We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



6

Second Generation Bioethanol from
Lignocellulosics: Processing of
Hardwood Sulphite Spent Liquor

Daniel L. A. Fernandes, Susana R. Pereira, Luisa S. Serafim,

Dmitry V. Evtuguin and Ana M. R. B. Xavier
CICECO, Department of Chemistry, University of Aveiro
Portugal

1. Introduction

The world is facing a reduction of global fossil fuels resources, like petroleum, natural gas,
or charcoal, while energy requirements are progressively growing up. Fossil fuels should be
replaced, at least partially, by biofuels once the current fuel supply is suspected to be
unsustainable in the foreseen future. In fact, the search for sustainable alternatives to
produce fuel and chemicals from non-fossil feedstocks has attracted considerable interest
around the world, to face the needs of energy supply and to response to climate change
issues. Alternative resources of energy are being explored in order to reduce oil dependence
and increase energy production by exploring of solar, wind, hydraulic and other natural
phenomena. Besides these sources of energy, also biomass possesses a potential target for
fuel and power production as well as for chemicals or materials feedstocks. Thus biomass
can efficiently replace petroleum-based fuels for a long term. (Sanchez et al. 2008; Alvarado-
Morales et al. 2009; Brehmer et al. 2009; Gonzalez-Garcia et al. 2009; Singhania et al. 2009;
Mussatto et al. 2010; Sannigrahi et al. 2010).

Many countries in Europe, North and South America and Asia are replacing fossil fuels by
biomass-based fuels according to international regulations. One of the directives of
European Union (2009/28/CE) imposes a quota of 10% for biofuels on all traffic fuel until
2020 (Rutz et al. 2008; Xavier et al. 2010). Also economic incentives for research on biofuels
are being implemented all over the world. Bioethanol can be produced from different raw
materials containing simple sugars, starch or more complex substrates as lignocellulosics.
New methodologies for biofuels (e.g. ethanol and biodiesel) production have been
developed in the last years, to achieve new and non cost-intensive technologies for
bioconversion of lignocellulosic renewable resources. The most common renewable fuel is
ethanol, which is produced from direct fermentation of sugars (e.g. from sucrose of
sugarcane or sugar beet) or polysaccharides (e.g. starch from corn and wheat grains)
(Gonzalez-Garcia et al. 2009; Mussatto et al. 2010). The selection of the best raw material is
strongly dependent on the local conditions where feedstock is obtained. Evidently, ethanol
in Brazil is produced from sugarcane, whereas, in North America or Europe the ethanol
industry is based on starchy materials. Besides, energy considerations should be attained:
not only the energy input required for ethanol production and the content in fermentable
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sugars of the feedstock must be considered, but also the annual ethanol yield per cultivated
hectare. As suggested, for beet molasses, the yield of ethanol per ton of feedstock is lower
than that for corn, but on the other hand, when compared to starchy materials the beet
productivity per cultivated hectare, expressed in L/(ha year), is considerably higher,
(Sanchez et al. 2008).

The growth of the biofuels industry raised questions regarding the sustainability of these
“first generation” biofuels. The feedstocks described play an essential role in human and
animal food chains, therefore the rise of prices of food all over the world resulted in social
disturbance (Gonzalez-Garcia et al. 2009; Mussatto et al. 2010; Xavier et al. 2010). These raw
materials were also expected to be limited due to the reassign of arable lands from food to
fuel production leading to competition for feedstocks (Gray et al. 2006; Bacovsky et al. 2010).
Moreover, first generation biofuels were accused of not contributing to reduce gas
emissions, therefore the use of this technology was highly criticized. For all these reasons
additional research in this area is mandatory, in order to search for non-food crops, like
wastes from agriculture and/or industry as sources of raw-material. European Union
strongly incentives research focusing biotechnological solutions for energy and chemical
demands from renewable resources, such as, forestry wastes, agricultural biomass residues
and food industrial wastes for “second generation” biofuels production.

The great advantage for the choice of lignocellulosic biomass as feedstock is the non-
interference with food chain, which allows the production of bioethanol without using
arable lands (Sanchez et al. 2008; Zhang 2008). Lignocellulosic biomass is a complex raw
material which can be processed in different ways to obtain other value-added compounds
contributing to the possibility of establishing a biorefinery. Different value-added products
such as lactic acid, acetic acid, furfural, methanol, hydrogen and many other products can be
obtained from its sugars. Lignin, the non-carbohydrate component, can be used for the
production of advanced materials, polymers and aromatic aldehydes (Sanchez et al. 2008;
Zhang 2008; Sannigrahi et al. 2010; Santos et al. 2001). In this way, lignocellulosic biomass
can be used as substrate for the production of second generation biofuels, contributing to
the diversification of energy supply and gas mitigation, offering less competition for the
food and feed industry (Rutz et al. 2008; Bacovsky et al. 2010). The use of these raw materials
to produce fuel, power and value-added chemicals, fits well into the biorefinery concept
invoked to decrease the dependence from fossil resources and to improve the economic
sustainability (Alvarado-Morales et al. 2009; Xavier et al. 2010). However, for a world
massive utilization of fuel ethanol, a cost-effective technology for ethanol production is also
required. In other words, ethanol production costs should be lowered (Sanchez et al. 2008).
In a biorefinery, different technologies, including fermentation, biocatalytic, thermal and
chemical technologies, must be used simultaneously for biomass conversion for the
production and the purification of different value-added products (Alvarado-Morales et al.
2009).

Bioethanol is one of the products that can be obtained via biorefinery using bio-based
resources. It is one of the most attractive biofuels, since it can be easily produced in large
amounts and blended with gasoline or used pure as a “green” fuel. Furthermore, due to the
higher oxygen content, ethanol allows a better oxidation of the gasoline and reduces CO and
particulate emissions. Other advantages of ethanol versus gasoline are the higher octane
number, broader flammability limits, higher flame speeds, heat of vaporization and
compression ratio and a shorter burn time (Balat et al. 2008; Mussatto et al. 2010). The use of
bioethanol can also contribute for the reduction of CO, build-up, while the CO, content of
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fossil fuels will remain in storage (Sanchez et al. 2008; Gonzalez-Garcia et al. 2009; Chen et al.
2010a; Balat 2011). Moreover, combustion of ethanol results also in lower NOx emissions,
being free of sulphur dioxide. However, as disadvantages, ethanol has an energy density
lower than gasoline, it is fully miscible in water and its lower vapour pressure makes motor
cold start more difficult (Balat et al. 2008, Gonzalez-Garcia et al. 2009; Chen et al. 2010a;
Mussatto et al. 2010; Balat 2011). Simultaneously, bioethanol is a building block for the
production of several other chemicals, usually petrochemical-based, like acetaldehyde,
ethane, ethylene, propylene, butadiene, carbon monoxide or hydrogen (Idriss et al. 2000;
Wang et al. 2008; Yu et al. 2009; Lippits et al. 2010; Oakley et al. 2010; Song et al. 2010). Today
nearly 95% of hydrogen is produced from fossil-based materials such as methane and
naphtha. Bioethanol as chemical reagent for hydrogen production could be a way to support
hydrogen economy from a renewable and clean energy source (Yu et al. 2009; Lippits et al.
2010). Besides, the production of olefins from ethanol has attracted much attention since it
valorises bioethanol production under a biorefinery context (Thygesen et al. 2010).

In this context Hardwood Sulphite Spent Liquor (HSSL) is a subproduct of pulp and paper
industry that results from the acidic sulphite pulping process in high amounts per day. The
main objective of acidic sulphite pulping process is to remove lignin and hemicelluloses
from wood and to maintain cellulose integrity as much as possible. In this process, lignin
and hemicelluloses are hydrolysed and released in the aqueous phase. HSSL can be a
suitable substrate for 2nd generation bioethanol production as well as other biobased
products since it is rich in monosaccharides obtained during the acidic sulphite pulping
process.

2. Lignocellulosics: Variety and chemical composition

2.1 Lignocellulosic biomass as a renewable resource for energetic, chemicals and
materials platform

Lignocellulosic biomass (LCB) is the most abundant renewable resource on Earth,
comprising about 50% of world biomass. LCB is outside the human food chain and its
energetic content exceeds many times world basic energy requirements. These features
make it an important option as feedstock, as a relatively inexpensive raw-material, for
bioethanol production, and for the development of other bioindustries, to face the
international demand for biofuel market. In 2008 it was estimated that 200 x 10° tons of
biomass were produced and only 3% were used in pulp and paper industries (Rutz et al.
2008; Sanchez et al. 2008; Zhang 2008).

The use of LCB as feedstock for bioethanol production results in significant reduction of gas
emissions (Sanchez et al. 2008; Brehmer et al. 2009) and in economic profits increase due to
low-cost raw-materials (Balat et al. 2008). LCB can be classified based on their origin: wood
(softwoods and hardwoods) and shrubs, non-food agricultural crops (kenaf, reed, rapeseed,
etc.) and residues (such as olive stones, wheat straw, corncobs, rise husk, sugarcane and
winemaking residues, among others), and municipal solid wastes related to thinning,
gardening, road maintenance, etc. (Demirbas 2005; Balat et al. 2008; Sanchez et al. 2008).
Wastes from pulp and paper industries, as spent liquors, paper broke, fibres from primary
sludge, waste newsprint and office paper or recycled paper sludge are another specific
group of LCB to consider.

The conversion of LCB to fermentable monomeric sugars is much more difficult than the
conversion of starch. Numerous studies on the development of large-scale production of
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Fig. 1. Lignin potential utilization pathways, adapted from Zhang 2008

ethanol from LCB have been carried out around the world in the last years (Mussatto et al.
2004). The particular inherent structure of LCB is the main limiting factor of its conversion to
ethanol. Besides cellulose, with a broad range of applications, lignin and hemicelluloses are
also considered promising raw materials for the aforementioned purposes. The brief
presentation of potential pathways of lignin and hemicelluloses is depicted in Fig. 1 and Fig.
2, respectively.

2.2 Major macromolecular components of lignocellulosic biomass

The composition of LCB depends on the plant species and consists primarily of cellulose,
hemicelluloses and lignin, which are the integral part of cell wall in plant tissues (Fig. 3)
(Fengel et al. 2003). Lignin is an amorphous aromatic biopolymer composed of phenyl
propane structural units linked by ether and/or carbon-carbon bonds, supplying tissues
stiffness, antiseptic, and hydrophobic properties amongst others (Fig. 4). The types of lignin
structural units (p-hydroxyphenyl, guaiacyl and syringyl units), their abundance, types and
frequency of inter-unit linkages vary significantly from plant to plant (Fengel et al. 2003).
Lignin contributes to 15-30% of plant biomass and is the principal non-hydrolysable residue
of LCB.

Cellulose and hemicelluloses are hydrolysable structural polymers of cell wall and the main
sources of fermentable sugars (Lawford et al. 1993; Sanchez et al. 2008). Hemicelluloses
contribute to 10-40% of plant material and are essentially heteropolysaccharides constituted
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by pentoses, mainly D-xylose and L-arabinose, and hexoses, mainly D-mannose, D-galactose
and D-glucose. These monosaccharides result from pentosans with a main backbone built by
pentoses, and hexosans with a main backbone built by hexoses. Hemicelluloses possess an
irregular structure and are chemically linked to lignins in the cell wall (Sjostrom 1993). The
structure and the composition of hemicelluloses vary significantly among plant species. The
most abundant hemicelluloses are xylans followed by mannans and galactans (Fig. 5).
Hemicelluloses play an important structural role in cell wall regulating the spatial
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distribution of principal macromolecular components (cellulose and lignin) and providing
their compatibility.

Cellulose, the most abundant structural polysaccharide (30-50% abundance in the cell wall),
is comprised by repeated B-D-glucopyranose units linked by p(1—4)-glycosidic bonds. In
plant cell walls, cellulose chains aggregate into elementary fibrils (EF) which, in turn, are
assembled into microfibrils (MF). MF are embedded into a matrix of lignin and
hemicelluloses, thus becoming isolated of each other (Fig. 3). Plant cells assembled in
different tissues are also separated by a layer enriched in lignin (middle lamella). This
structural hierarchy hinders either chemical or enzymatic hydrolysis of cellulose, being the
last one particularly difficult. Cellulose, the amorphous-crystalline polymer, is poorly
accessible to hydrolysis due to the predominance of crystalline domains.
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Fig. 4. Schematic representation of lignin (fragment of hardwood lignin)
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2.3 Hydrolysis of LCB polysaccharides for the ethanol production

Bioethanol production from LCB includes basically the following steps: (1) hydrolysis of
cellulose and hemicelluloses; (2) separation of released sugars from lignin residue (3)
fermentation of sugars; (4) recovery and purification of ethanol to meet final specifications.
The hydrolysis (saccharification) is one of the most important steps and is technically
difficult to perform due to the poor accessibility of cellulose caused by many physical,
chemical and structural factors mentioned above. It is an energy consuming task,
contributing substantially to the economic costs of the process and is a subject of many
research works (Mussatto et al. 2004; Sanchez et al. 2008; Alvira et al. 2010; Sannigrahi et al.
2010). Hydrolysis can be carried out using organic or strong inorganic acids or enzymes as
cellulases and hemicellulases. Some characteristics of different conventional and prospective
hydrolytic processes are summarised in Table 1.

Parameter Hydrolytic processes
Dilute acid Concentrated acid Enzymatic
Yield of sugars, % ca 50 80-90 ca 50
Acid consumption Low High -
Reactivity of hydrolysis lignin Low Low High
Technological status igiﬁgi%ﬁééﬂ Pilot scale Pilot scale

Table 1. Process conditions and properties for different hydrolytic processes

Organic acids, mainly acetic and formic acids, are normally used in the autohydrolysis
process and arisen upon hydrothermal treatment of LCB at high temperatures (170-220 °C)
as the result of partial degradation of macromolecular components (acetylated
xylan/mannan and lignin). These relatively weak organic acids at low concentration are
more effective in the hydrolysis of hemicelluloses to a significant extent than of cellulose.
Consequently a pre-hydrolysis step is widely used in the production of dissolving pulps by
kraft cooking when wood chips are processed prior to pulping by hydrothermal treatment
to eliminate significant part of hemicelluloses (Sjostrom 1993). The pre-hydrolysis is also a
part of pretreatment strategies aiming to hydrolyse selectively the hemicelluloses in LCB to
obtain fermentable sugars and/or to improve cellulose accessibility towards hydrolytic
enzymes. In this process, the monomeric sugars from hemicelluloses (xylose, galactose,
glucose, mannose, and arabinose) and acetic acid are released in the medium (Lawford et al.
1993; Sanchez et al. 2008). Additionally, degradation of lignin/tannins and sugars originate
biologically toxic compounds: gallic acid, syringic acid, pyrogallol, vanillic acid, furfural, 5-
hydroxymethylfurfural, among others (Marques et al. 2009). Significant efforts were done to
minimize the production of such highly toxic compounds, as well as acetic acid, for ethanol-
producing microorganisms. The pretreatment should improve recovery of sugars from
hemicelluloses, facilitate the cellulose hydrolysis step (when the main objective is the
complete saccharafication of all polysccharides from LCB), and avoid the formation of
inhibitors for subsequent fermentation processes (Mussatto et al. 2004; Alvira et al. 2010;
Sannigrahi et al. 2010).

Inorganic acids (mainly H;SO4 and HCI) are effective hydrolysis catalysts and allow
complete saccharification of LCB polysaccharides. There are some differences between the
use of diluted (1-5%) and concentrated acids in the hydrolysis step. In the first case the
complete saccharification takes place at high temperatures (160-180 °C) and leads to the
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formation of residual hydrolysis lignin (cellolignin) as a massive by-product (Sanchez et al.
2008). Due to drastic reaction conditions, sugars are readily degraded via intramolecular
dehydration resulting in furfural from pentoses and 5-hydroxymethylfurfural from hexoses.
All of these secondary products have a high inhibitory effect on the metabolism of
microorganisms. In order to avoid sugars degradation, these compounds should be
continuously removed from the reactor by continuous pumping of “fresh” acidic solution
through the biomass bed (percolation hydrolysis). This process is used industrially since
1930th in former USSR and nowadays may be considered outdated due to its poor efficiency:
low sugars recovery and production of high amounts of chemically inert hydrolysed lignin.
The hydrolysis with concentrated acids (50-70% of H2SO4 or 30% HCI) allows for effective
saccharification of LCB at moderate temperatures (30-80 °C) for short reaction time with
high sugars yield. However, due to the technical difficulties and high consumption of acid,
this hydrolysis method is not commercialized yet and is implemented only on pilot scale.
The hydrolysis of polysaccharides by hydrolytic enzymes (cellulases and hemicellulases) is
one of the most promising tools for the saccharification of LCB. Hydrolytic enzymes permit
highly selective hydrolysis of polysaccharides at relatively low temperatures (30-60 °C),
practically without emission of products from sugars degradation. Endo-cellulases break
internal bonds to disrupt both the amorphous and the crystalline structures of cellulose,
exposing its polysaccharide chains. Exocellulase cleaves two to four units from the ends of
the exposed chains produced by endocellulase, while B-glucosidase hydrolyses the
exocellulase product into individual monosaccharides. Since no degradation of glucose
occurs, more sugars could be available for a subsequent fermentation, which is the main
advantage of this process. However, this process is slower when compared with acidic
hydrolysis and hydrolytic enzymes have poor accessibility to polysaccharides of cell wall,
especially cellulose. For these reasons this process is time consuming and results in low
sugar yields. LCB enzymatic hydrolysis needs a preliminary treatment step to improve the
accessibility of enzymatic attack. This preliminary step includes the application of physical
methods (mechanical, hydrothermal, etc.) to disintegrate plant tissues and
chemical/biochemical treatments to eliminate concomitant biopolymers, mainly lignin and
hemicelluloses, hindering the cellulose accessibility. However, the enzymatic efficiency of
cellulose conversion still needs to be improved.

The poor efficiency of mild acidic hydrolysis and, particularly, enzymatic biotreatment for
direct saccharification of LCB, represents an obstacle for a successful production of second-
generation biofuels. For this reason, the development of pretreatment techniques to improve
cellulose accessibility and saccharification efficiency is a permanent challenge (Sanchez et al.
2008). A general perspective scheme for LCB conversion into ethanol is presented in Figure
6. The first step presumes LCB pretreatment invoked to degrade strong woody biomass
matrix and thus blows away the integral tissues. Different lignocellulosic materials have
different physic and chemical characteristics and consequently it is necessary to adopt a
specific pretreatment suitable for each raw material. The selected pretreatment will have a
determinant effect in the subsequent steps. The amount and type of simple sugars released,
toxic compounds formed and their concentration, as well as the overall energy demand and
wastewater required in the treatments, depend directly on the specific pretreatment applied
(Mussatto et al. 2004; Alvira et al. 2010). Several methodologies for biomass pretreatments
have been developed during the last decades. They can be classified into biological (using
brown, white and soft-rot fungus or their lignolytic and cellulolytic enzymes to degrade
lignin and hemicelluloses), physical (mechanical milling and extrusion), chemical (alkali or
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acid pretreatments, ozonolysis, organosolv and pretreatment with ionic liquids) and
physicochemical (steam explosion, hydrothermal treatment, ammonia fibre explosion, wet
oxidation, microwaves, ultrasound and CO; explosion) (Balat et al. 2008; Alvira et al. 2010;
Sannigrahi et al. 2010). LCB pretreatment leads to partial or major removal of hemicelluloses
in the form of mono- or oligosaccharides. Then, cellulose is prepared for the hydrolysis step,
if the objective is fermentation of glucose from cellulose, or for further processing to obtain
pulps for textile and paper products (Fig. 6). This extra step (dashed) can be catalysed by
dilute or concentrated mineral acids or enzymes (cellulases).
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Fig. 6. Schematic steps for production of bioethanol from lignocellulosic biomass
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Until now, fuel ethanol from LCB is not yet considered a viable alternative, mainly due to
the high complexity involved on this process, compared with the cheaper oil derived fuels.
However, in the last years, with the oil crisis, environmental concerns and the increased
need for energy and fuels, bioethanol has become a realistic option in the energy market
(Cardona et al. 2007; Sanchez et al. 2008). New research has been developed in order to
overcome cellulosic to ethanol bioconversion problems and to make this process a cost-
effective technology, with a process integration that combines different steps into one single
unit (Lawford et al. 1993; Cardona et al. 2007). Furthermore, the process integration in other
industrial plants, namely large scale industries, can be a good solution for reducing costs of
bioethanol production, such as in pulp and paper mill industries, with the advantage of
reduced release of subproducts.

3. HSSL as a source of fermentable sugars

3.1 Acidic sulphite wood pulping process and (H)SSL composition

In pulp-and-paper industry the removal of lignin (fibre consolidating material) from wood
is carried out during the pulping process to obtain a fibre material (cellulose pulp) suitable
for papermaking or as a chemical feedstock. About 10% of chemical pulps are produced
worldwide employing sulphite methods. The acidic sulphite chemical pulping is carried out
under acidic conditions (pH 1-2) at 135-145 °C for 6-12h in batch digesters using
SO,/MeHSO3 (Me - pulping base) aqueous solution (Sjostrom 1993). During sulphite
pulping process, lignin and part of hemicelluloses (about 50% based on wood) are dissolved
in sulphite spent liquors (SSLs) composed by monomeric sugars already in the fermentable
form. Roughly 1 ton of solid waste is dissolved in the spent liquor (SSL 11-14% solids) per
ton of pulp produced. SSLs are produced in large amounts, about 90 billion litres annually
worldwide (Lawford 1993). SSL is usually burned, for chemical and energy recovery after its
concentration by evaporation (Fig. 7). The utilization of SSL is considered for a long time to
produce value-added products fitting well to the biorefinery concept (Lawford et al. 1993;
Marques et al. 2009).
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For this reason, the use of raw materials like SSL is advantageous over other agro-forestry
wastes, since the more complex lignocellulosic components were previously hydrolysed,
releasing most of the sugars as monosaccharides. Consequently this process is already cost-
effective for pulp production, improving the 2nd generation bioethanol process economy
from SSL (Lawford et al. 1993; Helle et al. 2008; Marques et al. 2009; Xavier et al. 2010).
However, besides monosacharides, SSL contains several fermentation inhibitors that require
a preliminary detoxification step (Lawford et al. 1993; Xavier et al. 2010).

The major organic components of SSLs are, lignosulphonates, and sugars, and their
composition varies notably among softwoods and hardwoods (Table 2). Softwood sulphite
spent liquor (SSSL) from coniferous, yields a high proportion of hexose sugars content (about
76%), mainly mannose and glucose, while HSSL, from hardwood Eucalyptus globulus,
produces a liquor with high content of pentose sugars (xylose about 70%). Hexoses
bioprocessing is well studied and already implemented in different processes, while pentoses
are difficult to use as feedstock for industrial bioprocesses, because pentoses are not
fermented by the yeasts currently used on ethanol production, namely Saccharomyces
cerevisiae. Therefore, while the use of SSSL has been studied since 1907, when SSSL was used
in Sweden for bioethanol production and also during the World War II, for yeast production
as a source of protein and vitamins, the HSSL bioprocessing only recently become
investigated (Lawford et al. 1993; Helle et al. 2008; Marques et al. 2009; Xavier et al. 2010).
Pichia stipitis, recently reclassified as Scheffersomyces stipitis (Kurtzman and Suzuki, 2010), is
the most studied yeast capable to convert pentoses to ethanol. However, this yeast is highly
sensitive to HSSL inhibitors, namely formic and acetic acids, furfural, levulinic acid and
phenolics. For this reason, HSSL needs a special pretreatment for inhibitors removal, which is
another technical issue to consider (Helle et al. 2008; Xavier et al. 2010).
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Component Spruce! Birch! Eucalyptus?
52%yield 49% yield 52% yield
Lignosulfonates 480 370 360
Carbohydrates 280 375 200
Xylose 60 340 135
Mannose 120 10 5
Arabinose 10 10 5
Galactose 50 10 30
Glucose 40 5 20
Acetic acid 40 40 50
Extractives 40 60 20

1 (Sjostrom 1993)

2 (Marques et al. 2009)

Table 2. Chemical composition of Spent Sulphite Liquors of Spruce, Birch and Eucalyptus
wood (approximate values given in kilograms per ton of pulp)

3.2 Fermentation inhibitors and their removal

As mentioned before, during the conversion of LCB into monomeric sugars, other type of
products are formed and some of them can be strong inhibitors in fermentation
bioprocesses. When compared to the fermentation of pure sugars, LCB hydrolysates present
slower kinetics with a lower ethanol yield and productivity and in some cases a complete
inhibition of growth and ethanol production can be observed. The variety and concentration
of toxic compounds in feedstocks depend on both, the raw material and the pretreatment
conditions applied for polysaccharides hydrolysis. The maximum concentration allowed for
each inhibitor, without losing fermentation efficiency, depends on several factors: the origin
of toxic compound, the inhibition mechanism, the microbial strain used and its
physiological state, and also the fermentative process technology, the dissolved oxygen
concentration in the medium and the pH (Mussatto et al. 2004).

Selection of a detoxification methodology for a specific feedstock is mandatory for
attaining good results in 2nd generation bioethanol production. The identification of the
main and relevant inhibitors present in the feedstocks is crucial in order to choose a
specific, efficient and low-cost detoxification methodology. Besides, this knowledge can
helps to establish the best conditions in hydrolysis pretreatment in order to minimize the
inhibitors formation.

Fermentation inhibitors are conventionally classified in four groups according to their origin
in lignocellulosics and hydrolysis processing: sugar degradation products, lignin
degradation products, compounds derived from extractives and heavy metal ions (Parajo et
al. 1998; Mussatto et al. 2004). Sugar degradation products are formed during hydrolysis and
the main compounds produced are furfural from pentoses and 5-hydroxymethylfurfural
(HMF) from hexoses as mentioned above. Furfural can inhibit cell growth, affecting the
specific growth rate and cell-mass yield (Palmqvist et al. 2000b). However, it was noticed
that some bioethanol-producing microorganisms like Pichia stipitis are not affected by
furfural in low concentrations up to 0.5 g.L-1 (Mussatto et al. 2004). Moreover it could have a
positive effect on cell growth. Nigam (2001) referred that ethanol yield and productivity
were not affected by 0.27 g.L-1 of furfural. However concentrations above 1.5 g.L-! interfered
in respiration and inhibited cell growth almost completely, decreasing ethanol yield in 90%

www.intechopen.com



Second Generation Bioethanol
from Lignocellulosics: Processing of Hardwood Sulphite Spent Liquor 135

and productivity in 85% (Nigam 2001b). HMF has an inhibitory effect similar to that of
furfural, but at a lower extension. Usually HMF is present in lower concentrations than
furfural, due to its high reactivity and also due to the experimental conditions in the
hydrolysis process that degrades lower amounts of hexoses. It was reported that HMF
increases the lag phase extension and decreases cell growth (Delgenes et al. 1996; Palmqvist
et al. 2000b). Mussatto et al. (2004) reported that a synergistic effect occurs when these
compounds are combined with several other compounds formed during lignin degradation.
Different compounds, aromatic, polyaromatic, phenolic, and aldehydic can be released from
lignin during hydrolysis of LCB materials, and they are considered more toxic to
microorganisms than furfural and HMF, even in low concentrations. Phenolic compounds
are the most toxic products for microorganisms present in lignocellulosic hydrolyzates.
They promote a loss of integrity in biological membranes, thus, affecting their ability as
selective barriers and as enzyme matrices and decreasing cell growth and sugar assimilation
(Paraj6 et al. 1998; Palmqvist et al. 2000b). Syringaldehyde and vanillic acid affect cell growth
(Mussatto et al. 2004; Cortez et al. 2010) and the ethanolic fermentative metabolism of several
microorganisms, like P. stipitis (Delgenes et al. 1996). In SSL, these compounds are normally
present in the sulphonated form, due to the cooking process (Marques et al. 2009).
Extractives (acidic resins, taninic, and terpene acids) and also acetic acid derived from acetyl
groups present in the hemicellulose are released during the hydrolytic processes. In terms of
toxicity, the extractives are considered less toxic to microbial growth, than lignin derivatives
or acetic acid (Mussatto et al. 2004). Gallic acid and pyrogallol are low molecular weight
phenolic compounds normally formed from hydrolysable tannins (Marques et al. 2009) and
some authors have shown anti-fungal properties of these phenolics (Dix 1979; Panizzi et al.
2002; Upadhyay et al. 2010). Acetic acid is also known as antimicrobial compound and the
mechanism of inhibition is well-understood. At low pH, in the undissociated form, it can
diffuse across the cell membrane, promoting the decrease of the cytoplasmatic cell activity
and even causing cell death (Lawford et al. 1998; Mussatto et al. 2004). It has been reported
that acetic acid inhibition degree depends not only on its concentration, but also on oxygen
concentration and on pH of fermentation medium (Vanzyl et al. 1991). Another type of
inhibitors are heavy metal ions, namely iron, chromium, nickel and copper, which result
from reactors corrosion during the acidic hydrolysis pretreatment. Their toxicity acts at
metabolic pathways level, by inhibiting enzyme activity (Mussatto et al. 2004).

As previously mentioned, a detoxification step is required before the hydrolysates undergo
fermentation. Therefore, after identification of the toxic compounds, the choice of the best
hydrolysate detoxification method is crucial for an effective and economical feasible
detoxification methodology, in order to improve the fermentative process (Mussatto et al.
2004; Sanchez et al. 2008). Three different approaches have been described to decrease the
concentration of inhibitors: (1) prevention of formation of inhibitors during the pretreatment
step as mentioned before; (2) detoxification of the raw-material before fermentation; (3)
development of microorganisms able to resist to inhibition.

Xavier and co-workers (2010) reported HSSL containing nearly 25 g.L-1 of xylose to P. stipitis
for bioethanol production. Four increasing concentrations of HSSL were accessed to
evaluate its toxicity. The results showed that increasing HSSL content in the fermentation
medium decreased dramatically the maximum cell growth rate (pimax), ethanol yield (Y,/s)
and productivity (qpm) attained. It was reported that HSSL content higher than 40% (v/v)
was critical for bioethanol production (Table 3). Acetic acid has been appointed as the main
inhibitor of P. stipitis and other microorganisms (Schneider 1996; Lawford et al. 1998; Nigam
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HSSL content (%) Hmax (A1) qpm (g.L1.h1) Yp/s (8e.gs1) | Acetic acid (g.L?)
0 0.37 0.77 0.37 0
20 0.32 0.40 0.30 1.6
40 0.12 0.10 0.23 3.3
60 0 0 0 4.9

Table 3. Results of bioethanol production by P. stipitis at different HSSL contents (Xavier et
al. 2010)

2001a). After the removal of acetic acid, ethanol fermentations were still unsuccessful,
meaning that other compounds present had a toxic effect (Xavier et al. 2010).

Several biological, physical and chemical detoxification methods were developed in order to
reduce inhibitor concentrations. The efficiency of detoxification methodology depends on
chemical composition of the hydrolysate, as well as on microorganism chosen for bioethanol
production (Mussatto et al. 2004; Helle et al. 2008; Sanchez et al. 2008). For this reason, the
detoxification methods cannot be directly compared since mechanisms of inhibition and
degree of toxicity removal are completely different (Palmqvist et al. 2000a).

Evaporation with vapour and vacuum evaporation are physical detoxification methods, in
order to reduce the concentration of volatile compounds present in the hydrolysates, such as
acetic acid, furfural and formaldehyde, and at the same time, to increase sugars
concentrations. However, these methods also increase the non-volatile toxic compounds
content, such as extractives and lignin derivatives. A balance between these two effects
should be achieved or, consequently, the degree of fermentation inhibition will increase.
Furthermore, the energy required for these processes should be properly considered to
attain a potential economical gain (Lawford et al. 1993; Mussatto et al. 2004). As mentioned
above, in the particular case of HSSL, evaporation is already implemented in the pulp
production process for liquor concentration, to prepare it to burn for energy and chemical
recovery. This is an advantage for HSSL bioconversion, and it is possible to optimise the
evaporation stage, in order to get a good balance between volatile and non-volatile toxic
compounds and sugar concentration for the fermentation process. Additionally, the
condensate obtained in this step is rich in furfural and acetic acid, that can be easily
extracted and purified for selling purposes as added-value products (Evtuguin et al. 2010).
Alkali treatment, in particular overliming, is the most common detoxification method and is
considered one of the best technologies. This method consists on the addition of lime
(Ca(OH)y), or other alkali compound such as sodium or potassium hydroxide, until pH 9-10
promoting the precipitation of toxic compounds. Acetic acid, furfural, HMF, soluble lignin
and phenolic compounds are mostly removed with this methodology, increasing the
fermentability of hydrolysates. Several authors obtained the best results with alkali
treatment using calcium hydroxide (Lawford et al. 1993; Martinez et al. 2001; Helle et al. 2008;
Sanchez et al. 2008). Martinez et al. (2001) reported for sugarcane bagasse hydrolysate at 60
°C that the addition of Ca(OH): to adjust the pH to 9.0, promoted the precipitation of furanic
and phenolic compounds. The obtained results showed a removal of nearly 51% and 41%
respectively, of furans and phenolics with only 8.7% of sugars loss. Lawford et al. (1993) also
used Ca(OH); for HSSL treatment at pH 10, followed by neutralisation to pH 7 with 1N of
H>SOs. This methodology resulted in the improvement of the volumetric productivity and
conversion efficiency, 92%, of bioethanol production by a recombinant strain of Escherichia
coli.
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Toxic compounds can also be removed by adsorption. Several authors have studied the
capacity of removal of toxic compounds using different materials as adsorbents such as,
activated charcoal (Dominguez et al. 1996; Lee et al. 1999; Mussatto et al. 2001; Canilha et al.
2004) and ion-exchange resins (Vanzyl et al. 1991; Larsson et al. 1999; Lee et al. 1999; Nilvebrant
et al. 2001; Xavier et al. 2010). In particular, a specific strategy of adsorption on ion-exchange
resins was employed by Xavier et al. (2010) to toxic compounds removal from HSSL for
subsequent sugar purification and then ethanol fermentation with P. stipitis (Fig. 8).

HSSL

Cation Anion exchange
exchange resin resin

| Sugars fraction |

Fig. 8. Scheme of HSSL detoxification by adsorption of inhibitors using ion-exchange resins

In order to remove the cations added during pulping processing, namely Mg2+*, HSSL was
initially treated with a cation-exchange resin column. Then free carboxylic acids and
polyphenols, including lignosulphonates, were separated from sugars with an anion-
exchange resin in the second column. This process provided a transparent solution (sugars
faction) containing essentially neutral monomeric sugars with traces of neutral
polyphenolics (Table 4). However, this separation process released the sugars with some
dilution and a concentration step was required for fermentation. This procedure led to
excellent results of ethanol production by P. stipitis: high fermentation efficiency, 96%,
productivity, 1.22 g.L-1.h-1, and yield, 0.49 g of ethanol / g of sugar.

Biological methods for detoxification of hydrolysates involve the use of specific enzymes or
microorganisms that can degrade or consume the toxic compounds present in the
hydrolysates. Jonsson et al. (1998) reported an increasing glucose consumption and ethanol
productivity when wood hydrolysates were detoxified with laccase and peroxidase
enzymes from Trametes versicolor, a white-rot fungus. These oxidative enzymes have the
capability to degrade acid and phenolic compounds (Jonsson et al. 1998). The use of
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Compound Concentration (g.L-1)
Lignosulphonates traces
Acetic acid n.d.a
pH 54+0.1
Xylose 57+0.3
Glucose 0.5+0.2

anot detected

Table 4. Chemical composition of sugars fraction after ion-exchange detoxification

microorganisms was also proposed to remove inhibitors from HSSL. Xavier and co-workers
(2010) presented the first approach for HSSL biological detoxification, specifically for acetic
acid removal. Four yeasts commonly used for acetic acid removal from wine were chosen,
Candida tropicalis, Candida utilis, S. cerevisiae and Pichia anomala, and results are presented in
Table 5.

Time of complete
Yeast o () consumption of aceptic acid (h)
Saccharomyces cerevisiae 0.15+0.02 20
Candida tropicalis 0.14 £ 0.03 70
Candida utilis 0.16 £ 0.05 220
Pichia anomala 0.22 +£0.03 72

Table 5. Results of biological deacidification of HSSL (Xavier et al. 2010)

According to these results, S. cerevisiae was selected for biological deacidification of HSSL.
Sequential strategy of deacidification by S. cerevisize and fermentation by P. stipitis on 60% of
HSSL was carried out. Despite the acetic acid consumption by S. cerevisize, xylose
fermentation by P. stipitis produced only cell biomass, and no ethanol was detected in the
medium. These results clearly showed the presence of other toxic compounds from HSSL,
eventually phenolic compounds, probably inhibiting the sugars conversion to ethanol by P.
stipitis (Xavier et al. 2010).

A different approach for performing biological detoxification of HSSL, with better results,
was made in the same research group, using the Paecilomyces variotti filamentous fungus.
This fungus can be found in air and soils of tropical countries, and has been studied for
single cell protein (SCP) production, another important added-value product, normally used
in animal feeding (Nigam 1999). Besides, P. variotti presents a good performance to grow in
residues like HSSL and consumes substrates, including phenolic compounds, as carbon
source. Pereira et al. (2011) showed for the first time the possibility of using this fungus to
detoxify HSSL hydrolysates for subsequent ethanol fermentation. The biological treatment
with P. variotti yielded HSSL with very low levels of acetic acid. Moreover, toxic compounds
like gallic acid, pyrogalol and other low molecular phenolics were completely consumed
and metabolized by P. variotti, indicating that this detoxification method can be suitable for
treating HSSL into a proper feedstock for further bioprocessing. A successful fermentation
of this detoxified HSSL by P. stipitis was performed, attaining an ethanol yield of 0.24
Zethanol-Gsugars-. However, more research is required in order to improve the ethanol
fermentation yields and productivities (Pereira et al. 2011).
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Comparing the four different detoxification methodologies described, ion-exchange resins
provided the best results on subsequent bioethanol fermentation (Table 6). High percentages
of different toxic compounds from the hydrolysate were removed and provided the highest
ethanol yield (0.49 g.g1) and volumetric productivity (1.22 g.L-1.h-1). However, ion-exchange
resins are expensive and difficult to implement and operate in large scale industries. P.
variotti treatment, despite the fact of having promoted low ethanol fermentation yields in
preliminary results (Table 6), appeared to be a very promising detoxification method.
Furthermore the biomass of P. variotti can be used as SCP for animal feeding, increasing the
economic potential of the process. More research work is being developed to combine this
coupled strategy of biological detoxification of HSSL with simultaneous SCP production
(Pereira et al. 2011). Other approaches for detoxification of hydrolysates were proposed and
different methods can be used sequentially to improve their own capacity (Mussatto et al.
2004).

Conversion
Ethanol Yp/s . Strain and
Treatment (L) | (geg ) Effl((:(;e)ncy feedstock Reference
Ion-exchanges L (Xavier et al.
Resins 8.10 0.49 96 P. stipitis/HSSL 2010)
Evaporation +
alkaline 9.7 0.30 59 P. stipitis/HSSL | (Nigam 2001a)
treatment
P. variotti 236 0.24 47 P. stipitis/tssL, | (Fereiraetal
2011)
S. cerevisiae/ .
Ion—exchanges na 0.45 38 Spruce (Nilvebrant et
Resins al. 2001)
hydrolysate
Alkaline - ) (Lawford et al.
treatment 10.0 0.40 78 Escherichia coli 1993)
Alkaline L (Vanzyl et al.
treatment 12.2 0.25 49 P. stipitis 1988)

Table 6. Results of bioethanol production for different detoxification methodologies

3.3 Microorganisms and their metabolism

The extension of substrate utilisation is critical to determine the economic viability of
ethanol production from LCB. This presumes a complete conversion of sugars presented in
feedstocks to ethanol under industrial conditions. Under an industrial context, the
microorganism chosen should meet some requirements, which are discussed in relation to
four benchmarks: (1) Process water economy; (2) Inhibitor tolerance; (3) Ethanol yield; (4)
Specific ethanol productivity. Several species of bacteria, yeast and filamentous fungi
naturally ferment sugars to ethanol. Each microorganism has its advantages and
disadvantages, some can use only hexoses for producing ethanol and others can use both,
hexoses and pentoses, but many times with low ethanol yields (Hahn-Hagerdal et al. 2007).
The mixture of sugars obtained after LCB hydrolysis, besides glucose, also contains other
sugars e.g. Xxylose, mannose, galactose, arabinose and also some oligosaccharides. Therefore,
in the fermentation process, microorganisms ferment these sugars into bioethanol according
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to reactions presented below. The calculation of the theoretical maximum yield should
follow equation 1 for pentoses or equation 2 for hexoses:

3CsH1005 — 5CoHsOH + 5CO, (1)

CcH1206 — 2CoHsOH + 2CO, (2)

According to these equations, the theoretical maximum yield is 0.51 g bioethanol and 0.49 g
carbon dioxide per g of xylose and glucose.

In order to obtain an economically feasible conversion process of any biomass, it is
imperative that the microorganisms chosen should be able to convert efficiently all the
sugars present into the desired end product, in this case bioethanol (Chu et al. 2007; Hahn-
Hagerdal et al. 2007; Matsushika et al. 2009). The ideal yeast for bioethanol production from
LCB should consume the sugars present and provide high production yields as well as
specific productivities. Moreover it should not suffer any inhibition from the other
components of the raw material (Hahn-Hagerdal et al. 2007).

One of the most effective and well-known ethanol producing microorganisms from hexose
sugars is the yeast S. cerevisinze. This yeast is successfully employed at industrial scale,
allowing for high ethanol productivity, since it bears high tolerance to ethanol and to
inhibitors normally present in lignocellulosic residues. However, this yeast is unable to
ferment xylose to ethanol efficiently, though it can only ferment its isomer, xylulose
(Jeppsson et al. 2006; Chu et al. 2007; Hahn-Hagerdal et al. 2007; Matsushika et al. 2009). Some
yeasts were reported to be efficient in xylose conversion to ethanol, such as, P. stipitis,
Candida shehatae and Pachysolen tannophilus (Huang et al. 2009). Among them, P. stipitis
exhibits the best potential for industrial application due to the high ethanol yield obtained
(Huang et al. 2009). Nevertheless, this yeast is sensitive to organic acids, including acetic
acid, which are present in lignocellulosic residues. These compounds inhibit both cell
growth and the bioethanol production (Bajwa et al. 2009; Huang et al. 2009). Although, wild
type S. cerevisine cannot ferment xylose to ethanol, several genetic engineered strains have
been already developed (Hahn-Hagerdal et al. 2007; Mussatto et al. 2010). Other yeasts, like
P. stipitis, can naturally utilize both types of sugars with high yields and its use for
producing 2nd generation bioethanol from HSSL is being developed (Xavier et al. 2010).
Hence, it is important to improve the yeast strain with the most promising characteristics in
order to optimize ethanol production from LCB hydrolysates through genetic engineering
and/or strain adaptation (Chu et al. 2007; Hahn-Hagerdal et al. 2007; Matsushika et al. 2009).
Table 7 summarizes the fermentation performance of several yeasts in different media.
Among bacteria, the most promising for industrial implementation are Escherichia coli,
Klebsiella oxytoca and Zymomonas mobilis. Z. mobilis is the bacteria which has the lowest
energy efficiency resulting in a higher ethanol yield (up to 97% of theoretical maximum).
However, this bacterium is only able to ferment glucose, fructose and sucrose to ethanol.
Another problem appears when the medium has sucrose, due to the formation of the
polysaccharide levan (made up of fructose), which increases the viscosity of fermentation
broth, and of sorbitol, a product of fructose reduction that decreases the efficiency of the
conversion of sucrose into ethanol (Lee et al. 2000). K. oxytoca, an enteric bacterium, found
in paper, pulp streams and different sources of wood, is able to grow at low pH
(minimum 5.0) and temperatures up to 35 °C. This bacterium is able to grow either on
hexoses or pentoses, as well as on cellobiose and cellotriose (Lee et al. 2000; Cardona et al.
2007; Chen et al. 2010b).
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Table 7. Fermentation performance of several yeasts in different media
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Several metabolic engineering and genetic modification strategies to enhance an efficient
fermentation of xylose to ethanol were studied for S. cerevisize (Chu et al. 2007; Hahn-
Hagerdal et al. 2007; Matsushika et al. 2009). Although the genes that allow for xylose
utilization are present in S. cerevisiae, they are expressed in low levels resulting in
production rates of ethanol from xylose ten times lower than the verified for glucose as
substrate (Chu et al. 2007; Hahn-Hagerdal et al. 2007). In pentose-fermenting yeasts, xylose
catabolism begins with its reduction to xylitol by a NADH- or NADPH-dependent xylose
reductase (XR), as seen in Fig. 9. Then, xylitol is oxidized to xylulose by NAD-dependent
xylitol dehydrogenase (XDH) (Chu et al. 2007; Hahn-Hagerdal et al. 2007; Bengtsson et al.
2009). Xylulose is phosphorylated by the enzyme xylulokinase (XK) to produce xylulose-5-
phosphate (X5P). This enters in glycolytic pathway and then in the pentose phosphate
pathway (PPP). The formed intermediates are converted to pyruvate in the Embden-
Meyerhof-Parnas pathway. Under anaerobic conditions, fermentation of pyruvate occurs by
decarboxylation promoted by pyruvate decarboxylase to acetaldehyde which is then
reduced to ethanol by alcohol dehydrogenase (Chu et al. 2007; Hahn-Hagerdal et al. 2007).

D-Xylose

Xylose 7 \ NADH‘ﬁ
Reductase

[ Xylulokinase ) - ;
— —> | ADP |

D-Xylulose-5-P )

Y

Pentose phosphate
pathway

Pyruvate )

Acetaldehyde

Ethanol )

Fig. 9. Xylose metabolic pathway in yeasts (adapted from Matsushika et al. 2009)
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The most straightforward metabolic engineering strategy was the expression of a bacterial
xylose isomerase (XI) gene, so that xylose can directly be converted to xylulose (Jeppsson et
al. 2006). The XI gene from the thermophilic bacterium Thermus thermophilus was
successfully expressed in S. cerevisine, generating xylose-fermenting recombinant strains
(Karhumaa et al. 2005). Also, the genes of Piromyces sp. XI were also successfully expressed
in S. cereviasine (Kuyper et al. 2003). Another possible metabolic engineering strategy
consisted in expressing fungal XR and XDH genes. Stable xylose-fermenting S. cerevisiae
strains were obtained by integrating the P. stipitis XYL1 and XYL2 genes encoding XR and
XDH, respectively, and over expressing the endogenous XKS1 gene encoding xylulokinase
(XK) (Bengtsson et al. 2009; Matsushika et al. 2009). However, ethanol yield attained with
these strains was far from the theoretical maximum of 0.51 g.g, as can be seen in Table 7
because the metabolic pathway stopped in xylitol. This situation was attributed to the fact
that since XR is NAD(P)H-dependent and XDH is strictly NAD+-dependent the relation
between the two cofactors sometimes becomes unbalanced (Jeppsson et al. 2006; Chu et al.
2007; Bengtsson et al. 2009).

Wahlbom and Hahn-Hégerdal (2002) found that the addition of electron acceptors such as
acetoin, furfural and acetaldehyde re-oxidized NAD* needed by XDH and decreased the
amount of xylitol formed. Shifting the cofactor utilization in the XR step from NADPH to
NADH was also a successful strategy for decreasing xylitol (Jeppsson et al. 2006). Since S.
cerevisiae lacks the xylose-specific transporter, another common approach is to express in
this microorganism the gene that encodes the transport of monosaccharides from P. stipitis
(Van Vleet et al. 2009). Hence, xylose uptake occurs by facilitated diffusion mainly through
non-specific hexose transporters, which have lower affinity for xylose (Matsushika et al.
2009). This approach enhanced xylose fermentation to ethanol by S. cerevisize (Van Vleet et
al. 2009).

In addition to metabolic engineering, natural selection of strains and random mutation are
also alternatives to obtain improved xylose-fermentative yeasts. These evolutionary
engineering approaches were successfully applied to several S. cerevisiae strains for effective
xylose fermentation. These methods are particularly useful since they are non-invasive and
can identify bottlenecks in the xylose metabolic pathway that can then be targeted to be
overcome by genetic engineering (Chu et al. 2007; Matsushika et al. 2009). Chu and Lee
(2007) suggested that an intense selection pressure will favour the presence of S. cerevisiae
mutants able to grow slowly on xylose.

Recent studies have redirected their attention to the xylose-fermenting yeast, P. stipitis. In
this case, the major issue is the inhibitors tolerance which can be critical when real raw
materials are tested. Hence, an evolutionary strategy has been adopted. The strains
adaptation was normally accomplished by sequential transfer of culture samples to different
media composed by increasing concentrations of the residue in study (Mohandas et al. 1995;
Bajwa et al. 2009; Huang et al. 2009). To accelerate the mutations, ultra violet radiation (UV)
was also tested by Bajwa and co-workers (Bajwa et al. 2009).

Many challenges in ethanol production from xylose using metabolically engineered strains
were being overcome. Several approaches were successfully employed to engineer xylose
metabolism. Nevertheless, these approaches are insufficient for industrial bio-processes
mainly due to the low fermentation rate of xylose when compared with glucose. Another
bottleneck is the lack of tolerance to the major inhibitors present in lignocellulosic
feedstocks. A successful fermentation of LCB hydrolysates requires not only a producing
strain that consumes all the sugars present but with tolerance towards lignocellulose
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degradation products. Moreover, most of the methodologies tested were applied to defined
synthetic media containing pure substrates and their applicability to real complex substrates
should be validated. However, the composition of the inhibitors in raw materials as
lignocellulosic wastes changes frequently and, consequently, the metabolic engineering
method probably need some modifications to be applied (Hahn-Hagerdal et al. 2007;
Matsushika et al. 2009). Metabolic engineering approaches to improve inhibitor tolerance
were so far limited to the over expression of specific enzymes including laccase,
phenylacrylic acid decarboxylase, glucose 6-phosphate dehydrogenase and alcohol
dehydrogenase (Hahn-Hagerdal et al. 2007). These enzymes can transform some of the
inhibitors (mainly the aromatic compounds) into products that microorganisms can
assimilate.

In brief, the technical and economic issues related to the choice of fermenting
microorganism are the conversion efficiency uniformity, the tolerance to inhibitors, the
process requirements (aeration, temperature, pH, sterilization) and the bioprocess licensing
(Lawford et al. 1993). Further intensive studies that combine functional genomics analysis
with metabolic engineering are required for developing robust yeast strains, tolerant to
several inhibitors and to the variability of the substrate and with the ability to ferment
xylose from lignocellulosic feedstocks, in order to produce ethanol, at similar rates as those
attained with glucose, to be applied at industrial level (Chu et al. 2007; Hahn-Hagerdal et al.
2007; Matsushika et al. 2009).

4. Biorefinery approach

With the depletion of petroleum resources and increasing demand on energy, lignocellulose
derived ethanol seems to be the future of transportation fuels. Also, it is noticeable that the
integrated biorefineries, which generate chemicals, materials, fuels and energy from the
biomass, would replace the current petroleum refineries, moving the world toward a
carbohydrate-based economy (Gnansounou 2009).

By-products like HSSL cannot be discharged into natural basins due to environmental
concerns (211 g COD.L) and must be processed (Evtuguin et al. 2010). The biochemical
processing of HSSL is a well-known approach to produce value-added products such as
SCP and ethanol, among others (Busch et al. 2006).

As seen previously, biological detoxification of HSSL by P. variotti was possible and the
fungal biomass obtained (2.0 g biomass/g substrate consumed) can be sold as SCP, for
animal nutrition. For process optimization a Sequential Batch Reactor (SBR) was chosen and
the same inoculum was used during three batches to treat fresh HSSL. Each cycle was ended
when the acetic acid reached a non-inhibitory concentration for P. stipitis and this operating
strategy provided high volumes of detoxified HSSL, for subsequent bioethanol fermentation
(Pereira et al. 2011). With this detoxification process as well as with the described ion-
exchange process (Xavier et al. 2010) HSSL can be further bioprocessed by P. stipitis, as
reviewed before. The maximum concentration of ethanol attained was 8.1 g.L-1 with a yield
of 0.49 g ethanol.g sugars? (Xavier et al. 2010). The bioethanol produced from HSSL,
regarding the aforementioned fermentation results, may be estimated as high as 100 litters
per one ton of pulp (Evtuguin et al. 2010).

Biopolymers are also important value-added products that can be produced within a
biorefinery concept, being capable to replace fossil-fuels based polymers. Microbial mixed
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cultures (MMC) under aerobic dynamic feeding conditions (ADF) in HSSL, can utilize acetic
acid for polyhydroxyalkanoates (PHAs) production. PHAs are biodegradable plastics that
can be stored intracellularly by bacteria from renewable resources. A MMC culture was
selected in a SBR under ADF conditions using HSSL as substrate and was able to produce
37.7% of PHA per cell dry weight. The microorganisms were able to uptake the acetic acid
and also xylose and store them as PHA. Another polymer that was possible to produce from
HSSL is bacterial cellulose (BC). The majority of the cellulose available on earth is produced
by plants but some microorganisms such as algae, fungi and bacteria are also able to
produce an extra-cellular form of cellulose. Bacteria belonging to the genera
Gluconacetobacter, Sarcina or Agrobacterium are able to produce BC. BC is highly pure, since it
is not associated with hemicelluloses and lignin as in plants (Klemm et al. 2001). BC bears
also unique physical and mechanical properties that arise from its tridimensional and
branched nano and micro-fibrillar structure (Iguchi et al. 2000). Finally, BC shows
biocompatibility, being an excellent material for biomedical applications (Carreira et al.
2011). Carreira et al. (2011) using HSSL and Gluconacetobacter sacchari was able to produce
0.29 g.L1 of BC with a conversion ratio of 28% and yield of 105%. Although the production
of BC was low, when compared to the results obtained with pure compounds (2.70 g.L-1
with glucose) these preliminary results showed that it was possible to produce BC from this
kind of by-product (Carreira et al. 2011).

Even after all these bioprocesses, the remaining residues (biomass, sugars not consumed
and other compounds) still represent a large amount of carbon oxygen demand (>100
gCOD.L1). In this way, anaerobic digestion (AD) has shown great potential in using
renewable resources such as management residues. AD is a biological process by which
organic matter is transformed into methane and carbon dioxide in the absence of oxygen
(Mata-Alvarez et al. 2000). The digestion process begins with bacterial hydrolysis of the
input materials in order to break down insoluble organic polymers, such as carbohydrates,
and make them available for other bacteria. Then acidogenic bacteria convert sugars and
amino acids into carbon dioxide, hydrogen, and organic acids. These are then converted into
acetic acid, along with additional hydrogen, and carbon dioxide. Finally, methanogenic
microorganisms convert these products to methane and carbon dioxide (Mata-Alvarez et al.
2000). Preliminary results showed that with a MMC, volatile fatty acids (VFAs) like acetic,
proprionic and n-butiric acids, can be produced using HSSL after bioethanol production. A
yield of 0.15 mg COD.mg COD-! for the acetic acid was obtained using AD. Although AD in
HSSL is a research area in progress, acidification of HSSL and wastes from bioethanol
production is possible. Not only the remaining sugars but also other compounds present in
the HSSL were converted into VFAs.

SCP, bioethanol, PHAs, BC and VFAs are some of the value-added products that so far, can
be produced from HSSL the subproduct of acidic sulphite pulping process (Fig. 10).
Although yields were low for industrial implementation, most of these data are preliminary
results and would be useful to optimize the process and develop new strategies towards a
comprehensive utilization of by-products from sulphite pulp production thus fulfilling the
environmental concerns, improving the sustainability of pulp plant and contributing also
for the pulp mill profits. Optimization of all these processes is a necessary step for
improving productivity for the biorefinery implementation in the industrial process and the
commercial application of the value-added products.
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Fig. 10. Value-added products that can be produced using HSSL in the biorefinery concept
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