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Abstract

The increasing concern of energy shortage and environmental pollution attracts
worldwide exploration of using sustainable biomaterials for the production of
biofuels and biochemicals. Utilising lignocellulosic raw materials for valuable
bio-products production is generally considered as a preferred biosynthetic
technology. Although various processes have already been proposed,
lignocellulose hydrolysis is still remaining as one of the major challenges that
prevents wide spread application of lignocellulosic raw materials in biofuel and

biochemical production.

The aim of this study was to investigate the feasibility of applying soft-rot
fungi as a biological pretreatment of wheat straw for the generation of cellulase
enzymes and then use the freshly produced enzymes to hydrolyse the
fermented wheat straw to a sugar rich hydrolysate. The wheat straw
hydrolysate had also been examined for the production of bioethanol and

hiochemicals, such as succinic acid and itaconic acid.

Solid State Fermentations (SSF) of wheat straw were carried out using both
Aspergillus niger and Trichoderma reesei. The fermentation conditions, such
as moistures content, culture time, addition of nutrients, and modification of
wheat straw were optimised for the production of cellulase. In a SSF using
autoclaved wheat straw, an enzyme activity of 9.5 FPU/g was achieved. When
0.5% yeast extract and mineral solution were added, the enzyme activities

increased to 24.0 FPU/g after 5 days of cultivation. In a SSF of an alkali



soaked wheat straw (wheat straw treated with 1% NaOH at 25°C for 24 hours),

21.8 FPU/g was obtained after just 1-day culture.

Optimisation of hydrolysis process led to a hydrolysate containing 59.8 g/L
glucose, which was achieved from the hydrolysis of biologically pretreated
wheat straw at 18% solid loading, with an enzyme loading rate of 55 FPU/g at
50°C. Fermentations using the wheat straw hydrolysate resulted in 28.6 g/L

ethanol, which was equivalent to 93.4% of theoretic yield.

Utilisation of wheat straw hydrolysate for succinic acid production was
investigated using recombinant yeast strains. For Saccharomyces cerevisiae
D2, the deletion of SDH1 and SDH2 genes enhanced succinic acid production
by 68%. Optimisation of fermentation conditions and fermentation scales led to
a succinic acid production to around 12 g/L, which was nearly 100-folds of
what succinic acid production using the wild S. cerevisiae D2 strain at initial
fermentation conditions. Use wheat straw hydrolysate to replace commercial
glucose based semi-defined medium resulted in the same succinic acid
production yield, but lower concentration due to the low sugar concentration in
the hydrolysate. Biosynthesis of itaconic acid using wheat straw hydrolysate

was also explored, but no significant itaconic acid production was observed.
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Chapter 1 Introduction

1.1 Energy crisis and environmental concerns

World energy consumption has been increasing every year. In 2013, primary
energy consumption reached 12,730.430 million tonnes oil equivalent, which is
2.3% higher than the previous year (BPstats, 2014). The increase in global
population, life style changes and enlargement of industrial sector in many
countries are the main causes of growing energy demand (IEA, 2014).
Currently, fossil fuels (coal, petroleum and natural gas) are still the main
primary energy sources in the world. With the current technology, the
utilisation of fossil fuels generates various pollutants, such as carbon dioxide,
sulphur dioxide and nitrous oxide. They may cause environmental problems to
ecosystem. Moreover these pollutants have been identified as a cause of global
warming. Carbon dioxide is one of the main components of greenhouse gases
in the atmosphere. It has been reported that to produce 1 kWh of electricity
from coal, around 1 kg of carbon dioxide was emitted (Zevenhoven and
Beyene, 2011). The increase in energy consumption has, of course, led to
increasing carbon dioxide concentration in the atmosphere (Figure 1.1). Yeh
and Bai (1999) have reported that carbon dioxide caused 55% of global
warming and they also suggested that the reduction of carbon dioxide
emissions from the fossil fuel was a very urgent issue to reduce the global

warming trend.
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Figure 1. 1 Global carbon dioxide emission of year 1965 to 2013 (The-world-bank-group,
2015a)

Energy crisis is caused by a variety of factors, such as, overconsumption of
energy, overpopulation, poor infrastructure and growth of the industrial sector.
According to data from The World Bank, the average energy consumption per
person increased 6.5% (from 1774.9 to 1890.1 kg of oil equivalent per capita)
between 2005 to 2011, while world population increased 6%. The United
States has been the biggest energy consumer since 1990, but the high growth
rate of the industrial sector and population growth brought China to the top of
the energy consumer list since 2009 (The-world-bank-group, 2015b). A year
later, the amount of energy used in China was 2,492 million tonnes of oil
equivalent (19.4% of world energy consumption) followed by the United States
and India with 2,248.8 and 692 million tonnes of oil equivalent, respectively.

This high growth in energy consumption has become a serious issue.

There are several possible solutions to this energy crisis and environmental
pollution. One of them is to find alternative, renewable, sustainable and
environmental benign energy sources, such as using bioethanol. The global

ethanol production has increased from 10.7 billion gallons in 2004 to 20.4
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billion gallons in 2008 (Demirbas, 2011). The main ethanol producers in the
world are the United States and Brazil as shown in Table 1.1. The total world
ethanol production contributed to 1% of world’s transport fuel consumption in
2006 (Vincent, 2010a). The world ethanol production exceeded 94.5 million

tonnes in 2013 (Levdikova, 2014).

Table 1. 1 Global ethanol production, in billion gallons per year (Demirbas, 2011).

Country 2004 2008 Share 2008 (%0)
United States 3.40 8.93 43.8
Brazil 3.87 6.90 33.9
China 0.92 1.02 5.0
India 0.32 0.61 3.0
France 0.22 0.40 1.9
Canada 0.06 0.26 1.3
Germany 0.06 0.22 1.1
Thailand 0.65 0.15 0.7
Russia 0.20 0.15 0.7
Spain 0.09 0.13 0.6
South Africa 0.10 0.11 0.5
United Kingdom 0.08 0.11 0.5
Remaining countries 1.35 1.40 6.9
World 10.75 20.37 100.0

1.2 Current problem with biofuel production

Although the first generation of biofuel production has been widely
commercialised recently, it still receives plenty of questions regarding its
competing with food industry and its true sustainability. However, utilising
lignocellulosic raw materials for the biofuel and biochemical production is
generally considered as a preferred and an advanced technology for
biosynthesis. Various life cycle assessment studies have demonstrated that
lignocellulosic bioethanol production process has net CO, reduction in its life
cycle. One of the main problems with lignocellulosic biosynthesis is financial
concern. The current lignocellulosic biofuel technology could be divided into
pretreatment, hydrolysis, fermentation and distillation processes. The

pretreatment is designed to disrupt biomass structure, which enhances the
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efficiency in the subsequent enzymatic hydrolysis step. It has been found that
some pretreatment technologies generate unfavourable inhibitory compounds
for the subsequent hydrolysis and fermentation (see Figure 1.2). The
detoxification of these inhibitory compounds will, of course, influence the total

production cost.
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Figure 1. 2 Composition of lignocellulosic material and their potential hydrolysis products
(Taherzadeh and Karimi, 2007)

Currently, there are several possible approaches to increase the economical
competency of lignocellulosic bioethanol process. Firstly the feed stock supply
cost could be diminished by using agricultural waste such as wheat straw.
Secondly, the reduction of operating cost can be achieved by selecting a proper
pretreatment technique. Thirdly, the cost of enzyme in the hydrolysis process
can be trimmed down by producing on-site enzyme. Lastly, the lignocellulosic
bioethanol production process could be adapted to produce other value added

biochemical instead of bioethanol.

1.3 Objectives of this project
The objectives of this project are to investigate feasibility of the potential
approaches that could improve the lignocellulosic biofuel production process

as listed above.
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The first aim was to investigate the possibility of applying soft-rot fungi as a
biological pretreatment of wheat straw. The observations on the chemical and
physical alterations of wheat straw using biological pretreatment on wheat

straw can be found in chapter 4.

The second aim was to develop methods to reduce the production cost by
generating on-site cellulolytic enzymes. The details of factors that influence

enzyme production are reported in chapter 5.

The third aim of this project was to select a proper hydrolysis technique for the
biomass and to optimise the hydrolysis step in order to obtain sugar-rich

hydrolysate. The details of the optimisation analysis are provided in chapter 6.

The forth aim was to explore the application of wheat straw hydrolysate as a
biorefinery platform. Besides the ethanol production, the production of value
added chemicals such as succinic acid and itaconic acid were investigated. The

details of fermentations are presented in chapter 7 and 8.

1.5 Thesis outline

The thesis is structured and presented as the following way:

Chapter 1 Introduction: in this chapter provides an overview of the project,

explains the current problems and suggests some ways to solve them.

Chapter 2 Literature review: a review of the bioethanol and biochemical

(succinic acid and itaconic acid) production was described.

Chapter 3 Material and methods: will describe all procedures carried out in this

project including quantitative analysis.
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Chapter 4 Biological pretreatment: will report the performance of biological
pretreatment on wheat straw using Aspergillus niger and Trichoderma reesei.
The chapter ends with a co-culture technique for cellulase production. I will
demonstrate that A. niger is a promising strain to use in short term biological

pretreatment.

Chapter 5 Optimisation for cellulase production: will explain relevant factors
influencing cellulase production. The optimisation of cellulase production in

solid state fermentation by A. niger was investigated.

Chapter 6 Hydrolysis: in this chapter, the sugar yields from pretreated wheat
straw with acid hydrolysis or enzymatic hydrolysis are presented. The selected
hydrolysis method has been optimised to improve sugar concentration in

hydrolysate.

Chapter 7 Succinic acid production: the details of succinic acid production
from synthetic medium using yeast strain will be discussed. In order to increase
the production yield, the yeast strain will be manipulated. This chapter will end
with discussing a development of fermentation condition to improve the

succinic acid yield.

Chapter 8 Fermentation: in chapter 8, I will present the application of wheat
straw hydrolysate to produce value added chemicals including succinic acid,

ethanol and itaconic acid.

Chapter 9 Conclusion and future work: in this chapter, I will summarise all the
findings of this study and suggest some potential future work that can be

further explored.
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Chapter 2 Literature Review

This chapter will provide broad information about general background of
lignocellulosic bioethanol production, informative knowledge on each step of

bioethanol production process and main challenges in this research field.

2.1 Lignocellulosic raw materials

Bioethanol has been considered as a potentially important transportation fuel. It
can be produced from different kinds of raw materials such as sugar rich
material, starchy material and cellulose-based material. The world biggest
bioethanol producer is the United States together with Brazil which they use
corn and sugarcane as their raw materials. Both sources contain high amounts
of starch and sugar. However, to avoid food and fuel issues, for example, rising
food prices and reduction of cereal production since the price of the fuels are,
of course, higher than the price of cereal; this makes agricultural sector prefer
to plant the starchy plant for fuels rather than food. Therefore lignocellulosic
bioethanol has been developed. The lignocellulosic material includes
agricultural residues, short rotation herbaceous crops and forestry residues,
such residues have been identified as a cheap and effective raw material for

production of bioethanol.

2.1.1 Lignocellulose structure

The lignocellulose is composed of 2 polymeric forms of carbohydrate, which
are cellulose and hemicellulose and a phenolic polymer, which is lignin. The
components of lignocellulose biomass vary by plant species, plant organ, age

and stage of growth some examples are shown in Table 2.1.
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Table 2. 1 Cellulose, hemicellulose and lignin contents in common agricultural residues and
wastes (Kumar et al., 2009)*,(Rodriguez Couto and Sanroméan, 2005)** (Mosier et al.,
2005)*** (Conde-Mejia et al., 2012)****

Lignocellulosic material Cellulose (%)  Hemicellulose (%0) Lignin (%)
Aspen= 50.8-53.3 26.2-28.7 15.5-16.3
Barley bran ** 23 32.7 21.4
Cane bagasses™* 33 22 14
Coastal Bermuda grass* 25 35.7 6.4
Corn cobs* 45 35 15
Corn leaves** 37.6 345 12.6
Cotton seed hairs* 80-95 5-20 0
Eucalyptus viminalis**** 41.7 141 31
Fresh bagasse* 33.4 30 18.9
Fir ***= 43.9 26.5 28.4
Grape seeds** 7.10 31.13 43.54
Grape stalks** 29.95 35.33 22.94
Grasses* 25-40 35-50 10-30
Hardwood stems* 40-55 24-40 8-25
Leaves* 15-20 80-85 0
Newspaper* 40-55 25-40 18-30
Nut shells* 25-30 25-30 30-40
Softwood stems* 45-50 25-35 25-35
Oat straw** 49.3 25 18
Paper* 85-99 0 0-15
Pinus banksiana**** 41.6 25.6 28.6
Pinus pinaster**** 42.9 17.6 30.2
Popular*** 49.9 17.4 18.1
Primary wastewater solid* 8-15 NA 24-29
Rice straw* 32.1 24 18
Solid cattle manure* 1.6-4.7 1.4-3.3 2.7-5.7
Sorted refuse* 60 20 20
Switch grass* 45 31.4 12.0
Swine waste* 6.0 28 NA
Waste paper from chemical pulp* 60-70 10-20 5-10
Wheat straw* 30 50 15
White birch**** 41 36.2 18.9
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The structure of the components listed in Table 2.1 can be explained in detail

as:

Cellulose

Cellulose is normally found in both primary and secondary cell wall of plant
cell. It is linear homopolymeric form of D-glucose that is linked together with
1,4-B glycosidic bonds. The repeating unit of cellulose forms a crystalline fibril

which makes cellulose very rigid and sturdy.
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Figure 2. 1 Cellulose structure (Zhou and Wu, 2012)

Hemicellulose

Hemicellulose is a polymer that is mostly found in primary and secondary cell
walls. Unlike cellulose, hemicellulose is heteropolymeric compound since it
consists of D-xylose, D-glucose, D-galactose, D-mannose, L-arabinose, 4-O-
methyl-glucuronic acid, D-galacturonic acid and D-glucuronic acid. These
compounds are linked together by -1, 4 linkage and occasionally B-1, 3 and B-
1, 6 linkage (Saha, 2003). Different structures of hemicellulose polysaccharide
can be found, for example, xyloglucan, galactomannan, glucomannan,
glucuronoxylan and xylan. Their backbone structures are shown in Figure 2.2.

Since hemicellulose is a mixture of carbohydrate components that link together
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with ester bonds, it cannot form crystalline structures due to primarily to the
side chains. Therefore it can be easily broken by using chemical agent or

enzyme due to the extensively branched structure.

D-Glucose Glcp

Ac
D-Galactose Galp
D-Mannose Manp T
OH X X F G X X L G
icacid Gl Xyloglucan [B-D-Glcp-(1—-4)],, backbone substituted with side chains as seen in pea and arabidopsis.
D-Glucuronicacid GIcAp 1 510w indicates the typical B-glucanase cleavage site.

L-Arabinose Araf g
D-Xylose Xylp
L-Fucose Fucp

L-Rhamnose Rhap

eiv] Joderey Jes

Mixed linkage B-glucan [B-D-Glcp-(1—4)],-B-D-Glcp-(1—3)-[B-D-Glcp-(1—4)],,,, where n and m are 3 or 4;
typical of Poales.

Glucuronoarabinoxylan, GAX, typical of commelinid monocots.

COOH
COOH,
COOH,

OMe

Glucuronoxylan, typical dicot structure.

Galactomannan, typical of Fabaceae seeds.

Galactoglucomannan, typical of conifer wood.
Scheller HV, Ulvskov P. 2010.
Annu. Rev. Plant. Biol. 61:263-89

Figure 2. 2 Basic structure of hemicellulose (Scheller and Ulvskov, 2010).
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Lignin
Lignin is a polyaromatic compound and is usually found in secondary cell
walls of the plant cell. Lignin consists of 3 aromatic alcohols monomers which
are p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol (see Figure 2.3).
The monomers are linked together with covalent bond (carbon to carbon bond

and ether bond) to form 3 types of subunit (hydroxyphenol- (H-type), guaiacyl-

(G-type) and syringyl subunits (S-type) (Harmsen et al., 2010).

OH OH
/ /
OCH; CH,O OCH;,
OH OH
p-coumaryl alcohol ~ Coniferyl alcohol Sinapyl alcohol

Figure 2. 3 p-coumaryl- , coniferyl- and sinapyl alcohol: building blocks of lignin polymer
(Ekman, 2010)

Lignin is a very unique compound because it has none repeating bonds
between the subunits (see Figure 2.4) (Lankinen, 2004). It is a non-soluble
compound. In plant cell wall, lignin can be bound to cellulose with hydrogen
bond and ether bond. (see Table 2.2). This crosslink strengths the cell wall.
Then this compound is more difficult to degrade than cellulose and

hemicellulose (Harmsen et al., 2010).
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Table 2. 2 Chemical bonding of lignocellulosic component (Gupta and Tuohy, 2013)

Intrapolymer linkage Compound
Ether Lignin, hemicellulose
Carbon to carbon Lignin
Hydrogen Cellulose
Ester Hemicellulose
Interpolymer linkage Compound
Ether Cellulose— lignin
Ester Hemicellulose-lignin
Cellulose-hemicellulose
Hydrogen Hemicellulose-lignin
Cellulose-lignin
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Lignocellosic biomass is a promising candidate for a renewable energy
resource because it contains complex polysaccharides (cellulose,
hemicellulose) and it is an abundant material. Scientists have been trying to
find a suitable technology to extract all sugars out from lignocellulosic
materials. Conventional method being used nowadays is normally very specific

to a particular substrate, such as, acid treatment in corn.

2.2 Lignocellulosic bioethanol production process
Bioethanol production process from lignocellulosic material consists of 4 steps,
which are (i) pretreatment, (ii) hydrolysis, (iii) fermentation and (iv)

distillation. Details of each step are:

2.2.1 Pretreatment

Pretreatment process has an important role in bioethanol production. It aims to
break down the recalcitrance matrix in plant cell wall in order to increase
accessibility of biomass. The exposed biomass structure is preferable for
hydrolysis step because it can increase efficacy of biomass conversion into
fermentable sugar. By improving biomass conversion efficacy, this definitely
improves the ethanol yield. In the best possible way, the pretreatment process
must enhance sugar releasing during hydrolysis step without generating by-
products that can reduce the efficacy of subsequent hydrolysis and
fermentation processes in the later stage. Furthermore, the process must be a
cost-effective process (Kumar et al., 2009). Pretreatment method has been

classified into 4 categories.
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Physical pretreatment

Physical pretreatment or mechanical pretreatment requires physical forces to
break the lignocellulose structure and increase surface area of biomass. For
example, chipping, grinding and milling. There are many research groups that
have been active on applying physical pretreatment on feedstock as shown in
Table 2.3. Da Silva et al (2010) have studied the effect of milling as a
pretreatment process on sugarcane bagasse. The result shows that sugar yield
of pretreated bagasse was improved up to 70% compared with untreated
bagasse. Similar result can be also found in applying wet grinding process on
water hyacinth; Harun et al (2011) reported that after wet grinding the sugar
yield increased from 24.69 mg sugar/g dry wt to 59.32 mg sugar/ g dry wt. This
was equivalent to a 40.26% improvement compared to untreated water

hyacinth.

Table 2. 3 Physical pretreatment on different lignocellulosic feedstock.

Substrate Technique Results Reference
. Montalbo-Lomboy et al.,
Corn slurry Ultrasonic 330% than untreated (Mon y
2010)
Sugarcane W?t flek 49.3% glucose (da Silva et al., 2010)
bagasse milling
Wet disk 78.5% gl .
Rice straw E?t qls 8.5% glucose (Hideno et al., 2009)
milling
Rice straw Ball milling 89.4% glucose (Hideno et al., 2009)
Water hyacinth Milling n.a. (Harunetal., 2011)
Water hyacinth Ultrasonic n.a. (Harun et al., 2011)
. . (Karunanithy and
0,
Switchgrass Extruding 40.6% glucose Muthukumarappan, 2011)

Some physical pretreatment have applied a freezing technique. This kind of
pretreatment process requires extremely low temperatures. In the extremely
low temperature conditions, embedded water inside biomass material is

solidified into ice particles breaking down the biomass structure. Chang et al
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(2011) investigated the effect of freezing as a pretreatment process on rice
straw. The result shows that freeze-pretreated rice straw generated 4 times

higher glucose yield than untreated rice straw.

Another physical pretreatment processes that have been studied are mechanical
wave for example ultrasonic wave (Harun et al., 2011) and electromagnetic
wave such as microwave (Zhu et al., 2006a, Saha et al., 2008), gamma ray
(Yang et al., 2008, Wang et al., 2012). These techniques are energy intensive
processes and require costly equipment, therefore manufacturers normally

overlook these processes.

It can be concluded that size reduction enhanced the hydrolysis process
because the surface area of biomass is increased and hydrolysing reagent can

penetrate into the biomass easier than the untreated one.

Physical pretreatment is a simple process and can be applicable to different
types of feedstock. However, it still lacks support from bioethanol producers
due to the physical pretreatment processes requiring high energy to proceed.
Hence, manufacturer have tried to minimise the energy usage in physical
pretreatment by combined it with another pretreatment processes. Begum et al
(1988) reported that 9.2 g/L of reducing sugar was obtained from rice straw
pretreated by 500 kGy gamma ray. The reducing sugar yield increased to 33

g/L after combining the gamma ray pretreatment with 10% alkali solution.

Chemical pretreatment

Chemical pretreatments use chemical reagents to disrupt biomass structure. In
this process, each chemical reagent has specificity on individual chemical bond

within the biomass.
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Acid pretreatment

Lignocellulosic biomass pretreatment by using acid solution has been studied
since 1883 due to the acid has ability to depolymerise cellulose into
oligosaccharide (Yoon et al., 2014, Shahbazi and Zhang, 2010). And the
process was started to develop since then. The most common acids used in
hydrolysis are sulphuric acid, hydrochloric acid and phosphoric acid. These
acid are high destructive catalyst and cheap. Acid pretreatment process is
commercially used nowadays due to the high efficacy of the process. Generally
this process can be classified into 2 groups based on acid concentration and

temperature used:

(1) Concentrated acid pretreatment and

(i1) Diluted acid pretreatment.

Concentrated acid pretreatment requires strong acid (30-70%) such as
sulphuric acid, hydrochloric acid and phosphoric acid at low temperature (50-
60°C) for treating biomass (Khan, 2010, Janga et al., 2012, Goshadrou et al.,
2011). The hydrogen bonds in the cellulose fraction are broken down by the
acidic reagent. The amorphous cellulose is then degraded almost instantly to
glucose. This degradation reaction would solubilise polysaccharide and leave
lignin in the solid phase (Carvalheiro et al., 2008). This process maybe applied
as a simultaneous pretreatment and saccharification process for the biomass.
Because of the strength of the acid, which can completely break down cellulose
structure at ambient temperature this method does not require an enzymatic
hydrolysis step. The effect of concentrated phosphoric acid on microcrystalline

cellulose was investigated by Zhang et al (2010b). It has been found that the
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microcrystalline cellulose is degraded to amorphous cellulose after being
treated with strong acid at 50°C for 10 hours. The sugar yield from treated
microcrystalline substrate increased over 3 times compared with untreated
microcrystalline cellulose. Goshadrou et al (2011) have reported that glucose
yield from sweet sorghum bagasse increased by 26.4% after treatment with
85% (v/v) phosphoric acid at 50°C for 30 min compared to untreated sweet
sorghum bagasse. The advantage of the concentrated acid pretreatment is that it
can be applied to all types of feedstock, but it has major disadvantages as it
requires (i) corrosion resistant equipment, (ii) by product formation and (iii)

processes to recycle the acid reagent are needed (Tichagwa, 2012).

Dilute acid pretreatment is one of the most effective methods that have been
applied for treating biomass. Low concentration of acid, up to 5%, in
combination with heat has been used in this process. The temperature can
normally vary from 160°C to 220°C and is held for a short period around 10-30
minutes (Gupta and Tuohy, 2013). This method degrades hemicellulose and
cellulose polymer into short oligomers by acid disruption on covalent bonds
(hydrogen bonds, and van der Waals forces) (Li et al., 2010b). Then the
oligomer continues to break down into monomeric sugars (Jacobsen and
Wyman, 2000). Compared to the concentrated acid pretreatment, this dilute
acid pretreatment has less corrosion problems and it can generate fewer by
products such as hydroxymethylfurfural, levulinic acid, and formic acid
(Carvalheiro et al., 2008, Lee et al., 2014). However these inhibitors could
increase when higher temperatures and higher acid concentrations were applied
in pretreatment process (Lenihan et al., 2011). This process has been applied to

many type of biomass shown in Table 2.4. The dilute acid pretreatment on hard
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wood (aspen) and soft wood (balsam) were investigated by Jensen et al (2010).
Their results show that the highest total sugar yields of aspen was 88.3%
obtained from pretreating aspen with 0.5 % (w/w) sulphuric acid at 175°C for
30 minutes followed by enzymatic hydrolysis. For balsam, the sugar yield
increases to 21.2% when pretreated balsam with 0.25 % (w/w) sulphuric acid at
160°C for 71 minutes. Dilute acid pretreatment has been also studied in
herbaceous crops. Guo et al (2008) have investigated the effect of dilute acid
pretreatment on sugar yield from silvergrass. Their results show that xylose
yield from dilute acid pretreated (2% sulphuric acid at 121°C) silvergrass was
70% higher than untreated silvergrass. However, 4-5% of furfural was
generated under these conditions. Chen et al (2011) have proposed that acid
concentration in the pretreatment has an influence on the level of inhibitor
formation (furfural and acetic acid). They have studied dilute acid pretreatment
of rice straw by using different sulphuric acid concentrations in a range of 1-
15% at 180°C for 2 minutes. It has been found that less than 1 g/L of inhibitor
compounds were generated using less than 3% (w/w) sulphuric acid in the
pretreatment process and when the acid concentration was increased the level
of furfural was increased to 1.5-3.5 g/L and acetic acid was increased to 2.9—

35glL.
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Table 2. 4 Diluted acid pretreatment on various lignocellulosic feedstock.

Acid .
. . Temperature Time
concentration Acid . . Reference
Substrate O (minutes)
(%)
Almond shell 0.8 H,SO, 160 10 Gong et al. (2011)
Bermuda Sun and Cheng,
0.6-1.5 H,SO 121 30-90
grass ae (2005)
Bzrrr::sda 03-1.2 H,SO, 120-180 560 | Redding etal. (2011)
Sathitsuksanoh et al.
Corn stover 85 H3PO, 50 30 (2012)
Miscanthus 0.25-4 H,SO, 121 20 Xu et al. (2012)
Switch grass 1.2 H,SO, 160 20 Li et al. (2010b)
Rice straw 0.5-1 H,SO, 160-190 1-25 Hsu et al. (2010)
Sun and Cheng,
Rye straw 0.6-1.5 H,SO, 121 30-90 (2005)
Wheat straw 0-1 H,S0O, 121 60 Saha et al. (2005)

Alkali pretreatment

Alkaline pretreatment is a process that uses alkali reagent to break down
chemical bonding in lignocellulosic biomass. Sodium hydroxide is normally
employed as well as calcium hydroxide, ammonium hydroxide and potassium
hydroxide (Nadeem et al., 2013, MclIntosh and Vancov, 2011, Brodeur et al.,
2011). These alkali reagents can cleave the bond in lignin structure and the
bonds between lignin and other fractions and thus lead to lignin solubilisation
(Mosier et al., 2005). The alkali reagent partially degrades glycosidic bonds in
cellulose and hemicellulose which result in biomass swelling and reduced
crystallinity of the biomass (Agbor et al., 2011). It also removes acetyl and
uronic group from hemicellulose which may impact on enzyme accessibility
due to loss of steric interference (Wang, 2009). The alkali pretreatment can
improve the biomass conversion efficacy in the subsequent hydrolysis step

(Bensah and Mensah, 2013).




37

Xu et al. (2010b) have studied the effect of sodium hydroxide pretreatment on
switchgrass. Their results show that after pretreating the switchgrass with 1%
(w/w) sodium hydroxide at 50°C for 12 hours, the lignin content was reduced
by 77.8% and sugar yield was increased 3.78 times compared to the untreated
switchgrass. They have also proposed that delignification efficacy of the
pretreatment process was strongly influenced by the temperature used. Cheng
et al (2010) also support the theory that temperature plays an important role in

delignification and more lignin is removed at higher temperatures.

Alkali pretreatment can be performed at a wide range of temperatures (50-
135°C) (Chang et al., 1998). Some alkali pretreatments can be carried out at
ambient conditions but this might require a higher concentration of the alkali
reagent and take longer time compared to the acid pretreatment (Taherzadeh

and Karimi, 2008, Brodeur et al., 2011).

Kim and Lee (2005) have investigated the effect of soaking in aqueous
ammonia on corn stover. It has been found that this pretreatment can be
performed at room temperature without agitation. This can remove 55-74% of
the lignin. It has minimal impact on cellulose with nearly 100% of glucan left
in the solid phase. Since soaking in aqueous ammonia is operated in mild
conditions, the sugar degradation is minimal (Sharma et al., 2013).
Consequently the inhibitor compounds like furfural, hydroxymethylfurfural
(HMF) and organic acids are not detected (Zhang et al., 2014). However this
process also generates inhibitors during depolymerisation of lignin; the
inhibitors are phenolic compound, formic acid, acetic acid (Jonsson et al.,
2013b). These inhibitors have to be removed prior to the hydrolysis step

(Chaturvedi and Verma, 2013).
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The efficacy of alkali pretreatment depends on the amount of lignin in the
biomass (Canilha et al., 2012). It has been found that biomass having low
lignin content such as herbaceous crops (Chaturvedi and Verma, 2013) is a
very effective biomass. Alkaline pretreatment has been studied in various types
of lignocellulosic biomass as shown in Table 2.5. Nguyen et al. (2010) has
studied the alkali pretreatment of rice straw by using ammonia for
lignocellulose conversion to fermentable sugars. Their result show that after
pretreating rice straw with 10% (v/v) ammonia solution at 100°C for 6 hours,
the lignin content in rice straw was reduced by 6% and cellulose content

increased by 21% compared to untreated rice straw.

Table 2. 5 Alkali pretreatment on various lignocellulosic feedstocks.

Alkali Temperature
Substrate concentration Alkali po Time Reference
o (o)
(%)
Al .
mond 0.9 Ca(OH), 130 60 min | Gong et al. (2011)
shells
Barley hull 15 agueous 75 48h | Kimetal. (2008)
ammonia
Barley 1 NaOH 70-90 20 min | lroba etal. (2013)
straw
. Zhang et al.
Cattails 1-4 NaOH n.a 24 h (20102)
Cotton . Silverstein et al.
stalks 2 NaOH 121 90 min (2007)
Kaar and
Corn stover 15 Ca(OH), 120 4h Holtzapple (2000)
Miscanthus 0.5-4 NaOH 50 2h Xu et al. (2012)
Oil palm, AAUEOUS
empty fruit 21 a . 60 12 h Jung et al. (2011)
ammonia
brunches
Sorghum . Mclntosh and
straw 2 NaOH 121 60 min Vancov (2010)
Wheat . Mclntosh and
straw 2 NaOH 121 30 min Vancov (2011)
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Oxidative delignification pretreatment

Oxidative delignification pretreatment is a process that uses oxidizing agent to
degrade the lignin fraction in biomass (Chaturvedi and Verma, 2013).
Hydrogen peroxide (H,Oy) is usually used in this process (Harmsen et al.,
2010). Hydrogen peroxide is highly reactive with aromatic rings. Then
aromatic structure in lignin fraction can be converted into carboxylic acid,
carbon dioxide and water (Kaparaju and Felby, 2010). Silverstein et al. (2007)
have studied the effect of oxidative delignification on cotton stalks. The cotton
stalk was pretreated with 2% hydrogen peroxide at 30 °C. It was found that
50% of the lignin was removed which resulted in an improvement of biomass

conversion efficacy.

In order to improve delignification efficacy of pretreatment on wheat straw
Curreli et al. (1997) and Taherzadeh and Karimi (2008) have developed a
method by adding an alkali reagent, such as, sodium hydroxide or calcium
hydroxide as a catalyst to the pretreatment process. Wheat straw was immerged
with 1% sodium hydroxide for 24 hours to solubilise the hemicellulose. This
was mixed with solution containing 1% sodium hydroxide and 0.3% hydrogen
peroxide for 24 hours. The aromatic rings in lignin complex were decomposed
by the mixed reagent. The result shows that 81% of lignin was removed and

cellulose increased by 90%.

Ozonolysis

Ozonolysis is a process that utilises ozone to degrade lignin in the biomass.
Ozone is a very reactive oxidizing agent. it will break down the aromatic ring

structure in lignin by incorporating a double bond in the aromatic structure
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(Gupta, 2008). The low molecular weight organic acid compounds, such as,
formic acid and acetic acid are then released causing a pH drop (Aresta et al.,
2012). Although the ozone can partially solubilise the hemicellulose, it does
not degrade the cellulose (Chaturvedi and Verma, 2013). Vidal and Molinier
(1988) have reported the effect of ozonolysis on saw dust showing that the
ozonolysis pretreated saw dust has enhanced enzyme accessibility. The sugar
yield of ozonolysis pretreated saw dust improved from 15.3 to 32.1%
compared to none pretreated saw dust. They have also proposed that a small
amount of hemicellulose was removed from biomass because the linkage

between hemicellulose and lignin was broken down.

The ozonolysis pretreatment is normally operated under a mild condition, so it
does not cause sugar degradation (Canilha et al., 2012, Eqra et al., 2014). The
ozonolysis has been studied on many feedstocks such as wheat straw (Garcia-
Cubero et al., 2009), rye straw (Garcia-Cubero et al., 2009), sugarcane bagasse
(Eqra et al., 2014), poplar saw dust (Vidal and Molinier, 1988). In all cases, the
sugar yield of ozonolysis pretreated biomass after enzymatic hydrolysis
increased. Although this pretreatment has high efficacy in delignification, it is
not a preferred manufacturing process since the ozone is not stable and likely
to transform into some other oxides under high temperature. This is a major
disadvantage of this pretreatment, which means that it requires a large amount
of ozone making it noneconomic due to the cost of ozone used (Aresta et al.,

2012).
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Organosolv process

Organosolv is a process that applies an organic solvent to remove the lignin
fraction from biomass (Zhao et al., 2009). The organic solvent such as
methanol, ethanol, acetone, ethylene glycol, tri-ethylene glycol and tetra-
hydrofurfuryl alcohol are normally used to break the linkage between
hemicellulose and lignin in this process (Kumar et al., 2009). The organosolv
process has been studied on biomass residues, such as, olive tree (Diaz et al.,
2011), switchgrass (Hu et al., 2012), sugarcane bagasse (Mesa et al., 2011),
miscanthus (Brosse et al., 2009), almond shell (Gong et al., 2011). All the
studies have reported that the organosolv pretreatment has removed lignin
speeding up the cellulose conversion rate. The sugar yield after hydrolysis step
was higher than none pretreated biomass. Bai et al. (2013) investigated the
structural change during the organosolv pretreatment on bamboo. The results
show that after treating bamboo with 70% ethanol at 180°C for 2 hours, the

lignin content was decreased from 23.8% to 17.3%.

This pretreatment can be performed at a wide range of temperatures (100-
200°C) depending on the type of solvent (Zhao et al., 2009). The efficacy of
this pretreatment method depends on the solvent used, biomass structure and
condition of the process. Gong et al. (2011) have investigated the efficacy of
different organosolv solvents on almond shell. It was found that when 45%
acetone was used to treat almond shell at 180°C for 30 minutes, 55% of the
lignin was removed. The organosolv pretreatment showed even better results
when 45% ethanol was applied under the same conditions. This removed 60%
of lignin and 45% of hemicellulose from the biomass and there was no

evidence of glucose degradation.
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In some cases, the inorganic acid catalysts (HCI or H,SQO,) or alkali are applied
to increase the delignification rate and enhance the degradation of
hemicellulose (Alvira et al., 2010, Zhao et al., 2009). Furthermore, the acid
combined with organosolv pretreatment can increase the rate of cellulose

conversion in the hydrolysis step (Sannigrahi and Ragauskas, 2013).

The advantage of this pretreatment is that it can be employed with all kinds of
feedstock. More importantly it separates the pure lignin fraction from biomass
and this lignin by-product can be converted to a valuable product (Harmsen et
al., 2010). However a major drawback of this pretreatment is the cost of
solvent and it is necessary to remove the solvent from the system afterward
since it might interfere with the hydrolysis step in the later stage (Alvira et al.,

2010).

Hydrothermal pretreatment

This pretreatment method uses high temperature water (180-200°C) without
compressive condition to break the biomass structure down. Hydrothermal
pretreatment process is similar to dilute acid pretreatment, but it does not
require any acid catalyst. Although the hydrothermal pretreatment is usually
carried out under high temperature conditions, it, however, produces fewer
inhibitor compounds compared to the dilute acid pretreatment. In order to
prevent inhibitor formation, Alvira et al. (2010) have suggested that the

hydrothermal pretreatment should maintain its pH in the range of 4-7.

The hydrothermal process has been studied on a variety of feedstocks,

including herbaceous crop (see Table 2.6).



Table 2. 6 Hydrothermal pretreatment of various lignocellulosic feedstocks.
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Substrate Temperature (°C) | Time (min) Reference
Almond shells 210 10 Gong et al. (2011)
Bamboo 140-200 10-120 Xiao et al. (2014)
Corn stover 195 10-30 Xu et al. (2010c)
Rice straw 180 20 Chen et al. (2011)
Sorghum bagasse 210 20 Dogaris et al. (2009)
Sugarcane bagasse 170-230 1-46 Laser et al. (2002)
Rapeseed straw 210-220 30-50 Diaz et al. (2010)
Wheat straw 188 40 Pérez et al. (2008)
Wheat straw 195 6-12 Petersen et al. (2009)
Wheat straw 195 6 Kaparaju and Felby (2010)
Wheat straw 185 10 Hansen et al. (2011)
Wheat straw 210-220 2.5 Alvira et al. (2011)

Physicochemical pretreatment

Physicochemical pretreatment is a process that combines both chemical and
physical pretreatment methods to treat the biomass material in one step.
Examples of studies of physicochemical pretreatment on lignocellulosic
residues are shown on Table 2.7. The physicochemical pretreatments, for
example, steam explosion, ammonia fibre explosion and carbon dioxide
explosion are mainly used to enhance the porosity of the biomass and to reduce

the particle size and crystalline cellulose.

Steam explosion

Steam explosion is a pretreatment process that treats lignocellulosic biomass
with high pressure steam. At the end of the process the pressure dramatically
decreases. The sudden pressure change causes an explosion from inside of the
biomass matrix. The consequences of the explosion are an increasing cellulose
accessibility since the explosion has disrupted the biomass structure (Chen and

Chen, 2011). The temperature of this pretreatment is in the range of 170-240°C
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and pressure is varied from 0.60-4.12 MPa (Zhang et al., 2008, Han et al.,

2010, Wang et al., 2009, Sun et al., 2005, Bauer et al., 2014).

Han et al. (2010) have studied the effect of steam explosion on wheat straw.
Their results show that the pretreating wheat straw at 200°C for 3 minute
resulted in a smaller particle size than the untreated wheat straw. The
pretreated wheat straw also became more hydrophilic since the wax layer
coating on the surface was removed. This improves the ability of bonding
between the straw and hydrolytic enzymes. This group also suggested that
steam explosion at high temperature with long retention time led to a high

weight loss of biomass.

The factors that affect the efficacy of the steam explosion are retention time,
temperature, size of biomass and moisture content. Zhang et al. (2008) have
investigated the effect of pressure during steam explosion on lignin content in
wheat straw. The results show that 5.75 % of lignin content in the wheat straw
was removed after steam explosion at 0.6 MPa. It has been found that the
lignin degradation increased to 14.48% at a pressure of 0.8MPa. The
hemicellulose content in biomass was also affected by the steam explosion.
Wang et al. (2009) have reported that increasing the temperature during
pretreatment from 200°C to 240°C for Lespedeza stalk, resulted in a reduction
in the hemicellulose, in the form of xylan, from 8.5% to 1.2%.in Cara et al.
(2008) studied the effect of steam explosion on olive prunings. The results
indicate that soaking with water before steam explosion at high temperature

can increase both the sugar and ethanol yields.
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In order to reduce the temperature used during steam explosion, catalyst
agents, such as, sulphuric acid have been applied in the process. This acid-
assisted steam explosion can be performed with a shorter retention time and at
lower temperature. The technique can improve the efficacy of the hydrolysis

step and reduce the production of inhibitor compounds (Zimbardi et al., 2007).

Ammonia fibre explosion

Ammonia Fibre Explosion (AFEX) is a similar process to steam explosion.
Liquid ammonia is used as a catalyst in this pretreatment process. The
ammonia fibre explosion is carried out at low temperature (60-100°C) and high
pressure condition (Alvira et al., 2010). The pretreatment condition is held for
a desired time and then the pressure suddenly released. After ammonia fibre
explosion the hemicellulose fraction in biomass is converted to smaller
oligomers. The bonds between lignin and carbohydrate are broken down
resulting in an increased cellulose accessibility (Kumar et al., 2009). Ammonia
fibre explosion has been reported to be not very effective in biomass with a
high lignin content. Studies on ammonia fibre explosion have only been done
on herbaceous crops and some agricultural residues, for instance, coastal
bermuda grass (Lee et al.,, 2010), corn stover (Teymouri et al., 2005,
Chundawat et al., 2010, Zhao et al., 2014, Steele et al., 2005), sweet sorghum
bagasse (Li et al., 2010a), rice straw (Vlasenko et al., 1997), miscanthus
(Murnen et al., 2007) and switch grass (Alizadeh et al., 2005, Bals et al.,

2010).
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Teymouri et al. (2005) have worked on determining optimal conditions for
ammonia fibre explosion on corn stover for maximising the sugar yield. The
optimal pretreatment condition for corn stover is 90°C for 5 minutes and this
method leads to a higher yield of ethanol which increases up to 2.3 times over

that of the untreated raw material.

Carbon dioxide explosion pretreatment

Carbon dioxide explosion pretreatment is a process that uses supercritical
carbon dioxide which is carbon dioxide compressed at temperature to above its
critical point and is again used to break down biomass structure. During the
carbon dioxide explosion, the supercritical carbon dioxide penetrates through
the porous biomass under high pressure then the pressure is drastically
decreased. The biomass structure explodes after the rapid pressure change
resulting in an increase in biomass surface area. This process is usually
operated at a lower temperature compared to steam explosion (Kumar et al.,
2009). Zheng et al. (1998) have studied the effect of varying temperature and
pressure levels during carbon dioxide explosion on avicel. The pretreatment
process was carried out at temperatures of 25, 35 and 80°C at a pressure of
3000 psi. They found that the glucose yields from the pretreated avicel at either
80°C or 35°C were not statistically different. On the other hand, when they
varied the pressure, the results showed a positive response on glucose yield as

well as the rate of hydrolysis after carbon dioxide explosion.
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Table 2. 7 Physicochemical pretreatment on various lignocellulosic feedstocks.

Substrate Pretreatment Reference
Coastal Bermuda grass Ammonia fibre explosion Lee et al. (2010)
Corn stover Ammonia fibre explosion Teymouri et al. (2005)
Rice straw Ammonia fibre explosion Vlasenko et al. (1997)
Aspen Carbon dioxide explosion Kim and Hong (2001)
Corn stover Carbon dioxide explosion Narayanaswamy et al. (2011)
Pine Carbon dioxide explosion Kim and Hong (2001)
Switchgrass Carbon dioxide explosion Narayanaswamy et al. (2011)
Switchgrass Steam explosion Samuel et al. (2011)
Wheat straw Steam explosion Montané et al. (1998)
Wheat straw Steam explosion Ballesteros et al. (2006)

Biological pretreatment

Biological pretreatment is an alternative process that increases the surface area
of biomass by using microorganisms to remove lignin and break down
carbohydrate structures (Shi et al., 2008, Sun et al., 2011, Taniguchi et al.,
2005). This process is becoming more attractive for pretreating biomass
because it can be carried out under mild conditions. The biological
pretreatment is a relatively safe and environmentally benign process compared
to chemical or physicochemical pretreatments. Moreover, the biological
pretreatment does not generate toxic compounds such as furfural,
hydroxymethylfurfural (HMF). These compounds have an inhibitory effect on

yeast fermentation process.

Many species of ligninolytic microorganisms have been investigated in
biological pretreatment, such as, white-rot fungi (Yang et al., 2011), Brown-rot
fungi (Ray et al., 2010), Soft-rot fungi (Brown et al., 2012) and Cellulolytic
bacteria (Dashtban et al., 2009). Solid state fermentation is commonly used in

biological pretreatment at a broad range of culture times ranging from 7 days to
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150 days (Zeng et al., 2011, Xu et al., 2010a). Each of these microorganisms

have their own specific mechanism to break down biomass structure.

White rot fungi

White rot fungi is a microorganism that has an ability to degrade the lignin
fraction in biomass. Phanerochaete chrysosporium has been used as a standard
model for white-rot fungi. P. chrysosporium can express the entire ligninolytic
system, and can completely oxidize the lignin forming carbon dioxide as the
product (Jager et al., 1985). The hemicellulose and cellulose are then
hydrolysed by hemicellulase and cellulase, respectively (Kumar et al., 2009).
Zeng et al. (2011) have investigated the effect of biological pretreatment using
P. chrysosporium on wheat straw. They found that after 7 days of pretreatment,
the total lignin (which is around 25% of dry weight biomass) in the straw was
almost completely removed whereas most of the cellulose and the
hemicellulose components were not consumed. Shi et al. (2008) also studied
the biological pretreatment using P. chrysosporium on cotton stalks. They
reported that 27.6% of the lignin was degraded within 2 weeks and that
carbohydrate consumption was not detected. On the other hand, Salvachla et
al. (2011) have reported that after using P. chrysosporium to treat wheat straw
for 21 days that lignin degradation was not detected, while there was a 35%

degradation of cellulose and 70% of degradation of hemicellulose.

Some of white-rot fungi, such as Ceriporiopsis subvermispora, Trametes
versicolor and Trametes hirsute, can simultaneously degrade lignin, cellulose
and hemicellulose. Biological pretreatment using C.subvermispora has been

studied on many types of feedstock, for example, wheat straw (Wan and Li,
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2011), corn stover (Wan and Li, 2010), sugarcane bagasse (Ramos et al., 2004)
and wood (Tanaka et al., 2009). Salvachua et al. (2011) have reported that
there were no inhibitors found after pretreating wheat straw with C.
subvermispora for 21 days; however 13% lignin, 36% cellulose and 30%
hemicellulose were removed by this process. Wan and Li (2010) also support
this statement. They have found that 31.6% lignin and 6% cellulose were
removed from corn stover after pretreatment with C. subvermispora for 18
days. The component degradation, of course, enhances the subsequent
enzymatic hydrolysis. It has been found that the biological pretreatment by C.
subvermispora for 18 days on soybean straw, switchgrass, and hardwood can
increase the glucose yield around 2-3 fold compared to the untreated biomass

(Wan and Li, 2011).

Trametes sp. have been widely used to break down the lignocellulosic structure
since this strain has an ability to oxidise lignin, however, the strain also
degrades cellulose (Canam et al., 2011). In order to reduce cellulose
consumption, Canam et al. (2011) have proposed a promising technique using
a mutated Trametes versicolor strain in which cellobiose dehydrogenase has
been repressed. They used this strain for the biological pretreatment of canola
straw since it has ability to produce extra-cellular laccase (Schlosser et al.,
1997). Although the mutant strain grew relatively slowly it did show high
efficacy on delignification than the wild strain after 12 weeks of pretreatment.
Moreover, the saccharification efficacy was improved in comparison with the

response observed in the T. versicolor wild type.
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Although white-rot fungi are very promising candidates for the
lignocellulolytic enzyme system, this fungal group is still not a favoured choice
for industrial scale production since the long residence time of pretreatment
and the consumption of the cellulose by the fungus itself remain quite

significant (Canam et al., 2011).

Brown-rot fungi

Brown-rot fungi have the ability to both degrade cellulose and modify lignin
structure by demethylation (Nicholas, 1982). However, brown rot fungus has
a limited ability to remove lignin because it lacks ligninolytic enzymes

(Valdskova and Baldrian, 2006).

The brown-rot fungi that are most commonly used for pretreatment are
Gloeophyllum sepiarium, Gloeophyllum trabeum, Fomitopsis palustris,
Fomitopsis pinicola, Polyporus schweinitzii, Serpula incrassata, Piptoporus
betulinus and Tyromyces palustris. (Cohen et al., 2005, Valaskova and

Baldrian, 2006).

Biological pretreatment of hardwood aspen using G. trabeum has been
investigated. It has been found that a glucose yield of 72% of was obtained
after 2 weeks of pretreatment (Schilling et al., 2012). Biological pretreatment
using brown rot fungi on soft wood has also been studied. Coniophora puteana
was applied to pretreat Scots pine for 15 days and it was found that the glucose
saccharification yield exceeded 70% and only 9% wood mass was lost (Ray et

al., 2010).
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Soft-rot fungi

Soft-rot fungi can degrade cellulose and lignin in a similar manner to the white
rot fungi. The soft rot fungi can grow under extremely wet or dry conditions
(Gupta et al., 2013). One of the most extensively studied soft rot fungus is
Trichoderma sp. Chaetomium globosum is another stain that has been used as a
pretreatment process. Ray et al. (2010) have studied the efficacy of biological
pretreatment on pinus radiate sapwood using different fungal strains. They
reported that biomass pretreated with Chaetomium globosum ATCC 6205 at
25°C for 20 days, showed a 10% weight loss. However, the glucose yield did

not improve.

The efficacy of the pretreatment step depends on the characteristics of the
biomass, biomass composition and pretreatment conditions (Vincent, 2010b). It
is difficult to evaluate and compare pretreatment technologies because they
involve variable upstream and downstream processes (Agbor et al., 2011).
Each method has their own unique advantages and disadvantages (see Table

2.8).
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Table 2. 8 The advantages and disadvantages of each pretreatment technique.

Pretreatment
Physical Advantage Disadvantage
pretreatment :
. Reduce cellulose crystallinity, increase High power and ener
Mechanical Y y ghp . 9%y
consumption

surface area and pore size

Physicochemical :

Steam explosion

Solubilized lignin and hemicellulose,
cost effective, higher yield of glucose

Generate inhibitor
compounds, hemicellulose
degradation

Ammonia fibre
explosion

Increases accessible surface area, low
formation of inhibitor, not require
small particle size for efficiency,

decrystalizes cellulose, lignin removal

Not efficient for raw material

with high lignin content,

high cost from amount of
ammonia

Carbon dioxide
explosion

Increases accessible surface area, cost
effective, prevent decomposition of
monosaccharide by acid, not generate
toxic compounds

Does not affect lignin and
hemicellulose, very high
pressure requirement

Chemical
pretreatment :

Advantage

Disadvantage

Ozonolysis

Reduces lignin content, not generate
inhibitory components

High cost of large amount of
0zone needed

Acid Hydrolysis

-Concentrated acid

High glucose yield, ambient
temperature, hemicellulose removal

High cost of chemicals and
need to be recovered, reactor
corrosive problem, formation

of inhibitor

-Diluted acid

Less corrosive problem than
concentrate acid, hemicellulose
removal, less formation of inhibitor

Low sugar concentration in
exit steam

Alkaline hydrolysis

Remove lignin, solubilize
hemicellulose, increase surface area,
need ambient condition to react, lignin
removal

Takes a long time

Oxidative
delignification

Efficient remove of lignin, low
formation of inhibitors

High cost

Cause lignin and hemicellulose

High cost, solvent need to be

rganosolv . .
Organoso hydrolysis drain and recycle
Biological Advantage Disadvantage

pretreatment
Funai Degrade lignin and hemicellulose, low Takes a long time,
g hydrolysis rate is low

energy consumption

2.2.2 Hydrolysis

The hydrolysis step is required to convert the lignocellulosic biomass into

fermentable sugar. There are 2 major methods that have been used these being

(i) chemical hydrolysis and (ii) enzymatic hydrolysis.
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Chemical hydrolysis

Acid is the main chemical reagent which is used in chemical hydrolysis
predominantly sulphuric acid and hydrochloric acid. High concentration of acid
(30-70% by vol.) without heat was applied to break the amorphous portion
structure down by disrupting hydrogen bond in cellulose, ester and ether bond

in hemicellulose and turn it into sugar (Khan, 2010).

Acid hydrolysis for producing sugar has been studied in many types of
feedstock, such as, potato peel (Lenihan et al., 2010), olive tree pruning
(Romero et al., 2007), sugarcane bagasse (Gamez et al., 2006, Aguilar et al.,

2002) and rice straw (Kim et al., 2012, Wang et al., 2012).

Yield from acid hydrolysis is dependent on retention time, temperature, acid
concentration, particle size and mixing rate. In order to improve yield and
avoid sugar degradation, 2 acid hydrolysis stages have been introduced. Janga
et al. (2012) have investigated a 2 stage acid hydrolysis on aspen and pine
wood. In the first stage, high concentrations of acid (96-98%wt) is used to de-
crystallise cellulose and degraded hemicellulose. After cellulose has been de-
crystallised, a lower concentration of acid (20%wt) is then applied to cleave the
glycosidic bond in cellulose fraction into monosaccharide sugar. The result
shows 44% of glucose was deliberated after the 2 hydrolysis stages. The
advantage of acid hydrolysis over enzymatic hydrolysis is the faster reaction
rate. However this hydrolysis technique has huge disadvantages, which are
corrosive problems on equipment and acid residues (Verardi and Calabro,

2012).
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Enzymatic hydrolysis

Enzymatic hydrolysis is another method that converts lignocellulose into
fermentable sugar. Enzymatic hydrolysis is favoured for the degradation of
biomass for many reasons. Firstly, the enzymatic hydrolysis technique is
carried out under mild conditions. It does not require corrosion resistant
equipment nor the downstream process required to recover the acid residue.
More importantly, the enzymatic hydrolysis does not generate inhibitory

compounds.

During enzymatic hydrolysis, lignocellulose material is degraded using
lignocellulolytic enzymes. This is normally in the form of an enzyme-cocktail,

comprised of cellulase, hemicellulase and ligninolytic enzymes.

Cellulase

Cellulolytic enzymes are a group of enzymes that are specific for hydrolysing
cellulose. Cellulases can be divided by their mechanism of action as described

below:

1. Endo-1,4-B-D-glucanase or endoglucanase, EG (EC 3.2.1.4)

This enzyme randomly hydrolyses the B-1,4-D-glycosidic linkages in the
cellulose chain. The endoglucanase prefers to degrade the amorphous regions

in cellulose rather than the crystalline cellulose.

2. Exoglucanase also known as cellobiohydrolase, CBH (EC 3.2.1.91)

This enzyme hydrolyses -1,4-D- glycosidic linkage in the crystalline cellulose

and amorphous cellulose. It cleaves the cellulose polymer at the ends of the
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linear chain resulting in the disaccharide cellobiose unit. Cellobiohydrolases
can be classified into 2 types based on their substrate specificity.
Cellobiohydrolase | (CBH 1) acts on the reducing end and cellobiohydrolase |1
(CBH 11) on the non-reducing end of the cellulose chain. The cellobiohydrolase
is a very effective enzyme for crystalline cellulose degradation. However, the

cellobiose molecule can suppress the activity of cellobiohydrolase.
3. B-glucosidase or cellobiases (BG) (EC 3.2.1.21)

This enzyme can convert oligosaccharides, such as, cellobiose into glucose. It
has been reported that B-glucosidase can increase the reaction rate of cellulose

hydrolysis (Serensen et al., 2013).
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Figure 2. 5 Cellulose degradation mechanism (Xie et al., 2007)

The combined mechanism of these cellulolytic enzymes is shown in Figure 2.5.

Firstly, the cellulose fibre is hydrolysed by endoglucanase and generates
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smaller chain polymers. Then cellobiohydrolase grasps the short chain polymer
and hydrolyses it producing cellobiose. After that two molecules of glucose are

deliberated from a single cellobiose by B-glucosidase.
Hemicellulase

Hemicellulose is a heteropolymeric polysaccharide. The structure of this
compound is a mixture of branched and linear polysaccharides. They are bound
together with ether and ester bonds. Moreover the hemicellulose can be linked
to other compounds, such as, lignin and cellulose. Hemicellulose degradation

requires concerted action of multiple enzymes as shown in Figure 2.6.

o Xylan
O
—\—O :
MeQ Ho \ oe-D-Glucuronidases o Xylobiose
OH /.-' Acetyl-xylan- \f
- esterases ~ o OH
- — 7 e OH
Z.\/\ A RjZ.i/“‘“ " AN AN
HO- HO- oM I o
=0 | oL- Arablnn:fulanosmhses s
OH > Enclox /lanases B-Xylosidases
J.' &~ - OH
Ra — 3 |
Ferullc acid \n/
esterases
on  Galacto-glucomannan
HO /
1 & o

Mannobiose e
HO - oH| -Galactosidase

./
=2 Acetyl-mannan- _.O -
\ﬁ/’" Esterwses -"

7/ O_r_'_tg--y“ﬁ--..ﬁ;.u__ .
w"\. 1/\/Q =7

) ) OH - X
o p-Mannosidases OH EncIIJ mannanases B-Glucosidases

Arabinogalactan

w-1,5-L-Arabinan o ‘
=0 A-D- -D-Gal o-L-Ara
II —BH B-D falp [ ; [ ' I
e f t {
o @ OH 6 5 3
COH 5 B-D-Galp p-D-Galp o-L-Araf
A 1 1 1
0. §~ on d ! é
= HO HO HO
{ A : \ K 1 K' |
A Endo-u-L-arabinanase -, -0 ~, -0 0
o oH HO- A 0= O-.
1 O O o

B-Galactosidase

Figure 2. 6 Hemicellulose degrading enzyme (Shallom and Shoham, 2003)
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Hemicellulose degrading enzyme requires enzymes in the following list.

1. 1-4,-B-D- xylan xylanohydrolase or endo-1-4,-p-xylanase (EC.3.2.1.8)

This enzyme has an ability to break down the glycosidic bonds in xylans into

-D-xylopyranosyl oligomers.

2. a-D-glucuronidase (EC 3.2.1.139)

This hydrolase breaks the a-1,2 glycosidic bondin glucuronic acid sidechains
in xylan. The product from this reaction is D-glucuronic acid. D-glucuronic

acid and glucose have been reported to repress the glucosonidase activity.

3. a-L-arabinofuranosidase (EC 3.2.1.55)

This enzyme hydrolyse a-(1-2) and a-(1-3) link between arabinofuranosyl
residues and the xylan backbone. It is specific to (1-2)-, (1-3)- and (1-5)-a-

arabinofuranosyl linkages of arabinan and arabinoxylan.

4. Ferulic acid esterase or feruloyl esterase (EC 3.1.1.73)

This hydrolase breaks the ester bond that links arabinoxylan and ferulic acid.
(Moreira, 2008) suggested that ferulic acid esterase plays an important role in

releasing hemicellulose from lignin.

5. 1-4,-B-D-xylan xylohydrolase or 3-D-xylosidase (EC.3.2.1.37)

This enzyme is specifically binds to the non-reducing ends of short
xylooligomers (Barker et al., 2010). The xylo-oligasaccharide and xylobiose
molecules are then hydrolysed and converted into B-D —xylopyranosyl

residues.
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6. B-1,4-Mananase or Endo mannanase (EC 3.2.1.78)

This enzyme randomly cleaves [-1,4-D-mannosidic linkages in mannans,
galactomannans and glucomannans polymers. The product from this reaction is

manno-ligomer or mannobiose

7. Acetyl-mannan-esterase (EC 3.1.1.6)

This enzyme removes the acetyl substitution group on galacto-glucomannan

structure by breaking the ester bond.

8. B-galactosidase (EC 3.2.1.22)

This enzyme removes the galactosyl substitution group on

galactoglucomannan.

9. B -1,4-mannosidase (EC 3.2.1.25)

This enzyme hydrolyses p-1,4-D mannosyl groups from the reducing end of

mannobiose.

10.  o-arabinanase (EC 3.2.1.99)

This enzyme has the ability to remove L-arabinose residues from hemicellulose

polymers such as arabinoxylans.

11.  Acetyl xylan esterase (EC 3.1.1.6)

This enzyme is specific for the acetyl group in xylan polymers. It has de-
acetylation activity so this enzyme can degrade esterified acetyl group in xylan

to acetic acid.
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Ligninase

Although lignin is a complex polymer it can be hydrolysed by some fungal and
bacterial strains that have the ability to produce ligninase or ligninolytic

enzymes. This enzyme group is comprised of following activities:

1. Laccases or phenol oxidase (EC 1.10.3.2)

This enzyme is an oxidative enzyme that oxidizes aromatic amines and
phenolic compounds. The oxidized phenolic compounds are then converted
into p-quinone (Thurston, 1994). It is a nonspecific phenol oxidase enzyme

(Madhavi and Lele, 2009).

2. Lignin peroxidase (EC. 1.11.1.14)

This enzyme is an oxidative enzyme that oxidizes aromatic amines and
phenolic compounds (Fernandez-Fueyo and Martinez). It is activated by

veratryl alcohol (Piontek et al., 2001).

3. Manganese peroxidase (EC. 1.11.1.13)

This enzyme is an oxidative enzyme that oxidizes aromatic amines and

phenolic compounds. They need manganese ions (Mn2+) as their coenzyme.

In enzymatic hydrolysis, there are many factors that affect the efficacy of
enzymatic hydrolysis. One of the major factors that affect enzymatic hydrolysis
is substrate concentration. High concentrations of substrate can cause various
problems which lead to unequally distributed mass transfer. Besides this it may

cause product inhibition which can suppress cellulolytic enzyme activity.
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Hydrolysis yield is highly affected by characteristics and components of the
substrate. The compact biomass structure without pretreatment does not
provide satisfactory hydrolysis yield. The selection of pretreatment method
should be compatible with the selection of hydrolysis. Enzyme loading is
another factor influencing hydrolysis. Higher enzyme loading clearly results
in higher sugar liberation but it requires larger amounts of enzyme leading to
increased processing cost. The hydrolysis conditions such as temperature,
mixing rate and pH are important issue impacting enzyme efficiency. The
optimal condition for lignocellulolytic enzymes depends on its source of
production. For example, the optimal temperature of fungal cellulase is in the
range of 45-55°C, however thermophilic microorganism, such as, Hypocrea
jecorina can produce thermotolerant cellulase that has an optimal temperature
at 70°C. Clearly, higher temperature hydrolysis with efficient enzymes leads to
an improvement in hydrolysis yield. The thermostable cellulase can increase
the sugar yield around 3 times compared to the wild type enzyme which
operates at 60 °C (Trudeau et al., 2014). The optimal pH for fungal cellulase is
in the range of 4 to 5.5. The cellulases may lose their activity if a pH above that

range is applied.

Enzyme production

Since enzymatic hydrolysis is very important for bioethanol production.
Enzyme cost becomes one of the major barriers to an economically viable
bioethanol production process. In order to reduce bioethanol production costs,
on-site enzyme production is an attractive option. The on-site enzyme
production must be a cost effective process. Low cost sources of carbohydrate

such as agricultural wastes are normally used as a substrate for enzyme
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production. Beside the issue of substrate cost, another issue that catch an
attention is the ability of microorganism to produce active lignocellulolytic
enzymes. Lignocellulolytic enzyme production has been studied in various
types of microorganism especially in fungal strains (see Table 2.9) because
fungi are the main cellulose degradation microorganisms in natural ecosystem.
Trichoderma reesei and Aspergillus niger are predominant strain that have
been used for cellulolytic enzyme production because they can produce
extracellular cellulase enzyme with a high level of activity even in wild type

strains.

Trichoderma sp. is a complement cellulase production strain. It can produce
high levels of endo-glucanase and exoglucanase but it generates low level of -
glucosidase enzyme. Aspergillus strain can produce various types of enzymes
depending on the substrate in the culture condition. (Kim et al., 1997) have
reported that 84 FPU/g and 9100 U/g of xylanase activity were produced from
rice hull by A. niger KKS. The A. niger NS-2 produced 310 U/g of CMCase,17
U/g of Filter paper activity and 33 U/g of B-glucosidase using kitchen waste as
a substrate (Bansal et al., 2012). The A. niger NS-2 has also been studied for
enzyme production using wheat brand as a substrate. The results show that
carboxymethylcellulase (333 U/g), filter paper activity (15 U/g), B-glucosidase
(30 U/g), xylanase (1679 U/g), mannanase (160 U/g), a-amylase (19698 U/g),
glucoamylase (474 U/g) and pectinase (110 U/g) were detected after 96 hours

of fermentation (Bansal et al., 2011).

Aspergillus niger can produce a high level of f-glucosidase activity. The most
commercial used enzymes for hydrolysing feedstock are usually produced from

T.reesei supplimented with B-glucosidase from A.niger. Gutierrez-Correa et al.
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(1999) has reported that 6.5-10 U/g of filter paper activity was obtain from
sugarcane bagasse using T. reesei LM-UC4 and the filter paper activity has

improved to 14.7-15.5 U/g when A. niger was applied.

Table 2. 9 Lignocelluloslytic enzymes produced by different fungal strains and their substrates
(Dashtban et al., 2009, Rodriguez Couto and Sanroman, 2005)

Group Fungal strain Enzymes Substrate
Cellulases
. (CMCase, CBH,
Trichoderm
¢ ode. a BGL) Wheat straw
reesei .
Hemicellulase
(xylanase)
Trichoderma Cellulases
. (CMCase, CBH), Wheat bran,wheat straw
harzianum
B-1,3-glucanases
Trametes
Ascomycetes . MnP, laccase Bagasse
versicolor
Cellulases,
Aspergillus niger Xylanases, Sugar cane bagasse,grape
glycosidasse
Cellulases
Pestalotiopsis sp. (CMCase, CBH), Forest litter
Laccase
Botryosphaeria sp. Laccase Ballico seed
Cellulases
(CMCase, CBH,
- BGL
Penicillium - GL), . Red oak, grape seeds,
. Ligninase (LiP, .
chrysosporium MnP barley bran, woodchips
Hemicellulase
. (xylanases)
Basidiomycetes
Fomitopsis Cellulases Microcrystalline
alustfis (CMCase, CBH, cellu);ose
P BGL)
Pleurotus ostreatus | Laccase, MnP, LiP Bagasse,
P.sajor-caju Laccase, LiP Banana waste
Lentinus edodes Laccase Corn
strain CS-495

Note: CMCase is Carboxymethyl cellulase, CBH is exoglucanase, BGL is B-glucosidase, MnP
is manganese peroxidase and LiP is lignin peroxidase.

Enzymes production can be carried out in both solid state fermentation and
submerged fermentation. Both of these have their own benefits and drawbacks.
Most enzyme production procedures are carried out in submerged fermentation

because culture conditions in submerged fermentation are a lot easier to control
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compared to solid state fermentation. However, solid state fermentation dose
have some advantages over submerged fermentation, which are (i) its condition
is close to the nature habitat (ii) it has a lower energy consumption and (iii)

the operating cost is less expensive.

2.2.3 Fermentation

Bioethanol fermentation is a process that converts hexose or pentose sugar into
alcohol and carbon dioxide by alcoholic fermentation microorganism. The
microorganism that is most commonly used in ethanol fermentation is yeast,
particularly Saccharomyces cerevisiae. Wild type strains of S. cerevisiae
metabolise glucose (C6 sugar) via the Embden—Meyerhof pathway or
glycolysis into pyruvate. In anaerobic condition, this yeast strain produces
pyruvate decarboxylase and alcohol dehydrogenase enzymes which converts
pyruvate to alcohol and carbon dioxide (Chang et al., 1983). The yeast will
completely oxidise pyruvate into carbon dioxide and water when oxygen is
presented. It is known that S. cerevisiae can generate a high yield of ethanol
from hexose sugar, but that it cannot metabolise pentose sugars which are
normally also found in lignocellulose hydrolysates. Candida shehatae (Ge et
al., 2011), Pachysolen tannophilus (Slininger et al., 1987), Kluyveromycess
marxianus (Margaritis and Bajpai, 1982), Pichia stipites (Agbogbo and
Coward-Kelly, 2008a) and Zymomonas mobilis (Delgenes et al., 1996) have
been reported to ferment pentose to ethanol. Some xylose utilising yeast
strains such as K. marxianus SUB-80-S can produce ethanol from xylose under
aerobic condition, but the ethanol yield is still low at 55% of theoretical yield
(Margaritis and Bajpai, 1982). Strain improvement by genetic engineering has

improved the ethanol yield. Kluyveromyces marxianus IMB4 has been
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engineered allowing alcohol to be produced under high temperature conditions.
It can grow at temperatures up to 52°C and can tolerate ethanol at
concentrations greater than 7.5% (w/v).this strain can be used in simultaneous
saccharification and fermentation processes due to the temperature of
fermentation being close to cellulase optimum temperature (Suryawati et al.,

2009).

Even though yeast is a robust microorganism it can still be susceptible to
inhibitor compounds. The inhibitor compounds can be classified in 3 groups 1)

furans, 2) weak acids and 3) phenolic compounds

Furans (Furfural and hydroxymethyl furfural)

Presence of Furans in fermentation media can prolong the lag phase during cell
growth since it has been found to deactivate cell respiration (Chandel, 2011).
High level of furan can inhibit ethanol production. Hydroxymethyl furfural is
less toxic than furfural. Furfural and hydroxymethyl furfural are generated
from pentose and hexose sugar degradation respectively under severe
condition. Pretreatment processes at high temperature and with long reaction

times leads to furan formation (McKillip et al., 2000).

Weak acids

Acid compounds, such as, acetic acid, formic acid and levulinic acid can
reduce pH in fermentation media. This may decrease cell activity since weak
acids can disrupt the cell membrane and dissociate in the cytosol. Moreover it
may interrupt the enzymes involved in sugar metabolism. Acetic acid in
hydrolysate is generated from de-acetylation of hemicellulose while formic

acid and levulinic acid are generated from furan degradation. Larsson et al.
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(1999) have reported that the ethanol yield and productivity were both
decreased when concentrations of acetic acid, formic acid, and levulinic acid
were higher than 100 mM. Concentration of weak acid less than 100 mM can
enhance the ethanol production (Larsson et al., 1999). It has been reported that
0.5 g/L of formic acid does not affect the ethanol production but formic acid at

1 g/L can prolong the ethanol production rate (Fu et al., 2014).

Phenolic compounds

Phenolic compounds, such as, vanillin and syringaldehyde are generated from
depolymerisation of lignin. Phenolic compounds are inhibitory compounds that
have negative effects on cell growth by disrupting the cell membrane (Jonsson

et al., 2013b). These inhibitors can also decrease the ethanol yield.

In order to avoid inhibitory compound formation, pretreatment process must be
carried out under as mild a condition as possible. However some inhibitory
compounds like acetic acid are difficult to prevent, since this compound
originates from the biomass (Harmsen et al., 2010, Jonsson et al., 2013b).
There are several methods to remove inhibitory compounds such as

evaporation, membrane technology and ion exchange resins.

The simplest detoxification can be done by overliming treatment. Overliming
treatment has raise pH to 10 by addition of alkali reagent (calcium hydroxide).
This pH adjustment results in precipitation of toxic compound. After
overliming the pH of hydrolysate needs to readjust to desired value again by
acid reagent. Even overliming treatment is one of the most efficacy methods
but it can be attributed to sugar degradation during treatment (Jonsson et al.,

2013b).
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Figure 2. 7 The structure of some typical inhibitor compounds generated in various
pretreatment of lignocellulosic raw materials

Table 2. 10 List of inhibitory concentration to yeast strain

Minimal inhibitory

Compound Inhibitor concentration .
concentration
Furfural 1-8 mM 15 mM
HMF 0.8 mM 10 mM
Vanillin 60 uM 10 mM
Syringaldehyde 18 uM >20 mM
Acetic acid 25-100 mM 50 mM
Formic acid 20-100 mM 20 mM
Levulinic acid ND 75 mM
Coumaric acid 60 uM >20 mM
Feroic/ferulic acid 50 uM >20 mM

2.2.4 Challenges in bioethanol production

Production cost of lignocellulosic bioethanol is a major concern in this field. It
is related to feedstock supply costs, pretreatment costs, operating technologies
and operating time (Sims et al., 2010). The main obstacle to bioethanol
production is the energy consumption in the pretreatment technologies and the
fact that some of the pretreatment technologies produce inhibitor compounds.
Furthermore, the cost of production of the enzymes required to hydrolyse
lignocellulose biomass into fermentable sugar is also very expensive. These
enzyme and pretreatment cost were accounted as a major cost of

lignocellulosic bioethanol production (Vincent, 2010b, Klein-Marcuschamer et
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al., 2012). The challenge would be to minimize or replace the most costly part
of the lignocellulosic bioethanol process i.e. pretreatment step. Besides the
pretreatment technology issue, the cost of commercial enzymes used in
hydrolysis step must be reduced. This can be done by generating on-site

enzymes.

2.3 Biorefining processes to convert lignocellulose to biochemical

The increasing worldwide concern of sustainable production not only affects
the energy industry, but also impacts the chemical industry. Currently, the
majority of fine chemicals, polymers, fibres and plastics are produced from
fossil resources, such as crude oil, coal and natural gas. The global shortage of
energy supply and the “finite” nature of the fossil resources drive the research
of developing a biorefining process to use renewable materials for the
production of biochemicals. Nowadays, several platform chemicals have
already been widely produced via bioprocesses, such as lactic acid, succinic

acid, 1,3-propanediol and itaconic acid (Koutinas et al., 2014)

2.3.1 Succinic acid production

Succinic acid and its derivatives have wide applications in surfactant,
detergent, electroplating, food and pharmaceutical industries (McKinlay et al.,
2007). Currently, it is produced predominantly from petrochemical precursors
(maleic anhydride). The production of succinic acid from renewable resources
would be expected to lower the production costs and reduce dependence on
petroleum. More promisingly, 1 mole of glucose could convert to 2 moles of
succinic acid, consuming 2 moles of carbon dioxide, which could contribute to

a reduction of greenhouse gas emissions.
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Succinic acid could be produced using several bacterial strains, such as
Actinobacillus  succinogenes,  Anaerobiospirillum  succiniciproducens,
Mannheimia succiniciprodu- cens and Escherichia coli (Du et al., 2008). In
Prof. Colin Webb’s lab in the University of Manchester, a wheat-based
biorefinery strategy was developed and applied to fermentative succinic acid
production (Du et al., 2008, Lin et al., 2011), Up to 90 g¢g/L succinate was
produced using a wild bacterial strain (Lin et al., 2011). However, these results
were obtained based on the glucose derived from starch materials, which
restrict the commercial potential of the research. Besides that, the use of
prokaryotic hosts, such as E. coli and Actinobacillus succinogenes generate
succinic salts rather than succinic acid. Most specialty and commodity based
applications of succinic acid require the free acid form rather than the salt
form. This necessitates additional chemical processing, surplus equipment and
perhaps most importantly extra energy to convert the salt into the desired

succinic acid (Nevoigt, 2008, Chen and Nielsen, 2013).

A promising alternative approach is to produce succinic acid using a yeast
strain (Raab et al., 2010, Otero et al., 2013). Yeast has been widely used as a
chassis in synthetic biology. Yeast strains, Saccharomyces cerevisiae for
example, are well proven industrial microorganisms. They are biologically
safe, and have been widely explored for bioethanol fermentations using non-
food materials (Nevoigt, 2008). Yeast has been used for bioethanol production
for thousands of years. As discussed in previous sections, intensive
investigations have been carried out recently to utilise S. cerevisiae to convert
lignocellulosic raw materials into bioethanol. This suggests that a

lignocellulosic based succinic acid production process could be relatively
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easily built up in the yeast system. The availability of a comprehensive genome
sequence for multiple species and stains and the well-established genetic
engineering tools presents the potential of yeast as an excellent succinic acid
producer. More promisingly, yeast e.g. Saccharomyces cerevisiae, produce
succinic acid in acid form instead of salt form because they can be grown at pH
4.0 and the pK, of succinic acid is 4.2. The major metabolic pathways
involved in the fermentative succinic acid synthesis in Saccharomyces
cerevisiae are shown in Figure 2.8.
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Figure 2. 8 Major metabolic pathways of succinic acid synthesis in S. cerevisiae. Not all
enzymatic steps or intermediates are shown (PEP, phosphoenolpyruvate; P, phosphate; DH,
dehydrogenase) (Raab et al., 2010).

Using S. cerevisiae for organic acid production, e.g. succinic acid, has a
distinct advantage over bacterial processes due to its high tolerance of low pH
(Nevoigt, 2008). This could potentially reduce the requirement for downstream

processing by producing succinic acid rather than the salt (Lin et al., 2011).
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However, the high ethanol fermentation activity in natural S. cerevisiae drains
off metabolic flux, preventing other metabolites from being synthesised to a

significant concentration.

Research on yeast based succinic acid production has only recently
commenced with the first paper published in 2010 (Raab et al., 2010).
Although there are only two publications available using recombinant
Saccharomyces cerevisiae for the production of succinic acid, encouraging
levels of succinate production were achieved. Raab et al. (2010) constructed a
yeast strain with four gene deletions (dsdhiAsdh24idhiAidpl, encoding
succinate dehydrogenase (SDH) subunits 1, 2 and isocitrate dehydrogenase
isoenzymes), leading to 3.6 g/L succinic acid production (Y,s = 0.11 mol
succinic acid/mol glucose). This was 4.8 times higher than the parent strain.
Otero et al. (2013) blocked SDH3 (SDH subunit 3) and 3-phosphoglycerate
dehydrogenase, resulting in a Saccharomyces cerevisiae strain that produced
30 folds higher succinic acid (0.9 g/L) than its parent strain (Otero et al., 2013).
However, compared with the best result obtained in bacterial fermentations
(McKinlay et al., 2007), these succinate concentrations are very low. This is
because only limited genetic modification were done in the Saccharomyces
cerevisiae strains at this stage. No attempt was made to stop other end-
metabolites e.g. ethanol, glycerol, acetate and no attempt was made to
overexpress enzymes related to PEP/pyruvate carboxylation. Therefore, in
Raab’s fermentations (Raab et al., 2010), ethanol was still the main product
(10-20 g/L, ethanol concentration was not reported in the other study (Otero et
al., 2013)). Furthermore, limited fermentation optimisation was done to

improve succinic acid production using recombinant yeast strains. These facts
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indicated that succinic acid production from yeast strains could potentially play

a major role in future succinic acid industry.

2.3.2 Itaconic acid production

Itaconic acid is also an important platform chemical, which could be used to
replace crude oil derived acrylic acid (El-Imam and Du, 2014). Itaconic acid
and poly-itaconic acid have been used or potentially could be used in the
production of ion exchange resins, fabric binders, glass fiber, adhesives,
plastics, drug coating and paints (Okabe et al., 2009, Willke and Vorlop, 2001).
Aspergillus terreus is the main itaconic acid producer, although several other
strains, such as Aspergillus itaconicus and Ustilago zeae (Haskins et al., 1955)
could also synthesis and accumulate itaconic acid in the fermentation broth.
Major metabolic pathways leading to the formation of itaconic acid in A.

terreus are shown in Figure 2.9.
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Figure 2. 9 Biosynthesis pathway of itaconic acid in A. terreus cell (Steiger et al., 2013)
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Early research in itaconic acid fermentation focused on the improvement of
itaconic acid titre. Therefore, glucose based semi-synthesis medium have been
widely used. Under best fermentation condition using Aspergillus terreus, up to
91 g¢/L itaconic acid could be produced (Kuenz et al., 2012). Similarly to the
development of bioethanol production process, with the growing concern of
competing with food application, increasing number of research groups turned
their focuses to produce itaconic acid using waste biomass or lignocellulosic
raw materials, such as Jatropha cake, olive waste and palm oil mill effluent.
Fermentative itaconic acid production was recently reviewed by (El-Imam and

Du, 2014).

Table 2. 11 Itaconic acid production using waste biomass and lignocellulosic raw materials.
(adapted from (El-Imam and Du, 2014))

Microorganism Substrate Concentration (g/l)
A. terreus Jatropha cake 48.7
A. terreus CECT 20365 Olive & beet waste 44
A. terreus 282743 POME 5.76
A. terreus Glycerol 30.2
A. terreus MJLO5 Glycerol 27.6
A. terreus Jatropha cake 24.5

2.4 Wheat straw as lignocellulosic ethanol feedstock

Wheat (Triticum aestivum L.) is originally grown in Middle East 10,000 years
ago. Nowadays this crop has grown in many countries around the world. The
trend of global wheat production keeps increasing every year. In 2012, we can
produce around 670.9 metric tons per year around the world (FAO, 2014).

Approximately 70% of global production of wheat is for human food and
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around 17% of global production goes through feed production. With the huge
production of this crop, it will leads to a large quantity of wheat straw left after
harvesting. In term of wheat straw utilisation, some of wheat straw are used in
feed production industry, pulping and packaging industry, furniture
manufacturing. However there are still some left over every year. The wheat
straw is usually removed from the field by open air burning. This improper
waste management can cause serious environmental pollution. Petrik et al.
(2013b) have suggested that wheat straw can serve as resource for value added
product. The main advantages of utilising wheat straw as substrate for ethanol
production are the huge amount of wheat straw that is available for the
production. It does have less sugar decomposition during storage period unlike
other sugar material, so it does not need to be proceeded immediately after
harvesting. Ideally using abundant raw material like wheat straw to produce
ethanol should reduce production cost but due to the recalcitrant character of

biomass, the pretreatment is essentially required.

There are numerous studies that investigated the pretreatment technology for
bioethanol production from wheat straw (Saha et al., 2005, Petersen et al.,
2009, Ballesteros et al., 2006). Littlewood et al. (2013) reported that steam
explosion, dilute acid, hot water and wet oxidation are efficacious pretreatment
method on wheat straw. These pretreatment technologies are energy intensive
process and they require high stiffness and corrosive resistant reactor which
lead to high investment cost. Furthermore the cost of enzyme for hydrolysis is
major variable cost for ethanol production from wheat straw. In order to
produce bioethanol that has potential to compete with gasoline without

subsidies, it is necessary to reduce energy consumption of pretreatment and
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decrease in the cost of enzyme for hydrolysis. Therefore biological
pretreatment is an alternative route to reduce energy consumption and
production cost. Since it offers low capital cost, low energy consumption and
mild environmental conditions. The biological pretreatment with a high
potential of cellulase production microorganism strain is another advantageous
in production of bioethanol when used for break down wheat straw structure
and also for cellulase production. However, the main disadvantage of
biological pretreatment is long retention time of the process compared to other
technologies. Therefore it is necessary to carry on studying microorganisms for

their ability to treat plant material quickly and efficiently.

In this study, a solid state fermentation based biorefining strategy was
developed and a wheat straw derived fermentation feedstock was generated.
The wheat straw hydrolysate contained high sugar contains, indicating it could
be used for itaconic acid fermentation. And the utilisation of wheat straw
hydrolysate will provide another example of utilising wheat straw, an abundant

agriculture waste biomass stream into valuable chemicals.
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Chapter 3 Materials and Methods

3.1 Wheat straw

Cordiale wheat straw (Triticum aestivum L.) was obtained from the University
Farm (University of Nottingham, Sutton Bonington, UK). The air-dried wheat
straw was Knife-milled and passed through a 2-mm screen sieve (Fritsch, Idar-
Oberstein, Germany). The wheat straw was collected and stored in a cold room

until use.
3.2 Wheat straw analysis

3.2.1 Sugar analysis

Sugar standard solution preparation

Standard solution containing arabinose, galactose, glucose and Xxylose were
prepared as follows. 25 mg of sugars (arabinose, galactose, glucose and xylose)
were dissolved in 1000 ml deionized water as “sugar stock solution”. Sugar
stock solution was diluted with deionized water to final concentrations as

presented in Table 3.1

Table 3. 1 Sugar standard preparation

Concentration Sugars stock Deionized water (ul)  Total volume (ul)

(mg/L) solution (ul)

25 1000 0 1000

12.5 500 500 1000

6.25 250 750 1000

3.125 125 875 1000

1.5625 62.5 937.5 1000

0.78125 31.25 968.75 1000

0 0 1000 1000
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Sample preparation

Total sugar analysis was performed by total acid hydrolysis method (Saeman et
al., 1945). 30 mg of biomass was weighted out and put into a 50 ml Teflon cap
tube (Pyrex, UK). 1 ml of 12 M sulphuric acid was added and incubated at
37°C for 1 hour. 11 ml of distilled water was added to dilute acid solution to
1M and the hydrolysis continued at 100°C for 2 hours. The total acid

hydrolysate was then cooled to room temperature.

Dionex lon Chromatography (Dionex)

The amounts of sugars were quantified by HPLC. Prior to HPLC analysis, all
samples and standards were filtered using 0.2 um pore size Whatman GD/X
syringe filters (GF/C 25 mm filter diameter; Whatman International Ltd., UK).
Monosaccharides (arabinose, galactose, glucose and xylose) were analysed
using Dionex ICS-3000 Reagent-FreeTM lon Chromatography equipped with
Dionex ICS-3000 system, electrochemical detection using ED 40 and computer
controller. The CarboPacTM PA 20 column (3 x 150 mm/; Dionex, USA) was
used and the mobile phase was 10 mM NaOH with a flow rate of 0.5 mL/min.
The injection volume was 10 pl and the column temperature was 30°C. The
sample analysis was completed in 14 minutes. The chromatogram of stand