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Preface

The search for a sustainable source of chemicals as alternatives to petroleum
has led to the discovery of multiple routes for renewable biomass conversion
into biofuels and value-added platform chemicals. Extensive research in this
area has been focused primarily on the diversification of energy resources.

In fact, the amount of biomass available currently is too limited to address
all the demands with respect to fuels. Thus ca. 30% of the global arable land
is needed to cover only 10% of the global fuel demand by 2030. It should be
noted that currently the majority of oil is used for the production of fuels,
while only 5–8% (5.8 in 2012) of a crude oil barrel is used in the manufacture
of chemicals, while the turnover in monetary value is almost the same for
fuels and chemicals.

Since the price of fuels is much lower than for chemicals, in the future,
limited resources should be used mainly for chemicals, while the growing
energy demand must be compensated for by alternative energy sources
(solar, hydropower, nuclear, etc.).

The major components of lignocellulosic biomass are cellulose (40–50%),
lignin (16–33%) and hemicelluloses (15–30%), where the last two are prac-
tically built up of sugar units. Therefore, biomass is a rich feedstock for the
various sugars and their derivatives.

Sugar derivatives were considered as the top twelve value-added chemicals
from biomass by the U.S. Department of Energy (2004). Extensive research
was performed to advance the technology of cellulosic biomass transfor-
mation into biofuels. However, sugar-based chemicals are also a green and
feasible source for the sustainable manufacturing of a variety of valuable
products including polymers, surfactants, pharmaceuticals, and others.

The objective of this book is to represent the scope of green sugar-based
technologies beyond fuels. The book gives an overview of the current status
of sugar-based technology describing the challenges and opportunities with
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the synthesis of valuable chemical commodities. Such synthesis starts with
the so-called biorefinery concept, which would allow the production of
chemicals (and fuels) in the same way as it is done nowadays in classical
refineries and large (petro)chemical complexes.

One of the challenges in the valorization of lignocellulosic cellulose is
related to the primary fractionation. This is addressed in the chapter of Seidl
and co-authors. The same authors also describe the Brazilian sugar cane
industry, which is of high importance for making fuels and has a strong
potential for the synthesis of chemicals. The history and current status of
Brazilian sugar cane transformation into chemicals are presented as a real
life case study.

The work of Fardim and co-workers focuses on hemicelluloses, in par-
ticular xylans, which are now the most studied hemicelluloses. The most
effective extraction methods, as well as potential applications of xylan-based
materials for fibre-surface engineering, are presented and discussed.

Leino and co-workers describe the application of oligosaccharides as
pharmaceuticals, while recent advances in the synthesis of sugar-based
surfactants are considered by Kovensky and Grand.

The chapter of Bhaumik and Dhepe gives a comprehensive overview of
multiple strategies to design and develop various catalysts and catalytic
processes to hydrolyse saccharides (cellulose, hemicelluloses) into sugars.

Further catalytic transformations of sugars, namely hydrogenation to
sugar alcohols and aqueous-phase reforming of sugar derivatives, are over-
viewed respectively by Murzin et al. and Seshan and co-workers.

The editors hope that this book will be helpful to scientists working for
academia and industry, who are primarily focused on the development of
non-fuel applications of sugars.
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CHAPTER 1

Conversion of Biomass into
Sugars

PRASENJIT BHAUMIK AND PARESH LAXMIKANT DHEPE*

Catalysis & Inorganic Chemistry Division, CSIR-National Chemical
Laboratory, Dr Homi Bhabha Road, Pune 411008, India
*Email: pl.dhepe@ncl.res.in

1.1 Introduction
In the current circumstances, fossil feedstocks (crude oil, coal and natural
gas) are utilized for the synthesis of a range of chemicals and fuels. Yet, their
sustainability is at stake due to finite reserves, sporadic prices, volatile
geopolitical scenarios and unfavourable effects on the environment (global
warming) because of the discharge of a major contributor to the greenhouse
gas effect, carbon dioxide (CO2) into the atmosphere.1 During World Wars I
and II, due to a shortage of crude oil, Germany and a few other countries
started extensive research on the production of chemicals and fuels (par-
ticularly ethanol and diesel) from alternate sources such as coal and bio-
mass.2 The world’s first ethanol production plant (Skutskär sulfite ethanol
plant), based on the sulfite process, was started in 1909 in Sweden.3 Al-
though a total of 33 plants were started using the same concept in Sweden,
since 1983, just one plant has remained operational.3 After the development
of efficient ways throughout the 20th century to explore, extract and process
crude oil, research on biomass was decreased. But, following the recent
crisis in oil production and for geo-political reasons, there has been a
renewed interest in looking for alternative sources for the synthesis of
chemicals and fuels. Though, for a long time, Brazil has successfully shown
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that due to the highest world production of sugarcane (Brazil: 3.3�108–
7.7�108 ton per year in 2000–2013, World: 1.3�109–1.9�109 ton per year in
2000–2013),4 it can produce bio-ethanol from bagasse (sugarcane waste after
extracting sugar juice) in large quantities for public distribution to run ve-
hicles.5 Conversely, in the rest of the world, after numerous deliberations
and considering history, recently, it has been suggested that the only alter-
native and sustainable resource, biomass should be leveraged for the syn-
thesis of chemicals and fuels by developing environmentally benign
pathways. Since biomass is renewable, carbon neutral, abundant, locally
accessible in most countries and has a lower impact on the environment, it
becomes a natural choice as an alternate resource.1,6 In recent times, several
countries and industries have disclosed their interests in developing meth-
ods for the conversion of biomass into known and new chemicals and fuels.1

Biomass is a non-fossil and is made up of complex molecules present in
plants and animals. It is considered as a rich source of organic products,
which have a characteristic chemical composition of C, H, O, N.7 However,
until now, much of the work has reported on the conversion of plant-derived
biomass into chemicals. Naturally, plant biomass is produced during the
photosynthesis pathway using water, carbon dioxide and sunlight and is
classified into two categories, namely edible and non-edible, solely based on
human consumption ability. For example wheat, rice, corn, potato etc. are
made up of a polysaccharide, starch and are considered as edible biomass or
a first generation raw material (for the synthesis of fuels and chemicals).
Starch is composed of a mixture of linear polysaccharide, amylose (homo-
polymer of D-glucose linked via a a-1,4 glycosidic bond) and branched
polysaccharide, amylopectin (homopolymer of D-glucose linked via a linear
a-1,4 glycosidic bond and branched a-1,6 glycosidic bond). Non-edible bio-
mass, for example crop waste or wood, is called lignocellulosic biomass or
lignocelluloses and is considered as a second generation raw material.
Lignocelluloses have a composition of ca. 45% cellulose (homopolymer or
homopolysaccharide of D-glucose linked via a b-1,4 glycosidic bond), ca.
25% hemicellulose (heteropolymer or heteropolysaccharide of several C5

and C6 sugars linked via various bonds), ca. 20% lignin (amorphous 3D
network polymer of several aromatic monomers), some macro and micro
nutrients (nitrogen, phosphorus, potassium, calcium, magnesium, sulfur,
iron, manganese, copper, boron, zinc, chloride and molybdenum) and
extractives (fats, fatty acids, resins, tannins, volatile oils, proteins etc.).7,8

Typically, saccharides or carbohydrates (hydrates of carbon) have a mo-
lecular formula of Cm(H2O)n, where m and n are almost same. For instance,
a simple monosaccharide, glucose has a molecular formula of C6H12O6

while deoxyribose has a molecular formula of C5H10O4. This makes sac-
charides rich in oxygen content with an O/C ratio of ca. 1 and a H/C ratio of
2. Usually, during the formation of disaccharides or polysaccharides for
example cellobiose (glucose dimer or disaccharide) with a molecular weight
of 342 and cellulose (glucose polysaccharide) with per unit of glucose
molecular weight of 162, loss of one mole of water (H2O) with a molecular
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formula of 18 per two moles of monosaccharides is essential. Hence, the
O/C ratio in cellulose and hemicellulose (lignocelluloses) has a slightly
lower value (ca. 0.8).8 Nevertheless, for a chemical to be used as a fuel or fuel
additive, its O/C ratio should be low (biodiesel: ca. 0.1, ethanol: 0.5).8

Consequently, conversions of saccharides into fuels or fuel additive ne-
cessitates extra processing for the reduction in O/C ratio. At the same time,
conversions of saccharides into chemicals (sugars and its derivatives) for
non-fuel applications exempt the extra process of decreasing the O/C ratio.
Hence, it is apparent that lignocelluloses should be used for chemical
production. Moreover, economic analysis suggests that while lig-
nocelluloses are obtainable at a price of $50 per ton, glucose has a market
price of $450–650 per ton and xylose has a market price of $1000–2500 per
ton.9 Further conversion of these monosaccharides (sugars) into various
chemicals such as 5-hydroxymethylfurfural (HMF) ($300 000–350 000 per
ton), furfural ($2500–3000 per ton), sorbitol ($500–700 per ton) and xylitol
($1000–3000 per ton) adds value to these sugars.9 Hence, it is understand-
able that suitable transformations of starch, cellulose and hemicellulose to
various sugars (C6 and C5) via hydrolysis of glycosidic bonds present in
polysaccharides are economical. Nevertheless, use of a first generation
biomass (polysaccharide), starch for obtaining sugars as platform chem-
icals to produce a variety of other essential chemicals is a debatable
issue since it is principally used as a food. Hence, use of a second gener-
ation biomass, lignocelluloses (non-edible biomass)—with a high energy
content (ca. 2�1010 J per ton of dry biomass)10 is desirable for the synthesis
of sugars. Additionally, huge worldwide availability (1.8�1012 tones) of
plant-derived lignocelluloses including crop (agricultural) wastes and forest
residues (90–95% with respect to total plant biomass production)8 might
permit those to be used as a feedstock for better rural economy. On the
other hand, in an ideal scenario, it can be considered that from non-edible
feedstock, one can produce edible products (sugars). The conversion of di/
polysaccharides into chemicals can be done by either thermal (combustion,
pyrolysis, gasification, supercritical water), thermo-chemical (acid, alkali) or
biological (enzyme) methods. Under thermal conditions, substrates are
heated at high temperatures (pyrolysis: 4350 1C; gasification: 4550 1C,
supercritical water: B300–400 1C) essentially without a catalyst (however,
in a few cases such as gasification and treatment in supercritical water,
catalysts are added to drive the reaction in a particular direction) to yield
sugars, tar, char, gases etc. In most of these studies, gases (CO, CO2, H2, CH4

etc.) are formed as the main products with a minor quantity of sugars
formed (o20–30%). On the contrary, under thermo-chemical conditions
at lower temperatures (o250 1C), catalysts are used to obtain sugars in
higher quantities by subjecting substrates to hydrolysis. Considering
this, in this chapter, discussions are focused on the conversion of di/
polysaccharides into sugars by hydrolysis reactions. In the conversion of
lignocelluloses to chemicals, multiple steps are involved and these are de-
picted in Figure 1.1.

Conversion of Biomass into Sugars 3



1.1.1 Potential Source of Sugars

Monosaccharides, or else we call them sugars, are named in two ways: (1) a
monosaccharide containing an aldehyde group is called aldose and (2) a
monosaccharide containing a ketone group is called ketose. In total, eight C6

aldo-sugars (glucose, mannose, galactose, allose, altrose, gulose, idose and
talose) and four C5 aldo-sugars (xylose, arabinose, ribose and lyxose) are
structurally possible. Besides these aldo-sugars, two more keto-sugars viz.
fructose and xylulose are also well-known in nature. But, among them, idose
and talose are not found in nature. Moreover, the presence of allose, altrose,
gulose, ribose and lyxose is very rare in nature and hence discussions on
those are not made here. The rest of the sugars are generally present in
fruits, edible plants, living bodies, bacteria, proteins etc.

In Figure 1.2, likely sources of main C6 sugars (glucose, fructose, man-
nose, galactose) and C5 sugars (xylose, arabinose, xylulose) are illustrated. In
general, these monosaccharides (sugars) can be obtained by the hydrolysis
(addition of one mole of water per 2 moles of sugars) of their respective
disaccharides [maltose: a-1,4-D-glucose disaccharide (found in potatoes,
cereal, beverages etc.), cellobiose: b-1,4-D-glucose disaccharide, sucrose: di-
saccharide of a-D-glucose and b-D-fructose linked via a 1,2 glycoside bond
(found in sugarcane, beet, grains etc.), xylobiose: b-1,4-D-xylose disaccharide
etc.]. Further, several polysaccharides such as starch (a-1,4-D-glucose poly-
saccharide), cellulose (b-1,4-D-glucose polysaccharide), inulin (fructose
polysaccharide), hemicellulose (polysaccharide of several C5 and C6 sugars)
etc. derived from edible and non-edible parts of plant biomass can yield
sugars on hydrolysis. Moreover, lignocelluloses are made up of ca. 75% of
polysaccharides (cellulose, hemicellulose, starch and saccharose)11 and
hence, it will be beneficial to use plant biomass (lignocelluloses) directly for
the synthesis of various sugars. Since cellulose is present as a major com-
ponent (ca. 45%) in lignocelluloses, its conversion into chemicals (mainly
sugars) is considered as foremost in the bio-refinery concept. In recent
times, municipal solid wastes (kitchen waste containing cellulose) have also
been increasing and their effective utilization to generate chemicals and

Biomass
Transportation to
Conversion Site

Cleaning &
Shredding

Pre-treatment: Physical, Chemical
& Physico-chemical (Isolation)

Other Chemical
Transformation

Hydrolysis

Sugars

Fermentation

Figure 1.1 Illustration of the multiple steps involved in biomass processing to
chemicals.
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Figure 1.2 Schematic diagram of possible sources of sugars.
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fuels may prove to be vital in curbing the problems of landfill and inciner-
ation, which gives rise to pollution by liberating hazardous chemicals and
gases.

1.1.2 Applications of Sugars

Sugars have a variety of applications in fine chemicals, pharmaceuticals,
agriculture, cosmetics etc. In most cases, sugars are used as an energy source
(glucose), low-calorie sweetener (xylose) and for the synthesis of many in-
dustrially important chemicals such as furans (5-hydroxymethylfurufral and
furfural; precursors for fuel, resin, plastic, nylon, polyester, fine chemical
etc.), sugar alcohols (sorbitol, mannitol, xylitol, arabitol; used as low-calorie
sweetener, adhesive, cosmetics, energy source etc.), sugar acids (gluconic
acid, xylonic acid, arabinonic acid; used as chelating agent, cement retard-
ant, cosmetics, medicine etc.), acids (succinic acid, itanoic acid, formic acid,
glycolic acid; used in the food industry and polymer industry), alcohols
(ethanol, butanol; used as fuels, solvents etc.) and alkyl ethers of sugars
(alkyl glucoside, alkyl xyloside; used as biomass-derived surfactant etc.)12–14

Because of these extremely significant applications of sugars, it is worth
synthesizing sugars from biomass-derived resources.

1.2 Biomass Pre-treatment
As suggested in Section 1.1.1, the most favourable way to synthesize sugars is
the utilization of lignocellulosic (non-edible) biomass directly as a raw ma-
terial which consists of polysaccharides (ca. 45% cellulose and ca. 25%
hemicelluloses) in large quantities.8 But, in reality, due to very intricate
hydrogen bonding such as intra-, inter-molecular and inter-sheet in cellulose
(Figure 1.3),15,16 the existence of lignin (aromatic polymer) in lig-
nocelluloses, and multiple bonding between polysaccharides and lignin, it
becomes complicated to process lignocelluloses directly into sugars. During
the conversion of the polysaccharide part (cellulose and hemicellulose) of
lignocelluloses into sugars, lignin remains unconverted because it usually
requires high processing temperatures (4250 1C) compared to polysacchar-
ides (o230 1C).17 And if conversions of lignin are also tried simultaneously
then degradation reactions of sugars become predominant. In most cases,
unconverted lignin is also capable of poisoning the catalytically active sites.
As discussed earlier, due to the occurrence of multiple H-bonding in cellu-
lose, its structure becomes very rigid and crystalline and thus becomes dif-
ficult to degrade. A representative XRD pattern for commercially available
microcrystalline cellulose is presented in Figure 1.4. The pattern shows
peaks due to the amorphous (2y¼ 15.81) and crystalline phases (2y¼ 22.51,
34.71) of cellulose. Additionally, due to the very strong H-bonding in cellu-
lose, it remains insoluble in many common solvents but is soluble in ionic
liquids (ILs), concentrated aqueous ZnCl2 solution and ammoniacal
Cu(OH)2 solution.18,19 Cellulose also possesses a very high degree of
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Figure 1.3 Illustration of the H-bonding present in cellulose.
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polymerization (DP), for example in wood pulp, it ranges from 300 to 1700
and in cotton and plant fibres, it ranges from 800 to 10 000.20 Because of
these properties of cellulose, its hydrolysis becomes difficult. Furthermore,
the presence of lignin (covering polysaccharides), which has the role of
protecting the polysaccharides from any chemical or biological attacks,
hinders their catalytic conversions. Hence, it becomes indispensable to pre-
treat the lignocelluloses before hydrolysis for the removal of lignin and to
decrease the crystallinity of cellulose. Other significant aspects in pre-
treatment are to avoid the degradation or loss of saccharides and make
the overall process economic and environmental friendly. During some of
the pre-treatments, the DP of cellulose decreases, which may increase the
solubility of cellulose (fractions) in water for efficient hydrolysis.

The available biomass pre-treatment methods are classified roughly into
three categories namely: (1) physical (milling, grinding, radiation, ultra-
sound), (2) physico–chemical (steam explosion, ammonia fiber explosion,
carbon dioxide explosion) and (3) chemical (ozonolysis, alkaline hydrolysis,
oxidative delignification, organic solvent extraction, acid hydrolysis, enzyme
treatment, and ionic liquid treatment).21,22

1.2.1 Physical Treatment

The main purpose of the physical pre-treatment of lignocellulose is to de-
crease its particle size and cellulose crystallinity. Use of milling and grinding
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Figure 1.4 Typical XRD pattern of microcrystalline cellulose.
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methods can decrease the size of various biomass to 0.2–2 mm from 10–
30 mm.23 The size reduction of lignocellulose is directly related to the energy
consumption and time required for pre-treatment processing. Several re-
ports on the ball milling method show a reduction in size (determined by
particle size analyser), crystallinity (determined by XRD, NMR studies) and
degree of polymerization (DP; determined by anion-exchanged chroma-
tography) in cellulose and hence, increases in its hydrolysis rate.24–26 During
ball milling, an increase in temperature is seen, which has an effect on de-
crystallization and for this reason, it becomes important to control the
temperatures for reproducible results. Recently, an ultrasound technique
has been used to decrease cellulose crystallinity within a short time in the
presence of water.27 It is shown that Avicel cellulose (particle size¼ 38 mm)
can be transformed into 0.1–0.6 mm cellulose with a 12.1% decrease in
crystallinity index (without changes in its structure) at 80 1C after subjecting
it to ultrasound treatment (optimum amplitude¼ 40%) for 3 h. It is assumed
that when cellulose is exposed to ultrasound, which has a higher energy than
the H-bonding energy of cellulose (21 kJ mol�1), it breaks the H-bonding in
cellulose to form lower crystalline cellulose.28 Microwave irradiation of lig-
nocellulosic biomass causes localized heating of lignocellulose leading to
disruption of the lignocellulose structure29 and since it is a harsh process, it
leads to very high lignin removal from biomass.30,31 However, in terms of
cost and generation of high temperature during treatment, the process is not
efficient on a large scale.32 Additionally, treatment of cellulose with g-rays
leads to the reduction of DP and crystallinity in cellulose but this process
also faces the drawback of high costs.33

1.2.2 Physico–Chemical Treatment

In the widely used steam explosion pre-treatment, biomass is treated with
saturated steam (6.9–48.3 bar) at high temperatures (160–260 1C) and after a
certain time (few seconds to a few minutes), the pressure is suddenly re-
duced to atmospheric pressure allowing the biomass to undergo explosive
decompression.23,34 This process helps in the removal of hemicellulose and
redistribution of lignin. Various factors such as biomass size, moisture
content, temperature and time are decisive in designing an effective steam
explosion biomass pre-treatment method.35 Moreover, the addition of
mineral acid (H2SO4, CO2; 0.3–3 wt/wt) during steam explosion, improves the
efficiency of the pre-treatment process by decreasing the temperature and
time required.36 The steam explosion treatment has advantages including a
lower energy requirement than mechanical treatment (70% less energy re-
quirement)37 and less environmental impact, which allows the process to
operate on an industrial scale successfully (Iogen Corporation, Canada;
steam explosion using dilute acid pre-hydrolysis of corn stover, barley straw
and bagasse38). Biomass pre-treatment is also carried out in liquid hot water
instead of steam.39 This process can be done in three types of reactors
namely co-current, counter-current and flow-through. In a typical procedure,
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all the reactors are maintained at desired temperatures (200–230 1C) for a
specific time (ca. 0.25 h) to achieve efficient pre-treatment.

Ammonia fibre/freeze explosion (AFEX) is another process for lig-
nocellulose pre-treatment where liquid NH3 is in contact with biomass
(typically in a biomass–NH3 ratio of 1 : 1 to 1 : 2) at moderate temperatures
(60–100 1C) and high pressures (17–21 bar) for a specific time and sub-
sequently pressure is reduced to make an explosion.21,40 This process is
reported to be effective for lignocelluloses with a low lignin content (bagasse:
15%, bermudagrass: 5% etc.) rather than a high lignin content (nutshell: 30–
40%, wood: 18–35%, aspen chips: 25% etc.).41

To surmount the problems with high temperature (steam explosion) and
high cost (AFEX) associated with these methods, a carbon dioxide explosion
pre-treatment, which uses carbon dioxide in a supercritical state (Pc¼ 73.8
bar, Tc¼ 31.1 1C), has been developed.21,42 Moreover, due to the liquid–
gaseous state of carbon dioxide under supercritical conditions, it has a lower
viscosity and higher diffusivity (than water) and hence, it can easily penetrate
inside the architecture of biomass and separate cellulose and hemicelluloses
from each other and lignin. This process reduces the prospects of degrad-
ation product formation from saccharides because of lower operating
temperatures.

1.2.3 Chemical Treatment

Effective lignin removal from lignocellulose can be carried out using ozone
treatment to biomass at room temperature and atmospheric pressure (ozo-
nolysis).43,44 This treatment has a minor effect on the hemicellulose part and
no effect on the cellulose part of lignocelluloses. Moreover, during this
processing, no toxic chemicals are generated. From an environmental point
of view, this process is better since the used ozone can easily be catalytically
decomposed at increased temperatures.45 However, the requirement of a
large amount of costly ozone makes the process expensive.

Another way to remove the lignin part is to use alkali at low temperature
and pressure (alkaline hydrolysis).34,46 During this process, in the presence
of alkaline reagents such as NaOH, KOH, Ca(OH)2, NH4OH, removal of acetyl
and uronic acid substitution in the hemicellulose part is also possible along
with removal of lignin.47–49 The treatment of lignocelluloses with alkali
mainly hydrolyses the intermolecular ester bonds between lignin and poly-
saccharides to remove lignin leaving behind the free polysaccharides (cel-
lulose, hemicellulose).23 Use of air/oxygen during alkaline hydrolysis
significantly improves the delignification process of biomass with high lig-
nin contents.47 Nonetheless, the chances of polysaccharides undergoing
hydrolysis and oxidation reactions under alkaline conditions make this
process vulnerable.

Delignification of biomass can as well be carried out using H2O2 as an
oxidising agent.46 This process involves removal of both lignin and hemi-
cellulose at a higher extent from lignocellulose. In this method, oxidising
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chemicals react strongly with the aromatic rings of lignin and generate
aromatic carboxylic acids that can act as inhibitors in the later stages of
transformations, hence they need to be removed or neutralized before pro-
cessing the celluloses.50

The organosolv process can also remove lignin from biomass. In this
method, several organic solvents (methanol, ethanol, acetone, ethylene gly-
col, triethylene glycol, tetrahydrofurfuryl alcohol etc.) or organic solvents
with water in the presence of mineral and organic acids (H2SO4, HCl, oxalic
acid, salicylic acid, acetylsalicylic acid etc.) are used to remove lignin.51–53

The organic solvents used in this method are required to be recoverable to
make the process cost efficient. Besides this, the production of very high
quality lignin makes this method competent since this lignin can be con-
sumed further for the synthesis of various valuable chemicals.

Dilute acid (o4 wt%) pre-treatment to lignocellulose is another widely
used technique. In general, two pathways are undertaken for this purpose:
(1) use of a high temperature (4160 1C) continuous flow process for low
biomass loading (5–10 wt%) and (2) use of a low temperature (r160 1C) batch
process for high biomass loading (10–40 wt%).54 Typically, dilute acids
(H2SO4, HCl, HNO3, H3PO4, maleic acid, fumaric acid etc.) and concentrated
acids (H2SO4, HCl) are sprayed over the lignocellulose to remove (selectively)
hemicelluloses in the form of sugars and soluble oligomers
(2oDPo10).21,23,46,54,55 This method is used on a commercial scale by
BlueFire Renewables and Biosulfurol Energy Limited.56,57 However, due to acid
treatment, some portions of sugars are further transformed into furans (fur-
fural and HMF) and other by-products, which leads to the loss of sugars. Al-
though this pre-treatment process is quite impressive, due to the use of acids,
it becomes hazardous and corrosive and thus requires a high capital cost.23,58

Biological pre-treatment of biomass is a safer and environmentally
friendly method which uses various micro-organisms (white-, brown- and
soft-rot fungi) to attack the cellulose part selectively.18,21 Although milder
conditions are applied for biological pre-treatment, nevertheless the rate of
biological hydrolysis is very low and requires a long processing time, which
is a great disadvantage of this method.23,59,60

Recently, the use of ionic liquids (ILs) in the pre-treatment of lig-
nocelluloses has also been studied because they have interesting properties
such as high thermal stability, low volatility, high activity at low tempera-
tures etc.61,62 ILs are very effective in the de-crystallization of cellulose and in
the cleavage of lignin–hemicellulose linkages. As, for example, the anionic
part (Cl�) of 1-butyl-3-methylimmidazolium chloride, [BMIM]Cl ionic liquid
forms new H-bonds with the sugar (glucose) part of cellulose in a 1 : 1 stoi-
chiometric ratio and thus breaks the earlier H-bonding present in cellulose
(Figure 1.5).19,63 This helps in the dissolution of cellulose in ILs, for example
[BMIM]Cl, [BMIM]Fm, [BMMIM]Cl, [AMIM]Cl, [AMIM]Br, [AMIM]Fm,
[EMIM]Cl, [EMIM]Ac, [BMPyM]Cl etc. have the ability to dissolve 3–39%
cellulose with different DP (200–6500) at varying temperatures (45–
110 1C).64,65 It is predicted that small cations are helpful in achieving
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Figure 1.5 Illustration of cellulose H-bond breaking by action of ILs.
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efficient dissolution of cellulose since [AMIM] is proven to be better than
[BMIM].66 Although the process may look very attractive for lignocellulose
pre-treatment, it can only be possible if the drawbacks (high cost, recycling
problems due to homogeneous nature, washing of lignocelluloses etc.) of ILs
are minimized.61

In summary, the choice of pre-treatment method is dependent on whether
to remove lignin or hemicelluloses or both. However, the foremost aims of
these methods are to decrease the size of particles, reduce the crystallinity of
cellulose and separate the cellulose, hemicelluloses and lignin parts from
each other for their efficient conversions into value-added chemicals. Al-
though these different methods show different effects on the structure of
cellulose, these are still not well studied in hydrolysis reactions.

1.3 Synthesis of C6 Sugars
As shown in Figure 1.2, glucose (C6 sugar) can be obtained from various
disaccharides (maltose, cellobiose and sucrose (table sugar)) and poly-
saccharides (starch, cellulose and inulin) by undergoing hydrolysis reactions
(addition of one mole of water/two moles of sugars). The presence of acid or
base catalysts assists in improving the hydrolysis rates by efficiently cleaving
the glycosidic linkages in disaccharides and polysaccharides to form
monosaccharides (sugars: glucose, fructose).67

Before discussing the catalytic processes for the cellulose hydrolysis into
sugars, it is crucial to know the properties of cellulose and the variety of
crystal structures (polymorphs) of cellulose, which are identified as, Ia, Ib, II,
III and IV based on unit cell parameters.68 Undoubtedly, these structures
play an imperative role in catalysis since these can restrict or enhance the
possibility of interactions between cellulose and catalytically active sites.
Nature produces most of the cellulose in the form of cellulose I, which is a
composite of two crystalline allomorphs viz. Ia and Ib in varying ratios de-
pending on the source of cellulose.16,69 In cellulose I crystalline form, two
glucosyl units are arranged in a parallel manner and form one-chain triclinic
(Ia) and two-chain monoclinic (Ib) unit cells.70 It is known that the cellulose
Ia form is metastable and upon annealing, it transforms to the more stable
cellulose Ib form. Typically, the cell wall of algae and bacterial cellulose
contains the Ia crystalline form of cellulose but cotton and wood contain
mostly the Ib type of the cellulose crystalline form.71 Later, treatment to the
cellulose Ia and Ib crystalline forms with concentrated NaOH (B20%) solu-
tion (regeneration) and a further water washing (mercerization) transforms
cellulose I into the thermodynamically more stable cellulose II in an ir-
reversible way.69,72 The cellulose II crystalline form (two-chain monoclinic
unit cell) consists of two glucosyl units in an antiparallel arrangement.
Treatment of both cellulose I and II with amines or liquid ammonia
(swelling) and further removal of the swelling agent anhydrously produces
the cellulose III crystalline form. Cellulose III is a highly unstable crystalline
form and can be sub-classified into cellulose IIII and cellulose IIIII
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depending on its source (cellulose Ia or Ib). In cellulose III, two glycosyl units
are present in parallel forming a one-chain monoclinic unit cell. Further,
when cellulose III is treated with glycerol at 206 1C, it forms the cellulose IV
crystalline form. In general, cellulose IV is the disordered form of cellulose I.

Several reagents such as water, organic solvent, alkali and acids have the
ability to swell cellulose and, based on the penetration ability of reagents in
the structure of cellulose, swelling can be classified as inter-crystalline or
intra-crystalline.70 If the reagent only affects the amorphous part of cellulose
leaving the crystalline part intact then it is called inter-crystalline swelling
and if the reagent affects cellulose completely (amorphous and crystalline
part) then it is called intra-crystalline swelling. Due to a hydrophilic cellulose
surface (the presence of –OH groups), water molecules interact with cellulose
via H-bond formation.73 This leads to the inter-crystalline swelling of cel-
lulose. Because of restrictive swelling due to water, and since water is used as
a solvent in hydrolysis reactions, it can be expected that it would be difficult
to hydrolyse cellulose. Generally, organic solvents have less ability to swell
cellulose (inter-crystalline) than water and the effectiveness of organic
solvent swelling depends on the higher H-bonding ability and higher po-
larity of the solvent.70 In contrast, alkali and mineral acids can strongly af-
fect amorphous and crystalline structures leading to intra-crystalline
swelling. This gives an idea that the combined effect of water (as hydrolysis
reactant and solvent) and mineral acids or alkalis can pronounce the hy-
drolysis rates. However, in most of the hydrolysis works, researchers have
used commercially (Aldrich, Merck etc.) available microcrystalline (Avicel)
cellulose (partial depolymerized form of Ia cellulose by mineral acids74).
Besides this, a few researchers have also used several types of isolated cel-
luloses (pre-treated using acid, alkali, supercritical or any other method as
discussed in Section 1.2) for the synthesis of sugars (glucose) for which the
type of cellulose is not known. All this makes it difficult to really compare the
results of all the reactions with each other since, depending on the type of
polymorph of cellulose used in the work, activities of the catalysts will vary.
Moreover, results obtained with a particular catalyst in the hydrolysis of a
particular cellulose are mostly not reproducible with a change of the source
of cellulose as the structures of these celluloses are different. In some re-
ports, it has been shown that supercritical ammonia treatment to cellulose I
produces cellulose III, which has more enzymatic accessible sites than cel-
lulose I and thus enhances the hydrolysis activity.75,76 However, more de-
tailed investigations are necessary to correlate the catalytic activity with
cellulose structures.

Considering these discussions on the changes in cellulose structures after
isolation (pre-treatment), it would be beneficial to use lignocelluloses with-
out any pre-treatment for sugar synthesis as cellulose will be present in
mostly the Ia form, which is easier to hydrolyse than a few other cellulose
structures. Moreover, there is a possibility that results obtained with one
lignocellulose cannot be reproduced with other lignocelluloses (at least de-
rived from the same plant species). Nonetheless, very few catalytic reports
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are known to use raw lignocelluloses for the conversion into chemicals.
However, unlike academic research, industries prefer to use lignocelluloses
instead of isolated polysaccharides to study the effects of catalysts on their
hydrolysis. The academic research is mainly done with isolated poly-
saccharides because as mentioned earlier (Section 1.2), in the native form,
cellulose is present as a very rigid, crystalline material and hence it would be
challenging to hydrolyse it. Ideally, when lignocelluloses or cellulose are
used as substrates that are not soluble in most of the reaction media (mainly
water), all the catalytic systems become heterogeneous. But to simplify the
discussions, depending on the solubility of the catalyst in the reaction me-
dium, discussions are made for homogeneous as well as heterogeneous
catalytic methods.

1.3.1 Use of a Homogeneous Catalytic System

1.3.1.1 Homogeneous Acid Catalysed

Chemical transformations of substrates using homogeneous catalysts are
always attractive since these methods prevail over the mass transfer limi-
tations to allow efficient interactions between substrates and catalysts (active
sites). An early process (before 1960) depicts that the synthesis of glucose can
be achieved from starch in the presence of H2SO4 and HCl.77 Later, simple
substrates such as maltose and cellobiose were used to study the reaction
mechanism and kinetics in the presence of dilute H2SO4 to yield glucose.78

The activation energy calculated for these substrates hydrolysis was found to
be 132–137 kJ mol�1 and it was also observed that the rate of hydrolysis in-
creased with an increase in temperature. The results were confirmed by an-
other research group by observing a similar activation energy of 133 kJ mol�1

in cellobiose hydrolysis.79 However, it was seen that with the use of mineral
acids such as HCl and H2SO4, large amounts of degradation products can be
formed. To reduce this possibility, dilute H3PO4 was used for starch hy-
drolysis into glucose although H3PO4 shows a lower activity than HCl.80

The studies were also done with non-edible substrates instead of the ed-
ible substrate starch. The first process for the synthesis of glucose from linen
(textile) using concentrated H2SO4 was reported as early as 1819.81 In 1937,
hydrolysis of cellulose was reported using 40 wt% HCl at room temperature,
however, lower yields were observed and also the reaction took a longer time
to complete.82 In 1931, the process of cellulose hydrolysis into sugars was
commercialized (Scholler process) based on the two step method wherein in
the first step, in the presence of a mineral acid (0.5 wt% H2SO4), hydrolysis
of wood wastes at 170 1C was carried out to yield sugars and oligomers. In the
second step, fermentation was carried out to achieve 50% yield for sugars.2

Around the same time (1935–45) in Russia, using dilute mineral acids and
fermentation methods, many industrial processes were developed for the
hydrolysis of softwood (corn, grain, molasses) and hardwood into sugars,
ethanol and furfural.83 As mentioned earlier, the efficiency of releasing
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glucose in the solution depends on the structure of cellulose, temperature,
time and concentration of acids. With an optimization of reaction con-
ditions, a maximum of ca. 70% glucose formation was reported using dilute
H2SO4 from corn stover.84 However, at the same time, if a reaction is not
curtailed at an appropriate time, then further conversions of glucose into by-
products is feasible due to condensation and degradation reactions.85,86 To
avoid the use of higher temperatures (for curbing the degradation reactions
of glucose), concentrated acid catalysed low temperature (room temperature)
methods were developed at ambient pressures. But the use of concentrated
acids again promotes sugar degradation reactions. Nevertheless, with the
development of new reactors (continuous, concurrent batch etc.), it is pos-
sible to achieve better yields of glucose. But, due to the higher costs of these
reactors and the severe problem of corrosion associated with the use of
concentrated acids, the commercial viability of this method is in jeopardy.
Based on recent developments in this research area, BC International Cor-
poration (BCI), USA, uses agricultural wastes such as rice husk, corn stover,
bagasse etc. to yield sugars and subsequently ethanol (by use of micro-
organisms).70 The concentrated acid hydrolysis method is also very well
known for obtaining sugars from raw biomass. In 1948, the Japanese com-
mercialized the method using concentrated H2SO4 and membranes to sep-
arate the acid from sugars. A few attempts were also made to carry out
hydrolysis in a stepwise manner. For instance, first, a dilute acid treatment is
given to biomass to remove the hemicellulose part and then the cellulose
and lignin parts are subjected to concentrated acid treatments. This ensures
that the degradation products obtained from hemicelluloses under con-
centrated acid conditions can be avoided. Moreover, during dilute acid hy-
drolysis of hemicelluloses, loosening of the cellulose structure occurs, which
in turn makes it easy to undergo hydrolysis. Arkenol’s process is based on
this technology wherein 20–30% and ca. 70% sulfuric acid concentrations
are used to obtain high yields of C5 and C6 sugars. In the last few years (since
2012), along with US DOE, Masada Resource Group and Arkenol have been
working to commercialize dilute–concentrated acid technology.70 It is also
mentioned in the literature that the presence of metal salts (LiCl, CaCl2 etc.)
along with acids helps in achieving a higher hydrolysis rate by the swelling
effect as discussed earlier. The same effect is also observed with the use of
concentrated acids in higher concentrations (450 wt%).87,88 The swelling
effect is thought to break the hydrogen bonding and gives the catalyst access
to internal glycosidic bonds, which ensures an improvement in the rate of
hydrolysis. Additionally, numerous studies on the use of liquid mineral
acids (H2SO4, HCl, H3PO4, H2CO3 etc.) and organic acids (oxalic acid, maleic
acid, fumeric acid, p-toluenesulfonic acid etc.) have been done with varying
concentrations (0.05–40 wt%) to achieve higher yields of glucose in the hy-
drolysis of isolated cellulose carried out at 100–260 1C for a few minutes to
several hours.14,20,67 Use of gaseous HCl for pre-treatment of wood chips and
a further hydrolysis in the presence of dilute HCl yields high amounts of
sugars (glucose¼ 80%, xylose¼ 95%).89
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It is reported that the acid hydrolysis of cellulose follows first order kin-
etics and the reaction rate is dependent on several factors such as tem-
perature, acid concentration, physical state of cellulose (polymorph) etc.68,73

In the acid catalysed cellulose hydrolysis reactions, initially, a rapid decrease
in the degree of polymerization (DP) is observed. However, after reaching a
certain value (depending on cellulose’s physical state), the DP value remains
almost constant and this phenomenon is termed as ‘levelling-off degree of
polymerization (LODP)’.90 This phenomenon can be explained based on the
fact that first, the easy to hydrolyse amorphous part of cellulose undergoes
rapid conversion into oligomers and sugars and then the difficult to
hydrolyse crystalline part starts converting at a much slower rate. When
cellulose is heated in the presence of dilute or concentrated mineral acids
(HCl, H2SO4), it yields glucose (hydrolysis product) as a primary product
along with secondary (degradation) products: 5-hydroxymethylfurfural
(HMF), formic and levulinic acids, humins (re-polymerization or conden-
sation products) etc. The kinetic studies have revealed that in the presence of
H2SO4, the rate of cellulose hydrolysis into glucose is always higher (Douglas
Fir: 1.73�1019 per min, Solka Floc: 1.22�1019 per min, filter paper:
1.22�1019 per min and municipal solid waste: 1.16�1019 per min) than the
rate of glucose degradation reactions (Douglas Fir: 2.38�1014 per min, Solka
Floc: 3.79�1014 per min, filter paper: 3.79�1014 per min and municipal solid
waste: 4.13�1015 per min).91–93 It is known that the activation energies for
cellulose hydrolysis reactions are higher (172–180 kJ mol�1) than the glucose
degradation reactions (137–142 kJ mol�1). Considering these somewhat
contradictory results, it is expected that in the acid hydrolysis of cellulose,
glucose degradation products will always be observed. This might be another
reason to observe the LODP effect since glucose may undergo repolymer-
ization (condensation) reactions (to achieve equilibrium between hydrolysis
and condensation reactions).

Besides mineral acids, homogeneous heteropoly acids (HPAs) are also
presented as effective catalysts in the hydrolysis of cellobiose and cellulose.
Silicotungstic acid (H4SiW12O40), phosphomolybdic acid (H3PMo12O40) and
silicomolybdic acid (H4SiMo12O40) are used for cellobiose hydrolysis re-
actions to yield 42–53% glucose at 150 1C.94 Moreover, the cellulose hy-
drolysis reaction has also been reported using H3PW12O40 and H3BW12O40

catalysts to produce 18–77% of glucose and other reducing sugars.94–97

Based on the kinetic data obtained with various substrates and many
studies, the cellulose hydrolysis mechanism is proposed. The hydrolysis of
cellulose happens by the action of a proton (H1)/H2O or conjugated acid
(H3O1) at the glycosidic O-linkages via formation of a positively charged
acyclic or cyclic intermediate to yield oligomers and further glucose
(Figure 1.6).98

Although several researchers have shown that homogeneous acids can be
used as catalysts for the synthesis of C6 sugars (glucose, fructose) from cel-
lulose (saccharides), due to various practical problems such as acid cor-
rosion of reactors (acid concentration¼ 0.05–40 wt%), difficulty in catalyst
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and product recovery, poor catalyst recyclability (solubility of both, product
and catalyst in water), formation of degradation products (at high tem-
peratures and using concentrated acids), generation of neutralization wastes
(salt formation), toxicity, health hazards etc., these catalysts may not be
suitable for hydrolysis. However, due to a lack of any alternate efficient
method, they are still used on an industrial scale.

1.3.1.2 Homogeneous Base (Alkali) Catalysed

Cellulose is also hydrolysed using alkalis in two possible pathways: (1)
endwise degradation, which is also known as peeling and (2) hydrolysis of
glycosidic bonds.68,70,73 The peeling effect literately means peeling off
monomers from reducing ends of cellulose below 100–140 1C. Thus, this
process eventually will reduce the chain length and will also hydrolyse cel-
lulose completely into glucose. Nonetheless, this process is too slow and
does not continue for long. However, if this process was fast or continued
until complete hydrolysis was achieved then it would have been practically
impossible to subject lignocelluloses to the alkali pre-treatment/Kraft pro-
cess (Section 1.2.3). Researchers have, however, devised a method by which
the peeling effect can be controlled. This can be done by oxidising the

Figure 1.6 Mechanism of acid catalysed cellulose hydrolysis into glucose.
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reducing ends of cellulose and also by reducing the hemiacetal group of
cellulose. If alkali treatment is given above 140 1C, along with peeling,
cleavage of glycosidic bonds will start initiating a quick decline in chain
length (DP). Since cleaving glycosidic bonds is an arbitrary process, several
new reducing ends will be generated and the peeling process will gain mo-
mentum. The mechanism of peeling and alkali hydrolysis is illustrated in
Figure 1.7. As observed, the mechanistic pathway studied with the help of
model compounds proposes the involvement of SN1, SNicB (2) (nucleophilic
substitution by an internal nucleophile i.e. conjugate base of C2 hydroxyl

Figure 1.7 Mechanism of base catalysed hydrolysis of cellulose into glucose.
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group) and SNicB (2)-ro (nucleophilic substitution via intermediate ring
opening) pathways. As shown in Figure 1.7, to carry out the SNicB (2)
mechanism, first the pyranose ring structure needs to be flipped, but this
ring flipping is unfeasible in the case of crystalline cellulose because of se-
vere hydrogen bonding, which makes the structure very rigid. Hence, it is
probable that the alkali catalysed cellulose hydrolysis may happen via a SN1,
SNicB (2)-ro mechanism. Once the glucose is formed, under alkaline con-
ditions it can undergo an isomerization reaction to yield fructose and man-
nose (Section 1.5) and thus can hamper the yields of glucose. Although
cellulose hydrolysis can be achieved using alkalis, it is also possible for cel-
lulose to undergo oxidation reactions (done purposefully to reduce the peel-
ing off effect) in the presence of alkalis to yield oxycelluloses or carbon dioxide
and water (complete oxidation) depending on the severity of the process.

1.3.1.3 Enzyme Catalysed

The actions of enzymes on cellulose hydrolysis are explained by ‘inversion’
and ‘retention’ mechanisms.70,99 As illustrated in Figure 1.8, in both

Figure 1.8 Mechanism of the enzyme catalysed hydrolysis of cellulose into glucose.

20 Chapter 1



mechanisms, cellulose hydrolysis can be carried out with the help of two
carboxylic acid groups, wherein one acts as a proton donor (acid) and the
other acts as a nucleophile (base).

It is observed that cellulose hydrolysis in the presence of enzymes occurs
via two subsequent pathways: (1) dissolution of crystalline cellulose
(physical disruption) and (2) hydrolysis of disrupted cellulose glycosidic
linkages to form sugar.100 In April 2004, Iogen Corporation of Canada
started production of bio-ethanol from wheat straw via the enzymatic hy-
drolysis of cellulose into sugars and their further fermentation into etha-
nol. An ethanol producer company from USA, POET, also announced in
2009 the production of bio-ethanol from cellulose (corn cob) in their South
Dakota facility under Project Liberty. Abengoa has also shown a possibility
for the production of ethanol from corn Stover via sugar formation. In
2013, Raı́zen Energia SA of Brazil (joint venture of Shell and Cosan) an-
nounced the production of bio-ethanol via sugar formation using an en-
zymatic process. In October 2004, taking into account the high cost of
enzymes, Novozymes (Denmark) and Genencor (USA) industries have an-
nounced a modified cellulase production method using genetically modi-
fied organisms and they showed that the cost of the cellulase enzyme can
be reduced to $0.1–0.2 from $5 (cost in 2001).70 This has definitely im-
proved the economics of the enzymatic hydrolysis process and hence, after
2004, several facilities started using enzymatic routes for the conversion of
lignocelluloses into sugars and further into ethanol. In these processes,
cellulase enzyme (endoglucanase, exoglucanase, b-D-glucosidase etc.) are
used to convert cellulose into sugars.101 Due to the specific role of each
enzyme, for example while endoglucanase cleaves the internal bonds of
cellulose, the exoglucanase and b-D-glucosidase give complete conversion
of cellulose into sugars, a mixture of these enzymes is required (endoglu-
canases and exoglucanases for the hydrolysis of cellulose into cellobiose
and b-1,4-glucosidases for the conversion of cellobiose to glucose). One
major problem that affects the hydrolysis of cellulose is the inhibitory ef-
fect that cellobiose causes on b-1,4-glucosidases. This problem is pertinent
with the cellulase derived from Trichoderma viride which has a high effi-
ciency for cellulose hydrolysis to cellobiose. However, if the b-1,4-glucosi-
dases are obtained from any other source then it can partially nullify this
inhibitory effect. A few other studies have also shown that compared to
ethanol, cellobiose is a potent inhibitor. Although, as discussed, several
industrial processes have been developed based on enzymes, other draw-
backs due to their homogeneous nature persist.102 To overcome these
problems, researchers have worked on the immobilization of enzymes. In
this method, several active enzymes are entrapped on an inert and solid
material to improve their stability as well as separation ability. It is re-
ported that the cellulase enzymes (celB and b-glucosidase) covalently im-
mobilized on polystyrene or calcium alginate gel particles are reused
several times in glucose formation from cellulose.103,104

Conversion of Biomass into Sugars 21



1.3.1.4 Ionic Liquid (IL) Catalysed

Cellulose hydrolysis reactions are also catalysed by ionic liquids (ILs) with
acidity. Since the role of ILs has been recognized in the pre-treatment of
lignocelluloses (as discussed in Section 1.2.3) for quite a few years and their
effect on breaking hydrogen bonds is well studied, it was thought that these
ILs, if functionalized with acidic groups, may facilitate the hydrolysis of
cellulose. Moreover, the ability of ILs to dissolve cellulose (even crystalline),
which is a major problem in achieving higher yields of glucose with other
catalytic systems, is also an interesting phenomenon that can help in ob-
serving higher glucose yields with ILs. Additionally, the advantage of ILs with
distinctive properties such as high thermal stability, low vapour pressure,
tuneable polarity etc. compared to molecular solvents can be tuned ac-
cording to the requirements of the reaction. Considering this, first, ILs were
used along with mineral acid (H2SO4) to achieve higher yields of glucose. In
this way, ILs were responsible for dissolving crystalline cellulose and further
hydrolysis was catalysed by H1 from mineral acid. Recently, studies were
performed using cellulose þ [C4mim]Cl solution along with H2SO4/cellulose
with varied mass ratios for several minutes to hours to achieve ca. 50%
glucose yield.105 It is also claimed that in the presence of cellulose and
[BMIM]Cl, the rate of hydrolysis catalysed by maleic acid was enhanced. The
catalytic activity of various acids in the presence of [BMIM]Cl was observed
as follows:106 H3PO4omaleic acidoH2SO4oHNO3 oHCl.

To prevail over the use of mineral acids, later acidic ILs [1-(1-pro-
pylsulfonic)-3-methylimidazolium chloride and 1-(1-butylsulfonic)-3-methy-
limidazolium chloride] with a –SO3H group attached via the propyl chain to
the cation were shown to hydrolyse cellulose into sugars at 70 1C in water.107

Soon after, several research groups studied the effects of various types of
acidic ILs on the hydrolysis of cellulose.108–110 However, like mineral acids,
ILs also face drawbacks such as a homogeneous nature, recyclability and
high costs, which make the overall process commercially unfavorable.111

Overall, the use of homogeneous catalysts in cellulose hydrolysis to yield
glucose has long been known and has been practiced on an industrial scale
with renewed interest. However, these methods face quite a few drawbacks
as discussed. Realising this, researchers have recently started using hetero-
geneous catalysts which may surmount the problems (non-corrosive, easy
recovery and reusability of the catalyst, elimination of neutralization process
etc.) faced while using homogeneous catalysts. Moreover, knowing that
nearly 80% of the current industrial processes use heterogeneous catalysts, it
is interesting for researchers to generate knowledge on the conversion of
saccharides into sugars.

1.3.2 Use of a Heterogeneous Catalytic System

As discussed, it will be beneficial to use heterogeneous (solid) catalysts in the
hydrolysis of cellulose, because they can be easily separated from the
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reaction mixture via filtration and their acidity (strength) can be tuned as per
the requisite of the reaction.8,112 Synthesis of glucose (C6 sugar) from various
feedstocks (mostly from cellulose) using various heterogeneous catalysts can
be subcategorised as (1) solid acid catalysed and (2) supported metal cata-
lysed. The details on these processes are discussed next.

1.3.2.1 Solid Acid Catalysed

Solid acid catalysts defined as ‘solid materials having acidic properties be-
cause of the presence of either Brønsted acid sites or Lewis acid sites or both’
are useful in many reactions. Solid acid catalysts such as zeolites, ion-
exchanged resins, functionalized mesoporous silicas, functionalized carbons,
functionalized and supported metal oxides, heteropoly acids etc. (Figure 1.9)
can influence the hydrolysis reaction of disaccharides (cellobiose, maltose and

Figure 1.9 Solid acid catalysts with their typical acid sites. (BA) indicates Brønsted
acid sites and (LA) indicates Lewis acid sites.
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sucrose) and polysaccharides (cellulose, starch, and inulin) into sugar
monomers (glucose and fructose). Solid acids have advantages over homo-
geneous acids (typically mineral acids) in terms of selectivity, stability, re-
covery and reusability. They can be used as a direct replacement to the
homogeneous acids as their acid strengths can be manipulated for achieving
optimum concentration of protons in the solution. They also have lower
operating costs and avoid any corrosion of reactors as after removal of the
catalyst from the solution by simple filtration, the solution becomes neutral.
However, they have the drawback of diffusion limitations and thus can slow
down the reaction compared to their homogeneous counterparts. Moreover,
solid acids can easily be poisoned by water (by forming a solvation layer
around acid sites by hydrogen bonding) or they degrade during the hydro-
thermal treatment involved under biomass conversion conditions and con-
sequently, it becomes absolutely critical to design and develop solid acids
that can tolerate water poisoning and are hydrothermally stable.

In the early studies, as an alternative to homogeneous acids, zeolites, a
class of solid acid catalysts, were used in the conversion of various di-
saccharides (maltose, cellobiose and sucrose) and polysaccharides (inulin,
starch and cellulose) to sugars (glucose and fructose) in a water medium.
Zeolites are microporous, high surface area aluminosilicates with a frame-
work consisting of AlO4 and SiO4 tetrahedra linked with each other via
oxygen, are naturally available and have been known for over 200 years fol-
lowing the discovery of stilbite.113 Commercially synthesized zeolites with
specific acidity, tuneable hydrophilicity, channel structure, textural property,
varying porosity, high thermal stability and Si/Al ratio find much application
in oil refining and petrochemistry. Their porous structure developed by 1D,
2D or 3D channel formation can accommodate various substrates depending
on the type of zeolites and thus provide the sites for obtaining shape se-
lective catalysis. In the early works, faujasite (HY, Si/Al¼ 2.4, 27, 55, 110)
zeolite was employed in the hydrolysis of sucrose and the fact was estab-
lished that after dealumination (higher Si/Al ratio), the reaction rate en-
hances.114 Later, in another report, it was shown that the use of sucrose as a
substrate in the presence of HY (Si/Al¼ 15) zeolite yields glucose and fruc-
tose (invert sugars) at 85 1C.115 The HY (Si/Al¼ 15) zeolite is also used as a
catalyst for the hydrolysis of other disaccharides (maltose and cellobiose).
When maltose and cellobiose are treated at 150 1C, nearly 90% conversion is
achieved to yield B83% and B88% of glucose, respectively. It is suggested
that the catalytic activity is dependent on the ease of adsorption of substrates
via two oxygen atoms (ring oxygen and oxygen attached to anomeric carbon)
on the catalyst surface. Thereafter, the substrate undergoes hydrolysis over
acids sites. Moreover, hydrolysis of inulin and starch has also been reported
with HY catalyst to yield 92% fructose and 95% glucose, respectively. The
influence of the Si/Al ratio in Hb is proved with the results that with an
increase in Si/Al ratio, the Hb zeolite becomes more hydrophobic, which
promotes an easy maltose adsorption on the catalyst surface and thereby
improves the catalytic activity.116 This phenomenon explains the observation
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of higher amounts (80%) of glucose with Hb (Si/Al¼ 50) compared to Hb (Si/
Al¼ 12.5) (43%) under similar reaction conditions. The use of dealuminated
H-form of mordenite (HMOR) (Si/Al¼ 12) catalyst to produce 66% glucose
from 70% maltose conversion at 130 1C is also known. Later, the use of
zeolites (HMOR and Hb) in the hydrolysis of starch was shown to yield 18%
glucose.116 However, due to a lower hydrothermal stability, catalysts undergo
deactivation via leaching of their active component in water. When cellulose
is used as a substrate, due to its insolubility in most of the solvents, the
reaction system becomes heterogeneous with respect to the substrate itself.
This eventually affects the reaction rate of cellulose hydrolysis in the pres-
ence of solid acid catalysts. However, as discussed earlier in this chapter
(Section 1.2), pre-treatment of cellulose reduces its crystallinity and helps in
solubilizing part of it in hot water. It is shown that the ball milling of
microcrystalline cellulose (Avicel) (crystallinity¼ 75%) using ZrO2 balls
(mass¼ 1.8 kg, diameter¼ 2 cm) for 48 h (spinning speed¼ 60 rpm) com-
pletely diminishes the cellulose crystallinity leading to formation of
amorphous cellulose as proven by XRD technique.117 Subsequently, this
treated cellulose is hydrolysed over several zeolites such as HMOR (Si/
Al¼ 10), Hb (Si/Al¼ 12, 75) and HZSM-5 (Si/Al¼ 45) at 150 1C. Among all
zeolites, Hb (Si/Al¼ 75) showed the best catalytic activity (glucose
yield¼ 13%) due to its higher hydrophobicity compared to other zeolites.
Next, to improve the yields with zeolites, reactions were conducted in IL
medium as ILs can solubilize cellulose (Figure 1.5). It is seen that with the
use of a [BMIM]Cl/H2O system along with HY catalyst, a ca. 50% glucose yield
can be obtained at 130 1C within 2 h.118 However, when conventional heating
is replaced with microwave heating, a ca. 37% glucose yield at 100 1C within
just 0.13 h was observed.119 Although zeolites are active in these reactions,
lower hydrothermal stability and leaching of Si and Al in the solution hamper
their use. Thus, it is important to synthesize zeolites with higher thermal
stability to help achieve recyclable activity in cellulose hydrolysis reactions.
Recently, it has been proposed that to increase the stability of zeolites (by
avoiding desilication) in hot water, the presence of Al in both forms, lattice
and extra framework is helpful.120 It is suggested that lattice Al counteracts
the hydrolysis of framework bonds and extra framework Al prevents the
solubilization of the framework. Moreover, the authors claim that with a de-
crease in the Si/Al ratio, an increase in structure stability is possible because of
the higher Al content. When H-form of ultra stable Y (HUSY) is subjected to
mild steam treatment, the concentration of extra framework Al increases on
the external surface of the zeolite, thereby giving it a protective cover, which as
mentioned earlier, helps in reducing the solubility of the zeolite.

Typically, (cation) ion-exchanged resins with acidity due to the presence of
–SO3H groups are used in many acid catalysed organic transformations.
Though they are stable in various organic solvents, their hydrothermal sta-
bility is not very high (o150 1C). It is shown that with an increase in the
degree of resin cross-linkages, the access of substrate molecules towards the
catalyst active centre is more restricted, decreasing the catalytic activity.116
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Use of 2% cross-linked resin (Dowex 50x2-100) can afford complete hy-
drolysis of maltose to yield ca. 95% glucose within 26 h at 120 1C while 8%
cross-linked resin (Dowex 50x8-100) catalyst requires 130 1C for complete
maltose hydrolysis.116 Amberlyst-15 resin has a very high acid amount
(4.65 mmol g�1) compared to Nafion-silica resin (0.17 mmol g�1) and hence,
Amberlyst-15 showed higher sucrose hydrolysis activity (conversion¼ 88%,
glucose yield¼ 88%, fructose yield¼ 87%) than Nafion-silica (con-
version¼ 28%, glucose yield¼ 28%, fructose yield¼ 26%) under identical
reaction conditions (80 1C, 4 h).121 These findings are confirmed by another
study carried out with Amberlyst-15 (78%), Nafion NR-50 (42%) and Nafion
SAC-13 (29%) catalysts for the sucrose hydrolysis reaction at 80 1C.122 How-
ever, it should be considered that this activity can be manipulated by
charging varying quantities of catalysts in the reaction. Some other reports
also discuss the use of ion exchange resins such as Amberlite A120 and
Amberlite 200 for the hydrolysis of sucrose to yield 82–98% sugars at
80 1C.123,124 When maltose is used as a substrate, Amberlite 200 resin gives
95% sugar formation at 80 1C. The same catalyst, however, shows lower ac-
tivity in cellobiose conversion (19%) into sugars (15%).124 At the same time,
with a slight increase in temperature to 90 1C and use of Amberlyst-15
catalyst, a maximum of 61% glucose formation with 62% cellobiose con-
version was reported.125 Amberlyst-15 catalyst was also evaluated in starch
hydrolysis at 130 1C giving 25% glucose along with 12% maltose.121 Although
strongly acidic resin catalysts (Amberlyst-15, Nafion NR-50) showed high
activity in the hydrolysis reactions of sucrose, maltose and starch, they
showed low activity when used in the hydrolysis of microcrystalline cellu-
lose.126 It is suggested that obtaining reproducible activity with resin cata-
lysts in the cellulose hydrolysis reaction is difficult since this process
requires temperatures higher than the degradation temperatures of these
materials. To overcome these problems, use of ILs along with resins has
been suggested by a few research groups. In one report, use of an acidic
resin, NKC-9 along with [C4min]Cl ionic liquid, was shown to yield 39%
glucose.119 A few other reports also claimed the formation of the hydrolysis
product, glucose (35 and 83%), from cellulose using a combination of resin
catalysts (Nafion-50 and Dowex 50wx8-100, respectively) and ILs ([BMIM]Cl
and [EMIM]Cl, respectively).127,128

In the early 1990s, siliceous mesoporous silicas such as FSM-16 (Folded
Sheet Mesoporous/Material), SBA-15 (Santa Barbara Amorphous) and
MCM-41 (Mobil Corporation/Composite Mesoporous/Material) with large
pore openings (42 nm) were invented. The discovery of these materials paved
the way to overcoming the diffusion limitations faced by bigger molecules to
enter the smaller (micro, o2 nm) pores of zeolites.129–131 Though these
materials had a 1D channel structure, subsequent developments in the
synthesis of many other mesoporous materials with 2D and 3D channel
structures have been successful. Characteristically siliceous materials do not
have any acidity (or very weak acidity due to surface –OH groups), though by
incorporation of heteroatoms such as Al, Ga etc., acid sites can be generated
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on these materials. Moreover, anchoring sulfonyl groups (�SO3H) on the
surface via one-pot or grafting methods also gives rise to acidity in these
materials. Because of a large pore diameter and acidity, these materials
(MCM-41, SBA-15, FSM-16 and HMM (Hybrid Mesoporous Materials))132 are
largely used in several acid catalysed reactions such as etherification,
esterification etc. carried out in organic media.133,134 Nevertheless, when
these catalysts are used in the presence of water, leaching of –SO3H groups is
observed, which makes these catalysts unsuitable for hydrolysis or de-
hydration reactions. Considering these facts, researchers have used hot
water treated (to remove loosely bound –SO3H groups) sulfonic acid func-
tionalized phenylene-bridged mesoporous silica (Ph-HMM) and ethylene-
bridged mesoporous silica material (Et-HMM) catalysts in the sucrose re-
action.121 These materials with an acid amount of 0.31–0.90 mmol g�1

showed very high catalytic activity for sucrose conversion (81–90%) into
glucose and fructose (81–90%) at 80 1C. Moreover, sulfonic acid functiona-
lized FSM-16 (acid amount¼ 1.11 mmol g�1) synthesized by a post-synthesis
grafting method was also used to produce glucose and fructose from su-
crose.121 Later, these catalysts were employed for the hydrolysis of starch at
130 1C to obtain B67% glucose. Another report compared the activities of
silica materials after surface functionalizations with various acid groups
such as butylcarboxylic, propylsulfonic and arenesulfonic acids in cellobiose
hydrolysis.135 It was shown that both propylsulfonic and arenesulfonic acid
functionalized silica materials are able to convert 490% of cellobiose at
175 1C, while butylcarboxylic acid functionalized silica exhibited only 15%
cellobiose conversion. The ambiguity in results is because of fewer acid sites
generated in water for butylcarboxylic acid functionalized silica (pH¼ 4.90)
compared to the other two silica materials (pH¼ 2.67–2.89).

This means that pH below 4.0 is mandatory for hydrolysis of cellobiose.
Moreover, an almost similar activation energy (110–138 kJ mol�1) for the
cellobiose hydrolysis reaction was reported in the presence of all silica
catalysts135 and eventually, the values matched well with those reported
earlier for H2SO4 (110� 29.6 kJ mol�1) and maleic acid (114� 9.3 kJ
mol�1).136 The good correlation of activation energy values between silica
catalysts and homogeneous catalysts revealed that mass transfer limitation
is not playing any significant role and the reactions are guided only by hy-
drated protons. These results are interesting and subsequent studies showed
that dispersion of solid acids in water eventually forms H3O1 species in bulk
water, which are actually active in the hydrolysis reaction as explained in
Figure 1.10.137 These facts elucidate the capability of many solid acid cata-
lysts with a pore diameter o2 nm to hydrolyse bigger molecules such as
cellulose or hemicelluloses. Studies have also confirmed that at 175 1C,
glucose undergoes only 15% conversion, implying that at lower tempera-
tures, glucose is stable.135

For numerous years, inexpensively available carbon materials (activated
carbon, char, graphite, nanotubes etc.) have attracted a lot of attention as
adsorbents, catalysts or supports due to their large specific surface area,
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high porosity, excellent electron conductivity, relative chemical inertness
etc.138 These excellent materials with the incorporation of acidic function-
ality can enhance their performance in several acid catalysed reactions.139,140

The acidity can be incorporated in these materials by washing the carbon
with H2SO4 or grafting sulfonic acid groups on its surface. Additionally,
activated carbons may have –OH and –CO2H groups on their surface, which
can give rise to weak acidity. Sulfonated activated carbon (AC-SO3H) pre-
pared by treatment of AC with concentrated H2SO4 at 150 1C under an Ar gas
flow generates high acidity (1.63 mmol g�1), which is responsible for
achieving a B90% glucose yield in a starch hydrolysis reaction carried out at
120 1C.117 Soon after, various functional groups such as �SO3H, �CO2H and
�OH bearing amorphous carbon materials (CH0.64O0.49S0.032) were syn-
thesized by sulfonation (fuming H2SO4, 120 1C, 10 h, N2 gas flow) of carbon
obtained from partial carbonization of cellulose (400 1C, 1 h, N2 gas flow).125

During cellobiose hydrolysis, it was suggested that the �OH groups present
on the carbon surface form strong H-bonds with cellobiose glycosidic oxy-
gen, allowing it to adsorb on the carbon surface. Subsequently, the �SO3H
(acid density¼ 1.5 mmol g�1) group on the carbon surface catalyses the
hydrolysis of this anchored cellobiose easily to yield a high amount of glu-
cose (81–83%) at 90 1C. A similar influence of the catalyst surface property is
also valid in the hydrolysis of cellohexaose to yield glucose.125 Due to very
minor leaching of �SO3H groups from this catalyst, it showed recyclable
activity in five runs. Another report showed that partial carbonization of
polyvinyl chloride (PVC) at 400 1C in a N2 atmosphere and its subsequent
sulfonation using fuming H2SO4 produced a carbon material (PVC-AC-673)
with �SO3H group bonded carbon sheets linked via rigid sp2 bonds and
flexible aliphatic hydrocarbons linked via sp3 bonds.141 It was proposed that
the additional flexible aliphatic hydrocarbons along with planar carbon
sheets overcome the diffusion limitations of reactant molecules and hence
enhance its catalytic activity to yield 30% glucose from cellobiose. Later,
AC-SO3H catalyst was checked in a ball-milled cellulose hydrolysis reaction

Figure 1.10 Possible pathway for the formation of H3O1 in bulk water to catalyse
the hydrolysis of saccharides.
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to yield superior amounts of glucose (41%).117 The better catalytic activity of
AC-SO3H is ascribed to the fact that this catalyst has higher hydrophobic
graphene planes and strong acidic �SO3H surface functionalization. Fur-
thermore, AC-SO3H catalyst is also shown to be recyclable in three runs
without losing its activity. Amorphous carbon bearing �SO3H, �CO2H and
�OH groups (CH0.62O0.54S0.05) is known for the successful hydrolysis of
microcrystalline cellulose into 64% oligomers (b-1,4-glucan; DP¼ 2–4) and
4% glucose at 100 1C.126 Moreover, the carbon catalyst is shown to be re-
cyclable 25 times with similar activity despite leaching of �SO3H groups
after the first run. It is suggested that the better activity of this carbon
catalyst is due to the strong adsorption of the substrate on the catalyst
surface, which also reduces the activation energy barrier (110 kJ mol�1) for
the cellulose hydrolysis reaction compared to H2SO4 (170 kJ mol�1).126,142

Later, from various mathematical and statistical calculations (artificial
neural network (ANN) model and response surface methodology (RSM)),
authors tried to understand the correlation between reaction physical phe-
nomenons.143 It is concluded that in the hydrolysis of cellulose, the
amorphous carbon catalyst follows the same pathway that concentrated
H2SO4 follows. One report suggests that due to the presence of aromatic
rings in mesoporous carbon nanoparticles (MCN), it forms strong CH–p
interactions with hydrogens of glucans (glucose polysaccharide), because of
which higher adsorption of glucans on these materials is possible.144 This
observation was confirmed by GPC, 13C Bloch Decay NMR and MALDI-TOF-
MS analysis. Moreover, it was found that with an increase in glucan chain
length, the adsorption free energy decreases (ca. 1.67 kJ mol�1 with each
glucose unit in glucan series) due to a higher degree of CH–p interactions.
Three sulfonated carbon catalysts with �SO3H, �CO2H and �OH groups
were synthesized from bamboo (BC-SO3H-1), cotton (BC-SO3H-2) and starch
(BC-SO3H-3) and were used as catalysts in a microcrystalline cellulose (DP¼
200–1000) hydrolysis reaction under microwave heating.145 Because of the
use of a microwave power of 350 W (cellulose crystallinity reduction from
75% to 58%) in the presence of BC-SO3H-1 catalyst, the highest amount
(24%) of reducing sugar formation (glucose¼ 17%, cellooligomers¼ 7%)
was observed. In contrast to this, only 5% reducing sugar (glucose¼ 3%,
cellooligomers¼ 2%) formation was observed under conventional heating
(oil bath) at 90 1C. Other carbon catalysts (BC-SO3H-2 and BC-SO3H-3) af-
forded 28% (glucose¼ 20%, cellooligomers¼ 8%) and 13% (glucose¼ 5%,
cellooligomers¼ 8%) of reducing sugars, respectively. Leaching of �SO3H
groups in the solution (fresh¼ 1.87 mmol g�1, spent¼ 1.12 mmol g�1) was,
however, observed for the BC-SO3H-1 catalyst, which led to a decrease in the
catalytic activity in recycle runs (reducing sugar yields; 1st run: 24%, 2nd
run: 18%, 3rd run: 16%, 4th run: 15%). Leaching is a major problem with
any –SO3H functionalized catalyst and care should be taken to confirm that
the activity observed is due to anchored –SO3H groups and not because of
leached out –SO3H groups. The influence of sulfonation temperature during
the synthesis of sulfonated activated carbon was also studied and it was
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shown that compared to 150, 200, 280 and 300 1C, 250 1C treatment gave the
best yields of glucose (63%) from ball milled cellulose.146 Moreover, the
influence of various sources of sulfonated carbons (sulfonation
temperature¼ 250 1C), such as acetylene carbon black (ACB), multi-wall
carbon nanotube (MWCNT), cell-carbon (carbonization of microcrystalline
cellulose), coconut shell active carbon (CSAC), resin carbon (carbonization of
mesoporous resin) and mesoporous carbon (CMK-3), was also investi-
gated.146 It was found that the sulfonated CMK-3 catalyst was highly active
due to its mesoporous nature and yielded the highest amount of glucose
(75%). However, all other sulfonated carbons showed lower activity (glucose
yield¼ 15–55%) under similar conditions. Execution of both a strong
Brønsted acid site presence and favourable glucan adsorption on the catalyst
was explored by using sulfonated silica/carbon nanocomposite catalyst.147

The composite catalyst with a particular composition for Si/C (33 wt%/66
wt%) and particular carbonization temperature (600 1C) showed the best
catalytic activity for ball milled cellulose hydrolysis (conversion¼ 61%, glu-
cose yield¼ 50%) compared to other catalysts. This higher catalytic activity is
explained by the presence of strong Brønsted acidic sites in the composite
catalyst and its ability to adsorb glucan strongly. It is suggested that the
silica may provide better mechanical and thermal stability to the catalyst.
Nevertheless, when the composite catalyst was reused, it showed a slow but
continuous decrease in activity due to leaching of �SO3H groups. From the
discussions on carbon catalysts, it is evident that, to achieve higher activity,
few hydrophilic groups on the surface are necessary to attract saccharides
otherwise they will be repelled by the hydrophobic surface of carbon.

Metal oxides characteristically give Lewis acid sites and due to their higher
thermal stability, they are widely used in several organic transformations
and in sugar synthesis. With a layered HNbMoO6 catalyst (1.9 mmol g�1) at
80 1C, almost complete conversion of sucrose is observed to achieve select-
ively glucose and fructose as products. With a HTiNbO5 nanosheet
(0.4 mmol g�1) catalyst, only 42% yield was seen, however.122 The very high
activity observed with the layered HNbMoO6 catalyst is explained by the
strong interactions between sucrose and the interlayer of HNbMoO6 (inter-
calation; proven by XRD and elemental analysis). However, with the same
catalyst, the rate of glucose formation decreased when cellobiose was used as
a substrate (1.18 mmol g h�1) instead of sucrose (24.1 mmol g h�1). To
understand this difference, the authors studied the intercalation ability of
both substrates in the presence of HNbMoO6 catalyst. The results displayed
higher substrate adsorption in the case of sucrose (1.12 mol%) compared to
cellobiose (0.21 mol%) per mole of catalyst. This difference may arise from
the orientation of sugars in these disaccharides. In starch hydrolysis,
HNbMoO6 catalyst yielded a maximum of 45% glucose at 100 1C. Cellulose
hydrolysis was also performed using layered HNbMoO6 catalyst, however
very low yields of glucose were observed.122 Catalytic activity with Nb-W
oxide in the hydrolysis of sucrose and cellobiose was also reported.148 With
an increase in W content in the catalyst, the formation of strongly acidic
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Nb3W7 oxide species was observed. This in turn was responsible for im-
provements in the glucose yields (65%) from sucrose. However, due to the
presence of low acid density in the Nb-W catalyst, it showed lower cellobiose
hydrolysis activity. Several other metal oxides such as SiO2–Al2O3, SiO2–ZrO2,
Nb2O5 and Nb2O5–PO4 have also been evaluated for their activity in sucrose
hydrolysis and among them, Nb2O5–PO4 yielded the highest amount (62%)
of glucose.124 A bare nano Zn–Ca–Fe oxide catalyst was also shown to be
efficient in the hydrolysis of crystalline cellulose to yield 29% glucose.149

Moreover, due to the paramagnetic nature of the Fe oxide present in the
catalyst, it can be easily separated from a reaction mixture. Use of �SO3H
functionalized mixed metal oxide (CoFe2O4–SiO2) catalyst was demonstrated
in the hydrolysis of cellobiose to yield 50% glucose at 175 1C.150 In ball
milled cellulose hydrolysis, a sulfonated zirconia (SO4

2�/ZrO2) catalyst was
applied but with limited activity (14% glucose).117 However, the leaching of
SO4

2� in water is very well known and hence these catalysts are not re-
cyclable and thus were not evaluated further.

Heteropoly acids (HPA) or polyoxometalates are another class of acid
catalysts that have the composition of various oxoacids (transition metal–
oxygen anion clusters).151–153 Structurally, HPAs are of two types, namely
Keggin and Dawson with molecular formulae of XYxM(12�x)O40 and
X2M18O62, respectively (where X is a heteroatom from the p-block and Y and
M are addendum atoms). For example, H3PW12O40 and H5PMo10V2O40 have
Keggin structures and H6P2Mo18O62 has a Dawson structure. The protonated
forms of HPAs are homogeneous in nature, however, partial replacement of
protons by larger ions such as Cs1, Ag1 etc. makes HPAs heterogeneous.
These catalysts are used in the cellobiose hydrolysis reaction and their ac-
tivity is shown to be dependent on their Brønsted acid strength.94 Homo-
geneous HPA and metal ion incorporated phosphotungstic acids
(PW12O40

3�) are also used as catalysts in cellulose (ball milled) hydrolysis
reactions to understand the influence of Brønsted and Lewis acid sites.94

From the results obtained with all catalysts, the authors have concluded that
stronger Brønsted acid catalysts are more favourable for hydrolysis of b-1,4-
glycosidic bonds compared to Lewis acid catalysts. The difference between
the activity of Brønsted and Lewis acid sites is because, as mentioned in
Figure 1.10, Brønsted acid sites can liberate H1 to give rise to H3O1 which
then is available in bulk water. In this way, it can easily interact with the
substrate molecule to give rise to protonated oxygen. In the case of Lewis
acid sites, the substrate has to interact with them through a lone pair on
oxygen (bridged) and only then can the reaction occur. Use of HPA,
H3PW12O40 and Sn0.75PW12O40 showed B40% formation of total reducing
sugars from ball milled cellulose.94 In another report, use of H3PW12O40 as a
catalyst for the conversion of microcrystalline cellulose was also shown to
produce a maximum of 52% glucose at 180 1C.95 It was discussed that
although the H3PW12O40 catalyst is homogeneous in nature, it could be re-
cycled six times after the catalyst was extracted with diethyl ether. However,
leaching of Keggin-type PW12O40

3� ions was seen in the reaction solution as
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proven by UV-Vis analysis (absorption bands at 200 nm and 265 nm). In
another report, micellar HPA, [C16H33N(CH3)3]H2PW12O40 and
Cs2.5H0.5PW12O40 catalysts were studied for the hydrolysis of starch and
cellulose.154 Higher amounts of glucose formation were demonstrated using
micellar HPA catalyst (starch: 82%, cellulose: 39%) compared to
Cs2.5H0.5PW12O40 (starch: 43%, cellulose: 21%) since the micellar HPA
catalyst attracts cellulose to accumulate around the micellar core, which
gives cellulose easy access to catalytically active sites.

Although various methodologies have been developed for the hydrolysis of
isolated cellulose into glucose in the presence of several solid acid catalysts,
it would obviously be beneficial if a methodology was developed wherein
sugars are obtained directly from raw biomass without any pre-treatment
(without isolating substrates). This will help to reduce the cost of sugar
synthesis (by virtue of reducing capital costs for the isolation process) and
will also avoid generation of wastes (generated during isolation). Very few
processes for the direct hydrolysis of polysaccharides from lignocelluloses
into sugars using heterogeneous catalysts have been reported in the litera-
ture. It was demonstrated earlier that carbon catalysts bearing �SO3H,
�CO2H and –OH groups have better catalytic influence on the hydrolysis of
isolated polysaccharides via strong adsorption capability.126 As an extension
to the work, the authors used dried Eucalyptus flakes as a substrate for hy-
drolysis of its cellulose part along with its hemicellulose part into water
soluble saccharides.126 The authors claimed that all the cellulosic material
was hydrolysed into water soluble saccharides at 100 1C but a lack of detailed
quantitative information on the products’ formation is detrimental to
studying this catalyst further. However, from earlier results, it can be as-
sumed that most of the products are water soluble oligomers or polymers.
Another research group showed the use of recyclable carbonaceous solid
acid (CSA) with �SO3H, �CO2H and –OH groups in the hydrolysis of cel-
lulose and hemicellulose from corn cob to yield C6 and C5 sugars.155

The discussion on solid acid catalysts reveals that it is possible to
hydrolyse several di- and polysaccharides into sugars, although it is essential
to develop a catalyst that is stable and recyclable even if it gives lower ac-
tivity. Moreover, poisoning of solid acid catalysts (for example �SO3

�H1 -
�SO3

�K1; �O–Si–O(H)–Al–O– - –O–Si–O(K)–Al–O–) with the impurities
present in lignocelluloses (nutrients, waxes) may reduce their activity in re-
cycle runs. To use these catalysts again, treatment of these catalysts would be
necessary, which may add the cost to the process and moreover, during these
treatments, the catalysts may undergo structural changes by which initial
activity may not be retained.

1.3.2.2 Supported Metal Catalysed

As early as 1957, pioneering work was done by Balandin and co-workers for
the one-pot synthesis of sugar alcohols (sorbitol) from cellulosic biomass
with the help of dilute acid and Ru/C catalyst.156 The studies were carried out
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with 1–2 wt% H2SO4 and Ru/C at 70 bar hydrogen pressure to yield ca. 80%
of sorbitol. Later, the same group replaced H2SO4 with 0.7 molar phosphoric
acid to increase the yield to ca. 90%.157 The increase in yield with phosphoric
acid is due to suppression of strong acid (H2SO4) catalysed cyclodehydration
reactions of sorbitol to give sorbitan.158 In these studies, homogeneous acids
were used to hydrolyse cellulose into glucose and further, its hydrogenation
was catalysed by Ru/C catalyst. In 2006, a new method was disclosed to
convert cellulose into sugar alcohols (via glucose formation) by avoiding the
use of homogeneous acids.159 In the report, it is suggested that by using
supported metal catalysts (Pt/Al2O3) under hydrogen pressure and in the
presence of water, hetero cleavage of hydrogen is possible. The H1 formed
during the process acts as a proton source which helps in the hydrolysis of
cellulose to yield glucose. However, under the reaction conditions, it was seen
that glucose immediately undergoes a hydrogenation reaction to yield sugar
alcohols (sorbitol, mannitol). Around the same time, another group also
showed the conversion of cellobiose into sugar alcohols over supported metal
catalysts and proposed a similar mechanism.160 These results also point out
that when homogeneous acids and Ru/C catalysts were used in early studies, it
is possible that Ru/C was also capable of catalysing hydrolysis reactions.
Subsequently, several other reports claimed in situ acid site generation over
various metals (Pt, Ru, Ni) for the conversion of cellulose.161,162 It is believed
that the support material also has an influence on acid site generation. When
a carbon nanotube (CNT) was used to support Ru metal, it enhanced the
amount of acid sites and thereby catalytic activity since CNT has a higher
ability for hydrogen adsorption.163 Based on the concept of in situ acid site
generation, recently, it was shown that a Pt/fibrous 3D carbon catalyst can
convert lignocelluloses directly into sugar alcohols via a hydrolytic hydro-
genation reaction.164 Though supported metal catalysts are probed further in
the conversion of cellulose, the main product formed is sugar alcohol. This is
because hydrolysis of cellulose is a rate-determining step and requires harsher
reaction conditions than the hydrogenation of sugars to yield sugar alcohols.
This means that, independent of the type of supported metal catalyst, used
along with hydrogen, they will surely yield hydrogenated products of sugars.

1.4 Synthesis of C5 Sugars
Four C5 sugars, namely xylose, arabinose, ribose and lyxose, are present in
nature. Invented in 1891, D-ribose is a C-2 epimer of D-arabinose and is
present in the backbone of RNA. On the other hand, lyxose is a C-2 epimer of
xylose and is available as a component of bacterial glycolipids. Since D-ribose
and lyxose are very rarely available in nature and also are not present in plant
biomass, discussions on these sugars are not made in this chapter. As shown
in Figure 1.2, the abundant sugars, xylose and arabinose can be produced
from the hemicellulose part of lignocelluloses. Hemicelluloses are poly-
saccharides with low molecular weights and are covalently or non-covalently
bonded with cellulose and lignin in plant cell walls. They are heteroglycans
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and are mostly made up of D-xylose, D-mannose, D-galactose, L-arabinose, D-
glucose, D-galacturonic acid, glucuronic acid and 4-O-methylglucuronic acid
etc.165,166 At times, these sugars also have substituents such as acetyl and
methyl.167 Depending on the various sugars linked via different fashions
with each other, hemicelluloses are named. For example, hemicelluloses
made up of xylose and arabinose are termed as arabinoxylan. Based on the
origin of hemicelluloses, either from hardwood or softwood or grasses,
differences in their composition and linkages are observed and those are
summarized in Table 1.1.

Typically, hardwood hemicelluloses and grasses contain a high degree of
xylans (main backbone is made up of xylose units with branching after 7–10
units). Based on the substituent present on xylose, their names are derived
as arabinoxylan and arabinoglucoronoxylan. On the contrary, softwood
hemicelluloses are largely galactoglucomannans but along with them, some
small portion of xylan is also present. Due to the random and branched
structure of hemicelluloses, they do not have any extensive hydrogen
bonding (like in cellulose), which makes hemicelluloses amorphous in na-
ture. These amorphous hemicelluloses during isolation from lignocellulosic
materials undergo various transformations such as partial hydrolysis (due to
high temperatures and pressures) to yield low molecular weight fractions
and saponification during alkali treatment. Hence, upon hydrolysis of isol-
ated hemicelluloses, besides the expected products, a few other products
might also be detected although on a ppm level. Moreover, due to their
varying compositions and linkages, it becomes crucial to develop a universal
catalytic method that can hydrolyse various types of hemicelluloses either
present in isolated form or present in lignocelluloses (without separation
from cellulose and lignin) in an efficient way. It is important to mention that
oligosaccharides (2oDPo7) of hemicelluloses (obtained upon hydrolysis)

Table 1.1 Summary of linkages and residues present in various types of
hemicellulose.

Type Linkages Components

Softwood hemicellulose
Arabinogalactan 1,3-, 1,6-, 1,4-, 1,5- Arabinose, galactose,

glucuronic acid
Galactoglucomannan 1,4-, 1,6- Galactose, mannose, glucose,

acetyl substitution
Arabino-4-O-

methylglucuronoxylan
1,4-, 1,2-, 1,3- Arabinose, xylose, glucuronic

acid, methyl substitution

Hardwood hemicellulose
Glucomannan 1,4- Glucose, mannose
Arabinoxylan/

arabinoglucuronoxylan
1,4-, 1,3-, 1,2-, 1,2/3- Xylose, arabinose, glucuronic

acid, other substitution
(acetyl, methyl, feruloyl,
coumaroyl)

O-Acetyl-4-O-methyl-
glucuronoxylan

1,4-, 1,2- Xylose, glucuronic acid, other
substitution (acetyl, methyl)
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are termed as, ‘‘functional food’’ or ‘‘dietary fibres’’ and added in food to
exert health benefits.

Similar to cellulose, for the hydrolysis of hemicellulose, several catalytic
systems such as homogeneous and heterogeneous ones were investigated.
However, unlike several C6 sugar based disaccharides, which are naturally
and commercially available in abundance, almost no C5 sugars containing
disaccharides are available and hence in the next section, the focus is only
on hemicelluloses.

1.4.1 Use of a Homogeneous Catalytic System

For the hydrolysis of hemicelluloses, several mineral acids (diluted and
concentrated HCl, H2SO4 and H3PO4) and organic acids (oxalic acid, acetic
acid, maleic acid, trifluoroacetic acid) are known and details on these are
extensively described in a few excellent reviews.12,101,168 Typically, organic
acids with lower acid strength (pKa, 3.0–5.0) compared to mineral acids (pKa

o1) are sufficient to hydrolyse hemicelluloses into their respective sugars
since hemicelluloses are amorphous, branched and have lower DP (o250)
compared to cellulose. It has been proved that with the higher strength of
mineral acids, formation of degraded products (via sugars) is possible.169

This phenomenon is observed because different linkages in hemicelluloses
cleave under different conditions and in most cases, sugars obtained under
mild conditions are degraded under the harsher conditions used to cleave
the remaining hemicelluloses. Use of trifluoroacetic acid, even if it is some-
what strong, is useful in these reactions since it has a low boiling point
(72.4 1C) and thus can be removed from the reaction mixture easily. This also
avoids the neutralization required with other acids, which is a major draw-
back for the mineral acid catalysed method.169 It was also found that, de-
pending upon the source of hemicellulose and the linkages present in the
hemicellulose, the activation energy for its hydrolysis to form sugar varies (50–
199 kJ mol�1) in the presence of mineral acids (HCl and H2SO4).12 Moreover,
studies were also done to check the ease with which various substrates
undergo hydrolysis using mineral acids and the following trend was ob-
served:170 arabinoside4xyloside4galactoside4mannoside4glucoside.

Studies on the acid hydrolysis of hemicelluloses (arabinogalactan) were
also done and it was established that with an increase in acid concentration
(pH) and temperature, the hydrolysis rate increased.171 It was shown that at
pH 1 and at 90 1C, complete hydrolysis of arabinogalactan is possible with-
out the formation of any degradation products. A first-order kinetic model
inclusive of two parallel reactions for obtaining arabinose and galactose was
proposed based on modelling and experimental data.

For the complete hydrolysis of hemicelluloses, a variety of enzymes
(hemicellulase: xylanases, arabinofuranosidases, ferulic and coumaric acid
esterases, acetylxylan esterases, acetylmannan esterases, acetylgalactan
esterases, glucuronidases, xylosidases etc.) are required and details on the
enzymes and their modes of action are summarized in Table 1.2.101 Basically,
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enzymes are classified into two catergories, endo (intracellular) and exo
(extracellular)—and both have different roles in the hydrolysis. Because of the
complexity of the structure of hemicelluloses, it is essential to use several
isoenzymic forms of xylanase for its extensive hydrolysis. Due to the very se-
lective actions of enzymes, many xylanases are not capable of cleaving glyco-
sidic bonds between xylans with substituent(s). However, to overcome this, it
is mandatory to use other enzymes that can cleave the substituents on the
xylans first and then xylanase can separate various sugars from these treated
xylans. Additionally, as discussed for cellobiose/cellulose hydrolysis, in
hemicelluloses also, sometimes cleaving a bond between only two xylose units
becomes difficult (due to an inhibitory effect). Particularly, the action of en-
zymes on hemicelluloses in the paper and pulp industry is very important as it
can give a bleaching effect without the use of a harmful chlorine treatment.

The rate of acid hydrolysis of hemicellulose is seen to be dependent on the
structure (conformation) of anhydrosugar present in the hemicellulose, i.e.
pyranose or furanose form and a- anomeric or b-anomeric form.12,170 Due to
the higher ring strain in the furanose form of sugar compared to the pyr-
anose form, the hemicellulose with the furanose form of anhydrosugars
undergoes an easy hydrolysis reaction. Moreover, hemicellulose with anhy-
drosugars in the b-anomeric form undergoes a faster hydrolysis reaction
(relative rate for b-anomer of D-xyloside: 9.1) than hemicellulose with the a-
anomeric form (relative rate for a-anomer of D-xyloside: 4.5).

1.4.2 Use of a Heterogeneous Catalytic System

The superiority of heterogeneous catalysts over their homogeneous coun-
terparts is discussed earlier (Section 1.3.2) in this chapter, however, the

Table 1.2 Summary of the actions of some enzymes on hemicellulose hydrolysis.

Entry
no. Enzyme Mode of action

1 Xylanase Break down b-1,4 linkages in hemicellulose
from non-reducing end and preferably at a
region of no-substitution

2 Arabinanase Break down a-1,5 linkages in hemicellulose
3 Arabinosidase Break down a-1,2-, a-1,3- and b-linkages in

hemicellulose
4 Ferulic and coumaric

acid esterase
Break down arabinose linked ferulic and

coumaric acids from cereal arabinoxylan
5 Acetylxylan esterase,

acetylmannan esterase,
acetylgalactan esterase

Remove acetyl substitution form xylan,
galactoglucomannan, arabinogalactan

6 Glucuronidase Break down a-1,2 linked glucopyranosuric
acid or 4-O-methylglucopyranosuric acid
side chain substitution from hemicellulose

7 Xylosidase Break down of b-1,4 linkages in hemicellulose
from non-reducing end to release xylose
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selectivity obtained with enzymes is very difficult to achieve with any other
catalytic systems. This is particularly important in the case of hemicelluloses
since in this substrate, various linkages are present that require varying
conditions to cleave them. Subsequently, there is a possibility that sugars
extracted at milder conditions can degrade under harsher conditions. Het-
erogeneous catalysts with acidic functionality such as zeolites, metal oxides,
HPAs, carbons, etc., which are known in cellulose hydrolysis, are also used
for the hydrolysis of hemicelluloses.

Recently, a one-pot method for the hydrolysis of isolated hemicellulose
derived from softwood (oat spelt, xylan) and hardwood (birchwood, xylan) in
the presence of various solid acid catalysts was shown.172 Typically, oat spelt
derived hemicellulose has a composition of xylose Z70%, arabinose¼ 10%
and glucose¼ 15%. However, birchwood derived hemicellulose with a
higher degree of polymerization than oat spelt is made up of 490% xylose.
Hence, it is expected that the concentration of the products formed from
these two substrates will differ slightly. The authors have studied the effects
of several acid catalysts, such as zeolites (HUSY (Si/Al¼ 15), Hb (Si/Al¼ 19),
HMOR (Si/Al¼ 10)), clay (K10), metal oxides (g-Al2O3, Nb2O5, SO4

2�/ZrO2),
mesoporous materials (Al-MCM-41 (Si/Al¼ 50), Al-SBA-15 (Si/Al¼ 100)) and
HPA (Cs2.5H0.5PW12O40), in the reactions.172 Ultimately, it was found that the
HUSY catalyst showed the highest amount of C5 sugar (xylose and arabinose)
formation (41% yields) from oat spelt derived hemicellulose in water at
170 1C. In these reactions, the presence of oligomers (disaccharide, tri-
saccharide, tetrasaccharide and pentasaccharide) was confirmed with the
help of a LC-MS technique and, based on these observations, the hydrolysis
reaction pathway was suggested with hemicellulose (polymer) converting
into soluble and detectable oligomers in a stepwise reaction (- penta-
saccharide - tetrasaccharide - trisaccharide - disaccharide -) to yield
C5 sugars. Yet, there is always a possibility that tetrasaccharide can cleave in
two possible ways: (1) into one mole of trisaccharide and one mole of
monosaccharide or (2) two moles of disaccharide. However, due to the very
fast reaction rate observed by the authors, it is very difficult to reveal the
exact nature of the cleavage. Hence, further studies are required to check
the actual pathway of this reaction. Although higher yields are observed with
the HUSY catalyst, further characterization of the spent catalyst showed that it
undergoes structural changes and hence loses its activity over time. Another
research group showed the possibility of the hydrolysis of arabinogalactan
with galactose : arabinose : glucoronic acid¼ 5 : 1 : 0.08 and a molar mass of
20 000–100 000 g mol�1 derived from larch wood in a one-pot method.173

Two solid acid catalysts viz. Smopex-101 (fibrous, non-porous catalyst; sul-
fonic acid functionalized polyethene-graft-polystyrene) and Amberlyst-15
(macroporous resin; sulfonic acid functionalized styrene-divinyl benzene)
were used by the authors for the hydrolysis of arabinogalactan. It was seen
that Smopex-101 (86% yield for arabinose) gave better activity than Amber-
lyst-15 (50% yield for arabinose) at 90 1C. This result is interesting since
Amberlyst-15 has a higher acid amount (4.7 mmol g�1) than Smopex-101
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(3.6 mmol g�1) but the activity was reversed. This observation was explained
based on the catalyst structure and diffusion limitations. Due to the fibrous
nature of Smopex-101, all the sulfonic acid groups distributed on the catalyst
surface became easily accessible to the substrate but, due to presence of acid
groups in the pores of Amberlyst-15, the same was not possible with the
latter catalyst. Subsequently, an enhancement in arabinose formation (95%)
was also achieved by increasing the reaction time to 36 h with Smopex-101.
Lower yields of galactose compared with arabinose are possibly due to an
easy cleavage of branched arabinose linked via b-1,3 linkages on the gal-
actose backbone. The ease of hydrolysis is also dependent on the source
from which arabinogalactan is isolated since in the case of larchwood (which
was used in the study), the percentage of branching is very high compared
with woody plants and the coffee bean. In soybean seed derived arabino-
galactan, branching is at the b-1,3-, a-1,4-, and a-1,5- linkages instead of the
b-1,3- or b-1,6- linkages typically observed in other arabinogalactans.166 This
difference in branching may affect the catalyst activity in hydrolysis re-
actions as they may pose the problem of steric hindrance. In another study, a
sulfonated biochar catalyst, prepared by pyrolysis of wood chips at 400 1C for
1 h in a nitrogen flow, followed by sulfonation using sulfuric acid, was also
used for the hydrolysis of softwood (derived from locust bean gum) and
hardwood hemicelluloses (derived from birchwood).174 It was reported that
hemicellulose conversion can reach up to 90% in the presence of the sul-
fonated biochar catalyst at 120 1C while, under similar reaction conditions,
sulfonated activated carbon showed lower catalytic activity (hemicellulose
conversion¼ 50%). This is due to the fact that sulfonated activated carbon
has fewer strong acid sites (2.59 mmol g�1) and lower xylan adsorption
capacity (B145 mg xylan per g catalyst at 23 1C) than sulfonated biochar
(acid density¼ 5.65 mmol g�1, xylan adsorption capacity B390 mg xylan per
g catalyst at 23 1C). However, the sulfonated biochar catalyst exhibited a
drastic reduction in hemicellulose conversion activity (1st run: B80%, 2nd
run: B40%, 3rd run: B10%, 4th run: 0%) in recycle runs due to leaching of
sulfonic acid groups (acid density reduction¼ 3.66 to 0.0 mmol g�1) and its
structure deformation (surface area reduction¼ 365 to 5.3 m2 g�1, pore
volume reduction¼ 0.20 to 0.004 cc g�1, pore radius reduction¼ 10.5 to
0.0 Å). Various resins (Amberlyst-70, Amberlyst-35, D5081 and D5082), sul-
fonic acid functionalized silica gel and zeolites (HZSM-5; Si/Al¼ 50 and 80,
H-faujasite; Si/Al¼ 5.1 and H-ferrierite; Si/Al¼ 55) were tested in the hy-
drolysis of beechwood derived hemicellulose (ca. 75% xylose, 2–5% glucose)
to achieve C5 sugars (xylose and arabinose) as products.175 Amongst all these
catalysts, the resins showed a better activity (55–80% of C5 sugars) at 120 1C
because of a higher acid amount. The authors also studied the role of acid
density on the catalytic activity and found a direct correlation between ac-
tivity and acid density. Nonetheless, as discussed earlier for cellulose hy-
drolysis (Section 1.3.2.1), the resins lost their activity after the first use due to
leaching of –SO3H groups. Among the various zeolite catalysts, H-ferrierite
offered the best activity for the formation of the highest amount of C5 sugars
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(41%) at 140 1C, due to its higher acid strength compared to other zeolites.175

Moreover, the catalyst showed recyclable activity up to four runs with a
marginal decrease in yields. This indicates that to achieve a recyclable higher
activity, it is necessary to have strong acid sites on the catalyst. The use of
various acid silicoaluminophosphate (SAPO) catalysts was shown in the hy-
drolysis of hemicellulose.137,176 Although the final product in the reaction is
furfural, which can be obtained directly from hemicellulose via a hydrolysis–
dehydration reaction, the results suggested that SAPO catalysts can only be
used for the hydrolysis of hemicellulose to produce sugars if the reaction
conditions are optimized. This catalyst is interesting to study further since it
is stable under the reaction conditions and showed reproducible activity for
eight runs at least. This high stability may arise due to the presence of
phosphorus in the catalyst, which is responsible for making the catalyst
more hydrophilic compared to zeolites. This hydrophilicity is also respon-
sible for better catalyst (active site) and substrate interactions. Supported
metal oxide catalysts might also be promising for sugar synthesis from
hemicelluloses since they were proven as effective catalysts for hydrolysis–
dehydration reactions of hemicellulose.177 The hemicellulose extracted from
Miscanthus grass was also used as a substrate for the synthesis of sugars.178

The extracted solution consists of hemicellulose with a molecular weight of
2008 g mol�1 (analysed by GPC), DP of 15, polymer chain length of 7 nm and
chain radius of 2 nm (calculated from molecular dynamics simulations).
It was demonstrated that hydrothermally treated sulfonated mesoporous
carbon nanoparticles (HT5-HSO3-MCN) with a large number of weakly acidic
phenolic –OH groups helped in the adsorption of hemicellulose on
the catalyst surface effectively via H-bond formation. This in turn was
responsible for achieving better catalytic activity. A very high amount of
xylose formation (74%) was reported from extracted hemicellulose solution
at a buffered pH of 3.9 (using sodium acetate buffer solution) at 150 1C.
Moreover, the HT5-HSO3-MCN catalyst was shown to provide a similar
activity in three recycle runs after washing (stepwise washing with 0.1 M
NaOH, 1 : 1 (v/v) ethanol and water, only ethanol, only water, 4 M HCl, only
water) and drying. The complicated washing and drying procedures may
hamper their further use in these reactions. It is thus necessary to devise a
simple recycling process.

Additionally, some of the developed processes confirm the use of lig-
nocelluloses directly for the synthesis of C5 sugars in the presence of het-
erogeneous catalysts. In one report, the selective conversion of the
hemicellulose part from bagasse into C5 sugars (xylose and arabinose) over
HUSY (Si/Al¼ 15) catalyst was shown.172 At 170 1C, 45% of C5 sugar for-
mation was reported while from XRD studies it was shown that the cellulose
remained unreacted. Sulfonated allophane catalyst (amorphous alumino-
silicate) was also screened for its hydrolysis activity with bamboo, Japanese
cedar and rice straw.179 Under the optimized reaction conditions (150 1C),
the hemicellulose part was converted selectively to yield 41% xylose from the
bamboo powder, 8% xylose and 6% mannose from Japanese cedar powder
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and 8% arabinose and 2% xylose from rice straw. The product distributions
are solely dependent on the type and concentration of hemicellulose present
in these lignocelluloses. Very recently, the selective hydrolysis of hemi-
celluloses from bagasse, rice husks and wheat straw into sugars and furfural
was demonstrated over SAPO type catalysts.180 Additionally, a few reports
showed that under the operating conditions used, carbon catalysts with
various surface functionality can hydrolyse both the hemicellulose and cel-
lulose part of the raw biomass (Eucalyptus flakes and corn cobs) into C5 and
C6 sugars.126,155 It was observed that heterogeneous catalysts can catalyse
hydrolysis reactions of hemicelluloses. Moreover, depending on the type and
source of hemicelluloses, catalytic activity varies. This brings our attention to
the fact that it is vital to design and develop a catalyst that can hydrolyse
hemicelluloses derived from different sources with good selectivity and
recyclability.

1.5 Synthesis of Sugars via an Isomerization Reaction
Besides obtaining sugars from disaccharides and polysaccharides, it is also
possible to obtain them from other monosaccharides by virtue of iso-
merization reactions. During hydrolysis reactions of disaccharides and
polysaccharides, it is possible for sugars to undergo isomerization reactions.
For example, it is possible to obtain fructose from glucose once the latter is
formed during hydrolysis of various disaccharides and polysaccharides.
Similarly, the formation of xylulose from xylose is observed. Nevertheless, in
this section, we will discuss the isomerization reactions of sugars (mono-
saccharides). The formation of two ketonic sugars viz. fructose (C6) and xylu-
lose (C5) from their respective aldonic sugars, such as glucose and xylose, is
known to occur via an isomerization reaction. In the presence of a base, aldose
sugars transform into ketose sugars via formation of an enediol intermediate
and vice versa and this transformation was first discovered in 1885 by Cornelis
Adriaan Lobry van Troostenburg de Bruyn and Willem Alberda van Ekenstein
and hence is also known as the Lobry de Bruyn–van Ekenstein transformation
(Figure 1.11).181 The isomerization of glucose into fructose is a very important
industrial reaction since high fructose syrup (HFS) is used as a sweetener. It is
known that fructose has a high degree of relative sweetness (110) compared to
glucose (74) and sucrose (100). However, since the glucose to fructose iso-
merization reaction is equilibrium limited, it is necessary to optimize the re-
action conditions to achieve higher yields of fructose.

Homogeneous bases, such as NaOH, KOH, sodium aluminate etc., are
frequently used for the isomerization of glucose to achieve 30–50% of
fructose yields.182–184 The reaction proceeds via formation of a carbanion by
extraction of a H from the C2 carbon by the anionic part (OH�, aluminate
ion etc.) of bases to form an enolate ion. Further, this enolate ion in the
presence of water forms an enediol or can cause an inversion to yield
mannose (Figure 1.11). The restricted yields obtained in homogeneous sys-
tems may be attributed to the fact that fructose, once formed, is immediately
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reverted back into glucose and thus equilibrium is achieved. To improve the
yields of fructose, it is necessary to shift the equilibrium towards the right
hand side. When a resin is used along with a homogeneous base (NaOH), a
slight improvement in yield (57%) is observed.185 Subsequently, hetero-
geneous base catalysts are also known to catalyse this reaction as free hy-
droxyl anions (OH�) are liberated in the bulk water from these catalysts. It
was reported that aluminate resin with a low hydroxide content can produce
very high yields (72%) of fructose from 90% glucose conversion at 2 1C (1007
h).186 The formation of a stable complex between fructose and aluminate ion
(on the catalyst) helps in achieving higher yields as the reverse reaction of
fructose to glucose is thus restricted. These results match well with earlier
work when aqueous sodium aluminate (68%) was used.187 It is also possible
to obtain mannose as a product when glucose is treated with base, however,
the rate of inversion is extremely low compared to enediol formation to yield
fructose. Further, in the glucose isomerization reaction, a series of alkali and
alkaline earth metals (Li, Na, K, Cs, Ca and Ba) exchanged zeolites (A, X and
Y) were screened at 95 1C and the results showed lower conversion (7–34%)
with very low fructose formation (4–22%).188 The same report also presented
the use of hydrotalcite (HT) catalyst with Mg/Al¼ 3 (atomic) for obtaining
42% glucose conversion with 25% fructose formation. Another report also
showed that carbonate and hydroxide forms of HT can produce 14% fructose
from 15% glucose conversion at 90 1C.189 When HT was used for the glucose
isomerization reaction in N,N-dimethylformamide (DMF) solvent at 100 1C,
38% fructose was formed at 62% glucose conversion.190 Use of HT was also
shown by other research groups to yield fructose, however, the main aim was
to achieve higher oxidation and hydrogenation activities in the reaction.191 It
can be stated from these reports that when HT is used for isomerization,
typically, a high selectivity for fructose formation is achievable, which can be
again explained by the possible formation of magnesium aluminate
(MgAl2O4) or (M1AlO2

�) during the synthesis of HT. Moderate yields of
21–39% for fructose were also reported in the presence of various

Figure 1.11 Base catalysed isomerization of aldol sugar into ketose sugar.
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metallosilicates, namely titanosilicates, sodium yttrium silicate, alkali cal-
cium silicate and calcium silicate at 100 1C.192 Although many catalysts are
known for the isomerization reaction, depending on the reaction conditions
(at high temperatures), glucose also may undergo degradation reactions (to
acetic, lactic and propionic acids).

Very recently, a promising pathway for glucose isomerization into fructose
via intramolecular 1,2-hydride shift mechanism was shown using Lewis acid
catalysts (Figure 1.12).193 Since the process is developed with a Lewis acidic
catalyst, it eventually stops sugar degradation reactions. The Sn-b and Ti-b
catalysts having Lewis acidity can convert glucose (55% and 26%, respect-
ively) into fructose (32% and 14%, respectively) in water at 110 1C.193 Along
with fructose, formation of mannose is also identified (5–9%) as an epi-
merization (inversion) product in the reaction mixture. Additionally, Sn-b
catalyst was demonstrated to be stable and recyclable four times without
losing its activity. In an extensive study, with the help of 1H and 13C NMR
analysis of isotope labelled glucose, the authors have proven that in the
presence of Lewis acidic Sn-b catalyst, an intramolecular 1,2-hydride shift
mechanism is operated, which is not possible under alkaline conditions.194

Additionally, diffuse reflectance UV-Vis analysis suggested that a partially
hydrolysed Sn framework [(SiO)3Sn(OH)] is the active species in the Sn-b
catalyst. The phenomenon of aldose sugar isomerization in the presence of a
Lewis acid catalyst is also valid in the case of xylose (C5 sugar) for formation
of xylulose. The presence of Sn-b catalyst showed 85% xylose conversion with
18% xylulose formation (isomerization) and 5% lyxose formation

Figure 1.12 Lewis acid catalysed isomerization of glucose into fructose via intra-
molecular 1,2-hydride shifting. ‘LA’ stands for Lewis acid sites.
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(epimerization) at 110 1C in water.195 But the authors have not pointed out
the rest of the products. Considering this concept, another research group
has prepared Sn incorporated mordenite framework inverted (MFI) and
beta (BEA) zeolites and used them for sugar (glucose and xylose) iso-
merization reactions at 90 1C.196 The small pore diameter (0.56 nm) of the
MFI zeolite restricted the access of larger sugar molecules (glucose: 0.73 nm,
xylose: 0.66 nm) to the metal centre present inside the MFI zeolite, which
thus showed lower isomerization activity (glucose conversion¼ 9%, fructose
yield¼ 4% and xylose conversion¼ 40%, xylulose yield¼ 19%). On the con-
trary, the BEA zeolite with a larger pore diameter (0.77 nm) can easily over-
come the diffusion limitations for sugars thereby offering better
isomerization activity (glucose conversion¼ 65%, fructose yield¼ 34%,
mannose yield¼ 17% and xylose conversion¼ 81%, xylulose yield¼ 24%).
Due to the presence of Lewis acid sites in SAPO-44, glucose isomerization
into fructose is also possible.86 Since SAPO contains both Brønsted and
Lewis acid sites, one-pot synthesis of HMF from glucose via fructose for-
mation is possible.86 In yet another report, use of HT was shown to achieve
the acyclic form of glucose to yield higher concentrations of sugar alcohols
(sorbitol and mannitol) over supported metal catalysts.191

1.6 Conclusions and Outlook
With the onset of renewed interest in lignocellulose utilization for a sus-
tainable future, it is possible to generate fuels and chemicals from this re-
newable and abundantly available resource. Though several efforts have been
devoted since the 1900s and in recent years to the synthesis of fuels (bio-
ethanol, bio-diesel), it is perceived that the synthesis of chemicals from this
resource is highly attractive. The estimated worldwide production of bio-fuels
(bio-diesel and bio-ethanol) is around 2000 thousand barrels per day, which
in comparison to the estimated worldwide production of crude oil is around
2.5% (crude oil production, 79 000 thousand barrels per day).197 This gives the
idea that it is practically impossible to match the requirement of world fuel
demand through biomass processing. Looking at this scenario, it would be
crucial to develop methods for the synthesis of sugars and other chemicals as
they can act as platform chemicals to yield many other industrially important,
valuable chemicals such as furans, sugar alcohols, sugar acids, glycols etc.

Conversion of plant derived lignocellulosic biomass or lignocelluloses
containing cellulose, hemicelluloses and lignin is crucial considering its
non-edible property (for humins) compared to food biomass such as starch
and various disaccharides. In two possible ways, polysaccharides, cellulose
and hemicelluloses, the components of lignocelluloses, can be converted,
first, via isolated polysaccharides after pre-treatment to extract them from
lignocelluloses and second, via direct hydrolysis of lignocelluloses. For the
first path, pre-treatment has to be done with lignocelluloses to separate
cellulose, hemicelluloses and lignin from each other as they are linked
together through covalent or non-covalent bonding. However, during
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isolation procedures typically done by acids, bases, steam etc., changes in
the structures of these polysaccharides can be observed. In particular, these
polysaccharides may undergo such changes as reduction of the chain length,
increase in reducing ends, loosening of structures, loss of crystallinity etc.,
which are helpful in the hydrolysis of cellulose and also hemicelluloses. The
other changes such as oxidations, acylation, incorporation of impurities etc.,
may, however, hamper the hydrolysis of these polysaccharides. Hence it is
essential to choose the correct pre-treatment method for efficient isolation.
For the second path, lignocelluloses are used directly without giving any pre-
treatment. This pathway is beneficial for avoiding the contamination of
substrates with impurities (caused during pre-treatment by use of external
reagents) and changes in structures possible during pre-treatment pro-
cedures. However, due to the native structure of lignocelluloses, it is difficult
to hydrolyse the polysaccharides. Moreover, the other components present
in lignocelluloses, such as lignin, waxes and nutrients, may poison the
catalysts. It is perceived that lignin can strongly adsorb on the catalyst
surface through various functional groups present in lignin (–OH, –CHO,
–COOH,¼O etc.). Another possibility is an exchange of H1 with M1 (nutrients
such as, K, Mg, Ca etc.) in acidic catalysts, hampering their activity.

Although for the conversion of polysaccharides, many pathways are
known, such as thermal (pyrolysis, gasification, application of supercritical
water), thermo-chemical (acid, base), or biochemical (enzyme) etc., it is ob-
vious that thermo-chemical and biochemical (enzyme) pathways are pre-
ferred to yield the maximum amounts of sugars as with thermal treatments,
degradation products are predominant. Mineral acid based methods have
been known since 1819 and hence much work is done to optimize the re-
action conditions for achieving the highest possible sugar yields. As men-
tioned in Section 1.3.1.1, many industrial processes use mineral acids for
yielding sugars that are later converted into fuels. Base catalysed methods
are also known to hydrolyse polysaccharides but the possibility of substrate
oxidation and isomerization of the sugars formed may restrict the use of
bases on an industrial scale. As with mineral acids, enzyme based bio-
chemical methods have also been known for a long time and they have the
advantage of achieving very high yields because of the selective action of
enzymes. However, in all these methods, it is important to maintain the pH
(either acidic or alkaline), which inherently increases the capital cost as the
reactor walls are prone to corrosion. Moreover, due to their homogeneous
nature, it is difficult to recover the catalysts for reuse. Considering these
drawbacks, recently, heterogeneous catalysts such as solid acids and sup-
ported metal catalysts have been employed in these reactions. It is observed
that solid acid catalysts can, like mineral acids, promote the reaction via H1,
which is available on the surface of the catalyst from Brønsted acid sites.
Although solid acids are active in these reactions, they are prone to deg-
radation/decomposition during the course of the reaction because of the
active sites leaching in the solution or morphological changes (during
hydrothermal treatment). It is widely believed that hydrophilic catalysts may
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help in avoiding these drawbacks and also may overcome diffusion limi-
tations by enhancing the interactions between the catalyst and the substrate.
This enhancement may arise due to hydrophilic interactions between
hydrophilic surface –OH groups and hydrophilic –OH groups in substrates.
The possibility of using supported metal catalysts is also shown by gener-
ating in situ acid sites by splitting molecular hydrogen on the metal surface.
Though heterogeneous catalysts are known for these reactions, it would be a
real challenge to develop efficient and reusable catalysts and their appli-
cation on a larger scale.

Worldwide, several governments, private entities and industries are
sponsoring various projects on the development of new environmentally
benign methods for the conversion of lignocelluloses into chemicals. In the
USA, USDA and DOE support most of the biomass related programs on a
large scale with NREL being a prime example. Likewise, the EU funds many
projects on biomass valorization. In many other countries, their respective
ministries and government organizations fund many projects for developing
new methods to valorize biomass. Various multi-national corporations such
as DuPont, SABIC, Dow, Shell, BP, Haldor Topsøe, Coca-Cola, Solvay, BASF,
Honeywell UOP, Reliance, Tata Chemicals, Mitsubishi, Sumitomo, Toyota,
Arkema, DSM, P&G, Unilever, Clarient and Asashi Chemicals, along with a
range of other industries, are looking into the use of biomass derived
products in their portfolio in the near future.

The use of aquatic biomass is also being looked into by various research
groups for the synthesis of fuels (green diesel) and chemicals, however, the
work is at a very nascent stage at least in the case of chemical synthesis.
However, this feedstock may prove to be very interesting in the near future.

While there are many opportunities to work on the synthesis of chemicals
or fuels from biomass (undoubtedly from non-edible resources to avoid the
food vs. chemical battle), attention to the following few points is required
before any methods or technologies are developed:

� Abundance of resources to produce sufficient amount of product, either
bulk, fine or niche

� Development of catalytic systems that are efficient, recyclable and easy
to handle

� Removal of impurities so that catalyst and product poisoning is avoided
� Utilization of existing facilities (reactors, delivery, man-power)
� Process economy compared to fossil feedstock based methods
� Application of multiple feedstock such as crop wastes (wheat straw, rice

husk, corn cob, corn stover, bagasse etc.), forest residues, municipal
solid waste etc.

� Feasibility to scale up the method for commercial purposes

In conclusion, utilization of biomass has thrown up a lot of challenges
requiring the development of novel processes to ensure a sustainable future,
if not for tomorrow, then for the future.
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CHAPTER 2

Aqueous-phase Reforming of
Sugar Derivatives: Challenges
and Opportunities

T. M. C. HOANG, A. K. K. VIKLA AND K. SESHAN*

University of Twente, Faculty of Science & Technology, Catalytic Processes &
Materials, 7500 AE, Enschede, The Netherlands
*Email: k.seshan@utwente.nl

2.1 Aqueous Phase Reforming (APR) Definition
The steam reforming reaction uses water as an oxidant to generate syngas
(COþH2) from hydrocarbons, e.g., methane. This strongly endothermic
reaction is carried out at high temperatures (4750 1C) and low pressures
(o25 bar) where water is in the gas phase. Aqueous phase reforming is a
variant where conditions are maintained to keep water in the liquid phase.
The feedstock in this case is an aqueous phase containing dissolved
organics, typically in the range of 5–20 wt%. The reaction equation for
carbohydrates, waste from a food industry, for e.g., is:

C6H12O6þ 6H2O-6CO2þ 12H2 (1.1)

The conversion of such aqueous bio/organic wastes (480% water) into high
value products such as hydrogen and syngas (CO/H2) using conventional
reforming processes that operate at lower pressures and high temperatures is
energy intensive due also to the need to account for the latent heat of evap-
oration of water. Dumesic and co-workers tackled this problem by developing
the ‘‘aqueous phase reforming’’ (APR) process in which water is kept in the
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liquid phase by applying elevated pressures.1–3 The concept was further
demonstrated for steam reforming of diluted oxygenate feeds at mild tem-
peratures in pressurized liquid water (225–265 1C, 29–56 bar) over supported
metal catalysts. For example, typical temperatures for fundamental APR
studies of model components (e.g. ethylene glycol, methanol and sorbitol) are
usually performed in the temperature range of 200–265 1C.2,4 The reforming of
higher concentrated feed streams or more complex oxygenated hydrocarbons,
which are of more commercial relevance, require higher temperatures to
obtain the reaction rates that are necessary for industrial application.5

Generation of chemicals from renewable bio-based feedstocks often
involve a hydrogenation step. In order to make these conversions completely
green, it is essential that the required hydrogen for this is also made avail-
able from bio feedstocks. This chapter addresses the issues involved in the
production of hydrogen via APR of byproduct waste streams. APR has also
been used sparingly, to refer to reactions occurring in an aqueous phase to
generate valuable aromatic molecules, e.g. from lignin via depolymerisation.
Hydrogen generated in the presence of catalysts under higher pressures and
temperatures facilitate this reaction and hence the use of the term APR. This
will be discussed later in the chapter.

2.2 Phase Diagram—Water
The phase diagram of water given in Figure 2.1 shows the pressures required
to keep hot water in the liquid phase at elevated temperatures. APR
conditions can thus be divided into sub- and supercritical regimes. The
transition from sub- to supercritical water occurs at 374 1C and 221 bar.
A dramatic change in the properties of water occurs when water becomes
supercritical and these offer some advantages for the reforming of biomass
derived waste streams into gaseous products.5–8 The density beyond the
supercritical point is around � 100 kg m�3 and a further increase in tem-
perature does not affect the density significantly anymore. The properties of
liquid water and compressed gas converge around the supercritical point,
resulting in complete mixture of both phases and the removal of the liquid/
gas phase boundary. The latter is very beneficial for fast rates of heat and
mass transfer,5 the latter being very relevant for bulky organic molecules.

Justifiably, APR is also termed ‘‘gasification in hot compressed water’’,
which includes also supercritical conditions where water is not a liquid and
where feed molecules in liquid or solid phase are converted into gases.

2.3 Background—Hydrogen, Steam Reforming and
Water Gas Shift

2.3.1 Current status

Currently, syngas is mostly produced by steam reforming of natural gas and
other fossil feedstocks. Hydrogen yields are maximised by a subsequent
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Figure 2.1 Phase diagram of water including triple point and the critical point of water.
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water gas shift reaction, discussed later. Demand for hydrogen is ever
increasing and predicted to reach 11 billion metric tons by 2016 in the USA
alone (Figure 2.2).9 Currently, hydrogen is widely used in ammonia pro-
duction for the fertilizer industry, oil refining and the food industry.

Steam reforming of natural gas is the most proven and used technology
for the production of hydrogen.10–12 The first industrial steam reformer was
installed as early as 1930.12 Most of the commercial activities were in the
United States where natural gas was abundantly available. Later on,
discovery of natural gas reserves in Europe allowed the use of natural gas as a
feedstock for hydrogen production. Steam reforming is a strongly endo-
thermic reaction (eqn 2.2). In order to ensure a high methane conversion, it
is therefore required to operate at elevated temperatures.

CH4þH2O 2COþ 3H2 (DH B 206.3 kJ mol�1) (2.2)

Additionally, the steam reforming reaction is reversible. Therefore,
according to Le Chatelier’s principle, low pressures and relatively high
steam to carbon ratios will shift the equilibrium to the right, increasing
methane conversion, as illustrated in Figure 2.3.11,13 Methane, particularly,
is extremely difficult to activate, as the hydrogen–carbon bonds6 are strong
(435 kJ mol�1) and therefore cleavage of the corresponding hydrogen–carbon
bonds requires very high temperatures. The presence of a catalyst, however,
allows for milder conditions as it enhances the hydrogen carbon bond
rupture. The metals of group VIII of the periodic table are active for steam
reforming and Ni particularly appears to be the most cost-effective.12,13

Figure 2.2 Hydrogen production between 2009 and 2011 and the expected pro-
duction for 2016 (after Joseck9).
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Industry typically operates this process at around 800 1C, 15–40 bar and a
steam to carbon ratio of 2 : 3 over Ni based catalysts.14,15 Although the
presence of a catalyst makes the process technically more feasible compared
to non-catalytic conditions, the elevated temperatures applied often result in
large energy consumption; efficiency of the process is typically around 70%.
The relatively large amounts of steam used in the reforming process (B3 as
against 1 required by reaction stoichiometry) also decrease the overall pro-
cess efficiency. The significant heating and cooling steps required to recycle
the unconverted steam can explain this. Although high steam to carbon
ratios result in high energy consumption, this is essential to overcome
catalyst deactivation due to coke formation. Coking, which is a side reaction
in many industrial processes, is a major issue and still needs attention. Be-
sides resulting in catalyst deactivation it also causes serious operational
problems.16,17 Particularly, Ni is known to be very susceptible to coking. This
makes the design of an active and stable catalyst a challenging task. In this
context, extensive research has been carried out by Rostrup-Nielsen11 and the
report discusses coking during steam reforming in detail. Addition of pro-
moters to steam reforming catalysts has been widely reported as a successful
tool to improve the catalytic properties in terms of activity and stability.18,19

Figure 2.3 Equilibrium conversions of methane at temperatures from 450–950 1C
with steam to carbon ratios (S–C) of 2 : 4 and pressuers of 1, 5 and 10 bar.
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Numerous studies have been reported on the role of potassium20–22 on the
properties of the unmodified catalysts and it is widely accepted that the
presence of potassium or other alkali/alkaline earth metals improves re-
sistance to coking by assisting in the formation of OH groups on oxide
supports, which enhance coke gasification. Formation of an OH group is
accepted as the intermediate in the breakdown/activation of water and helps
in the oxidation.23 Some other authors have reported the beneficial
influence of La as a promoter in the improvement of catalyst stability for
reforming reactions.24 In the case of dry reforming, La is suggested to react
with CO2 forming a new crystalline phase (La2O2CO3), which provides oxygen
from its structure and in this way, contributes to coke removal.25,26 Add-
itionally, La is known to stabilize metal particles and oxides by being present
at the grain boundaries and preventing sintering.27,28

In the beginning of the last century, naphtha was the most economic
feedstock in Europe, in contrast to the natural gas available in the United
States. Steam reforming of naphtha, light alkanes such as ethane and pro-
pane associated with natural gas has also become a major industrial route
for hydrogen production (eqn 2.3). In this case, the temperatures required
for the process are lower than those applied in the steam reforming of
methane. This is due to the bond dissociation energies of higher hydro-
carbons being lower than those of methane and therefore easier to activate.
For the same reason, formation of carbon deposits is more severe compared
to methane and is one of the main issues. Multiple studies have been
performed to elucidate the mechanism of coke formation/growth and to
circumvent this bottleneck.29,30 A separate catalyst (pre-reforming) is used
for the process, which operates at much lower temperatures (o450 1C).31

CnHm þ nH2O! nCOþ nþm
2

� �
H2 ðn41 ; endothermic reactionÞ (2:3)

2.3.2 Reaction Mechanism for Steam Reforming of Methane
and Higher Hydrocarbons

A Langmuir–Hinshelwood type mechanism has been proposed for the steam
reforming of methane over supported Ni catalysts.12,32 It is commonly
agreed, for example in the case of methane, that decomposition of methane
on the nickel surface via C–H rupture is the first step. Subsequently, the
carbonaceous species (CHx, 1rxr3) formed on the surface react with steam
or surface oxygen species generated by activation of water30 to produce
syngas. Similarly, conversion of higher hydrocarbons takes place by
irreversible adsorption to the nickel surface on a dual site, with subsequent
breakage of terminal C–C bonds one by one until, eventually, the hydro-
carbon is converted into C1 components.27

As for water activation, Rostrup-Nielsen11 suggested that water is adsorbed
and split on the oxide support, e.g. alkali modified aluminas, hydroxylating
their surface. OH groups thus formed react with C1 species formed from
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hydrocarbons to form syngas. In this case, both metal Ni and support oxide
provide catalytic sites to activate methane and water, respectively, in a
Langmuir–Hinshelwood type mechanism involving non-competing sites.
Most importantly, these catalytic sites are on the metal and the support
oxide, thus providing for bi-functional catalysts. Additionally, it has been
reported that nickel surfaces are able to dissociate water via nickel oxidation
equilibrium (eqn 2.4).11 Thus, the use of nickel-based catalysts provides
additional active sites for water activation.

NiþH2O-NiOþH2 (DH¼ 2.12 kJ mol�1) (2.4)

and allows for higher steam reforming activities. Similar to the steam re-
forming of methane, both metal and oxide supports also participate in the
steam reforming of higher hydrocarbons. Such a Langmuir–Hinshelwood
type mechanism was proposed by Praharso et al.32 to describe steam re-
forming of iso-octane over a nickel-based catalyst.

We have also shown that a bi-functional mechanism is operational for
WGS on Pt/ZrO2; i.e., CO activation takes place on Pt and steam activation on
ZrO2. The reaction occurs at the Pt periphery in close proximity of ZrO2. Thus
catalysts with identical Pt particle sizes give different intrinsic activities
(TOF) indicating the role of support33 (see Figure 2.4). In mechanistic se-
quence, activation of water is usually achieved via formation of hydroxyl
groups on oxide supports. Hydroxyl groups then react with the ‘‘C’’ residue

Figure 2.4 Turn over frequency of CO over Pt supported oxides. Conditions: disper-
sion of PtB60� 5%, PCO¼ 60 mbar, Psteam¼ 150 mbar, P¼ 2 bar,
T¼ 300 1C, GHSV¼ 2.1�106 h�1 (adapted from Azzam et al.33).
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on the Pt metal to complete SR/WGS reactions.23,34,35 In ceria based
supports, water activation also occurs via a redox involving the cerium
cation. This bi-functional mechanism requires the active metal sites, such as
Pt, to be situated in the close proximity of the support OH groups.

COþH2O-CO2þH2 (�41.1 kJ mol�1) (2.5)

The main objective of the WGS reaction (eqn 2.5) when coupled with
steam reforming is to maximize hydrogen production or adjust the H2–CO
ratio needed for the end application.27,48 It is a well-known reversible,
exothermic reaction. Therefore CO conversions are favoured at low
temperatures. In order to overcome this thermodynamic limitation and thus
increase conversions, the WGS of the outlet gas from the steam reformer is
carried out in multiple stages. The first step (high-temperature shift, HTS),
which operates at 300–450 1C, is catalysed by Fe–Cr based catalysts. This
rather low activity catalyst is also resistant to poisons present in syngas, such
as chlorine and sulfur, and it acts as a poison trap. Additionally, this catalyst
is resistant to an adiabatic temperature increase. Since Fe–Cr catalysts have
low activity, higher temperatures are required to get favourable kinetics.
Thermodynamics dictates that the equilibrium towards hydrogen pro-
duction is unfavourable at high temperatures and thus a high temperature
shift results in low CO conversions. In order to reach high conversions, a
second step (low-temperature shift, LTS), which occurs at lower tempera-
tures (180–230 1C) over a very active catalyst (Cu–Zn based catalyst), is used.49

The sensitivity of this catalyst to sintering and sulfur and chlorine poisoning
does not make this catalyst suitable to be used by itself in a single step or in
the high-temperature shift. This two stages approach is not desirable for
mobile applications because of its technical complexity. In this respect, ex-
tensive research is reported on the design of robust and active catalysts that
can be applied in one single stage WGS reactor. Supported precious metal
catalysts, e.g. Pt, show promise in this respect.50–52

2.4 Steam Reforming/Gasification of Solid Biomass
Most of the research and commercial production activities for gasification of
solid lignocellulosic biomass based feedstocks draw their inspiration from
coal gasification. Gasification can be carried out to equilibrium conversions
above 1100 1C. Modern entrained flow gasifiers are operated at elevated
pressures (up to 80 bar) and temperatures 41250 1C, and are designed for
coal or oil applications. A comprehensive overview of gasification of dry
biomass, reactor types and the problems can be found in excellent reviews
on the subject.36,37 Bio-oil produced by pyrolysis liquefaction is also con-
sidered as a more easy to handle feedstock for gasification.38

In order to produce a clean tar and methane free syngas at lower process
temperatures (o950 1C), various research groups have studied the appli-
cation of catalysts to biomass gasification. Lowering the temperature of the
gasifier below the melting temperature of the ashes reduces equipment costs
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and allows for gasification at a smaller scale compared to entrained flow
gasification. Catalysts are either pre-mixed with the biomass, used (partly or
fully) as bed material in fluid bed gasifiers or applied downstream of the
gasifier for product gas upgrading.

Cheap disposable catalysts have been used to create a valuable fuel gas
rather than to produce actual syngas. Dolomite has gained the most atten-
tion because it is very cheap.39–42 It is applied inside the gasifier to promote
direct tar cracking or separately in a bed downstream of the gasifier. Al-
though it can almost fully convert tars, it is more often used as a tar-reducer
and a guard material, allowing the usage of more active but also more
sensitive catalysts downstream43 However, dolomite is not able to effectively
convert methane and suffers from attrition losses.42–44 Olivine is much more
resistant to attrition than dolomite with a somewhat lower activity for tar
destruction.44,45 Impregnation of the olivine with nickel makes it possible to
enhance its activity while maintaining its strength.46 Alkali metals are most
effective when impregnated into the biomass, promoting tar free gas
production, especially when potassium carbonate is being used. Catalyst
deactivation, catalyst make-up and fluidization problems still need a lot of
research before these catalysts can be effectively applied.39 When, in add-
ition to tars, complete methane conversion is also desired, the high steam
(and dry) reforming activity of the catalyst is of vital importance. Ni/Al2O3

catalysts have been used in the industry for naphtha and natural gas
reforming for many years and since biomass gasification was initially
carried out with off the shelf catalysts, it was therefore also logical that they
were applied for biomass gasification applications. Caballero et al.43 and
Simell et al.47 have been able to effectively eliminate the tars in the biomass
derived gas and realize a significant decrease of methane using a crushed
and/or as-received commercial catalyst or dedicated monolith beds.
For complete tar and methane elimination, using downstream secondary
reactors after the gasifier has been successful in creating a clean gas.
However, until now, none of the proposed processes have reached
commercialization.

2.5 APR of Biomass Streams
Aqueous waste streams are dilute solutions, typically containing o25 wt%
organic molecules. For instance, the aqueous fraction of flash pyrolysis oil
commonly consists of 80 wt% water and B20 wt% of a complex mixture of
different oxygenates such as aldehydes, ketones, alcohols, acids and
sugars.48 Conventional steam reforming (SR) of aqueous biomass derived
streams is economically unfeasible because of their high water content and
the energy required to carry out the reactions in the gas phase.4 Catalytic
aqueous phase reforming (APR) is an attractive alternative to produce ‘green’
hydrogen.1,49,50 During APR, water is kept in the liquid phase by applying
elevated pressures. Based on system enthalpies, an energy of 3.7 MJ is
required to condition 1 kg of water from ambient (25 1C, 1 bar) to gas phase
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SR conditions (700 1C and 30 bar), while only 2.6 MJ is required to bring 1 kg
of water to APR conditions (400 1C and 250 bar). This implies feasibility for
APR applications.

Fundamental APR studies are commonly performed with low concen-
tration aqueous solutions of model compounds at temperatures 4225 1C
and pressures 434 bar.3,51,52 However, reforming of industrially relevant
feed concentrations (up to 20 wt% organics) requires higher temperatures of
310–650 1C (110–350 bar) to achieve commercially interesting reaction rates
(e.g. residence time in catalytic bed o5 seconds).5,53 In the future, hydrogen
from renewable resources is also projected to partly replace conventional
fuels to reduce anthropogenic CO2 emissions.54 Hydrogen is expensive and
is sold on the market for $4500 per ton. The integration of the bio-oil refinery
with hydrogen production from the aqueous fraction is a promising route to
obtain completely green chemicals and fuels. Production of hydrogen by
eliminating bio-organic waste streams is very interesting from both an
economic and environmental viewpoint. Examples given next show how
hydrogen is produced from waste by-product streams in bio-based pro-
cesses. They allow the hydrogen to be used in the main conversion process
and make the whole process totally green.

2.5.1 APR of Waste Streams to Feedback Hydrogen

2.5.1.1 Example 1—Isosorbide from Cellulose

Isosorbide is a versatile intermediate. It is a potentially useful bio-feedstock,
used in pharmaceutical industries, e.g., isosorbide nitrates for angina
pectoris (chest pain), chemicals/polymers, e.g., polycarbonates, polyesters55

and in fuels, e.g., diesel additives such as dimethyl isosorbide, or isosorbide
di-nitrate as an ignition improver.56 It is obtained in a two-stage process
involving hydrogenation of glucose, which gives sorbitol. Isosorbide is ob-
tained by double dehydration of sorbitol (Figure 2.5). Hydrogena-
tion of glucose to sorbitol in aqueous media can be achieved at 100–120 1C;
20–40 Bar H2 for 120–180 min with (5 wt%) Ru/carbon catalysts. The
Ru/carbon catalyst is very active in glucose hydrogenation to sorbitol with
complete glucose conversion and sorbitol selectivity above 98%. Side prod-
ucts reported are mannitol (below 1%) and gluconic acid (below 0.1%).57,58

These reactions are carried out in an aqueous phase and the by-products
formed during the reaction find themselves in the aqueous phase.

Sorbitol conversion to isosorbide occurs in two stages with H2SO4 as a
catalyst. The first reaction is performed at 120 1C for 2 h followed by a second
reaction at 130 1C for 0.5 h. Total conversion of sorbitol is 97.6% with the
following yields: isosorbide: 83.2%, 1,4-sorbitan: 3.3% and 2,5-sugars:
12.5%.59 In ZnCl2 solution (70% in water), sorbitol is converted to isosorbide
with 85% molar based yield. At low temperatures, the reaction rate is
low; with an increase in temperature (over 200 1C), the rate improves
but extensive amounts of by-products are formed.60 With a solid catalyst
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(silico-tungstic acid), the isosorbide yield is not higher than 40% with
sorbitans (mixture of 1,4 or 1,5-sorbitan, and 2,5-sorbitan) as the main
intermediate products.61 Thus the reaction produces a variety of organic
molecules dissolved in the aqueous phase resulting in amounts in excess of
12 wt%. The hydrogen required for the reduction of sugars to sorbitol, if
obtained from these side products via APR, can make the process completely
sustainable. For example, 1 mol of sorbitan (C6H12O5) can yield 13 mol of H2

via SR/WGS. One mole of glucose in comparison requires only 1 mol of
hydrogen for conversion to sorbitol. Thus there is enough potential to
generate all the required hydrogen for the conversion from the aqueous
waste containing by-products.

Figure 2.5 Hydrolysis of cellulose to glucose and further hydrogenation lead to
formation of sorbitol. Dehydration of sorbitol results in sorbitans and
further dehydration to isosorbide.
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2.5.1.2 Example 2—Humin Byproducts During Sugar to
HMF/Levulinic Acid Conversion

Hydroxymethyl furfural (HMF) and levulinic acid (LA) are addressed as
important versatile platform chemicals derived from carbohydrates.62,63 A
wide range of chemicals used as solvents (e.g., GVL, THF, dimethyl THF),
monomers (e.g., furan dicarboxylic acid, caprolactam, adipic acid, etc.), and
commodities (e.g., butene) can be produced from these platform molecules.
The pathways to convert lignocellulosic biomass to these platform chemicals
include separation of carbohydrates from biomass, hydrolysis of these
polysaccharides to oligomer/mono carbohydrates (sugars) and dehydration
of these sugar monomers (illustrated in Scheme 2.1). Hydrogenation of LA to
GVL can be conducted in a vapour or liquid phase with high conversion
and selectivity using especially Ru catalysts (e.g., 5 wt% Ru/C, 15 wt% RuRe
(3 : 4)/C, 5 wt% RuSn (3.6 : 1)/C). Wright and Palkovits have summarised
recent advances in catalyst development in their mini-review.64 Both hy-
drolysis and dehydration reactions are conventionally performed in the
aqueous phase using acid catalysts such as HCl or H2SO4.65,66 Yield and
selectivity of HMF or LA are strongly dependent on process parameters such
as sugar substrates, concentrations, reaction temperatures, catalyst etc.
However, for most of the potential process configurations, the conversion of
carbohydrate substrates to useful products is only about 55–65%.67–70 The
rest of the carbohydrates are converted to degradation by-products, called
humins (50–66 wt% C, 29–46 wt% O and the rest is H).67–72 Based on their
solubility in the reaction medium, they are further divided into two groups:
soluble humins and solid humins. Weingarten et al.68 reported that for LA
from cellulose, the selectivity of humins in the aqueous phase is approxi-
mately from 22–80 % (on a carbon basis). Thus, the process making LA from
biomass can produce large amounts of organic waste in the aqueous phase.

Scheme 2.1 Process scheme for GVL derived from cellulose. SEM image of humin
adapted from Hoang et al.74
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Besides, the solid humin (yield of 25–35 wt%)67–70,72 can also be steam re-
formed to H2.73 It is estimated that H2 produced from soluble and solid
humin is in surplus to the amount required for hydrogenation of LA to GVL.
Thus, they are a potentially renewable source for H2 production in a bio-
refinery and valorisation of humins, carbohydrate-derived wastes, can be
achieved.

2.5.2 Evaluation of This Concept in Terms of Hydrogen
Economics

Pyrolysis of lignocellulose is a route to liquefaction of solid biomass. Frac-
tionation of the pyrolysis oil in an organic and aqueous phase is the first step
in obtaining high value bio-oil. The typical composition of the bio-oil is
given in Table 2.1. The next step to upgrade involves de-oxygenation of the
organic phase with hydrogen. APR of the aqueous phase of pyrolysis oil is an
interesting route to produce the hydrogen required for de-oxygenation of the
organic phase.

A concept for the integration of APR in a bio-refinery is evaluated in terms
of hydrogen economics as shown in Table 2.1 and Figure 2.6.48 In this sec-
tion, the maximum amount of hydrogen that can be obtained theoretically
by APR of the aqueous feed is compared with the amount of hydrogen
required to upgrade the bio-oil fraction to commercially relevant hydro-
carbons, which can be used in a naphtha cracker to obtain olefins, building
blocks for chemicals and polymers. It can be seen from Table 2.1 that
25 wt% of the pyrolysis oil is the desired organic phase. The remaining
75 wt% aqueous phase consists of water soluble compounds (oxygenates and
H2O), and is referred to as the aqueous fraction. The oxygenates account for
50 wt% of the pyrolysis oil and these have a weight averaged composition of
C¼ 46.8, H¼ 6.0 and O¼ 47.2% as shown in Figure 2.6. The oxygenates in
the aqueous phase are ideal feedstocks for hydrogen production by APR.
Firstly, the amount of hydrogen that can be formed during APR of
the aforementioned feed is calculated. The assumption is made that
maximum hydrogen yields are achieved during APR and this implies that
(i) all hydrogen atoms in the oxygenate recombine to molecular hydrogen

Table 2.1 Typical composition of bio-oil.

Average molecular
composition (wt%)

Component Fraction wt% C H O

Water soluble
Acids, Alcohols 10 36 6 58
Ether-solubles 10 60 6 34
Ether-insolubles 30 46 6 48
H2O 25 –

Water insolubles 25 66 7 27
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and (ii) carbon undergoes full oxidation by water to form CO2 and H2 (WGS).
The oxygenates (which represent 50 wt% of the pyrolysis oil) contain 6 wt%
hydrogen, indicating that 30 grams (or 15 mol) of H2 can be produced per kg
of initial pyrolysis oil. Furthermore, hydrogen can also be formed by the
water gas shift reaction. During WGS, carbon is oxidized by water to form H2.
A single carbon atom can undergo two oxidations by water (CþH2O-
COþH2, and COþH2O-CO2þH2) and therefore, in the optimal case, two
hydrogen molecules can be formed per carbon atom. However, the carbon in
the oxygenate molecule is already partly oxidized and this should be taken
into account when calculating the maximum hydrogen yield possible. It can
be calculated for the oxygenates that the molar ratio of oxygen–carbon is
0.77, while fully oxidized carbon has an oxygen–carbon ratio of 2. This
indicates that 1.23 molecules of hydrogen can be formed per carbon atom in
the case of optimal hydrogen yields. Oxygenates are 46.8 wt% composed out
of carbon, indicating that the water-soluble oxygenate fraction (50 wt% of
pyrolysis oil) contains B19 moles of carbon per kg of pyrolysis oil. This in-
dicates that another 23 moles of H2 can be produced by complete oxidation
of the already partly oxidized carbon. These considerations show that a total
of 48 moles of H2 can be produced maximally from the aqueous fraction of
1 kg of pyrolysis oil. Next, the amount of hydrogen required for upgrading
the organic phase of pyrolysis oil is calculated. The pyrolysis oil is composed
of 25 wt% organic phase. During the de-oxygenation process, oxygen in the
organic compounds is hydrogenated and removed from the molecule in the
form of water. Two hydrogen atoms are necessary to remove one oxygen
atom in the form of water (Oþ 2H-H2O). The oxygen content in the organic
phase is 27 wt%, indicating that 68 grams (or 4.2 mol) of atomic oxygen

Figure 2.6 Amount of hydrogen produced by APR of the aqueous phase of pyrolysis
oil and the amount needed for upgrading bio-oil.
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needs to be removed from the organic phase of 1 kg of pyrolysis oil. These
calculations show that 4.2 moles of molecular hydrogen (H2) are necessary to
accomplish full de-oxygenation of the organic phase. Bridgwater75 reported
similar relative hydrogen amounts for this process (8 moles of hydrogen to
fully de-oxygenate 250 grams of organic phase that was composed of 50 wt%
oxygen). Competing side-reactions (e.g. hydrogenation of unsaturated
bonds) during de-oxygenation might increase the required hydrogen
amounts to achieve full de-oxygenation. It was calculated earlier in this
section that maximum H2 yields of 48 moles could be produced from the
aqueous phase of 1 kg of pyrolysis oil. These calculations show that the
amount of hydrogen obtained from the aqueous phase is more than
enough for full de-oxygenation (ignoring hydrogenation side reactions) of
the organic phase, when the hydrogen selectivity for the reforming for the
aqueous fraction is at least 10%. The integration of APR to generate
hydrogen from the aqueous phase of pyrolysis oil to upgrade the organic
phase is graphically presented in Figure 2.6, and shows this to be con-
ceptually feasible.

2.6 Thermodynamics of APR
Dumesic et al.76 reported the thermal dependence of the standard Gibbs free
energy for water gas shift and steam reforming of various oxygenate mol-
ecules in the liquid and vapour phase as shown in Figure 2.7. A negative
value for the standard Gibbs free energy (DG/RTo0) indicates that the
process is spontaneous. The Gibbs free energy for the water gas shift
reaction in the liquid phase was reported to be negative and temperature
independent in the temperature range 27–375 1C. In the case of the vapour
phase water gas shift reaction, the reaction becomes less favourable at
higher temperatures. The reforming of ethylene glycol, for example, in the
liquid phase compared to the vapour phase becomes more favourable above
175 1C. The advantages of aqueous phase reforming are (i) no need for
evaporation of the water and (ii) the water gas shift activity and reforming
rates are more favoured in the liquid phase than in the vapour phase at
temperatures above 175 1C.

2.7 Why Hydrogen is Favoured at APR Conditions
Davda et al.77 have explained why APR conditions favor hydrogen formation.
According to them, aqueous-phase reforming of oxygenates to produce H2

takes place via steam reforming and WGS. The lowest partial pressure of CO
that can be achieved depends on the thermodynamics of the WGS reaction
and the operating conditions, (eqn 2.6).

PCO¼
PCO2 PH2

KWGSPH2O
(2:6)
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KWGS is the equilibrium constant for the vapor-phase WGS and Pj are partial
pressures. Since H2, CO2, and small amounts of alkanes (primarily CH4) are
produced by aqueous phase reforming,8 gas bubbles are formed within the
liquid-phase flow reactor. The pressure in these bubbles can be approxi-
mated to be equal to the system pressure, (eqn 2.7).

Pbubble � Psystem¼PH2O þ
X

products

Pi (2:7)

The partial pressures of the reaction products and water vapor are dictated
by the feed concentrations, system pressure and temperature, as outlined
later. For dilute product concentrations and system pressures above the
saturation pressure of water, the bubbles contain water vapor at a pressure
equal to its saturation pressure at the reactor temperature, and the
remaining pressure is the sum of the partial pressures of the product gases.
The extent of vaporization, y, is defined as the percentage of water in the
vapor phase relative to the total amount of water flowing into the reactor. In
contrast, for systems operated at pressures that are near the saturation
pressure of water, all the liquid water may vaporize, and the composition of

Figure 2.7 Gibbs free energy for different oxygenates at various temperatures in-
cluding WGS reaction.
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the bubble is dictated by the stoichiometry of the feed stream. At this con-
dition, the partial pressure of water is below its saturation pressure because
the reforming product gases dilute the water vapor. Higher concentrations of
oxygenate lead to lower partial pressures of water because of greater dilution
from H2 and CO2 produced by reforming reactions. As the system pressure is
increased, the partial pressure of water vapor increases until it reaches the
saturation pressure of water, at which point any further increase in the
system pressure leads to partial condensation of water. These arguments
indicate that the conditions that favor the lowest levels of CO from re-
forming of oxygenates are those that lead to the lowest partial pressures of
H2 and CO2 in the reforming gas bubbles; and these conditions are achieved
by operating at system pressures that are near the saturation pressure of
water and at low oxygenate feed concentrations. As the system pressure in-
creases and the extent of vaporization decreases below 100%, the partial
pressures of H2 and CO2 in the bubble increase, thereby leading to higher
equilibrium concentrations of CO. Similarly, as the oxygenate concentration
in the feed increases, higher partial pressures of H2 and CO2 are developed,
even for the case of complete vaporization, again leading to higher equi-
librium CO concentrations.

2.8 Mechanism of APR/Reaction Routes
Catalytic APR studies with model compounds are usually carried out to
simplify the process and a gain fundamental understanding of catalytic re-
forming. The purpose of these studies has been to identify pathways that
lead to hydrogen and prevent the formation of others. Important reactions
during reforming are C–H, C–C and C–O bond cleavages. To prevent alkane
formation, it is preferred that every carbon atom is connected to one oxygen
atom to enable reforming of the molecule to CO and H2. Ethylene glycol (EG)
is often chosen as a model compound to study fundamental catalytic be-
haviour because it is the smallest molecule (hence avoiding the occurrence
of complicated side reactions) with all carbon atoms bonded to oxygen
(preventing intrinsic methane formation) where both desired and undesired
pathways (C–C, C–O and C–H cleavage) can occur. The reforming of ethylene
glycol has been studied intensively by Dumesic and colleagues3 and a re-
forming mechanism has been proposed by them as shown in Figure 2.8. EG
first undergoes dehydrogenation leaving adsorbed species on the catalyst
surface. The formed intermediate compound can further react through two
pathways. The desired pathway to form hydrogen involves C–C cleavage,
which results in H2 gas and adsorbed CO. Hydrogen yields are further en-
hanced by the water gas shift reaction (COþH2O-CO2þH2). The un-
desired pathway involves cleavage of the C–O bond leading to such species as
alcohols or rearrangement to form acids. These can further undergo se-
quential de-oxygenation on metal sites to form alkanes. Other pathways
leading to undesired products include dehydration of ethylene glycol to pro-
duce vinyl alcohol. Sequential hydrogenation of vinyl alcohol results in the
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formation of ethanol. Direct hydrogenation of COx can also lead to the for-
mation of CH4 or even higher alkanes through the Fischer–Tropsch sequence.

2.9 Definitions/Calculations for Laboratory
Experiments

2.9.1 Carbon to Gas Conversion

Carbon to gas conversion can be determined directly from the GC and
volumes of gases formed, however the many assumptions (e.g. ideal gas law)
and parameters involved in this method compromise the accuracy of this
direct approach. Therefore, an indirect approach could be used since it gives
better accuracy. In this method, carbon to gas conversion is defined as the
percentage of carbon in the feed that is transformed to carbon in gaseous
products (COx, hydrocarbons) and is calculated according to:

XC to Gas¼
ncarbon in feed � ncarbon in reactor effluent

ncarbon in feed
� 100% (2:8)

Carbon removed from the feed can either go to gas phase, liquid phase
products or to coke. This method assumes that the amount of carbon
transformed to coke is negligible compared to the amount of carbon in the
gas phase. If not, it can be determined via thermo-gravimetry. Carbon con-
tents in liquid streams can be determined with a TOC analyzer. Typical

Figure 2.8 Reaction network of ethylene glycol conversion to H2, CO2 and alkanes
(adapted from Davda et al.4).
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errors of B1% are applicable in TOC analysis, resulting in a 2% error
(relatively) in conversion numbers.

2.9.2 Gas Phase Selectivities

Selectivity to carbon containing gas phase products (i¼COx, CH4 and C21)
can be calculated according to:

Si¼
nCarbon in species iP

nCarbon in species i
� 100% (2:9)

The selectivity to carbon containing gas phase products indicates the purity
of the produced gas and is calculated based on the distribution of carbon in
these molecules. Side-reactions leading to carbon containing molecules in
the liquid phase are not taken into account for these selectivity calculations.
Selectivity to hydrogen is defined as the percentage of the maximal theore-
tical amount of hydrogen that can formed based on the gasified carbon and
is expressed as:

SH2 ¼
nH2 produced

nCarbon in gas phase
� 1

RR
� 100% (2:10)

The reforming ratio (RR) is the maximum amount of H2 (including water gas
shift reaction) that can be produced per gasified carbon atom (end products
being H2 and CO2). The RR for ethylene glycol and acetic acid reforming is
2.5 and 2.0, respectively, as shown below.For ethylene glycol RR is 5/2:

C2H6O2-3H2þ 2CO (Optimal reforming) (2.11)

2COþ 2H2O-2H2Oþ 2CO2 (WGS)

�������������������������������������
(2:12)

C2H6O2þ 2H2O-5H2þ 2CO2 (Overall) (2.13)

For acetic acid RR is 4/2:

CH3COOH-2H2þ 2CO (Optimal reforming) (2.14)

2COþ 2H2O-2H2 þ 2CO2 (WGS)

�������������������������������������
(2:12)

CH3COOHþ 2H2O-5H2þ 2CO2 (Overall) (2.16)

2.10 Current Status and Challenges for APR
Many APR studies1,49,51,78,79 were already undertaken by different research
groups to study the reforming of model compounds in subcritical water
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conditions (175–265 1C and 32–56 bar). These APR conditions are ideal for
fundamental reforming studies; however, reaction rates are relatively slow at
these low temperatures and therefore studies are limited to feed solutions of
low concentrations or long residence times. The ultimate goal should be to
develop a commercially and technologically feasible (catalytic) process for
the production of hydrogen by APR of industrial biomass derived aqueous
streams that contain complex mixtures (15–25 wt%) of oxygenates. There-
fore, much higher reaction rates are required compared to low temperature
APR to achieve this goal. Achieving high H2 yields by reforming of highly
concentrated feeds is not only a matter of increasing the catalytic effi-
ciency. Thermodynamics predict an increase in alkane formation for re-
forming reactions with higher feed concentrations.51 Production of alkanes
should be avoided as it competes with the hydrogen yields. Furthermore,
low temperature APR is also reported to be subject to mass transfer
limitations, which can severely hinder the catalytic reaction for high
feed concentrations. As an example, it was shown by Shabaker and
colleagues2 that APR of ethylene glycol (225 1C and 29.3 bar) with a 3.4 wt%
Pt/Al2O3 (63–125 mm particle size) catalyst was affected by intra-particle
mass transfer limitations when an EG feed concentration of 10 wt%
was used.

Catalytic supercritical water reforming is promising for achieving high
reforming rates and overcoming mass transfer limitations. Supercritical
water provides a medium with better heat transfer than is commonly in the
gas phase and a higher diffusivity than in the liquid phase.5,80 Guo et al.5

published a nice overview of catalytic supercritical water reforming studies
of biomass derived compounds. High reaction rates for the reforming of
high concentrated oxygenated hydrocarbon streams were reported. However,
stability and selectivity issues with the studied catalysts are serious draw-
backs for industrial exploitation of this process.5 Catalyst stability issues in
hot compressed water are mainly related to sintering of the supported metal
particles5 or instability of conventional metal oxide catalyst supports (e.g.
Al2O3, TiO2 and ZrO2).81,82 Issues with metal oxide supports are already
experienced at low temperature APR conditions.69 Several authors have
discussed the hydrothermal stability of catalysts in APR of model feed-
stocks.83–86 Higher polyol feeds can enhance the stability of alumina against
dehydration, however, under acid feeds the support suffers from severe
deactivation. To summarise, the challenge to make sub- or supercritical
water reforming of biomass derived waste streams commercially feasible
involves the development of catalysts that (i) show high stability in hot
compressed water and are stable against different type of impurities and
poisons, such as tars, (ii) are able to convert high concentrated feed streams
under industrial relevant residence times, and (iii) produce high H2 yields.
A fundamental understanding of the reforming pathways and deactivation
mechanisms should help in the development of such catalysts. These issues
are addressed later in terms of studies carried out generally by us on model
oxygenates.
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In general, catalysts for APR should be active for C–C bond cleavage in
order to be able to decompose the organic molecules and they should further
enhance the WGS reaction to maximize hydrogen yields. Methanation and
Fischer–Tropsch are undesired side reactions, as they consume the desired
product, H2. In order to suppress these reactions, catalysts should not be
active for C–O bond breaking.76 Lower alkane selectivities are therefore ex-
pected for catalysts with low affinity towards C–O bond dissociation. In 2003,
Davda et al.76 reported the relative activities of different metals for C–C and
C–O bond dissociation, and for the WGS reaction. They reported high C–C
bond breaking activities for Ir, Ru and Ni. Therefore, these metals might be
promising catalysts for breaking down oxygenates. Adsorbed oxygenate
fractions on the catalyst surface resulting from C–C bond dissociation can
undergo dehydrogenation, yielding H2 and CO.76 Follow-up reactions, such
as methanation and WGS, strongly control the final hydrogen yield. Ir
showed very low methanation activity but in contrast to Ru and Ni, almost no
WGS activity was reported. Furthermore, Ru and Ni have been reported to
have high activities for methane formation.76

Catalytic reforming of ethylene glycol (5 and 15 wt%) in supercritical water
(450 1C and 250 bar) in the presence of alumina supported mono- and bi-
metallic catalysts based on Ir, Pt and Ni has been reported by us earlier.53 Pt
catalyst showed the highest hydrogen yields compared to Ir and Ni. Varying
the Pt loading (0.3–1.5 wt%) showed that the intrinsic reforming activities
improved with decreasing Pt loadings as shown in Table 2.2. However, a
lower Pt loading had a large negative effect on the H2 selectivity and catalyst
stability. It was found that the presence of Ni in a Pt–Ni bimetallic catalyst
improved hydrogen yields by suppressing methane formation. Moreover, the
presence of Ni also enhanced catalyst stability. Results reported here were
obtained at WHSV of 18 h�1. Pt–Ni/Al2O3 having a total metal loading of
1.5 wt% (molar ratio Pt–Ni¼ 1), is identified as a promising catalyst for the
reforming of ethylene glycol in supercritical water. The bi-functional re-
forming mechanism involved with APR over alumina supported Pt catalysts
requires water activation. Water activation happens on the alumina support
through the formation of hydroxyl groups. Smaller Pt particles were found to
give higher intrinsic reforming activities due to a larger interfacial (metal/

Table 2.2 Experimental data for 15 wt% ethylene glycol reforming (WHSV 17.8 h�1)
at 450 1C and 250 bar using 0.3, 0.6 and 1.5 wt% Pt supported on
g-alumina (adapted from de Vlieger et al.53).

0.3 wt% Pt 0.6 wt% Pt 1.5 wt% Pt

Carbon to gas (%) 48 48 42
Carbon in liquid (%) 58 59 61
Selectivity (%)

H2 42 51 80
CO2 50 60 79
CO 20 14 14
Alkanes 30 26 7
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support) area, which enabled better interaction between the reforming
fragments on the Pt and the hydroxyl groups on the alumina support.
A positive effect of smaller Pt particle size on dehydrogenation and dec-
arboxylation activity has also been reported by the group of Lercher.87 On the
other hand, in our study, smaller Pt particles were found to be responsible
for lower hydrogen selectivities due to increased methane formation. Me-
thane can be formed by either dehydration of EG and/or by the hydrogen-
ation of COx. The Pt–Ni bimetallic catalyst shows enhanced hydrogen yields
by suppressing methane formation. The new Pt–Ni catalyst also shows two
times more activity compared to a monometallic Pt catalyst due to supposed
lower CO coverage caused by the presence of Ni and an enhanced accessi-
bility to Pt sites for reforming. Moreover, the addition of Ni also enhanced
the catalyst lifetime and stable catalytic performances were observed for the
reforming of ethylene glycol under supercritical water conditions.

For the reforming of methanol, a selectivity of 8% towards CH4 was ob-
served for the Pt catalyst. Formation of alkanes during the catalytic re-
forming of 1 wt% acetic acid, methanol and ethanol along with conversions
to the gas phase at 275 1C and 200 bar are shown in Figure 2.9.86 The se-
lectivity towards alkanes (mainly methane) was found to be the highest
(� 47%) during acetic acid reforming. In the case of ethanol reforming, the
Pt catalyst showed CH4 selectivity of � 20%. The higher amount of methane
observed during ethanol reforming is attributed probably to the CHx frag-
ment formed by C–C bond breaking of ethanol88 on the Pt surface. CHx

fragments can recombine with adsorbed H atoms on the Pt surface to form
methane. A similar sequence is also suggested for acetic acid on Pt based

Figure 2.9 Alkane selectivity for catalytic reforming of acetic acid, methanol and
ethanol at 275 1C per 200 bar. Conversion levels are shown above the
selectivity values (adapted from de Vlieger et al.86).
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catalysts.89,90 In the case of methanol, C–O bond breaking is necessary to
generate these adsorbed CHx species that lead to the production of methane.
High C–C bond breaking activities for Pt during reforming of ethanol and
low activity for C–O bond breaking76 during reforming of methanol can
explain the observed differences for methane formation. For methanol re-
forming with the Pt–Ni catalyst, almost no methane was formed. Methanol
was found to be one of the major products during the reforming of EG,
which explains why the Pt–Ni/Al2O3 catalyst shows almost no methane for-
mation in agreement with earlier studies3 and our own results.53 The lower
methane production observed during methanol reforming in the presence
of Pt–Ni can be explained by the enhanced dehydrogenation activity of the
Pt–Ni catalyst,91 favouring C–H cleavage instead of C–O cleavage in
methanol. Promoting the Pt catalyst with Ni did not affect the alkane
(methane) selectivity for acetic acid or ethanol reforming as can be
expected from the reforming routes. Reforming of these compounds
inherently led to CH3 species on the catalyst surface, which is a precursor
for methane formation. In case of methanol reforming, the intermediate
CH3O must undergo C–O cleavage to form CH3 (and hence methane).
Methane formation during methanol reforming can be prevented by
avoiding C–O cleavage.

Reforming experiments with 1 wt% methanol (Figure 2.10A) and ethanol
(Figure 2.10B) solutions showed stable activity levels for both Pt and Pt–Ni
catalysts. Catalysts used for acetic acid reforming deactivated during the
reaction (Figure 2.10C). Both catalysts showed similar deactivation rates. The
catalysts lost all activity after 3 h on stream with final conversion levels
(B5%) being similar to the reforming experiment without a catalyst. De-
activation of the catalyst with acetic acid is commonly observed in reforming
reactions.89 The formation of methane resulting from acetic acid de-
composition is reported in the literature to be a possible cause for de-
activation of catalysts.92 It is suggested that C–H bond breaking in methane
further results in CHx species (1rxr2) on the catalytic surface. These
fragments can further oligomerize to coke species.89 However, catalysts used
for ethanol reforming were found to be stable while also producing high
amounts of methane (20%). It is also known that Pt and Ni catalysts are
stable for the reforming of methane. Therefore, it is concluded that me-
thane-induced deactivation is unlikely and the dominant deactivation
pathway is due to other causes.53,86 Further, liquid products formed during
the APR of acetic acid, methanol and ethanol were investigated to find any
role for them in catalyst deactivation. During acetic acid reforming, a con-
version of 7% to liquid by-products was observed for the Pt catalyst. By
products were identified as formaldehyde and iso-propanol. For ethanol, a
conversion of � 6% to liquid by-products was found for the Pt catalyst. The
main product was acetic acid, and the remaining was acetaldehyde (o0.5%).
The Cannizzaro reaction (disproportionation of an aldehyde to alcohol and
carboxylic acid) could be responsible for some of the acetic acid formed
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Figure 2.10 Carbon to gas conversion of (A) methanol, (B) ethanol and (C) acetic
acid over 1.5 wt% Pt/Al2O3 and 1.15 wt% Pt–Ni/Al2O3.86
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during ethanol reforming. The Pt and Pt–Ni catalysts studied did not in-
fluence the amount of acetic acid and acetaldehyde formed during ethanol
reforming, while during EG reforming, the amount of acetic acid was
strongly dependent on the type of catalyst. This shows that the Cannizzaro-
derived reaction is not a dominant contributor to acetic acid formation
during EG reforming. Aqueous phase reforming experiments with liquid
products formed during the APR of EG were carried out using individual
components (Figure 2.10). Reforming experiments (with acetic acid,
methanol, or ethanol) were conducted at 275 1C and 200 bar in the pres-
ence of Pt/Al2O3 or Pt–Ni/Al2O3. Feed concentrations of 1 wt% were used so
as to work in the same concentration range as the liquid by-products
formed during EG reforming experiments. For example, a total conversion
of 15% to methanol, ethanol and acetic acid was observed during the
reforming of 20 wt% EG, resulting in a total concentration of 3 wt% liquid
by-products.

FT-IR spectra of the used catalysts were subtracted from each other as
shown in Figure 2.11 to study differences in chemical groups on the surfaces
of the used Pt catalysts. Subtracting the spectrum of the catalyst that was
exposed to only water from that of aqueous methanol solution resulted in a
more or less flat line, indicating that the surface composition of the active
catalysts (used for methanol and water only) is similar. Subtracting the
spectrum of the catalyst subjected to only water from the spent deactivated

Figure 2.11 FT-IR spectra of 1.5 wt% Pt/Al2O3 catalyst used for APR of acetic acid,
methanol and only water (275 1C and 200 bar).86
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acetic acid catalyst resulted in three strong bands; one lattice vibration in the
region 1000–1200 cm�1 and two sharp OH related bands located at
1975 and 2112 cm�1. Also in the FT-IR spectra, the acetic acid treated
sample showed the highest O–H intensity (Figure 2.11). These results
indicate the presence of a highly hydroxylated type of boehmite in the
acetic acid deactivated catalyst compared to the active catalyst used in
methanol APR.

Acetic acid was shown to be responsible for the deactivation of Pt
and Pt–Ni catalysts by hydroxylation of the Al2O3 surface. Re-deposition
of the dissolved alumina on the catalyst leads to the blocking of
catalytic Pt sites (see Figure 2.12) and hence deactivation of the catalyst.86

The increased dehydrogenation activity of the Pt–Ni catalyst was found to
suppress the formation of acetic acid during ethylene glycol reforming
and thereby increasing the H2. Stability issues of catalyst support materials
in supercritical water (SCW) are a major setback for these reactions
and stall the further development and industrial exploitation of this
technique. The development of stable catalytic support materials for
reactions in SCW is therefore of much importance. Carbon nanotubes
(CNT) are widely recognized for their significant physical and chemical
stability, high heat conductivity and open structure. These properties are
already explored for different applications. We have shown that CNT to be a
promising stable catalyst support material for reactions in SCW.93 The
efficiency of Pt/CNT as a catalyst for the production of hydrogen by re-
forming of ethylene glycol and acetic acid in SCW was studied and illus-
trated the applicability of CNT as a catalyst support in SCW (Figure 2.13).

Figure 2.12 TEM image of Pt/Al2O3 catalyst spent for APR of 1 wt% acetic acid at
275 1C per 200 bar. Figure shows coverage of Pt particle with Al2O3
(adapted from de Vlieger et al.86).
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2.11 APR for Green Chemicals
Lignin comprises 10–40 wt% of lignocellulose.65,94 Currently, lignin is pro-
duced in the paper industry as the by-product of the pulping process where it
is mainly used for combustion to generate heat, steam and electricity. As it is
constructed from methoxylated phenyl propane units, lignin has been
addressed as a potential resource for bio-derived aromatics.95–97 The solu-
bilisation and conversion of various types of lignin (e.g., kraft lignin, Alcell
organosolv lignin, soda lignin) under mild liquid phase reforming (LPR)
conditions (i.e., TB225 1C, PB25–58 bar) were explored by Weckhuysen
et al.98 Among these lignin feedstocks investigated in their study, the solu-
bility followed the order Alcell organosolv 4soda4kraft. About 93 wt% of
lignin could be dissolved in compressed water at 225 1C, while only 38 wt%
of kraft lignin dissolved under the same conditions. However, the average
molecular mass (Mw) of the depolymerised lignins was still above 2000 Da
and the decrease of Mw varied from 22–57%.96,98 Co-solvents (e.g., ethanol,
formic acid and phenol etc.) and co-catalysts such as NaOH or H2SO4 were
reported to help improve the monomer yields due to enhancement of lignin
solubility and prevent re-condensation of lignin fragments.96,98–101 In add-
ition, the co-solvents are also partially reformed under the liquid phased
reforming conditions, producing H2 which in turn contributes to the
hydrogenolysis and hydro-de-oxygenation of lignin. The conceptual process
for lignin valorization via LPR was later proposed and is illustrated in
Figure 2.14.99 The products (Figure 2.15) include oil type soluble aromatics,

Figure 2.13 Conversion and gas phase selectivites of 5 wt% ethylene glycol re-
forming in super-critical water (450 1C and 250 bar) using Pt-CNT
catalyst. In the inset conversion and gas phase selectivity of 1 wt%
acetic acid reforming in super-critical water (450 1C and 250 bar) using
Pt-CNT catalyst (adapted from de Vlieger et al.93).
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Figure 2.14 Valorisation of lignin via liquid phase reforming produces aromatic chemicals, gas and valuable solvent (adapted from
Zakzeski et al.99).
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Figure 2.15 Product distribution after treatment of lignin in near and supercritical
water at 30 MPa and 350 1C (a) and 400 1C (b), respectively. MS –
methanol soluble products, MI – methanol insoluble products (adapted
from Wahyudiono et al.97).
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insoluble char and gases (e.g., CO2, alkane, H2 etc.).97 At subcritical and
supercritical water conditions, the catechol yield peaked at short retention
times then it gradually decreased while the yields of phenol and cresols
increased along time on stream.97,102 Condensation or polymerisation re-
actions were also observed, resulting in higher mass molecules and further
insoluble products.96,97,101 At subcritical conditions, the yield of solid
products varied from B10 to B60 wt% depending on the temperatures,
catalyst used and retention time.97,101–103 The solid char can also be used as
a feedstock for steam reforming for hydrogen. Various noble or transition
metal supported catalysts have been tested for the reaction (e.g., Pt/Al2O3,
Ru/C, Pd/C). Although the Al2O3 support is notorious for phase transition to
boehmite under APR conditions, its stability was enhanced with the pres-
ence of lignin.85 The authors attributed this stability improvement to the
interactions of oxygen functionalities of lignin with the support.

2.12 Challenges for the Future
As outlined in this chapter, the feasibility of APR has been shown to be
possible with model molecules, for example sorbitol.84,104 For instance,
Virent has patented a process to produce liquid fuels from sugar derivatives
by incorporating in situ hydrogen production by APR.105 Sorbitol transfor-
mations to fuels with industrial respects is discussed thoroughly in a recent
review.106 The conceptual process is still at the research stage in labora-
tories. This is because studies have been carried out with simplistic mol-
ecules such as methanol, ethanol, polyols (glycols, glycerol), acetic acid etc.;
in reality, aqueous waste streams contain complex mixtures of organic
molecules. However, studies on model systems have provided a good
understanding of requirements for efficient catalyst design. Catalysts are
mandatory for the development of an efficient APR process. Research work
carried out in various groups has provided this knowledge and this is a
positive and good start.

However, a variety of scientific and technological questions have yet to be
answered. In the case of catalysts, achieving long-term stability is of para-
mount importance. The severity of conditions used in APR is problematic
due to sintering and loss of the active surface area of supports and metal
phases, as well as leaching. The other major problem to be solved for APR is
the tendency of the organic molecules to be very reactive and undergo a
variety of reactions. Some of these also result in secondary oligomerization/
condensation reactions, which lead to severe coking and subsequent
blockage of catalytic sites and catalyst deactivation. Bio-oxygenates also have
a severe tendency to form homogeneous char in the reaction medium and
heterogeneous char on the catalyst. Efficient catalysts should minimise
heterogeneous char as well as have the ability to gasify homogeneous char.
However, the problem of homogeneous char, in our opinion, cannot be
solved by catalyst development alone. A smart reactor and feed injection
nozzle into the reactor system are critical. Developments in feed systems for
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turbines have faced similar issues and such knowledge can be applied. In
conclusion, aqueous phase reforming is a promising concept with potential
for commercial development.
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3.1 Introduction
Over the last decade, a strong dependence on fossil feedstock has resulted in
an understanding of a need to move towards renewable raw materials. In
this sense, biomass has been profiled as the key of a fossil-free industry:
renewable, energy rich and CO2-neutral. Biomass is an abundant and rich
source of molecules, which can be further refined to yield diverse chemicals,
food ingredients and fuels.

The current state at which biomass energetic and chemical capacities are
being exploited still needs to be developed further. Moreover, the key for a
successful transition towards an economy based on renewables depends on
diversification,1 implying that the focus should not only be on fuels but also
on chemicals.

The so-called first generation biofuels rely mostly on sugar monomers
derived from edible crops for the production of bioethanol. While environ-
mentally friendly, competition for cultivable land and high production costs
hinder, at the present time, a broader implementation of this technology.
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The second generation of biofuels focuses on waste streams stemming
from the paper and agricultural industries, among other sources. This im-
plies a less straightforward task of refining and adding value to complex
molecules such as cellulose, hemicelluloses, and lignin. The driving force of
this technology lies in its very complexity: long chains of highly functiona-
lized molecules. From here, many processes have been envisioned, with, for
example, the platform based on levulinic acid derived from glucose.2,3 Other
platforms based on carbohydrates for the production of specialty and fine
chemicals have already been proposed (Figure 3.1): one example being
polyesters, polyamides and polyurethane derived from sorbitol, which in
turn is obtained from glucose, the building block of starch and cellulose.4

In this sense, carbohydrates constitute three quarters of the available
renewable biomass.2 Simpler carbohydrates, such as mono- and di-
saccharides, are obtained by catalytic hydrolysis of cellulose, hemicellu-
loses and starch, and their derivatization into useful components, for
instance by hydrogenation of sugars to sugar alcohols, is of high import-
ance. Sugar alcohols, traditionally used as low-caloric sweeteners, have
experienced an explosive growth in interest, not only due to their potential
as platform molecules as mentioned, but also because of their role in
aqueous-phase reforming, which has been envisioned as a route to re-
newable hydrogen or alkanes starting from various sugar alcohols.5–12

However, not only should the naturally occurring carbohydrates become
an important part of the industrial feedstock but also, in order to guarantee
a smooth transition to a biomass-based industry, the products derived
thereof should be developed having the alternative raw materials in mind,
as opposed to seeking routes to reproduce exactly the same chemicals
obtained from other technologies.

In agreement with this strategy, naturally occurring polysaccharides, such
as cellulose and hemicelluloses, are the ideal starting molecules for the

Figure 3.1 Biorefinery scheme with the platform chemical concept.
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derivatization to simpler mono- and disaccharides which, in turn, act as
substrates for the production of value added molecules.

The term carbohydrate was in the beginning used only to refer to mol-
ecules made up of carbon, hydrogen and oxygen in the proportions
Cn(H2O)n. However, due to the functional richness of such compounds,
which range from the fundamental monosaccharides to highly substituted
molecules, the term has lost its specificity. On the other hand, the word
sugar is mainly used to describe monosaccharides and simpler oligo-
saccharides, such as glucose and sucrose (table sugar).13

Finally, monosaccharide refers to the most basic molecules that constitute
the building blocks of more complex carbohydrates. Generally, a mono-
saccharide contains several hydroxyl groups and a carbonyl function. The
terms aldose and ketose refer to monosaccharides whose carbonyl function is
an aldehyde or a ketone, respectively.

Besides the number of carbons, the number of hydroxyl groups and the
type of carbonyl function present in monosaccharides and, more generally,
in carbohydrates, other factors should also be considered when studying
these compounds.13,14 Due to the presence of hydroxyl and carbonyl groups
in the same carbon chain, intramolecular hemiacetal formation takes place.
The result of these internal reactions is the co-existence of a particular
carbohydrate molecule in five-membered rings (furanoses) or six-membered
rings (pyranoses), with other cyclic configurations also being possible but
uncommon as the strong torsion inside the molecule renders it less stable.
Finally, the ring closure at the planar carbonyl group can take place from
either side, giving rise to a and b anomers. Besides the cyclic forms, minor
fractions of the molecules exist in open-chain forms, in which the carbonyl
group is presumed to be active.

Some examples of sugars and their most common tautomeric forms are
presented in Figure 3.2. Sugar alcohols, known also as polyols or alditols, are
compounds obtained through the reduction of the carbonyl group present in
a sugar molecule either by means of chemical agents (such as sodium bor-
ohydride) or by molecular hydrogen in the presence of homogeneous or
heterogeneous catalysts. The use of molecular hydrogen and heterogeneous
catalysis is preferred from the viewpoint of green process technology,
since the formation of stoichiometric co-products is avoided and the sep-
aration of a heterogeneous catalyst from the reaction mixture is rather
straightforward.

Sugar alcohols are versatile molecules, which have found a wide variety of
applications. Higher molecular weight polyols (chains longer than four
carbon atoms) could be used for manufacturing polyesters, alkyd resins and
polyurethanes.15 They have also found utilization as intermediates in the
production of pharmaceuticals and starting molecules for the synthesis of
ligands.16–23 However, their most commonly known use as sweeteners is
connected to the fact that polyols possess a sweet taste, contain fewer cal-
ories, and produce a lower glycemic response.24 As proof of the evolving
importance of this topic, the global production of sorbitol has increased
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Figure 3.2 Sugar molecules: L-arabinose, D-galactose, D-maltose, L-rhamnose, lac-
tose, mannose, xylose. Pyr¼pyranose, fur¼ furanose, ara¼ arabinose,
gal¼ galactose, rha¼ rhamnose.
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from 700 000 t/a in 200715 to over 1 600 000 t/a in 2011 and a demand of
above 2 million t/a in 2018.25

The best known special sugar alcohols (alditols) are xylitol and sorbitol,
but even other sugar alcohols, such as lactitol, maltitol and mannitol have
recently gained more importance and more of the market.

The most common solid catalysts used for sugar hydrogenation to sugar
alcohols on an industrial scale are based on nickel, such as sponge nickel
(Raney nickel), but recently, the use of ruthenium has benefited from a
growing interest, since Ru affords good activity and excellent selectivity.
Thus, it is expected that Ru will replace Ni as a sugar hydrogenation catalyst,
particularly because of the toxic properties of Ni.

Although sugar hydrogenation has been well known for many decades,
one of the problems encountered is deactivation and instability of the cor-
responding nickel catalyst due to leaching and formation of harmful by-
products. Aldonic acids, such as lactobionic, gluconic and xylonic acids,
represent an example of such harmful by-products formed in the hydro-
genation of aldoses to alditols. Deactivation and instability of the catalyst
can also lead to problems such as recovery and regeneration of the solid
material.

Despite the formation of side products, selectivity towards sugar alcohols
is nevertheless high, both on sponge Ni and Ru catalysts, exceeding 95%
under optimal conditions. Such data have been reported for the hydrogen-
ation of glucose, xylose and lactose.27–31 For some special cases, such as
hydrogenation of fructose to mannitol, the product selectivity is an im-
portant issue; the best selectivity to mannitol is limited to about 60–70% on
Cu-based catalysts, the by-product being sorbitol.32 The conventional pro-
duction technology of sugar alcohols is based mainly on the use of batch-
wise operating slurry reactors: finely dispersed, supported or sponge metal
catalysts (catalyst particles smaller than 0.1 mm) are immersed in a batch of
an aqueous sugar solution, to which hydrogen is continuously added,
maintaining constant pressure. Among the reported operating conditions, it
can be found that the hydrogen pressure is typically kept at 30–180 bar and
the temperature range from 80 to 150 1C.26,33 The hydrogen concentration in
the liquid phase is one of the limiting factors of the process; therefore,
alternative solvents with better hydrogen solubility, such as ethanol, have
been proposed.30

Quite a number of disadvantages with batch-wise operating nickel cata-
lysts call for more efficient catalytic materials, which could be operated in a
continuous mode, either in fixed beds or some other arrangements.

In recent years, continuous operation in sugar hydrogenation has been
demonstrated, for instance, for glucose hydrogenation in trickle-bed re-
actors, monoliths and on activated carbon cloths.15,26,34 Furthermore, it is
possible to carry out sugar hydrogenation in loop reactors, where the sugar
solution is recirculated through an external loop system.26 Since sugar
molecules are large and the solubility of hydrogen is limited, the diffusion
limitations inside porous catalyst layers become severe, as has been
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demonstrated experimentally and by numerical simulations.35,36 Therefore,
only egg-shell catalyst pellets and structured catalysts can be considered as
feasible alternatives to slurry technology.

For example, one could envisage utilization of structured catalysts
(monoliths, foams) where the active phase is coated on a support. Close to
such system are microreactors, whose application might require, although
not necessarily, novel preparation methods.

The aim of this report is to review the recent literature, covering mainly
publications from 2000, related to the catalytic hydrogenation of various
sugars. The main emphasis is on describing different types of catalysts
which were studied. Kinetics and engineering aspects related to structured
catalysts are also addressed.

3.2 Glucose to Sorbitol Hydrogenation

3.2.1 Catalyst Screening

Glucose by no doubt is the molecule that has been studied most frequently
in the literature. Hydrogenation of glucose (D-glucose or dextrose) to sorbitol
can be readily performed in the presence of a suitable catalyst resulting in
high yields (Figure 3.3).

Even though sorbitol, a natural polyol soluble in water, has been isolated
from red seaweed and many of the fruits of Rosaceae plant family (pears,
apples, cherries, prunes, peaches, and apricots), on a large-scale, it has al-
ways been manufactured by the catalytic hydrogenation of glucose.

This is an important reaction for the industry as the main product is a
versatile chemical intermediate with promising biorefinery applications in
the future. It is used as a low calorie sweetener and sugar substitute for
diabetics, as a humectant in cosmetic and pharmaceutical products, in
paper and tobacco, as well as other applications. It has no cariogenic activity;
hence most toothpastes are based on sorbitol. Additionally, it is utilized as a
feedstock for the production of L-ascorbic acid (vitamin C) and for synthesis
of polymers through diols.29,37–41

Until now, most catalysts for sorbitol hydrogenation have been based on
nickel as an active metal. Historically, Raney nickel was used because of its
competitive price; more recently, supported nickel catalysts were more fre-
quently applied because of their higher activity, which could be improved
further by promoters. However, the use of nickel as mentioned earlier has
some disadvantages: namely leaching, causing loss of activity and high

Figure 3.3 Glucose hydrogenation.
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nickel content in the sorbitol solution. For food, medical and cosmetic ap-
plications, nickel must be removed completely from sorbitol, resulting in
high additional costs. Therefore, catalysts based on other active metals were
evaluated, including cobalt, platinum, palladium, rhodium and ruthenium.
The best activities have been found for supported ruthenium catalysts.27,42,43

The order of activity has been reported42,43 as follows: Ru4Ni 4Rh4Pd.
Additionally, ruthenium is not dissolved under the reaction conditions
tested.

Raney nickel is a classical catalyst for hydrogenation processes and it is
manufactured from alloys that contain a catalytically active metal, such as
Ni, Co or Fe and a soluble metal, e.g., Al, Si or Sn. In addition, a promoter is
included to enhance the activity and selectivity of the catalyst. As previously
mentioned, commonly used promoters are Ca, Co, Cr, Cu, Fe, Mo and Sn.
For instance, a typical Raney Ni catalyst consists originally of a Ni–Al alloy
and a promoter. Aluminium is dissolved from the material in an alkaline
solution and a porous structure is obtained, as illustrated in Figure 3.4.
While Raney nickel has excellent catalytic properties, its major drawback is
deactivation44 and utilization of skeletal catalysis in fixed bed applications
presents additional challenges.

Li et al.42 used nickel–boron amorphous alloy catalysts promoted with
chromium, molybdenum and tungsten and found the highest activities for
catalysts promoted with tungsten. Li et al.45 tested a Raney nickel catalyst
promoted with phosphorus. Addition of Mo and Cr promoters was found to
be beneficial for the catalyst activity and stability,37,46–49 whereas the catalyst
promoted with Fe and Sn deactivated very rapidly.37 It was also reported that

Figure 3.4 SEM image of a Raney nickel catalyst.
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Pt, Pd, Ru and Rh can have a promoting effect on Ni, enhancing activity by
about 20–30%.27,42,43,50 Raney-type Ni/Ru was considered the most promis-
ing catalyst.

Fouilloux51 claimed that even though Ni was responsible for the hydro-
genation capacity, the residual aluminium (in combination with promoters)
played a key role in the performance of Raney-type Ni catalysts, because it
was able to act as an electron donor to nickel, which rendered the d-band of
nickel less electron deficient and thus influenced the adsorption of the
reacting species.

Hoffer et al.46 studied the influence of residual Al, the effect of Mo and a
combination of Cr and Fe promoters on the performance of Raney nickel
catalyst in a three-phase slurry reactor at 40 bar and 120 1C. The promoters
were segregated at the surface of the catalysts and had a beneficial effect on
the reaction rate, essentially due to an increased surface area and stability of
the active phase while an enhanced interaction of glucose with Ni seemed to
be secondary. The major drawback was the catalyst deactivation due to the
formation of D-gluconic acid that led to a severe loss of Ni.

The main reasons for deactivation of Raney-type catalysts are considered
to be loss of the active Ni surface by sintering, leaching of Ni and promoters
into the acidic and chelating reaction mixtures, and poisoning of the active
Ni surface by organic species generated by side reactions.37,47,52,53

Due to these disadvantages of nickel, other catalysts have been investi-
gated. van Gorp et al.54 used ruthenium supported on carbon for batch hy-
drogenation of glucose, concluding that a ruthenium catalyst was a suitable
alternative to skeletal nickel. Despite the higher price of Ru, the possibility of
regeneration allows usage of a more expensive metal.

Continuous hydrogenation of glucose with ruthenium catalysts in a trickle
bed reactor was performed by Arena38 and Gallezot et al.41 The former
author focused on the deactivation mechanism in the case of ruthenium on
alumina catalysts. He found physical changes in the support material and
suggested poisoning by gluconic acid, iron and sulfur as the causes for de-
activation. Gallezot et al.41 applied ruthenium on carbon supports. A catalyst
with a ruthenium loading of 1.6 wt% had a conversion of 98.6% after
52–69 h time on stream (TOS). Conversion dropped to 94.4% after 312 h
TOS, indicating a remarkably low deactivation of the catalyst.

Claus and co-workers55 studied this reaction in batch and continuous
reactors using supported nickel and ruthenium catalysts, claiming that Ru is
superior to Ni in terms of specific activity and lifetime. Conversion of glu-
cose and selectivity to sorbitol were comparable with a ruthenium loading of
1 wt% to that of nickel in a commercial nickel catalyst. Regarding catalyst
stability, significant leaching of Ni (66.8%) was observed, while no leaching
of ruthenium was detected. The higher costs of ruthenium were counter-
balanced by a much lower metal content and minor downtime due to a
prolonged lifetime of the catalyst. The main deactivation mechanism for the
ruthenium catalyst was poisoning by metals leached out from the reactor
material.
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Nickel catalysts supported on ZrO2, TiO2 and ZrO2/TiO2 mixtures were
investigated,56 being more active, selective and stable than Ni/SiO2 catalysts
in the hydrogenation of glucose to sorbitol.

Selective hydrogenation of glucose to sorbitol over HY zeolite supported
ruthenium nanoparticles catalysts was investigated,57 while the same re-
action over Ru nanoparticles embedded in mesoporous hyper-crosslinked
polystyrene was performed.58 In the latter case, two routes of the hydro-
genation reaction were revealed. The first route includes the interaction of
glucose with the spilled-over hydrogen supplied by the catalyst; the second
one includes a classical interaction of the sorbed substrate with hydrogen
from the reaction medium. A mathematical description of the reaction
kinetics was obtained.

3.2.2 Engineering Aspects

Selective hydrogenation of glucose to sorbitol over a commercial Ru/C
catalyst was studied,59,60 both experimentally and with the aid of detailed
mathematical modeling. The experiments were conducted in a laboratory
scale trickle bed and in a semibatch stirred tank reactor. Sorbitol was ob-
tained in a packed-bed reactor as the main product, typically with B90%
selectivity within the studied temperature range (90–130 1C), while the side
product was mannitol.

Glucose was hydrogenated to sorbitol over carbon supported ruthenium
catalysts in a continuously operating parallel multiphase reactor set-up.59,60

Different types of Ru/carbon catalysts and reaction conditions were
screened. Long-term stability testing was carried out for the two best per-
forming catalysts. The parallel multiphase reactor set-up consisted of six
parallel reactors operating in co-current trickle flow (Figure 3.5).

The slate of catalysts tested60 consisted of a commercial 0.77% ruthenium
on carbon extrudates denoted as Ru/C and different ruthenium catalysts
deposited on pristine (commercial, Baytubes C150HP) or nitrogen doped
carbon nanotubes (NCNT). More details regarding catalyst preparation and
reactor set-up are given in ref. 60. Ru/NCNT agglomerates were sieved into
125–250 mm size fractions, the Ru/C extrudates were sieved into this size
fraction after crushing, therefore internal diffusion resistance could not be
completely ruled out.

Different reaction conditions were investigated,60 namely the reaction
temperature, glucose concentration and flow rate as well as hydrogen flow.
As expected, different glucose conversions were achieved at different flow
rates. However, the sorbitol productivity (moles of sorbitol formed per gram
of ruthenium 6and minute) was comparable with minor differences at high
and low liquid flows, which can be attributed to channeling or spraying.
Selectivity to sorbitol was in the range 97–99.4%.

Figure 3.6 shows the influence of the reaction temperature on the sorbitol
productivity over Ru/NCNT catalyst at different flow rates. The apparent
activation energy was calculated as 45.7 kJ mol�1. Crezee et al.29 reported
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slightly higher activation energy, 55 kJ mol�1, for glucose hydrogenation over
carbon supported ruthenium catalysts in a semi-batch reactor. Hydrogen-
ation experiments were performed60 in a semi-batch reactor using the same

Figure 3.5 Parallel multiphase reactor system.59,60

Figure 3.6 Temperature dependence of sorbitol productivity over Ru/NCNT at
different temperatures and flow rates using 0.1 mol L�1 aqueous glucose
solution and 20 bar hydrogen.
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Ru/NCNT catalyst and same temperatures as in Figure 3.6. The catalyst was
sieved into a fraction smaller than 63 mm in order to calculate kinetic par-
ameters without mass transfer limitations. The activation energy was cal-
culated as 62.1 kJ mol�1. The difference between the activation energies in a
continuous and a semi-batch reactor60 in the former case might be due to
the existence of internal diffusion resistance.

The results for catalyst screening performed over the commercial Ru/C,
ruthenium on nitrogen doped carbon nanotubes (Ru/NCNT), ruthenium on
carbon nanotubes (Ru/CNT) and over a catalyst prepared by a colloidal
method (Ru/NCNT-Col) are presented in Table 3.1.

The activity of Ru/NCNT-Col in the sorbitol production is significantly
increased by thermal treatment under hydrogen. Surprisingly, the effect of
an analogous argon treatment is much less pronounced. A reason for the
lower activity of the argon treated sample could be that the removal of PVP,
covering the ruthenium particles, was not as good as in the case of hydrogen
treatment. The catalysts prepared through a conventional deposition–
precipitation method (Ru/NCNT and Ru/CNT), as well as the commercial Ru/
C catalyst, are able to hydrogenate glucose more efficiently than the catalyst
prepared using the colloidal method.

The selectivity to sorbitol can be considered high for all catalysts, except
untreated Ru/NCNT-Col, which gave the lowest selectivity of 93.6%.

Productivity of catalysts based on Ru was calculated60 and compared with
the work of Gallezot et al.41 The corresponding value in ref. 41 was slightly
lower than in ref. 60 for most of the catalysts. Note that the reaction con-
ditions in ref. 41 and 60 were, however, different.

Long-term stability testing was performed60 employing Ru/NCNT and
a commercial Ru/C catalyst. It was found that the Ru/NCNT was able to
selectively hydrogenate glucose to sorbitol over a period of more than
100 h without any pronounced deactivation, while the commercial
catalyst underwent substantial deactivation within this period. The in-
creased stability of the NCNT supported Ru catalyst could be traced back
to stronger support–Ru interactions as compared to the Ru/C catalyst.
No ruthenium leaching was observed for the Ru/NCNT catalyst, while

Table 3.1 Mass balance, glucose conversion and selectivity to sorbitol, mannitol
and fructose over the different catalysts screened at 130 1C, 20 bar,
0.2 mol L�1 aqueous glucose solution and 2.0 mL min�1 flow rate.

Selectivity to
Catalyst

Mass
balance

Conversion
glucose Sorbitol Mannitol Fructose

2.2 wt% Ru/NCNT 97.3% 91.4% 98.2% 1.6% 0.2%
0.77 wt% Ru/C 99.5% 41.5% 98.7% 0.7% 0.5%
3.1 wt% Ru/CNT 92% 65.0% 97.4% 2.2% 0.4%
6.3 wt% Ru/NCNT-Col (H2) 97.9% 31.2% 97.9% 1.5% 0.6%
6.3 wt% Ru/NCNT-Col (Ar) 95.8% 24.1% 97.9% 1.1% 1.0%
6.3 wt% Ru/NCNT-Col 99.99% 8.3% 93.6% 1.0% 5.4%
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leaching from the commercial activated carbon catalyst was found to be
significant.

Ruthenium on carbon nanotubes has also been utilized in the hydro-
genation of glucose by Pan et al.61 The authors reported that, among the
tested supports, multi-wall carbon nanotubes (MWCT) showed the highest
glucose conversion and turnover frequency, with sorbitol being the only
reaction product.

Hofmann and Bill62 studied the hydrogenation of glucose in a slurry batch
reactor in the temperature range of 80–130 1C using Raney nickel as a
catalyst. The authors found a first order dependence of the reaction rate in
both glucose and hydrogen. From the Arrhenius plot, it was observed that
the overall activation energy decreased from 82 to 13 kJ mol�1 with in-
creasing temperature upon a change in the rate-determining process from
kinetics to diffusion limitations.

Bizhanov et al.50 studied the hydrogenation of glucose in the presence of
Raney Ni–Pt and Ni–Rh catalysts. It was shown that for Ni–Pt and Ni–Rh,
there was a first order dependence on hydrogen pressure up to 60–80 bar.
At higher pressures, zero order behavior with respect to hydrogen was
observed. From the Arrhenius plot in the temperature range of 80–130 1C,
it was found that the apparent activation energy for the hydrogenation over
Ni–Pt (0.1 wt% Pt) was 50–54 kJ mol�1, while for Ni–Rh (0.1 wt% Rh), values
of 38–42 kJ mol�1 were found.

Brahme and Doraiswamy63 conducted kinetic experiments using Raney
Ni as a catalyst at temperatures varying from 77 to 146 1C and pressures of
4.4–21 bar. From the Arrhenius plot, it was clearly seen that there was a shift
in the controlling mechanism from a chemical control in the lower tem-
perature region to mass transfer control in the higher temperature region.
Activation energies in the two temperature regions were estimated to be
44 kJ mol�1 between 77 and 100 1C and 6 kJ mol�1 between 100 and 146 1C.
Kinetic modeling was therefore undertaken for temperatures below 100 1C.
A mechanism was proposed comprising a reaction step between molecularly
adsorbed hydrogen and glucose from the liquid phase (Eley–Rideal mech-
anism) with desorption of the product (sorbitol) controlling the overall
reaction.

Wisniak and Simon26 hydrogenated glucose in the range 85–130 1C,
3.4–68.9 bar, and a catalyst loading of 0.5–9 wt% with Raney nickel and
5 wt% Ru/C as catalysts. In all cases, the reaction showed a first order de-
pendence with respect to glucose. Ru/C appeared to be the most effective
catalyst. External diffusion was supposed to be eliminated since the rate was
independent of the steering speed. Furthermore, an almost linear relation of
the rate constant with catalyst concentration was found, which points to the
absence of gas–liquid mass transfer. For glucose hydrogenation at 41 bar, an
activation energy of 18.8 kJ mol�1 with 3% Raney nickel and 70.3 kJ mol�1

with 3% ruthenium was calculated. A low value of the activation energy for
Raney nickel would normally suggest the presence of diffusion effects;
however, most probably gas–liquid mass transfer and external diffusion were
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eliminated, although internal diffusion could still be present. From the
behavior of the reaction rate with hydrogen pressure, some differences de-
pending on the catalyst were noticed. With Raney nickel at 85 and 100 1C, the
increase in the reaction rate with increase in hydrogen pressure is minor,
while at 130 1C, there is a sudden increase in the reaction rate at pressures
above 41 bar. The authors suggested that the reaction occurred between
glucose from the fluid phase and atomically chemisorbed hydrogen. No
mechanism was suggested for hydrogenation at 130 1C and pressures above
41 bar, since the reaction was too fast and probably not controlled by
chemical steps in line with the low activation energy observed. For hydro-
genation of glucose on ruthenium, two types of reaction models were pro-
posed depending on the hydrogenation pressure. At pressures below 35 bar,
an Eley–Rideal model was suggested with the controlling step being the
surface reaction between atomically chemisorbed hydrogen and incoming
from the fluid phase glucose. At higher pressures, a Langmuir–Hinshelwood
model was proposed, in which the surface reaction between atomically
chemisorbed hydrogen and adsorbed glucose was the controlling step.

Turek et al.64 suggested another model for the hydrogenation of glucose to
sorbitol on a nickel-silica catalyst at 80–150 1C and 16–100 bar. In this
model, molecularly adsorbed hydrogen reacts with adsorbed glucose,
whereby the adsorption of hydrogen and glucose takes place on
different sites.

Déchamp et al.39 studied the kinetics in a high-pressure trickle-bed reactor
in concurrent downflow mode. The hydrogenation reactions were performed
on silica-alumina supported nickel catalysts of the following composition:
48.4% Ni; 5.15% Al; 8.46% Si in the form of cylindrical extrudates (6.3 mm �
1.6 mm). The operating conditions ranged from 70 to 130 1C in the pressure
range of 40–120 bar. Reaction rates were measured with the catalyst extru-
dates as such or after crushing and sieving them into 0.5–0.8 mm particles.
For both sizes, a three-fold increase in the catalyst mass produced only a two-
fold increase in the initial rate of sorbitol formation, which indicates that the
reaction could be partly limited by gas–liquid mass transfer. Moreover, for
the same catalyst loading, the crushing of pellets strongly increased the re-
action rate of glucose hydrogenation, which implies that the reaction over
the extrudates was also severely limited by internal diffusion. In the case of
the crushed extrudates, the authors39 estimated an effectiveness factor of
Z¼ 0.9 with the approach of Weisz and Hicks. Subsequent kinetic experi-
ments were, therefore, conducted with the crushed catalyst. From the
Arrhenius plot of the initial reaction rates measured between 70 and 130 1C
and hydrogen pressure lower than 80 bar, an activation energy of 67 kJ mol�1

was obtained. This value, much larger than the activation energy of mass
transfer limited process (12–21 kJ mol�1), indicates that the reaction rate
was controlled by the reaction kinetics on the metal surface. The kinetic data
obtained from measurements of the initial reaction rates as a function of
temperature, pressure and mass of catalyst were described by a Langmuir–
Hinshelwood rate expression based on a model where the reaction between
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glucose and molecular hydrogen, both adsorbed on the nickel surface, is the
rate-determining step.

Tukac65 also studied this reaction in a high-pressure trickle-bed reactor.
The reaction was performed on kieselguhr supported nickel catalysts (12%
NiO, 2% Cr2O3) with a pellet size of 2–3 mm. The operating conditions
ranged from 115 to 165 1C in the pressure range of 5–100 bar. The reaction
was found to be first order with respect to glucose and the order in hydrogen
was 0.65. The apparent activation energy was equal to 24–49 kJ mol�1, de-
pending on the initial glucose concentration, density and viscosity of the
solution. The author stated that the reaction rate was probably influenced by
external mass transfer limitations.

Creeze et al.29 investigated the kinetics of this reaction in a semi-batch
slurry autoclave operating at 100–130 1C and 40–75 bar hydrogen pressure
using Ru/C catalyst. The glucose concentration was varied between 0.56
and 1.39 mol L�1 leading to a shift in the order towards glucose with the
concentration; at low glucose concentrations (up to ca. 0.3 mol L�1) the
reaction showed a first order dependence, while at higher concentrations it
changed to zero order behavior. A first order dependence with respect to
hydrogen was obtained. The kinetic data were modeled using three
plausible rate expressions based on Langmuir–Hinshelwood–Hougen–
Watson (LHHW) kinetics, assuming that the surface reaction was rate-
determining. These three models described the data satisfactorily and the
authors claimed that further statistical discrimination between these
models was not possible.

Glucose hydrogenation/hydrogenolysis reactions on noble metal (Ru, Pt)/
activated carbon supported catalysts were performed.66 XPS measurements
showed the existence of different kinds of metallic and oxidic surface spe-
cies, in different proportions, as a function of the reduction method and the
amount and type of metal. The authors emphasized the importance of
Ru(O)d1 species for catalysis.

Despite a large number of publications on hydrogenation over ruthenium
catalysts, almost no reports on the effect of ruthenium particle size could be
found in the literature. Several ruthenium on carbon catalysts with different
metal dispersion were studied.67 The ruthenium average particle size of the
catalysts ranged from 1.2 to 10 nm. The catalysts tested at 120 1C showed
different behavior in terms of activity. Full conversion was achieved in most
cases, although some catalysts displayed lower activity. The highest activities
were observed for catalysts supported on active carbon and nitrogen func-
tionalized carbon nanotubes (NCNT) bearing a metal cluster size close to
3 nm. High selectivity, up to 96.1%, at full conversion was achieved with
most of the catalysts.

The structure sensitivity of glucose hydrogenation is illustrated in
Figure 3.7, which also includes a comparison of the experimental and
calculated values. A clear maximum in Figure 3.7 indicates that glucose
hydrogenation is a structure sensitive reaction and that an optimal catalyst
should contain ruthenium particles around 3 nm in size.
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Hydrogenation of sugars over ruthenium is often described by zero order
kinetics in hydrogen at high pressures, resulting in the following expression:

TOF¼ keawG=dcluster KGCG

ð1þ KGewG=dcluster CGÞ
(3:1)

where a is the Polanyi parameter for the surface reaction between adsorbed
sugar and hydrogen and parameter w accounts for differences in the Gibbs
energy of glucose adsorption on edges and terraces.

Preliminary calculations showed that the value of the Polanyi parameter is
very close to 0.5, a typical value for a large number of heterogeneous catalytic
reactions, therefore, this value was fixed. Calculations performed67 indicated
a difference in the Gibbs energy of adsorption on edges and terraces for
glucose of ca. 41 kJ mol�1.

3.3 Galactose Hydrogenation

3.3.1 Engineering Aspects

Ruthenium supported on alumina, carbon cloth (Figure 3.8 left), and
alumina washcoated metal monolith (Figure 3.8 right) catalysts were pre-
pared and tested for their activity in galactose to galactitol hydrogenation in
a temperature range of 105–135 1C and 20, 40 or 60 bar H2.68 The surface

Figure 3.7 Dependence of initial glucose conversion rates on the particle size of
ruthenium. Hydrogenation of glucose was performed in semi-batch
mode at 120 1C and 19 bar hydrogen over several carbon (active carbon
and CNT) supported Ru catalysts.67
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area of the carbon cloth support is considerably higher (1680 m2 g�1) than
that of alumina (220 m2 g�1). The pore volumes of both supports are close to
each other—0.55 cm3 g�1 for the alumina and 0.6 cm3 g�1 for the carbon
cloth. The prepared catalysts were characterized by SEM imaging and their
ruthenium content was estimated by SEM-EDX. The metal content in the
precursor solution for Ru/C was adjusted either to 5 wt% or 2.5 wt%, which
resulted in approximately 3.8 wt% and 2.0 wt% ruthenium content on the
final catalyst. For the impregnation of the metal monolith, the ruthenium
content in the precursor solution was adjusted to 2.5 wt%, resulting in ap-
proximately 1.9 wt% ruthenium content on the support.

The first experimental data for Ru/Al2O3 were obtained in a semi-batch
reactor68 at temperatures ranging from 105 to 135 1C and hydrogen pres-
sures from 30 to 60 bar. First order kinetic models were assumed both for
galactitol and by-product formation and a non-linear regression was per-
formed to obtain the numerical values for the activation energies as well as
for the pre-exponential factors. Based on the experimental data, it can be
concluded that at the lowest experimental temperature (105 1C), the effect of
hydrogen pressure on the galactose conversion plays a key role. However, at
higher temperatures, the effect of hydrogen pressure was found to be less
important. In addition, the results from the parameter estimation showed
that the overall fit of the model based on the first order kinetics (galactose to
galactitol to by-product) was good. A comparison of calculations with the
experimental data is given in Figure 3.9. The values of activation energy for
hydrogenation of galactose to galactitol and further transformation of the
latter to by-products were, respectively, 54 and 51 kJ mol�1.

Activity, selectivity and durability experiments over the Ru/carbon cloth
and the Ru/Al2O3 washcoated metal monolith catalyst were performed in a
pressurized fixed bed reactor under 20, 40 or 60 bar and compared with
batch-wise hydrogenation of galactose. Considerable galactitol formation
over the prepared catalysts was observed, whereas deactivation was
not significant. The results from galactose to galactitol hydrogenation as

Figure 3.8 Carbon cloth and pre-washcoated (alumina) metal monolith.
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a function of time over the 3.8 wt% Ru/carbon cloth catalyst using
40 mL min�1 make-up hydrogen flow in the fixed bed reactor using the re-
cycling mode are shown in Figure 3.10. The effect of hydrogen pressure was
minor indicating a zero order reaction in hydrogen.

Ru on carbon cloth was shown68 to be a stable and active catalyst for sugar
hydrogenation to sugar alcohols in a continuous fixed bed reactor system

Figure 3.9 Hydrogenation of galactose over Ru/alumina catalyst.68
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with recycling. An alternative to carbon cloth catalysts would be the appli-
cation of structured reactors such as monoliths and/or microreactors.
Washcoating of microplates with alumina was considered68 to be more
straightforward than washcoating with carbon. Ruthenium supported on
alumina was also shown68 as stable and active for batch-wise galactose hy-
drogenation. However, the metal monolith did not result in considerable
conversion in sugar hydrogenation, which might be due to an inefficient
flow pattern.

Based on the semi-batch reactor experiments with Ru/alumina catalyst, it
was expected68 that Ru/Al2O3 catalyst wash-coated on the microplates would
also result in high and stable galactose to galactitol conversion under rele-
vant reaction conditions.

Therefore, microreactor plates (IMM, Mainz, Germany) were washcoated68

with Ru/Al2O3 and tested in a reactor system built in-house for their activity
in galactose to galactitol hydrogenation. However, when Ru/Al2O3 catalyst
was implemented on the microplates, the activity was no longer repro-
ducible. It was found that the washcoat was not stable on the microplates
but was being rapidly removed from them.

Based on the experimental results (Figure 3.11), the detected rate of the
galactose conversion to galactitol was approximately 1.09�10�3 mol gcat h�1.
Compared to the galactose conversion rate in a batch reactor under similar
conditions, the rate in the microreactor was approximately one order of
magnitude lower.

A comparison of the opened tested microreactor and an unused micro-
reactor is shown in Figure 3.12.

Figure 3.10 Galactose (~) to galactitol (&) hydrogenation over Ru/C. Heater
temperature 120 1C, pressure 20 and make-up hydrogen flow
40 mL min�1.
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As can be seen in Figure 3.12a, the washcoat had been almost totally re-
moved from the lower plate, and, in the upper plate, there is an estimated
washcoat loss of 30%. Moreover, it was demonstrated68 that there is a very
inhomogeneous distribution of gas and liquid in the channels (Figure 3.13).

Figure 3.11 Galactose to galactitol conversion over a coated microplate.

Figure 3.12 (a) Opened microreactor, which was tested for its activity in galactose to
galactitol hydrogenation. Operational conditions: T¼ 105 1C, p¼ 60
bar, gas to liquid ratios varying from 1 to 20 (mL min�1). Sugar solution:
galactose 0.23 mol L�1. (b) Opened unused microreactor.
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3.4 Maltose Hydrogenation

3.4.1 Catalyst Screening

Maltose is a low cost, large-scale product of the starch-molasses industry,
with several million tons of maltose produced annually worldwide.69 Maltose
hydrogenation is commonly performed batch-wise in stirred tank reactors at
temperatures ranging from 60 up to 150 1C, hydrogen pressures of 30–80 bar
with sponge nickel or transition metals supported on oxides.70 Maltose
hydrogenation is characterized by the formation of several side products
including glucose and sorbitol along with formation of the target product—
maltitol (Figure 3.14).71

Commonly used sponge Ni catalysts have high selectivity up to 96–98%.
However, the main problem of this type of catalyst is similar to reactions with
other sugars, namely Ni leaching and fast catalyst deactivation. Hydrogenation
over ruthenium supported on MgO, SiO2, Al2O3 and TiO2 led to increased
maltose hydrolysis rates and excessive sorbitol formation, therefore selectivity
decreased to 20–80%.69,72 Ru supported on different types of carbon showed
high activity in maltose hydrogenation with the selectivity up to 96–97%.31

3.4.2 Engineering Aspects

The kinetics of maltose hydrogenation using Ru-containing nanoparticles
(NPs) formed in the pores of hyper-crosslinked polystyrene (HPS) was

Figure 3.13 Flow pattern in microreactor channels, liquid (lighter color) and gas
(darker color).

108 Chapter 3



studied73 at 110–140 1C and 20–70 bar. HPS is a rigid polymer with high
mechanical and chemical stability that can be a good matrix for metal
nanoparticle synthesis as it has a high surface area and both small and large
mesoporous. Small mesopores are suitable for metal nanoparticle formation
and larger mesopores can provide transport of the substrate to the
active sites.

The study of maltose concentration influence on the catalytic activity and
selectivity was performed at 140 1C, overall pressure 40 bar, catalyst and
maltose concentration of 8 g L�1 and 0.1–0.4 mol L�1 respectively.
Figure 3.15, displaying the kinetic curves of maltose transformation and the
selectivity for HPS-Ru-3%, shows that maltose hydrogenation is a complex
process with the main side product being sorbitol. Selectivity to maltitol
is characterised with well-defined maxima.

Figure 3.14 Scheme of possible reactions in maltose hydrogenation.
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Figure 3.15 Dependence of (a) maltose conversion and (b) selectivity to maltitol for HPS-Ru-3% (reaction conditions: temperature 140 1C,
overall system pressure 40 bar, Cc¼ 8 g L�1).
Reprinted with permission from ref. 73. Copyright Elsevier.
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The increase of hydrogen pressure results initially in the increase of
maltose transformation to maltitol, giving thereafter a zero order depend-
ence. Interesting mechanistic observations follow from Figure 3.16. Select-
ivity to maltitol increased with conversion, which contradicts with the
conventional thinking of a consecutive process of maltitol formation from
maltose and subsequent hydrogenation to sorbitol. Moreover, selectivity
increased with a hydrogen pressure increase.

The apparent activation energy was calculated according to the Arrhenius
equation and was found to be 58 kJ mol�1. Maltose, lactose and glucose
hydrogenation with HPS-Ru-3%73 revealed that maltose and lactose hydro-
genation rates are comparable while the rate of glucose hydrogenation is
substantially higher, which can explain the absence of glucose in the
reaction media.

The model developed73 corresponds to the Langmuir–Hinshelwood
mechanism with adsorption of organic compounds and hydrogen of a non-
competitive nature because of large differences in the sizes of molecules.

In order to explain the observed kinetic dependences of selectivity on
conversion and hydrogen pressure, a hypothesis was advanced73 assuming
the direct hydrolysis–hydrogenation of maltose to sorbitol and glucose with
involvement of two moles of hydrogen and one mole of water per mole of

Figure 3.16 Dependence of selectivity to maltitol on conversion for HPS-Ru-3%
at different pressures (reaction temperature 140 1C, Cc¼ 8 g L�1,
C0¼ 0.4 mol L�1).
Reprinted with permission from ref. 73. Copyright Elsevier.
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maltose. The formal kinetic expression for this route should have another
hydrogen as well as conversion dependence. Tentatively, it can be assumed
that this reaction route follows the rate equation with competitive ad-
sorption of reactants on other types of sites, which is in line with the pres-
ence of Ru(IV) and Ru(0) species on the catalyst surface. Thus maltose is
adsorbed on one type of site, giving hydrogenation of one glucose ring and
resulting in maltitol and at the same time it can adsorb in another mode on
other types of sites, forming sorbitol and glucose.

The model advanced73 was able to predict kinetic behavior at different
conditions with sufficient accuracy.

Sifontes et al.74 also studied the kinetics of D-maltose hydrogenation as
well as some other sugars, such as L-arabinose, D-galactose and L-rhamnose.

Experiments were performed at temperatures ranging from 90 to 130 1C
and hydrogen pressures from 40 to 60 bar using an active carbon-supported
ruthenium catalyst.

Conversions up to 100% with 100% of selectivity for arabinose and gal-
actose were reported while by-product formation (less than 5%) was ob-
served for maltose and L-rhamnose.

The kinetic model obtained assumed a competitive adsorption of hydro-
gen and the organic components, and the hydrogenation step on the catalyst
surface was taken as the rate limiting, whereas the adsorption and de-
sorption steps were presumed to be rapid quasi-equilibrium steps. An ex-
ample of the model fit is provided in Figure 3.17.

The hydrogenation behavior of the four selected sugars was similar in
terms of the pressure and temperature influence. The effect of the hydrogen
pressure was minor, whereas the temperature effect was very profound.

The by-product yields were observed to be dependent on the operating
conditions: the more severe the conditions (higher pressures and tempera-
tures), the more diverse and abundant the by-products, amounting to ca.
10–12% of the total product yield under the more severe conditions for
D-maltose and L-rhamnose, and to ca. 5–7% for L-arabinose and D-galactose
under the same severe conditions. However, in the majority of conditions,
the by-product yields were less than 1%.

3.5 Lactose to Lactitol Hydrogenation
Lactose is a disaccharide, which consists of glucose and galactose moieties.
In aqueous solutions at 20 1C, lactose, according to NMR, coexists in two
anomeric forms: 62.7% as b-lactose and 37.3% a-lactose.75 The lactose
content of milk originating from different mammals varies between 0 and
9%.76 The estimated annual worldwide availability of lactose as a by-product
from cheese manufacture is several million tons.76,77 However, only about
400 000 t/a lactose is processed further from cheese whey. Non-processed
whey is an environmental problem due to its high biochemical and chemical
oxygen demand.77 A relatively low solubility of lactose in most solvents limits
its use in many applications. Another restricting factor is the inability of
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Figure 3.17 Simulation results for D-maltose hydrogenation at 120 1C and (a) 40 bar and (b) 50 bar.
Reprinted with permission from ref. 73. Copyright Elsevier.
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lactose intolerant people, with a low level of lactase enzyme in the body, to
digest milk sugar.77 Therefore, the development of value-added products
from waste generated during cheese manufacturing processes is important.
Lactitol (by hydrogenation), lactulose (by isomerisation) and lactobionic
acid (by oxidation in the presence of oxygen) are the industrially most
important lactose derivatives. Moreover, the hydrolysis products of D-lactose,
D-galactose and D-glucose, can be used as valuable raw materials by the
pharmaceutical industry.78,79 The scheme of lactose hydrogenation in an
aqueous environment is shown in Figure 3.18. Due to the reducing atmos-
phere, lactobionic acid is produced by dehydrogenation of lactose following
a mechanism different from the oxidation (oxidative dehydrogenation) of
lactose, when the reaction is conducted in the presence of oxygen.

Lactitol is a sugar alcohol, manufactured by reducing the glucose part of
disaccharide lactose. It has a clean sweet taste that closely resembles the
taste profile of sucrose with only 40 percent of sucrose’s sweetening power.

Figure 3.18 Lactose hydrogenation.
Reprinted with permission from ref. 80. Copyright (2013) American
Chemical Society.
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This mild sweetness makes it an ideal bulk sweetener to partner with low-
calorie sweeteners, such as acesulfame K, aspartame, neotame, saccharin
and sucralose. Due to its stability and solubility, and because it tastes similar
to sucrose, lactitol can be used in a variety of low-calorie, low-fat and/or
sugar-free foods such as ice cream, chocolate, hard and soft candies, baked
goods, sugar reduced preserves, chewing gums and sugar substitutes. Unlike
lactose, lactitol is not hydrolyzed by lactase. It is neither hydrolyzed nor
absorbed in the small intestine. Lactitol is metabolized by bacteria in the
large intestine, where it is converted into organic acids, carbon dioxide and a
small amount of hydrogen. The organic acids are further metabolized, re-
sulting in a caloric contribution of 2 calories per gram (carbohydrates gen-
erally have about 4 calories per gram). As it is metabolized independently of
insulin, it is suitable for a diabetic diet.

Only a few studies about D-lactose hydrogenation (Figure 3.18) have
been published so far,28,31,78,80,81 with mainly Ni and Ru catalysts. Kuusisto
et al.28 studied the kinetics of lactose hydrogenation over a Mo-promoted
sponge nickel catalyst in a batch reactor operating at 20–70 bar and 110
and 130 1C. Selectivity and conversion were investigated under different re-
action conditions such as lactose concentration, catalyst loading, hydrogen
concentration and reaction temperature. The kinetic data were modeled
as well.

The influence of external mass transfer was studied by using various
stirring rates. At lower stirring rates (600 rpm) and thus inefficient agitation,
a lower conversion and lactitol selectivity indicating external mass-transfer
limitations were observed. These values were not affected by changing the
impeller rate from 900 to 1800 rpm (Figure 3.19). It was found that inefficient
mixing increased the formation of by-products such as lactobionic acid,
galactitol, and sorbitol.

The influence of lactose concentration was also investigated, not having,
however, any impact either on reaction rate or selectivity. Higher catalyst
loadings besides an expected productivity increase led to a lower lactitol
selectivity at low lactose conversion levels because of increased formation
of lactobionic acid, lactulose, and lactulitol. Low catalyst loadings resulted
in elevated lactose hydrolysis and, thus, higher galactitol and sorbitol
formation.

It was shown28 that although the catalyst activity declined, it was possible
to regenerate the catalyst by washing with a basic medium, leading to almost
complete restoration of the original activity. The dissolved metals at the end
of the hydrogenation batches were determined by DCP showing that leach-
ing increased with hydrogen pressure and temperature increase, as well as at
low loadings.

Kuusisto et al. also studied lactose hydrogenation over several commercial
and self-synthesized supported ruthenium catalysts in powder form.31

Among 5% Ru/C, 5% Ru/Al2O3, 5% Ru/SiO2, 5% Ru/TiO2, 5% Ru/MgO and
3% Ru/hyper-crosslinked polystyrene, the commercial Ru/C catalyst clearly
showed the best performance (Figure 3.20).
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Figure 3.19 Influence of the impeller rate on (a) lactose conversion and (b) lactitol selectivity at 120 1C and 50 bar H2 over a 5 wt% sponge
nickel catalyst. (K) 600 rpm, (J) 900 rpm and (’) 1800 rpm.
Reprinted with permission from ref. 28. Copyright (2006) American Chemical Society.
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Figure 3.20 Lactose conversion (a) and lactitol selectivity (b) over various supported ruthenium catalysts. T¼ 120 1C, P¼ 50 bar H2 and
catalyst amount 8.96 g L�1 in each experiment.
Reprinted with permission from ref. 31. Copyright Elsevier.
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As with the nickel catalyst, high lactitol yields (498%) can be achieved with
small amounts of by-products. Even though catalyst deactivation was severe
during consecutive lactose hydrogenation, deactivation over Ru/C was less
prominent than for the sponge nickel. This behavior could be explained by
the better ability of Ru/C to hydrogenate lactobionic acid.

Kuusisto et al.31 investigated the kinetics of lactose hydrogenation using
Ru/C. The experiments were performed in a semi-batch slurry autoclave re-
actor at 40–60 bar of hydrogen pressure and 110–130 1C. The main hydro-
genation product was lactitol with selectivity varying between 96.5 and
98.5%, while small amounts of lactulose, lactulitol, sorbitol, galactitol and
lactobionic acid were detected as by-products. The selectivity improved as
the hydrogen pressure increased and the reaction temperature decreased
within the studied experimental range.31

The kinetic data were modeled based on a Langmuir–Hinshelwood
mechanism. The amounts of by-products in the liquid phase and thus also
on the catalyst surface were minor and the main reaction turned out to be of
first order with respect to lactose. In addition, it is known that the ad-
sorption affinity of sugar alcohols is much less than that of sugar aldehydes.
Furthermore, the product desorption step was excluded and the adsorption
constants for hydrogen and lactose were presumed to be independent of
temperature.

The parameter estimation results indicated that it is not only the main
reaction (lactitol formation) that can be described by the model, but the side
reactions (formation of by-products) can also be described reasonably well
(Figure 3.21).

Several Ru based catalysts with Ru incorporated in the pores of hyper-
crosslinked polystyrene modified with amino groups and their catalytic
properties in the lactose hydrogenation were described.80 Kinetic analysis
performed80 included also values of metal dispersion in the calculations.

More recently, Pd/h-BN materials have been synthesized in order to find
an appropriate catalyst for selective hydrogenation of lactose into lactitol.81

The catalysts were prepared by impregnation and characterized by a range of
physico–chemical methods. Pd/a-Al2O3 and Pd/g-Al2O3 were also prepared
for comparison.

3.6 Sucrose or Fructose to D-Mannitol and D-Sorbitol
Hydrogenation

Sucrose is a disaccharide, which gives, by hydrolysis, glucose and fructose.
Hydrogenation of the monosaccharides produces both sorbitol and manni-
tol.46 Mannitol has a higher commercial value than sorbitol due to its prop-
erties as a sweetener for the food industry, and application in diet and
diabetics products.82 The industrial production of sorbitol and mannitol
comes from the catalytic hydrogenation of glucose and/or fructose but higher
yields of mannitol are obtained when syrups with high fructose contents or
pure fructose are used.32
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Figure 3.21 Model fit to some lactose hydrogenation experiments: lactose (_), lactitol (�), lactobionic acid (~), lactulitol (_), galactitol (þ)
and sorbitol (*).
Reprinted with permission from ref. 31. Copyright Elsevier.
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Raney nickel is the most used catalyst in this process due to its high ac-
tivity and low cost46 but, as in the hydrogenation of other sugars, utilization
of ruthenium based catalysts is another way to obtain high activities without
leaching under the conditions required for the reaction.46,83,84 Mannitol can
also be produced by chemical and biological methods, which suffer from a
low volumetric productivity.85,86

Mannitol is a hexavalent sugar alcohol widely distributed in nature, found
in olive trees, plane trees, fruits, and vegetables (e.g., strawberry, pumpkin,
celery, and onion). Being a low caloric sweetener, non-toxic and non-
hygroscopic, it has a low chemical reactivity and is extensively used in the
food and pharmaceutical industries.87 Figure 3.22 displays a fructose hy-
drogenation reaction.87

As in other sugar hydrogenation reactions, the most often studied systems
involve nickel catalysts. Hydrogenation of fructose over classical nickel-
based catalysts gives mannitol yields between 48 and 50 wt% with sorbitol
being the other main product.32,88

Heinen et al.82 studied the hydrogenation of different fructose mixtures
over Ru/C. The reaction produced a mixture of mannitol and sorbitol in a
weight ratio of about 40 : 60 being 100% selective to these two alditols. By
changing the initial composition of the fructose mixture, the authors found
that there was a competition for adsorption on the catalyst surface between
D-fructose and the reaction products. In the same study, the effect of pro-
moters on conversion and selectivity was investigated, suggesting that tin is
a good promoter to achieve high mannitol selectivity. Leaching of Ru from
the surface was merely 0.03%. It should be kept in mind that the main
drawback for Ni-based catalyst is leaching.

Toukoniitty et al.89 tested copper-based catalysts exhibiting higher se-
lectivity to mannitol of about 65%, although such copper-based catalysts
were much less active than the nickel-based counterparts.

In the study of Kuusisto et al.,32 the authors determined the reaction
orders in catalytic hydrogenation of D-fructose over CuO-ZnO catalyst.
Experiments were carried out in a batch reactor operating at 35–65 bar and
90–130 1C. The effect of some reaction parameters, such as stirring rate,
reduction temperature, catalyst loading, sugar concentration, type of the
solvent and reaction temperature, were tested. Conversion and selectivity

Figure 3.22 Hydrogenation of fructose giving sorbitol and mannitol as products.
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values were not affected by changing the stirrer speed from 1200 to 1800
rpm. Elevation of the catalyst reduction temperature from 220 to 300 1C
showed higher activity as expected. A second order reaction with respect to
hydrogen pressure was determined32 at 110 1C.

In the kinetic study of Kuusisto et al.32 for hydrogenation of fructose, a
competitive adsorption model, in which all the species occupy the same type
of sites, was applied. This model predicted the same reaction order for both
mannitol and sorbitol, according to the observed product distribution. The
adsorption of hydrogen was assumed to be dissociative even though the
hydrogen atoms were presumed to be added pair-wise to the carbonyl group.
Figure 3.23 shows that the kinetic model was in good correspondence with
the kinetic data.

Amorphous alloy catalysts of NiB and CoB types exhibited better activity,
selectivity and resistance to sulfur poisoning than in general nickel and
cobalt catalysts.90–93 Bimetallic amorphous CoNiB and polymer-stabilized
CoNiB catalysts displayed activity higher than NiB, CoB and Raney nickel,
even though the selectivity of mannitol improved slightly.94

Liaw et al.94 studied the effect of temperature (ranging from 60 to 100 1C),
pressure (from 20 to 60 bar) and initial concentration (from 20 to 50 wt%) on
the reaction rate. The authors found that the reaction rate had a maximum
at 80 1C and observed a first-order reaction with respect to hydrogen pres-
sure. At 70 1C and 40 bar, the initial rates decreased when increasing the
initial concentration of the sugar from 20 wt% to 50 wt%, indicating a
negative order dependence on fructose concentration.

Fructose hydrogenation kinetics has been studied, for example, by
Maranhão et al.,95 who accomplished kinetic studies with a nickel catalyst
supported in carbon using sucrose, glucose and fructose solutions. Based
on experimental results, the authors proposed a Langmuir–Hinshelwood
model to represent the kinetics of the process, assuming occurrence of
acid (metal) and basic (support) sites on the catalyst surface. Saccharide
adsorption on acid sites through the C¼O bond was suggested, along
with dissociative hydrogen adsorption on basic sites with a subsequent
reaction.

Heinen82 also proposed a Langmuir–Hinshelwood model to represent the
hydrogenation kinetics over a Ru/C catalyst.

In another work, Barbosa et al.96 evaluated the kinetics of sucrose
hydrogenation over ruthenium containing Y zeolites. The Langmuir–
Hinshelwood approach was assumed and the reaction parameters were de-
termined, obtaining a pseudo first-order kinetic model where the hydrolysis
to glucose and fructose was favored by the zeolite catalyst.

In a later study, Castoldi et al.97 evaluated sucrose hydrogenation kinetics
over Ni/Raney and Ru/Al2O3 catalysts using a hybrid autocatalytic kinetic
model to simulate the reaction and account for experiment observations. In
this model, the authors considered that glucose as well as fructose could
generate sorbitol and mannitol and the products could be transformed into
isomers in irreversible reactions (Figure 3.24).
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Figure 3.23 Kinetic curves of fructose hydrogenation experiments at different temperature and pressure values (J, experimental
values; —, model fit).
Reprinted with permission from ref. 32. Copyright Elsevier.

122
C

hapter
3



The model was able to describe a maximum in sorbitol and mannitol
concentrations observed experimentally for Ru/Al2O3 (Figure 3.25).

3.7 Hydrogenation of Xylose to Xylitol

3.7.1 Catalyst Screening

Xylose is a hydrolysis product of xylan, hemicellulose, present in, for ex-
ample, birch and reed. Hydrolysis is performed under acidic conditions to
obtain the corresponding monosaccharide, xylose, whose carbonyl group is
subsequently hydrogenated, leading to xylitol in water and aqueous alcohols
as solvents. Quite recently, xylitol has become a popular sweetening agent
because of its high sweetening capacity and anti-caries property.

The main characteristics of xylitol are that it has high solubility in water.
Xylitol has sweetness equal to that of table sugar (sucrose), but with 40%
fewer calories and no insulin requirements.98 These properties are the rea-
son that xylitol is even used in pharmaceuticals, cosmetics, synthetic resin
and alimentary industries.68

Even though a lot of effort has been put towards the microbial production
and metabolic engineering of xylitol recently, synthesis from xylose to xylitol
is industrially carried out as a catalytic hydrogenation with Raney nickel
catalyst.28,30–32 The traditional approach is based on the analysis of the main
components only, although it is known that xylulose, arabinitol, furfural and
xylonic acid can appear as by-products (Figure 3.26). Purification of xylose,
usually carried out by means of ion-exchange, filtering and crystallization,
is essential for the success of the subsequent step, i.e. the hydrogenation
of xylose to xylitol, since the most commonly used catalyst, Raney nickel,
is easily poisoned and deactivated by the impurities in the starting
material.27,30,99,100

Hydrogenation of xylose is economically feasible at elevated temperatures
and pressures: a high enough temperature (80–130 1C) is required to achieve
a sufficient reaction rate, however, too high a temperature leads to the for-
mation of undesired by-products. Since the solubility of hydrogen in the
aqueous phase is rather low, elevated pressures are needed (generally 40 bar
or higher).

Hydrogenation of xylose on nickel is selective and the pH should be
maintained at neutral, or moderately acidic. The by-products of the

Figure 3.24 Reaction kinetic network considered in the modeling.
Reprinted with permission from ref. 97. Copyright Springer.
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Figure 3.25 Correlation between the system of hybrid kinetic models and the experimental data from the hydrogenation with Ni-Raney (a)
and Ru/Al2O3 (b).
Reprinted with permission from ref. 97. Copyright Springer.

124
C

hapter
3



hydrogenation are D-xylulose, D-arabinitol, furfural and D-xylonic acid. For-
mation of by-products, such as D-xylulose and furfural, is favored by a
shortage of hydrogen on the catalyst surface.

This reaction has also been studied with mild conditions: temperatures
between 20–70 1C and reaction pressures of 5–300 bar using ruthenium
supported on zirconia as a catalyst. The main drawbacks are the by-products,
wastes generated and long reaction times.101

The solubility of hydrogen in water is quite limited, but the hydrogenation
rate can be enhanced by using alternative solvents. Unfortunately, the
solubility of xylose in many non-polar solvents, such as ethanol, is very low,
restricting the usability of organic solvents. Therefore, it is reasonable to
expect that a mixture of water and a non-poisonous organic solvent, with a
better solubility of hydrogen, enhances the hydrogenation rate. Further-
more, the reaction system is complicated by the fact that xylose mutarotation
takes place upon dissolution in water. Two types of both furanose (five-ring
internal ether) and pyranose (six-ring internal ether) as well as very

Figure 3.26 Anomeric equilibria of xylose and by-products.
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small amounts of acyclic aldehyde are formed, co-existing in equilibria.
It is generally believed that the acyclic carbonyl form is the active one in
hydrogenation. Nevertheless, the ring forms strongly dominate in aqueous
solutions at 30 1C.30

Leikin et al.102 hydrogenated xylose with 4–80% Raney nickel and found
that pH dropped sharply during the first 30 min, except when the amount of
catalyst was 8%. Similar but less pronounced results were obtained when
using buffer solutions.

Lately Mikkola et al.103 have shown that the formation of by-products is
primarily influenced by such factors as temperature, pH of the reaction
media and hydrogen mass transfer. The higher the temperature, the more
prominent the formation of by-products. Alkaline conditions facilitate gen-
eration of D-xylonic acid via the Cannizzaro reaction. It has been observed
that xylulose was formed at the beginning of the experiments and, there-
after, hydrogenated to xylitol and D-arabinitol. In the experiments carried out
below 90 1C, neither xylulose nor D-arabinitol were formed. The formation of
by-products is also suppressed by high hydrogen pressures.

A patent101 disclosed a process for the hydrogenation of sugars, focusing
on xylose, by using a catalyst in which ruthenium is supported on zirconia
with a metal dispersion of 10% or higher and in which the chlorine
content is less than 100 ppm. The conditions are mild; temperatures
between 20–70 1C and reaction pressures of 5–300 bar were used in a
fixed-bed tubular reactor achieving a purity of 99.5% or more without a
complicated separation process. The major drawbacks are the formation
of side-products, generation of waste and long reaction times (up to
100–1000 hours). For the catalyst preparation, ruthenium chloride is pre-
ferred in comparison to ruthenium nitrate, ruthenium nitrosyl nitrate, and
ruthenium acetylacetonate.

Zeolite Y supported ruthenium nanoparticle catalysts prepared by
impregnation were evaluated in the hydrogenation of xylose to xylitol.104

The reaction conditions were optimized to achieve the maximum conversion
of xylose and selectivity to xylitol.

The activity of the Ru catalyst on a new class of NiO modified TiO2 sup-
port, Ru/(NiO-TiO2), was studied in the liquid phase catalytic hydrogenation
of xylose to xylitol.105 The TiO2 support was modified by impregnation with a
nickel chloride precursor and subsequent oxidation.

3.7.2 Engineering Aspects

Although hydrogenation kinetics of monosaccharides has been studied ex-
tensively, only a few investigations have been published concerning the
hydrogenation of xylose.

Wisniak et al.43 proposed that for Raney nickel catalyzed hydrogenation, at
100 1C the reaction follows a pseudo-first-order with a surface-reaction-
controlling step between atomically adsorbed hydrogen and adsorbed xylose
while xylose reacts directly from the liquid phase at higher temperatures.
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A later study by Mikkola et al.53 revealed that the reaction order with respect
to xylose is lower than unity, which indicates a retarding effect of xylose
adsorption on the catalyst surface.

Mikkola et al.99 developed a semi-competitive model for hydrogenation
taking into account that large-sized organic molecules occupy more space on
the surface than hydrogen. In this model, adsorption and desorption steps
were assumed to be rapid, whereas the irreversible hydrogenation steps on
the surface were presumed to be rate controlling. Hydrogen adsorption was
assumed to be dissociative, even if hydrogen atoms were supposed to be
added pair-wise to the organic species.

Experiments99 revealed that the product distribution was not influenced
by the catalyst deactivation. Thus, all of the reactions were affected in a
similar way and the catalyst deactivation kinetics was described by a semi-
empirical model disappearance, assuming a loss of active sites because of
promoter leaching and surface restructuring.

3.8 Hydrogenation of Sugar Mixtures
To study the influence of the sugar molar ratios on the hydrogenation kin-
etics of both sugars (L-arabinose and D-galactose) in the mixture, several
experiments were carried out106 at different molar ratios of D-galactose to
L-arabinose (0.1–10), the average ratio of galactose-to-arabinose units in
arabinogalactan (hemicellulose) being about 5 : 1.107 Typically, very high
yields (close to 100%) and selectivity (95–99%) were achieved, the products
being arabitol and galactitol. No by-products were detected.

Several experiments were performed106 to study the effect of hydrogen
pressure on the hydrogenation kinetics of mixtures under operating con-
ditions of 40, 50 and 60 bar and 105 1C, and at two different molar ratios. It
was found from these experiments that the influence of hydrogen pressure
on the reaction rate was insignificant, i.e. the kinetics was close to zero order
with respect to the hydrogen pressure.

In the case of D-galactose, hydrogenation in the mixture did not exhibit
any unexpected behavior: the higher the concentration of galactose in the
mixture, the faster the reaction proceeded with no important difference
between the limiting case of pure sugar and the higher ratios. The experi-
mental behavior can be explained by a competitive adsorption effect: the
presence of a competing sugar retards the hydrogenation rate of the
other sugar.

However, L-arabinose exhibited an acceleration of the rate with an in-
creased amount of D-galactose starting from 0.1 and stabilizing at ratio
1 (ratios 2 and 3.6 presented a small variation). The most remarkable ob-
servation is that at ratio 5 (i.e., the concentration of D-galactose being
5 times that of L-arabinose), the reaction proceeded even faster than the
limiting case of pure arabinose. This effect was very clear as confirmed by
Figure 3.27.
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3.9 Final Remarks
The heterogeneous catalytic hydrogenation of various sugars over a range of
catalysts was described. Historically, sponge nickel catalysts were applied
mainly, although more recently, ruthenium based catalysts have emerged as
a feasible alternative. Various aspects of hydrogenations, such as catalyst
selection, reaction kinetics, influence of the sugar structure, structure sen-
sitivity and reactor aspects were covered in this chapter, highlighting the
recent advances in this fascinating field of biomass transformations.
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J. Väyrynen and T. Salmi, Ind. Eng. Chem. Res., 2006, 45, 5900.

29. E. Crezee, B. W. Hoffer, R. J. Berger, M. Makkee, F. Kapteijn and
J. A. Moulijn, Appl. Catal., A, 2003, 251, 1.

30. J.-P. Mikkola, T. Salmi and R. Sjöholm, J. Chem. Technol. Biotechnol,
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39. N. Déchamp, A. Gamez, A. Perrad and P. Gazellot, Catal. Today, 1995,

24, 29.
40. M. C. Nunes, C. A. Perez and M. Schemal, Appl. Catal., A, 2004, 264, 111.
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CHAPTER 4

Advances in Sugar-based
Polymers: Xylan and its
Derivatives for Surface
Modification of Pulp Fibres
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PEDRO FARDIM*

Laboratory of Fibre and Cellulose Technology, Åbo Akademi University,
Porthansgatan 3, FI-20500, Turku, Finland
*Email: pfardim@abo.fi

4.1 Introduction
Hemicelluloses belong to a group of non-cellulosic polysaccharides.
Together with cellulose and starch, hemicelluloses are one of the three most
common classes of polysaccharides found in nature. Moreover, hemicellu-
loses constitute one quarter to one third, exceptionally even up to half, of the
weight of biomass of annual and perennial plants.1,2 They can be divided
into four different classes based on their chemical structure: (1) xylans, (2)
mannans, (3) b-glucans with mixed linkages, and (4) xyloglucans.2 Unlike
cellulose, hemicelluloses have relatively low molecular weight.3 Depending
on the natural origin, polymeric chains of hemicelluloses can be branched
and consist of different monomeric units, including glucose, xylose,
mannose, galactose, arabinose, fucose, glucuronic acid, and galacturonic
acid.1 In a plant cell wall, hemicelluloses have a less ordered (amorphous)
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arrangement compared to cellulose due to their branched structure. Con-
sequently, they are fairly easily prone to depolymerisation or disassembly.

As a result of the extensive resources and possibility of isolation, hemi-
celluloses have gained an increased academic and industrial research
interest for the development of new applications. For instance, hemicellu-
loses are used as food additives, health and cosmetic products, thickening
and strength enhancing additives, adhesives, etc.3–6 The properties of the
extracted hemicelluloses can be easily tailored for the desired applications.
For example, esterification, etherification, grafting or crosslinking are the
most common methods to enhance solubility, strength, thermoplasticity or
viscosity of the hemicellulose solution.7

Xylan, among other hemicelluloses, are stated to be the most common
non-cellulosic polysaccharide, and the second most abundant natural
polymer of the plant cell wall after cellulose.1 Consequently, xylans are now
the most studied hemicelluloses to be utilised for the development of new
products. In this chapter, the most efficient extraction methods, as well as
potential applications of xylan-based materials for fibre-surface engineering,
will be presented and discussed.

4.2 Sources and Structures of Xylan
Xylan-type hemicelluloses are found in an extensive list of plants; e.g., wood
(especially hardwoods, but also softwoods), agricultural crops (e.g., straw,
sugar cane, or corn stalks), grasses, herbs, and seaweed. Preferably, xylans
can be obtained as by-products from forestry, food processing and agri-
cultural residues.

Xylans are mostly heteropolymers with a backbone, most often consisting
of b-1, 4-linked D-xylopyranose units, which are the pyranose form of pen-
toses. The backbone can be branched with carbohydrate chains composed of
D-xylose, L-arabinose, D- or L-galactose or D-glucose units.2 The chemical
structure of these sugars is presented in this book in the chapter of Murzin
et al. The primary structure of the different types of xylans is strongly
dependent on the natural origin. Moreover, xylans are found with different
macromolecular structures even within different locations of the same plant
(stem, leaves and seeds).1,4,8 The average molar mass of xylan polymers
depends on the source, the method used for extraction, and also the
methods of determination.

Values of 30 000–380 000 g mol�1 have been reported.2 Xylans are usually
classified according to their structural differences in degree of substitution
and types of side groups as the following:2,8,9

1. Linear homoxylans are common in some seaweeds (Scheme 4.1).
2. Glucuronoxylans

2.1. Methylglucuronoxylans have units substituted with 4-O-methyl-a-D-
glucopyranosyl uronic acid residues at position 2 (Scheme 4.2).
The xylopyranose units are partly acetylated both at positions 2 or
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3 (acetyl groups are not shown in Scheme 4.2). Glucuronoxylans are
the main hemicellulose component in hardwoods.

2.2. (Arabino)glucuronoxylans have units substituted with 4-O-methyl-
a-D-glucopyranosyl uronic acid and a-L-arabinofuranosyl at pos-
itions 2 and 3, respectively (Scheme 4.3). (Arabino)glucuronoxylans
are found for example in softwoods, lignified tissues of grasses,
and cereals (Scheme 4.4).

Scheme 4.1 Primary structure of two types of homoxylans (adapted from
Ebringerová et al.2).

Scheme 4.2 Primary structure of 4-O-methyl-D-glucurono-D-xylan (adapted from
Ebringerová et al.2).

Scheme 4.3 Primary structure of (L-arabino)-4-O-methyl-D-glucurono-D-xylan
(adapted from Ebringerová et al.2).
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3. Arabinoxylans have xylose units substituted on the backbone with
arabinofuranosyl units at position 2 and/or 3 (Scheme 4.5). Moreover,
phenolic acids such as ferulic or coumaric acid can be esterified to O-5
of some arabinofuranosyl units. Arabinoxylans are commonly found in
the starchy endosperm (flour) and the outer layers of cereal grains
(bran).

4. Heteroxylans are structurally more complex, with the backbone heavily
substituted with various mono- or oligosaccharides side chains. They
are present in cereal bran, seeds, gum exudates and mucilage.

4.3 Extraction of Xylan from Biomass and
Conversion to Xylan Derivatives

The extraction of high molar mass xylan from biomass requires specific
attention. Extensive degradation might occur due to the drastic extraction
conditions required for breaking the strong associations between xylans and
other cell wall constituents.2 The choice of biomass type (wood or annual

Scheme 4.4 Primary structure of water soluble xylan (adapted from Ebringerová
et al.2).

Scheme 4.5 Primary structure of water soluble L-arabino-D-xylan (adapted from
Ebringerová et al.2).
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plants) and the optimisation of the extraction method toward sufficiently
mild conditions are the keys to obtaining high molar mass xylan with a
very low lignin content. On the other hand, the aim for high molar mass
hemicelluloses with low contamination level may result in a moderate yield
compared to those processes targeting for degradation to sugars.1,5

The most common industrial and laboratory scale processes for extraction
of xylans are briefly described below. The reader should be aware that the
list is not complete. Moreover, the terminology words ‘‘pretreatment’’ and
‘‘extraction’’ are occasionally used interchangeably for the same process in
different publications.

Hydrothermal processes use hot water or steam, or a combination of both,
to heat the biomass at high pressure. In hot water extraction (HWE) (also
known as autohydrolysis), acetic acid from acetyl groups and uronic acids
are released from the biomass to the liquid phase, where they act as
hydrolysing agents. Due to technical, environmental and material purity
advantages, HWE has gained a lot of attention both for extracting polymeric
hemicelluloses, and for the bioethanol route.10–17

Alkaline processes include the use of sodium, potassium or calcium
hydroxide, and also ammonia. The cold caustic extraction process (CCE),
which is conducted at room temperature and atmospheric pressure, has
proven to have some advantages over alkaline processes that use elevated
temperatures.10–12 The combination of alkaline extraction conditions with
ultrasound, or the addition of hydrogen peroxide to the alkaline medium,
seem to improve the yield and quality of the isolated xylan.18

Although organosolv was originally intended to be used as a pulping
method, it should be stated that organosolv pretreatment may also be used
to extract hemicelluloses. Rowley et al.19 extracted xylans from corn stover by
dimethyl sulfoxide (DMSO). The effect of a temperature increase from room
temperature to 70 1C was investigated with the aim of increasing efficiency
without deterioration of the chemical structure. DMSO was chosen as a
solvent because it is one of the few solvents that allows the production of a
water-soluble xylan by retaining the acetyl groups, which are present in the
native state. The results showed that the chemical structure and the yield of
xylans extracted from corn stover by DMSO at 70 1C were comparable to the
ones extracted at room temperature with alkali (KOH or NaOH), while the
extraction time was reduced by 90%.19

Immerzeel et al.20 studied the extraction of water-soluble xylans from
wheat bran. Microwave or autoclave heating was conducted as a pretreat-
ment with subsequent extraction in deionised water and isolation by ethanol
precipitation. The authors concluded that by using the heat treatment, the
yield of water soluble xylan from wheat bran was increased, and the degree
of arabinose substitution could be varied. Microwave assisted heating was
superior to autoclave heating regarding the amount of extractable xylan. The
yield of polymeric xylan showed a peak value of 59% with microwave heating
at 185 1C for 10 min. The extraction of xylans from rice straw was investi-
gated by Nie et al.21 The rice straw required dewaxing by toluene–ethanol as
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a pretreatment. Different alcohols, all with a concentration of 60%, with
addition of acid or alkali as a catalyst, were used to extract xylans from rice
straw, targeting high yield and low degradation of the polymeric material. Of
the investigated alcohols, the application of ethanol with an alkali catalyst
was the most favourable promoting a moderate yield (18% of the total weight
of the biomass, corresponding to 55% of the original hemicellulose content)
of large-molecular xylan (Mw up to 48 000 g mol�1). On the other hand,
lignin was also more efficiently solubilised in the alkaline processes.21

Ionic liquids are molten organic salts with a melting point below 100 1C
that can dissolve polysaccharides in large amounts. The ionic liquid 1-butyl-
3-methylimidazolium chloride has been utilised for the fractionation of
bagasse to cellulose, hemicellulose and lignin, where xylan was determined
to be the major component of hemicelluloses.22

4.3.1 Extraction of Xylan from Wood Chips

As discussed before, several strategies for the extraction of xylans from
biomass have been developed. In this section, efforts will be focused on
addressing the extraction of high molar mass xylan from hardwood, using
the so-called pressurised hot-water extraction method (PHWE). This method
is probably the most commonly used method for extraction of hemicellu-
loses. The term ‘‘PHWE’’ refers to the processes of extraction that use
superheated or subcritical water. Theoretically, subcritical water is defined
as liquid water in equilibrium with saturated vapour. The pressure of the
vapour phase is in the range of 1 bar to 217 bar, and the temperature ranges
from 100 1C to 374 1C. As a system in thermodynamic equilibrium, the
pressure is exerted by the vapour in equilibrium with the liquid phase of the
system, at the given temperature. PHWE processes can be carried out both in
flow-through or static batch modes.23,24 The chemical properties of the
xylans that are extracted in the liquid phase from the hardwood chips,
obviously depend on the chemical composition of the native polymer. In
addition to the characteristics of the raw material, the experimental con-
ditions of the PHWE method and the fractionation method used for the
recovery of the polymer from the extracted liquor also play an important
role. Besides the extraction mode, the initial pH of the aqueous media, and
temperature of the extraction, there are several parameters that have a
remarkable influence on the final composition of the high molar mass xylan
extracted with the PHWE method. These parameters are summarized in
Table 4.1, and they will be discussed briefly herein.

4.3.1.1 Wood chips

A deep knowledge of the interactions between the natural polymers present
in hardwood, and the wood’s ultrastructure, is of the utmost importance
when considering the isolation of xylan from this source. Hardwood is a
complex anisotropic material composed of cellulose, lignin, hemicelluloses,
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and minor components. The cell walls of hardwood are described as con-
sisting of a network of cellulose microfibrils embedded in an amorphous
arrangement of pectin, hemicelluloses, lignin, and minor components.
Generally, hardwoods contain 15–30% of acetylated 4-O-methyl glucur-
onoxylan, and 2–5% of glucomannan. The formulae of the hemicelluloses
are represented in Scheme 4.6.25

The cell walls are organized in different layers with distinct levels of
crystallinity and porosity.26 The main polymers encountered in these layers
are interconnected with each other through different chemical bonds (e.g.,
hydrogen, esters, glycosidic, and ether bonds).27 The linkages between
hemicelluloses and lignin were suggested a long time ago by Erdman in 1866
(cited in Merewether, 195728). The association between lignin and hemi-
celluloses yields so-called lignin-carbohydrate complexes (LCCs),28–30 and
the existence of these linkages represents one of the challenges in getting
pure hemicelluloses from wood using PHWE methods. The xylan content
among the different layers of the cell wall might be significantly different for
the same type of wood. For example, in the case of young fibres of birch
(Betula verrucosa Ehrh.), it was found that the glucuronoxylan content is
higher in the secondary wall in comparison to the primary wall.31 As
Figure 4.1 shows, the xylan content reaches its maximum weight percentage
in the middle layer of the secondary wall (S2). Apparently, the rigid structure
of the chipped birch wood needs to be open to extract as high an amount of
xylan as possible from it. The storage conditions, the moisture content of the
wood, and the particle size might play a significant role in liquor pene-
tration.32,33 Thus, these parameters are also important for the extraction of
hemicelluloses.

4.3.1.2 Impregnation stage

The impregnation of the wood chips prior to PHWE might be critical for the
success of the extraction process. For instance, removal of entrapped air

Table 4.1 Identification of several parameters affecting the final composition of
xylan isolated with PHWE.

Category Parameter

� Wood chips - Botanical origin
- Storage conditions
- Particle size
- Moisture content

� Impregnation stage - Impregnation conditions
� PHWE, experimental conditions - pH

- Time
- Temperature and pressure
- Liquor to wood ratio, LWR
- Mixing (batch mode)

� Method of separation from liquor - Addition of an ‘‘anti-solvent’’ (precipitation)
- Type of membrane (ultrafiltration)
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facilitates penetration of the extraction liquor, therefore, increasing the
process yield.34

Removal of air from wood chips can be facilitated using vacuum.
However, an efficient removal of air from wood chips with normal moisture
content is difficult to achieve using this method. This is most probably
because the capillaries from the wood cell walls are sealed by extractives.
Besides that, the high surface tension that occurs at the liquid–air interfaces

Figure 4.1 A schematic illustration of the fibre cell wall layers of young fibres of
birch (Betula verrucosa Ehrh.), with the primary wall (P) and the three
layers of the secondary wall (S1–S3). The numbers on the right express
the xylan content as a weight percentage of the corresponding layer/
wall.31 *As a weight percentage of the primary layer and middle lamella.

Scheme 4.6 Primary structure of acetylated 4-O-methyl glucuronoxylan and gluco-
mannan (adapted from Sjöström et al.25). Xylp-, xylopyranose; Glcp-,
glucopyranose; Manp-, mannopyranose; Me-, methyl.
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in the narrow capillaries of a partially saturated chip may counteract the
negative pressure gradient generated by the vacuum pump. Moreover, vac-
uum impregnation is difficult to implement on a large scale. For these
reasons, pre-steaming is often preferred as a tool for removing the entrapped
air from wood chips. Pre-steaming consists of a flow of steam at atmospheric
pressure (or higher pressures). The thermal expansion of the woody material
and the elevated temperatures facilitate the removal of entrapped air from
the wood chips. Independent of the method used for impregnation, the
removal of oxygen from the extraction medium is highly recommended.
Apparently, the impregnation helps not only for a better penetration of the
liquor into the chips but also to prevent the undesired oxidative degradation
of polysaccharides.29,35 Other ‘‘penetration aid’’ techniques were discussed
by Malkov et al.36

4.3.1.3 Experimental Conditions of PHWEs

Some of the properties of the extracted xylan, such as degree of polymer-
ization (DP) and degree of acetylation (DSAc), can be tuned by selecting ad-
equate extraction conditions. In that sense, the initial pH of the aqueous
media and temperature play a critical role as these parameters have a direct
control over the chemical reactions with carbohydrates. For example, the use
of extreme pH values and high temperatures (above 180 1C) might lead to
strong hydrolysis and degradation of the polyoses of interest.29,37 In
consequence of this, xylans with a very low average molar mass or DP are
dissolved in the extraction liquor together with a lot of undesirable
degradation products. Typical polysaccharide degradation products are
formic acid, methanol, furfural, hydroxymethylfurfural, mucic acid, levulinic
acid, humins, etc.29,38 The degradation products shown in Scheme 4.7 are
originated not only from the polysaccharides but also from lignin, which
makes the isolation of xylan from the liquor more challenging when extreme
conditions are used. Under such extreme conditions, the more extensive
degradation of the wood chip components will occur with longer extraction

Scheme 4.7 Degradation products originated at elevated temperatures (adapted
from Fengel et al.29).
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times. Therefore, extreme conditions with long extraction times are usually
not recommended when the purpose of the extraction is to recover xylans
with high DP value. On the other hand, low temperatures (below 150 1C)
lead to very low extraction yields.23,24 Therefore, the extraction conditions
selected will always be a balance between all the factors mentioned here.

It is worth reminding that, besides the fact that the temperature of the
system controls the kinetics of the chemical reactions of the wood com-
ponents, the properties of water are significantly affected by the changes in
temperature and pressure. At high temperatures and increased pressure
conditions, liquid water is a highly efficient solvent for the extraction of
xylan from wood chips. Under these conditions, water has a lower dielectric
constant, decreased density and viscosity, and less ionization capacity
compared to water at room temperature. The lower dielectric constant of
subcritical water allows this solvent to dissolve less polar compounds.39 A
less viscous solvent will certainly penetrate more easily into the porous
material. The lower ionization capacity will affect the strength of acids in the
solution. Several properties of water at two different temperatures are
compared in Table 4.2.

Common operating temperatures in PHWE can range from 150 1C to
180 1C, independently of the initial pH of the solution. In neutral or acidic
conditions, two different xylan fractions can be recovered in the extraction
liquor. The highly acetylated xylan fraction is dissolved at the early stage.33

The hydrolysis of acetyl groups from the acetylated hardwood xylans, leads to
the formation of acetic acid solution. The released acid drops the pH of the
aqueous media, and catalyzes the hydrolysis of polysaccharides.29 Several
strategies have been intensively studied during the last decades to avoid the
strong degradation of hemicelluloses caused by a high concentration of
acetic acid. For example, short extraction times or the addition of salts and
buffers at the beginning of the process were tested.44 Recently, external
control of the pH of the liquor during the extraction process was attempted
by Krogell et al.45–47 The main purpose of this work was to find the experi-
mental conditions that allow the highest extraction yield of high molar mass
hemicelluloses from softwood. The positive results from the work have
shown the benefits of having precise control of the solution pH during the
extraction of softwood hemicelluloses.

Apparently, the liquor-to-wood ratio (LWR) and intensity of mixing do not
play a critical role for the chemical composition of the recovered material.

Table 4.2 Dielectric constant, viscosity, and ionization capacity of pure liquid water
under different conditions.

Liquid water at 20 1C Liquid water at 160 1C Ref.

Static dielectric constant 80.27 41.95 39
Vapour pressure (kPa) 2.34 618.23 40
Density (Kg m�3) 998.3 907.0 41
Din. Viscosity (mPa.s) 1002.0 187.8 42
Ionization capacity, pKw 14.5 11.5 43
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However, these factors cannot be ignored. The intensity of mixing facilitates
mass transfer and might increase the yield, and LWR determines the
concentration and volume of the recovered liquor.

4.3.1.4 Methods of Separations from Liquor

The addition of an anti-solvent such as ethanol is a suitable method for the
fractionation of the extraction liquor. Ethanol disrupts the hydrogen bonds
between hemicelluloses turning them insoluble, whereas lignin fragments
and undesirable compounds remain dissolved in the ethanol–water solu-
tion. The volume of liquor has a direct impact on the amount of ethanol
needed for the precipitation of hemicelluloses. According to Brillouet et al.,
the ratio of ethanol to water that is needed to precipitate heteroxylans from
solution should be at least 2 : 1.48 When a higher ethanol-to-water ratio is
used, polysaccharides with a lower DP can be precipitated.

Another strategy for the fractionation of the extraction liquor might be the
use of membranes. In this case, it is preferable to use diluted liquors in order
to prevent the membrane clogging-up. A set of membranes with different
polarity and molecular cut-off were successfully used on a large scale for
the separation of hemicelluloses from solution.49 In combination with
membranes, polymeric adsorbents have been tested for reducing membrane
fouling.49

4.3.2 Extraction of Xylan from Chemical Hardwood Pulp

Bleached hardwood pulp fibres can be utilised as a source of xylans. The
main advantage is that the raw material, which has been subjected to (Kraft)
pulping with subsequent bleaching steps, is very pure regarding the amount
of lignin and extractives. Therefore, the xylans extracted from bleached
hardwood pulp can be expected to contain very little contaminant, which is
seldom possible when using hardwood chips as the raw material. The
advantage of alkali extraction of hardwood elemental chlorine free bleached
pulp (ECF) is the upgrade of paper pulp to dissolving pulp, since the latter
usually has a higher market price than the former. Extracted dissolving pulps
can be used for the preparation of cellulose derivatives or regenerated fibres.

Eucalyptus globulus has been subjected to cold caustic extraction (CCE)
with the aim of removing a pure fraction of xylans while preserving the
strength properties of the remaining pulp.50 CCE was conducted at 30 1C for
25 minutes at a consistency of 10% and a NaOH charge of 0.29 g g�1 dry
pulp. Xylans were dissolved in NaOH solution and precipitated by decreasing
the pH of the filtrate and washing with ethanol. The extraction procedure
removed an average of 5.0% of the pulp material, which was analysed by size
exclusion chromatography (SEC), high-performance ion chromatography
(HPIC) and Fourier transform infrared spectroscopy (FT-IR). HPIC meas-
urements revealed that the precipitate consisted mainly of xylose (499%)
whereas FT-IR verified that there was no uronic acid or lignin present in the
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extracted xylans. The material was found to be polymeric with an average
molar mass (Mw) of 17 500 g mol�1, which corresponds to a DP of ca. 98,
with a narrow size distribution (polydispersity ca. 1).50 The remaining Eu-
calyptus globulus pulp after extraction of xylans was analysed for certain pulp
properties to verify the effect of extraction. It was found that ca. 30% more
refining was needed for the extracted pulp to achieve the same drainability
properties. In comparison with non-extracted eucaliptus pulp, the extracted
eucalyptus pulp has the same or higher tensile strength at the same refining
degree, and requires less energy for drying.50

4.3.3 Xylan Derivatives

Xylan isolated from plant materials can be used for the preparation of xylan
derivatives. These derivatives can be synthesized either in homogeneous or
heterogeneous conditions.51 The novel functionality (e.g., ester and ether
functional groups) introduced to the polymeric chain imparts novel prop-
erties to the designed polymer. Thus, the properties of the xylan derivatives
(XDs) can be tuned by the type of moieties introduced and by their degree of
substitution (DS). However, the structure of the xylan derivatives is also
strongly dependent on the characteristics of the xylan used to prepare these
derivatives. As an example, the antiviral activity of xylan sulfates (XS) de-
pends both on the molar mass of the original xylan, and the DS of the sulfate
groups. XS of high molar mass and a DSSulfate above 1.2 showed antiviral
activity, whereas XS of low molar mass and DSSulfate as high as 1.7 did not
show this property.51 Although a lot of effort is being made to unveil the
exact mechanism responsible for these differences in the chemical prop-
erties, the explanations remain unclear yet.

Xylan derivatives have potential applications in many different fields, such
as health care pharmaceuticals, hygiene and water purification products,
food industry, and adhesives, among others.1,8,9,51–53 Examples of xylan
derivatives prepared and their potential applications are shown in Table 4.3.

4.4 Surface Engineering of Fibres Using Xylan and
Xylan Derivatives

The application of biomass-derived polysaccharides as surface modifying
agents is an attractive approach for engineering fibre-based materials.
Additionally, it provides new market opportunities for underutilized poly-
saccharides. Direct self-assembly of biopolymers and their derivatives on the
fibre surfaces is a tool aimed to keep the fibre wall structure intact and
endow the fibres and fibre networks with new properties.54,55 Traditionally,
xylan has been added to fibres during pulp processing to facilitate beating
and to improve the mechanical properties of the fibre network.56,57 Beating
is a process involving the mechanical treatment of pulp fibres in an aqueous
media with the aim of improving their papermaking properties. By means of
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polysaccharide chemistry, different functional groups can be introduced to
xylan to facilitate the interaction with the fibres and to add new function-
alities.58 A lot of research was carried out to get a deeper understanding of
the adsorption phenomenon, the effect on the fibres’ properties and to en-
hance the performance of this biopolymer as a functional polymer.59–63

The properties of the substrate and sorbate are of great importance for
fibre modification via adsorption of biopolymers. Although the properties of
pulp fibres are not the focus of this chapter, it is necessary to mention a few
important characteristics. Pulp fibres are a porous heterogeneous sub-
strate.29 As mentioned earlier, they have a complex chemical composition,
mainly consisting of three polymers (cellulose, hemicelluloses, and lignin)
and low molecular weight extractives.29 The content of these compounds
varies across the fibre wall and, therefore, the composition of fibres in the
bulk differs from that of the surface.29 Another important feature of the

Table 4.3 Examples of functional groups introduced to the polymeric chain of
xylans.

Name
Structure of the
functional group Potential application

Hydroxypropyltrimethylammonium
xylan (HPMAX)

Paper additive
flocculation aid,
antimicrobial
agent51

Carboxymethyl xylan Pulp and paper,51

anti-tumor drug1

Xylan furoate Film formation52

Xylan sulfate
Biologically active

component in
drugs1

Xylan ibuprofen
Biologically active

component in
drugs51

FTICa xylan Mapping of wood
fibres62

aFTIC: fluorescein isothiocyanate.
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fibres is the negative electrostatic charge. The cellulose fibres carry negative
charge in slightly acidic and neutral conditions, which originates mostly
from the uronic acid groups of hemicelluloses.64 All these properties can
vary considerably depending on the source of the fibres and the manu-
facturing process, and they have to be taken into consideration when de-
signing the modification of the fibres by xylan or xylan derivatives. On the
other hand, the properties of xylan, such as chemical composition and
purity, also play a significant role in the modification process. The effect of
these properties and the reaction conditions on xylan adsorption are dis-
cussed in more detail below.

4.4.1 Mechanism of Xylan Adsorption to Cellulose Fibres

In aqueous solutions, xylan tends to self-associate, and it is believed that
most of the xylan adsorbs in the form of aggregates.61 Such aggregates are
formed due to interactions between or within the polysaccharide chains
through intra- and intermolecular hydrogen bonds, as well as through so-
called hydrophobic interactions of the hydrophobic substituents (i.e. lig-
nin).61,65,66 Aggregation favors the xylan transfer from solution to the fibre
surfaces and, therefore, its adsorption.61,65,66 There is no commonly ac-
cepted theory about the types of forces retaining xylan on the cellulose
surfaces. However, different research groups have proposed that such forces
are hydrogen bonds or a van der Waals attraction.60,67,68 The formation of
hydrogen bonds between the xylan and cellulose fibres can be supported by
the natural arrangement of xylan in the fibre cell wall, where xylan it is tightly
bonded with cellulose via hydrogen bonds formed between the available
hydroxyl groups of these polysaccharides.29 Figure 4.2 illustrates xylan self-
association and the mechanism of its adsorption onto the cellulose fibres.

Adsorption of xylan onto the cellulose material reaches equilibrium
slowly.59,67–69 This can be attributed to the hindered diffusion of xylan
molecules caused by a steric effect (conformation of molecules) and elec-
trostatic repulsion between the fibre surfaces and the polymeric molecules.69

Several studies showed that the adsorption of xylan takes place across the
entire fibre cell wall and is not limited to the surfaces.62,70 However, the
highest concentration of xylan was observed on the outer fibre layers where
xylan formed nano- and micrometre-sized particles.62,64,71 A good visual-
ization of the distribution of adsorbed xylan across the fibre cell wall was
demonstrated by Köhnke et al.62 It is depicted in Figure 4.3. The images were
obtained by confocal laser scanning microscopy studies on bleached Kraft
softwood fibres modified by birch glucuronoxylan previously labeled with
fluorescent molecules.

4.4.2 Effect of Xylan Structure and Purity on its Adsorption

The xylan structure and xylan purity depends on the biomass source as well
as on extraction conditions, method of recovery and purification methods
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employed. Side groups of xylan have a significant effect on the solubility of
the polymer and its interactions with other materials. Arabinosyl and acetyl
side-groups attached to the backbone hinder xylan aggregation. As reported
by Kabel et al.72 who studied adsorption of various xylans onto bacterial
cellulose at a pH of 5 and at 40 1C, the removal of acetyl groups and
arabinose units favored agglomeration of xylan due to improved intra- and
inter molecular interactions of the xylan chains. This in turn increased the
adsorption of xylan onto the cellulose material.

The presence of uronic acid groups makes xylan molecules negatively
charged. These groups cause electrostatic repulsion of the xylan chains
preventing their association in aqueous solution. Furthermore, they impair
interactions between xylan and cellulose fibres due to the same reason.61

Besides that, uronic acids exhibit strong hydrophilic character, and xylan
molecules that contain many uronic acid groups are surrounded by a larger
amount of water molecules.59 This restricts the close contact of the poly-
saccharide with the cellulose surfaces impeding, as a result, the adsorption
of xylan onto cellulose surfaces. Hansson and Hartler59 compared
adsorption of pine and birch xylan onto cotton fibres. The pine xylan showed
worse adsorption in comparison with birch xylan. The difference was ex-
plained by a higher content of uronic acid groups, and also by the presence

Figure 4.2 Mechanism of xylan adsorption onto the cellulose surface of fibers.61

Reprinted with permission from ref. 61. Copyright (2003) American
Chemical Society.
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of arabinosyl substituents in the pine xylan. The cleavage of uronic acid
groups from birch xylan increased two-fold the adsorption.59 The authors of
another study73 showed that hexenuronic acid groups formed during a
cooking reaction also decreased the affinity of xylan to cellulose fibres.

Lignin might be present as an impurity and has an effect on xylan solu-
bility, as well as on the sorption characteristics.66,73 Linder et al.74 performed
ozonation treatment to alter the structure of lignin linked to xylan. The
opening of the aromatic ring introduced hydrophilic groups into the lignin,
and this improved xylan solubility. As a result, xylan macromolecules formed

Figure 4.3 Distribution of birch glucuronoxylan labeled with a fluorescent molecule
across the bleached kraft softwood fiber. Adsorption conditions: 80 1C
and 0.1 M NaCl.62

Reprinted from ref. 62. T. Köhnke, K. Lund, H. Brelid and G. Westman,
Kraft pulp hornification: A closer look at the preventive effect gained by
glucuronoxylan adsorption, Carbohydr. Polym., 81, 226–233, Copyright
(2010), with permission from Elsevier.
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fewer aggregates, and a lower amount of xylan nanoparticles was found on
the fibres.74 Xylan fractions that contain high amounts of lignin associate
into much bigger aggregates in neutral aqueous solutions compared to xylan
fractions with a lower content of lignin.66 Westbye et al.65 prepared several
xylan fractions with different contents of uronic acid groups and lignin, and
studied their agglomeration behavior at pH 7. The authors also conducted
adsorption experiments onto softwood fibres at pH 10 and 100 1C. Among
these fractions, xylans with a lower amount of uronic acid groups and higher
lignin content tended to agglomerate to a greater extent. Such xylans showed
a five-fold increase in the amount adsorbed onto the substrate than xylans
that remained soluble at pH 7. It is worth mentioning that lignin itself also
agglomerates in aqueous solutions with different pH depending on the pKa

value of lignin. An increase in temperature increases lignin aggregation.66

The adsorption conditions have a significant effect on the interactions of
xylan with cellulose fibres. The most studied parameters are: temperature,
pH, ionic strength, xylan concentration, and time.

A higher temperature during the modification enhances the amount of
adsorbed xylan on the fibres.61,73 The increase in temperature intensifies the
vibration of water molecules that results in a decreased water layer sur-
rounding the xylan macromolecules. A thinner layer of water molecules
improves the close contact of xylan with cellulose fibres.59 A combination of
high temperature and alkaline medium, at a certain point leads to the re-
moval of uronic acid groups and therefore to agglomeration of xylan mol-
ecules.61,73 However, there is a critical pH range of 13 and higher at which
xylan solubility increases due to ionization of the hydroxyl groups negatively
affecting adsorption.68,75

An increase of ionic strength decreases repulsion between xylan chains,
and between xylan and fibres, facilitating polymer agglomeration as well as
its interaction with the fibres.62 Generally, at higher xylan concentration, the
amount of xylan covering the surface increases.70,76 Xylans of different origin
show different correlations between the concentration in the solution and
the adsorbed amount, as shown by Hansson and Hartler.59 Birch xylan
exhibited a linear correlation, and the adsorption increased significantly as
the concentration of polysaccharide increased. In contrast, adsorption of
pine xylan showed a minor dependence on the concentration of xylan in the
solution. The adsorption time has a more pronounced effect at higher xylan
concentration and higher temperatures.70,73

4.4.3 Fibre Engineering with Xylan Sorption in Bleaching

Recently, Grigoray et al.57 performed xylan adsorption onto Kraft pine pulps
during an oxygen delignification stage. This stage is performed after pulping
to remove a part of residual lignin from pulp fibres. The aforementioned
study was carried out at an oxygen pressure of 6 bar and at a temperature of
95 1C in an alkaline medium (NaOH dosage 2 wt%, pH 11). Two types of
birch xylans were applied: xylan extracted from wood by PHWE (WXyl) and
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xylan extracted from bleached birch kraft pulp by CCE (PXyl). The chemical
structure of WXyl was less altered during the extraction process compared to
PXyl. WXyl contained acetyl groups, a high amount of uronic acid units, and
a significant amount of bound lignin (up to 5 wt%). In contrast, PXyl did not
contain lignin and acetyl groups, and it had a lower amount of uronic acid
groups. At the applied dosages of 5 wt%, the addition of PXyl did not
interfere with the efficiency of delignification. However, WXyl had a negative
impact on the pulp bleachability due to the lignin impurities. Bleachability
shows how easily pulp can be bleached and in practice, it is reflected by the
amount of bleaching reagent that is needed to remove or destroy colored
compounds (chromophores). The kappa number, an indirect indicator of
lignin content, increased by 6 units and brightness value decreased by 6% ISO
for the WXyl treated pulps compared to the reference sample after the treat-
ment. The addition of PXyl at the dosage of 5 wt% had a more positive effect
on the mechanical properties of the fibre network than the addition of WXyl.
Tensile index, tensile energy absorption, and stretch of the sheets made of the
bleached PXyl-modified fibres were higher on average, by around 23%, 69%,
and 40%, respectively, than for the corresponding reference sample.

The results of the study showed that xylan can be applied as a dry
strengthening agent to improve the mechanical properties of a final fibre
product. The modification step of pulp fibres with xylan can be integrated in
the oxygen delignification stage of the existing fibre lines of the pulp and
paper industries. The purity of the xylan is important to consider in order to
obtain better mechanical properties of the fibrous material as well as to
avoid a negative effect on pulp bleachability.

4.4.4 Xylan Derivatives for Pulp Fibre Modification

Ionic groups introduced in xylan chain imparts high solubility to the XDs.77

Up to date, water soluble XDs with ionic functional groups have been used
mainly as dry strengthening agents for wood pulp fibres.63,73,78 However,
new xylan derivatives with unique properties have been prepared recently,
and the possibility of using those polymers as fibre-modifying agents might
open the doors for new types of functional fibres. The cationic charge
facilitates the adsorption of the XDs on the negatively charged cellulosic
fibres. In the case of anionic XDs, the electrostatic repulsion with the fibres
can be superseded by using blends of cationic and anionic polymers (i.e.,
polyelectrolyte complexes).79 Basic research with polyelectrolyte complexes
and bleached Kraft pulp (BKPP) fibres was conducted by Vega et al.79 In this
work, two different types of polyelectrolyte complexes (PECs) were prepared
by mixing aqueous solutions of a cationic cellulose derivative (CN1) with
anionic xylan derivatives in aqueous solutions. The complex [CN1CMX�]
solution was prepared by mixing carboxymethylxylan (CMX�) solution with
CN1 solution, whereas [CN1XS�] solution was prepared by mixing the
corresponding solutions of xylan sulfate (XS�) and CN1. The prepared PEC
solutions were mixed with the fibres at room temperature. Figure 4.4 shows
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the sorption isotherms of CN1, [CN1CMX�], and [CN1XS�] on BKPP. Ac-
cording to the results, the electrostatic interactions between the cationic net
charge of the PECs, and the anionic charge of the fibres, has a strong in-
fluence on the adsorption process. Moreover, the PECs remain adsorbed on
the fibres after adsorption. The possibility of using PECs might be useful in
two different cases. In the first case, the polyanion is used as an ‘‘enhancer’’;
i.e., the polyanion is used to increase the amount of the target polycation
adsorbed on the fibres. In the second case, the polycation is used as a
‘‘carrier’’; i.e., the polycation is added to help with the adsorption of the
target polyanion on the anionic fibre surfaces.

In addition to the ionic groups, xylan can be decorated with other func-
tional groups. Such multifunctional xylan derivatives (MXDs) can be pre-
pared using the same approach as that published for multifunctional
cellulose derivatives.54,80 The possibility to apply MXDs, which are decorated
both with cationic moieties and target functions, represents an important
simplification of the modification process of cellulose fibres. The cationic
moiety improves the affinity of the MXDs to the fibres, whereas the target
function endows the fibres with a new property (e.g. fluorescence). As the

Figure 4.4 Sorption isotherms obtained from polyelectrolyte titrations of [CN1-
CMX�] (system composed of carboxymethylxylan (CMX�) and cellulose
(3-carboxypropyl)trimethylammonium chloride ester (CN1)), [CN1XS�]
(system composed of xylan sulfate (XS�), and CN1). S, amount of
adsorbed charge [mmol g�1]; C, equilibrium concentration in the solu-
tion [mmol L�1].79

Reprinted with permission from ref. 79. B. Vega, H. Wondraczek, C. S.
Pinto Zarth, E. Heikkilä, P. Fardim and T. Heinze, Langmuir, 2013,
29(44), 13388–13395. Copyright (2013) American Chemical Society.
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modification is performed in aqueous solutions under mild conditions, it
ensures the preservation of the ultrastructure of the original wood pulp
fibres.

4.4.5 Properties of Xylan-modified Fibres

Addition of xylan improves interactions of the fibres with water. As an ex-
ample, a contact angle with water of chemo-thermomechanical single fibres
with a high lignin content and a fibre network (sheets) made of these fibres
was significantly reduced with addition of xylan.71 This trend can be ex-
plained by the prominent hydrophilic character of xylan caused by a high
amount of available hydroxyl groups. When cellulose fibres modified with
xylan are placed in water, xylan increases the amount of bound water and
this facilitates fibre swelling and water penetration.57,73,81 As a result, fibres
covered by xylan can be easily beaten (fibrillated). Therefore, the modifi-
cation of pulp fibres by xylan will reduce the energy consumption of a highly
energy intensive stage of pulp processing.73 Uronic acid groups attached to
the xylan backbone also have a positive effect on the water interaction and
fibre fibrillation. The modification of pulp fibres with xylan bearing uronic
acid groups will increase a negative charge. The fibrils of such fibres with an
excess of anionic groups will separate easily due to their repulsion because of
the same charge.81,82

Fibres undergo hornification during drying, which means that they lose
their ability to swell.70 This is caused by the collapse of the fibre wall, closure
of the fibre pores and crystallization of fibrils.62,70 This phenomenon leads
to stiffening of the fibre surfaces, which reduces the contact of the fibres
during sheet formation and deteriorates the properties of the final fibre
network. Hornification is especially an actual problem in the case of re-
cycling fibres and fibres dried before shipment to paper mills. Köhnke
et al.62 showed that the negative effect of drying can be offset by xylan ad-
sorption. Particularly, the addition of xylan before drying increases swelling
of the fibres and preserves most of the original surface area. Xylan also acts
as an interfibrillar spacer and prevents crystallization of fibrils.70

The strength of fibrous materials is mostly determined by the strength of
the individual fibres and by bonding between adjacent fibres (number,
distribution and strength of bonds).83 In the pulp and paper industry, so-
called dry strengthening agents are added before web formation to improve
the bonding between the fibres. Xylan can also be potentially applied for this
purpose. Flexible chains of the polymer with available hydroxyl groups create
more bonding areas between the fibres. Consequently, the network of xylan
modified fibres exhibits superior mechanical properties such as internal
bonding, tensile index, tensile energy absorption, stretch, and bursting
strength.56,57,62,70,76,81,84,85 The location of adsorbed xylan is also significant
for the performance of the fibre network. It is expected that xylan located on
the fibre surfaces makes a more substantial contribution to the internal
bonding ability of fibres. Schönberg81 found that internal bonding directly
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correlated with the amount of xylan located on the fibre surfaces. It is worth
mentioning that the amount of xylan in original fibres and cellulose to xylan
ratio are also important when fibrous materials are designed.73

Novel functionalities can be introduced to the fibres using MXDs, namely
fluorescence, bio-catalytic activity, antimicrobial activity, selective barrier
properties and stimuli-responsive properties.80 The possibility to prepare
functional fibres from pulp fibres represents an excellent alternative to some
petroleum products, and provides opportunities for innovations in the area
of the traditional pulp and paper industry.

4.5 Conclusions
Xylans are heteropolysaccharides that are one of the ubiquitous components
found in plant cell walls. They are the main hemicellulose type in hardwoods
and many annual crops. Interest towards the isolation of a pure fraction of
high molar mass xylans, which can be utilised for the preparation of novel
bio-based materials, is steadily increasing. However, there is still a lack of
technological solutions for the extraction of such polymers on the large
scale. This can be explained by the fact that xylan is tightly associated with
other polymers of the plant cell wall (i.e., cellulose and lignin) and also by
the hindered accessibility of the cell wall. According to the published data,
pressurised hot-water extraction (PHWE) and cold caustic extraction (CCE)
are the most suitable methods for the extraction of high molar mass xylan
from plant materials and pulps, respectively.

The xylan obtained from bleached pulp by CCE is highly deacetylated and
does not show bound lignin, in contrast to the xylan extracted from wood by
PHWE. Pure fractions of isolated xylan with a high molar mass can be ap-
plied to fibres as dry strengthening agents. Moreover, different function-
alities can be introduced to the polymeric chain of xylan by derivatisation.
These xylan derivatives can be used for different applications such as paper
additive flocculation aids, antimicrobial agents, anti-tumor drugs, among
others. In addition, the adsorption of xylan derivatives can endow the cel-
lulose materials with new functionalities, namely fluorescence and bioac-
tivity, among others.

Although a few applications have been addressed in this chapter, there are
plenty of opportunities to be discovered for xylan and its derivatives.
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84. O. Dahlman and J. Sjöberg, Nord. Pulp Pap. Res. J., 2003, 18, 310–315.
85. F. Ramirez, J. Puls, V. Zuniga and B. Saake, Holzforschung, 2008, 62,

329–337.

158 Chapter 4



CHAPTER 5

Recent Advances in the
Synthesis of Sugar-based
Surfactants
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5.1 Enzymatic Synthesis of Sugar-based Surfactants
The enzymatic synthesis of sugar-based surfactants, mainly sugar esters, has
been developed in the last decade as an alternative (or sometimes comple-
mentary) to chemical synthesis, in an environmentally friendly approach. In
comparison, enzymatic processes are more selective, do not require high
temperatures, and fewer (or no) byproducts are formed.

5.1.1 Lipases

Lipases are the most widely used enzymes for the synthesis of sugar-based
surfactants, as a result of their high stability and activity in a broad diversity
of solvents. The reaction of unprotected sugars with lipases leads to sugar
esters, widely used non-ionic and non-toxic biosurfactants, where the pri-
mary hydroxyls are selectively substituted by fatty acids.
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Karmee has reviewed the uses of lipases for the synthesis of surfactants
from glycerol, L-ascorbic acid, and sugars, with long or medium chain fatty
acids.1 Examples of the synthesis of sugar esters in organic solvents such
as tert-butanol, acetone or ionic liquids were presented. Annuar and co-
workers2 compared different conditions for the enzymatic synthesis of sugar
esters in non-aqueous media. They analyzed the influence of the organic
solvent on the kinetic parameters of the enzyme, as a consequence of
changes in their three-dimensional conformation relative to that in aqueous
solutions. A higher log P of the solvent appears to correlate well with a higher
lipase activity. Ionic liquids are superior to conventional non-aqueous solv-
ents for lipase-mediated synthesis, provided that the stability of the enzyme
is not affected. Water activity can also affect lipase performance. Rodrigues
and co-workers3 discussed the applications of the lipase synthesis of sugar
esters in the food industry. They highlighted the advantages of enzyme
immobilization and protein engineering for improving lipase stability.
Cauglia and Canepa studied the synthesis of glucose myristate by Novozyme
435 (the lipase B from Candida antarctica, immobilized on macroporous
acrylic resin) as a model reaction for general considerations on sugar ester
production.4 They analyzed the influence on the synthesis of the pre-reaction
treatment of the enzyme and reaction mixture, water adsorbents, reaction
solvents, products and reagents, in terms of control of the water activity
often negatively affecting the enzyme efficiency. Molecular sieves have
shown the best efficiency in water removal and seemed essential to achieve
good ester yields. The same conclusions about the benefits of molecular
sieves have been reported by Basri and co-workers5 for the synthesis of xylitol
stearate, palmitate and caprate, in hexane using Novozyme 435 at 60 1C (88–
96% conversion). The main products were diesters. Rahman and co-workers6

reported the microwave assisted synthesis of glucose oleate in a biphasic
system comprising tert-butanol and the ionic liquid 1-butyl-3-methylimida-
zolium tetrafluoroborate [BMIM][BF4], catalyzed by Novozyme 435, showing
the best activity at 60 1C (30 min, 90% conversion). Oligofructose (degree of
polymerization (DP) 2–8) fatty (caprylic, lauric, palmitic and stearic) acid
esters have been synthesized by van Kempen et al. using Novozyme 435 in
1 : 9 DMSO–tert-butanol7,8 (see Scheme 5.1). Three different reaction pro-
cedures were considered: (1) esterification in the presence of molecular
sieves, (2) transesterification in the absence of molecular sieves, and (3)
transesterification in the presence of molecular sieves. No major differences
in the yields were found between the three different reaction procedures.
The main compounds were mono- and diesters.

Fructose, sucrose and lactose oleic esters were synthesized by Gonçalves
and co-workers using Candida antarctica type B lipase immobilized on two
different supports, namely acrylic resin and chitosan.9 The enzyme immo-
bilized on chitosan showed the highest yield of lactose ester (84.1%). Add-
itionally, the production of fructose ester was found to be higher for the
enzyme immobilized on the acrylic resin support (74.3%) as compared with
the one immobilized on chitosan (70.1%). The same trend was observed for
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the sucrose ester, although with lower yields. The use of the enzyme im-
mobilized on chitosan is interesting due to the possibility of enzyme reuse.
Monolauroyl maltose, palatinose, trehalose and sucrose were synthesized by
Kobayashi and co-workers using Candida antarctica lipase to catalyze the
condensation in a 8 : 2 mixture of tert-butanol and pyridine;10 their sur-
factant properties were measured. Maltose was acylated by Fischer and co-
workers with linoleic acid on the primary O-6,60 hydroxyl functions;11 see
Scheme 5.2. The ionic liquid 1-ethyl-3-methylimidazolium methanesulfo-
nate [emim][MeSO3] and the potentially renewable acetone enabled the best
conversions. The lipases from Pseudomonas cepacia and immobilized Can-
dida antarctica allowed the highest yields in a screening with 10 different
lipases. Molecular sieves improved maltose transformation further up to
82%. Analysis indicated the formation of mono-6 or 60-O-linoleyl-a-D-maltose
as a mixture of two regioisomers in a 1.4 : 1 ratio.

Methyl a-D-glucopyranoside was used by Annuar and co-workers for the
enzymatic (CAL B) synthesis of esters of fatty acids (C12, C14 and C16)
aiming at physico–chemical studies of liquid crystal properties.12 The ketal
protected 1,2 : 5,6-di-O-isopropylidene-a-D-glucofuranose was used as the
substrate for the lipase-catalyzed synthesis of secondary alcohol esters of
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glucose in continuous flow by de Souza and co-workers using lipozyme RM
IM (commercial lipase preparation of Rhizomucor miehei, immobilized in an
anion-exchange resin) in organic solvents (heptane, tert-butylmethylether).13

Very high conversions (494%) were obtained at short resident times (0.8–
5.4 min). The same group reported the esterification of 2,3:4,5-di-O-iso-
propylidene-b-D-fructopyranose derivative (see Scheme 5.3) where important
variables for batch conditions were identified and then translated to the
continuous flow regime.14 The results presented indicate that R. miehei IM is
a better immobilized lipase for a continuous flow environment, leading to
high conversions at short residence times.

Sugar esters were prepared by Hayes and co-workers15 in high yields using
immobilized Rhizomucor miehei lipase in solvent-free systems at 65 1C. A two-
step process was developed to produce a solvent-free supersaturated solution
of 1.5–2.0 wt% sugar in oleic acid and fructose oleate. Using this approach,
a product mixture containing 88% fructose oleate was formed, of which
92% was monoester, within 6 days. This equates to a productivity of
0.2 mmolester h�1 g�1

lipase, which is similar to values reported for synthesis in
the presence of a solvent. The same group reported optimization of the
fructose oleate synthesis using a process that involves programming of water
removal.16 92.6 wt% fructose oleate was produced within 132 h, yielding a
productivity of 0.297 mmolester h�1 g�1

lipase. They also studied the effect of
the acyl donor (oleic, caprylic, lauric and myristic acids) and acceptor
(fructose, sucrose, glucose and xylose) on the synthesis in a bioreactor filled
with immobilized Rhizomucor miehei lipase.17 The initial rate and final
conversion of the acyl donor were found to be linearly dependent on the
initial saccharide concentration with the relationship applying universally to
all donors and acceptors studied. Fructose, due to the relatively small size of
its crystals, yielded the highest concentration in the suspension-based me-
dium among the esters, and hence the highest reaction rate and ester yield.
The activity of the immobilized enzyme did not decrease appreciably after
four successive runs for solvent-free fructose-oleate esterification, or
equivalently, a 22 day reaction period. The synthesis of ascorbyl oleate and
ascorbyl palmitate esters with the immobilized Thermomyces lanuginosus
lipase lipozyme TL IM and triglycerides as a source of fatty acids was in-
vestigated by Plou and co-workers.18 Lipozyme TL IM gave rise to a lower
yield of 6-O-ascorbyl oleate than Novozyme 435 when using triolein (64 vs.
84%) and olive oil (27 vs. 33%) as acyl donors. Both 6-O-ascorbyl oleate and
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CH2OCO(CH2)14CH3

Rhizomucor miehei Lipase
Heptane
Batch or continuous flow
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Scheme 5.3 Esterification of 2,3 : 4,5-di-O-isopropylidene-b-D-fructopyranose.14
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6-O-ascorbyl palmitate displayed excellent surfactant and antioxidant prop-
erties. The enzymatic synthesis of xylose esters has recently been reported by
Bidjou-Haiour and Klai,19 together with the determination of the critical
micelle concentration (CMC) of the products. Annuar and co-workers20,21

studied the kinetics of the lipase-catalyzed synthesis of 6-O-glucosylde-
canoate. The highest conversion (65%) was achieved in 1 : 1 DMSO–tert-
butanol at 20–60 1C. Kinetic studies showed that the apparent maximum
reaction rate is not affected by the polarity of the solvent, but it increases
with increasing temperature up to about 313 K.

5.1.2 Glycosidases

Rhamnolipids have been prepared by Deleu and co-workers by two bioca-
talyzed steps.22 First, a primary alcohol function was introduced onto
rhamnose by glycosylation of 1,3-propanediol catalyzed by naringinase (a
rhamnosidase). Then immobilized lipase B from Candida antarctica cata-
lyzed the esterification of the primary hydroxyl group with mono- and di-
carboxylic fatty acids of increasing chain length (from C8 to C14, see
Scheme 5.4). The new rhamnolipid obtained with tetradecanoic acid showed
very good surface properties: its CAC (critical aggregation concentration) and
gCAC (surface tension at CAC) are particularly low (1.70 mM and 27.6 mN m�1,
respectively) and it can form insoluble monolayers.

Aspergillus awamori K4 b-xylosidase has been used by Kurakake and co-
workers to synthesize a sugar fatty acid ester.23 Hexamethylene glycol was
glycosylated with xylose. The resulting hydroxyhexyl xyloside was esterified
with linoleic acid by a lipase. The binding with the hydrophobic and less
hindered hexamethylene chain improved the esterification reaction. Mla-
denoska explored the use of microemulsions as bioreactors for the trans-
glycosylation reaction catalyzed by three microbial b-galactosidases: fungal
Aspergillus oryzae, yeast Kluyveromyces marxianus and bacterial Escherichia
coli b-galactosidase.24 Thus, the sugar moiety of the donor p-nitrophenyl-b-D-
galactoside or p-nitrophenyl-b-D-glucoside is transferred to hexanol to afford
hexylglycosides.

Sophoroselipids (SL) are bolaform biosurfactants that are abundantly
produced by microorganisms from renewable resources. These derivatives
were chemoenzymatically synthesized by Kitamoto and co-workers25 from
‘‘acid form’’ diacetylated SL (SLdiAc), which are preferentially produced by
Candida floricola TM 1502. After microbial production of SLdiAc from oleic
acid/glucose, SLdiAc was converted into acetylated glucoselipid. Among
twelve species of glucosidases, pectinase, pectolyase (see Scheme 5.5) and
polygalacturonase were found to cleave the b-1,2-glycosidic linked di-
saccharide; pectolyase in particular was effective at 40 1C and pH 4.0. The
deacetylated counterparts were obtained by alkaline hydrolysis.

Alkyl sophorosides have been produced using Candida bombicola cultures
with glucose as the main carbon source and dodecan-2-ol as the co-
substrate. The main product sec-dodecylsophoroside was used by Lang
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and co-workers as a substrate for further enzymatic modifications.26 b-
Glucuronidase cleaved the acetyl glucose unit leading to sec-dodecylgluco-
side; see Scheme 5.6. In a subsequent lipase-catalyzed acylation with sebacic
acid in toluene, this compound was functionalized regioselectively at the
primary C-6 position of glucose. In addition, sec-dodecylsophoroside was
esterified by lipase-catalyzed reactions in toluene with 3-hydroxydecanoic
acid and 17-hydroxystearic acid, resulting in mono- and diacylations of
primary hydroxyl positions of the sophorose unit (C-6 and C-6 0).

5.1.3 Cyclodextrin Glycosyltransferase

The unique ability of cyclodextrin glycosyltransferase (GGTase) to form and
utilize the cyclic maltooligosaccharide cyclodextrin (CD) makes this enzyme
an attractive catalyst for the synthesis of alkyl glycosides. Börner and co-
workers27 studied the sugar headgroup elongation of alkyl glucosides
(acceptor) via two transglycosylation reactions from either a linear
(maltohexose) or a cyclic (CD) glycosyl donor. The hydrophobic complex-
ation between CD and alkyl glucoside, characterized by isothermic titration
calorimetry, promotes the sugar transfer. On the other hand, Adlercreutz
and co-workers28 used Bacillus macerans CGTase to convert commercially
available dodecyl b-D-maltoside to dodecyl b-D-maltooctaoside in a single
step with a-cyclodextrin as a glycosyl donor (Scheme 5.7). Yields up to 80%
were obtained. The Thermoanaerobacter enzyme catalyzed disproportiona-
tion reactions leading to a broader product range.

Plou and co-workers29 reported the synthesis of a series of a-glucosyl de-
rivatives of resveratrol (3,5,4 0-trihydroxystilbene) by a transglycosylation re-
action catalyzed by CGTase using starch as a glucosyl donor, in order to
improve the bioavailability of the antioxidant. Several reaction parameters
(temperature, solvent composition, enzyme concentration and starch–
resveratrol ratio) were optimized. The yield of a-glucosylated products
reached 50% in 24 h. Three families of products were obtained: glucosylated
at 3-OH, at 40-OH and at both 3-OH and 40-OH. The bonds between glucoses
were basically a(1-4).

5.2 Chemical Synthesis of Sugar-based Surfactants

5.2.1 Chemical Synthesis of Alkyl Glycoses, Glycosides and
Polyglycosides

Alkyl glycosides and alkyl polyglycosides (APG) are among the simplest class
of sugar-based surfactants available. One alkyl chain is linked to a mono-, di-
or oligosaccharide. The source and nature of the carbohydrate, the length of
the alkyl chain and its position on the sugar backbone offer a huge variety of
surfactant structures and properties. In the literature, the most used process
is the well-known glycosylation or transglycosylation reaction under Fisher’s
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conditions and related ones; see Scheme 5.8. Most of the time, the products
obtained are mixtures of mono-, di- and oligosaccharides.

APG can be classically obtained in one or two steps depending on the
sugar solubility. Thus Aiad and co-workers obtained APG from glucose and
different alcohols from octanol to tetradecanol by a two-step procedure.30

First, butanol is glucosylated (p-toluenesulfonic acid (PTSA), 105 1C) and the
more soluble intermediate is transformed in a transglucosylation reaction
with the fatty alcohol (PTSA, 120 1C reduced pressure, 35–45% yield). Vil-
landier and Corma synthesized the methyl glucoside as an intermediate
(H3PW12O40, 195 1C, 30 bar, 65% yield). After filtration, transglucosylation
was performed with octanol or decanol to give a mixture of pyranoside and
furanoside (Amberlyst 15Dry or H-Beta zeolite, 105 1C, reduced pressure,
39% yield for octyl glucofurano/pyranoside).31 A modification of this process
has been mentioned in a review of Lattes and co-workers with a one-step
in situ glucosylation (butanol) and transglucosylation (dodecanol) (PTSA).32

APG were also obtained by Li and co-workers in one step by glucosylation of
dodecanol (PTSA, 120 1C, reduced pressure).33 Similar conditions were used
by Estrine and co-workers for the glucosylation of decanol (H2SO4, 95 1C,
reduced pressure and additional furandicarboxylic acid, 59% yield in
monoglucoside).34 In the presence of furandicarboxylic acid, a less colored
APG was obtained containing a higher content of monoglucoside.
A comparison between oil bath heating and microwave irradiation was made
by Martı́nez-Palou and co-workers35 for the glucosylation of dodecanol
(H2SO4, 70 1C) and Hricovı́niová and Hricovı́ni36 for the glycosylation of
various primary (C4 to C18), secondary and tertiary alcohols by rhamnose
(PTSA). Martı́nez-Palou and co-workers observed higher conversion and DP
with conventional heating at 70 1C, probably due to longer reaction times
and because the temperature was reached smoothly. Hricovı́niová and
Hricovı́ni obtained better yields in mono-rhamnoside (45% yield for decyl
rhamnoside) under microwave irradiation than with classical heating (35%
yield) even with a longer reaction time. The lack of a primary hydroxyl group
on rhamnose tends to limit higher DP. Richel and co-workers reviewed the
use of microwaves for the glycosylation reaction.37 The glycosylation has
been done in ionic liquids. Augé and Sizun reported the reaction between
various monosaccharides and octanol or other alcohols.38 The reaction was
performed in [BMIM][OTf] (ionic liquid) or neat. Octyl glucoside was ob-
tained with better yields in [BMIM][OTf] (ScOTf, 80 1C, 24 h, 74% yield) than
neat (44% yield). Villandier and Corma detailed a synthesis of alkyl gluco-
sides and alkyl xylosides from cellulose using an ionic liquid.39 Cellulose was
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Scheme 5.8 Fischer glycosylation.
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first hydrolysed ([BMIM][Cl], Amberlyst 15Dry, water, 100 1C). Alcohol
(butanol to octanol) was then added to obtain the desired glucoside (90 1C,
reduced pressure, 40 mol% of octyl glucoside). Goursaud and Benvegnu
used a heterogeneous medium to obtain octyl b-D-fructopyranoside (THF,
FeCl3, 30% yield after acetylation).40

A three-step synthesis (acetylation, glycosylation, deacetylation) can afford
monoglycosides without oligomers; see Scheme 5.9.

Activation of the anomeric position is classically realized by a Lewis acid.
Hashim and co-workers glycosylated secondary alcohols (octan-2-ol to
undecan-2-ol, BF3OEt2, DCM) with peracetylated galactose.41 Modification of
the reaction time allowed beta and alpha anomers to be obtained. Lehmler
and co-workers used similar conditions (BF3OEt2, DCM) to glycosylate dif-
ferent primary alcohols (C14 to C19) with peracetylated glucose, galactose or
maltose (45–78% yield).42 Both anomers were obtained, the b-anomer under
kinetic conditions (0 1C, 2 h then rt) and the a-anomer under thermo-
dynamic conditions (0 1C, 20 min then 30 1C, 10 h). Aburto and co-workers
used another catalyst (ZnCl2, toluene, reflux, 24 h) to glycosylate alcohols (C8
to C18) with glucose or cellobiose.43 Grand and co-workers studied the
evolution of yields and the anomer ratio of the glycosylation of alcohols (C6
to C16) using fusion conditions with classical heating and under microwave
irradiation (ZnCl2, heating).44 Krausz and co-workers have used similar
conditions to glycosylate o-undecenol with peracetylated glucose, galactose
or lactose (58–85% yield).45 Anomeric carbon can be activated differently as
done by Liu and co-workers who carried out the glucosylation of fatty alco-
hols (C10 to C18) using a trichloroacetimidate.46 A three-step synthesis was
used by Obreza and co-workers47 to substitute the 6-OH of galactose (R¼C8
to C16); see Scheme 5.10.

The same reactions were used by Chaveriat and co-workers (R¼ octyl,
dodecyl).48 Moreover, they added a more or less flexible spacer arm (butyl,
butynyl and phenyl) between the alkyl chain and the galactose unit to modify
their properties. The introduction of an aliphatic spacer arm increased the
amphiphilic properties of the compounds and the CMC values were 40–500
times lower than their analogs without a spacer arm.

5.2.2 Chemical Synthesis of Alkyl N-Glycosides

As in APG, the sugar unit is usually linked to the anomeric carbon via an
oxygen atom (a classical glycosidic bond). One of the possible structural
variations is to replace the oxygen atom by a nitrogen atom to obtain amino
or amido derivatives; (Scheme 5.11).

Othman and co-workers realized a reaction between different heterocyclic
amines and unprotected sugars (xylose, glucose and arabinose) to give gly-
cosylamine-based surfactants.49 Coma and co-workers synthesized different
N-alkylglycosylamines by reaction of an alkylamine (alkyl¼C6 to C18) with
glucose or galactose (48–96% yield).50 The authors studied their antifungal
activities. Among these two series prepared from D-glucose and D-galactose,
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four of them, namely the ones prepared by using dodecylamine and hex-
adecylamine as N-alkylating agents, fully inhibited the mycelium growth of
A. niger. The galactosidic derivative C12Gal had a lower inhibiting concen-
tration than the glucosidic derivative C12Glu, but both of these C12 com-
pounds showed only a biostatic (and no biocidal) effect.

Abdel-Raouf and co-workers carried out the reaction between glucose and
various alkylamines (alkyl¼C8 to C12), but they reduced in situ the imino
intermediate with ZnCl2 to obtain the corresponding 1-(N-alkylamino)-1-
desoxyglucitol.51 Then, the authors ethoxylated the resulting surfactants; see
Scheme 5.12 (n¼ 9, 13 and 22).

Dax and co-workers made an amphiphilic galactoglucomannan derivative
by reductive amination of the reducing end of the polysaccharide using
NaBH3CN;52 see Scheme 5.13.

The click reaction of glycosylazide and alkyne led to glycosyl alkyltriazole
surfactants as reported by Mohammed and co-workers53,54 (Scheme 5.14a)
and Krausz and co-workers45 (Scheme 5.14b).

Wang and co-workers obtained a trisiloxane-tailed lactobionamide sur-
factant by reaction of lactobionic acid and a substituted amine;55 see
Scheme 5.15a. They also obtained amphiphilic lactobionamide-grafted
polysiloxanes in a similar way;56 see Scheme 5.15b (R¼ b-Gal, k¼ 0). The
polymers obtained have a higher surface activity in water solution than those
of conventional carbon–carbon chain glycopolymers. Zeng and co-workers
have synthesized similar silicone gluconamide (R¼H, k¼ 1) and lactobionic
acid (R¼ b-Gal, k¼ 1) surfactant derivatives;57 see Scheme 5.15b.

Similar surfactants and cationic surfactants have been synthesized by
Han and co-workers from D-glucono-1,5-lactone (alkyl¼C8 to C12);58 see
Scheme 5.16.

Han and co-workers also reviewed carbohydrate-modified silicone sur-
factants.59 The amidation reaction was used by other groups to obtain gly-
conamide-based surfactants: Blanzat and co-workers60 (Scheme 5.17a),
Yoshimura, Torigoe and co-workers61,62 (Scheme 5.17b), Zeng and co-workers63

(Scheme 6.17c), Zhang and Qiao,64 Du and co-workers65 (Scheme 5.17d).

5.2.3 Chemical Synthesis of Alkyl C-Glycosides

In the case of C-glycosides, the sugar moiety is linked to the hydrophobic chain
without a glycosidic bond. Derivatives of 5-hydroxymethylfurfural, isosorbide
and related structures prepared from sugar are not included in this para-
graph.66 A one-step synthesis of C-glycoside surfactants has been described by
Benvegnu and co-workers using a Horner–Wadsworth–Emmons reaction;67 see
Scheme 5.18. The reaction was conducted in water for water soluble phos-
phonates or neat (alkyl¼C1 to C17 and (Z)-heptadec-8-enyl) with lactose,
galactose, xylose or glucose to give C-glycosides with various ratios of C-pyr-
anoside/C-furanoside structures and alpha/beta configurations (25–85% yield).
The crude product isomerized in a basic water medium to highly thermo-
dynamically favored beta C-pyranoside structures.68
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The same ketone was used in an aldol condensation by Beach and co-
workers;69 see Scheme 5.19 (alkyl¼C5 to C11, 38–60% yield).

Corma and co-workers studied the synthesis of monoesters of D-glucitol
with the objective of reducing by-products (di, triesters, anhydro);70 see
Scheme 5.20. The reaction of 1,2:3,4,5,6-tri-O-isopropylidene-D-glucitol with
oleic acid catalyzed by beta zeolite gave the monoester (46% yield), a few
diester (1% yield) and anhydro compounds.

5.2.4 Chemical Synthesis of Non-classical Structures:
Gemini, Bolaform, Dicephalic, Catanionic

Among the non-classical surfactant structures, gemini, bolaform, dicephalic
and catanionic surfactants can be differentiated (see Scheme 5.21).

Gemini are duplicated surfactants linked together by their polar heads via
a spacer arm. Mohammed and co-workers synthesized gemini surfactants
based on bis-(alkyltriazolyl)mannitol (alkyl¼C7 to C12);71 see Scheme 5.22.
The gemini structure was obtained by a double click cycloaddition on 3,4-di-
O-propargyl-D-mannitol (80–89% yield). The aim of using mannitol is to
improve water solubility and to reduce toxicity.

Negm and Mohamed also used a sugar backbone (D-glucose or D-fructose) as
a spacer arm between two ammonium-alkanoate structures (alkanoate¼C12
to C18 and oleate);72 see Scheme 5.23. Glucose or fructose was first diacylated
by bromoacetyl groups, which were then converted to the final surfactants by
nucleophilic substitution with the corresponding amines. The authors tried to
correlate the surfactant structure and the interfacial properties to the anti-
bacterial and antifungal activities. Octadecyl and oleate derivatives of glucose
and fructose showed the higher free energy change of adsorption at the
interfaces; this could be correlated to their adsorption on the cell membranes.
These derivatives showed higher bactericidal activities than that of the control
(cetyl trimethyl ammonium bromide). The synthesized sugar-based amphi-
philes showed equal or greater antifungal efficacy on Aspergillus niger and
Aspergillus flavus strains compared to the control grisofulvine.

The spacer chain of gemini surfactants can contain ether groups as for the
structures synthesized by Liu and co-workers;46 see Scheme 5.24 (alkyl¼C10
to C18). Only the beta anomer was obtained in the glycosylation conditions
used by the authors by activation of a glucosyl trichloroacetimidate (89%
yield for C12).

Yoshimura and co-workers61 synthesized gemini lactobionamide or glu-
conamide based surfactants to study their interfacial behaviour, see
Scheme 5.25. The gemini surfactants were obtained by a double conden-
sation reaction between lactobionic acid or gluconic acid with 1,2-di(alky-
lamino)ethane (alkyl¼C8 to C14; 9–20% yield).

Lequart and co-workers proposed to improve the water solubility of ben-
zimidazolones by substitution with a glucose based surfactant.73 Benzimi-
dazolone structures were substituted twice with a 3-O-alkyl-D-glucofuranose
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derivative (alkyl¼C4 to C12, 70–93% yield) before a deprotection step (70–
95% yield); see Scheme 5.26.

Dicephalic structures, which contain two polar heads linked together at
one end of a hydrophobic chain, were synthesized by Rodrı́guez-Abreu and
co-workers74 to modify the physico–chemical properties of benzimidazo-
lones. Epichlorohydrin was first substituted by two protected benzimidazo-
lone units; see Scheme 5.27. Reaction of the intermediate with an alkyl
bromide (alkyl¼C10 to C16) allowed the introduction of the hydrophobic
chain. After deprotection of the benzimidazolone moiety, a reaction with an
anhydro glucose derivative (92–95% yield) and deprotection (78–83% yield),
gave the final dicephalic surfactants.

Pucci and co-workers synthesized various fluoroalkyl surfactants.75 Some
of them have a dicephalic structure. The fluoroalkyl chain was added to the
sugar structure by Michael addition of a thiol to an acrylamide (56% yield);
see Scheme 5.28a. The authors also used a radical addition on a but-3-
enamide derivative (47% yield); see Scheme 5.28b. The authors made other
structural variations such as polar heads comprising three glucose residues,
disaccharides, and open-chain sugar units.

Yoshimura and co-workers76 prepared dimers (Scheme 5.29), or trimers of
a methacrylate glucoside by radical polymerisation and added the hydro-
phobic chain by an amidation reaction (alkyl¼C11, C17).

Zhang and Qiao64 and Du and co-workers65,77 mixed a sugar head (lacto-
bionamide, gluconamide) and oligo(ethylene-oxide) as the polar heads of a
dicephalic surfactant; see Scheme 5.30.

Torigoe and co-workers synthesized dicephalic and dendrimer structures
from a poly(amidoamine) dendron.62 Lactobionic acid reacted with the
amino groups located at each end of the dendron; see Scheme 5.31.

Heidelberg and co-workers used a double Staudinger reaction to introduce
fatty acyl chains to a bis-amino glucoside or lactoside;78 see Scheme 5.32
(alkyl¼C7 to C11). In the case of the lactoside derivative, the reaction failed
to give the dicephalic structure.

Debuigne and co-workers worked on the synthesis of various structures
with surfactant properties obtained by photochemical thiol-ene or thiol-yne
reactions.79 The reaction between tetradec-1-yne and a thiol derivative of
mannose gave, after UV irradiation, the corresponding dicephalic surfactant
(78% yield); see Scheme 5.33.
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Using tetradeca-1,13-diene, the authors obtained a structure with the two
sugar units located at each end of the aliphatic chain (91% yield); see
Scheme 5.34. Such structures are called bolaforms or bolaamphiphiles.

Bola surfactants with a polysiloxane spacer chain were synthesized by
condensation of a diaminopolysiloxane with lactobionic acid by Zeng and
co-workers63 or condensation of glucose with an epoxide by Racles and
Cozan;80 see respectively Scheme 5.35a and b. Racles and Cozan also syn-
thesized a polymeric silicone glucose-based surfactant. Other structures of
silicone-containing gemini sugar-based surfactants can be found in reviews
by Han and co-workers.59,81

Bouquillon and co-workers synthesized bolaamphiphiles using an olefin
cross-metathesis reaction with xylose to obtain a dixylosylalkene or a dix-
ylosylalkane after hydrogenation;82 see Scheme 5.36a (n¼ 3, 7, 8). Olefin
cross-metathesis gave the dimeric structures (69–90% yield, mixture of E/Z
isomers). The authors tried to synthesize the dicarboxylate derivative in the
same way (see Scheme 5.36b),82b but hydrogenolysis of the benzyl protecting
groups was difficult and incomplete.

Krausz and co-workers synthesized other bolaform structures with
two sugar units using the same reaction.45 Olefin cross-metathesis with
o-undecenyl gluco, -galacto or -lactoside (alpha or beta anomers) gave the
bolaform structure (61–85% yield); see Scheme 5.37a. The authors also
realized the synthesis of bolaamphiphiles using a click cycloaddition; see
Scheme 5.37b (53% yield). The authors employed the same reaction to
synthesize a bolaamphiphile with one sugar unit and one carboxylate as the
polar heads; see Scheme 5.37c (90% yield) and Scheme 5.37d (43% yield).

This reaction has already been employed by the authors to build ‘‘star-
like’’ surfactants.83 Blanzat and co-workers synthesized similar sugar-based
bolaamphiphiles.60 Different glyconamides were obtained by reaction of
lactobionic or gluconic acids with various o-amino acids (50–90% yield); see
Scheme 5.38a (n¼ 4, 6, 10). The authors used them to make catanionic ag-
gregates; see Scheme 5.38b.

The same group also prepared other catanionic surfactants from a phos-
phinic acid derivative and N-hexadecylamino-1-deoxylactitol;84 see
Scheme 5.38c.

5.2.5 Chemical Synthesis of Functionalized Sugar-based
Surfactants

To change the interfacial properties, physico–chemical properties or bio-
logical activities, the sugar moiety is usually modified as well as the hydro-
phobic chain. The primary alcohol found in most of the saccharides can be
oxidized into an aldehyde or a carboxylic acid and transformed into their
derivatives. Richel and co-workers studied the glycosylation of glucuronic
acid and galacturonic acid under microwave irradiation using sulfuric acid
loaded onto silica and other catalysts;85 see Scheme 5.39. Reaction with
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various alcohols (C4 to C12 and other alcohols) and glucuronic acid led to
the corresponding alkyl glucofuranosidurono-6,3-lactones (62–98% yield,
beta major). The same reaction with octanethiol or tetradecanethiol led to
the corresponding lactone (97% and 68% yields respectively). Reaction with
alcohols (C4 to C12) and galacturonic acid led to the corresponding major
alkyl (alkyl galactofuranosid)uronate (49–86% yield, beta major).

Laurent and co-workers synthesized glucuronamide and galacturonamide
derivatives using different activation modes of the carboxylic acid (80–93%
yield with oxalyl chloride);86 see Scheme 5.40 (alkyl¼C4 to C18).

Kovensky and co-workers synthesized glucuronic-based surfactants
from glucose for metal chelation and flotation. Selective oxidation of octyl
D-glucoside led to octyl D-glucosiduronic acid (alpha 85%, beta 74% yield).
Activation of the uronic acid and reaction with hydroxylamine or various
amino acids allowed the synthesis of the corresponding hydroxamic acid
(alpha 48%, beta 78% yield)87 and glycoamino acids (75–90% yield)88 to
study their chelation ability (see Scheme 5.41).

Goursaud and Benvegnu40 have added a glycine betain moiety on a fruc-
topyranoside through an amide linkage (66% yield); see Scheme 5.42.

Mravljak and Pečar synthesized a glucosamine-based surfactant con-
taining a spin probe for EPR spectroscopy investigations of the extracellular
matrix;89 see Scheme 5.43.

Obreza and co-workers47 synthesized oxime derivatives from 6-O-alkyl-D-
galactose and N-acyl-D-glucosamine to evaluate their antioxidant activities;
see Scheme 5.44 (alkyl and acyl¼C8 to C16). A proportional relationship of
antioxidant properties and concentration was noted for the glycolipid
mimetics, except for derivatives of galactose, which expressed no antioxidant
activity. Amphiphilic derivatives of glucose express significant differences in
antioxidant properties, depending on whether they consist of two or only one
oxime functionality. The compounds with two oxime groups showed higher
antioxidant activity compared to compounds with only one oxime group.
Among compounds with two oxime groups, the highest scavenging activity
was observed for the C14 derivative.

Palandoken and co-workers synthesized oximes in one step from sugar
(glucose, maltose, glyceraldehyde) and O-alkylhydroxylamine;90 see
Scheme 5.45 (alkyl¼C10, C12 and adamantyl).

Heidelberg and co-workers made surfactants derived from 6-azido-6-desoxy-
D-glucose by a Staudinger reaction and acylation;91 see Scheme 5.46 (alkyl¼C7
to C15, 48% yield). Reaction with branched acyl chloride is also described. The
authors studied their ability to be used as water in oil emulsifiers.
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Scheme 5.40 Uronamide surfactants.86
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Abdel-Raouf and co-workers modified the polar head, adding to a glucose
unit a polyethylene glycol chain (400–4000 g mol�1).92 The authors intro-
duced this chain after acylation with a fatty acid, see Scheme 5.47 (R¼C15,
C17), or adipic acid.

Fluoroalkyl-based surfactants behave differently from the classical alkyl-
based surfactants as the chain is stiffer and interacts more weakly with the
hydrophobic part of membrane proteins, therefore these surfactants with
decreased detergent properties can be used to extract membrane proteins
without denaturing them. They are also interesting for drug delivery as they
self-assemble in more stable supramolecular structures. Lehmler and co-
workers42 synthesized fluoroalkyl glucoside from peracetylated glucose,
galactose or maltose (BF3OEt2) to obtain alpha or beta anomers depending
on the experimental conditions; see Scheme 5.48. Activation of glucose by
the bromide derivative led to the orthoester instead of the glucoside.

Debuigne and co-workers introduced the fluorinated chain by enzymatic
acylation of mannose;93 see Scheme 5.49.

Lehmler and co-workers94 introduced a fluoroalkyl chain by click
cycloaddition on a propargyl b-D-xylopyranoside (43% yield for the two
steps); see Scheme 5.50.

Pucci and co-workers75 synthesized and studied fluoroalkyl glucose-based
surfactants with one, two or three glucose units and a fluor atom or an ethyl
or propyl group at the end of the fluoroalkyl chain; see Scheme 5.51. Add-
ition of an alkyl group, i.e. ethyl or propyl, increases the affinity toward
membrane proteins.

Silicone-based surfactants have special behavior as silicone is both
hydrophobic and oleophobic. Han and co-workers reviewed such surfactants
with a sugar as a polar head.59 The same group had already described the
synthesis of glycoside-based trisiloxane surfactants;95 see Scheme 5.52a. The
glycosylation led to the major mono glycoside together with a small amount
of APG. Hydrosilylation of the resulting alkene led to a siloxane-based sur-
factant. Racles and co-workers used cyclosiloxane-based surfactants ob-
tained by similar reactions;96see Scheme 5.52b.

Debuigne and co-workers synthesized a siloxane derivative of mannose
(79% yield);93 see Scheme 5.53.

Shmendel and co-workers and Maslov and co-workers synthesized differ-
ent mannose97 (see Scheme 5.54) and galactose98neoglycolipids for DNA
delivery.
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Morales and co-workers99 synthesized modified glucosyl and glucuronosyl
alkyl gallates to obtain new antioxidants; see Scheme 5.55 (alkyl¼C4 to
C18). Glycosylation was realized in conditions that gave selectively the beta
anomer with the glucosyl trichloroacetimidate (67–93% yield) or glucur-
onosyl trichloroacetimidate (42–63% yield).

Kamitakahara and co-workers synthesized numerous trisaccharide sur-
factants. One saccharide unit was hydrophobic as it is persubstituted by
alkyl groups (R¼Me, Et);100 see Scheme 5.56.

To modify the interfacial properties and biological activities of sugar-
based surfactants, a heterocycle can be added as a spacer arm between the
hydrophilic head and the hydrophobic chain. Most of the examples found in
the literature covered contain an azole heterocycle and more often a triazole.
Othman and co-workers49 synthesized a range of sugar-based surfactants
containing a heterocycle i.e. 1,2,4-oxadiazole, 1,3,4-thiadiazole and 1,2,4-
triazole. The hydrophobic heterocycle derivative was glycosylated in the final
step (45% yield) to give glycosylamine-based surfactants; see Scheme 5.57.
The authors evaluated their antibacterial activities. The thiadazole-glucose
and triazole-arabinose derivatives affected all the tested Gram-positive and
Gram-negative bacteria. The oxadiazole-xylose derivative showed a selective
effect on Gram-positive and Gram-negative microbes. Gram-positive B. cer-
eus and S. aureus were affected by all glycosyl compounds. Gram-negative
P. aeruginosa was resistant to oxadiazole-xylose and triazole-arabinose, while
all glycosyl derivatives showed antibacterial activity against P. fluorescens and
E. coli.

Bis(1,2,3-triazole) derivatives were prepared by Mohammed and co-work-
ers53,54 by reaction of a glucosylazide with an alcyne-substituted alkyl 1,2,4-
triazole by a click cycloaddition (73–84% yield); see Scheme 5.58a (alkyl¼C7
to C12). Mohammed described the same sequence using 6-azido-6-desoxy-D-
galactose (71–75% yield for the click cycloaddition);54 see Scheme 5.58b
(alkyl¼C8, C9). The same group also synthesized a bis(1,2,3-triazol) gemini
surfactant;71 see Scheme 5.22.

Starting from a propargyl xyloside, Lehmler and co-workers94 synthesized
1-N-alkyl-1,2,3-triazolyl substituted D-xylopyranosides by click cycloaddition
(50–73% yield); see Scheme 5.59 (alkyl¼C6 to C16).

The same sequence of reactions was used by Heidelberg and co-workers
with alkyl azide (alkyl¼C8 to C18 branched and (E)-octadec-9-enyl) and pure
peracetylated alpha (or beta) propargyl D-glucopyranoside (73 to 79% yield
for the click cycloaddition step);101 see Scheme 5.60. The reaction with un-
protected propargyl D-glucopyranoside (anomeric mixture) gave the same
compounds (anomeric mixture of a technical grade) in one step.

Krausz and co-workers used the same click reaction to build surfactant
structures with two polar heads or ‘‘star-like’’;83 see Scheme 5.37. Lequart
and co-workers73 and Rodriguez-Abreu and co-workers74 synthesized ben-
zimidazolone-based surfactants; see respectively Schemes 5.26 and 5.27.
Halila and co-workers102 used a triazole as a link between a hydrophilic
polysaccharide and a hydrophobic acetylated polysaccharide.
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5.2.6 Polysaccharides

O-Acetyl galactoglucomannan (GGM) consists of a linear backbone of ran-
domly distributed (1 - 4)-linked b-D-mannopyranosyl (acetylated at C2 or
C3) and (1 - 4)-linked b-D-glucopyranosyl units, with a-D-galactopyranosyl
units as single side units. To this polysaccharide, saturated fatty acids
CH3(CH2)nCOOH (n¼ 7, 12 and 16) were coupled by two different routes by
Dax and co-workers.52 Fatty acids activated with 1,10-carbonyldiimidazole
(CDI) were grafted to GGM on their hydroxyl groups. Alternatively, amino-
activated fatty acids synthesized using ethylenediamine were reacted with
the reducing end of GGM; see Scheme 5.13.

A novel type of oligosaccharide block copolymer was synthesized by Halila
and co-workers102 by coupling a free xyloglucan oligosaccharide (as the
hydrophilic part) to a peracetylated xyloglucan oligosaccharide (as the
hydrophobic part) by click chemistry (Scheme 5.61).

5.3 Surfactants from Microorganisms
An extracellular mannosylerithritol lipid (MEL) is secreted by the yeast
Candida (Pseudozyma) antarctica (ATCC 32657). Value added MEL was bio-
logically synthesized by using two different types of honey as a natural and
newer water-soluble carbon source. The MEL produced, characterized by
Pratap and co-workers, showed surfactant properties.103 A group of sugar
fatty acid non-ionic surfactants, ethyl di-rhamnolipids, was synthesized by Ju
and co-workers.104 Di-rhamnolipids were isolated from a Pseudomonas aer-
uginosa fermentation broth containing a rhamnolipid mixture with about
64% di-rhamnolipids, and then purified by silica gel chromatography. Di-
rhamnolipids were successfully ethylated at 0 1C for 24 h. Preliminary
emulsification tests indicated that ethyl di-rhamnolipids (Scheme 5.62) are a
potential class of useful sugar fatty acid non-ionic surfactants.

In addition, ethyl rhamnolipids have been used by the same group as a
renewable source to produce biopolyurethanes.105

5.4 Conclusion and Perspectives
Sugar-based surfactants can be divided into two types. The less expensive
ones can be synthesized in one or two steps, while those requiring more
complicated syntheses should present improved specific properties. Sugar-
based surfactants have recently been prepared either by enzymatic or
chemical synthesis. Lipases are still the most often employed; the use of
immobilized enzymes and ionic liquid solvents are increasingly chosen.
Glycosidases and glycosyltransferases have also been reported, but their
scope is still narrow. Enzymatic synthesis is useful for the preparation of
simple structures in one or two steps, but it can lead to mixtures when
multiple primary hydroxyl groups are available. Chemical synthesis is gen-
erally preferred for the synthesis of simple alkyl glycosides and APG. Most of
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the recent papers involve more efficient catalysts or improved conditions
such as the use of ionic liquid, which seems to be promising. N- and C-
Glycoside analogues have also been prepared in one or two steps. Still, most
of the modified structures that have been published recently have been
synthesized in several steps such as for amino acid, oxime, fluor or silicone-
containing derivatives. Perhaps the most promising molecules arise from
non-classical structures such as gemini, bolaform or dicephalic surfactants,
due to their generally lower CMC, among other properties. Ester, amide,
triazols or thioether linkages have been used in their preparation, however,
shorter and high yielding syntheses still need to be developed in the future.
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C. Bernal-Huicochea, J. C. Clavel and J. Aburto, Fuel, 2013, 110, 310.

44. N. Ferlin, L. Duchet, J. Kovensky and E. Grand, Carbohydr. Res., 2008,
343, 2819.

45. V. Neto, R. Granet and P. Krausz, Tetrahedron, 2010, 66, 4633.
46. S. Liu, R. Sang, S. Hong, Y. Cai and H. Wang, Langmuir, 2013, 29, 8511.
47. (a) M. Gosenca, J. Mravljak, M. Gašperlin and A. Obreza, Acta Chim.
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6.1 Introduction
Carbohydrates are the most abundant biomolecules on earth with functions
ranging from the fundamental building block of RNA (ribose) to the most
important energy store of human bodies (glucose). The latter is also the
building block of cellulose, the most abundant biopolymer on earth. Com-
pared to proteins, which consist of amino acids connected in a linear
fashion, carbohydrate arrays are often branched with the monosaccharides
connected to each other in various ways giving them great potential for
storage of biological information. For example, a simple disaccharide con-
sisting of only two hexopyranose moieties can be constructed in 11 different
ways. Upon moving to larger oligosaccharides, the number of permutations
increases exponentially. While not all possible combinations of mono-
saccharides exist in nature, the number of different oligosaccharides avail-
able by contemporary synthetic methods allows for a high degree of
customization. This, in turn, results in highly specific binding achievable by
fine-tuning of the three-dimensional structure of carbohydrates to match the
binding sites of biological receptors. If the binding site is known, carbo-
hydrates can be designed to match in an optimal, specific way. Transport of
the carbohydrate systems to their active sites is, however, not trivial. Due to
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the usually high polarity of the carbohydrate molecules, they are unable to
efficiently pass through the enterocyte layer of the small intestine. Con-
sequently, carbohydrates are poorly suited for oral administration. Fur-
thermore, the high polarity leads to short biological half-lives even in cases
where the compounds are administered parenterally.1,2 While the binding of
carbohydrates is often highly specific, it may simultaneously be rather weak
leading also to a weaker biological response. This may, however, be over-
come by construction of multivalent carbohydrate assemblies where several
identical saccharide moieties are connected to a common core molecule.
Such multivalency typically enhances the binding compared to monovalent
analogues.3

6.2 Synthesis
While many of the naturally occurring oligo- and polysaccharides
have significant biological functions, their isolation is often not a straight-
forward task. Carbohydrates present in living organisms are typically het-
erogeneous by composition, which makes the isolation of pure compounds
in sufficient quantities difficult. Pure, well-defined compounds, in turn, are
a prerequisite for understanding their biological functions. Compound
mixtures may induce biological effects different from those characteristic for
their individual constituents. Thus, complementary synthetic methods are
often required for construction of well-defined, pure oligosaccharides.

6.2.1 Traditional Synthesis of Oligosaccharides

The traditional way of constructing oligosaccharides from their building
blocks is based on the use of carbohydrate donor and acceptor reagents.
Donors typically contain a good leaving group which upon activation (usually
by an acid, such as TMSOTf or BF3 �OEt2) is cleaved off resulting in an
oxocarbenium ion, which then reacts with a nucleophilic acceptor
(Scheme 6.1). Common donors include trichloroacetimidates, thioglyco-
sides, glycosyl halides, glycosyl acetates and glycosyl phosphates. The most
common type of acceptor in oligosaccharide synthesis is an alcohol, yielding
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Scheme 6.1 General glycosylation reaction.
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an O-glycoside, although amines and thiols can also be used resulting in
N-glycosides and S-glycosides, respectively.

The reaction intermediate, i.e. the oxocarbenium ion, has a planar
geometry. Consequently, the nucleophile can attack the ion from both sides,
potentially forming two different diastereomeric reaction products. Typi-
cally, only one of the two possible diastereisomers is the desired product.
Because of this, the coupling reaction needs to be directed towards the de-
sired product using specific protecting group strategies, such as neighboring
group participation, which favors the formation of trans-glycosides, or spe-
cific activation protocols for formation of the corresponding cis-glycosides.
In general, without any directing groups, the a-configuration is favored due
to an anomeric effect.4

Due to very similar reactivities of the saccharide hydroxyl groups, carbo-
hydrate chemistry has traditionally heavily depended on laborious pro-
tecting group manipulations. Characteristically, several temporary
protecting groups may need to be applied only to be able to introduce an-
other protecting group at a later stage in the synthesis. The required mul-
tistep synthesis procedures then lead to low atom economy, low overall
yields and a large amount of generated waste.

For synthesis of oligosaccharides, two main approaches are applied—
linear and convergent (Scheme 6.2). In linear synthesis, the oligosaccharide
is prepared by adding one monosaccharide moiety at a time. Convergent
synthesis, in turn, relies on preparation of larger building blocks and as-
semblies which are then coupled together at a later stage. The latter ap-
proach reduces the number of synthetic steps, but also complicates the
selection of donor molecules. In convergent synthesis, the leaving group
used (Y in Scheme 6.2) should be sufficiently stable to survive the first
coupling reaction. Thus, donors such as thioglycosides, which are stable
under a wide range of conditions but can be converted in situ to more active
species such as triflates, are often applied. Another benefit of using thio-
glycosides is that they also function as temporary protecting groups which
can be removed selectively, leaving behind a free hydroxyl group that can
then be converted into various leaving groups, such as a trichloroacetimidate
or a glycosyl phosphate.

Of course, the syntheses can be expanded beyond the preparation of the
tetrasaccharide described in Scheme 6.2. It is easy to observe how the con-
vergent approach becomes more beneficial, at least in terms of the number of
synthetic steps as the oligosaccharide becomes larger, especially in the
preparation of linear oligosaccharides consisting of 2n monosaccharide units.
For example, the synthesis of an octasaccharide requires a total of 14 linear
synthetic steps whereas a convergent synthesis would only require nine steps.

6.2.2 Automated Synthesis of Oligosaccharides

Automated syntheses of oligonucleotides and oligopeptides have been
available for a long time already. For these biomacromolecules, there are no
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regio- or stereochemical issues involved in the coupling reactions as the
backbones consist of smaller building blocks coupled together via phos-
phodiester or amide bonds in a linear fashion. Consequently, such syntheses
can be carried out using a single type of protecting group in an iterative
fashion. In addition, the synthesized nucleotide chains can be copied by
utilizing the polymerase chain reaction. Proteins in turn, which are encoded
by DNA, can be produced via recombinant DNA technology after the DNA
sequence responsible for producing the protein is determined.5

The automated synthesis of oligosaccharides, however, is generally more
challenging due to the aforementioned regio- and stereochemical issues.
The large number of possible oligosaccharide structures also provides a
great challenge, as the number of required building blocks is greater than
the number of building blocks required for making oligopeptides or oligo-
nucleotides of similar length. However, all of the possible oligosaccharide
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combinations are not present in living organisms. If the syntheses were
carried out in a strictly linear fashion, similar to the synthesis of oligonu-
cleotides and oligopeptides, it has been estimated that 36 monosaccharide
building blocks would be required for creating 75% of all mammalian
oligosaccharides. For the synthesis of 90% of such oligosaccharides, 65
building blocks, respectively, would be required.6

One of the key issues for automated synthesis in general is the purification
of intermediates. In almost any reaction, some byproducts are formed and
unreacted starting materials remain and need to be separated from the
product. This problem has been solved in oligonucleotide and oligopeptide
synthesis by attaching the growing chain to a solid support, such as poly-
styrene, polyethylene, PTFE or others,6,7 which makes it possible to isolate
the product by simple filtration and washing. The same approach is com-
monly used for automated carbohydrate synthesis as well. However, one of
the problems encountered with solid supports is the inherently poor re-
action kinetics of biphasic systems, which require large excesses of reagents
to be used for driving the reactions to completion.

In order to overcome the aforementioned problems with solid supports,
alternative approaches for automated oligosaccharide synthesis have
evolved, for example based on affinity chromatography/solid-phase ex-
traction using soluble (light) fluorous tags.8 The fluorous tag is attached to
the carbohydrate in a similar way as the solid support but with the benefit
that the molecule as a whole will remain soluble, thus overcoming the
problems with poor reaction kinetics of biphasic systems and reducing the
required excess of reagents. After completion of the reaction, the target
product can be isolated by fluorous solid-phase extraction.

When attaching the carbohydrate to either a fluorous tag or solid support,
two alternatives emerge. The tag can be attached either to the nucleophile
(glycosyl acceptor) or the electrophile (glycosyl donor). The preferred way is
to attach the tag to the acceptor, which allows an excess of the more reactive
donor to be used without concerns about potential side reaction products
getting linked to the fluorous tag or the solid support.6

Automated synthesis does, however, introduce a new problem associated
with stereoselectivity in the glycosylation reactions. Fundamentally, the
problem is the same as in conventional oligosaccharide synthesis: it is often
difficult to obtain complete stereoselectivity and stereochemical control in
the glycosylation reaction. The new aspect of the problem arises from the
fact that the diastereomers cannot be separated until the oligosaccharide
has been released from the solid support or the fluorous tag has been re-
moved. This results in an exponentially increasing number of products after
each synthetic step. Already in the synthesis of a hexasaccharide, the theo-
retical number of final hexasaccharide products would be 25¼ 32. Only one
of these products has the correct desired stereochemistry at each glycosidic
linkage. In conventional carbohydrate synthesis, the byproducts with
incorrect stereochemistry are typically removed after each coupling step
by chromatographic methods, resulting finally in only two possible
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hexasaccharides. Because of this, new reaction conditions offering better
stereoselectivities are still needed.

The coupling to the solid support resin or the fluorous tag is commonly
achieved via a spacer unit. Some considerations then are needed for this
spacer unit which should, if possible, incorporate functional groups for
further modification of the oligosaccharide, e.g., attachment to a carrier
protein. One popular type of spacer unit contains a hydrocarbon chain with a
double bond. This double bond can, for example, be cleaved by olefin me-
tathesis to give a terminal double bond, or by ozonolysis to give an aldehyde
that can then, for example, be conjugated to the free amine groups of lycine
residues in a protein.9

In both solid and solution phase automated synthesis, the main synthetic
cycles are rather similar. Iterative methods are used, which can be separated
into five distinct steps (Scheme 6.3).6,7

1. (a) First, a single monosaccharide donor is attached to either a solid
support or to a fluorous tag via a spacer containing a free hydroxyl group.
(b) One or (for branched oligosaccharides) several protecting groups
are selectively removed leaving free hydroxyl groups.

2. An excess of a donor molecule (usually 5–10 equivalents in solid phase
synthesis and less than 2 equivalents in solution phase synthesis) and a
promotor, e.g., TMSOTf are added.

3. One or (for branched oligosaccharides) several protecting groups are
again selectively removed leaving free hydroxyl groups.

4. The intermediate is purified by filtration (solid phase synthesis) or
FSPE (solution phase synthesis).

Steps 2–4 are then repeated until the synthesis is complete.
5. Upon completion of the iterative synthesis of an oligosaccharide, the

product is cleaved from the support, all remaining protecting groups
are removed and the final product is purified, usually by HPLC.

While automated solution-phase oligosaccharide synthesis strategies have
been used to prepare a number of oligosaccharides, e.g. a-(1-2)-linked
mannotetraoses and mannohexaoses,7 their practical uses are still limited.
Solid-phase synthesis, on the other hand, has been used to synthesize a large
number of complex oligosaccharides, including blood group oligosacchar-
ides, Lewis X pentasaccharide, Lewis Y hexasaccharide and the tumor as-
sociated antigen Lex–Ley nonasaccharide. The fully protected Lex–Ley

nonasaccharide was synthesized using five monosaccharide building
blocks in just 23 h with 6.5% (7 mg) overall yield (Scheme 6.4).6,10

6.2.3 Isolation and Fractionation of Polysaccharides from
Natural Sources

While efficient synthetic strategies can be applied to produce well-defined
oligosaccharides, many of the commercially available oligosaccharide
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pharmaceuticals still originate from natural sources. Organisms generally
contain many different types of oligosaccharides with varying molecular
weight distributions. Consequently, selective extractions of specific carbo-
hydrates from different organisms in pure form are, in practice, not possible
and the extracted compounds must undergo often tedious purification
processes. Purification of oligo- and polysaccharides is commonly carried
out by fractionation. Fractionation is not a single method but rather a
combination of methods for separation of different molecules based on their
physical or chemical properties. The process leads to better defined com-
pounds in terms of molecular structure and molecular weight distribution.

The main methods for fractionation of polysaccharides are precipitation
and different chromatographic methods.11,12 Size exclusion chromatography
separates compounds based on their actual size which is not necessarily
directly proportional to the molecular weight. For the same type of poly-
saccharides, however, the physical sizes of the molecules are proportional to
their molecular weight. This means that different types of polysaccharides
might be difficult to separate by this technique alone, and combinations of
different methods are often required.13 One of the problems associated with
chromatographic methods is that the polysaccharides need to be dissolved
in water, which then is difficult to remove by energy efficient methods.14

Fractionation of polysaccharides by precipitation can be made more
selective by choice of an appropriate precipitant, such as cetyl-
trimethylammonium bromide or copper salts. Commonly, the crude poly-
saccharide mixture is dissolved in water, followed by addition of the
precipitant until precipitation occurs. The precipitate is then separated by
filtration or centrifugation and the process is repeated until a determined
amount of precipitant has been added or until no further precipitation
occurs.15,16

6.3 Examples of Oligosaccharide Therapeutics on the
Market

The oldest carbohydrate-based drug, heparin, one of the two oligosaccharide
blockbuster drugs, is structurally a sulfated glycosaminoglycan, originally
isolated as a heterogeneous mixture of polysaccharides from animal organs.
Heparin has been used as an antithrombotic agent since the 1940s, already
before its mechanism of action was known.17 The main drawbacks associ-
ated with heparin are the half-life of only one hour and severe side effects
such as thrombocytopenia and bleeding. The low molecular weight fractions
of heparin that can be obtained after enzymatic or chemical fragmentation
possess, in turn, longer half-lives and more predictable anticoagulant
properties with fewer side effects. The pentasaccharide fragment, respon-
sible for the anticoagulant properties of heparin, was identified in the early
1980s and synthetic procedures towards this active fragment were reported a
few years later.18 This pentasaccharide fragment (Figure 6.1) represents the
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essential heparin sequence that binds to antithrombin III (AT-III) and in-
creases the AT-mediated inhibition of factor Xa.19 The synthetic penta-
saccharide corresponding to this fragment, fondaparinux, sold under the
trade name Arixtra has been available since 2002 and a number of synthetic
analogues have been explored since then.20

Sulodexide is a purified glycosaminoglycan extracted from porcine intes-
tinal mucosa that is composed of a fast mobility heparin fraction (80%) and
dermatan sulfate (20%). Dermatan sulfate, in turn, is a linear polysaccharide
where the repeating disaccharide unit consists of N-acetylgalactosamine
(GalNAc) and IdoA L-iduronic acid (IdoA) residues (Figure 6.2). Similar to
heparin, sulodexide is used as an antithrombotic agent but characterized by
a longer half-life and fewer side effects than unfractionated heparin. In
addition, sulodexide has proved to be efficient in the treatment of other
disorders, such as various cardiovascular and cerebrovascular diseases and
diabetic nephropathy.21

Acarbose, the other oligosaccharide-based blockbuster drug, functions as
an a-glucosidase inhibitor. It is structurally a pseudo-oligosaccharide con-
sisting of a sequence of three monosaccharides attached to a valienamine
residue (Figure 6.3). Acarbose is produced via a fermentation process and is
marketed worldwide and used in the therapy of type 2 diabetes.22

Pentosan polysulfate, a semi-synthetic sulfated polysaccharide produced
from xylan with xylose as the repeating unit is a new oligosaccharide-based
drug on the market. Its production process comprises two basic steps: (1)

Figure 6.1 Pentasaccharide fragment responsible for the anticoagulant properties
of heparin.

Figure 6.2 Dermatan sulfate.

214 Chapter 6



sulfation of xylan with chlorosulfonic acid in the presence of pyridine, and
(2) oxidative depolymerisation in acidic or neutral aqueous media. The final
product, a sulfated linear b-(1-4) linked polyxylose and its sodium salts
with molecular weights ranging from 3 kDa to 10 kDa, is then obtained after
dialysis and fractionation process.23 Pentosan polysulfate is used for treating
interstitial cystitis and is sold under name Elmiron.

Hyaluronic acid and more specifically its sodium salt (Figure 6.4), sodium
hyaluronate, has been used for treating osteoarthritis of the knee since the
1980s. Its mechanism of action is based on the ability of this compound to
increase the viscosity of the synovial fluid, which in turn increases the lu-
brication and cushioning properties of the fluid, resulting in reduction of
pain in the joint.24a Water solutions of sodium hyaluronate are, due to their
high viscosity, also used in ophthalmic surgery.24b

A final example of oligosaccharide-based drugs on the market is ami-
noglycosides, defined as naturally occurring pseudo-oligosaccharides which
in turn consist of two to five monosaccharide units containing typically a
one-to-one ratio between OH and NH2 groups. These compounds, pioneered
by streptomycin, have been utilized as antibiotics to treat diseases induced
by Gram-negative bacteria. The antibiotic activities of aminoglycosides
are due to their inhibition of protein synthesis resulting from binding to
bacterial ribosomes.25 The first discovered aminoglycoside was strepto-
mycin, isolated from actinobacterium Streptomyces griseus, becoming the
first effective treatment for tuberculosis.26 Another aminoglycoside pro-
duced by bacteria belonging to the Streptomyces family is neomycin, which
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can be isolated from Streptomyces fradiae. The two forms of neomycin are
commonly found in many topical antibiotic preparations such as creams,
ointments and eye drops (Figure 6.5).

6.4 Carbohydrate-based Vaccines and Adjuvants
Cells, both endogenous and exogenous, are covered by different types of
molecules such as proteins, lipids and carbohydrates. When human bodies
encounter microorganisms carrying unknown glycosides, proteins or other
immunogenic molecules, an immune response is triggered and the immune
system tries to kill the pathogen or neutralize its toxins. The first time our
body encounters a certain pathogen, the immune response is highly com-
plex. Consequently, the reaction times of the immune system towards in-
fectious diseases are often much slower than the rates at which the
pathogens multiply. In some cases the pathogens themselves, or the toxins
they release, do not induce sufficiently strong immune responses for the
body to be able to deal with the infection without aid. This is, for example,
true for the anaerobic bacterium Clostridium tetani which releases tetanos-
pasmin, an extremely potent neurotoxin that causes tetanus. This toxin is
potent enough that even a lethal dose is insufficient to provoke an immune
response.

Immune responses are complex cascades of different events, but in all
simplicity the immune system can be classified into subsystems in different
ways, such as adaptive and innate immunity, as well as humoral and cell-
mediated immunity. Which one of these is activated depends on various
factors and the detailed mechanisms are beyond the scope of this chapter.

In a simplified sense, when the human body encounters foreign antigens,
the antigens are recognized by specific immunoglobulin (Ig) receptors on the
surfaces of certain types of cells, B cells and other antigen-presenting cells

Figure 6.5 Streptomycin (left) and the two forms of neomycin (right).
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(APC). The antigens or pieces of them are later expressed on the surface of
the cells as complexes (major histocompatibility complex, MHC, class I or
II). These complexes are recognized by receptors on the surface of naı̈ve T
cells. During this recognition, the B and T cells are activated for different
tasks depending on the MHC complex. B cells carrying MHC class II com-
plexes mature into plasma cells (pathway A in Figure 6.6) which produce
antibodies specific to the antigens that caused the immune response in the
first place (humoral immunity)27 and T cells that recognize MHC class I
complexes mature into cytotoxic T cells (pathway B in Figure 6.6) which
focus on killing cells either by direct interaction with the cells or by release of
cytotoxins (cell-mediated immunity). Some of the B and T cells further ma-
ture into memory cells, which can survive in the body for a long time and
react rapidly to prevent subsequent infections by the same pathogen.

As previously mentioned, the identification of cells, as well as many im-
munological responses, are often mediated by carbohydrates. Consequently,
the development of new vaccines is often based on natural polysaccharides.
While polysaccharides on cell surfaces are used for pathogen recognition, it
has on several occasions been discovered that the polysaccharides alone do
not usually produce sufficiently strong immune responses to be sufficiently
effective as vaccines. Especially among young children without strong im-
mune responses to T-cell-independent antigens such as polysaccharides, the
immunization often fails. This is, for example, true for Haemophilus influ-
enza type b (Hib), a Gram-negative coccobacillus responsible for several in-
vasive bacterial infections especially among children. The bacterium is
covered with a polysaccharide layer that cloaks underlying antigenic proteins
which would in normal cases cause an immunogenic response. It is well
known that bactericidal or opsonic antibodies that target this so-called
capsular polysaccharide offer protection against invasive diseases caused by

Figure 6.6 A simplified description of the activation of the immune system.
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these types of encapsulated bacteria.28 The first vaccines against Hib were
licensed in 1985 and consisted of polyribosylribitol phosphate (PRP) poly-
saccharides which proved to be effective as vaccines in adults and children
above the age of two years. Among infants, however, they did not provide
adequate protection.29

The problem with poor immune response can often be overcome, for ex-
ample, by conjugating the polysaccharide to an immunogenic protein carrier
or a lipid. This helps with the uptake and presentation of the antigens by
APCs. Initially, the PRP was conjugated to a modified non-toxic fragment of
diphtheria toxin, CRM197, or an outer membrane protein of Neisseria
meningitidis. Later, a vaccine consisting of PRP conjugated to tetanus toxoid
was licensed, and since the technology used for preparing this vaccine was
not protected by patent laws, it became the most commonly used Hib pro-
tein conjugate vaccine worldwide.29 A fully synthetic Hib vaccine based on
the same carbohydrate structure (Figure 6.7) was developed and entered
the market in Cuba in 2004 after more than a decade of experimentation
(Quimi-Hib). When introduced, this was the first synthetic carbohydrate-
based vaccine and it was shown to have a success rate of 99.7%.30

6.4.1 Pneumococcal Vaccines

Streptococcus pneumoniae is a bacterium covered in a layer of capsular
polysaccharides. Besides pneumonia, it is also responsible for several other
types of infections such as bronchitis, rhinitis, conjunctivitis, meningitis
and many others.31 Vaccine development against S. pneumoniae began al-
ready in the early 20th century with the use of intact, heat killed bacteria.
Later, in 1944, a four-type (containing capsular polysaccharides from four
types of pneumococcus) vaccine was successfully used for immunizing
humans, which led to a hexavalent capsular polysaccharide being licensed
for general use after World War II.32

The development of new vaccines against pneumococcus ceased during
the 1950s due to the increasing use of penicillin and other antimicrobial
agents. It was not until two decades later, when the increasing antibiotic
resistance was making the treatment of pneumococcal infections difficult,
that the development started anew. Another issue with pneumococcus is
that a number of different serotypes exist, and these carry different capsular
polysaccharides, making vaccine development difficult. The currently used
pneumococcal vaccine (PPV23) contains 23 purified capsular oligosacchar-
ides from S. pneumoniae and that still only accounts for approximately 90%
of the existing serotypes.32–34

6.4.2 b-Mannan Glycoconjugates

b-(1-2)-Linked mannosides are a group of polysaccharides, found on the
surface of several fungi of the Candida species, known to be immunosti-
mulatory. Out of these, C. albicans is the most common and considered to be
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part of the human gut flora. C. albicans is, however, an opportunistic
pathogen and the fourth most common cause for hospital-acquired blood-
stream infections in the United States. For healthy people, C. albicans does
not pose a significant threat, but it can prove especially dangerous for pa-
tients with suppressed immune systems, such as patients with acquired
immunodeficiency syndrome (AIDS) or patients undergoing prolonged
antibiotic treatments.35

The b-mannosides on the surface of the fungal cells show promising po-
tential as vaccine candidates against candidemia. As previously mentioned,
however, the oligosaccharides themselves are rather poorly immunogenic.
Bundle and coworkers35 have developed a vaccine consisting of a b-(1-2)-
linked mannotriose conjugated to a tetanus toxoid. The vaccine has been
tested by vaccinating rabbits followed by treatment with immuno-
suppressive drugs. Several days after the vaccinations, live C. albicans cells
were administered directly into the bloodstream of the rabbits and several
days after that the damage to inner organs was assessed. The vaccinated
rabbits showed statistically significant reduction of fungal burden on the
kidneys and liver compared to the control group of rabbits, vaccinated with
the tetanus toxoid without the carbohydrate part. The direct administration
of the pathogens to the bloodstream is, however, an extreme model, as in a
normal case, the fungal cells would be slowly introduced to the bloodstream
as a result of breakdown of mucosal barriers.35 Despite several promising
results from vaccinating rabbits, these vaccines are yet to enter clinical
studies.

6.4.3 Anticancer Vaccines

Cancer cells are native cells that have mutated into cells growing and
dividing uncontrollably. These cells usually display aberrant glycosylation
patterns on the cell surface, which causes the immune system to destroy the
cells. Problems arise when the immune system fails to recognize these
cells as harmful.36 Typically, cancer cells show overexpression of certain
carbohydrates, e.g., globo-H (GH) hexasaccharide (Fuca1-2Galb1-
3GalNAcb1-3Gala1-4Galb1-4Glcb1) which can be found in excessive
amounts on several epithelial tumors (including, but not limited to colon,
ovarian, prostate and breast cancers).

As with most carbohydrates, the cancer-specific ones also need to be
conjugated to an immunogenic carrier or be presented in a multivalent
fashion to obtain significant immunological effects. Several vaccine candi-
dates targeting the cell-surface carbohydrates expressed by cancerous cells
have been developed and undergone clinical trials. Most of the vaccines have
not proven satisfactory in advanced critical trials, mainly due to low repro-
ducibility and poor selectivity of the immune response.37,38 There are,
however, recent breakthroughs in the field of carbohydrate-based anti-
cancer vaccines. Danishefsky and coworkers have developed a vaccine con-
sisting of five tumor-associated carbohydrate antigens (TACAs), GH, Ley,
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STn, TF and TN conjugated to a keyhole limpet hemocyanin (KLH). This
vaccine did, however, not manage to induce antibodies against Ley in phase I
clinical trials which was supposedly due to Ley having a relatively high
endogenic expression.39 Consequently, the Ley pentasaccharides were re-
placed by a GM2 tetrasaccharide, a tetrasaccharide associated with breast
and prostate cancer. The new, improved vaccine (Figure 6.8) has shown
great potential as a vaccine against prostate and breast cancer in phase I
clinical trials and is currently in phase II/III clinical trials for breast
cancer.36,39,40

Many vaccines targeting the same TACAs as the one developed by
Danishefsky are currently being developed and are in, or preparing for,
clinical trials.37,41,42 Unfortunately, the immunogenic protein carriers used
for these types of vaccines often trigger strong B-cell responses, which can
suppress the antibody response against the target TACAs.37,43 Boons and co-
workers have developed an anticancer vaccine candidate where the antigen
(TN) is covalently linked to a T-cell epitope and a Toll-like receptor 2 ligand,
Pam3CysSerK4. Activation of these TLR receptors is known to enhance local
inflammation thus triggering the adaptive immune system. This compound
has shown potential as an anticancer vaccine, eliciting high antibody re-
sponses, but has not yet entered clinical trials.43

6.4.4 Adjuvants

Due to safety reasons, vaccine development is moving away from using
whole micro-organisms towards using fully synthetic antigens. This provides
well-defined structures with fewer side-effects, and side-effects that can be
studied in more detail. As previously mentioned, however, the problem with
such molecules is that they are far less immunogenic than those used in
traditional vaccines.44

Adjuvants are, by definition, compounds that stimulate the immune
system without acting as a specific antigen. They enhance the immune re-
sponse in one of three ways:45

� By providing a ‘‘depot’’ for the antigens so that they are released slowly
and thus are not eliminated from the body before a sufficiently strong
immune response is achieved

� By facilitating the phagocytosis of the antigens by APCs by helping the
cells to target the antigens

� By enhancing and modulating the type of immune response caused
by the antigen, for example by switching bias from cell-mediated to
humoral immunity

Only a handful of adjuvants have been approved for human vaccine use.
Of these alum, i.e., aluminium salts such as aluminium oxohydroxide, alu-
minium hydroxyphosphate and aluminium hydroxide sulfate,46 are the most
widely used, and can be found in most of the human vaccine formulations
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on the market.44 Other types of adjuvants approved for human vaccines are,
for example, oil–water emulsions, monophosphoryl lipid A and various
protein-based structures. Two oligosaccharide-based vaccine adjuvants with
great potential, inulin and chitosan, will be presented in the following
paragraphs.

6.4.4.1 Inulin as a Vaccine Adjuvant

Inulins (Figure 6.9) are a group of polysaccharides naturally occurring in
many types of plants e.g., wheat, onions and garlic. Inulins consist of a linear
chain of up to 100 b-(2-1)-linked D-fructofuranosyl moieties terminated by
a single a-D-glucopyranosyl moiety. Inulins exist as three polymorphic forms:
a-, b, and g-inulin. These are all interconvertible, but only higher molecular
weights can attain the g-form, which is virtually insoluble in water at 37 1C
(as opposed to the two other forms which are both water soluble).47a

Advaxt is an adjuvant derived from inulin which in mouse models has
been shown to increase the humoral responses by an increase in the
influenza-specific immunoglobulins. Furthermore, it has also been shown to
stimulate the cell-mediated immunity, increasing T-cell responses, i.e.,
cytokine secretion.47b

6.4.4.2 Chitosan as a Vaccine Adjuvant

Chitosan (Figure 6.10) is a linear b-(1-4)-linked D-glucosamine poly-
saccharide produced by deacetylation of chitin, the main component in the
exoskeletons of arthropods. Chitosan has several attractive properties, such
as biodegradability, biocompatibility, low toxicity and mucoadhesion. Being
non-allergenic, it is also a good candidate for adjuvant development.27,44
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Chitosan has been shown to considerably enhance both the humoral and
cell-mediated immunities, increasing both Ig and cytokine production when
used as an adjuvant for nasally administered diphtheria vaccine.48 This
adjuvant effect is based on prevention of the enzymatic degradation of the
antigen (mutated non-toxic diphtheria toxin), as well as on enhancing the
uptake of the antigen through the mucosal barrier. In addition to these ef-
fects, chitosan also directly stimulates the immune system by activating
macrophages and enhancing cytokine production.44

6.5 Conclusions
Due to their abundance, structural diversity and biological functions,
oligosaccharides have found many uses in pharmaceutical development.
Enormous efforts have been made towards developing methods for the
isolation and synthesis of new oligosaccharides and many of the problems
associated with the synthesis and isolation of this unique class of molecules
have been overcome already. Nevertheless, relatively few generally applicable
methods exist today and new targets often present whole new sets of prob-
lems that need to be tackled individually. Despite the amount of work put
into this field of research over the last decades, relatively few oligosacchar-
ide-based pharmaceuticals have entered the market to date.

In this chapter, selected existing and potential future applications of
oligosaccharides as pharmaceuticals have been presented and discussed.
Exciting research is ongoing in the field worldwide and exciting future
breakthroughs are to be expected.
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7.1 Introduction
The use of biomass for the production of fuels and chemicals can contribute
towards mitigating several of the problems involving the depletion of the
world’s non-renewable resources and the increasing impact of climate
change caused by emissions resulting from human activity. In fact, biobased
chemicals and polymers are making steady inroads into traditional markets
for consumer products derived from fossil fuels.1

Today the concept of a biorefinery is widely applied to facilities that in-
tegrate biomass conversion processes and equipment for sustainable pro-
cessing of biomass into a spectrum of value-added biobased products (food,
animal feed, chemicals, materials) and bioenergy (biofuels, power and/or
heat).2 It has two strategic goals: the displacement of fossil fuels by renew-
able raw materials and the establishment of a sustainable biobased industry.
But, despite its high volume, fuel is a low value product and the return on
investment in biofuels-only operations presents a significant barrier to
realizing the biorefinery’s economic goal. Industrial adoption of renewable
raw materials requires a financial incentive to justify the shift to new starting
materials, the development of processes to convert them into useful
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products and the capital investment necessary to assure their production on
a commercial scale.3

High value, lower volume biobased chemicals provide this incentive and a
number of evaluations have appeared that identify structures most easily
obtained from a given biomass conversion process. The advantage of this
approach is the tailoring of broad-based processes to the building blocks
available from certain biorefinery operations.3

In 2004, the US Department of Energy (DOE) released the first of two re-
ports outlining the research needs for biobased products.4 By developing a
list of specific structures, the report adopted product identification as a
guide for research. Following economic and technical criteria, this list
served as a guide for selecting structures that could serve as building blocks
for a platform for the production of derivatives. In the years following the
original DOE report, considerable progress in biobased product develop-
ment has been made. Recently, Bozell and Petersen3 revised that report and
presented an update on the candidate structures. Several of these structures
are available from chemical and biological transformations of sugar cane.
Those that appear to be the most promising for the chemical industry,
currently under investigation by Brazilian groups, are discussed in this
chapter.

7.2 The Sugar Cane Industry in the Brazilian
Economy

Sugar has been an important component of Brazil’s economy since shortly
after the country was discovered. In the five centuries since the first sugar
mill was built, this small rural activity developed into a large-scale business
that was responsible for the growth of villages that today are important cities
like São Paulo and Santos. Besides producing different grades of sugar, the
juice could be fermented and also became a source of an alcoholic beverage
known as cachaça that soon became very popular when the country was still a
colony. Ethanol has been produced in sugar mills ever since.5

As early as 1910, ethanol was also an important feedstock for chemicals
and materials. Several companies, such as Rhodia, Usina Colombina, and
Elekeiroz, produced ethyl chloride, acetic acid, acetic anhydride, cellulose
acetate and ethyl ether from ethanol. In the 1940’s, the Usina Victor Sence
also produced acetone, butyl alcohol and butyl acetate from ethanol (and
was, at the time, the sole manufacturer in South America) while in the 1950’s
and 1960’s, it was also widely used in the production of ethylene, vinyl
chloride and butene. Ethanol was first used as an automotive fuel in 1925
and, in the wake of a petroleum shortage, the Proalcohol program was es-
tablished in 1975 to produce it on a large scale as a substitute for gasoline. It
also gave the conversion of ethanol into chemicals a boost that lasted until
subsidies for the production of ethanol and the severe drop in the price of
crude oil rendered these processes uneconomical.6
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The production of first-generation ethanol from sugar cane juice (essen-
tially sucrose) has made the country a leading producer of biofuels. At pre-
sent, approximately 90% of the automobiles made in Brazil are dual-fuel.7

Production increased in 2012 when the government offered incentives such
as raising the percentage of ethanol that is added to gasoline from 20 to
25%. The prospect of producing 2G ethanol led some companies to invest in
new production technologies that significantly increased their yields.

7.2.1 The Sucrose Platform

Sucrose is an abundant, low-cost, highly pure (up to 99.96% on an an-
hydrous basis) raw material from a renewable source.8 It can be hydrolysed
to form glucose and fructose and is a starting material in the synthesis of
non-ionic surfactants, polymers, sweeteners, emulsifiers, etc.,9 as shown in
Scheme 7.1.

In spite of all these advantages, sucrose also presents some difficulties as a
raw material. The main one is its high functionality (eight hydroxyl groups
with almost similar reactivity) making selective syntheses extremely dif-
ficult10 and controlling this selectivity presents a serious problem.11

However, in Brazil today, most sucrose derivatives are imported and their
main use is in food products and in formulations of drugs and cosmetics.12

Scheme 7.1 Low molecular weight chemicals obtained from sucrose (reproduced
from ref. 9 with permission of the Sociedade Brasileira de Quı́mica).
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On the other hand, sucrose shows much promise as a starting material in
bioprocesses. Two of the more promising products of current interest are:

� Succinic acid—one of the platform chemicals identified in the original
DOE study.4 It is a driver in the production of polymers such as poly-
butene succinate (PBS), a new biodegradable plastic and 1,4-butanediol
(BDO) and other BDO derivatives such as polytetramethylene glycol
ether (PTMEG). It has a high conversion coefficient on fermentation of
sugar. Production of succinic acid, principally from the fermentation
of sugars, is the object of much interest of several companies and some
of their plants already operate on a commercial scale. In Brazil, DSM is
studying the production of succinic acid based on sugar cane in a
project financed by the BNDES, the national development bank, as part
of a program for the support of the sugar and ethanol industry (see
Section 7.5).

� Farnesene (and a set of closely related sesquiterpenes)—obtained from
the fermentation of sugars using a genetically modified strain of Sac-
charomyces cerevisiae. This process was patented by Amyris, which op-
erates a commercial scale plant in Brazil with an estimated capacity of
40 million litres per year.13 Amyris also has been developing new ap-
plications of farnesene including biofuels, aromas and fragrances, and
chemical specialties, among others.

7.2.2 Chemicals from Ethanol

Ethanol was specifically omitted from DOE’s original list because its ex-
pected high production volume categorized it as a so-called super-
commodity. Recent technology developments and strategic commercial
partnerships have improved its platform potential, leading it to be included
in the new list of top chemical opportunities from biorefinery
carbohydrates.3

Ethanol dehydration was the source of most ethylene in the early part of
the 20th century and can be carried out at high conversion and selectivity.14

As has been pointed out in Section 7.2, ethanol was once an important raw
material for the Brazilian chemical industry. Although the availability of
cheap oil all but wiped out its commercial application, it is employed to
produce ‘‘green’’ polyethylene by Braskem, Brazil’s largest plastics producer,
which has, in fact, been investing in process optimization and plant ex-
pansion. Ethylene produced from ethanol dehydration may still find niche
applications in situations in which the sustainability of raw materials is as
important a consideration as their unit price.

Challenges related to an increase in the use of ethanol from biomass as a
chemical feedstock are based on the development of novel high performance
catalysts and reductions in costs of replacing well-established processes and
products with biomass-derived ones.14 Bioethanol has an advantage com-
pared to other biomass feedstocks, such as lignin, cellulose, hemicellulose
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and fatty acids: it can be directly converted, in one-pot processes, into ‘‘drop-
in’’ chemicals. This means that ethanol can be used to obtain some of the
same building block chemicals that are currently obtained from petroleum,
such as ethylene, 1,3-butadiene, propylene, and higher hydrocarbons. In this
case, changes in the chemical industry to incorporate ethanol as a feedstock
could be minimized. Sousa et al.15 have shown that conversion of ethanol
into hydrocarbons occurs over zeolites with different acidic properties and
porous structures (HZSM-5 and HMCM-22). The samples used were active
for ethanol conversion and both their acidic properties and porous structure
played an important role in product selectivity. HZSM-5 zeolite was the most
promising catalyst for propene formation,15 but catalysts for industrial use
of these routes must still be developed and the costs for producing these
drop-in chemicals from ethanol are still higher than the highly optimized
petroleum-based processes.14

The production of chemicals that contain an oxygenated functional group
has been an active area of research on ethanol conversion. Combinations of
low cost catalysts can provide promising one-step synthetic routes to the
production of chemicals such as n-butanol,16 acetic acid,17 acetone18 and
others such as ethyl acetate.19

At present, there is much interest in developing one-step processes to
obtain n-butanol from ethanol. n-Butanol has a wide range of applications
and may be obtained from mixed Mg-Al oxides. Adjacent acid and medium
basic sites are needed in order to generate the intermediate compounds.
Carvalho et al.16 observed that the higher the concentration of Mg, the
higher the hydrogenation of the catalyst. Strong basic sites and specific
superficial atom arrangements, on the other hand, seem not to be essential
for the reaction to take place.

Acetic acid, another important chemical raw material, may be obtained
from ethanol in one step by direct oxidation. Reactions may be run in the
liquid or gas phase. Several catalysts have been proposed for this reaction
and PdO/ZrO2 seems very promising.17

Acetaldehyde and ethyl acetate can be obtained from ethanol by two dif-
ferent routes.20 In an inert atmosphere, ethanol can be dehydrogenated to
acetaldehyde under aerobic conditions in the presence of a redox catalyst.19

The acetaldehyde that is formed may undergo a second oxidation to acetic
acid. If the catalyst also has an acidic functionality, acetic acid readily es-
terifies with ethoxide species adsorbed on the catalyst forming ethyl acetate
directly, without going through acetic acid oxidation. On the other hand, the
reaction under an aerobic atmosphere can be carried out under milder
conditions in the presence of a copper catalyst, forming hydrogen. However,
this reaction also forms butanone, a hazardous substance that is difficult to
eliminate. Different routes have been proposed for the direct synthesis of
ethyl acetate from ethanol. Dehydrogenation and oxidative processes and a
variety of heterogeneous catalytic systems with gold-based catalysts are able
to oxidize primary alcohols. Copper-based catalysts have been successfully
employed for the selective conversion of ethanol to ethyl acetate or

232 Chapter 7



acetaldehyde while the best results for selective conversion to ethyl acetate
have been achieved with ZrO2-supported copper catalysts.20

7.3 The Bioethanol Plant as an Integrated Biorefinery
The biorefinery takes advantage of the various components in biomass and
their intermediates therefore maximizing the value derived from the bio-
mass feedstock. It employs a multidisciplinary approach that integrates
physical and mechanical methods, chemical and biological conversion,
catalysis and biocatalysis to attain high efficiency, low cost, and low energy
consumption. Biorefineries are continuously evolving as new advances in
biomass feedstock research, related processes and products become avail-
able for sustainable energy production—a challenge and an opportunity that
are currently faced in endeavors to transition to a biobased economy and
society.2

An integrated forest biorefinery (IFBR)2 is a biorefinery that can process
forest-based biomass such as wood and forestry residues to bioenergy and
bioproducts including cellulosic fibers for pulp and paper production
(Figure 7.1). As lignocellulose consists of four major components—cellulose,
hemicelluloses, lignin and extractives—the IFBR has four production plat-
forms that can be used in an integrated manner for production of biofuels
and high-value bioproducts.2

Second-generation biofuels which use, for example, biomass feedstock,
agricultural wastes and wood residue, represent an efficient and comple-
mentary approach to increase liquid biofuel production. The adoption of
second-generation ethanol production from sugar cane lignocellulosic (LC)
biomass is attractive from a number of perspectives. By making use of all

Figure 7.1 The IFBR concept (reproduced from ref. 2).
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available biomass, such approaches can improve the carbon footprint of
biofuels further, as well as increase the yield of ethanol per hectare and
provide a means to sustain the operation of these plants throughout the
year, instead of their current seasonal operation.21–23

Ethanol from biomass plants is responsible for LC residues that corres-
pond to approximately two thirds of the total weight of the sugar cane crop.
They also generate large quantities of vinasse and carbon dioxide. The po-
tential use of carbon dioxide for the production of chemicals and fuels has
been recently reviewed24 and will not be covered here. Vinasse has been used
in the production of biogas and treatment of the soil25 but not as a source of
chemicals.

The concept of a LC biorefinery is central to the production of chemicals
and fuels from sugar cane. It can be applied to a facility that converts sugar
cane into sugar and/or ethanol since bagasse and straw are generated in
large quantities and chemical transformations may be employed in order to
add value to these potential raw materials.24 This type of biorefinery is based
on a selective separation of residual biomass fractions and on processes that
transform them in accordance with their chemical characteristics and de-
sired target products. In this context, LC materials, especially agroindustrial
residues, have been the subject of intense research since they are renewable
sources of carbon and energy that are available in large quantities. The in-
tegrated and rational utilization of this abundant feedstock can revo-
lutionize a variety of industries and bring immeasurable benefits to
countries with extensive regions of high biological productivity such as
Brazil.26

However, LC materials do not contain saccharides that can be directly
converted using known technology. For the integral utilization of LC feed-
stocks, it is necessary to develop pretreatment processes for the selective and
efficient fractionation of their main polysaccharide components, which
should undergo hydrolysis to generate a high concentration of sugar
monomers. These are the building-blocks for biotechnological and chemical
processes.27

A recent review on the use of sugar cane bagasse as a feedstock for ethanol
production28 covers the main issues of the transformations that are in-
volved. It includes biomass pretreatment, cellulose hydrolysis, fermentation
of hexoses and separation and effluent treatment. For complete conversion
to ethanol, it must also include detoxification and fermentation of pentoses
released during the pretreatment step. Pentose fermentation requires an
independent unit as the corresponding microorganisms ferment pentoses
and hexoses more slowly than those that only ferment hexoses and are more
sensitive to ethanol and the inhibitors produced along with it.

7.3.1 Treatment of LC Biomass

LC materials, such as sugar cane bagasse and straw, are mainly composed
of two polysaccharidic fractions (cellulose and hemicelluloses) and a
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polyphenolic macromolecule (lignin). The cellulose platform in an IFBR is
reserved mainly for production of cellulosic fibers for pulp and paper, which
is the core business of the pulp and paper industry. This is in contrast to a
lignocellulosic feedstock biorefinery, such as an ethanol biorefinery, where
cellulose is hydrolyzed and fermented to ethanol and chemicals.

Presently, research on cellulose for chemicals and polymeric materials is
mainly focused on the following aspects:2

1. The catalytic conversion of cellulose to fuels and chemicals;
2. The development of environmentally new solvent systems to dissolve

cellulose and following applications;
3. The modification of functional material with cellulose derivatives or

cellulose graft copolymers.

7.3.1.1 Structures and Properties of Cellulose

A cellulose molecule has the generic chemical formula (C6H12O5)n and is a
polydisperse linear 1,4-b-glucan. It is part of a renewable resource which is
the most abundant natural polymer on earth. It has been estimated that the
global production of cellulose is 1.5 trillion tons each year and is considered
an almost inexhaustible source of raw materials for environmentally friendly
and biocompatible products.2

The structure and properties of cellulose have been the subject of a large
volume of work. It consists of a skeletal linear polysaccharide, and is con-
nected by b-1,4-glycosidic linkages. The glucose units are further tightly
bound by numerous extensive inter- and intramolecular hydrogen bonds as
shown in Figure 7.2.29

The glucopyranose units of cellulose chains range from approximately 100
to 14 000. Accordingly, cellulose has an average molecular weight in the
range of 300 000–500 000. One of the most interesting characteristics is that
cellulose consists of several crystal polymorphs, with the possibility of
conversion from one form to another. It is these highly crystalline regions
that increase resistance to decomposition processes.

7.3.1.2 Structures and Properties of Hemicellulose

Hemicellulose, the second most abundant polysaccharide after cellulose, is
an amorphous heterogeneous polymer comprising 15–35% of lignocellulosic
biomass with a degree of polymerization (DP) of 80–200.2 Hemicellulose
forms an interface in the cell wall matrix with binding properties mediated
by covalent and noncovalent interactions with lignin, cellulose and other
polysaccharides. The close association between the biopolymers in plant
biomass is realized via chemical bonds, predominantly between lignin and
hemicelluloses, in lignin-carbohydrate complexes that include benzyl-ether,
benzyl-ester and phenyl-glycoside types of linkages. The composition and
structure of hemicelluloses (a heteropolymer) are more complicated than
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Figure 7.2 The central part of a cellulose molecular chain (reproduced from ref. 29).
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those of cellulose (a homopolymer) and can vary quantitatively and quali-
tatively in various LC species.2 Details of these interactions are discussed in
Section 7.3.3.

The building blocks of hemicelluloses (polyoses) include pentoses (D-
xylose and L-arabinose) and hexoses (D-glucose, D-galactose and D-mannose).
Sugar acids (acetic, 4-O-methyl glucuronic acid, ferulic/coumaric acids)
make up the remainder of hemicellulose structures. Hardwood xylans as
complex heteropolysaccharides, comprising b-4-linked D-xylopyranose units,
are highly substituted (Figure 7.3). The xylopyranose unit of the xylan main
chain can be substituted at the C2 and/or C3 positions with acetic acid (at
both the C2 and C3 positions in hardwoods), 4-O-methylglucuronic acid (at
the C2 position in both hardwoods and softwoods), and arabinose (at the C3
position in softwoods). Arabinose may be further esterified by phenolic acids
which crosslink xylan and lignin in the cell wall matrix. Sugar cane bagasse
hemicelluloses are composed of heteroxylans, with a predominance of
xylose, which is part of a chain that can be chemically hydrolyzed more easily
than cellulose. There are many possible processes and products that would
have to be considered in exploring all the possible alternatives and it would
be impractical and probably impossible to present all pathways of the
hemicellulose platform.2

7.3.1.3 Structures and Properties of Lignin

Lignin, the second most abundant biopolymer on earth, is the only large-
scale renewable feedstock composed of aromatics30,31 and represents the
polyphenolic fraction. Lignins are complex, three-dimension biopolymers
consisting of phenylpropanoid units containing both aromatic and aliphatic
groups.2 The phenylpropane units (C9 or C6C3), known as monolignols or
lignin precursors, are linked together through C–C and C–O–C bonds and
have different amounts of methoxy groups (Me). The dominant bond is the
b-O-4 linkage. Three types of monolignols have been identified: p-coumaroyl
alcohol, coniferyl alcohol and synapyl alcohol (Figure 7.4).

The lignin macromolecule also contains a variety of functional groups that
have an impact on its reactivity such as methoxyl groups, phenolic hydroxyl
groups, and a few terminal aldehyde groups. Only a small proportion of the
phenolic hydroxyl groups are free since most are occupied in linkages to
neighboring phenylpropane linkages. Carbonyl and alcoholic hydroxyl
groups are incorporated into the lignin structure during the enzymatic de-
hydrogenation. Lignin is more concentrated in the middle lamella and pri-
mary cell wall. Lignin surrounds the cellulose–hemicellulose matrix to
provide stiffness to the cell walls and glue the cells together. Lignin as a
hydrophobic polymer serves as a barrier against water penetration and is
resistant toward degradation by most microorganisms except white-rot fungi
and some bacteria.2 Lignin interacts with hemicellulose covering the cellu-
lose matrix and conferring resistance to enzymatic and chemical degrad-
ation.32,33 Research on the production of fuels and chemicals from LC
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Figure 7.3 The chemical structure of xylan (reproduced from ref. 2).
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Figure 7.4 The structural model of lignin (reproduced from ref. 2).
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residues is thus aimed at processes that increase access to the poly-
saccharidic components by overcoming the recalcitrance of plant cell walls,
arguably the most fundamental unsolved problem of plant-based green
technologies.34

7.3.2 Pretreatment Processes

Pretreatment of lignocellulosic feedstock is probably the single most crucial
step in sugar cane biorefinery processes since it has a large impact on the
yield and efficiency of subsequent treatments.35 It is envisaged as the first
step of sequential refining of lignocellulosics and extensive research has
been performed in the evaluation of pretreatments.36 Ideally, a pretreatment
should preserve the hemicellulose and lignin fractions, limit inhibitor for-
mation, minimize the energy input, be cost-effective, warrant the recovery of
high value-added co-products and minimize the production of toxic waste.37

There is a consensus regarding the need for a pretreatment to remove and/or
modify the matrix of lignin and hemicellulose surrounding the cellulose
fraction, to enable efficient enzymatic saccharification of cellulose.37 Pre-
treatment should also reduce cellulose crystallinity, and increase porosity
and the accessible surface area of particles to facilitate processability of the
cellulose-enriched residue. Different pretreatment methods have been sug-
gested36 including physical, such as milling and irradiation (g-ray, electron
beam, microwave), physico–chemical (steam explosion, ammonia fiber ex-
plosion, CO2 explosion, SO2 explosion), hydrothermal (autohydrolysis),
chemical (alkali, dilute acid, gas, oxidizing agents, organic solvents, ionic
liquids), biological (white-rot fungi), and electrical methods or combinations
of these.

Pretreatment technology must be selected in accordance with the specific
requirements of the LC biomass used and, at present, there is no single
feasible method optimal for pretreatment of all types of lignocellulosics.38

Pretreatment may result in compounds known for their inhibitory effect on
the steps that follow (enzymatic hydrolysis and fermentation). Production of
these compounds ranging from carbohydrate constituents (e.g., acetic acid)
and their degradation products (e.g., furfural and 5-hydroxymethyl furfural)
to solubilized extractives (e.g., phenolic compounds, terpenes, sterols) and
lignin degradation products (phenolic compounds) must be avoided or di-
minished; a careful optimization of pretreatment to reduce the production
of inhibitors increases the efficiency and yields of hydrolysis/fermentation.
At present, different methods are under research and development to im-
prove efficiency and lower the cost.

Overall, a successful pretreatment should be scalable to industrial size,
minimizing the use of energy, chemicals, and capital investment, min-
imizing the loss of sugars and the production of chemicals toxic to the en-
zymes or fermenting micro-organisms, and maximizing the enzymatic
convertibility and the production of valuable byproducts such as lignin.37

Certain aspects of selected pretreatment processes that are of importance to

240 Chapter 7



the transformation of sugar cane bagasse and straw into chemicals will be
described in more detail.

For example, the selective separation of hemicelluloses can be performed
using various pretreatments. Each pretreatment confers particular charac-
teristics to the obtained phases, with the main purpose of increasing the
susceptibility of the solid phase to enzymatic hydrolysis, and in some cases
to make available the monomeric sugars of the hemicelluloses. Among these
treatments, acid hydrolysis stands out when compared with non-catalytic
pretreatment because it allows for the generation of a liquid phase (hemi-
cellulose hydrolysate) rich in xylose and with minor amounts of lignin de-
rivatives that can inhibit cell metabolism relative to the levels observed with
alkaline and organic pretreatment. Additionally, xylose, the main hemi-
cellulose-derived pentose, and hexose may be degraded during acid hy-
drolysis into furfural and 5-(hydroxymethyl) furfural (HMF), respectively,
which are also reported to be inhibitors of cell metabolism.26 The complexity
and heterogeneity found in the lignocellulosic biomass of different species
makes it is advisable to optimize a pretreatment for each feedstock.

7.3.2.1 Effects of Feedstock Composition on Pretreatment
Methods

A recent study by Moutta et al.38 illustrates the effect of LC feedstock com-
position on the outcome of pretreatments. The generation of mono-
saccharides (C5 and C6) from sugarcane biomass was studied via processing
bagasse or straw and mixtures of both materials in the following pro-
portions: bagasse–straw 3 : 1, 1 : 1 and 1 : 3. Samples were pretreated with
sulfuric acid which resulted in approximately 90% of hemicellulose solu-
bilization, corresponding to mostly xylose. Pretreated straw showed greater
susceptibility to enzymatic hydrolysis in comparison to bagasse, as shown by
glucose yields of 76% and 65%, respectively, whereas the mixtures showed
intermediate yields. Thus, one strategy to balance sugar cane biomass
availability and possibly increase 2G ethanol production would be to use
bagasse–straw mixtures in appropriate ratios according to market
fluctuations.

The composition of different biomass affects the efficiency of processing,
influencing thus the choice of pretreatments required to maximize the re-
covery of sugars. For example, in an extensive investigation of these effects,
Lima et al.37 pretreated six LC feedstocks such as sugar cane, grasses and
bark residues, under acid, alkaline, sulfite and hot water conditions over a
range of temperatures. Average cellulose, hemicellulose and lignin content
was determined by several different methods. Hot water pretreatment
showed a similar effect on the chemical composition of the different bio-
mass, removing mainly the hemicellulose fraction. The lignin content re-
mained fairly constant (varying between 27% and 23%), while the average
cellulose content increased from around 40% to 60% as the temperature
increased to 130 1C. This enrichment in cellulose is a direct consequence of
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the removal of hemicellulose. However, at 180 1C, the cellulose content was
lower, possibly due to the production of degrading compounds such as
furaldehydes, rather than a reduction in hemicellulose removal. On average,
pretreatment at 180 1C resulted in a reduction in the hemicellulose fraction
from approximately 25% (untreated feedstock) to 13% (pretreatment at
180 1C). The acid pretreatment was highly efficient for hemicellulose re-
moval, and an increase in temperature (up to 130 1C) had a further positive
effect when compared to hot water treatment. However, at 180 1C, the de-
grading hemicellulose product, furfural (2-furfuraldehyde), was detected for
all three grasses. At the highest temperature (180 1C), higher cellulose losses
were also observed, and the average cellulose content decreased to around
60% after acid pretreatment at 180 1C, compared to 70% at 130 1C. However,
even with the increase in temperature, acid pretreatment was not sufficient
for lignin removal. At the highest temperature applied in the study (180 1C),
approximately 20% of remaining dry matter was lignin. The highest cellulose
enrichment was observed in samples subjected to the alkaline pretreatment
using sodium hydroxide, which removed higher quantities of both lignin
and hemicellulose fractions. The average lignin content for all feedstock was
reduced from around 27% to 9% at 180 1C. However, at this temperature,
some cellulose losses were observed, particularly in sugar cane bagasse. The
chemical composition of biomass submitted to treatment with sodium
bisulfite at increasing temperatures was observed to be similar to hot water
pretreatment. In all feedstock, an increase in cellulose enrichment was ob-
served up to 130 1C, reaching around 60%. At 180 1C, a slight decrease in
cellulose content was observed for sugar cane bagasse while cellulose frac-
tions from grasses remained constant. The discrete cellulose enrichment
observed after sulfite pretreatment is associated with a low removal of both
hemicellulose and lignin. A clear increase in the crystalline portion of the
cellulosic fraction up to 130 1C was observed for all species and all pre-
treatments used. At 180 1C, however, some losses in the crystalline fraction
could be observed, particularly after hot water and acid pretreatments for the
grasses. A clear correlation between pretreatment conditions and the
amorphous cellulose fraction was observed. However, considering the glu-
cose content in the soluble fraction from pretreatment, it is possible that at
lower temperatures this fraction was mainly removed, while at higher tem-
peratures there was also a degree of biomass amorphization. Hemicellulose
fractions were analyzed after pretreatment to evaluate the changes in
monosaccharide composition. Sugar cane bagasse showed that the hemi-
cellulose fraction was composed mainly of xylose, arabinose and glucose,
followed by lower amounts of galactose and fucose.37

Solid state NMR spectra of the solid fractions indicated that, among the
considered pretreatments, sulfuric acid was the most effective in the removal
of hemicellulose but sodium hydroxide was most efficient in the removal of
hemicellulose together with a reduction in lignin content in both grasses
and eucalyptus bark biomasses. However, the pretreatment temperature was
also an important parameter and the use of higher temperatures promoted
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the removal of amorphous cellulose. In this sense, the results point to the
intrinsic advantages of grass samples, which require lower pretreatment
temperatures than eucalyptus barks.37

To evaluate the generation of inhibitors and potential valuable products in
the soluble phase of the protocol, a profile of compounds moved by the
pretreatment solution was determined. The monosaccharide composition of
the soluble fraction from hot water, sulfuric acid, sodium hydroxide and
sodium bisulfite pretreatments at increasing temperatures, ranging from
50 1C to 180 1C, was studied. The potential formation of 2-furaldehyde and
5-hydroxymethylfuraldehyde as a result of sulfuric acid pretreatment was
also investigated. For pretreatments conducted at 50 1C, glucose was the
main monosaccharide in the soluble fraction from most of the biomass
types and was detected together with xylose and other hemicellulose sugars.
It can be related to an easier solubilization of glucose from hemicellulose, as
well as the removal of the amorphous cellulose fraction. This enrichment in
glucose was particularly evident in hot water, acid and sulfite pretreatments.
In the soluble fraction from sodium hydroxide pretreatment, the xylose
amount was higher than glucose for all grasses even at 50 1C, while for the
bark samples the opposite was observed. This difference is associated with
the efficient removal of the hemicellulose fraction by alkaline pretreatment,
even at lower temperature, and the different composition of hemicelluloses
in eucalyptus bark, which has a lower content of xylans. With increasing
temperatures, a gradual increase in xylose, arabinose, galactose and other
monosaccharides was also observed for all pretreatments, indicating an ef-
ficient removal of the hemicellulose fraction. However, acid and alkaline
pretreatments indicated a higher content of monosaccharides in the soluble
fraction for all types of biomass.37

At a higher temperature (180 1C), a decrease in glucose content for all
samples became evident, in spite of a xylose increase, most notably with the
acid pretreatment. The decrease in glucose observed at higher temperatures
can be explained by the formation of inhibitors. The highest 5-hydro-
xymethylfurfural content was found for all samples pretreated at 180 1C
using sulfuric acid. However, lower amounts could be observed at 90 1C or
higher. Acidic conditions led to a rapid decay of glucose into 5-hydro-
xymethylfurfural by dehydration. Sugarcane bagasse and bark were more
susceptible to cellulose dehydration, whereas the grasses showed low levels
of hydroxymethylfurfural. C5 conversion into 2-furaldehyde was found
mainly in the soluble fraction from the grasses.37

To evaluate the effect of pretreatments on the morphology of different
biomass to improve enzymatic digestibility, scanning electron microscopy
was used for investigation of the morphological changes produced by so-
dium hydroxide pretreatment at 130 1C. This pretreatment resulted in sig-
nificant lignin and hemicellulose removal and, consequently, in a higher
cellulose enrichment, without the production of high levels of the inhibitor.
The effects of different pretreatments on sugar cane bagasse, compared to
other raw materials were also investigated. A sample obtained from hot
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water pretreatment showed a surface similar to that obtained for raw ba-
gasse, where there was a continuous covering layer (possibly formed by
lignin and hemicellulose). After acid pretreatment, cellulose bundles were
more evident, with less cohesion between them. This can be associated with
the high level of hemicellulose removal, thereby enabling enzyme access to
the cellulose fiber. A continuous layer over the cellulose bundles’ surface was
also observed after sodium bisulfite treatment, but in this case some parts of
the bundles were already evident. Furthermore, it was possible to observe
some residues over the surface, which could be associated with lignin
modification and precipitation. Among the pretreatments described, the
largest morphological changes were produced by sodium hydroxide, re-
flecting the removal of the covering layer, mainly lignin and a consequent
loss of biomass structure, with separation of fiber bundles. Lignin precipi-
tation was also observed on the surface of fibers. At higher magnification,
the presence of microfibrillated cellulose on the surface of the samples could
be observed.37

Cellulose nanofillers are mainly native cellulose, extracted by traditional
bleaching treatments of lignocellulosic fibers. However, the extraction con-
ditions (time, temperature, chemical concentration) are fundamental to the
efficient extraction of cellulose nanoparticles with the required character-
istics. These microfibrillated celluloses were not observed for sugar cane
bagasse in a previous pretreatment condition using the same 1% sodium
hydroxide concentration when preceded by a sulfuric acid pretreatment step
at 120 1C and a residence time for the alkaline step of 1 h, however, the
residence time was 40 min and treatment temperature was 130 1C, without
the acid step.37

The effects of sodium hydroxide pretreatment at 130 1C were also studied
in the other samples. Scanning electron microscopy images of the grasses
also revealed longer and isolated fibers of crystalline cellulose, compared to
those of sugar cane bagasse. This indicates their potential for the generation
of natural fillers after efficient enzymatic hydrolysis, when the crystalline
cellulose can be easily accessed and cleaved by cellulases.37

Saccharification screening was performed to verify the effect of pretreat-
ments on the saccharification potential of different biomasses. Results of
this analysis indicated that sulfuric acid and sodium hydroxide greatly im-
proved the sugar release from sugarcane bagasse and the grasses, whilst for
the eucalyptus bark samples, sodium hydroxide pretreatment was signifi-
cantly better. This differential effect could be related to the different hemi-
celluloses and different composition of lignin in eucalyptus bark. The
amounts of sugar released by the feedstock pretreated with hot water and
sodium bisulfite were very similar to that of the control, and for all bio-
masses there was only a discrete effect of increased temperature. However,
the increase of pretreatment temperature significantly affected the enzym-
atic digestibility of sugar cane bagasse and grasses submitted to acid and
sodium hydroxide. A gradual increase of sugar release was observed up to
130 1C, followed by a decrease at 180 1C.37
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7.3.3 Recalcitrance of Lignocellulosic Materials

The complexity of biomass has led to multidisciplinary efforts of both an
analytical and theoretical nature dedicated to understanding LC recalci-
trance at the molecular level. High resolution microscopic analysis has
shown that small lignin aggregates formed within the bulk dilute-acid-
pretreated biomass, coalesce into larger droplets, and redistribute to the cell
wall surfaces. Their analysis may reveal details of the architecture of pre-
treated biomass.34

The three major components of plant biomass—cellulose, hemicelluloses
and lignin—form highly organized entities in plant cell walls. Recalcitrance
arises mainly from the amorphous cell-wall matrix containing lignin and
hemicellulose assembled into a complex supramolecular network that coats
the cellulose fibrils. The non-cellulosic components of plant biomass, lignin
and hemicelluloses, naturally assemble into a supramolecular structure that
protects cellulose microfibrils in secondary plant cell walls and is considered
a major reason for biomass recalcitrance. Lignin consists of phenylpropa-
noid units bonded together to form a complex 3D supramolecular network.
Together with hemicelluloses, that are amorphous heteropolysaccharides,
lignin fills the voids between cellulose microfibrils in the secondary plant
cell wall and creates a highly resistant barrier that impairs cellulose di-
gestibility by reducing its accessibility to carbohydrate modifying enzymes.34

The overall performance of biomass saccharification may be attributed to
the synergistic action of many complementary enzymes—including a variety
of cellulases, hemicellulases, and accessory enzymes—which makes it dif-
ficult to study one factor at a time.39 Traditional solution methods have
suffered from the classical ensemble average limitation presented by an-
alysis of these mixtures of complex biomass, therefore, the data gathered are
sometimes inconclusive and, in part, contradictory. To overcome these
problems, Ding et al.39 visualized the action of these enzyme systems on
untreated and delignified plant cell walls under controlled digestion con-
ditions in real time with the use of a multimodal microscopy suite. They
examined two naturally existing enzyme systems of commercial relevance for
saccharification of LC biomass: (i) the secretome of the anaerobe Clostridium
thermocellum, which is representative of multi-enzyme bacterial cellulo-
somes and (ii) a commercially available blended enzyme mixture derived
from the fungus Trichoderma reesei (Hypocrea jecorina), which is represen-
tative of the fungal or free cellulases. The authors used tagged carbohydrate-
binding modules to identify exposed cellulose surfaces and green dye la-
beled enzymes to examine overall cell wall accessibility to cellulases and
verified that certain cellulases specifically recognize the planar face of
crystalline cellulose and play a critical role in the hydrolysis of crystalline
cellulose. They found that treatment effectively removes lignins, thereby
exposing microfibrils to enzyme access and results in near-complete diges-
tion of all cell walls. Enhanced digestibility by fungal cellulases due to their
penetration into the pore structure of microfibril networks was also
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observed. In contrast, the larger cellulosome complexes could only penetrate
the larger wall lamella gaps, resulting in fragmentation of walls. The ad-
vantageous degradation properties exhibited by the fungal cellulases on cell
walls may be compromised when digesting purified forms of crystalline
cellulose, in which the porous architecture of the native cellulose microfibril
network has been completely destroyed during its preparation process.39

Despite the different mechanisms of fungal cellulases and cellulosomes,
cell wall materials are completely digestible when lignins are effectively re-
moved. Thermochemical pretreatment strategies to enhance biomass digest-
ibility by partial removal or re-distribution of lignin result in sugar
degradation and loss at high severities40 and the challenge now is to effectively
and economically modify lignins via strategies that maintain the integrity of
fermentable sugars. Among these strategies, researchers have recently focused
on genetically engineering plants for desirable lignin contents or com-
positions that are more amenable to classical pretreatment at low severity.41

To better understand how lignins may be efficiently modified, spatial
distributions of lignin and cellulose in model samples have been assessed in
3D to investigate structural aspects underlying their interactions. Silveira
et al.34 employed a statistical–mechanical approach to reveal the supramo-
lecular interactions in this network and provide molecular-level insight into
the effective lignin–lignin and lignin–hemicellulose thermodynamic inter-
actions. They found that such interactions are hydrophobic and entropy-
driven, and arise from the expelling of water from the mutual interaction
surfaces. The molecular origin of these interactions is carbohydrate–p and
p–p stacking forces, their strength depending on the lignin chemical com-
position. Methoxy substituents on the phenyl groups of lignin promote
substantial entropic stabilization of the ligno-hemicellulosic matrix. Al-
though these results provide a detailed molecular view of the fundamental
interactions within the secondary plant cell walls that lead to recalcitrance,
the underlying molecular mechanisms by which lignin chemical com-
position affects cell wall recalcitrance remain elusive.34

7.3.4 Enzymatic Treatment of LC Biomass

As has been pointed out, sugar cane bagasse may serve as an excellent raw
material for second generation (2G) ethanol production since it contains a
high amount of carbohydrates such as glucose and xylose.42 It is equally
important to consider the hemicellulosic fraction along with the cellulosic
part of the cell wall since it is rich in pentose residues, mainly xylose,
which are not fermented by native S. cerevisiae. For the production of
hemicellulosic ethanol, Scheffersomyces shehatae (Syn Candida shehatae) has
been considered a promising microorganism which provides high ethanol
productivities. However, a balanced nutrient supplementation is required
for optimal growth for the production of ethanol with desired yields and
productivities. Ethanol production from sugar cane bagasse hemicellulosic
hydrolysate as the main carbon source was evaluated by Antunes et al.42

246 Chapter 7



using the yeast Shehatae UFMG-HM 52.2 in four different fermentation
media formulations. Three of these fermentation media showed similar
ethanol yield and productivity while a fourth medium demonstrated
lower ethanol production compared to the others. The authors note that
the medium with a simple composition showed good ethanol yields and
productivity.

The relative concentrations of glucose and xylose in lignocellulosic
hydrolysates will depend on the type of biomass, pretreatment and hy-
drolysis technology that is used. Gonçalves et al.43 investigated the role of the
major Saccharomyces cerevisiae genes on xylose uptake, which is believed to
be one of the rate-limiting steps of xylose-to-ethanol fermentation. Anaerobic
xylose or xylose plus glucose co-fermentations by recombinant yeast strains
with overexpression of individual genes revealed that none of these trans-
porters has the ideal properties for all possible industrial processes. The
transporter encoded by the gene that was investigated is considered a low
affinity (but high capacity) sugar permease. A strain overexpressing
this permease as a unique hexose transporter led to the highest con-
sumption of sugars and ethanol production rates during xylose plus glucose
co-fermentation, but did not allow significant xylose consumption when this
sugar was the only carbon source. A strain overexpressing the high affinity
transporter allowed efficient xylose consumption and fermentation, but,
during xylose plus glucose co-fermentation, it showed a clear preference for
glucose with slow and delayed xylose consumption. While the data indicate
that both sugars compete for the permease, some mutant permeases show
reduced inhibition of glucose transport in the presence of xylose. This
structural information can be used to engineer more suitable permeases
for the fermentation of sugars present in lignocellulosic hydrolysates, an
opportunity only recently being addressed. This work indicates that ap-
proaches to engineer certain transporters to increase their affinity towards
pentoses or to avoid their sugar-induced degradation are promising
strategies to improve second generation bioethanol production by xylose-
fermenting yeasts. Furthermore, approaches to engineer S. cerevisiae trans-
porters to improve second generation bioethanol production need to also
consider the composition of the biomass sugar syrup whereby the trans-
porter seems more suitable for hydrolysates containing xylose/glucose
blends whereas other permeases would be a better choice for xylose-enriched
sugar streams such as those obtained from acid stream explosion and/or
hydrothermal biomass pretreatment processes.43

A recent report indicates that sugar cane recalcitrance varies significantly
with internode regions and cultivar type.44 Sugar cane internodes can be
divided diagonally into four fractions, of which the two innermost ones are
the least recalcitrant pith and the moderately accessible pith–rind interface.
These fractions differ in enzymatic hydrolysability due to structural differ-
ences. In general, cellulose hydrolysis in plants is hindered by its physical
interaction with hemicellulose and lignin. Lignin is believed to be linked
covalently to hemicelluloses through hydroxycinnamic acids, forming a
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compact matrix around the polysaccharides. Acetyl xylan esterase and three
feruloyl esterases were evaluated for their potential to fragment the LC
network in sugar cane and to indirectly increase the accessibility of cellu-
lose.44 Although this region represents only 24 to 26% of the sugar cane dry
mass, it has interesting fractions suitable for direct (without pretreatment)
enzymatic hydrolysis, giving moderate to high glucose yields. These fractions
include most of the naturally occurring chemical linkages present in the
lignocellulose, which is not the case with severely pretreated materials.44

Hence, natural sugar cane fractions are attractive substrates for studying the
role of accessory enzymes in experimental hydrolysis cocktails. They were
characterized and evaluated for their overall chemical composition. From
those clones, a hybrid with significantly lower lignin and significantly higher
hemicellulose content was chosen and its susceptibility to hydrolysis was
compared to that of a reference cultivar since understanding the funda-
mental structure/anatomy of plant tissues is key in predicting whether the
enzymatic hydrolysis of plant tissues into monomeric sugars is viable.44

Hydrolysability of the two innermost (pith and pith–rind interface) frac-
tions of two sugar cane clones with different lignin content was studied by
supplementing cellulases with xylanases and esterases. Acetyl xylan esterase
enhanced accessibility and hydrolysis of cellulose and xylan by cellulases
and xylanases in all fractions. However, the effect of feruloyl esterases was
less clear. The three feruloyl esterases had distinct product profiles on non-
pretreated sugar cane substrate, indicating that sugar cane could function as
a possible natural substrate for activity measurements. Of the three feruloyl
esterases tested, only one type released p-coumaric acid, while the other
types released ferulic acid from both pith and interface fractions. Ferulic
acid release was higher from the less recalcitrant clone/fraction (pith),
whereas more p-coumaric acid was released from the clone/fraction (inter-
face) with higher lignin content. In addition, compositional analysis of the
four fractions revealed that p-coumaroyl content correlated with lignin,
while feruloyl content correlated with arabinose content, suggesting differ-
ences in the esterification patterns of these two hydroxycinnamic acids. In
sugar cane, feruloyl groups may also be more likely to decorate xylan, while
p-coumaroyl groups decorate lignin, as in other grass species. The hydrolysis
data suggest that only one esterase was able to release p-coumaroyl groups
associated with the lignin. Despite the extensive release of phenolic acids,
feruloyl esterases only moderately promoted enzyme access to cellulose or
xylan.44

7.3.5 Complementary Sources of LC Biomass

The development of second-generation biofuels requires a diverse set of
feedstock that can be grown sustainably and processed cost effectively. In
particular, many biofuel production plants operate seasonally and stand idle
for several months of the year. This is an unsatisfactory situation that de-
notes an inefficient use of capital and provides only intermittent
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employment for workers. One way to avoid discontinuous biofuel production
is to use a wider range of biomass sources that may be available during the
current idle periods. The diversification of feedstock for LC derived fuels
requires an innovative approach that extends beyond agricultural wastes.
Perennial grasses have been proposed as important sources of biomass in
Europe and the US, based on their low input and marginal land require-
ments. Biomass grasses could also make a substantial contribution to the
Brazilian energy matrix, serving as an alternative to the sugar cane inter-
season, when there is no bagasse or straw production. There are a number of
candidate grasses that are already established and characterized from an
agronomical point of view. The tropical climate in Brazil supports the effi-
cient growth of a range of grasses with high productivity and preliminary
studies have shown promising average productivity yields (dry mass) for
different perennial grass species as compared to sugar cane. The paper on
novel sources of Brazilian biomass for biorenewables production,37 com-
mented on in Section 7.3.2.1, illustrates potential complementary sources of
carbohydrates for bioethanol production. Feedstock such as grasses and
bark residues from commercial wood products can be sustainably grown
and applied to local production during the inter-season, when no sugar cane
bagasse is produced.

7.4 Platform Chemicals from Lignocellulosic
Materials

7.4.1 Furans

As has been pointed out throughout this chapter, the production of chem-
icals and fuels from lignocellulosic biomass requires effective pretreatment
and hydrolysis of cellulose and hemicelluloses polymers of the biomass to
the corresponding pentose and hexose sugar units. This step is followed by
catalytic dehydration of sugars to obtain the corresponding furfural and
HMF products.45 The subsequent transformation of HMF into other value
added chemicals, such as promising next generation polyester building block
monomers 2,5-furandicarboxylic acid (FDCA), 2,5-bis(hydroxymethyl)furan
(BHMF), and 2,5-bis(hydroxymethyl)tetrahydrofuran (BHMTF) and potential
biofuel candidates 2,5-dimethylfuran (DMF), 5-ethoxymethylfurfural (EMF),
ethyl levulinase (EL) and g-valerolactone (gVL) (Figure 7.5), has also been ex-
plored by different researchers using HMF as a starting substrate or directly
from biomass in a one-pot process.45

The dehydration of 5- and 6-carbon sugars is a well-known transformation
for the preparation of furfural and hydroxymethylfurfural (HMF). These
chemicals were omitted from the original DOE list because of market and
conversion process considerations. Technology development has improved
the dehydration of sugars to furans improving their potential as platform
chemicals.3
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Figure 7.5 HMF production and its utilization routes for chemicals and liquid fuels (reproduced from ref. 45).
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7.4.1.1 5-Hydroxymethylfurfural (5-HMF)

The hexose dehydration product, 5-hydroxymethylfurfural (HMF), is an im-
portant intermediate in the chemical transformation in biomass. This
bifunctional, six-carbon molecule can be easily converted into a variety of
useful derivatives, incorporated into a variety of polymers, or upgraded into
fuels. Although HMF has long been synthesized in high yield from fructose,
Binder et al.46 and others demonstrated recently that HMF can be produced
in high yield from glucose and in moderate yield from cellulose and lig-
nocellulosic biomass using chromium salts. In fact, HMF and its derivatives
levulinic acid, 5-bis(hydroxymethyl)furan (2,5-BHF), 2,5-diformylfuran (2,5-
DFF) and 2,5-furandicarboxylic acid (2,5-FDCA) were identified early as very
promising chemical intermediates obtained by the catalytic conversion of
carbohydrates based on C6 units. HMF was obtained by dehydration of
fructose in the presence of soluble or solid acid catalysts or from glucose or
even polysaccharides by more complex catalytic systems and reaction media.
The key issue was to prepare 5-HMF with economically acceptable processes
that could be scaled up to the industrial level. This is not yet achieved in
spite of intensive research efforts conducted over the past few years. A recent
review compares the different catalytic systems and solvents employed for
the production of 5-HMF and examines their relevance to green chemistry.47

7.4.2 Organic Acids

Organic acids constitute a significant fraction of chemicals available from
LC biorefineries’ carbohydrate streams and thus have received considerable
attention as platform chemicals.2 The main applications of these organic
acids are given in Table 7.1. Among these acids, lactic, succinic and levulinic
acids are under consideration as promising platform chemicals for Brazilian
companies.

7.4.3 Sugar Alcohols

Sugar alcohols are promising intermediates for the production of hydro-
carbons as drop-in products. Among these, xylitol and sorbitol are specif-
ically included in recent reviews on biobased products (Figure 7.6).2,47 Xylitol
can be produced by biological routes at low temperatures. These routes as
well as applications of xylitol are discussed in ref. 2.

7.5 Prospects for Chemicals from Brazilian Sugar
Cane

Research on sugar cane for the production of biofuels and chemicals has
received much support, both at the federal and state levels. Brazilian re-
searchers take part in several international studies related to this topic and
the State of São Paulo, where most of the sugar cane is grown, has a very
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powerful and active agency for the promotion of R&D. The Foundation for
the Support of Research of the State of São Paulo, better known by its ab-
breviation FAPESP, established the Bioenergy Research Program (BIOEN) in
2008 to bring together public and private R&D efforts to advance and apply
knowledge in fields related to ethanol production. It includes five divisions,
among them are Biomass Research, focused on sugar cane and including
plant improvement and farming; Ethanol Industrial Technologies; Bio-
refineries Technologies and Alcohol Chemistry; and Research on Sustain-
ability and Impacts. The Program also supports academic exploratory
research and training of scientists and technical staff in technologies related
to ethanol. It also promotes partnerships with industry for cooperative R&D

Table 7.1 Applications of organic acids.2

Organic acid Applications

Citric acid 70% of total production used in confectionary and beverage
products, 30% in pharmaceuticals (anticoagulant blood
preservative, antioxidant) and metal cleaning; selling price
decreased with marked shift from pharmaceuticals to food
applications (879 000 t produced in 2002).

Lactic acid Acidulant, flavor enhancer, food preservative, feedstock for
calcium stearoyl-2-lactylates (baking), ethyl lactate
(biodegradable solvent) and polylactic acid plastics (100%
biodegradable) for packaging, consumer goods, biopolymers
(approved by FDA); estimated U.S. consumptions of 30 million
lb with 6% growth pa; potential demand of 5.5 billion lb as a
very large volume-commodity chemical.

Itaconic acid Feedstock for syntheses of polymers for use in carpet backing;
paper coating N-substituted pyrrolidinones for use in
detergents and shampoos; cements comprising copolymers of
acrylic and itaconic acid.

Aspartic acid For synthesis of aspartame; monomer for manufacture of
polyesters and polyamides; polyaspartic acid as substitute for
EDTA with potential market of $450 million per year.

Fumaric acid For manufacture of synthetic resins, biodegradable polymers;
intermediate in chemical and biological synthesis.

Malic acid Acidulant in food products; citric acid replacement; raw
material for manufacture of biodegradable polymers; for
treatment of hyperammonemia and liver dysfunction;
component for amino acid infusions.

Succinic acid Used as acidulant, pH modifier, flavoring and antimicrobial
agent, ion chelator in electroplating to prevent metal
corrosion, surfactant, detergent, foaming agent; for
production of antibiotics, amino acids and pharmaceuticals;
270 000 ton in 2004; U.S. domestic market estimated at
$1.3 billion per year with 6–10% annual growth.

Levulinic acid For synthesis of methyl tetrahydrofuran (gasoline extender),
diphenolic acid (for epoxy resins), tetrahydrofuran (solvent),
1,4-butanediol (polymer intermediate), succinic acid (specialty
chemical), delta-aminolevulinic acid (active chemical in
herbicides and pesticides), sodium levulinate (antifreeze
ingredient), ethyl levulinate (diesel oxygenate).
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activities. It has a specific program on new products from sugar cane that
includes development of biotechnological processes and scale-up and inte-
gration of these processes.

More recently, in September 2012, the National Bank for Economic and
Social Development (BNDES) in collaboration with the Federal Finance
Agency for Innovation (FINEP) established the Program for the Support of
Industrial Technological Innovation in the Sucroenergetic and Sucrochem-
ical Sector (PAISS),48 which supports projects on development, production
and commercialization of new industrial technologies on processing bio-
mass from sugar cane. At the beginning of 2013, federal support had reached
approximately one hundred million dollars, almost 80% of which was in-
vested in genetic improvement of sugar cane and most of the rest in the
development of machinery and equipment. Recently, BNDES also invested
about ten million dollars on the conversion of sugar cane biomass into 2G
ethanol.

Last year BNDES promoted a study on the diversification of the chemical
industry and specifically analyzed the potential for production of chemicals
from renewable raw materials. It concluded that the most promising sub-
strates in the carbohydrate chains are mono- and disaccharides that can be

Figure 7.6 Xylitol as a building block chemical (reproduced from ref. 2).
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readily fermented. Among the first generation products are those that are
already obtained mainly from sugar fermentation such as ethanol, isoamyl
alcohol and amino acids such as lysine, threonine and tryptophan. Ob-
taining second generation sugars that are competitive compared to those of
a first generation still represents a technological challenge. On the other
hand, there are strong incentives for obtaining large volumes of fermentable
sugars that do not compete with those produced as part of the food chain
and there may be synergies in integrating the use of residues from sugar
production to obtain renewable chemicals.49 Compounds such as acrylic
acid, adipic acid, butadiene, 1,4-butanodiol , isobutanol, n-butanol, iso-
prene, methionine and propyleneglycol were identified as possible candi-
dates for the substitution of traditional routes by innovative renewable
routes. World markets for each compound and its main derivatives were
investigated and the prospects for their substitution by renewable raw ma-
terials were qualitatively evaluated based on known processes.

Opinions of specialists in the respective fields were also considered in
order to complete a scenario of the expectations of renewable chemicals’
competitiveness. For other selected compounds, such as levulinic acid,
succinic acid and farnesene, the prospects for attaining market-share were
based on the expectations of developing these compounds as building
blocks and on the time that is estimated for them and their derivatives as
well as their new applications to be commercially confirmed.49

Another study, that is a part of the ‘‘Plano Brasil Maior’’ (or ‘‘Bigger Brazil
Plan,’’) conducted in 2013 by the Brazilian government, mentioned that the
chemical sector based on renewable raw materials is in the process of being
structured. Its competition dynamics depend on innovation in an environ-
ment of a high degree of uncertainty. Brazilian comparative advantages are
significant but they depend on technological and industrial initiatives that
would assure the country a relevant position in a future chemical industry.
This study is a basis for the establishment of government policies and fi-
nancial support.

7.6 A Strategy for Biobased Products
A considerable investment has been made in R&D on sugar cane and its use
as a source of fuels and chemicals. However, in order to establish a com-
prehensive strategy for the production of biobased chemicals, there are
other considerations that must be taken into account, for example aspects
regarding how this area is related to trends such as fusions and acquisitions
in the sector, formation of partnerships, venture capital startups, technology
transfer, etc., as well as how the regulatory aspects of this environment may
be influencing a company’s strategic position in the face of the new chal-
lenges related to the use of renewable raw materials. This aspect must in-
clude the legislation involving questions relative to carbon dioxide
emissions, as well as the specific legislation related to the use of biopolymers
and bioproducts as, for example BioPreferred (as defined by the USDA),
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compostability, biodegradability, etc. The answer to these questions may
serve as an input for proposals of national policies that promote com-
petitiveness at the national level and provide incentives to firms that face the
challenges of the new bioindustry that is taking shape.

Finally, there are also important considerations related to industrial
property rights. The development of efficient bioprocesses depends on se-
lection of microorganisms that are specifically tailored for certain functions.
Particularly in the case of biotechnologically important yeasts that can fer-
ment xylose and other sugars present in biomass hydrolysates, collections
from certain ecosystems are protected by laws that regulate the use of gen-
etic information. This is a serious barrier for engineering certain traits that
are important for industrial strains.
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