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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; 175oC – 225oC, 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 200oC and 40 minutes reaction time. At higher sawdust concentration, a total
carboxylic acid yield of 15.57 wt% was attained at 200oC 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 200oC, while the
optimum temperature for the production of acetic acid was found to be 225 oC. A temperature of
225oC 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 200oC and 40 minutes
respectively. The yield of formic acid was found to decrease significantly when further
increasing the temperature to 225oC. 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 oC.
Optimal yield of acetic acid (7.98wt %) was achieved at; 225oC, and 40 minutes reaction time.
Succinic acid was produced only at temperatures of 200oC and 225oC. Optimal yield of succinic
acid (5.66wt %) was attained under the following conditions; 32683 mg/l, 225oC, 1MPa O2, 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 175oC 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 CODcontent 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
O.B

Overbark

SWE

Solid wood equivalents

WO

Wet oxidation

HO•

Hydroxyl radicals

HO2•

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*1012 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*1012 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.
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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*1012 kg on the ground and
about 4*1012 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*1012 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.

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 2,5dimethylfuran (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 6) cubic
meter solid (Adapted from Parikka, 2006)
Wood
Residues

2000

2001

2002

2003

M3 overbark

M3 overbark

M3 overbark

M3 overbark

Europe

45.59

45.72

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 5.64x1013 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*1012 kg (Parikka, 2004). About 2.15*1012 m2 of
forests and other wooded land abound in the European continent (Nikolaou et al., 2003). About
136*1018 m2 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*106 m3/yr overbark in 2010 (Verkerk et al., 2011; Mantau 2012), and
1254*106 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 A1. All the calculations and results were done and reported
in solid wood equivalents (swe). One million cubic meter solid wood equivalents (1M m3 swe)

7

were defined as being equal to 1.025Mm3 overbark (1.025M m3 o.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 m3) in 2010, exceeding the actual demand for that year which was 826 M m3
(Mantau, 2010). The potential supply for the years 2020 and 2030 were also estimated to be
1048.4 M m3 and 1109.4M m3 respectively (Table 2).

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

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 m3, 1005M m3, and 1056M m3 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

Reference

M m3yr-1 o.b

Scenario
High

Medium

2030

895

731

(Verkerk et al., 2011)

(Mantau, 2010)
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Low

744

623

(Verkerk et al., 2011)

Estimates by Mantau 2010 are as shown in Figure 2.

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 A1
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
(%)
Hardwood stems
40-55
Softwood stems
45-50
Nut shells
25-30
Corn cobs
45
Grasses
25-40
Paper
85-99
Wheat straw
30
Sorted refuse
60
Leaves
15-20
Cotton seed hairs
80-95
Newspaper
40-45
Waste papers from chemical 60-70
pulps
Primary wastewater solids
8-15
Swine waste
6.0
Solid cattle manure
1.6-4.7
Coastal Bermuda grass
25
Switchgrass
45

Hemicellulose
(%)
24-40
25-35
25-30
35
35-50
0
50
20
80-85
5-20
25-40
10-20

Lignin
(%)
18-25
25-35
30-40
15
10-30
0-15
15
20
0
0
18-30
5-10

NA
28
1.4-3.3
35.7
31.4

24-29
NA
2.7-5.7
6.4
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 β 1-0-4 glycosidic bonds (Liu,
2010). It is the β-1,4-polyacetal of cellobiose (Harmsen et al., 2010), which is formed from Dglucose through β-1,4 glycosidic bonds (Guo et al.,, 2012). The molecular formula of cellulose is
(C6H12O6)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.

Figure 3 Structure of cellulose (Crocker and Crofcheck, 2006)
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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 (20oC, 60% relative humidity). The
solubility of cellulose increases with temperature. Cellulose is soluble in water at temperatures
higher than 317oC (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 180oC, 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.

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. β-0-4 and α-0-4) and carbon-carbon (i.e. C-C) linkages (Guo et al., 2010; Liu 2010;
Bjerre and Schmidt 2010), with the β-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.

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, H2, CO2, CH4, and N2) 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
H2 (by water gas-shift reaction), diesel (by Fischer-Tropsch Synthesis), methanol and methanolderived 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).

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 160oC 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 (II) 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).

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 (200oC). Furthermore, it was shown in the study that when glucose is used as the
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substrate, very high yields of levulinic acid are obtainable with either CrCl 3 or AlCl3 as the
catalyst. When AlCl3 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 180oC, and reaction
time of 120 mins. Under the same reaction conditions, the yield of Levulinic Acid was about 62
mol %, when CrCl3 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; 215oC, 31 atm, and 15s residence time,
while the second reactor is a CSTR reactor with the following reaction conditions; 193oC, 14.6
atm, and 12 min residence time. The feed contains 2-5 wt % H2SO4. 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
H3PO4 acid-catalyzed hydrogenolysis, polyols (Xylitol, sorbitol, and sorbitan) are produced from
the cellulose fraction. The conditions for the reaction were as follows: 155-170oC and 30-50 atm
H2. 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, using various metal catalysts are as shown in Table 5.

Table 5 Conversion of cellulose to sugar alcohols by solid catalysts in water (Kobayashi et al., 2012)

3.1.4 Carboxylic acids
Carboxylic acids can be obtained by efficiently degrading lignin through a combination of wet
oxidation and alkaline hydrolysis ( Bjerre and Schmidt, 1997). Bjerre and Schmidt 1997 showed
that a combination of wet oxidation and alkaline hydrolysis is capable of degrading the lignin
contained in wheat straw into carboxylic acids. The total amount of carboxylic acids was found
to increase with temperature. Acetic acid, formic acid, glycolic acid, oxalic acid, malic acid, and
isobutyric acid were found to be produced in the process. At high temperatures (>180oC) it was
found that relatively high amounts of acetic acid, formic acid, and glycolic acid were formed.
Enhanced yields of acetic acid have also been reported for a two-step conversion of cellulose and
starch at a temperature of 300oC and time between 1-2mins (Jin et al., 2006). The first step which
produced hydroxyl methyl furfural (HMF), 2-furaldehyde (2-FA), and lactic acid, involved a
hydrothermal reaction done in the absence of oxygen. The second step was an oxidation reaction
step, in which oxygen was supplied. The oxidation reaction step oxidized the HMF, 2-FA and
lactic acid to acetic acid. The yield of acetic acid in the process was reported to be two-fold (Jin
et al., 2006).
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Lactic acid and 3-hydroxypropionic acid, a feed stock for 1,3-Propanediol, acrylic acid,
acrylonitrile, and acrylamide, are also among the acids which can be produced during the
fermentation of lignocellulosic biomass (Ashton and Cassidy, 2007). According to Ashton and
Cassidy, 2007, it is possible to produce the 3-hydroxypropionic acid at a theoretical yield of 100
percent from glucose. Furthermore, significant yields of lactic acid by fermenting hemicelluloses
extracts with bacillus coagulants MXL-9 strain has been reported by Walton et al., 2010. The
hemicelluloses were first hydrolyzed to xylose using sulfuric acid, and then the resultant solution
was filtered through a glass microfiber filter to remove Klason lignin. The study was carried out
at different inhibitor (acetic acid) concentrations. It was discovered that even at slow growth
rates due to high concentrations of growth-inhibiting acetic acid in the substrate, a high overall
product yield of lactic acid, similar to the yield for the uninhibited control was achieved. The
effect of sodium concentration on the yield of lactic acid was also investigated in the study.
Sodium which increases the level of microbial inhibition is formed when alkaline chemicals are
used in extracting hemicelluloses (Walton et al., 2010). For concentrations up to 20g/l, overall
lactic acid yields comparable to that of the control are also attainable (figure 11).

Figure 12 Lactic Acid concentration when fermentation was performed using Bacillus coagulants
MXL-9 in the presence of: 0 g/l acetic acid (filled diamond), 10 g/l acetic acid (square box), 20 g/l
acetic acid (filled triangle), and 30 g/l acetic acid (circle) (Walton et al., 2010)
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Figure 13 Lactic Acid concentration when fermentation was performed using Bacillus coagulants
MXL-9 in the presence of: 0 g/l sodium (filled diamond), 10 g/l sodium (square box), 20 g/l sodium
(filled triangle), and 30 g/l sodium (circle) (Kobayashi et al., 2012)

3.1.5 Vanillin, cinnamic acid and phenolic monomers
Phenolic compounds are produced during lignin degradation (Harmsen et al., 2010). Vanillin,
cinnamic acid and phenolic monomers are among the chemicals which have been targeted from
lignin (Philbrook et al,). According to Philbrook et al, depolymerisation of lignin results in
substituted polymers, which are precursors to a wide range of products and fuels such as
cyclohexane.
Figure 14 shows a variety of fuels and chemicals obtainable from lignocellulosic biomass and the
technological routes for producing them.
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Figure 14 Fuels and Chemicals from Lignocellulosic Biomass (Huber, 2013)

3.2 Challenges to the production of fuels and chemicals from lignocellulosic biomass
In addition to lack of price competitiveness when compared with fossil fuels (White, 2010), there
are also technical difficulties in converting lignocellulosic biomass to fuels and chemicals. The
intimate association between lignin and the carbohydrate polymers (Hemicellulose and cellulose)
in Lignocellulosic biomass, and the highly ordered structure of cellulose makes conversion
difficult. According to Chundawat et al., 2001, there is a considerable technical challenge to
biomass conversion because the cell wall is a heterogeneous solid composed of a carbohydrate
fraction tightly interlinked with a complex alkyl-aromatic fraction. Owing to the stereochemical
and recalcitrant nature of lignocellulosic biomass (Amidon et al., 2008; Huber et al., 2006), the
cellulose and hemicellulose fractions of woody biomass are not directly available for conversion
into useful fuels and chemicals ( Bjerre and Schmidt, 1997). According to Banerjee et al., 2009,
the crystalline nature of cellulose, accessible surface area, protection of cellulose by lignin, the
heterogeneous character of biomass particles, and cellulose sheathing by hemicelluloses are
among the reasons why lignocelluloses is resistant to hydrolysis. In addition, the various
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components of lignocellulosic biomass have varying levels of resistance to thermal, chemical
and biological degradation, and this makes it difficult to effectively extract or utilize all the
useful components. It is possible for one or two of the components become degraded when the
other is being extracted. Furthermore, the incompatibility of biofuels with current transportation
infrastructure presents another major challenge to the production of fuels from plants
(Chundawat et al., 2011). According to (Huber, 2013), selective conversion of a highly
functionalized oxygenated molecule, into a flammable liquid product that fits into current
infrastructure, represents a biomass conversion challenge. When compared to crude oil,
carbohydrate and aromatic polymers in plants have higher oxygen contents than crude oil;
therefore reduction to higher energy density molecules which is compatible with current
transport infrastructure constitutes a major challenge in the production of biofuels (Chundawat et
al., 2011).

During the conversion of lignocellulosic biomass, various pretreatment processes are used to
overcome the biomass recalcitrance, i.e. difficulty associated with gaining access to the cell wall
polymers for conversion to reactive intermediates (Chundawat et al., 2011). Pretreatment
processes are needed to efficiently 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 (Guo et al., 2012; Banerjee et al., 2009). During
pretreatment, the lignin that binds cellulose is broken down, and the crystalline structure of
cellulose is destroyed, thereby increasing its surface area (Guo et al., 2012). Pretreatment alters
the crystalline structure of cellulosic biomass, by removing lignin and solubilizing hemicellulose
into hexoses and pentoses (Harmsen et al., 2010; Banerjee et al., 2009; Guo et al., 2012).
Disruption of the crystalline structure of cellulose increases biomass porosity, surface area, and
accessibility to the polysaccharides (cellulose and hemicellulose), for subsequent conversion into
useful fuels and chemicals (Harmsen et al., 2010; Guo et al., 2012; Huber et al., 2006; Bjerre and
Schmidt., 1997).
The effect of pretreatment on lignocellulosic biomass such as woody biomass is as shown in
Figure 15.
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Figure 15 Schematic of the role of pretreatment in the conversion of biomass (Kumar et al., 2009)

Although pretreatment is one of the most expensive processing steps (Huber, 2013), improved
processing and significant reduction in the operating costs of down-stream units have been
identified as the major advantages of pretreatment (Guo et al., 2012).

4. Technologies for the production of fuels and chemicals from lignocellulosic
biomass
The choice of a particular pretreatment method depends on the target component in the
lignocellulosic biomass. Some pretreatment processes efficiently disrupt the lignin-carbohydrate
complex and others the highly ordered cellulose structure itself (Schmidt and Thomsen, 1998).
The various components of lignocellulosic biomass have varying levels of resistance to thermal,
chemical and biological degradation (Amidon et al., 2008), thus choosing a pretreatment option
will have to involve compromises on which component(s) to optimally extract or convert.
According to Bjerre and Schmidt, 1997, at moderate reaction temperatures and times, there is
minimal carbohydrate degradation, but minimal fractionation as well; but however, in order to
achieve a high yield and recovery of carbohydrates, high temperatures (>200oC) are needed,
which induces carbohydrates degradation.
For the purpose of pretreatment, various physical, chemical, physico-chemical, and biological
methods are available.
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4.1 Physical pretreatment
Also known as mechanical pretreatment (Harmsen et al., 2010), physical pretreatment involves
the reduction of the physical size of biomass from logs, chips or chops to the level of fibers
and/or bundles of fibers (Zhu et al., 2010). Physical pretreatment has the advantage of making
biomass material easier to handle and increasing the surface/volume ratio (Harmsen et al., 2010).
Physical pretreatment methods include processes such as chipping, milling, grinding, irradiation
(Kumar et al., 2009; Zhu and Pan 2010; Harmsen et al., 2010; Menon and Rao 2012). The
crystallinity of cellulose is reduced when chipping, grinding, and/or milling are utilized to
comminute lignocellulosic biomass (Kumar et al., 2009). Kobayashi et al., 2012 have reported
that after milling cellulose in a ceramic pot with ZrO2 balls for 2 days, the crystallinity index of
cellulose decreased from 81% to 22%, resulting in the reduction of the number of hydrogen
bonds in cellulose. According to Kumar et al., 2009, the size of materials after chipping is about
10-30 mm, while the size after milling or grinding is about 0.2-2 mm. The reduction in physical
size results in improved mass transfer characteristics (Menon and Rao, 2012).
4.2 Chemical pretreatment
This involves the utilization of chemicals to eliminate or modify the main chemical components
(hemicellulose and lignin) that interfere with the breakdown of cellulose into sugar monomers
(Zhu and Pan, 2010). Chemical pretreatments disrupt the structure of biomass via chemical
reactions (Harmsen et al., 2010).
4.2.1 Acid pretreatment
In acid pretreatment, hydronium ions breakdown or attack intermolecular and intramolecular
bonds among cellulose, hemicellulose and lignin (Guo et al., 2012). Acids disrupt the rigid
structure of the lignocellulosic material (Menon and Rao, 2012). The cellulose and
hemicelluloses polymers in lignocellulosic biomass are broken down by acid (dilute or
concentrated) into individual sugar molecules (Lenihan et al., 2010). Sulfuric acid, nitric acid,
hydrochloric acid, and phosphoric acid are used to pretreat lignocelluloses (Tong et al., 2013).
Lenihan et al., 2010 have stated that sulphuric acid and hydrochloric acid, at concentrations of 110% and temperature range of 100-150oC are the most used. Organic acids such as maleic acid
and fumaric acid are also used for acid hydrolysis (Harmsen et al., 2010). Acid pretreatment can
be broadly classified into dilute acid pretreatment and concentrated acid pretreatment.
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Dilute acid pretreatment involves the use of acid at a low concentration and high temperature to
dissolve hemicelluloses from biomass cell walls, thereby increasing accessibility to cellulose
(Tong et al., 2013). Dilute sulfuric acid is the most commonly used acid for dilute acid
pretreatment (Menon and Rao 2012; Harmsen et al., 2010). However, Zhu and Pan 2010, have
stated that although dilute acid hydrolysis is amongst the most studied pretreatment processes for
agricultural biomass, there is scarcity of data on the use of dilute acid hydrolysis for the
pretreatment of woody biomass. According to (Harmsen et al., 2010), there are two types of
dilute acid hydrolysis namely: 1. High temperature and continuous flow process for low-solids
loading (T>160°C, 5-10 wt% substrate concentration). 2. Low temperature and batch process for
high-solids loading (T≤160°C, 10-40% substrate concentration). In the process, dilute acid is
sprayed onto the raw material (lignocellulosic biomass), and the mixture is held at a temperature
of 160oC -220oC for short periods of time up to a few minutes (Harmsen et al., 2010). According
to Menon and Rao 2012, high reaction rates in short times, and improved cellulose hydrolysis
can be achieved through dilute acid hydrolysis. Dilute acid hydrolysis is able to remove
hemicellulose by hydrolyzing it into monomeric sugars (e.g. glucose), thus increasing the
porosity of the biomass (Guo et al., 2012). However, glucose is known to degrade rapidly under
acidic conditions (Lenihan et al., 2010) , therefore degradation of hemicellulose derived sugars to
furfural and hydromethoxyfurfural (fermentation inhibitors), and the formation of solid waste
due to the corrosive nature of acids are among the disadvantages of dilute acid hydrolysis
(Banerjee et al., 2009; Harmsen et al., 2010). Thus, the chemical and structural composition of
biomass should be taken into consideration when choosing the operating conditions for the
pretreatment. Harmsen et al., 2010 is of the opinion that dilute acid pretreatment is particularly
suitable for biomass with low lignin content.
Concentrated acid pretreatment involves the use of concentrated acids such as sulfuric acid and
hydrochloric acid for the treatment of lignocellulosic biomass, as well as for cellulose hydrolysis,
thereby eliminating the need for enzymes. Flexibility of feedstock choice, high yield of
monomeric sugar, and mild temperature requirement are the advantages of concentrated acids
pretreatment (Harmsen et al., 2010). Also, ability of acids to penetrate lignin without
pretreatment, and the relatively faster rate of hydrolysis when compared with enzymatic
hydrolysis are among the advantages of acid hydrolysis (Lenihan et al., 2010). High
corrosiveness of the reaction and the need to recycle acids are the setbacks of concentrated acid
hydrolysis (Harmsen et al., 2010).
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4.2.2 Alkaline pretreatment
Alkaline pretreatment refers to the process of using bases, such as sodium, potassium, calcium,
and ammonium hydroxide, to remove or modify key components of lignocellulosic biomass
(Menon and Rao, 2012). In the process, the biomass is soaked in alkaline solutions and mixed at
a target temperature for given period of time (Menon and Rao, 2012). Alkaline pretreatment
removes lignin from the biomass by degrading the ester and glycosidic side chains which alter
the structure of lignin (Harmsen et al., 2010; Menon and Rao, 2012). Furthermore, cellulose
swelling, partial decrystallization of cellulose, and partial solvation of hemicellulose are
achieved using alkaline hydrolysis (Menon and Rao, 2012). Acetyl and various uronic acid
substitutions on hemicellulose are also removed by alkaline pretreatment, and this increases
accessibility to the hemicellulose and cellulose surfaces (Harmsen et al., 2010; Menon and Rao
2012). Alkaline pretreatment can be performed at both ambient and high temperature conditions,
although longer pretreatment times are needed at ambient conditions. Lime and sodium
hydroxide are the most extensively used alkali (Harmsen et al., 2010; Menon and Rao 2012).
4.2.3 Organosolv pretreatment
Organosolv pretreatment involves the use of organic solvent or mixtures of organic solvents with
water to dissolve lignin and hemicellulose (Tong et al., 2013). Ethanol, methanol, acetone and
ethylene glycol are usable organic solvents, although methanol and ethanol are the most
commonly used due to their low cost, low boiling point, and miscibility with water (Harmsen et
al., 2010; Tong et al., 2013). The organosolv process is usually performed at elevated
temperature and pressure, but the type of biomass and use of catalyst determines the temperature
to be used, and temperatures can be as high as 200oC (Harmsen et al., 2010). Temperatures of
about 160–190oC, pretreatment time of 30–60 min, and ethanol concentration of 40– 60% are the
typical organosolv pretreatment conditions for woody biomass (Zhu and Pan, 2010). Solvent
removal is always necessary prior to enzymatic hydrolysis and fermentation, in order to reduce
solvent cost (improve process economy) and avoid inhibition of downstream processes (Harmsen
et al., 2010). The advantages of organoslov process include the following:
•

It does not require a separate size-reduction step for the biomass (Zhu and Pan, 2010).

•

It produces readily digestible cellulose substrate from all types of feedstock (Zhu and Pan
2010; Tong et al., 2013).

•

It produces high-quality lignin, which has the potential for subsequent conversion into
high-value platform chemicals (Harmsen et al., 2010; Zhu and Pan 2010).
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•

Reduced loss of celluloses and chemicals from hemicelluloses (Tong et al., 2013).

The drawbacks of organosolv pretreatment are high cost of operation and organic solvent (Tong
et al., 2013).
4.2.4 Oxidative pretreatment
Due to the high reactivity of oxidants such as hydrogen peroxide, ozone, oxygen or air, with the
aromatic ring of lignin during oxidative treatment, the lignin polymer will be converted to
carboxylic acid (Harmsen et al., 2010). Kumar et al., 2009 have stated that the biodegradation of
lignin could be catalyzed by the peroxidase enzyme with the presence of H 2O2. Oxidative
treatment may also degrade a significant portion of the hemicellulose content, thereby reducing
the amount of sugar monomers that can be obtained from the cellulose fraction (Harmsen et al.,
2010). Pretreatment with H2O2 has been found to greatly enhance the susceptibility of cane
bagasse to enzymatic hydrolysis (Kumar et al., 2009). About 50% dissolution of lignin and
dissolution of most of the hemicellulose were achieved in a solution of 2% H2O2 at 30oC within
8hr (Kumar et al., 2009). Subsequent enzymatic hydrolysis using cellulase at 45 °C for 24 h
yielded about 95% of glucose efficiency (Harmsen et al., 2010; Kumar et al., 2009).
Furthermore, oxidative pretreatment with ozone attacks and cleaves the aromatic ring structures,
while leaving the cellulose and hemicellulose fractions undecomposed (Harmsen et al., 2010).
4.2.5 Wet oxidation
By definition, wet oxidation is the subcritical oxidation of organics or oxidizable inorganics in
water at elevated temperatures (125-320oC) and pressures (0.5-2MPa), using oxygen as the
oxidizing agent (Banerjee et al., 2009). When pure oxygen is used, the process is known as Wet
Oxidation (WO), but when the source of oxygen is air, the process is known as Wet Air
oxidation (WAO). During wet oxidation process, the organic or oxidizable inorganic components
are oxidized in liquid phase at elevated temperatures and pressures using a gaseous source of
oxygen.
Wet oxidation is a type of Hot Advanced Oxidation process, which is based on the principle of
generation of hydroxyl radicals that later act as oxidizing agents. The Hydroxyl radical is a
strong oxidant with very low selectivity. It is capable of reacting with an organic, leading to an
oxidized organic species, or with itself, leading in this case to inactive molecular oxygen
(Debellefontaine et al., 1996). The concentration of hydroxyl radicals determines the efficiency
for oxidation of organics (Debellefontaine et al., 1996). The degree of oxidation also depends on
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the operating conditions i.e. temperature, pressure and residence time, and on the resistance of
the organic compound to chemical oxidation.
4.2.6 Mechanism of wet oxidation
There are two steps involved in the wet oxidation mechanism namely, a physical step; which
involves the transfer of oxygen from the gas phase to the liquid phase, and a chemical reaction
step; which involves the chemical reaction between the organic matter and dissolved oxygen
(Debellefontaine et al., 1996). The chemical reaction step is reasonably explained by a freeradical chain reaction mechanism. The simplified scheme of the free radical mechanism of wet
oxidation is as shown in Figure 16.

Figure 16 Simplified wet oxidation process diagram

The reaction mechanism involves the following stages (Debellefontaine and Foussard, 2000)
Formation of initial radical

RH + O2 → R• + H02•
RH + HO2• → R• + H2O2
In the first reaction, oxygen reacts with the weakest C-H bonds of the organic compound thereby
forming hydroperoxyl radicals (H02•) and organic radicals R•. This is followed by the reaction of
the hydroperoxyl radicals with C-H bonds forming more organic radicals and hydrogen peroxide
in the process.
Second radical formation

H2O2 + M → 2HO•
H2O2 → H20 + 1/2O2
The second radical formation happens when the hydrogen peroxide rapidly decomposes due to
temperature, thereby generating hydroxyl radicals (HO•).
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Chain reactions, oxidation of the organic compounds

RH + HO• → R• + H2O
R• + O2 → ROO•
ROO• + RH → ROOH + R•
This stage involves the oxidation of the organic compounds (RH) by means of the hydroxyl
radical (HO•). The hydroxyl radical removes one hydrogen from the organic molecule thereby
generating an organic radical (R•) and water. The generated organic radical (R•) then reacts with
oxygen producing a peroxy radical (ROO•). The peroxy radical rapidly removes a hydrogen atom
from an organic compound to generate hydroperoxide (ROOH) and another organic radical (R•).
Final reactions

ROOH → 2ROH (alcohol)
ROOH → Ketones → Acids
The generated hydroperoxide is unstable; hence it reacts with organic compounds to yield
alcohol or decomposes to ketones and eventually acids.
4.2.7 Transformations of organic matter by wet oxidation
The general transformations of organic matter over the duration of a wet oxidation process are
shown by the following reactions.
Organics + O2

→

Sulphur Species + O2 →

CO2 + H20 + RCOOH
SO4-2

Organic Cl

→

Cl- + CO2 + RCOOH

Phosphorous + O2

→

PO4-3

Organic N + O2

→

CO2 + H20 + NH3 (or/and N2, NO3)

Wet oxidation process can involve any or all of the reactions. The possibility of having numerous
reactions in the WO process is considered an advantage, because it results in the formation of
many different chemical compounds.
4.2.8 Wet oxidation of lignocellulosic biomass
Wet Oxidation is one of the technological processes which have been receiving considerable
attention as a possible method of efficiently utilizing biomass resources for the production of
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fuels and chemicals. Wet oxidation has been described by Harmsen et al., 2010 as an efficient
method for treating lignocellulosic materials because it opens up the crystalline structure of
cellulose during the process. According to Schmidt and Thomsen 1998, wet oxidation is a
preferred method for the pretreatment of lignocellulosic biomass, because it can perform several
reactions such as alkaline hydrolysis, oxidation, and extraction of hemicelluloses in a single step.
The transformations of lignocellulosic biomass by wet oxidation are shown in Figure 17.

Figure 17 Fractionation and formation of degradation products by wet oxidation of wheat straw
(Klinke et al, 2002)
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Wet air oxidation (WAO) has been reported to effectively fractionate lignocellulosic biomass
into a solubilized hemicellulose fraction and a cellulose-rich solid fraction with reduced inhibitor
formation (Banerjee et al., 2009). According to Harmsen et al, 2010 wet oxidation produces
lower amounts of inhibitors (furfural and 5-HMF). Bjerre and Schmidt 1997, compared wet
oxidation with steaming (steam, high temperature), and found that much more hemicellulose and
lignin were solubilized by wet oxidation than by steaming, while more 2-furfural (a fermentation
inhibitor) was formed by steaming than by wet oxidation.
In a study by (Banerjee et al., 2009), it was found that wet air oxidation (WAO) is capable of
oxidizing about 80-92% (w/w) of the lignin found in rice husk. This led to an increase in the
cellulose content of the solid fraction and the recovery of about 92 %( w/w) of the cellulose. The
liquid fraction of the WAO pretreated rice husk was found to be rich in fermentable hexose and
pentose sugars. At the predicted WAO optimum conditions of 185oC, 0.5MPa, and 15min
reaction time, about 67% (w/w) cellulose content was obtained in the solid fraction, 70% (w/w)
of hemicellulose was solubilized, and 13.1g/l glucose and 3.4g/l xylose were detected in the
liquid fraction. Wet oxidation has also been found to be very efficient for the fractionation of
wheat straw. Schmidt and Thomsen (1998) investigated the wet oxidation of wheat straw under
the following reaction conditions: 60g/l straw, 185oC, 6.5g/l Na2CO3 (Alkalinity), 1.2 MPa O2,
and 15min reaction time. It was found that 95% (w/w) of the cellulose remained in the solid
fraction while 55% (w/w) of the lignin and 85% (w/w) of the hemicelluloses were solubilized.
McGinnis et al., 1983 investigated the high-temperature wet oxidation of wood and found that,
high yields of formic acid and acetic acid (28% and 14% respectively) can be achieved, based on
the weight of starting wood. The wet oxidation conditions were as follows: temperature 171227oC, time 30min, oxygen pressure 1.65-3.3MPa, wood 15g, water 150mL, and reactor volume
600mL. McGinnis et al., 1983 also reported the formation of hydroxylated acids products
alongside the formic and acetic acids, during the process. The hydroxylated acid products
included erythronic acid, threonic acid, succinic acid, glyceric acid, and glycolic acid. Also
glucose, and arabino-1, 4-lactone were produced. At the lower temperatures, the hydroxylated
acids accounted for significant fraction of the total acid fraction, but at higher temperatures,
higher oxygen pressures, or in the presence of catalyst (ferric sulfate), acetic and formic acid
accounted for over 95% of the total acid fraction (McGinnis et al., 1983).
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5. Experimental part
All experiments and analysis were carried out in the process technologies development
laboratory of Lappeenranta University of Technology, Finland.
5.1 Materials
Sawdust was acquired from a wood processing factory in Lappeenranta. Prior to pretreatment,
the raw sawdust was sieved using a ≤ 2mm mesh size to obtain ≤ 2mm diameter particles. A
small sample of the chosen size distribution was taken, weighed accurately and placed in a 105oC
oven for 24 hours in order to determine the moisture content of the sample. The moisture content
of the saw dust sample was found to be approximately 33%. Millipore water was used to prepare
the wet oxidation suspension.
5.1.3 Equipment
Autoclave reactor (Bench Top Reactor-4520 series, Parr Instruments Co, IL, USA). Reactor has
a gross volume of 2L (Figure 18).
5.2 Experimental setup and procedure
The flow diagram of the transformation of lignocellulosic biomass by wet oxidation (Figure 17)
shows that chemicals (such as furans and carboxylic acids) are formed at a later time during the
wet oxidation of lignocellulosic biomass. This suggests that longer reaction times will most
likely favor the production of chemicals. Also, reviewed literatures suggest that harsh reaction
conditions favor the formation of chemicals. McGinnis et al., 1983 have stated that under mild
wet oxidation conditions (120oC – 172oC); the major reactions of biomass are solubilization of
hemicelluloses and partial solubilization of lignin (McGinnis et al., 1983). This is likely because
cellulose decomposition starts at 180oC (Harmsen et al., 2010), while carbohydrate degradation
starts at 200oC ( Bjerre and Schmidt, 1997). Furthermore, a study by MCGinnis et al., 1983, on
the wet oxidation of wood at temperatures of 170oC – 227oC led to the formation of organic
acids (formic, acetic, glycolic, oxalic, levulinic, and succinic) as the major products, and a series
of neutral compounds including glucose, mannose, xylose, galactose, arabinose, and methanol.
Banerjee et al., 2009 also reported the formation of carboxylic acids, during wet air oxidation of
rice husk at temperature of 170oC – 195oC, pressure of 0.5MPa – 1.0MPa. According to
Debellefontaine et al., 1996, at high wet oxidation temperatures, the final product is usually a
mixture of carbon dioxide, water and carboxylic acids.
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Pressure is another parameter which plays an important role in the wet oxidation process. High
pressure is needed to maintain the liquid phase and also to increase the concentration of the
dissolved oxygen and thus the oxidation rate (Debellefontaine et al., 1996). Schmidt and
Thomsen, 1998 reported an oxygen pressure of 12bar and temperature of 185oC as optimum
conditions, for hemicellulose solubilization and cellulose convertibility during the wet oxidation
of 60gl-1 of wheat straw under alkaline conditions.
Based on the facts from the literature survey, it was considered appropriate to choose relatively
harsh experimental conditions for this study. The chosen reaction conditions were as follows:
Temperature 175oC – 225oC, Pressure 1MPa, Reaction time 40 – 120mins.
The wet oxidation of sawdust was done under the reaction conditions shown in Table 6.
Table 6 Wet oxidation conditions
Composition of suspension
Mixer Speed
(rpm)

Reaction
Temperatures (C)

Oxygen pressure
(MPa)
Sawdust (g)

Water (g)

400

175, 200

1

75

925

650

175, 200, 225

1

40

800

A minimum mixing speed of 400rpm was assumed to be enough to induce sufficiently high
oxygen sparging through the suspension, and to improve the contact between the gas and the
liquid phase. This means that further increment in the mixing speed did not have any significant
effect in the mass transfer kinetics of oxygen.
5.2.1 Wet oxidation process
The wet oxidation treatment was conducted in an autoclave reactor (Bench Top Reactor-4520
series, Parr Instruments Co, IL, USA) which has a gross volume of 2L, and is equipped with a
heating system (Figures 17 and 18).
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Controler
unit
Mixer
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Nitrogen
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Reactor
Vessel

Figure 18 Autoclave reactor (showing the various parts)
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Figure 19 Autoclave reactor (during wet oxidation)

The saw dust was mixed with Millipore water in the autoclave reactor. The suspension was
mixed thoroughly, and the reactor was properly sealed to prevent leakage of gas and vapor.
Mixing was then started, and nitrogen gas (1MPa) was released into the reactor. The nitrogen
inlet valve was then closed while the gas release valve was opened to release the pressure. This
was repeated a couple of times in order to replace the air in the reactor with nitrogen.
Temperature was then set at the desired experimental temperature and the reactor was heated to
the set temperature. The temperature was maintained within ±1-5oC of the intended value, with
constant stirring at the desired mixing speed. When the desired temperature was reached, the first
sample was taken from the reactor. This was labeled the zero-sample before oxidation.
Pressurized oxygen was then supplied to the reactor at a pressure equal to the desired oxygen

37

partial pressure of 10bars plus the water vapor pressure at the experimental temperature.
Continuous stirring was maintained in order to induce sufficiently high oxygen sparging through
the suspension, and to improve the contact between the gas and liquid phase. Samples were
withdrawn from the reactor at the following time intervals: 10mins, 20mins, 40mins, 60mins,
80mins and 120mins after opening the oxygen supply valve. At the end of the reaction, the
reactor was cooled, and the suspension was filtered to separate the solid from the liquid fraction.
5.2.2 Sampling
Samples were collected from the experiment according to the table below
Sample number

TIME (min)

Remarks

0

0

Before start of oxidation

1

10

First sample after oxidation

2

20

Second sample after oxidation

3

40

Third sample after oxidation

4

60

Fourth sample after oxidation

5

80

Fifth sample after oxidation

6

120

Sixth sample after oxidation

5.3 Analysis
The collected liquid samples were first filtered using Filter paper circles (Schleicher and Schuell
Microsciences GmbH, 589/2 Filter paper circles, Ashless ø90mm). The filtrate was then
vacuum-filtered using PALL GN-6 Material(R) Membrane Filter (0.45µm, 47mm, 100/PK).
5.3.1 pH measurement
The pH of the filtered samples was determined using a VWR PhenomenalTM pH meter (Model
100L).
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5.3.2 TOC test
The TOC was determined using the TOC analyzer (Shimadzu TOC-L ORDIOR). The vacuumfiltered sample was first diluted with Millipore water in the ratio of 1:100. 15ml of the sample
was then syringed into the TOC bottles, and subsequently loaded into the TOC-L equipment
(Figure 20) to measure the TOC.

Figure 20 TOC Analyzer (Shimadzu TOC-L ORDIOR)

5.3.3 COD test
The COD was determined using the potassium dichromate method, in which the liquid sample is
oxidized with a hot sulfuric solution of potassium dichromate, with silver sulfate as the catalyst.
The concentration of green Cr3+ ions is then determined photometrically.
First the vacuum-filtered sample was diluted with distilled water in the ratio of 1:00. This was
followed by preparation of a blank sample containing pure water and the reagents. Then using a
syringe (TERUMOR Syringe) fitted with a HPLC certified syringe filter (Pall GHP Acrodisc®
13mm syringe filter with 0.45µm GHP Membrane), 2ml of the diluted sample was introduced
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into the reagents tube (Cell) and the screw cap was tightly attached to the cell. The content of the
cell was then vigorously mixed while holding the cell by the screw cap. The cell was then placed
in a preheated thermoreactor and heated at 150oC for 2hours. After heating, the cell was removed
from the thermo-reactor and allowed to cool to room temperature in a test tube rack. After
cooling, the COD was then measured in the photometer (Figure 21) using the 435 COD
measuring program.

Figure 21 COD Analyzer

5.3.4 HPLC Analysis
The amount of acids produced by the wet oxidation reaction was determined by highperformance liquid chromatography (HPLC) (Agilent 1100 series). In the HPLC analysis, an
eluent of 0.005 M H2SO4, flow rate 0.6 ml/min and a MetaCarb 87H (300×7.8 mm) column was
used. RID detection was used for the HPLC analysis. Authentic acid compounds were used as
standard for the measurement. A sample chromatogram from the HPLC is shown in Figure 22.
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Figure 22 Sample chromatogram from HPLC
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6. Results and discussion
Wet oxidation of sawdust was successfully carried out in accordance with the experimental plans
outlined in Table 6. In this study, a minimum mixing speed of 400rpm was considered enough to
induce sufficiently high oxygen sparging through the reaction suspension, and to improve the
contact between the gas and liquid phase. This implies that increasing the mixing speed further
(i.e. beyond 400rpm) will not result in any significant change in the mass transfer kinetics. At the
end of the wet oxidation reaction, the reaction suspension was filtered to separate the liquid from
the solid fraction. The liquid fraction was then analyzed to identify the reaction products and also
determine the pH, COD, TOC of the liquid samples.

6.1 pH
The pH profiles of the wet oxidation process are shown in Figures 23 and 24. Under all reaction
conditions, the pH is found to reduce during the period of the reaction, thereby suggesting an
increase in the amount of acids as the reaction progresses. Comparing the pH profiles for 175oC
and 200oC at all sawdust concentrations, it can be seen that the pH values at a temperature of
200oC are lower than the pH values at a temperature of 175oC. The obvious reason for this is that
more acids are produced at higher temperatures. However at very high wet oxidation temperature
of 225oC, the pH values (after wet oxidation is started) were found to be less than the pH values
at a wet oxidation temperature of 200oC. The reason for this could be that at very high
temperatures (up to 225oC), the produced acids start to become oxidized to CO2 and water, thus
the pH starts to increase.

pH
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Figure 23 pH profile: Initial sawdust concentration of 54054 mg/l
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Figure 24 pH profile: Initial sawdust concentration of 32683 mg/l

6.2 Carboxylic acids
Carboxylic acids were detected in all the samples collected during the wet oxidation of sawdust.
The number and amount of carboxylic acids detected was found to increase tremendously with
temperature, irrespective of the sawdust concentration (Figures 25 and 26). According to
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McGinnis et al., 1983, acids are formed even at low temperatures, but their concentrations
become appreciable only at higher temperatures.
The yield of carboxylic acids was calculated based on the dry mass of sawdust. The method for
calculating the yield was as follows:
(

Yield = {(

⁄)

(

⁄

}

Sawdust concentration is the dry mass of sawdust (in mg) per volume of water (in liter).
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Figure 25 Total yield of identified carboxylic acids; sawdust concentration = 54054 mg/l
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Figure 26 Total yield of identified carboxylic acids; sawdust concentration = 32683 mg/l

From Figure 25, it can be seen that at a sawdust concentration of 54054 mg/l and wet oxidation
temperature of 175oC, the maximum total yield of carboxylic acids was about 14 wt% (attained
after 80 minutes of wet oxidation). The total yield of carboxylic acids after 80 minutes of wet
oxidation at a temperature of 200oC was about 21.8 wt%, which amounts to an increase of about
56% from the yield at 175oC. A maximum total yield of 26.5 wt% was attained after 120 minutes
of wet oxidation at 200oC. At all sample times during the wet oxidation reaction, the total yields
of carboxylic acids at a wet oxidation temperature of 200oC was found to exceed the
corresponding total yields at a wet oxidation temperature of 175oC, by 50% – 393%.
Similar trend was observed at lower sawdust concentration of 32683 mg/l. At a wet oxidation
temperature of 175oC, a maximum total yield of 18.99 wt% was attained after 60 minutes of wet
oxidation. The total yield of carboxylic acids after 40 minutes of wet oxidation at 175oC was
11.89 wt%, while the total yield after 40 minutes of wet oxidation at a temperature of 200oC was
25.59 wt%. This represents an increase of about 115% from the yield at 175oC. Also, the total
yields after 10 and 20 minutes of wet oxidation were found to increase by 333% and 160%
respectively, after the temperature was increased from 175oC to 200oC.
A comparative look at the yield profiles for 200oC and 225oC (Figure 26) suggests that at much
higher temperatures (up to 225oC), the total yield of carboxylic acids starts to decline after a few
minutes of wet oxidation. After 10 minutes of wet oxidation at a temperature of 225 oC, the total
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yield of carboxylic acids started to decline to levels below the corresponding yields at 200oC.
The total yields after 20 and 40 minutes of wet oxidation at 225oC were found to be 17.6% and
7.4% smaller than the corresponding yields at 200oC.
6.2.1 Formic acid
Formic acid was the most produced carboxylic acid by the wet oxidation of sawdust. Formic acid
was produced in the highest yields in all the wet oxidation conditions (Figures 27 – 31). Also, the
concentration of formic acid was found to increase tremendously with time during the period of
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Figure 27 Yield of carboxylic acids at 175oC and 54054 mg/l
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Figure 28 Yield of carboxylic acids at 200oC and 54054 mg/l

At a sawdust concentration of 54054 mg/l and reaction temperature of 175oC, the yield of Formic
acid increased from 0.76 wt% (before wet oxidation was started) to 8.25 wt% (after 120 minutes
of wet oxidation). At a temperature of 200oC, the yield increased from 1.098 wt% (before wet
oxidation) to 12.79 wt% (after 120 minutes of wet oxidation).
The same trend was observed when the sawdust concentration was reduced to 32683 mg/l
(Figures 29, 30, and 31). In this case, the yield of Formic acid increased from 0 wt% (before wet
oxidation) to 13.46 wt% (after 40 minutes of wet oxidation) when the wet oxidation temperature
was 175oC. At a wet oxidation temperature of 200oC, the yield increased from 0.89 wt% (before
wet oxidation) to 13.69 wt% (after 40 minutes of wet oxidation), while at a wet oxidation
temperature of 225oC, the yield increased from 0.877 wt% (before wet oxidation) to 10.67 wt%
(after 40 minutes of wet oxidation).
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Figure 29 Yield of carboxylic acids at 175oC and sawdust concentration of 32683 mg/l
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Figure 30 Yield of carboxylic acids at 200oC and sawdust concentration of 32683 mg/l
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Figure 31 Yield of carboxylic acids at 225oC and sawdust concentration of 32683 mg/l
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Figure 32 Total yields of identified carboxylic acids at sawdust concentration of 32683 mg/l

The yield of formic acid was found to increase with temperature within the temperature range of
175 – 200oC. At all sawdust concentrations, the yields of formic acid at a temperature of 200oC
were well above the corresponding yields at a wet oxidation temperature of 175oC (Figures 33
and 34). This suggests that more formic acid is produced at higher wet oxidation temperature.
With a sawdust concentration of 54054 mg/l, the yield of formic acid after 40 minutes of wet
oxidation was found to increase from 2.52 wt% (at a wet oxidation temperature of 175oC) to 6.61
wt% (at a wet oxidation temperature of 200oC). Similar trend was observed at a lower sawdust
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concentration of 32683 mg/l. Under this sawdust concentration, the yield of formic acid after 40
minutes of wet oxidation was found to increase from 8.05 wt% (at a temperature of 175oC) to
11.68 wt% (at a temperature of 200oC). However, a comparative look at the yields of formic
acid at wet oxidation temperatures of 225oC and 200oC (Figure 34), reveals that the yields of
formic acid at 225oC are lower than the corresponding yields at 200oC. At a wet oxidation
temperature of 200oC, the yield of formic acid after 10, 20 and 40 minutes of wet oxidation were
7.98 wt%, 11.68 wt%, and 13.69 wt% respectively. At a wet oxidation temperature of 225oC, the
corresponding yields of formic acid were 7.27 wt%, 8.11 wt%, and 10.67 wt% respectively. This
suggests that at very high wet oxidation temperatures, formic acid starts to become oxidized or
decomposed.
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Figure 33 Yield of formic acid at 175 and 200oC. Sawdust concentration = 54054 mg/l
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Figure 34 Yield of formic acid at different temperatures; Sawdust concentration = 32683 mg/l

Furthermore, the yield of formic acid was found to be higher at lower sawdust concentrations
(Figure 35).
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Figure 35 Yield of formic acid at different sawdust concentrations and temperatures

A comparative look at the yields from the two different concentrations of sawdust (Figure 35)
reveals that the yield was higher when the concentration of sawdust was low. At a sawdust
concentration of 54054 mg/l and wet oxidation temperature of 200oC, the yield of formic acid
after 10, 20, and 40 minutes of wet oxidation were; 4.28 wt%, 5.38 wt%, and 6.61 wt%
respectively. The corresponding yields when the sawdust concentration was reduced to 32683
mg/l were; 7.91 wt%, 11.68 wt%, and 13.69 wt%. Also, at a wet oxidation temperature of 175oC,
the yields of formic acid at a sawdust concentration of 32683 mg/l were found to be higher than
the corresponding yields at a sawdust concentration of 54054 mg/l (Figure 35). A reasonable

51

explanation for this increased yield (after reducing the concentration of sawdust) is that, by
reducing the amount of sawdust (while keeping the amount of oxygen unchanged), more oxygen
became available for the wet oxidation of a unit mass of the sawdust, thus leading to the
production of more formic acid per unit mass of sawdust. Therefore it can be concluded that the
yield of formic acid also increases with the amount of oxygen available for wet oxidation.
6.2.2 Acetic acid
Acetic acid was the second most produced carboxylic acid. The yield profile of acetic acid
(Figures 36 and 37) shows that, the amount of acetic acid increases significantly with time,
during the wet oxidation process. With an initial sawdust concentration of 54054 mg/l, and wet
oxidation temperature of 175oC, the yield of acetic acid increased by about 73%, from 1.579
wt.% (just before the start of wet oxidation) to 2.731 wt.% (40 minutes after the start of wet
oxidation). The yield after 120 minutes of wet oxidation was 4.92 wt%. At a wet oxidation
temperature of 200oC, the yield of acetic acid increased by 100%, from 2.36 wt% (just before
wet oxidation) to 4.82 wt% (40mins after the start of wet oxidation). The yield after 120minutes
was 7.11 wt%. This shows that the yield of acetic acid increases with time during the period of
wet oxidation. Furthermore, by comparing the yields of acetic acid at 175oC and 200oC (Figure
36), it can be seen that the yield of acetic acid after 40 minutes of wet oxidation increased by
76.5%, after the temperature was increased from 175oC to 200oC. Higher yields were also
observed at 10, 20 and 120 minutes respectively.
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Figure 36 Yield of acetic acid at 175 and 200oC. Sawdust concentration = 54054 mg/l

Yield,wt%

52

9
8
7
6
5
4
3
2
1
0

175 C
200 C
225 C

0

10

20

30

40

50

60

70

Reaction time,min

Figure 37 Yield of acetic acid at different temperatures. Sawdust concentration = 32683 mg/l

Similar trend was observed when a sawdust concentration of 32683 mg/l was used. In this case,
at a temperature of 175oC, the yield of acetic acid increased by about 160%, from 1.47 wt%
(after 10 minutes of wet oxidation) to 3.84 wt% (after 40 minutes wet oxidation). At a wet
oxidation temperature of 200oC, the yield was found to increase by 370%, from 1.4 wt % (just
before wet oxidation) to 6.58 wt% (after 40 minutes of wet oxidation). Higher yields were
observed at 225oC, where the yield increased by 170%, from 2.94 wt% (just before wet
oxidation) to 7.98 wt % (after 40 minutes wet oxidation). Again, by comparing the respective
yields of acetic acid at 175oC, 200oC and 225oC (Figure 37), it can be seen that the yield of acetic
acid increases with temperature.
In addition, a comparative look at the yields of acetic acid for the two different sawdust
concentrations (Figure 38) reveals that the yield of acetic acid was significantly higher at lower
sawdust concentration. However, in the first ten minutes of wet oxidation, the yields at lower
sawdust concentration were found to be lower than the yields at a higher sawdust concentration.
No explanation for this was obvious to the author at the time of writing this report.
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Figure 38 Yield of acetic acid at different temperatures and sawdust concentrations

Furthermore, it was observed that irrespective of the sawdust concentration, increasing the wet
oxidation temperature (up to 225oC) did not result in a decline in the yield of Acetic acid. This is
not the case for formic acid, whose yield declined significantly after the wet oxidation
temperature was increased from 200oC to 225oC. A reasonable explanation for this is the fact that
Acetic acid is more difficult to oxidize, thus it has longer existence time. At wet oxidation
temperature of about 250oC, nearly all compounds can be completely transformed except for
acetic acid and propionic acid (Debellefontaine et al., 1996). According to Debellefontaine et al.,
1996, the temperature at which acetic acid becomes oxidized to CO2 is 320oC.
6.2.3 Oxalic acid
The yields of oxalic acid at the various sawdust concentrations are as shown in Figures 39 and
40.
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Figure 39 Yield of oxalic acid at 175 and 200oC. Sawdust concentration = 54054 mg/l
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Figure 40 Yield of oxalic acid at 225oC. Sawdust concentration = 32683 mg/l

At a sawdust concentration of 54054 mg/l and wet oxidation temperature of 175oC, oxalic acid
was detected only at 20 minutes and at 80 minutes after wet oxidation (Figure 39). At a wet
oxidation temperature of 200oC, oxalic acid was detected only at 0 minutes (i.e. just before wet
oxidation) and at 120 minutes after wet oxidation. The absence of oxalic acid at other times
suggests that oxalic acid became oxidized immediately after it was produced. The highest yield
of Oxalic acid (4.02wt %) was recorded under the following wet oxidation conditions; 54054
mg/l of sawdust, 175oC, 80mins.
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At a lower sawdust concentration of 32683 mg/l (i.e. more oxygen available for oxidation), no
oxalic acid was detected at temperatures of 175oC and 200oC. However, at a higher temperature
of 225oC, very little amount of oxalic acid (96.46 mg/l) corresponding to a yield of 0.29 wt%
was observed after 40mins of wet oxidation. The absence of oxalic acid at temperatures 175oC
and 200oC, and the very little yield at 225oC suggests that high oxygen availability does not
favor the production of oxalic acid.
In general, it appears that at high sawdust concentration (i.e. low oxygen availability); low
temperature favors the production of oxalic acid, while at low sawdust concentration (i.e. high
oxygen availability), high temperature favors the production of oxalic acid.
6.2.4 Succinic acid
Succinic acid was the third most produced carboxylic acid. Succinic acid was produced only at
higher temperatures of 200oC and 225oC. Succinic acid was not detected at a wet oxidation
temperature of 175oC. The amount of succinic acid was found to increase with time, until the
highest possible yield (optimal yield) is reached. After the optimal yield was reached, the yield
of succinic acid started to decline. This suggests that the produced succinic acid started to
become oxidized after the optimum yield was reached.
The optimal yield of succinic acid was found to be more at higher temperatures (Figure 42). At a
sawdust concentration of 32683 mg/l, the optimal yield of formic acid at a wet oxidation
temperature of 225oC was 5.66 wt%, while the optimal yield at 200oC was 5.49 wt% (Figure 42).
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Figure 41 Yield of succinic acid at 200oC and sawdust concentration of 54054 mg/l

56

6

Yield,wt%

5
200 C

4

225 C

3
2
1
0
0

10

20
30
Reaction time,min

40

50

Figure 42 Yield of succinic acid at 200 and 225oC. Sawdust concentration = 32683 mg/l

It can also be seen that at high temperatures, it took shorter period of time to achieve the optimal
yield. At a wet oxidation temperature of 225oC, the optimal yield of 5.66 wt% was attained after
10 minutes of wet oxidation, while at a wet oxidation temperature of 200oC; the optimal yield of
5.49 wt% was attained after 20 minutes of wet oxidation. Furthermore, the yield of succinic acid
was found to be more at lower sawdust concentration. Figure 43 shows the yield of succinic acid
at a wet oxidation temperature of 200oC, for the two different sawdust concentrations.
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Figure 43 Yield of succinic acid at 200oC and different sawdust concentrations
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At a sawdust concentration of 32683 mg/l, the yield of succinic acid at 10, 20, and 40 minutes
after wet oxidation at 200oC were 4.04 wt%, 5.49 wt%, and 5.30 wt% respectively. The
corresponding yields at a sawdust concentration of 54054 mg/l were 3.7 wt%, 0 wt%, and 4.13
wt%, respectively.

6.3 COD and TOC
The efficiency of a wet oxidation process is commonly characterized by the TOC and COD.
Comparing the values of the TOC and COD measured at the commencement and at the end of
the wet oxidation reaction, helps to determine the degree of mineralization or transformation of
the organic compound. The COD and TOC profiles of the wet oxidation processes are shown in
Figures 44 - 47.
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Figure 44 COD profile. Sawdust concentration = 54054 mg/l
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Figure 47 TOC profile. Sawdust concentration = 32683 mg/l

The COD is found to be higher at higher temperatures (Figures 44 and 45). This is probably
because at higher temperatures, more lignin and hemicellulose are solubilized and/or degraded
(Schmidt and Thomsen, 1998). At higher temperatures, the optimal COD value is attained at
relatively shorter times than at lower temperatures. Also, the rate of decline in the COD (after the
optimal value is reached) is found to be faster at higher temperatures. This suggests that at high
temperatures, there is high rate of oxidation of the wet oxidation products to CO2 and water.
Furthermore, a comparative look at the COD profiles for the different sawdust concentrations
reveals that the COD values were higher at higher sawdust concentrations. One of the reasons for
this could be that at the lower concentration of sawdust, more oxygen was available to oxidize
the compounds formed, to CO2 and water, thus the COD was reduced. Another reason for the
higher COD could be that at higher sawdust concentration, more sawdust was available for
oxidation to other compounds.
In order to determine the effectiveness of the wet oxidation process in transforming sawdust into
a variety of different compounds, a mass balance was calculated based on the COD content
(Table 8). For all samples collected during the wet oxidation process, the COD-contributions for
all identified components were calculated. The COD-contributions of the identified components
were then summed up, and subtracted from the measured COD content of the sample. The
difference between the COD-contribution of identified components and the measured COD
content, allows knowledge of the number of unidentified components in the liquid fraction.
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COD-contribution = Concentration of component (g/l) x COD-factor of component (mg O2/g)
Where: COD-factor = Amount of oxygen required to oxidize 1g of the identified component to
CO2 and H2O
Total COD-contribution = ∑ COD-contribution
The COD-factor for the identified components is shown in Table 7.
Table 7 COD-factor for identified components

Identified components COD-factor (mgO2/g)
Formic acid
348
Acetic acid
1067
Oxalic acid
178
Succinic acid
270.79
The COD-contribution of identified components is as shown in Table 8.
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Table 8 COD-contribution of identified components

Sample
name

Run

0 sample
1st
2nd
3rd
4th
5th
6th
0 sample
1st
2nd
3rd
4th
5th
6th
0 sample
1st
2nd
3rd
4th
0 sample
1st
2nd
3rd
0 sample
1st
2nd
3rd

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Sawdust
Temp, Time
Concentration
o
C
(min)
(mg/l)

175

200

175

200

225

0
10
20
40
60
80
120
0
10
20
40
60
80
120
0
10
20
40
60
0
10
20
40
0
10
20
40

54054

54054

32683.5

32683

32683

CODcontribution
of Identified
components
(mg O2/l)

Measured
COD
content
(mg/l)

1053,6104
1127,546854
1785,206596
2050,738163
2474,581397
3838,326524
4394,654994
2064,367432
3906,086073
3820,915623
4631,392572
5057,874586
6200,017476
7413,978779
0
761,6866447
1837,359922
2255,896893
3462,189824
649,2259439
2579,582746
3819,587781
4325,624945
1290,425282
3387,997616
3509,849866
4439,95478

7560
12330
18200
20400
19750
23600
25200
23850
22250
24850
27400
31950
33450
33950
10957,5
14272,5
16177,5
15930
16830
14625
21165
22755
21592,5
17670
21832,5
19057,5
14880

CODContribution
of identified
components
in percentage
(%)
13,9366455
9,14474334
9,808827452
10,05263805
12,52952606
16,26409544
17,43910712
8,655628647
17,55544303
15,375918
16,9028926
15,83059338
18,5351793
21,83793455
0
5,336743
11,35750222
14,16131132
20,57153787
4,439151753
12,18796478
16,78570768
20,03299732
7,30291614
15,51813863
18,4171579
29,83840578

From Table 8, it can be seen that in all the samples, the calculated COD-contributions of the
identified components could only account for less than 30% of the measured COD content. This
implies that many unidentified reaction products were present in the liquid fraction.
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7. Conclusions
The effectiveness of wet oxidation as a method for the transformation of sawdust into different
useful compounds has been investigated. Significant yields of carboxylic acids were achieved by
the wet oxidation of sawdust. At sawdust concentration of 54054 mg/l, a total carboxylic acid
yield as high as 26.5 wt% was achieved after 120 minutes of reaction at a temperature of 200oC.
At lower sawdust concentration of 32683 mg/l, total yield as high as 25.6 wt% was attained after
40 minutes of wet oxidation reaction at 200oC. In general, the total yield of carboxylic acids was
found to increase with temperature. However, at temperature of 225oC, the total yield of
carboxylic acids is found to increase first and later decrease after few minutes of reaction. This
was due to the thermal degradation of some produced lower molecular carboxylic acids, at
higher temperature (225oC). From the HPLC analysis, the main identified carboxylic acids in the
reaction filtrate were; formic acid, acetic acid, succinic acid and oxalic acid. Formic acid has the
highest yield 13.69wt%, among the carboxylic acids produced. The optimal temperature for the
production of carboxylic acids was found to be 200oC. The yield of formic acid was found to
increase with temperature, however at 225oC, the yields of formic acid was found to be lower
than the corresponding yields at 200oC. This suggests that formic acid was being degraded /
decomposed at 225oC. Furthermore, the yield of formic acid was found to be higher at lower
sawdust concentrations, which suggests that more formic acid is produced when the oxygensawdust ratio is high.
Acetic acid was the second most produced carboxylic acid. The yield of acetic acid was also
found to increase with temperature. Unlike formic acid, there was no decline in the yield of
acetic acid as the temperature of wet oxidation was increased (even up to 225oC). This suggests
that acetic acid is more resistant to thermal degradation than formic acid. The optimal yield of
acetic acid (7.98wt %) was achieved at 225oC and 40 min of reaction time.
Succinic acid was produced on at relatively higher temperatures of 200oC and 225oC. No
succinic acid was detected at wet oxidation temperatures of 175oC, irrespective of the
concentration of sawdust. The optimal yield of succinic acid (5.66wt %) was attained at 225oC
and 10 min of reaction when the concentration of sawdust was 32683 mg/l. After the first ten
minutes of wet oxidation, the yield of succinic acid was found to decrease significantly.

63

Furthermore, high oxygen-sawdust ration (i.e. low concentration of sawdust) was found to favor
the production of succinic acid.
In comparison to the other carboxylic acids, oxalic acid was produced less frequently. The
optimal yield of oxalic acid was (4.027wt %). Higher wet oxidation temperature and lower
concentration of sawdust (i.e. high oxygen-sawdust ratio) did not improve the yield of oxalic
acid. At sawdust concentration of 32683 mg/l, very little yield of oxalic acid (0.29wt %) was
recorded after 40 minutes of wet oxidation at 225oC.
In general, it appears that for a given amount of oxygen supply, the total yield of identified
carboxylic acids is higher at lower sawdust concentrations. This is probably due to the high
oxygen-biomass ratio at low sawdust concentration, which results in increased conversion or
oxidation of the biomass to carboxylic acids.
Comparing the values of the TOC and COD measured at the commencement and at the end of a
wet oxidation reaction, helps to determine the degree of mineralization or transformation of the
organic compound by the wet oxidation process. In all the samples collected during the wet
oxidation experiments, only less than 30% of the measured COD-content could be accounted for
by the identified carboxylic acids. This implies that some more unidentified compounds (reaction
products) must have been present. The Total Organic Carbon (TOC) is found to be higher at
relatively higher temperatures, thus suggesting that more organic compounds are formed at
higher temperatures. Also, the TOC and COD (Chemical Oxygen Demand) profiles were found
to have similar trends. This suggests that most of the COD came from the organic compounds.
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Appendix I: COD and TOC data
Table I. COD data
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Table II. TOC data
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Appendix II: Carboxylic acids data
Table I: Formic acid and acetic acid data

Table II: Succinic acid and oxalic acid data

