions during BESR. In addition, using other
characterization techniques including nuclear magnetic resonance (NMR) and laser
Raman spectroscopy (LRS) can provide an alternative way to get better insight into the
reaction mechanisms.

Based on the results reported in the literature, the dehydrogenation and dehydration
reactions are the two pathways ethanol can go through first, the choice of which depends on
the catalysts charged. If the catalyst has high acidity (e.g., AlO; and SiO [105, 106]
supported samples), dehydration reaction is favored, resulting in the formation of CoHy, a
precursor of coking through polymerization. If the catalyst presents basic features (e.g.,
MgO and ZnO [107, 108] supported sample) instead, dehydrogenation reaction is preferred,
leading to the production of acetaldehyde, an important reaction intermediate related to
higher H; yield. Acetaldehyde can then be decomposed into CHy and CO [109] or undergoes
steam reforming to generate CO and H: relying on the catalyst employed. These single
carbon containing products (CH4 and CO) can be further reformed to CO, and H, through
methane steam reforming and water-gas shift reaction if sufficient water is supplied.
Besides, two acetaldehyde molecules can react with each other to form acetone through
aldol condensation reaction [35] or be oxidized to acetic acid [110]. Carbon can be formed at
various stages from carbon-containing species via either cracking or Boudouard reaction
[111].

Ethanol adsorption and subsequent surface reaction have been extensively studied over
many different catalyst systems employing FTIR technique. Although the exact locations of
the ethanol adsorption bands vary with catalysts tested, the identifications of surface species
and its evolutions are well established. Ethanol can be adsorbed on the sample surface
dissociatively and molecularly [112-114]. The ethoxide species is the result of ethanol
dissociative adsorption. Then the surface acetate species is obtained from the oxidation of
ethoxide by the lattice oxygen coming from the sample surface [115, 116]. The acetate
species can then experience C-C breakage leading to the formation of single carbon
fragments. Whether these fragments will be released directly from the surface or undergo
further oxidation to carbonate species is closely linked to the sufficiency of oxygen stored in
the sample. The adequate oxygen supplies benefit the formation of carbonate species.
Finally CO; originates from the decomposition of carbonate species. However, compared
with ethanol, water adsorption and its role in the subsequent surface reaction remain
unclear for BESR. Therefore, the surface features need to be investigated during water
adsorption and co-adsorption of water and ethanol.

13C NMR technique has been applied into the study of ethanol adsorption behavior to
track the evolution of carbon containing species over Cu/ZnO [117]. Different oxygenate
species have been identified after integrating with the results obtained from MS.
Unfortunately, just 1-C was labeled in the ethanol molecule, in order to get a
comprehensive picture of the surface species and its evolution after ethanol adsorption, 2-
C, even H and O labeled ethanol is also worth being considered. A similar approach is
also applicable for water adsorption and co-adsorption of ethanol and water by choosing
suitable isotopic labeled elements.

Compared with the kinetic studies focused on the steam reforming over single carbon
containing reactants such as methanol [118-122] and methane [123-127] (MSR) which have
been investigated intensively for tens of years, the kinetic investigations performed over
ethanol steam reforming (ESR) reaction are still in their burgeoning stage, which might be
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due to the relatively complicated reaction networks involved originating from the increase
of carbon atom. However, the knowledge accumulated during the systematic explorations
of the kinetic mechanisms occurring during MSR provides a valuable starting point for ESR
researchers to expand upon. In recent years, based on the observations obtained from both
gas phase and sample surface, several kinetic models have been proposed to simulate the
mechanistic behaviors of various catalyst systems [128-132], which will facilitate better
understanding of the reaction mechanisms. If the estimated values are in good consistency
with the reported experimental results, the assumed reaction pathways and rate-
determining step (RDS) will uncover the actual reaction mechanisms to a certain level.
Furthermore, the activation energy measured from this study provides the reference for
molecular simulation. In addition, the outcomes from this kinetic analysis will benefit the
reactor design which can promote mass and heat transfer during reaction.

Based on the TPD and DRIFTS results reported in [133], a possible reaction pathway for
ethanol steam reforming over Co-based catalysts is proposed by our laboratories in Fig.6. In
Scheme 1, the reactant molecules (EtOH and water) diffuse from gas phase to the surface of
the catalyst. The ethanol molecules adsorb dissociatively on the Co sites, forming ethoxide
species. Water, on the other hand, adsorbs on the support, forming hydroxyl groups. The
first H abstracted from ethanol can either form OH groups with the surface oxygen species
or combine with hydrogen from H>O and form H; (Scheme 3). Ethoxide species move to the
interface of metal and oxide support and be oxidized by an additional hydrogen abstraction
forming aceteldehyde (Scheme 4). Acetaldehyde molecules may lead to the formation of
acetone through an aldol-condensation type reaction and acetone molecules are observed
only in the gas phase. Acetaldehyde species have a short surface residence time, converting
readily to acetate species through further oxidation with surface oxygen or OH groups
(Scheme 5). There are multiple routes for the acetate species once they are formed. In one of
the routes, the metal may be involved in C-C bond cleavage leading to the formation of
single carbon species (Scheme 7), leading to the formation of CHy. The carbon-oxygen
surface species may desorb or further oxidize to give carbonate species, especially on
supports with high oxygen storage capacity (Scheme 8), which can desorb as CO, (Scheme
9). In a second route, especially, if oxygen accessibility is high, the CHs fragment will
undergo oxidation through H subtraction and O addition (Scheme 10) to form formate,
possibly through a formaldehyde intermediate (Scheme 11), and carbonate (Scheme 12). The
catalyst surface is then regenerated through CO, desorption (Scheme 13) and ready for the
next catalysis cycle regardless of the route followed.

If the surface is highly acidic, ethanol dehydration may dominate the reaction pathway and
result in the formation of H,O and C,H; which is the major precursor to coke due to
polymerization, as described in Scheme 2 and 6. If the oxygen mobility in the catalyst is not
high enough, the acetate species may remain on the surface and lead to coke formation, as
reported earlier [34, 134].

Briefly speaking, dissociative adsorption of ethanol and water leads to ethoxide species and
hydroxyl groups, respectively. The active metal catalyzes the C-C bond cleavage and
formation of single carbon species. BESR reaction could happen at the interface of the active
metal and the oxide support, which could participate by providing oxygen from the lattice
to facilitate the oxidation of carbon species. The resulting oxygen vacancies can be filled by
the oxygen in the hydroxyl species formed from water adsorption. Therefore, it is necessary
to have rapid oxygen delivery mechanism throughout the oxide support to prevent carbon
deposition on the surface due to deficient oxidation of carbon species. High metal dispersion
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Fig. 6. Proposed Reaction Mechanism for Ethanol Steam Reforming over supported Co
catalysts

will favor the ethanol adsorption and formation of more accessible metal/oxide interfaces as
well as C-C cleavage. High oxygen storage capability and mobility will facilitate the oxygen
delivery through the support and suppress coke deposition. The Co-based systems that
incorporate oxides with high oxygen storage and oxygen mobility could deliver the required
characteristics needed for active and stable BESR catalysts.

6. Computational approaches

Compared to significant amount of experimental efforts spent on catalytic BESR for surface
reaction mechansim investigation, computational approach at molecular level still remains
barely untouched in the past several decades probably due to its extreme complicacy and
limited computation resources. However, recent years have witnessed the rapid
development of computational technology, making the reaction simulation at catalyst
surface technically feasible. For simplifying simulation work, many publications have
purely focused on the ethanol or water alone adsorption and associated decomposition on
single metal clusters [135-139].

Various methodologies have been developed to reasonably represent catalyst surface for
obtaining more accurate simulation results. The slab geometry in contrast to cluster model is
widely adopted to model the catalyst surface with certain thickness. In addition to the top
atomic layer, several successive layers below are also included to simulate the bulk effect on
the surface layer. The surface layer is thereafter allowed to be reconstructed in response to
the constraint from bulk layers. Usually, a vacuum region with certain length is created
right above the top layer of the slab model to prevent the interaction of adsorbed molecules
with its periodic images [140]. The choice of supercell size comes from the compromise
between computation accuracy and computation time span. “Nudged Elastic Band (NEB)”
method [141, 142] is proven by many papers to be effective in transition state and associated
energy barrier estimation and very useful in minimum energy pathway determination
especially for complex chemical reactions. Most of recently published computational results
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are based on the self-consistent periodic density functional theory (DFT) calculation, which
is more accurate than other commonly used computational methods such as ab initio, semi-
empirical, and empirical methods.

According to the published papers, although there are some disagreements on the ethanol
decomposition on model catalyst surface, the proposed pathways can still be generally
classified into two routes. One is CH3CH;OH — CH3CHO(,) — CH2CH0() — CH>CHO(,
— CHxCOpy — CHa@tCO@+4H @) — CHyp)+COg)+Hag. In this route, ethanol molecule first
prefers to adsorb at atop sites and binds to the surface through the oxygen atom after O-H
bond cleavage, followed by a six-membered ring of an oxametallacyclic compound
formation through the elimination of the hydrogen atom attached to the 3-carbon. This six-
membered ring is usually located at the interface of active metal and support, creating a
bridge between them. The ethanol decomposition process then continues with two
consecutive eliminations of hydrogen atom attached to a-carbon. Scission of C-C bond then
occurs under the facilitation of active metal, resulting in the formations of a series of
adsorbates which subsequently desorb from substrate at elevated temperature to yield final
gas products such as CHy, CO, and H> [142-144]. The other suggested route follows the track
of CH;CH,OH — CH3CHOH(a) — CH3CHO(a) — CH3CO(3) — CHzCO(a) — CHCO(a) —
CH o) +COp) — CHa(g+COg+Hagg+Cee) [145].

Unlike ethanol decomposition, water dissociation completes only in two steps (i.e,, H;O —
H@n+OH — 2H@@+O(), which is obviously due to its rather simple formulation.
Compared to the second O-H bond breakage, the first one can take place with much lower
activation energy [146]. Therefore, it can be easily predicted that hydroxyl group will have
much higher chance to participate in BESR for ethanol oxidation than O* after water
complete dissociation.

After a careful literature review, it is worth noting that the role of catalyst support and co-
adsorption of ethanol and water are barely considered, which is probably attributed to its
awful computational complicacy. In order to give a clear picture of what is really happening
on catalyst surface during BESR and provide a theoretical support to our experimental
observations and proposed reaction mechanism, we launched a computational task in
collaboration with the Chemistry Department at Ohio State University. We employed plane-
wave periodic DFT method implemented in the Vienna ab initio simulation program (VASP)
to investigate the ethanol steam reforming reactions [147-149]. The projector augmented
wave (PAW) method [150, 151], combined with a plane-wave basis set, was utilized to
describe the core and valence electrons. The generalized gradient approximation (GGA)
[152] of Perdew and Wang (PW91) [153] was applied for the exchange-correlation
functional. The convergence of the plane-wave expansion was obtained with moderate
truncation energy of 500 eV, while the electronic relaxation was converged to a tolerance of
1 x 10-4 eV. The Monkhorst—Pack grid [154] served in the generation of the k-points, and a (4
x 4 x 1) k-point grid was used for Brillouin zone sampling for surface calculations. Spin
polarization was applied in all calculations.

The relaxed bulk structure of CeO; with a lattice parameter of 5.46 A was used to construct
the slab model. The CeO; (111) and Co/CeO;, (111) surfaces were modeled as 2 x 1 super
cells. A three molecular CeO, thick slab modgl was consotructed, thus nir}e atomic Iayers in
total. The super cell has dimensions: a=7.72 A, b =6.69 A, and ¢ =23.88 A, and a 16 A thick
vacuum region is included to ensure that there is no interaction between the surface
adsorbates of one layer and the next slab. To optimize the surface structure, the top three
atomic layers of the slab with the adsorbates were allowed to relax. The bottom six atomic
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layers were fixed at the bulk positions of ceria. The NEB method [155-157] was employed to
locate the transition states of various reactions over the catalyst surface. After numerical
differentiation, each transition state was confirmed to have a single imaginary vibrational
frequency.

Ethanol decomposition via steam reforming reaction was computationally studied on the
CeO,(111) and Co/CeO»(111) surfaces. From our results, the most likely reaction pathway is
described below. The decomposition of ethanol starts with the breaking of the O-H bond on
the catalyst surface. The produced ethoxide unit prefers to be adsorbed on the catalyst
surface by the OCo interaction. With the assistance of a surface-bound hydroxyl moiety,
derived from water dissociation, the C,~H bond breaking of the ethoxide unit could proceed
to yield the thermodynamically stable product (adsorbed acetaldehyde and hydrogen atom).
The surface-bound hydroxyl group could act as a better hydrogen acceptor to assist the C,-
H bond-breaking reaction as compared to the surface oxygen atom of ceria. In the
subsequent step, the surface-bound hydroxyl addition to acetaldehyde produces the
hydroxyl adduct, CH;CH(O)(OH), as an intermediate. This CH;CH(O)(OH) intermediate
further undergoes the loss of H from the C, position to generate acetic acid. Acetic acid can
then lose the acidic hydrogen from the hydroxyl unit, yielding an adsorbed acetate and
hydrogen. The acetate could be further converted to the CH>(OH)COO intermediate via H-
atom abstraction and subsequent surface-bound hydroxyl addition reactions. As suggested
by the calculations, the C,-Cg bond rupture from the chemisorbed CH,(O)COO
intermediate generates formaldehyde and CO,. Similar to acetaldehyde, the generated
formaldehyde could react with a surface-bound hydroxyl group to produce the
HCH(O)(OH) adduct that subsequently undergoes a H-atom abstraction reaction to yield
formic acid. Then, formic acid loses the acidic hydrogen of the hydroxyl unit to generate
surface-bound formate. Finally, formate could be converted to CO,. Throughout the
favorable reaction pathway from ethanol to CO,, one of the most energetically costly steps
on the potential energy surface is the Cg-H bond-breaking step of acetate for ethanol
decomposition with the participation of surface-bound hydroxyl groups on the
Co/CeO,(111) surface.

Our modeling indicates that surface-bound hydroxyl groups, which is formed from water
dissociation, plays two critical roles in the ethanol steam reforming reaction. The first is to
assist the hydrogen-abstraction reactions from carbon atoms. The second is their
involvement in addition reactions to form the C=0 or C=C double bond intermediates.
Thus, a catalyst on which water could more effectively dissociate to form surface-bound
hydroxyl and hydrogen might be a potentially better catalyst for steam reforming reactions.
On the Co/CeO(111) surface, our computational work elucidates the formation of
acetaldehyde and acetate intermediates and is consistent with extant experimental
observations [133]. The present computational studies do not account for the generation of
acetone, carbon monoxide, and methane, which are byproducts observed in experimental
studies. A model that includes larger Co particles with some surface-bound hydroxyl
groups would be more realistic and may account for the formation of other byproducts.

7. Economic considerations

Although recent years have witnessed an increasing number of studies in the literature on
BESR reaction, the commercialization of a BESR process for hydrogen production still faces
many obstacles before it can become a reality. The major obstacle is the cost associated with
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the process. While the cost of the catalyst, which is usually precious-metal based, can be an
inhibitive factor, a detailed analysis of the economics involved in the process and an
understanding of the contribution of many cost factors are still lacking.

An economic analysis model based on the cost structures in the United States was thereafter
developed by our laboratories based on a process for hydrogen production from bio-ethanol
steam reforming. The process includes upstream feedstock considerations as well as
downstream hydrogen purification strategies and is analyzed for two different capacity
levels, namely a central production scheme (150,000 kg H>/day) and a distributed
(forecourt) production scheme (1,500 kg H/day). The analysis was based on several
assumptions and input parameters provided by the US Department of Energy and involved
sensitivity analyses of several input parameters and their effects on the hydrogen selling
price.

The detailed methodologies for performing economic analysis and associated results and
discussions can be found in our recent publication [158]. Here we just give a brief summary
of what we have obtained from this study. The hydrogen selling price is determined to be
$2.69/kg H; at central hydrogen production scale. According to cost breakdown analysis,
ethanol feedstock contributes almost 70% of the total cost. Nevertheless, this technique is
still economically competitive with other commonly used hydrogen generation technologies
at same production scale such as methane steam reforming ($1.5/kg H,), and biomass
gasification ($1.77/kg H»). When the production scale is downsized to forecourt level, the
hydrogen selling price is significantly increased up to $4.27/kg H,, which is mainly
attributed to the significant increase of capital cost contribution. A series of sensitivity
analyses have been performed in order to determine the most significant factor influencing
the final hydrogen selling price. From the analyses, hydrogen yield has a major effect on the
estimated selling price through variation on ethanol feedstock cost contribution, which is
reasonable since higher yield would require less feedstock to produce the same amount of
hydrogen. Feed dilution is another important impact on hydrogen selling price, particularly
at higher dilution percentage. The exponential escalation of hydrogen selling price is clearly
observed when the dilution percentage is higher than 50%. Higher dilution percentage
means that larger amount of gas should be processed to get the same amount of hydrogen.
The effect of molar ratio of ethanol to water variation on hydrogen selling price has also
been evaluated. As expected, hydrogen selling price is increased along with increasing
molar ratio of water to ethanol, because larger amount of water is required to be evaporated
to get the same amount of hydrogen, resulting in the capital and operation cost increase.
However, another factor that is not reflected in this analysis is the fact that excess water (i.e.,
larger water-to-ethanol ratios) would inhibit coking on the surface and extend the active
catalyst life time. So, choosing a higher water input may have additional advantages not
captured by this analysis. Finally, the effect of catalyst cost and associated performance on
hydrogen selling price has also been intensively explored. The estimations indicate the
significance of using transition metal based catalyst for hydrogen production from BESR. If
noble metal based catalyst is used instead, the hydrogen selling price will jump up to
$22.34/kg H, from $4.27/kg H, where transition metal (e.g., Co) based catalyst is employed
assuming that their catalytic performance is comparable. In order to get the same hydrogen
selling price, the noble metal based catalyst has to either be operated under gas hourly space
velocity 100 times higher or has lifetime 100 times longer than those of transition metal
based catalyst, which is almost impossible from a realistic viewpoint.
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8. Future development directions

The technical advantage of ethanol steam reforming over direct ethanol combustion for
power generation is the improvement of thermal efficiency through hydrogen production
exclusively used for fuel cell. In addition to stationary electricity generation, fuel cell is also
designed for powering portable devices such as automobile. It is unsafe to travel around
with compressed hydrogen tank on board. Therefore, there is a necessity for on-board steam
reformer development where liquid ethanol rather than compressed hydrogen gas is fed
into the storage tank. In order to get better mileage per gallon ethanol fed, the very
important requirement of on-board steam reformer development is its light weight, which
generates great demands on size reduction of on-board reformer. To fulfill the
miniaturization and compactness requirements, various types of micro-structured reactors
have been developed in recent years, which is typically composed of stacks of channeled
blocks. Each micro-channel coated with active catalyst acts as the steam reformer for
hydrogen production. Partial ethanol is combusted in the other side of the channel to supply
heat required for reforming. Such design provides many technical advantages including
rapid mass and heat transport due to large surface area to volume ratios, lower pressure
drop, good structural and thermal stability, and precise control of reaction conditions
leading to higher hydrogen yield [159, 160]. The main challenges faced by this technique
before it becomes final commercialization are system integration, reactor fabrication process,
and catalyst regeneration or replacement.

Combinatorial method originally developed for drug discovery has been introduced into the
catalyst discovery field in the last decade to accelerate the catalyst screening process. By
using this high-throughput approach, large and diverse libraries of inorganic materials can
be prepared, processed, and tested simultaneously under the same reaction conditions for
quickly obtaining potential candidates with desirable catalytic performance, which is
beneficial for significant reduction of time and money spent on catalyst development [161,
162]. However, the relatively complicated algorithms for testing matrix determination,
expensive testing instrument, and representability of the screening results should be better
handled before it can be widely accepted as a standard catalyst development strategy.

The influence of external field (e.g., electric and magnetic field) on catalytic performance
during BESR could be another interesting area to study. Because any chemical reaction
involves electron transfer and rearrangement facilitated by the addition of catalyst, the
application of external field which can exert impact on electron movement is expected to
have influence on catalytic reactivity. Such effect has been recently evidenced by L. Yuan, et
al. that hydrogen yield and selectivity were significantly enhanced when an AC current
passed through Ni/ ALOs catalyst [163].

According to LeChatelier’s Principle, referring to Reaction (1), continuous removal CO;
from product stream can shift the reaction equilibrium toward products side, leading to the
improvement of hydrogen production. Based on literature review, there are mainly two
methods for CO; in-situ removal: addition of CO, sorbent and CO; selective membrane.
The CO; sorbent used for this purpose has to be regenerated at temperature higher than
reaction temperature for reuse. For doing so, the high temperature CO, sorbent has to be
circulated between reactor and regenerator [164]. The CO; sorbent is usually regenerated
under the hot air environment and has good resistance to high temperature and attrition.
According to literature reporting, CaO and lithium silicate are among the most commonly
used CO; sorbents for hydrogen production. For CO, selective membrane, CO; is either
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rejected by the membrane and stays in the retentate side, or diffuses through the membrane
and swept out as permeate. In order to in-situ remove CO; or perform hydrogen
purification within the reformer, various types of membrane reactors have been developed
in recent years to obtain hydrogen rich gas stream. Moreover, catalytic membrane reactor
has also been invented to perform water-gas shift (WGS) and separation simultaneously
through applying certain catalyst onto the membrane surface, among which Pd-
impregnated membrane is the most reported one for getting purfied hydrogen product [165,
166]. Nevertheless, many technical problems including cost reduction, selectivity and
permeation efficiency improvement, and rigidity enhancement have to be solved before it
becomes economically attractive.

The high cost of ethanol feedstock for steam reforming mainly comes from the downstream
distillation and purification steps of the crude ethanol obtained from fermentation. If the
crude ethanol can be directly used as the feedstock for hydrogen production from BESR, the
large amount of energy wasted during distillation for water and other impurities removal
can be eliminated, leading to the significant cost reduction of ethanol feedstock and in turn
hydrogen produced from BESR. In addition, other oxygenated hydrocarbons contained in
the fermentation broth can also be steam reformed to generate extra 7% hydrogen if crude
ethanol is employed compared to steam reforming of pure ethanol. Although this approach
sounds promising for final commercialization of BESR technique, the challenge still remains
at the catalyst’s tolerance to the impurities present in the crude ethanol solution. According
to related publications, several researchers have conducted such study to evaluate the
impact of impurities on catalytic performance toward hydrogen production. A. Akande and
his coworkers investigated the influence of crude ethanol simulated through adding small
amount of lactic acid, glycerol, and maltose to ethanol aqueous solution on the catalytic
performance of Ni/AlOs [128, 167]. Initial catalyst deactivation was observed followed by
stable run within 12 hours test. Similar study has also been performed by our group over
Co/CeO,. ~90% hydrogen yield is achieved and well maintained within 100 hours run. A
more systematic research has been recently implemented by A. Valant, et al. over
Rh/MgALO, [168]. More oxygenated hydrocarbons including esters, aldehydes, amine,
acetic acid, methanol, and linear or branched alchols have been tested for its influences on
catalytic performance of BESR. Catalyst deactivation is observed for certain impurity
additions. Through catalyst modification, much better stability has been achieved using Rh-
Ni/Y-ALQOs.

Although high pressure operation will result in inhibition of hydrogen production, as
predicted thermodynamically referring to Section 2.7, it is still worth investigating, because
high pressure operation will significantly lower down the hydrogen compression cost for
storage and transporation. In order to compensate the hydrogen production loss, hydrogen
selective membrane reactor has been recently proposed in combination with high pressure
operation by Argonne National Laboratory [169]. By doing so, the formed hydrogen can be
continuously removed leading to the thermodynamic equilibrium shift toward hydrogen
production.
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of the planet. Higher temperatures and intensification of extreme weather events such
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first section presents some research results for first generation ethanol production
from starch and sugar raw materials. Chapters in the second section present results on
some efforts around the world to develop an efficient technology for producing second-
generation ethanol from different types of lignocellulosic materials. While these
production technologies are being developed, different uses for ethanol could also be
studied. The chapter in the third section points to the use of hydrogen in fuel cells,
where this hydrogen could be produced from ethanol.
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