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The production of chemicals from sawdust by wet oxidation has been investigated. Two different
concentrations of sawdust; 54054 mg/l and 32683 mg/l were used in the study. The wet oxidation
operating conditions were; 175°C — 225°C, 1MPa Oxygen, and 40 minutes to 120 minutes
reaction time. Carboxylic acids were among the chemicals produced in the process. The total
yield of carboxylic acids was found to increase with temperature. Also, higher yields of
carboxylic acids were observed at a lower sawdust concentration. This was probably due to the
high oxygen-biomass ratio at lower sawdust concentration. Higher oxygen availability at low
sawdust concentration resulted in increased conversion of the sawdust; hence the higher yields of
carboxylic acids. At lower sawdust concentration, a total carboxylic acid yield of 25.59 wt% was
attained at 200°C and 40 minutes reaction time. At higher sawdust concentration, a total

carboxylic acid yield of 15.57 wt% was attained at 200°C and 40-minutes reaction time.

The carboxylic acids identified include formic acid, acetic acid, succinic acid and oxalic acid.
The optimum temperature for the production of formic acid was found to be 200°C, while the
optimum temperature for the production of acetic acid was found to be 225°C. A temperature of

225°C and relatively short reaction time of 10 minutes was found to be the optimal condition for



the production of succinic acid. Formic acid was produced in the highest yield, with an optimal
yield of 13.69wt %, when the reaction temperature and time are 200°C and 40 minutes
respectively. The yield of formic acid was found to decrease significantly when further
increasing the temperature to 225°C. This was presumably due to thermal decomposition of
formic acid at relatively higher temperature. However, the yield of acetic acid was found to
steadily increase with temperature. This is because acetic is more thermally stable than formic
acid. The yield of acetic acid did not decrease after the temperature was increased to 225°C.
Optimal yield of acetic acid (7.98wt %) was achieved at; 225°C, and 40 minutes reaction time.
Succinic acid was produced only at temperatures of 200°C and 225°C. Optimal yield of succinic
acid (5.66wt %) was attained under the following conditions; 32683 mg/l, 225°C, 1MPa O,, and
10-minutes reaction time. Oxalic acid was produced in the lowest yield and, less frequently. The

optimal yield of oxalic acid (4.02 wt%) was attained at 175°C and 80-minutes of reaction time.

The Total Organic Carbon (TOC) is found to be higher when increasing the operating
temperature, thus suggesting that more organic compounds are formed at higher temperatures.
The identified carboxylic acids could only account for less than 30% of the measured COD-
content of the various wet oxidation samples. This implies that some other unidentified

compounds (reaction products) must have been present.

In general, wet oxidation seems to be an effective method for converting lignocellulosic biomass
into useful chemicals. Relatively higher temperatures have been found to favor the production of
carboxylic acids from sawdust.
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List of abbreviations and symbols

0.B Overbark

SWE Solid wood equivalents
WO Wet oxidation

HO’ Hydroxyl radicals

HO,’ Hydroperoxyl radicals

R Organic radicals

ROO’ Peroxy radical

ROOH Hydroperoxide

HPLC High performance liquid chromatography
COD Chemical oxygen demand
TOC Total organic carbon

LA Levulinic acid

HMF Hydroxymethylfurfural
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1. Introduction

Fossil fuels such as crude oil, coal, and natural gas have been the major feedstock for the
production of fuels and chemicals since the industrial revolution. However, due to the finite and
relatively non-renewable nature of fossil fuel deposits (Amidon et al., 2008), the steady increase
in the demand and price of crude oil, and the obvious global climate change resulting from the
fossil-derived carbon burden to the environment (Liu et al., 2012), attention is seriously being
shifted to other renewable and environmentally friendly sources of fuels and chemicals.
Presently, there is a general desire to use more environmentally friendly and socially acceptable
sources of fuels and chemicals. Biomass is one environmentally friendly and renewable resource
which has great potential as a major source of fuel and valuable chemicals. The use of biomass
for energy and chemical production predates the industrial revolution, when it was utilized
exclusively by humans, as a source of energy and chemical (Liu, 2010). Lignocellulosic biomass
has been described as the most abundant organic source on earth, with a yearly production of
about 170*10* kg in the biosphere (Liu, 2010; Liu et al., 2012). Woody biomass; a
lignocellulosic biomass, is one of the potential renewable resources for the production of fuels
and chemicals. According to parikka 2010, the total above-ground woody biomass in the world’s
forests is estimated to be about 420*10' kg. Developing processes which can efficiently convert
renewable resources such as lignocellulosic biomass to produce fuels and chemicals will
guarantee future supply of fuels and chemicals. Utilizing the renewable carbon from woody
biomass for the production of fuels and chemicals will reduce the Green-House Gas driven
global climate change, by eliminating the additional fossil-derived carbon dioxide burden to the
environment (Liu, 2012). Furthermore, most bio-refineries today utilize food crops such as maize
or corn, soy, wheat, and sugar-cane for the production of biofuels, and this is now being viewed
as a threat to global food security (Slade et al., 2011). Therefore, turning to lignocellulosic
biomass will ensure both food and energy security. However, there are some economic and
technical setbacks to the full utilization of lignocellulosic biomass, for production of fuels and
chemicals. Lignocellulosic biomass has a complex chemical composition and internal structure,
which is resistant to degradation (Harmsen et al., 2010; Barnerjee et al., 2009). The high
microcrystallinity of cellulose and its extensive intermolecular hydrogen bonding, protection of
cellulose by lignin, and sheathing of cellulose by hemicellulose are among the reasons for the

recalcitrance of lignocellulose to hydrolysis (Guo et al., 2012; Banerjee et al., 2009).
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Furthermore, the various components of lignocellulosic biomass (Cellulose, Hemicellulose and
Lignin) have varying levels of resistance to thermal, chemical and biological degradation
(Amidon et al., 2008), and this makes it difficult to simultaneously extract or utilize all the
components. According to Guo et al., 2012, if methods and infrastructure can be sufficiently
advanced, then abundant supply of low-cost lignocellulosic materials will guarantee the stable
production of bulk liquid fuels and bio-chemicals via sugar or syngas routes. Thus new
technological efforts are needed to develop economical and efficient processes which will open
up the solid crystalline cellulose structure, solubilize hemicelluloses, and degrade lignin without
generating by-products which can be detrimental to downstream processes such as fermentation.

The objectives of this study are to identify and quantify the products formed by the wet oxidation

of sawdust, and to investigate the effect of temperature on the yield of the products.



2. Biomass resources

Biomass is the renewable matter that can be derived directly or indirectly from plant which is
utilized as energy or materials in a substantial amount (Yokoyama et al., 2008). Although fossil
fuels are derived from plant and other living matter, they are however not renewable on human
civilization timescale because the time it takes for fossils to recycle or naturally replenish is
about 280 million years (Liu, 2010). Biomass is a renewable and potentially sustainable resource
which has great potential as a renewable energy resource (Yokoyama et al., 2008; Demirbas
2001). The world’s total biomass resource is estimated to be 1800*10™ kg on the ground and
about 4*10" kg in the ocean (Yokoyama et al., 2008).

As at the year 2001, biomass accounted for about 3% of primary energy consumption in
industrialized countries and 35% in developing countries, thus raising the world total to 14% of
primary energy consumption (Demirbas, 2001). In 2004, biomass represented approximately
14% of world’s final energy consumption, with about 25% of the usage in industrialized
countries (Parikka, 2004). Biomass has the potential to provide a cost effective and sustainable
supply of energy in the future (Demirbas, 2001). Studies have suggested that as the price of fossil
fuel increases over the next decades, biomass-derived fuels will account for a greater share of the

overall energy supply (Yokoyama et al., 2008).

Biomass resources are quite various, and they include agricultural products such as food crops,
crops for energy (e.g., switch grass or prairie perennials), crop residues (e.g. corn stover, rice
husk, rice straw), wood waste and byproducts (both mill residues and traditionally
noncommercial biomass in the woods), animal manure, algae, construction debris, municipal
solid waste, yard waste, sewage sludge and food waste (Bracmort 2012; Yokoyama et al., 2008).
Different biomass resources have different compositions and as such, they also have different
reactivities (Yokoyama et al.,, 2008). Lignocellulosic biomass which consists mainly of
cellulose, hemicellulose and lignin, are the most abundant biomass and organic source on earth
(Liu, 2010). Most agricultural and forest-derived biomass resources such as crop residues, wood
and wood wastes are lignocellulosic biomass. The annual production of lignocellulosic biomass
in the earth’s biosphere is about 170*10* Kg (Liu, 2010).

Cellulose and hemicelluloses are rich sources of non-edible carbohydrates, while the aromatic

structure of lignin provides excellent functional chemical sources (Liu, 2010). However, it has
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been argued that producing transport fuels from commodity or food crops constitutes threat to
global food security (Slade et al., 2011). Therefore, producing fuels and chemicals from
lignocellulosic biomass is becoming an interesting option. For instance, in the U.S, efforts to
promote the use of biomass for power generation have focused on wood, wood residues, and

milling waste ( Bracmort, 2012).

2.1 Lignocellulosic biomass
Lignocellulosic biomass, such as wood consists mainly of cellulose, hemicelluloses, lignin as
well as other minor components or extractives (Harmsen et al., 2010; Amidon et al., 2008). The

structure and arrangement of the main components of lignocellulose is as shown in figure 1.

Cellulose

Figure 1 Components and structure of Lignocellulosic biomass (Alonso et al., , 2012)

It is a major source of non-edible carbohydrate which can be used for the synthesis of fuels and
chemicals (Kobayashi et al., 2012). The cellulose and hemicellulose fractions are hydrolysable
biopolymers of sugars, thus they are potential sugar fractions ( Bjerre and Schmidt, 1997), which
can be accessed through a variety of pretreatment processes for the production of a variety of
high-value products such as fuels and chemicals. Complete hydrolysis of the cellulose fraction in
lignocellulosic biomass yields glucose, while complete hydrolysis of the hemicelluloses fraction
yields pentoses (xylose and arabinose) and hexoses (glucose, galactose and mannose) ( Bjerre

and Schmidt, 1997). The pentoses and hexoses hydrolyzed from the cellulose and hemicelluloses
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fractions are conveniently used for the production of various fuels and chemicals such as ethanol,
butanol, hydrogen, methane, liquid alkanes, 5-hydroxymethyl furfural (5-HMF) and 2,5-
dimethylfuran (Guo et al., 2012).

There are various sources of lignocellulosic biomass such as; waste materials from agriculture,
agro-industrial processing, and forestry (Schmidt and Thomsen, 1998). One major example of
forest-derived lignocellulosic biomass is woody biomass. Lignocellulose in wood consists of
cellulose (40-50%), hemicellulose (20-40%) and lignin (20-30%) (Kobayashi et al., 2012).
Woody biomass is the most abundant organic source on earth (Liu et al., 2012), with very great
potential as a feedstock for the production of fuels and chemicals. It has been projected by the
US department of state that about 9% of the energy that will be consumed in the year 2030 will
come from wood and wood-derived fuels (White, 2010). Woody biomass is obtained from forest
operations, sawmilling and planning, plywood production, and particleboard production
(Parikka, 2004)

Despite the promising nature of woody biomass as an alternative to fossil fuels, it is yet to be
fully utilized for the production of fuels and chemicals. The reasons for this are its lack of price
competitiveness when compared with fossil fuels (White, 2010), and the lack of efficient
technologies for the optimal conversion of wood to fuels and chemicals. However, the current
desire to use more environmentally friendly and socially acceptable energy resources will
undoubtedly continue to promote the use of lignocellulosic biomass resources for the production
of fuels and chemicals. In addition, the varied nature of woody biomass sources means that
woody biomass will be available at different prices. Milling residues such as saw dust and some
timber harvesting residues will most likely be among the low cost woody biomass resource
(White, 2010). The yearly production of wood residues in EU for the years 2001 to 2003 (wood

residues including bark, sawdust, wood chips etc.) is as shown in Table 1.
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Table 1 Production of wood residues, such as bark, sawdust, wood chips etc. (10°) cubic
meter solid (Adapted from Parikka, 2006)

Wood 2000 2001 2002 2003
Residues

M3overbark | MPoverbark | M3overbark | M®overbark
Europe 4559 4572 45 45.07
EU15 32.83 32.90 31.89 32.34
EU25 39.56 39.84 39.11 39.41

2.1.1 Woody biomass resources

Woody biomass has been described as the most abundant biomass organic source on earth, with
an annual production rate of about 5.64x10" kg-C in the biosphere (Liu et al., 2012). Forests are
known to be the major sources of woody biomass. It is estimated that the total above-ground
biomass in the world’s forests is about 420*10% kg (Parikka, 2004). About 2.15*10' m? of
forests and other wooded land abound in the European continent (Nikolaou et al., 2003). About
136*10'® m? of the forests located in the European Union (EU25) alone (Parikka, 2006).

In order to effectively determine the amount of woody biomass resources in Europe, The Efiscen
model has been used to estimate the realizable potential supply of woody biomass from forests in
Europe (Verkerk et al., 2011). In the estimation, three mobilization scenarios (high, medium,
low) which reduces the amount of biomass that can be extracted from forests were defined, and
then compared with the theoretical mobilization scenario (i.e. no constraints reducing the
availability of woody biomass). In the study, the restrictions on biomass extraction due to
multiple environmental, technical and social constraints were assumed to increase in ascending
order from the high to the low mobilization scenario. According to the estimation, the
theoretical biomass potential from the forests in the 27 European Union (EU) member states was
projected to be 1277*%10° m®yr overbark in 2010 (Verkerk et al., 2011; Mantau 2012), and
1254*10° m3/yr overbark in 2030 (Verkerk et al., 2011).

Mantau, 2010 also calculated the wood resource balance for the EU27 Intergovernmental Panel
on Climate Change (IPCC) scenario Al. All the calculations and results were done and reported

in solid wood equivalents (swe). One million cubic meter solid wood equivalents (1M m? swe)
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were defined as being equal to 1.025Mm? overbark (1.025M m?® 0.b). According to Mantau et al.,
2010, the total potential supply of all woody resources in the EU27 amounted to about 1billion
cubic meter (994M m?) in 2010, exceeding the actual demand for that year which was 826 M m®
(Mantau, 2010). The potential supply for the years 2020 and 2030 were also estimated to be
1048.4 M m® and 1109.4M m® respectively (Table 2).

Table 2 Wood Resource Balance results for Europe (EU 27) (Mantau, 2010)

Wood Resource Balance

Region Eu27 IPCC Scenario: Al
potential 2010 2020 2030 2010 2020 2030 demand
M m* M m’
stemwood C, ME 3618 3588 3557 1864 2185 2467 sawmill industry
stemwood NC, ME 1823 1781 1810 114 142 17,3 veneer plywood
forest residues C+NC, ME 1180 1188 1203 1433 1684 2003 pulp industry
bark, C+4NC, ME 237 233 234 823 1101 1357 panel industry
landsc. care wood (USE) ME 585 66.0 735 148 17.6 198 other material uses
209 435 536  producer of wood fuels
sawmill by-products (POT) 8686 960 1078 855 983 1139 forest sect, intem. uss
other ind. res. reduced (POT) 297 e 41,7 832 2420 3771 bicmass power plants
black liquor (POT) 604 713 B49 232 688 815 households (peliets)
solid wood fuels (POT) 208 435 538 1545 1632 1506 households {other)
post-consumer woed (POT) 520 S87 673 0.0 08 290 liquid bicfuels
total 9939 1.0484 1.1094 8255 1.1454 14254 total

With the exclusion of the solid wood fuels, the EU27 wood resource balance for the years 2010,
2020 and 2030 were estimated to be 973M m?, 1005M m®, and 1056M m? respectively (Mantau,
2010).

However, after considering the various environmental, technical and social constraints, Verkerk,
2011 and Mantau 2010, estimated the amount of woody biomass that can realistically be

harvested from EU forests. The estimates by Verkerk are shown in Table 3.

Table 3 Estimated amount of wood that can be realistically harvested from EU forests

Mobilization 2010 2030 Reference
Scenario M myrto.b
High 895 (Verkerk et al., 2011)

Medium 731 (Mantau, 2010)




Low 744 623 (Verkerk et al., 2011)

Estimates by Mantau 2010 are as shown in Figure 2.

H 3
4 Sl : 1,372~
1,170 . 1,219 .
1.006 1,068 1,102 5 1,057 .
1,000 +— 904 x 948 :
500 -+ = .
0 LO ME B2 g LO ME E
2020 2030
O low mobilisation B medium mobilisation
B high mobilisaton O total woody biom. demand B2

B total woody biom. demand Al
Figure 2 Development of scenarios of potential and supply, EU 27 (Mantau, 2010)

It is estimated that the amount of woody biomass coming from outside the forests will increase
from 31% in 2010 to 41% in 2030 under the medium mobilization scenario and the IPCC Al

scenario (Mantau, 2010).

2.2 Composition and characteristics of lignocellulosic biomass

As can be seen from figure 1, the internal structure of lignocellulosic biomass, as well as the
structure of the respective components is complex (Harmsen et al., 2010). A typical
lignocellulosic biomass consists of 50% cellulose, 25% hemicellulose, 20% lignin and 5% of
other minor components (Guo et al., 2012). Lignin; a natural phenolic glue, holds the cellulose
fibers together while hemicellulose, a low molecular weight hetero-sugar, encrusts the cellulose
and lignin (Banerjee et al., 2009). According to Harmsen et al., 2010, the source of the
lignocellulosic biomass determines its composition. The composition depends on the amount of
the hemicellulose and lignin fractions, which vary significantly for many different sources
(Harmsen et al., 2010). The compositions of various lignocellulosic biomasses are as shown in
Table 4.
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Table 4 Composition of lignocellulose in several sources on dry basis (Harmsen et al., 2010)

Lignocellulosic materials Cellulose Hemicellulose Lignin
(%) (%) (%)
Hardwood stems 40-55 24-40 18-25
Softwood stems 45-50 25-35 25-35
Nut shells 25-30 25-30 30-40
Corn cobs 45 35 15
Grasses 25-40 35-50 10-30
Paper 85-99 0 0-15
Wheat straw 30 50 15
Sorted refuse 60 20 20
Leaves 15-20 80-85 0
Cotton seed hairs 80-95 5-20 0
Newspaper 40-45 25-40 18-30
Waste papers from chemical | 60-70 10-20 5-10
pulps
Primary wastewater solids 8-15 NA 24-29
Swine waste 6.0 28 NA
Solid cattle manure 1.6-4.7 1.4-3.3 2.7-5.7
Coastal Bermuda grass 25 35.7 6.4
Switchgrass 45 31.4 12
2.2.1 Cellulose

Cellulose is a long, natural, linear homopolymer, consisting of long straight chains of six carbon
sugar glucose, which are connected together end-to-end through B 1-0-4 glycosidic bonds (Liu,
2010). It is the B-1,4-polyacetal of cellobiose (Harmsen et al., 2010), which is formed from D-
glucose through B-1,4 glycosidic bonds (Guo et al.,, 2012). The molecular formula of cellulose is
(C6H1206)n ; where n is an indication of the degree of polymerization and can range from
several thousands to tens of thousands (Yokoyama et al., 2008). The structure of cellulose is as

shown in Figure 2.

HOCH, OH HOCH,
§\() - @) HO 0O
- 0
HO 0/ 4 HO ~3
OH HOCH, OH

Figure 3 Structure of cellulose (Crocker and Crofcheck, 2006)



10

Cellulose is a structural material (Liu, 2010), which has a highly microcrystalline structure and
extensive intermolecular hydrogen bonding (Guo et al., 2012; Bjerre and Schmidt 1997);
therefore it is very hard to break the interconnections in the cellulose molecule. According to
Harmsen et al., 2010, cellulose provides mechanical strength and chemical stability to plants.
The extensive hydrogen bond between cellulose molecules, results in the formation of a
compound that comprises of several parallel chains attached to each other. The number of
glucose units that make up one polymer molecule (i.e. the degree of polymerization; DP)

determines the properties of the cellulose (Harmsen et al., 2010).

According to Guo et al., 2012 and Harmsen et al., 2010, cellulose is insoluble in water, but it
absorbs 8-14% water under normal atmospheric conditions (20°C, 60% relative humidity). The
solubility of cellulose increases with temperature. Cellulose is soluble in water at temperatures
higher than 317°C (Kobayashi et al., 2012). This is because at higher temperatures, more energy
is generated which breaks the hydrogen bonds between the cellulose molecules. However, at

temperature of 180°C, cellulose starts to decompose (Harmsen et al., 2010).

The extensive hydrogen bonding between cellulose molecules and chains (Bjerre and Schmidt
1997; Guo et al., 2012) contributes greatly to the water-insoluble nature of cellulose. The
hydrogen bonding between the cellulose molecules, and the consequent parallel arrangement of
the polymer chains are as shown in Figure 4.

Figure 4 Hydrogen bonding in cellulose (Harmsen et al., 2010)

According to Philbrook et al, cellulose chains self-assemble on biosynthesis into protofibrils,
then microfibrils, which are in turn packed into fibres with high crystallinity, imparting the
material with high tensile strength and water insolubility. This is made possible due to the inter-
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chain and intra-chain hydrogen bonding as well as Van der Waals forces that exist between the
cellulose molecules (Philbrook et al.,).
The highly rigid, compact, and water-insoluble microfibril structure of cellulose is as shown in

Figure 5.

/,'—‘ZI
Middle (e)

famella Three-layered
/ /secondary wall A %T
|

Primary wall Y

(b) (c) Cellulose \ '\ oL
molecule™ \ icelle

Figure 5 Formation of micro- and macrofibrils (fibres) of cellulose and their position in the wall
(Harmsen et al., 2010)

2.2.2 Hemicellulose

Hemicellulose is a two-dimensional heteropolysacharide which comprises of C-5 and C-6
monosaccharide sugars with short branched side connections (Liu, 2010; Guo et al., 2012).
Hemicellulose contains different kinds of sugar monomers such as xylose, mannose, galactose,
glucose, rhamnose, arabinose (Guo et al., 2012; Yokoyama et al., 2008). According to Liu 2010,
the predominant sugar monomer found in hemicelluloses sugar is xylose. Xylan has also been
described as the most common type of polymers belonging to the hemicelluloses family of
polysaccharides (Harmsen et al., 2010). Hemicellulose also contains acetyl groups attached to
the polymer chain, and its composition and structure vary, depending on their source and the
extraction method (Harmsen et al., 2010). Hemicelluloses have a degree of polymerization of 50
to 200 (much less than that of cellulose), thus they break down more easily than cellulose and

many are soluble in alkaline solutions (Yokoyama et al., 2008).

The structure of hemicelluloses is as shown in Figure 6.
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Figure 6 Hemicellulose (top: glucuronoarabinoxylan, bottom: arabinan) (Kobayashi et al., 2012)

Hemicellulose is amorphous in nature due to the highly branched structure. Amorphous cellulose
provides linkage between lignin and cellulose ( Bjerre and Schmidt, 1997). A high degree of
polydispersity, polydiversity and polymolecularity (a broad range of size, shape and mass
characteristics) has been described as being characteristic of plant-derived hemicelluloses
(Harmsen et al., 2010). At low temperatures, hemicellulose is insoluble in water, but at elevated
temperatures it becomes soluble (Harmsen et al., 2010). Liu, 2010 has stated that it is possible to
partially extract hemicellulose oligomers from angiosperm woody biomass through solution in
water at high temperatures. It is also possible to extract hemicellulose in alkaline solutions (
Bjerre and Schmidt, 1997).

2.2.3 Lignin

Lignin is an amorphous, three-dimensional, non-carbohydrate heteropolymer (Harmsen et al.,
2010; Liu, 2010; Guo et al., 2010). The main building blocks of lignin are phenylpropane units,
which form a complex and cross-linked aromatic structure (Harmsen et al., 2010; Guo et al.,
2012). The phenylpropane units are mainly methoxylated phenylpropylene alcohols (Liu, 2010),
and they are linked by various types of linkages. These linkages include; carbon-oxygen-carbon
or ether (i.e. B-0-4 and a-0-4) and carbon-carbon (i.e. C-C) linkages (Guo et al., 2010; Liu 2010;
Bjerre and Schmidt 2010), with the B-0-4 inter-unit linkages being the most abundant in lignin
(Liu, 2010).The most common alcohols found in lignin are; p-coumaryl alcohol, coniferyl
alcohol and sinapyl alcohol (Harmsen et al., 2010; Bjerre and Schmidt 1997). The structures of

the alcohols are shown in Figures 1 and 7.
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Figure 7 P-coumaryl-, coniferyl- and sinapyl alcohol (Harmsen et al., 2010)

The exact composition of lignin depends on the source. According to Liu 2010, lignin from
gymnosperms (softwood, conifers, and needle trees) consists primarily of a product derived from
the enzyme-mediated dehydrogenative polymerization of coniferyl alcohol, while the lignin from
angiosperms is primarily a derivative of a mixture of coniferyl and sinapyl alcohol (Liu 2010;
Harmsen et al., 2010). Coniferyl alcohol units account for more than 90% of softwood lignin,
while the remaining is mainly p-coumaryl alcohol units (Harmsen et al., 2010). Lignin from
hardwood contains more synapyl-derived units, and less corniferyl alcohol than softwood lignin (
Bjerre and Schmidt, 1997).

Lignin has high energy content and it contains highly reactive groups (Varanasi et al., 2013).
Lignin is insoluble in water and has a high molecular weight. Lignin is chemically attached to
cellulose and hemicellulose in its native state, where it works as a strengthening material by
helping to resist compressional forces ( Bjerre and Schmidt, 1997). When depolymerized, the

aromatic ring structure of lignin provides excellent functional chemical sources (Liu, 2010).

A lignin structure unit (phenylpropane) is shown in Figure 8.

CH;0
| | i }
R0 -4 mo{ -ttt
CH;0 CH;0

Figure 8 Lignin structure unit (phenylpropane) (Yokoyama et al., 2008)

3. Lignocellulosic biomass as an alternative source of fuels and chemicals
Biomass is a rich and alternative source for the production of sustainable commodity products, such as
biofuels (biodiesel, bio-ethanol, and marsh gas) and chemicals (acetic acid, malic acid, acetone, lactic

acid (Guo et al.,, 2012). Lignocellulosic biomass is a major source of non-edible carbohydrate
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which can be used for the synthesis of fuels and chemicals (Kobayashi et al., 2012). The
cellulose and hemicellulose fractions of lignocellulosic biomass are hydrolysable biopolymers of
sugars, thus they are potential sugar fractions ( Bjerre and Schmidt, 1997), which can be
accessed through a variety of pretreatment processes for the production of a variety of high-value
products such as fuels and chemicals. De-polymerization and fragmentation reactions of
cellulose, hemicellulose, and lignin results in multicomponent mixtures (Huber et al., 2006),
from which various useful chemicals and fuels can be produced. Complete hydrolysis of the
cellulose fraction in lignocellulosic biomass yields glucose, while complete hydrolysis of the
hemicelluloses fraction yields pentoses (xylose and arabinose) and hexoses (glucose, galactose
and mannose) ( Bjerre and Schmidt, 1997). The pentoses and hexoses hydrolyzed from the
cellulose and hemicelluloses fractions are conveniently used for the production of various fuels
and chemicals such as ethanol, butanol, hydrogen, methane, liquid alkanes, 5-hydroxymethyl
furfural (5-HMF) and 2,5-dimethylfuran (Guo et al., 2012).

Furthermore, the aromatic structure of lignin is an excellent functional chemical source (Liu,
2010). Lignin holds promise as a significant resource for the production of a wide range of
renewable chemicals and materials, due to its high energy content, presence of highly reactive
groups, and the possibility of large-scale production as second generation biorefineries are
deployed (Varanasi et al., 2013). Lignocellulosic biomass such as wood has great potential as a
raw material for the production of various high-value products like fuel ethanol, enzymes,

xylitol, carboxylic acids, oligosaccharides, and biofibres ( Bjerre and Schmidt, 1997).

There are three major routes for the production of fuels and chemicals from Lignocellulosic
biomass, and they include; Sugar or de-polymerization routes, Syn-gas routes, and Bio-oil routes
(Chundawat et al., 2011; Huber, 2006; Huber, 2013).
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Figure 9 Strategies for production of fuels from lignocellulosic biomass (Huber et al., 2006)

According to Guo et al., 2012, abundant supply of low-cost lignocellulosic materials can
guarantee stable production of bulk liquid fuels and biochemicals via sugar or syngas platforms

if methods and infrastructure can be sufficiently advanced.

3.1 Fuels and chemicals from lignocellulosic biomass

3.1.1 Fuels

Depolymerization of the polysaccharides (cellulose and hemicellulose) yields sugar monomers,
which can serve as feedstock for the production of ethanol or other chemicals (Crocker and
Crofcheck, 2006). According to Banerjee et al., 2009 and Bjerre and Schmidt 1997, hydrolysis of
the polysaccharides in lignocellulosic biomass breaks down the cellulose into glucose, while the
hemicellulose is broken down into the pentoses (Xylose and Arabinose) and the hexoses
(glucose, galactose, and mannose). The hexose and pentose sugars produced during
hemicelluloses pretreatment can be fermented into a mixture of products by a variety of bacteria
( Melin and Hurme, 2009). Pentose sugars which are released when hemicelluloses is solubilized
(Banerjee et al., 2009), can be fermented to ethanol using micro-organisms such as, Pichia
stipitis, Kluyveromyces marxianus, Clostridium saccharolyticum and Thermoanaerobacter
ethanolicus (Philbrook et al,). Also, Huber et al., 2006, have stated that fermentation of glucose,

mannose, fructose, and galactose with Saccharomyces Cerevisiae gives high theoretical yields of
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ethanol, with small amounts of by products including glycerol, acetic acid, lactic acid, succinic
acid, and fusel oil.

Syngas (comprising of CO, H,, CO,, CH,, and N,) obtained during thermal processing of
lignocellulosic biomass can be further processed by chemical or biological means (such as
fermentation) to yield fuels (Chundawat et al., 2011; Huber et al., 2006) and chemicals such as
H, (by water gas-shift reaction), diesel (by Fischer-Tropsch Synthesis), methanol and methanol-
derived fuels (Huber et al., 2006). Fermentation of the syngas also produces ethanol, with acetic

acid as a by-product of the fermentation process (Huber et al., 2006).

Bio-oil which is a mixture of more than many different compounds (Figure 10), obtained by fast
pyrolysis of lignocellulosic biomass is a feedstock for the production of various chemicals
(Huber et al., 2006).
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Figure 10 chemical composition of bio-oils (Huber et al., 2006)

3.1.2 Hydromethylfurfural and Levulinic acid

Cellulosic biomass is a good feedstock for the production of 5-hydroxymethylfurfural (5-HMF),
furfurylalcohol, Levulinic acid (LA), phenols, acetic acid, Furfural and formic acid (Huber et al.,
2006; Peng et al., 2010; Harmsen et al., 2010). Bjerre and Schmidt, 1997 have stated that HMF
and 2-Furfural are among the degradation products of both sugar and lignin. According to
(Huber et al., 2006) acid catalyzed degradation of sugars produces HMF and LA as by-products.
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Acid hydrolysis of lignocellulosic biomass produces by-products such as furfural, and HMF
(Banerjee et al., 2009). During the hydrolysis of hemicellulose, pentose and hexose sugar
monomers (C-5 and C-6) may dehydrate to the inhibitors furfural and HMF respectively
(Harmsen et al., 2010). Formation of furfural and HMF has been reported to be more significant
at temperatures higher than 160°C or longer residence times (greater than 4 hours), (Harmsen et
al., 2010). Also, aqueous phase reforming has become a popular catalytic route from recent years
for the conversion of sugars to HMF (Chundawat et al., 2011). In aqueous phase reforming,
sugars are dehydrated to hydroxymethylfurfural (HMF) in the aqueous phase and separated via
an immiscible organic phase (Chundawat et al., 2011). Furthermore, glucose has been converted
to HMF in 70% yield, by using Chromium (11) Chloride as a catalyst (Peng et al., 2010).
Cellulose and sugars hydrolyzed from lignocellulocic biomass can be used for the production of
Levulinic acid. Levulinic acid is the final acid-catalyzed dehydration product formed from sugars
or cellulose (Huber et al., 2006).
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Figure 11 Mechanism for formation of levulinic acid from HMF (Huber et al., 2006)

Peng et al., 2010 obtained an optimum levulinic acid yield of 67 mol % from cellulose by using
chromium chloride as a catalyst for the conversion of cellulose in liquid water at high

temperature (200°C). Furthermore, it was shown in the study that when glucose is used as the
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substrate, very high vyields of levulinic acid are obtainable with either CrCl; or AICI; as the
catalyst. When AICI; was used, the yield of levulinic acid was found to be about 72 mol % at
reaction conditions of: 2 wt % glucose, 0.01 M metal chlorides, temperature 180°C, and reaction
time of 120 mins. Under the same reaction conditions, the yield of Levulinic Acid was about 62
mol %, when CrCl; was used. Huber et al., 2006 have also reported a biorefine process
developed by BioMetics Inc., which is capable of producing levulinic acid at 50-70% yields from
cellulosic feedstocks, by using dilute acid hydrolysis in a two-stage reactor. The first reactor is a
plug flow reactor with the following reaction conditions; 215°C, 31 atm, and 15s residence time,
while the second reactor is a CSTR reactor with the following reaction conditions; 193°C, 14.6
atm, and 12 min residence time. The feed contains 2-5 wt % H,SO,4. According to Huber et al.,
2006, the process is also able to produce other useful chemicals along with the levulinic acid.
Operation of the pilot plant with paper sludge feedstock for one year gave the following results:
production of levulinic acid (70% yield from cellulose), formic acid (50% yield from cellulose),
furfural (80% yield from hemicellulose).

Although LA and HMF are by-products of hydrolysis which are inhibitory to downstream
fermentation process (Banerjee et al., 2009), however, they are useful chemical feed stocks for
many industrial chemicals and products such as Levulinic esters and methyl-tetrahydrofuran
(oxygenated diesel and gasoline fuel additives) which are produced by the esterification and
hydrogenation of levulinic acid (Huber et al., 2006). HMF is also a useful chemical intermediate
for the production (Chundawat et al., 2011).

3.1.3 Polyols

Production of polyols, such as xylitol is another way of utilizing carbohydrate obtained from
lignocellulosic biomass ( Bjerre and Schmidt, 1997). Polyols such as Sorbitol and its derivatives;
sorbitan and isosorbide can be used for the production of various useful products such
surfactants, plastics, and hexane (Kobayashi et al., 2012). Huber et al., 2006 have reported that
when hydrolysis of woody biomass is combined with Ru/carbon-catalyzed hydrogenation and
H3PO, acid-catalyzed hydrogenolysis, polyols (Xylitol, sorbitol, and sorbitan) are produced from
the cellulose fraction. The conditions for the reaction were as follows: 155-170°C and 30-50 atm
H,. Kobayashi et al., 2012 have also shown that under aqueous conditions and without using
soluble acids, cellulose can be converted to sugar alcohols (sorbitol and mannitol) by hydrolytic
hydrogenation in the presence of supported metal catalyst. In testing the durability of carbon
black (BP2000, Cabot)-supported Pt(N) catalyst for the hydrolytic hydrogenation of cellulose to
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sugar alcohols (Sorbitol and Mannitol), Kobayashi et al., 2012 re-used the carbon black
(BP2000, Cabot)-supported Pt(N) catalyst three times, and found that it is able to give sugar
alcohol yields of 58%, 64% and 65%, respectively. The yields of mannitol were 11%, 9% and
12% respectively. According to Kobayashi et al., 2012, two steps are involved in the reaction.
The first step is the hydrolysis of cellulose to glucose through water-soluble oligosaccharides,
while the second step involves the hydrogenation of glucose to sorbitol. Yields of sugar alcohols

from cellulose, 