The Open Agriculture Journal, 2010, 4, 135-144 135

Selected Process Alternatives for Biomass Refining: A Review
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Abstract: The role of biorefineries in the production of energy and chemicals from biomass of lignocellulosic nature is
reviewed. Special attention is devoted to biorefinery schemes dealing with the fractionation of lignocellulosic raw materi-
als by chemical treatments. The potential of hydrothermal treatments as the first stage of future biorefineries is discussed.
Special attention is devoted to the low-volume, high-added value products that can be solubilized by this type of technol-

ogy.
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INTRODUCTION

The material needs of society are reaching a crisis point,
as the demand for resources will soon exceed the capacity of
our present fossil resource based infrastructure [1]. The pre-
sent situation poses a variety of social, economic and techno-
logical problems, including:

- the fear for a shortening of the supplies of basic re-
sources,

- the population growth,

- the increasing per capita demands of the developing
economies for goods and energy, derived from the in-
creasing purchase power of the population,

- environmental challenges, specially those related to ef-
fects of greenhouse gas emissions (with particular em-
phasis on CO;) on the global climate,

- the national security issues surrounding reliance on im-
ported oil [2], and particularly the desire for energy inde-
pendence by many government worldwide, which is
threatened by the geostrategic and political situation of
some oil-producing countries.

In this context, the development of new process tech-
nologies enabling the replacement of oil-derived products by
others derived from biomass that could fulfill the demand for
energy and chemicals is essential [3]. Desirably, these new
industrial processes should be based on domestic resources
[2] and respect the “sustainable development” concept [4],
opening opportunities for developing a biomass-based econ-
omy [5, 6] in a sustainable society [7].

In a broad sense, biomass refers to the whole set of mate-
rials with biogenic origin. However, for the purposes of this
work, biomass refers to raw or processed vegetals, and
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special interest is devoted to feedstocks of lignocellulosic
nature (mainly made up of cellulose, hemicelluloses and
lignin), which are here termed “lignocellulosic materials”,
LCM.

LCM can be classified according their origin in three
categories:

- primary products from forest or agricultural sources
(wood, straws, etc.),

- industrial byproducts (such as bagasses),

- waste materials (for example, urban solid wastes, resi-
dues from gardens and parks, etc.).

Considered as alternative raw material for processing,
LCM show interesting features, including:

- huge availability, as LCM are the most abundant renew-
able resources in the world [7],

- renewable at a high generation rate (for example, about
1.3 billion dry ton of biomass, of which 368 billion dry
ton coming from forest land, would be available in the
US on an annual basis) [8]. This amount would be
enough to produce biofuels to replace more than one-
third of the current US demand for transportation fuels
[8], even if in practical terms, biomass is expected to
provide about 25% of the global requirements [9],

- disperse location, ensuring a secure and reliable supply
[10],

- low cost, which could be even “negative” for some in-
dustrial wastes, if the disposal costs are considered,

- flexibility and versatility (in terms of the applicable con-
version technologies and possible end-products), being
able to be used for energy applications and chemicals
currently satisfied from fossil resources,

- possibility of using the whole material in conversion
processes [5],

- susceptibility to be transformed by environmentally
friendly and sustainable processes based on the “green
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chemistry” principles [1-9], particularly in relation to a
clean and efficient production [4],

- carbon-neutral [9], as the CO, emitted when burning
biomass is balanced by the CO, captured as the plant
biomass grows,

- their utilization as feedstocks is not competitive with
food applications [11], as it happens with the production
of first-generation bioethanol from starchy materials or
sugarcane [12],

- strategic resource to reduce the emissions of fossil CO,
and support the rural economy [10].

Driven by the above ideas, the interest for converting
biomass into chemicals and fuels is increasing, and a corre-
spondent research effort is underway [13]. However, using
biomass as a source of fuels and chemicals is hardly new.
Burning biomass was the primary way of obtaining energy.
Before the industrial revolution, the global economy was
largely based on living carbon from plants [14], and the use
of biomass for obtaining chemicals and energy was the norm
for a large portion of chemicals produced prior to the twenti-
eth century. In World War 11, new technologies for biomass
conversion into a variety of chemicals were developed. To-
day, European nations are using biomass from forestry and
agricultural residues and municipal waste to produce heat
and biopower, a field in which Finland is the leader (with 26
per cent of its primary energy coming from wood and peat).
Competition between chemicals manufactured from biomass
and fossil-based raw materials occurs at several levels, and
current economically significant processes lead to the pro-
duction of energy and chemicals from renewable resources
[9, 15]. The chemical industry has begun exploring bio-
based or renewable feedstocks for producing chemicals, but
this transition to renewable feedstocks is impossible without
the development of the appropriate technology and infra-
structure.

LCM are difficult to be converted into chemical products
due to their complex polymeric structures, requiring multi-
disciplinary approaches to achieve efficient commercial
processes. Considering both the current robust forces driving
sustainable production and the available biomass conversion
technologies, biomass-based routes are expected to make a
significant impact on the production of bulk chemicals
within 10 years, and a huge impact within 20-30 years [16].
Biomass-derived commaodities are expected to compete with
commodities derived from fossil fuels in 20 years™ time [17],
enabling the sustainable production of bulk and fine chemi-
cals, some of them as co- or by- products from fuel manufac-
ture. A substitution potential of 10-15 % of fossil oil-based
bulk chemicals by bio-based bulk chemicals, especially for
oxygenated bulk chemicals, has been reported [16].

The industrial sectors need policy and legislation initia-
tives encouraging the development of new technologies that
can allow biomass derived chemicals to become viable in the
near future [18], particularly for setting stable framework
conditions to provide security for investment decisions. This
would be better achieved by building cognitive and socio-
political legitimacy of the biorefining sector [18], by means
of the design of market and communication strategies based
on ecological aspects of biorefineries [19].
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TYPES OF BIOREFINERIES FOR LIGNOCELLU-
LOSIC MATERIALS

The term “biorefinery” has been coined to describe future
processing complexes that will use biomass as feedstocks to
produce a wide spectrum of chemicals, fuels and bio-based
materials [1, 17, 20], following a philosophy analogous to
today's oil refineries, which produce multiple fuels and
products from mineral oil. Biorefineries have been consid-
ered as the key for access to an integrated production of
chemicals, materials, goods, fuels and energy of the future
[21], enabling the development of a competitive bioeconomy
that will be a key to sustainable industrial progress and eco-
nomic growth in the XXI century [6]. This is expected to be
achieved owing to the significance of the technological de-
velopments, which could result in a new manufacturing
paradigm [22].

There are many biorefinery models, but all of them have
to be based on an economically viable foundation [23].
Biorefineries have been proposed for processing grains (for
example, first-generation ethanol plants can be considered as
a preliminary model susceptible of further improvements)
[2], proteinaceous materials and feedstocks of lignocellulosic
nature. For the objectives of this work, this latter case is the
most important, and the following paragraphs are focused on
it.

Operation in biorefineries can be directed to obtain both
high-value low-volume chemicals and low-value high-
volume products, these latter particularly focused in the en-
ergy field [5, 9]. Starting from LCM, these objectives can be
accomplished through several approaches, including:

a. conversion of the feedstocks as a whole material, without
previous separation of components, by means of physi-
cal, chemical and thermomechanical technologies [5], in-
cluding gasification, liquefaction and pyrolysis [24], to
yield products suitable for energy, synthesis of liquid fu-
els, conversion of chemicals and/or solid fuels of en-
hanced energy specific content. The “thermomechanical
platform”, including the “syngas platform” [12, 20], are
representative examples of this type of technologies. The
most prevalent emerging technology is gasification, fol-
lowed by catalytic conversion of the synthesis gas to
ethanol or other high-value products [12],

b. conversion of the feedstocks by physical, chemical
and/or biotechnological methods based on the separation
of “fractions” (extractives, cellulose, hemicelluloses, lig-
nin), which can be further employed for different product
application. The “sugar platform” [12, 20], based on the
saccharification of LCM polysaccharides by chemical or
enzymatic methods and further processing of the various
process streams, is a representative example of this type
of technologies. When polysaccharide hydrolysis is ac-
complished by enzymatic catalysis, the substrates have to
be pretreated to increase their susceptibility to saccharifi-
cation. Pretreatment is considered to be a central unit
process in a biorefinery [25], and those of chemical na-
ture have been considered to be the most promising. An
effective pretreatment is necessary to achieve a good glu-
cose yield in enzymatic hydrolysis [26].

Even though giving an exhaustive description of the
chemicals that could be manufactured in biorefineries is out
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of the scope of this work, Figs. (1) to (3) present some repre-
sentative examples highlighted in literature.

Fig. (1) develops some basic alternatives for the thermo-
chemical conversion of LCM [27] by pyrolysis, liquefaction
and gasification, including the postprocessing of synthesis
gas to yield methanol and Fischer-Tropsch liquid fuels [3].
Fast pyrolysis of LCM leads to renewable solvents, mono-
mers suitable as building blocks for polymers and other in-
dustrial chemicals [23]; whereas liquefaction leads to crude
oils [28] which can yield chemicals upon refining.

Fig. (2) shows a general overview of LCM fractionation
based on the selective solubilization of hemicelluloses (by
hydrothermal processing in aqueous media, or by prehydro-
lysis with externally added mineral acids). Depending on the
operational conditions, the hemicellulose solubilization step
can be oriented towards the production of oligosaccharides
(see below), fermentable hemicelulosic sugars, furfural or
levulinic acid. Extractive-derived compounds appear in lig-
uors, and can be recovered for refining or commercial pur-
poses. The spectrum of products that can be derived from
hemicellulosic sugar fermentation is broad, and includes the
production of alcohols and acids. The cellulose contained in
the spent solids from the hemicellulose solubilization step
can be hydrolyzed with acids or enzymes to give fermentable
glucose solutions and a solid phase mainly made up of lig-
nin, which can be employed as fuel or as a substrate for gasi-
fication or pyrolysis. Fermentation of cellulose hydrolyzates
can lead to a wide array of chemicals, from biofuels to
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Fig. (1). Simplified scheme of representative alternatives for the
thermochemical processing of lignocellulosic raw materials.
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Fig. (2). Simplified scheme of representative alternatives for the
processing of lignocellulosic raw materials by means of polysac-
charide hydrolysis.

bioplastics, including solvents and polyfunctional organic
acids [26, 29]. The scheme could be completed with the pro-
duction of other fuels (biogas, biohydrogen) from waste
streams of the main process [30]. Additionally, the products
listed in Fig. (2) are precursors of a wide variety of chemi-
cals.

Alternatively, the hemicellulose solubilization step pre-
sented in Fig. (1) could be replaced by other chemical o
physicochemical treatments suitable for rendering the LCM
susceptible to enzymatic hydrolysis or for separating lignin
from cellulose. Fig. (3) develops this possibility for delig-
nification treatments, which primarily intend to cause lignin
solubilization. This philosophy is today followed in pulping
(including the sulphite, kraft and organosolv methods). Sul-
phite mills obtain coproducts from lignin (lignosulfonates)
and hemicelluloses (hemicellulosic sugars, acetic acid),
which can be employed for commercial purposes. The kraft
technology recovers energy from pulping liquors by concen-
trating and burning both hemicellulose- and lignin- derived
compounds, and modern approaches based on the gasifica-
tion of this stream are underway to improve the overall effi-
ciency [31]. Organosolv pulping is an attractive approach
enabling the production of sulphur-free lignin with potential
to be used in higher value-added applications. This philoso-
phy is particularly interesting, as it can result in the separa-
tion of the three major LCM components (hemicellulose,
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Fig. (3). Simplified scheme of representative alternatives for the
processing of lignocellulosic raw materials by means of treatments
intending the solubilization of lignin.

cellulose and lignin) into different streams (untouched or as
depolymerized products). This philosophy has been devel-
oped for Acetosolv pulping (based on the utilization of HCI-
catalyzed, concentrated acetic acid solutions as pulping
agent) [32, 33]. Utilization of ethanol-water mixtures in cata-
lyzed or uncatalyzed media (with a possible preextraction
step) followed by enzymatic hydrolysis and manufacture of
lignin-derived products has been proposed for obtaining plat-
form chemicals from hardwoods [34], and other processing
schemes have been presented for the overall benefit of LCM
[35].

Finally, it can be noted that the thermochemical platform
and the fractionation technologies based on the separation of
hemicelluloses, cellulose and lignin can be complementary.
For example, certain types of lignin can be good substrates
for liquefaction [28], whereas the production of higher alco-
hols can be achieved from both methanol (see Fig. 1) and
ethanol (see Fig. 2) by catalytic reaction, which can convert
a mixture of propanol, isobutanol, and 2-methyl-1-butanol at
high yield [36]. Moreover, sugars can be processed into lig-
uid fuels by aqueous phase reforming, a technology suitable
for processing both pentoses and hexoses, increasing product
yields [37].

MAJOR ISSUES AFFECTING THE DEVELOPMENT
OF LCM BIOREFINERIES

Biorefineries have been considered as a “catch and re-
lease” method for using carbon [38]. The development of
LCM biorefineries has to be based in well defined objec-
tives, principles and requirements, including:

- ability for fulfilling the needs for energy, chemicals,
goods and materials in a sustainable way [38] by means
of integration of the production within a single operation
[13],
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- expanding the use of renewable plant-based materials,
opening new revenues for both agricultural and chemical
sectors [17], ensuring that the companies can take profit
of the value chain from the raw material to the final
product [16] and freeing the user from the vagaries of pe-
troleum pricing and availability,

- application of new scientific and technological develop-
ments currently underway, which may result in the de-
velopment of new manufacturing concepts,

- adaptation of the processes to the specific characteristics
of the LCM used as raw materials and to the major prod-
ucts,

- achievement of an entire and efficient utilization of the
various LCM fractions, process byproducts and waste
streams, and use economies of scale, common processing
operations, materials, and equipment to drive down all
production costs [9, 14],

- utilization of traditional and modern technologies [22] for
achieving the LCM conversion through multiple proc-
esses to yield a number of valuable products respecting
the principles of the green chemistry,

- diversification of resources [9] and products, reducing
problems and risks derived from supplies and single-
product commercialization, with particular emphasis on
the development of broad based technologies capable of
producing families of high value chemicals [13],

- decrease of the overall energy intensity of the biorefin-
ery’s unit operations, for example by using energy-
efficient separation technologies such as membranes [38,
39],

- management of the environmental challenges, particu-
larly the decrease of greenhouse gas emissions [19] and
mitigation of global warming [9],

- recovery of maximum value from each fraction of the
feedstock at a minimum cost [28],

- increasing the potential to achieve even lower costs in the
longer term,

- stimulation of R&D devoted to application of products
from LCM processing [14],

- promoting new markets and applications from LCM-
derived products [14],

- improvement in economic profitability, which make
more attractive new investments in the sector [5]. A re-
cent study [40] has confirmed the viability of ethanol
production from LCM under the current conditions.

In conclusion, biorefineries are expected to give sustain-
able and profitable solutions to our present needs, combining
and integrating resources, strategies and technologies to
maximize economic and environmental benefits, while
minimizing waste and pollution.

For achieving the above objectives, various key chal-
lenges have to be solved or overcome [41], including:

- feedstock productivity, cost and availability,

- development of reliable and sufficient supply chains op-
erating at reduced costs [1],
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- development of new agricultural infrastructure for the
collection and storage of feedstocks. For example, 35-
50% of the total cost of second-generation ethanol corre-
sponds to the feedstock cost, depending on various geo-
graphical factors and the types of systems used for har-
vesting, collecting, preprocessing, transporting, and han-
dling the material [42]; whereas logistics require a highly
efficient supply chain with modularized harvesting and
preprocessing equipment suitable diverse feedstocks,

- scaling-up of new technologies, particularly in the cases
when there is a relative lack of technology available for
feedstock conversion [13], and aspects related to the
scale of the process [10],

- reduction of losses in harvesting, collection and storage,
and modification of unintended material property
changes from field to factory,

- logistic issues, aggravated by the low bulk density of the
feedstocks,

- risks derived from capital intensive facilities operating
with complex innovative technologies,

- possible integration of multiple processes [4], to utilize
the wastes from a mill as raw materials in another,

- development of methodologies for process integration,
mathematical optimization and processes evaluation in
order to identify the optimal set of products and the best
route for producing them [4], providing an interface be-
tween simulation and experimental work,

- marketing issues not clearly defined,
- uncertainty about the time to commercialization,

- economic competitivity with alternative production
methods.

DEVELOPMENT OF INTEGRATED LCM BIORE-
FINERIES

Pulp mills can be considered as the predecessors of the
future integrated biomass refineries, and could be used as a
launch point for them [2]. One point of debate is whether the
development of biorefineries will be an opportunity or a
threat to the pulp and paper industry [42]. It has been consid-
ered the any shift to bio-refining could represent an opportu-
nity rather than a threat to the pulp and paper industry [43],
and represents an option for improving the business models
of many forest product companies [44].

Integrated forest biorefineries present an excellent oppor-
tunity for the pulp industries to produce, in addition to valu-
able cellulose fiber, co-products including fuel grade ethanol
and additional energy, where all product lines are highly
integrated, are highly energy efficient, and have a minimal or
no use of fossil fuel, thus resulting in increased revenue
streams and profitability and potentially lower the green-
house gas emissions [8, 45]. Sustainable biorefinery strate-
gies are expected to result in an increase of overall profits
[44].

Some possibilities suggested for modifying the current
pulp mills include:

a. extracting value prior to pulping, from extractives (for
example, with water or steam, solvents, or supercritical
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fluids) [46-48] and/or from hemicelluloses (for example,
by conversion into fermentable sugars which could be
transformed into chemicals, including xylitol, ethanol
and itaconic acid) [49-52]. This latter possibility is spe-
cially interesting because in terms of energy recovery
from pulping liquors, lignin has a relatively high heating
value (27.0 MJ/kg), but the heating value of hemicellulo-
ses is just about one half of this value, and extracting
hemicelluloses prior to pulping could potentially boost
the industry [52],

b. possibility of producing monomeric sugars that can be
fermented into ethanol [2], and producing bioethanol,
biohydrogen and biogas from waste streams or hydro-
lyzates [30, 53],

c. possibility of converting the lignin-rich fermentation
residues and low quality biomass residues into syngas
that can be used to produce liquid fuels [2],

d. utilization of lignin for producing chemicals such as or-
ganic acids [54],

e. gasifying the biomass or lignin-rich spent pulping liquors
for the production of liquid fuels [28],

f. incorporation of new technologies for processing, reac-
tion and separations [55, 56], alternatives to classical sol-
vents like supercritical fluids, near-critical and super-
critical water and water systems (ionic liquids, biphasic
and bio-sourced solvents), microwave treatment, sono-
chemistry, electrochemistry and photochemistry,

g. recovery of valuable compounds (such as vanillin, syrin-
gol, and syringaldehyde) from pulping liquors by new
technologies [20, 40] or direct production of selected
chemicals (levulinic acid, lactic acid),

h. manufacture of chemicals such as by means of depolym-
erization and dehydration reactions (for example, in near-
critical water) [40],

i. manufacture of advanced materials by fermentation (for
example, bioplastics), from cellulose-enriched materials
[57] and/or lignin (composites) or cellulose nanocrystals
for nanotechnology applications.

ROLE OF HDYROTHERMAL PROCESSING IN LCM
BIOREFINERIES

In the future, the potential exists to build biorefineries
that produce high-volume/low-value fuels as well as low-
volume/high-value bioproducts. Some compounds belonging
to the latter category can be implemented in biorefineries
from extractives, hemicelluloses and easily-hydrolyzable
lignin. Owing to this, biomass can also be a source of valu-
able chemicals, pharmaceuticals and food additives [9].

In the field of extractives, there is a sector developed
from pinewood extractives (turpentine, tall oil, etc.), and
value can be extracted from waxes and secondary metabo-
lites [58]. Valuable compounds can be obtained for defined
feedstocks, such as Miscanthus [59].

Added value products from hemicelluloses and acid-
soluble lignin can be extracted from LCM by means of a
hydrothermal treatment with hot, compressed water. This
possibility has been considered in literature [9, 60], and
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could result in a number of benefits. In the following para-
graphs, the suitability of a hydrothermal treatment for ob-
taining bioactive compounds (antioxidants and prebiotic oli-
gosaccharides) is discussed.

Hydrothermal processing of LCM under mild conditions
using water or steam results in the selective breakdown of
hemicelluloses, leading to liquors containing soluble hemi-
cellulose-derived products and to exhausted solids with en-
hanced contents of cellulose and lignin. This fraction is suit-
able for further processing according to the schemes shown
in Figs. (1) to (3).

When hydrothermal treatments are performed under mild
conditions, the reaction liquors contain sugar oligomers as
major products, together with a variety of other compounds,
including sugar-degradation products, organic acids, extrac-
tives and phenolics. Owing to the complex composition of
liquors, refining stages have to be implemented for separat-
ing the various types of products. In this work, the attention
is focused on two major fractions (oligosaccharides and anti-
oxidants of phenolic nature), even if other valuable products
(particularly, derived from extractives) can also be present in
liquors.

Refining of liquors usually requires multi-step process-
ing. Solvent extraction with ethyl acetate has been success-
fully employed as the first stage of purification schemes [61,
62], since saccharides remain in the aqueous phase, whereas
non-saccharide compounds (including those of phenolic na-
ture) are transferred to the organic phase. The major types of
compounds present in ethyl acetate extracts of hydrothermal
hydrolysates have been classified in four categories [63, 64]:

a) sugar-derived compounds, particularly aldehydes from
dehydration reactions,

b) phenolic compounds, including alcohols, aldehydes, ke-
tones, benzoic acid and cinnamic acid, which are consid-
ered responsible for most of the antioxidant activity of
crude extracts,

c) aliphatic fatty acids, and
d) other compounds
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Interestingly, the phenolic compounds present in the
ethyl ether extract may be considered of natural origin, struc-
ture and composition, and show antioxidant activity, provid-
ing additional economic value [65].

Part of the phenolics present in liquors from hydrother-
mal processing of LCM comes from extractives and from the
partial depolymerization of lignin and breaking of lignin—
hemicellulose linkages [66]. The depolymerized lignin frac-
tion include p-substituted phenols (with zero, one or two
methoxy groups), aldehydes, acetophenones and carboxylic
acids. Ferulic and p-coumaric acids (the most abundant hy-
droxycinnamic acids) are linked to arabinoxylans or pectins
through ester bonds. In hardwoods, condensed tannins
(proanthocyanidins) and hydrolyzable ellagitannins make
also part of the phenolic fraction [67, 68], whereas acids
(gallic, vanillic and ellagic) and aldehydes (syringaldehyde
and sinapaldehyde) have been also detected [69].

Reported values of the phenolic content of crude ethyl
acetate extracts produced under optimized conditions lie in
the range 25-35 % (weight basis), and the factions showed
scavenging capacity (for example, against the DPPH and
ABTS radicals) according to a concentration dependent pat-
tern. The antioxidant potency of extracts in an emulsion of f3-
carotene and linoleic acid was strongly dependent on the
concentration. Fig. (4) includes data on the extraction yield,
purity and antioxidant activity of fractions obtained by iso-
thermal and non-isothermal processing of selected raw mate-
rials in aqueous media [62, 63, 70- 72].

Further improvements in antioxidant activity have been
achieved by implementing of refining stages, including:

a. gel chromatography in Sephadex LH-20, which yielded
fractions with radical scavenging capacity comparable to
the reference antioxidant BHA, justified on the basis of a
high a phenolic content (about 90% g gallic acid equiva-
lents/100 g extract) [73],

b. solvent fractionation using a sequence of solvents of in-
creasing polarity and further fractionation of the selected
extracts in Sephadex LH-20, which led to fractions
whose antioxidant activity was strongly related to their
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phenolic content. Treatments with solvents such as hex-
ane and acetone were suitable to remove non phenolic
compounds selectively, and could be employed to in-
crease the phenolic content of isolates [74],

c. adsorption onto polymeric commercial resins and further
desorption with ethanol allowed the evaluation of adsorp-
tion capacity yields (60-80%) and purity (almost 50% )
of the recovered fraction. The selectivity of phenolics
was limited by the fact that ethanol concentration was the
most influential and significant parameter, and elution of
sugar-derived compounds was also largely affected by
this variable, resulting in co-elution. However, both the
purity of extracts and the concentration of the major
compounds were significantly enhanced by this separa-
tion method [74].

Owing to their ability for preventing the damage caused
by reactives species, antioxidants can be useful for preven-
tion and treatment of number diseases. Specific effects have
been reported for the following compounds:

- Chlorogenic acid (protection against induced carcino-
genesis) [75].

- Syringic and vanillic acid (antiinflamatory activity) [76].

- 3,4-dihydroxybenzaldehyde (inhibition of oncogenic dis-
eases) [77].

- Vanillin (anti-angiogenic, anti-inflammatory and anti-
nociceptive activities) [78].

- Caffeic acid, ellagic acid and ferulic acid (anti-apoptotic
activity) [79].

- Gallic acid, caffeic acid, protocatechuic acid (induction
of cancer cell apoptosis) [80-82].

- Vanillin and cinnamaldehyde (antimutagenic against
spontaneous mutations human cells) [83].

- Protocatechuic acid p-coumaric, caffeic, ferulic, gentisic,
syringic and isovanillic acids (anti-inflammatory proper-
ties) [84, 85].

- Ellagic acid (metal chelating activity suitable for treat-
ment of nickel-induced renal and hepatic biochemical al-
terations ) [86].

- Gallic acid (skin protective ability) [87].

Concerning the effects of hydrothermal processing on
hemicelluloses, the common pattern is the breakdown of
polysaccharide chains into short, soluble fragments, that
conserve the structural features of the original polymer [88].
The predominant hemicellulose component of hardwoods
and many agricultural residues is xylan, whereas softwood
hemicelluloses are predomiantly made of glucomannan.

Upon hydrothermal processing, xylan-containg LCM
yield soluble oligomers and lower-MW polymers, which can
be substituted with O-methyl-uronic acid groups (in the case
of hardwoods), arabinose moieties, acetyl groups and esteri-
fied phenolic acids (depending on the LCM employed). The
molecular weight distribution of the reaction products is usu-
ally broad, and depends on the severity of the operational
conditions [89]. Usually, the term “oligosaccharides” is re-
served for DP in the range 3-10, and compounds of higher
molecular weight are referred as “dietary fiber” [90], but the
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term “oligosaccharide” has also been applied to molecules of
higher DP, and this term has been used to refer the set of
hemicellulose-derived products obtained in autohydrolysis.

According to literature data, xylan-derived carbohydrates
(xylooligosaccharides) behave as prebiotic Non-Digestible
Oligosaccharides, a type of compounds of high added value.
Similarly, oligosaccharides derived from glucomannan pre-
sent prebiotic activity [91], and studies for their commer-
cialization are underway.

The manufacture of food-grade oligosaccharides from
hydrothermal liquors requires the implementation of exhaus-
tive refining procedures, which are compatible with the ethyl
acetate extraction mentioned above for antioxidant recovery.
Purification procedures based on individual stages of con-
centration, precipitation extraction, ion exchange and mem-
brane processing [92] enabled the production of purified
hemicellulose oligosaccharides containing up to 90 weight
percent of carbohydrates. The remaining 10% corresponded
to phenolic substituents (which provide antioxidant activity
to the isolates) and melanoidins (which may confer valuable
organoleptic properties to the products) [92, 93].

The major aspects driving the research on the manufac-
ture of oligosaccharides from LCM include:

- the favourable technological properties (heat resistance,
stability at acidic pH), which enable their utilization as
ingredients of functional foods,

- related compounds (linear xylooligosaccharides) are
commercial products in Japan (where about 650 ton/yr
are produced, about half of the worldwide production, at
the highest market price among 13 different types of oli-
gosaccharides) [94], and are under development in the
USA,

- recent studies have confirmed their beneficial effects on
gastrointestinal health and lipid metabolism in women
[95]1

- the minimum daily intake for reaching healthy effects is
lower than for other oligosaccharides [96],

- their future is promising, based in the high expected de-
mand and further developments (for example, as a part of
synbiotic foods), although more knowledge on their
healthy effects is needed [97],

- ability for causing beneficial effects additional to the
prebiotic ones, including ability for reducing the choles-
terol levels [98],

- suitability for utilization in low-calorie diets, and de-
crease in the constipation incidence [99].
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