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Abstract

Bioethanol Production from Lignocellulosic Mategdlixtures Using
Recombinant Strains &accharomyces cerevisiae

The use of mixtures of lignocellulosic materialsais important contribution to the sustainability of
biorefineries since it may contribute to overcommbtems related with individual feedstock
availability, such as amount and seasonality. is Work, eucalyptus residues, wheat straw and olive
tree pruning were studied towards their potentig in bioethanol biorefineries. These materials,
largely available in the Southern Europe, can besidered complementary feedstock from the
seasonal point of view. Moreover, the deploymenligefocellulosic ethanol technology depends on
the full integration of the hemicellulosic fractiam the value-chain. Therefore, this work aims @t a
efficient conversion of both the cellulosic and themicellulosic fractions from lignocellulosic
materials mixtures into bioethanol through the mptation and integration of pretreatment, enzymatic
hydrolysis and fermentation stages under diffecamfigurations. Autohydrolysis has been studied as
pretreatment method. Response surface methodol@gy used to optimize glucose recovery by
enzymatic hydrolysis of the pretreated lignocebido materials. Finally, different fermentation
strategies for the conversion of glucose and xylesze studied using a recombinant xylose-
fermentingSaccharomyces cerevisiatrain. The feasibility of converting mixtures @jrocellulosic
materials into bioethanol was demonstrated anddiidy is expected to contribute to its industrial

implementation for second-generation (2G) bioethanaduction.

Keywords

Bioethanol, xylose-fermentin§accharomyces cerevisjanzymatic hydrolysis, hydrothermal

treatment, mixtures of lignocellulosic materials.
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Resumo

Producéo de Bioetanol a partir de Misturas de N&itekenhocelulésicos
usando Estirpes RecombinantesSaecharomyces cerevisiae

O uso de misturas de materiais lenhocelulésicanaimportante contribuicdo para a sustentabilidade
das biorrefinarias, uma vez que pode minimizar lerobs de disponibilidade de matéria-prima, como
gquantidade e sazonalidade. Neste trabalho, forandasos residuos de eucalipto, palha de trigo e
podas de oliveira para utilizacdo em biorrefinarikes bioetanol lenhoceluldsico. Estes materiais,
amplamente disponiveis no Sul da Europa, poderoosesiderados complementares do ponto de vista
sazonal. A implantacdo da tecnologia de etanoldeglulésico depende da integracdo da fracao
hemicelulésica na cadeia de valor. Assim, estealh@bvisa a conversdo eficiente das fragcbes
celulésica e hemicelulésica de misturas de masedenhocelulésicos em bioetanol, através da
otimizacdo e integracdo das etapas de pré-trataméidrolise enzimética e fermentacdo em
diferentes configuragdes. A auto-hidrolise foi dstla como método de pré-tratamento. Foi utilizada
metodologia de superficie de resposta para otinsizacuperagéo de glucose por hidrélise enziméatica
dos materiais lenhocelulésicos pré-tratados. Fieatey foram estudadas diferentes estratégias de
fermentagéo, para a conversao de glucose e xilsaado uma estirpe @accharomyces cerevisiae
recombinante fermentadora de xilose. Foi demorsteadiabilidade de conversdo de misturas de
materiais lenhocelulésicos em bioetanol e pretesedgue este estudo contribua para a implementacéo

industrial do bioetanol de segunda geracao (2G).

Palavras-chave

Bioetanol, hidrélise enzimética, misturas de matsrienhocelulésicosSaccharomyces cerevisiae
fermentadora de xilose, tratamento hidrotérmico.
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Thesis structure

This thesis comprises five Chapters whose contastslescribed below.

Chapter | contains a general introduction and provides iif@rimation considered essential to
allow an understanding of the experimental worlsengéed in the following chapters. In this Chapter
is discussed the importance of biofuels with a spaeamphasis for 2G bioethanol. It also contains
information about the feedstock materials usedHerproduction of this biofuel with particular fecu
on eucalyptus residues, wheat straw and olive preming, which are abundant lignocellulosic
materials in Southern Europe countries. The mapssfor 2G bioethanol production, pretreatment,
enzymatic hydrolysis and fermentation are also udised. Finally, this Chapter describes the
technological challenges of 2G bioethanol biorefes and the innovation of this work, including th
use of mixtures of lignocellulosic materials and fitoposed objectives in this thesis.

The following three Chapters (ll, Ill and 1V) repdhe experimental work developed, each
chapter focusing in one of the main steps of 2@&thianol production from lignocellulosic materials:

pretreatment, enzymatic hydrolysis and fermentation

Chapter Il refers to the pretreatment process of lignocdiclmaterials and it is divided into
two parts (A and B). Part A describes an integrateategy for total sugar recovery from eucalyptus
residues, wheat straw and olive tree pruning ifoeefinery framework. The autohydrolysis profile of
each feedstock was performed in order to undersiadividual properties and their potential
contribution in mixtures. The conditions of posdhglysis of the liquid fraction from autohydrolysis
were optimized aiming maximal monosaccharides regovThe solid fraction obtained from
autohydrolysis was subject to enzymatic hydrolysiassess digestibility of pretreated materiale Th
integrated biorefining strategy thus combine autioblysis, post-hydrolysis and enzymatic hydrolysis
of individual feedstocks for maximal monossachaidecovery. Moreover, the mixture of
lignocellulosic materials is preliminarily discuslse face of the results obtained with each indreid
feedstock. In part B, the processing of biomasgunes containing eucalyptus residues (ER), wheat
straw (WS) and olive tree pruning (OP) in differ@nbportion (ER:WS:OP; 50:25:25; 25:50:25 and
25:25:50, represented by 50ER, 50WS and 500P, ctagply) is presented. The liquid and solid
fraction recovered after autohydrolysis was charartd and the results are discussed based on the
composition of the individual feedstock. The resultere evaluated within a broad severity factor
(Log Ry) range and an empirical model was used to optithieepretreatment conditions for maximal
saccharides recovery based on the chemical cheratieen of the liquid fraction. The post-hydrolgsi
condition optimized in part A was applied to obttie maximal saccharides recovery from feedstock
mixtures. The similarity between the compositiontlod mixtures represented by 50ER, 50WS and

500P and the advantages of their use in multi-teelldiorefineries are discussed.
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In Chapter 1l , the enzymatic hydrolysis of the solid fractioneafcalyptus residues, wheat
straw or olive tree pruning obtained from hydrothal pretreatment is studied and statistically
analysed for maximal glucose recovery. The emplostegtegy aimed the use of hydrolysis yields
with individual feedstock to predict the results foixtures. Central Composite Face Centred (CCFC)
was used for experimental design with pretreatntemiperature (210-230°C), enzyme dosage (0.25-
0.75 9/gQoig9 (Celluclast 1.5L and Novozyme 188 cocktail) amtidsloading (5-20% wi/v) as the
independent variables studied. The target of tiuidyswas to optimize the glucose concentration and
yield from the solid fraction of pretreated matkyiaThe developed models for each individual
feedstock were used to provide results for diffek@mbinations of feedstock mixtures. The use of
statistical modelling to optimize enzymatic hydsiy of individual feedstock and their mixtures is

discussed.

Chapter IV integrates fermentation with the results obtaifdoretreatment and enzymatic
hydrolysis (Chapters Il and Ill). The study perfeanon this Chapter focus on upgrading the
cellulosic and hemicellulosic fractions of ligndeédsic mixtures (50ER, 50WS and 500P), at high
solid loading (20% wi/v), into 2G bioethanol. Thelidoand liquid fractions recovered after the
autohydrolysis were subjected to simultaneous saifitation and co-fermantation (SSCF) and
separated hydrolysis and co-fermentation (SHCFhgudhe recombinant yeastaccharomyces
cerevisiaeBH42, and the results were compared with thosaidd with the liquid fraction replaced
by chemically defined liquid medium containing xs#0 The process configurations are compared and
discussed. The effect of potential inhibitors omyenatic hydrolysis and yeast performances is also
discussed in face of results obtained. Finally fé@sibility of the overall process for the convensof
different mixtures of ER, WS and OP into 2G bioeithias discussed.

In the final Chapter (V) a general discussion is presented focusing inutiization of
feedstock mixtures as an attractive solution for l@Gethanol biorefineries in regions of limited
biomass availability. Finally, a perspective fortuitt work is presented based on unanswered
questions and on the novel contributions given kg thesis, towards the propagation of 2G

bioethanol biorefineries based on mixtures of lggitmlosic materials.
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CHAPTER
1

GENERAL |INTRODUCTION






1.1 The importance of biofuels

The climate change, caused by the increasing goesehgases (GHG) emissions, the
depletion of fossil fuel reserves and the secusityenergy supply are nowadays among the most
critical societal concerns in the fields of envimemt and energy. Apart from the need of increasing
energy savings and energy efficiency, the useratee fuels is mandatory to replace part the
consumption of fossil fuels. In this sense biofuelve been proposed as attractive alternative to
petroleum-based fuels. They are based on biomdsshws abundant and, in many cases, untapped,
making it a renewable and environmentally frienfdigl (Balat, 2011; Cardoso et al., 2012; Demirbas,
2009; Sarkar et al., 2012).

The use of biofuels can contribute to the mitigatid GHG emissions, improving air quality,
provide a clean and therefore sustainable energycspand boost rural economies. Large-scale
production of biofuels offers an opportunity forrteen developing countries to reduce their
dependence on oil imports and to co-produce foous faels. In developed countries there is a
growing trend towards employing modern technologied efficient bioenergy conversion using a
range of biofuels, which are becoming cost-wise petitive with fossil fuels (Balat, 2011; Demirbas,
2007). The required sources are geographically reeealy distributed than the fossil fuels; thug th
sources of energy will, to a larger extent, be dstineand provide security of supply (Hahn-Hagerdal
et al., 2006; Petrova and Ilvanova, 2010).

1.1.1 Biofuels in the transportation sector

Renewable liquid biofuels for transportation hageently attracted huge attention worldwide
despite its large production and consumption ineaountries like Brazil and USA. The special
attention given to transport, has been due to dhgelenergy consumption and significant pollution
generated by this sector. Today, the transporta@mior worldwide is almost entirely dependent on
petroleum-based fuels and has been responsibléOdr of the world oil consumption (Tsita and
Pilavachi, 2013). In 2008 the transportation seetocounted for about 22% of total world £0
emissions (Atabani et al., 2011). The world vehidleet is estimated to grow about 1.6 billion anit
in the next 15 years (Pielke, 2013) and this growilh affect the stability of ecosystems and global
climate as well as global oil reserves.

Thus, many countries have implemented or are impheimg programs for ethanol blending
in gasoline. Moreover, many countries also havensgtonal biofuels targets and are providing
incentives and supports to accelerate the growhiognergy industry.

In the European Union (EU), in response to intemedtiofuels, in 2003 the policy makers
enacted the Directive on Renewable Energy (2008GP/which established the non-mandatory
incorporation of 5.75% biofuels by 2010 in the sport sector, with an interim target of 2% by 2005.
Later this has been superseded by Directive in Z0009/28/EC) which set a new mandatory target

of 10% to be met with renewable sources by 2026 diective lays down sustainability criteria for



biofuels used to meet the target, including minimBRG savings, exclusion of certain land types and
assessment of impact of biofuel on food and sassales; it allows double counting of biofuels from
wastes, residues and lignocellulosic materialgHerpurposes of meeting the target and incentives t
electric vehicles powered from renewable sourceg/{B et al., 2010).

In the short term, biofuels are the only renewabt®urces that can address the transportation

sector’s heavy dependence on oil without replatiegvehicle fleet (Yue et al., 2014).

1.2 Bioethanol: The renewable fuel most used worldwidan
transport

Bioethanol is the most used liquid biofuel for spartation worldwide either as a fuel or as a
gasoline enhancer (additive) and have been se¢heasnly possible option, in the short term, to
partially replace the consumption of fossil fuatsthe transport sector (Balat, 2009; Balat, 2011,
Petrova and Ivanova, 2010). A significant decrems&HG emission can be obtained with the
bioethanol production and use on a life-cycle b@alang et al., 2007; Niven, 2005). Its low freezing
point makes it suitable for use in cold climated aan be applied directly, as a replacer or adslitiv
in the form of partially renewable ETBE (ethyl tary butyl ether), which is an octane enhancer used
in fuel blends currently produced by chemical sgsth from oil-derivatives. It can be blended with
gasoline in any combination, and it is currentlpyed as a 5% or 10-20% blend for all vehicles (in
Europe or USA and Brazil, respectively) and as &Po&lend or 100% (hydrated) for flex-fuel
vehicles.

The use of bioethanol has some advantages. Fiitdtigs a higher oxygen content that implies
a less amount of additive required to enhanceabe bf octanes. The increased percentage of oxygen
allows a better oxidation of the gasoline hydrooagwith the consequent reduction in the emission
of CO and aromatic compounds. Moreover, bioethhaslhigher octane booster properties than some
additives (e.g. MTBE), is not toxic and does nohteminate water sources (Song et al., 2006).
Bioethanol flammaubility in air is also much lowéian that of gasoline, which reduces the number and
severity of vehicle fires (Dodic et al., 2009).

Bioethanol has already been introduced on a latgke $n Brazil, in USA and can be one of
the dominating renewable biofuels in the transgerdtor in European countries. This biofuel can be
produced from different kinds of raw materials. eatly commercialized bioethanol, mainly in the
USA and Brazil, is the so-called first-generatidiG], based on food crops. This technology uses
sucrose or starch-containing materials (Balat, 2084nchez and Cardona, 2008). Sugars, from
sugarcane, sugar beets and sweet sorgum molasske daectly fermented to bioethanol (Foteinis et
al., 2011; Wang et al., 2014). Starches, from catmeat, cassava or other cereal must be hydrolyzed
to fermentable sugars by the action of enzymes prifermentation into bioethanol (Lin and Tanaka,
2006; Patni et al., 2013; Shanavas et al., 201k &tual., 2014). Alternatively, the production of

bioethanol from lignocellulosic materials has bgeoposed (Christakopoulos et al., 1989; Tran and



Chambers, 1986; Wyman et al., 1992). The use ckth@w materials is an alternative to ethanol 1G,

and is considered second-generation biofuel tecgyd2G).

1.2.1 The production of 2G bioethanol

Although the 1G technology is very well establishétwe 2G technology has attracted great
interest worldwide. The raw material required f@ Rioethanol production, lignocellulosic materials,
is abundant and less expensive than conventiomiguétgral feedstock (grain), furthermore, the pric
of the raw materials used on 1G technology is dlghly volatile, which can highly affect the
production costs of bioethanol (Sims et al., 2008).

Biomass-to-bioethanol conversion technologies camlassified into two categories, namely
thermochemical and biochemical (Balat et al., 208@jst et al., 2009; Yue et al., 2014). There are
two bioethanol production processes that curreaiploy thermochemical reactions. The first system
is actually a hybrid thermochemical and biologicaystem. Biomass materials are first
thermochemically gasified and the synthesis gamikaure of hydrogen and carbon oxides) bubbled
through specially designed fermenters. A microoigyanthat is capable of converting the synthesis
gas into ethanol is used under specific processlitons. The second thermochemical bioethanol
production process does not use any microorganigmghis process, biomass materials are first
thermochemically gasified and the synthesis gasqohthrough a reactor containing catalysts, which
cause the gas to be converted into ethanol (Badt,2008; Caraballo, 2005).

The major biochemical conversion processes includéreatment, hydrolysis, fermentation
and distillation. During pretreatment, biomass male undergo a physical or chemical process
(thermochemical) to fractionate the lignocellulosmmplex into soluble and insoluble components.
Soluble components include mixtures of five- andcsirbon sugars and some oligomers. Insoluble
components include cellulosic polymers, large ohgos and lignin. In hydrolysis, the pretreated
material, primarily cellulose, is guided through chemical reaction that releases the readily
fermentable sugar, glucose. This step is usualtpraplished with enzymes or acids. The sugars are
then fermented to produce ethanol and,@®salat 2011). The biochemical approach has been
attractive background and the target of severalistu(Detroy et al., 1981; Hahn-Hagerdal et al.,
2006; Martin and Thomsen, 2007; Saha et al., 2089eh et al., 2014; van Zyl et al., 1988).

1.3 Feedstock: lignocellulosic biomass

Lignocellulosic biomass has been considered thet rattsactive feedstock for ethanol
production, since lignocellulose it is the most redant biopolymer on Earth and very rich in
saccharides (Lin and Tanaka, 2006; Sanchez ando@ard®008). These materials are renewable,
abundantly available and widely distributed, beesjgeted to be one of the main resources for cost-
competitive and sustainable bioethanol productiomgyem and Ricke, 2012; Sanchez and Cardona,

2008; Sarkar et al., 2012). Biomass is unique anmmengwable energy sources in that it can be easily



stored until needed and provides a liquid fuelralive for use in today’s transportation system,
besides their potential use for the production dfers bio-based products (Demirbas, 2009;
FitzPatrick et al., 2010; Ghatak, 2011).

In fact, lignocellulosic materials represent a piing option as a feedstock for bioethanol
production. These materials can be classified ougs based on type of resource: agricultural and
forestry biomass, dedicated energy crops, agrosin@dll residues and municipal solid wastes.
Lignocellulosic biomass is composed mainly of plaatl walls, with the structural carbohydrates,
cellulose and hemicelluloses and heterogeneousopbgrolymer lignin as its primary components
(Sjostrom, 1993). However, their proportions vampstantially, depending on the type, the species,
and the source of the biomass (Saini, et al., 28[i&trom, 1993).

Cellulose, the main constituent of the plant calllwis a polysaccharide composed of linear
glucan chains linked together Byl,4-glycosidic bonds with cellobiose residueshasrepeating unit
at different degrees of polymerization. The cebalachains are packed into microfibrils which are
stabilized by hydrogen bonds. These fibrils areachitd to each other by hemicelluloses and
amorphous polymers of different sugars as well theropolymers such as pectin and covered by
lignin. The cellulose microfibrils which are presen the hemicellulose-lignin matrix are often
associated in the form of bundles or macrofibilydrogen bonding within a cellulose microfibril
determines ‘straightness’ of the chain but intesithhydrogen bonds might introduce order
(crystalline) or disorder (amorphous) into the ctiiwe of the cellulose (Arantes and Saddler, 2010;
Wyman et al., 2004; Yang et al., 2011).

Hemicelluloses are the second most abundant polamerdiffer from cellulose in that they
are not chemically homogeneous. Hemicellulosesearched, heterogeneous polymers of pentoses
(xylose, arabinose), hexoses (mannose, glucosactgaé) and acetylated sugars. They have lower
molecular weight compared to cellulose and branchi#h short lateral chains that are easily
hydrolysed. Hemicelluloses differ in composition,agricultural biomass, like straws and grasses are
composed mainly of xylan, while softwood hemicelkds contain mainly glucomannan. In many
plants, xylans are heteropolysaccharides with ba&lrhains of 1,4-linkefl-D-xylopyranose units.

In addition to xylose, xylan may contain arabinogleicuronic acid, or its 4-O-methyl ether, acetic
acid, ferulic andp-coumaric acids. Hemicelluloses are bound via hyeinobonds to the cellulose
microfibrils in the plant cell wall, crosslinkindghém into a robust network. Hemicelluloses are also
covalently attached to lignin, forming together twitellulose to form a highly complex structure
(Girio et al., 2010; Wyman et al., 2004).

Lignin is a very complex molecule constructed okeipyipropane units linked in a three
dimensional structure which is particularly difficto biodegrade. It is the most abundant aromatic
heterogeneous polymer formed by phenolic compouwantt$ their precursors are three aromatic
alcohols namely, (1p-coumaryl, (2) coniferyl and (3) sinapyl alcoholghich are bonded together
with over two-third being ether bonds (C—O-C) ahé test being C—C bonds. The respective
aromatic constituents in the polymer are calleddpbyyyphenyl (H), guaiacyl (G) and syringyl (S), the



structure of lignin. Lignin is the most recalcittamomponent of the plant cell wall, and the higtier
proportion of lignin, the higher the resistancecttemical and enzymatic degradation. Generally,
softwoods contain more lignin than hardwoods andstnad the agriculture residues. There are
chemical bonds between lignin and hemicellulose eareh cellulose. Lignin is one of the drawbacks
of using lignocellulosic materials in fermentati@s, it makes lignocellulose resistant to chemiadl a
biological degradation (Rowell, 2013; Sjostrom, 3p9

Fig 1.1 shows the lignocellulosic material struetun general plant cell walls are subdivided
as primary (PW) and secondary (SW) walls. The ihistion of cellulose, hemicellulose and lignin
varies considerably among these layers. The seppndal is composed of SW1, SW2 and SW3
where SW2 is usually thicker than the others andatns the major portion of cellulose. The middle

lamella, which binds the adjacent cells, is alneydirely composed of lignin.
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Figure 1.1 Distribution of cellulose, hemicellulosand lignin in the plant cell wall.
Adapted from Menon and Rao, 2012.

The bioethanol yield from biomass, is directly teth to cellulose, hemicellulose, and
individual sugar concentration in the feedstocknikand Dale, 2004). The composition of some
lignocellulosic feedstocks with potencial use in 2iGethanol production is shown in the Table 1.1.

Among the lignocellulosic feedstocks employed f@ Bioethanol production, agricultural
and forestry residues have been highlighted, deegthantitative availability comparing the others
lignocellulosic biomass (Perlack, et al., 2005n&at al., 2014). In addition, application of rasd in
bioprocesses instead of the dedicated crops isnéatyeous because it has low cost and not only

provides alternative substrates but also helpslte@gheir disposal problem.



Table 1.1 Composition of several lignocellulosic nterials.

(% dry weight)

Feedstock

Cellulose Hemicellulose Lignin
Barley straw 34.3 23 13.3
Corn cob 36.75 29.98 23.13
Corn stover 37 31.3 17.8
Corn straw 42.1 32.6 17.5
Eucalyptus thinnings 42.2-45.8 23.8-25.5 24.36-27
Olive stone 28.1-40.4 18.8-32.2 25.3-27.2
Olive tree pruning 26.1-36.6 20-25 17.9-27.7
Pine 32.09 14.22 31.15
Rapessed straw 36.59 27.76 1.58
Rice husk 42.2 18.47 19.4
Rice straw 32-47 19-27 5-24
Sorghum bagasse 42.6 25.2 13.4
Sugarcane bagasse 47.5 20 30
Wheat bran 26 33 4
Wheat straw 33-40 20-25 15-20

Banerjee et al., 2009; Cotana et al., 2014; Diat. €2010; Irbe et al., 2014; Mclintosh et al., 20#dniz
et al., 2013; Ortiz and Oliveira Jr., 2014; Ranjamd &Moholkar, 2013; Romero-Garcia et al., 2014;
Sanchez et al., 2013; Saha and Cotta, 2010; Satha 2013; Saini et al., 2013; Talebnia et al.,®201

1.4 Second-generation bioethanol production in Southern
Europe: Identifying lignocellulosic materials for use as
feedstock

Countries geographically considered part of Soutlgrope are divided in three regions:

- Southwestern Europe (Iberian peninsula): AndoribardBar, Portugal and Spain

- Southcentral Europe (ltalian Peninsula): Italy, $&rino and Vatican City

- Southeastern Europe (Balkan Peninsula): AlbanianBoand Herzegovina, Bulgaria, Croatia,
Greece, Kosovo, Macedonia, Montenegro, Romanii&geSlovenia and Turkey

- Island countries: Cyprus and Malta.

This region has a great potential in the 2G biaetharoduction (Faraco and Hadar, 2011).
Wheat straw is one of the feedstock with major piidd use in the industrial production for 2G
bioethanol worldwide and is widely available in tBeuthern Europe (Talebnia et al., 2010). In
addition of this feedstock, eucalyptus residuesdaive tree pruning also available in this regiavé
been the aim of several studies to 2G bioetharadymtion (Cara et al., 2008; Mcintosh et al., 2012;
Negro et al., 2014). The chemical composition awdilability of these residues in the Southern
Europe have turned these feedstocks very attrafdiviis purpose. Furthermore the complementary
seasonality between eucalyptus residues, wheat aind olive tree pruning is other fact that become

attractive the use of these three feedstocks ibi@d€hanol production. ER is available throughduet t
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year, WS is available in late spring and early semand PO is available in winter and early spring,
which further potentiates their use in a multi-fetedk biorefinery under continuous operation

throughout the year. Moreover, these materials lasdeev commercial value. For all those reasons the
use of eucalyptus residues, wheat straw and aleeeruning for 2G bioethanol production can be a

sustainable alternative in the Southern Europephacement to fossil fuels.

1.4.1 Eucalyptus residues

Eucalyptus species are the main wood source fopribguction of pulp and paper in Southern
Europe. It is usually managed in short rotatior®12-year long). In the pulp-value chain, only 50-
60% of the woody biomass is utilized in the pulpgass (Rockwood et al., 2008). The remaining
lignocellulosic material, including branches anavies, together with bark and wood shaving rejects,
are considered wastes or by-products of this imgust

The chemical composition of eucalyptus residuesldcalightly differ depending on the
specie, harvesting period and to the heterogerditieedstock where the different proportions of
branches, leaves and bark are present. Cellulasajchllulose and lignin content in eucalyptus
residues was observed in the range 36-40; 18-22620 (w/w), respectively (Canettieri et al., 2007;
Mcintosh et al., 2012).

Eucalyptus residues can be considered an attractiea-seasonable and inexpensive
renewable raw material for 2G bioethanol productite chemical composition with the potential to
obtain sugars suggests the biochemical route aBtaresting approach. Usually the eucalyptus
residues can be have been used to produce bioemsggdyin the pulping process (Gavrilescu, 2008).

According to Instituto Nacional de Estatistica/ingd Florestal Nacional - INE/IFN (2013),
in Portugal the eucalyptuggcalyptus globuluslominated by species) is the main occupation ®f th
continent in forest area (812,000 ha). The annuealgptus productivity in Portugal is approx. 12
ton/ha and in accordance with Campilho (2006),a¥a&lability of eucalyptus residues in Portugal is
estimated in 1.1xfon. The Estratégia Florestal Nacional (ICNF, 2Q8®poses the enhancement of

forest biomass including innovative approachesoalyction of biomass/biofuels).

1.4.2 Wheat straw

An important crop grown in the Southern Europe iseat. It is an annual, rain-fed crop
cultivated predominantly in winter, planted in antuand harvested in later spring/early summer. This
crop have a potential of generate a very large ainofi residues, it is estimated that the straw
production ratio is 1.3 ton per ton of wheat grdiden and Dale, 2004).

The overall chemical composition of wheat straw sightly differ depending on wheat
species, soil, and climate conditions. Celluloganitellulose and lignin content of wheat strawiare
the range of 33—40, 20-25, and 15-20% (w/w), rasmdg (Talebnia et al., 2010).



Wheat straw is a residue that presents many itilegesharacteristics that facilitate its
upgrade for 2G bioethanol production. It is richpalysaccharides, is an herbaceous crop of soft
material that can be transported in relatively hdgimsity form and typically has a low water content
that enables its easy storage. In many countrieeatstraw is considered to be the crop residue tha
presents the highest potential for the productio2® bioethanol (Talebnia et al., 2010). This rasid
has been used mostly for low value applicationsrsag mulch (Bilalis et al., 2003), animal-feed
(Kumar and Gomes, 2008), bedding (Ward et al., @0 also for energy and pulp production
(Thomsen et al., 2006).

In accordance with Direcdo Geral de AlimentacaoeteXnéria - DGAV (2014), in Portugal
is cultivated the durum whedTriticum durum Desf,)common whea{Triticum aestivum L.jand
hybrid (Triticosecale Wittm. ex A. Camus)According to Instituto Nacional de EstatisticANE
(2013), in 2012 it was cultivated 54,593 ha of wtiedhe country, being produced 58,990 ton of this

cereal, with a potential to generate more thanI6ton of straw.

1.4.3 Olive tree pruning

Olive tree is a characteristic crop in Mediterranetimate. Olive groves are found throughout
whole this region, where they are one of the mugtortant agricultural waste crop. Almost all the
9.98 million hectares of olive tree cultured in tlerldwide surface are grown in the Mediterranean
Sea basin (Romero-Garcia et al., 2014). Such g¢eapsgre pruning in interval of 1 or 2 years, having
a potential to generate a large amount of residdes rule, the pruning must be performed, when the
vegetative activity of the olive is minimum, i.einter and early spring. According Romero-Garcia et
al., (2014), this procedure can generate the elgunvéo approx. 1.5 ton biomass (olive tree prujing
per hectare. These residues are constituted bgdemnd thin and thick branches.

Cellulose, hemicellulose, lignin content and exixa&ccontent from OP biomass are in the
range of 26.1-36.6; 20.0-25.0; 17.9—-27.7 and 14.898 (w/w), respectively (Romero-Garcia et al.,
2014).

So far, the management of pruning residue has giyeepresented a disposal problem,
rather than an opportunity for additional revenBeuning residue is either mulched or piled and
burned, at a cost estimated to about 100 and 2604a respectively (Spinelli and Picchi, 2010).
Nonetheless have been proposed the use of oligeptiming to 2G bioethanol production, not only
due to the availability and its rich polysacchar@emposition, but also due to its special featdre o
presenting high glucose content in the extractiesslited from non-structural glucans present imeol
leaves (Romero-Garcia et al., 2010).

The olive is a crop with great traditions and dieeismportance in vast areas of Portugal. Its
culture has a significant economic and social mdee in many regions and populations. The culture
of the olive grove is distributed by all agriculiiregions of the continent, being the Galicianetsr
the most representative. According to Estatistiagrdcolas - EA (2011), 335.841 ha of olive trees ar

distributed by the country, having a potential émgrate more than 5.0xX1@ns of olive tree pruning.
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1.5 Steps to 2G bioethanol production by biochemical gpoach

Biochemical conversion of lignocellulosic materittisough saccharification and fermentation
is a major pathway for bioethanol production frofonass. The basic process steps in bioethanol
production from lignocellulosic materials are: peatment, hydrolysis, fermentation and product
upgrading and recovery (Balat, 2011).

During pretreatment, the biomass undergoes a phgis@mical and/or biological process to
reduce the connections between the componentseolighocellulosic structure, resulting in the
majority of cases in the hydrolysis of hemicelldd€arvalheiro, et al., 2008). This process alltves
improvement of biomass deconstruction during thetqrior hydrolysis step (Gharpuray et al., 1983;
Grethlein, 1984; Wyman, et al., 2004, Zakaria et a014). A hydrolysate conditioning and/or
neutralization process can be used to adjust thef@nd purify the pretreated material. In hydradys
the pretreated material, primarily cellulose, isdgd through a chemical reaction that releases the
readily fermentable sugar, glucose (Wyman et &042. This step is usually accomplished with
enzymes although can be used acids (strong ante)dilGoldstein, 1983; Kassim and El-Shahed,
1986; Yang et al., 2011). In fermentation, the nmmmnhmon approach is to introduce a fermenting
microorganism into hydrolysates sugar-rich. Theppee of the final step, product upgrading and
recovery, is to separate the fuel from the wated essidual solids, to reach >99% purity for
bioethanol, which could involve mainly distillati@mnd dehydration (Balat, 2011).

Fig. 1.2 shows the schematic of the production®biethanol by biochemical approach.
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Figure 1.2 Schematic representation of process stepnd its integration for 2G bioethanol
production by biochemical routes (Girio et al., 20Q).

Although the 2G technology is very attractive, st nvell established yet, as some of its

processes require significant improvements, indgdihe efficient deconstruction of biomass
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(pretreatment and hydrolysis) to maximize the mdeaf fermentable sugars and the effective
fermentation of pentoses to maximize fermentatimtgss efficiency, i.e. to maximize ethanol yield
from total carbohydrates, improving the economicthe process (Alvira et al., 2010; Hahn-H&agerdal
et al., 2006; Koppram et al., 2014).

1.6 Deconstruction of lignocellulosic biomass

The recalcitrance of lignocellulose is one of treanbarriers to the economical production of
bioethanol. The technical approach to overcomeleitiGmce has been pretreatment of lignocellulosic
biomass to remove the rigid structure composed délpilose, hemicellulose and lignin, and make
cellulose more accessible to hydrolytic enzymesatd® its conversion to glucose (Alvira et al.,
2010). If the pretreatment is not efficient enouph resultant residue is not easily hydrolysed by
cellulolytic enzymes and if it is too severe, résiuh the production of toxic compounds which inhib
microbial metabolism (Alvira et al., 2010; Banerggeal., 2010; Mood et al., 2013). The quantity and
composition of the sugars stream released depentherfeedstock used and the pretreatment

technology employed.

1.6.1 Pretreatment of lignocellulosic biomass

One the main processing challenge in the bioetharaaluction from lignocellulosic biomass
is the feedstock pretreatment. Studies have shbatrptetreatment is the most significant determinan
of success of the cellulosic bioethanol technologgause it defines the extent to and cost at whieh
carbohydrates of cellulose and hemicellulose carcdeverted to bioethanol (Alvira et al., 2010;
Banerjee et al., 2010; Kumar et al., 2009). Thedagllulosic material is made up of a matrix of
cellulose and lignin bound by hemicellulose chaibaring the pretreatment, this matrix should be
broken in order to reduce the crystallinity degefethe cellulose and increase the fraction of
amorphous cellulose, the most suitable form foryeratic attack beyond of increase the porosity of
the materials (Alvira et al., 2010; Wyman et a002).

Goals of an effective pretreatment process arendtion of sugars directly or subsequently by
hydrolysis; to avoid loss and/ or degradation ofjasa formed; to limit formation of inhibitory
products; to reduce energy demands and to miniougées (Alvira et al., 2010; Banerjee, et al., 2010;
Kumar et al., 2009).

For bioethanol production, hemicelluloses are comiynoeemoved during the initial stage of
biomass processing aiming to reduce structuraltcainss for further enzymatic cellulose hydrolysis
(Alvira et al., 2010). The main process optionstfe selective fractionation of hemicelluloses from
biomass include the use of acids, water (liquidstgam), organic solvents and alkaline agents
(Hendriks et al., 2009; Kumar et al., 2009; Moodlet2013). The latter two are not selective talsar
hemicellulose as they also remove lignin. Acid/wigteam pretreatments are the most commonly

applied technologies vyielding a selective solubilen of hemicelluloses and producing
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hemicellulose-rich liquids totally or partially hyalysed to oligomeric and monomeric sugars and
cellulose-enriched solids for further bioprocess{@arvalheiro et al., 2008). Thus, only the acid
pretreatment (concentrated or dilute) and hydrotlagrpretreatment (autohydrolysis and steam
explosion) will be presented in more detail. Othmetreatments are summarized in the Table 1.2 and

shortly presented with their main advantages asaddiantages.

Acid treatment

Generally, acid pretreatments employ the use dbsalacid although nitric, phosphoric or
hydrochloric acids are also employed to remove heliilose components and expose cellulose for
enzymatic digestion (Carvalheiro et al., 2008).sTirietreatment method gives high reaction rates and
significantly improves cellulose hydrolysis. Theicapretreatment can operate either under a low
temperature and high acid concentration (concesttratid pretreatment) or under a high temperature
and low acid concentration (dilute acid pretreatthen

Concentrated acids, beyond the hydrolysis of thmitellulosic fraction, are powerful agents
for cellulose hydrolysis. The acid concentratioedién concentrated acid hydrolysis process isén th
range of 10-30%. Reaction times are typically ofL28, which are much longer than for dilute acid
process due to the lower temperature employed (hiackeet al., 2005). Concentrated acid-based
processes are very expensive and cause signitbigemational problems. Acid recovery is a key step
for economic viability of concentrated acid pretreant (Goldstein et al., 1983).

Hydrolysis with dilute acid has been successfullyaloped given that high reaction rates can
be achieved, also improving significantly the swjusmt process of cellulose hydrolysis. Usually,
diluted acids are added to biomass at concentsatiprto 4% (w/w), followed by constant mixing at
temperatures between 130 and Z1@Menon and Rao, 2012). Depending on the conditimithe
pretreatment, the hydrolysis of the sugars colkd feom a few minutes to hours.

There are primarily two types of dilute acid pratreent processes: low solids loading, 5—
10% (w/w), high temperature (T>18D), continuous-flow processes; and, high solidslitog, 10—
40% (w/w), lower temperature (T<18D), batch processes. In general, higher pretreatmen
temperatures and shorter reactor residence tinsedt i@ higher soluble xylose recovery yields and
enzymatic cellulose digestibility. Depending on gubstrate and the conditions used, between 80%
and 95% of the hemicellulosic sugars can be reeovéry dilute acid pretreatment from the
lignocellulosic material (Balat, 2011).

Although the dilute acid hydrolysis is usually apdito liberate the hemicellulosic sugars, it
can also be used to cellulose hydrolysis. For that,stages are necessary: the first stage is noestb
at low temperature to maximize the yield of hentideke hydrolysis; and the second stage, at higher
temperature, to optimized the hydrolysis of théubete portion of the feedstock (Balat et al., 2011

While acid hydrolysis is an efficient process fioe thydrolysis of hemicelluloses and recovery
of xylose and other hemicellulosic sugars, it altBgnin structure, presents high cost, generates

corrosion of the equipment and forms toxic compaufat the fermentation process (Kumar et al.,
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2009). As consequence of this method, acidic pdrdlysates must be neutralized before the sugars

proceed to fermentation.

Steam explosion

In the steam explosion method, lignocellulosic asmiis treated with high-pressure saturated
steam, and then pressure is swiftly reduced, wimitkes the materials undergo an explosive
decomposition. This method has been described @mranomechanochemical process where the
breakdown of structural components is aided by e#te form of steam (thermo), shear forces due
to the expansion of moisture (mechano), and hydi®Ipf glycosidic bonds (chemical) once it is
(self)-catalysed (e.g., by the biomass derivedi@eeid, and possibly by added catalysts) (Cannadhe
et al., 2008; Girio et al., 2010). More specifigabiomass particles are heated using pressurteadns
(20-50 bar, 160-270°C) for several seconds to arféemutes and then the pressure is released to
atmospheric pressure, condensed moisture evapaaatesdesagregation of lignocellulosic matrix
takes place (Mood et al., 2013). The forces rasyitiom decompression lead to a desagregation of
lignocellulosic matrix, breaking down inter- andtraamolecular linkages. Uncatalyzed steam
explosion refers to a pretreatment technique irciwhignocellulosic biomass is rapidly heated byhhig
pressure steam without addition of any chemicaklg 2011). Most steam treatments yield high
hemicellulose solubility (producing mainly oligosharides) along with slight lignin solubilisation
(Girio et al., 2010). However, the use of saturathm at too high pressure causes hemicellulose
degradation and lignin transformation (Kumam et 2010). To summarize, the effects of steam
explosion treatment on lignocellulosics are: (1gr@ases crystallinity of cellulose by promoting
crystallization of the amorphous portions; (2) hesflulose is easily hydrolyzed; (3) there is evicken
that steam explosion promotes delignification.

Studies without added catalyst report sugars re@s/detween 45% and 69% (Girio et al.,
2010). Addition of HSO, (or SQ) or CQG, (typically 0.3—3% (w/w)) in steam explosion carcamse
time and temperature, effectively improve hydraysieduces the formation of sugar degradation
products, and lead to complete removal of hemilmedkiincreasing maximum pentose vyield (Girio et
al., 2010). S@appears more appealing thagBy in steam explosion since the former requires much
less expensive reactors, generates less gypsuids yire xylose, and produces more digestible
substrate with high fermentability. The main draalbaf SQ is its high toxicity, which may pose
safety and health risks. However, S® used in various industrial processes using-eskblished
techniques (Balat, 2011).

Due to its lower capital investment and higher gpesfficiency, steam explosion is among
the very limited number of cost-effective pretreatitechnologies for pilot scale demonstration and

commercialized applications (Mood et al., 2013).
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Liquid hot water

One of the most promising methods for lignocelliddsomass pretreatment is the liquid hot
water process, which uses compressed liquid harnWptessure above saturation point) (Girio et al.,
2010). The processes with liquid water under higmperature and pressure are also called
hydrothermal treatment, hot compressed water (HC@Wrothermolysis, aquasolve process, aqueous
processing and pressure-cooking in water (Ruit €2@13). The operation temperatures usually range
between 150 and 230 and the reaction time may vary from seconds upotas, depending on the
temperature. Solids concentration, usually referasdthe liquid-to-solid ratio (LSR), may range
between 2 and 100 (w/w), although the most comnadnes are around 10 (Girio et al., 2010).

In this autohydrolysis process, where water isathlg reactive added to substrate, catalysts of
hydrolysis are in a first stage hydronium iong®9 coming from water auto-ionization that lead to
depolymerization of hemicelluloses by selective rojysis of both glycosidic linkages and acetyl
groups. In a second stage, hydronium ions comiog facetic acid also act as catalysts, improving
reaction kinetics. The contribution of hydroniunmsofrom acetic acid is higher than that from water
autoionization. Hydrolysis of uronic acids shouldsoca occur in first stages of treatment,
simultaneously with acetyl groups. Despite of theisistance to hydrolysis, uronic acids may also
contribute to formation of hydronium ions, but thedle in hydrolysis is still not completely
understood. In this process, acids resulting ftomrolysis of acetyl and uronic groups, originally
present in hemicelluloses, catalyze hydrolysisimd between hemicelluloses and lignin as well as
hydrolysis of carbohydrates (Carvalheiro et alQ&0

This pretreatment has been reported to have thenfalt to enhance cellulose digestibility,
sugar extraction, and pentose recovery, with theatage of producing pre-hydrolysates containing
little or no inhibitory effect on sugar fermentatiolt reduces the need for neutralization of liquid
streams and conditioning chemicals since acid isasdded (Menon and Rao, 2012). The mild pH and
lower corrosion of equipments are benefits of tmhahydrolysis (Carvalheiro et al., 2008). The main
drawback of this process when using the liquidastrefor fuel ethanol fermentation is that the

solubilized hemicellulose appears mainly in oligoiméorm (Girio et al., 2010).

Operating conditions of hydrothermal treatment

The most important operational variables of hydeatial processing include temperature,
residence time, particle size, moisture contertio(rigquid/solid) and pH (Ruiz et al., 2013). The
relationship between temperature and time stroimfilyences the physical-chemical characteristics of
lignocellulosic materials in hydrothermal procegsinThe hemicellulose-sugars degradation is
observed at higher temperatures and residence,tireesnore severe operational conditions lead to
losses of hemicellulosic sugars (Carvalheiro et24l09). For this reason, a strict control is reepli
for high temperature reactions due to thermal dégran. Several works showed that the products
(pentose yield) from hydrothermal processing ax®rfad at lower reaction temperatures and longer

residence times. Normally, when larger particlesiare used, heat transfer problems lead to over
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cooking of the exterior (with consequent formatimhinhibitors) and incomplete hydrolysis of the
interior. This problem can be overcome by redugagicle size as the first pretreatment step. This
size reduction process not only changes the parside and shape, but also increases bulk density,
improves flow properties, increases porosity, iases surface area and is usually required to make
material handling easier before hydrothermal preiogs The higher surface area increases the number
of contact points for chemical reaction. Howeveng tutilization of very small particles in
hydrothermal processing would not be desirable gbnoze the effectiveness of the process and
improve economy, due to the significant energy meguents of particle reduction process
(Ballesteros et al., 2000). According to Ruiz et @013), the use of blends with different paetisize
distributions has a selective influence over thgaswextraction: thus, the use of a blend with afin
percentages of the various particle sizes is recemded before carrying out a hydrothermal
processing. Moisture content and ratio liquid/salidy also greatly influence the ability of heat and
chemicals (HO") to penetrate lignocellulosic materials, causinguaeven treatment of material. An
uneven treatment can potentially result in the céizde degradation of the outer portion of the
lignocellulosic materials, while at the same tirhe interior is less affected by the treatment. The
moisture content has a dramatic effect on the &fficof the hydrothermal processing as a substantial
decrease in the amount of hemicellulose-deriveddatgmrates recovered in the water-soluble fraction
(Cutis et al., 2004). It is possible to obtain highucose, xylose, arabinose and acetic acid
concentrations by combining high temperatures witmedium-low treatment time and liquid/solid
ratio (Rodrigues et al., 2009). On the other hahd,formation of hydronium ions from water and
from organic acids is an important factor duringltothermal processing, since the lignocellulosic
materials and water mixture will reach high tempaes and pressures during the process. These high
temperatures and pressures will accelerate thecatadyzed hydrolysis of cellulose and hemicellalos
as well as the acid-catalyzed degradation of gli@sl xylose. Monitoring and control of the pH in
hydrothermal processing will maximize the solulation of the hemicellulose fraction as liquid
soluble oligosaccharides while minimizing hydroniions concentration and, more importantly, the
degradation of these oligosaccharides and monoaadel to degradation products (Ruiz et al.,
2013).

Effect of hydrothermal treatment on cellulose

Hydrothermal processing alters the structure diulmde promoting the enzyme accessibility
in the pretreated material increasing the potenfigkllulose saccharification. Due to solubilipatiof
the hemicellulose and/or lignin, physical chandes tmprove enzymatic saccharification include an
increase in pore size to enhance enzyme penetratidran increase in accessible area that has been
shown to correlate well with the susceptibility tbese substrates to enzyme saccharification using
hydrothermal processing as pretreatment. Degradafidghe cellulose after hydrothermal processing

can be observed at different temperatures (23@B(Ruiz et al., 2013).
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Table 1.2 Advantages, limitations and disadvantages several pretreatment processes for lignocellusic materials.

Pretreatment process

Advantages

Limitations and disadvantages

Acid hydrolysis

AFEX®

Alkaline hydrolysis

Biological

CO, explosion

lonic liquids

LHW?

Mechanical
Organosolv
Ozonolysis

Pulsed electrical field

Steam explosion

- Hemicellulose is hydrolysed tglose and other sugars and alters
lignin structure

- Increases accessible surface area; removes kg hemicellulose
to an extent and does not produce inhibitors fowrdstream
processes

- Removes hemicelluloses angniln and increases accessible
surface area

- Simple equipment; degrades lignin a@memicelluloses and low
energy requirements

- Increases accessible surface aretptfestive and does not cause
formation of inhibitory compounds

- Remove hemicellulose and ligninngeate amorphous and porous
cellulose

- Removal of hemicellulose; making enzymes acbésso cellulose
- Reduces cellulose crystallinity
- Hydrolyzes lignin and hemicelluloses
- Reduces lignin content and does radyose toxic residues
- Ambient conditions andrdpts plant cells

- Causes hemicellulose degradatidnlignin transformation; cost-
effective

- High cost; equipment corrosion and formationamdi¢ substances

- Not efficient for biomass with high lignin conten

- Long residence times required and irrecoverablés formed and
incorporated into biomass

- Rate of hydrolysis is very low

- Does not madify lignin or hemicelluloses

- Still in initial stages

- Long residence time and lessinigemoval
- Power consumption is higher than inherent bionemssgy
Solvents need to be recovered and high cost
- Large amount of ozone reduand expensive
- Process needs more research

- Incomplete disruption of the lignin-carbohydrateatrix and
generation of compounds inhibitory to microorgarssm

2Liquid hot water’Ammonia and carbon dioxide
Alvira et al., 2010; Girio et al., 2010; Mood et, &013; Hendriks and Zeeman, 2009; Kumar et 8092Menon and Rao, 2012; Sanchez and Cardona, 2008



Effect of hydrothermal treatment on hemicellulose

Hydrothermal processing is a suitable method famibellulose depolymerization, under
selected operational conditions as hemicelluloselbza almost totally removed from lignocellulosic
materials, being decomposed into valuable solubledycts such as oligosaccharides,
monosaccharides, sugar-degradation products (ssidhriural or 5-hydroxymethylfurfural (HMF))
and acetic acid (from acetyl groups hydrolysisytiiermore, when xylan is subjected to hydrothermal
processing under mild temperature, high-molar madsoligosaccharides (XOS) and xylose are
produced, being the major products derived from ibelnlose present in the liquor phase
(Carvalheiro et al., 2008; Ruiz et al., 2013).

Effect of hydrothermal treatment on lignin

During the hydrothermal processing lignin and Iig#iemicellulose linkages can undergo
degradation, partial depolymerization and profoursdlocalization. Moreover, the fraction of
solubilized lignin depends on the operation coodsi (severity of reactions conditions) and on the
raw material. Two-phase mechanism can be suggéstddnin reaction: (1) a very fast reaction
where lignin fragments with low molecular weightdahigh reactivity are solubilized by breaking
lignin—carbohydrate bonds into soluble fragmeni$;as lower reaction where the soluble fragments
react with one another by re-condensation and rigeipolimerization, which also occurs in the
presence of the organic acids liberated in the dtpdrmal processing. The partial de-polymerization
of lignin and breaking of lignin—hemicellulose lades produced part of the phenolics present in the

hydrothermal processing liquors (Ruiz et al., 2013)

1.7 Toxicity of hemicellulosic hydrolysates

Depending on the process and conditions used duietreatment, a great amount of
compounds that can seriously inhibit the subsequennentation are formed in addition to
fermentable sugars, decreasing the yields and ptiedies of bioethanol (Almeida et al., 2007,
Delgenes et al., 1996; Palmqgvist and Hahn-Hage&f4lpa; 2000b). Several pretreatment processes
generate toxic compounds and inhibitors of enzyamesfermentation microorganisms, resulting from
their severe conditions. Inhibitors derived froretpeatment include sugar degradation productspfura
derivatives, organic acids and phenolic compoumtiese compounds are principally generated from
lignocellulosic components during pretreatment. @udegradation products, including furfural and
HMF, are derived from the degradation of hemiceblel and cellulose sugars. Under high temperature
and pressure, sugar monomers (hexose), namely,as@ngalactose and glucose, are degraded to
HMF, whereas xylose and arabinose are degradedrtordl. Furthermore, formic acid is formed
when furfural and HMF are broken down, and levulirdcid is formed by HMF degradation

(Palmgvist and Hahn-Hagerdal, 2000b). In additiacetic acid is released by the deacetylation of
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hemicelluloses and lignin. The breakdown of ligmiroduces hydroxybenzaldehyde, vanillin, the
degraded product of guaiacylpropane units and solignin (Palmqvist and Hahn-Hagerdal, 2000b).
Furthermore metal ions can be generated as a agerseg] of corrosion of the equipment. Figure 1.3
shows some reactions occurring during pretreatwigignocellulosic materials.

The sugar degradation products (furfural and HMEpnmte inhibition of glycolysis
particularly by interfering with dehydrogenase wtitts. The weak organic acids (acetic, formic and
levulinic acids), can promote the inflow of liposble, undissociated acids into cytosol and disaupti
of energy generation due to disruption of pH gratie cytosol. The phenolic derivates have différen
effects, vanillin loss of membrane integrity, hyxybenzaldehyde disruption of sugar transport and
soluble lignin promote deactivation of cellulasezynes (enzyme precipitation)/non-productive
enzyme adsorption (Almeida et al., 2007; Mussatth Roberto, 2004; Palmqvist and Hahn-Hagerdal,
2000b; Pienkos et al., 2009).

For these reason presented, depending on the typetceatment employed and the different
tolerances of the fermenting microorganisms toittebitors, detoxification can be employed as a

methodology to remove or reduce inhibitors contérihe hemicellulosic hydrolysates.

Lignocellulosic Materials

Hemicellulose Cellulose Lignin
CH,C00H
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CHO CHD CHO CHO CHO
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Figure 1.3 Reactions occurring during pretreatmentf lignocellulosic materials.
Adapted from Palmgvist and Hahn-Héagerdal, 2000b.

A number of detoxification methods including biadicay, physical, and chemical have been
proposed to transform inhibitors into inactive campds or to reduce their concentration. The more
used are evaporation, overliming, adsoption invatdéd charcoal, diatomaceous earth and ion
exchange resins, and use of ligninolytic enzymedse, pre-fermentation with the filamentous fungus

Trichoderma reese(Mussatto and Roberto, 2004).
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1.8 Enzymatic hydrolysis of lignocellulosic biomass

Enzymatic hydrolysis of cellulose is carried outdsllulolytic enzymes. These enzymes are
produced by several microorganisms, commonly bytdsec and fungi (Yang et al., 2011). The
products of the hydrolysis are usually reducingassigncluding glucose. Although the commercial
enzymes are still of high costs, there are othem@tdges that make it attractive process, such as
operating processes under mild conditions (pH Adtamperature 45-8Q) obtaining higher yields
when compared to the chemical process, and no distipa components of glucose are formed (Duff
and Murray, 1996; Sun and Cheng, 2002). Cellulolyghzymes are a group of enzymes that
synergistically hydrolyze cellulose (Fig. 1.4). Tliglely accepted mechanism for enzymatic cellulose
hydrolysis involves synergistic actions by endoghmse (EG, endo-1,4-D-glucanohydrolase);
exoglucanase or cellobiohydrolase (CBH, 8;B-glucan cellobiohydrolase) arfidglucosidase (BGL,
cellobiases) (Saha, 2004; Sun and Cheng, 2002pl&Gan important role in the cellulose hydrolysis
by cleaving cellulose chains randomly and thus tomy further degradation. EG hydrolyze
accessible intramolecul#1,4-glucosidic bonds of cellulose chains randotolyproduce new chain
ends. CBH progressively cleave cellulose chainshatends to release soluble cellobiose. BGL
complete the hydrolysis process by catalyzing therdlysis of cellobiose to glucose (Balat et al.,
2008; Zhang and Lynd, 2004). Endoglucanases edlpeaiet on amorphous cellulose, whereas

cellobiohydrolases can act on crystalline cellulasevell (Sanchez and Cardona, 2008).

__Endo-B(1->4)-glucanase »| Cellulose®

Cellulose {susceptble)

Exo.f{1-»4).glucanase
(cellobiohydrolase)

Endo-B(1->4)-
glucanase

P R

Cellobiose Cellobiose + glucose
— p-Glucosidase P
. _  (Cellobiase) -
Sl - +7  B-Glucosidase
* | Glucose {Cellobiase)

Figure 1.4 Mode of action of cellulolytic enzyme$alat, 2011).

The enzymgB-glucosidase is generally responsible for the &g of the whole cellulolytic
process and is a rate limiting factor during enzyenhydrolysis of cellulose as both endoglucanase
and cellobiohydrolase activities are often inhiditey cellobiose. Thusp-glucosidase not only
produces glucose from cellobiose but also reduedlshiose inhibition, allowing the cellulolytic
enzymes to function more efficiently. However, |lgglucanases, mofglucosidases are subject to
end-product (glucose) inhibition (Saha, 2004). $&vmethods have been developed to reduce the

inhibition by cellobiose and to a lesser extenighycose, including the use of high concentratioihs o
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enzymes, the supplementationfaglucosidases during hydrolysis, and the removaugfars during
hydrolysis by ultrafiltration or simultaneous saadfication and fermentation (Modenbach, et al.,
2013; Sun and Cheng 2002).

Gluco- and xylooligosaccharides also have inhipit@ffects on cellulolytic enzymes
(Koppram et al., 2014; Zhang et al., 2012). Althodlge mechanism of this inhibition is not entirely
understood, it is believed that the hydrolysis yibrligomers into less inhibitory xylose signifidn
improves glucose production yields (Qing et al1@0Zhang et al., 2012). Thus, significantly redluce
enzyme dosage and cost could be achieved by enhantef xylanase an@xylosidase activities in
the widely used cellulolitic preparations. The e of increased xylanolytic activities in thesft
cellulolytic enzyme preparations leads to improee@rall saccharification yields (Koppram et al.,
2014; Zhang et al., 2012).

In addition to the three major groups of cellul@yenzymes, there are also a number of
auxiliary enzymes that attack hemicellulose (Gétial., 2010). The hemicellulose hydrolysis invaelve
a multi-enzyme system, including endoxylanase, gamase 3-xylosidase,a-arabinofuranosidase,
a-glucoronidase, acetyl xylan esterase, and feratici esterase (Badal and Rodney, 1999). The
endoxylanase attacks the main chains of xylanspaxylosidase hydrolyzes xylooligosaccharides to
xylose. The a-arabinofuranosidase and-glucuronidase remove the arabinose and 4-O-methyl
glucuronic acid substituents, respectively, from xiglan backbone. Hemicellulolytic esterases inelud
acetyl esterases which hydrolyze the acetyl sultistits on xylose moieties, and feruloyl esterases
which hydrolyze the ester bond between the arabisabstitutions and ferulic acid. Feruloyl estesase
aid the release of hemicellulose from lignin amdey the free polysaccharide product more amenable
to degradation by the other hemicellulases (Howetrél., 2003). While the number of enzymes
required for xylan hydrolysis is much greater tHan cellulose hydrolysis, accessibility to the
substrate is easier since xylan does not form tigydtalline structures (Balat, 2011). In the Table
the enzymes involved in lignocellulosic degradatoa shown.

Enzymatic hydrolysis of cellulose consists of thedeps: adsorption of cellulolytic enzymes
onto the surface of cellulose, the biodegradatiocetiulose to fermentable sugars, and desorptfon o
enzymes (Taherzadeh and Karimi, 2007). The irrédersadsorption of cellulolytic enzymes on
cellulose is partially responsible for this deaation. Addition of surfactants during hydrolysis is
capable of modifying the the cellulose surface prgpand minimizing the irreversible binding of
cellulase on cellulose (Sun and Cheng, 2002).

Enzyme recycling may increase the rates and yiefdsydrolysis, reduce the net enzyme
requirements and thus lower costs. As the celluhysizolysis proceeds, the adsorbed enzymes (endo-
and exo-glucanase components) are gradually reléagkbe reaction mixture. THeglucosidase does
not adsorb onto the substrate. These enzymes caredowered and reused by contacting the
hydrolysate with the fresh substrate. However, ahlmunt of enzyme recovered is limited because
some enzymes remain attached to the residual atdysand some enzymes are thermally inactivated
during hydrolysis (Saha, 2004).
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Table 1.3 Enzymes involved in lignocellulose degration.

Enzyme Systematic name Mode of action

1,4-D-Glucan-4-

Endo-l,48-glucanase glucanohydrolase

Endo-hydrolysis of 1,4-D-glucosidic linkages

Exo-l,4B-glucanase 1,4-B-D-Glucan Hydro[yS|s of 1,{18-D-g|u003|d|c linkages
cellobiohydrolase releasing cellobiose
Gl id -D-Glucoside Hydrolyzes cellobiose and short cello-
B-Glucosidase glucohydrolase oligosaccharides to glucose
Ty 1,4-D-Xylan Hydrolyzes manly interiof8-1,4-xylose
Endo-l,4f-xylanase xylanohydrolase linkages of the xylan backbone

Hydrolyzed linkage terming3-1,4 (reducing
end)

Hydrolyzed linkage termingd-1,4 (non-
reducing end)

Exoxylanase -

B-xylosidase -

a-L-Arabinofuranoside Hydrolyzes terminal non-reducing

a-L-Arabinofuranosidase . " .
arabinofurano-hydrolase a-arabinofuranose from arabinoxylans

a-Glucuronoside

glucanohydrolase Releases glucuronic acid from glucuronoxylans

a-Glucuronidase

Acetylxylan esterase Acetyl-ester acetylhydrolase ydrdlyzes acetylester bonds in acetyl xylans
Ferulic acid esterase Carboxylic ester hydrolase drélyzes feruloylester bonds in xylan

Oxidation of benzilic alcohols, cleavage of C-C

Lignin peroxidase ) bonds, cleavage of C-O bonds

Manganese peroxidase - Catalytically dependent» Bind Mrf* ions

Donor: hydrogen peroxide

Laccase .
oxidoreductase

Oxidizes phenolic subunits of lignin

Balat, 2011; Evans et al., 1994; Kuhad et al., 1$@ifia, 2004.

During the enzymatic hydrolysis of cellulosic subtds, several factors restrict the sustained
catalytic activity of the cellulolytic mixture. has been suggested that these limitations areodasth
substrate- and enzyme-related factors. The enzgnugradation of cellulose is a complicated
process that takes place at a solid-liquid phasendsry, where the enzymes are the mobile
components. When cellulase enzyme systems acttio @n insoluble cellulosic substrates, three
processes occur simultaneously: (1) chemical agdigél changes in the residual (not yet solubiljzed
solid-phase cellulose, (2) primary hydrolysis, iiwiag the release of soluble intermediates from the
surface of reacting cellulose molecules, and (8pséary hydrolysis, involving hydrolysis of soluble
intermediates to lower molecular weight intermeskatind ultimately to glucose (Balat et al., 2008).

There are different factors that affect the enzyenaydrolysis of cellulose, namely, the
crystallinity of cellulose, its accessible surfacea and protection by lignin and hemicellulosgrele
of cellulose polymerization, and degree of aceiytabf hemicelluloses (Alvira et al., 2010). The
substrates, cellulolytic activity, enzyme to susgrratio, dosage of the active componeffis (
glucosidase/cellobiohydrolase/endoglucanase ratiojhe enzymatic mixture, reaction conditions

(temperature, pH as well as other parameters),aagtiong product inhibition also are factors that
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affect the enzymatic hydrolysis of cellulose (Ba®11; Lin and Tanaka, 2006; Sun and Cheng,
2002). Most of these factors are discussed below.

The cellulose microfibrils have both crystallinedamorphous regions, and the crystallinity is
given by the relative amounts of these two regidihe major part of cellulose (around 2/3 of thalot
cellulose) is in the crystalline form. It was shothat cellulase readily hydrolyzes the more acbéssi
amorphous portion of cellulose, while the enzymads so effective in degrading the less accessible
crystalline portion. It is therefore expected thagh-crystallinity cellulose will be more resistaiot
enzymatic hydrolysis, and it is widely acceptedttid@creasing the crystallinity increases the
digestibility of lignocelluloses. This discussionaynindicate that the crystallinity is an important
factor in digestibility of lignocelluloses. Howeveit is not the only factor in effective enzymatic
hydrolysis of these materials, due to the hetereges nature of celluloses and the contribution of
other components such as lignin and hemicelluldabdrzadeh and Karimi, 2008).

Several studies have shown a good correlation leetwhe pore volume or population
(accessible surface area for cellulase) and thgneaitzc digestibility of lignocellulosic material$he
main reason for improvement in enzymatic hydrolsisemoving lignin and hemicellulose is related
to the cellulose accessible surface area. Thetedfehis area may correlate with crystallinitylmmnin
protection or hemicellulose presentation or all toém. Therefore, many researchers have not
considered the accessible surface area as anduodlviactor that affects the enzymatic hydrolysis.
The accessible surface area in lignocellulosic riatand its interaction with the enzymes can be
limiting in enzymatic hydrolysis. The rate of hytrsis is usually very high at first, and then deses
in the later stages. The accessible surface aregram of substrate (iy), sharply increases during
the initial stage. However, it was shown that tekutose surface area is not a major limiting fadtw
hydrolysis of pure cellulose. In other words, thawslown of hydrolysis in the later stages is no¢ du
to a lack of associable surface area, but to tfiewty in hydrolysis of crystalline part of cellbse
and probably also because of product inhibitioreréfore, one may expect a lower rate of hydrolysis
after hydrolysis of the amorphous cellulose (Taadeh and Karimi, 2008).

Removal of hemicellulose increases the mean pare ef the substrate and therefore
increases the accessibility and the probabilitythef cellulose to become hydrolyzed. Degree of
acetylation in the hemicellulose is another imparttactor because lignin and acetyl groups are
attached to the hemicellulose matrix and may hipadérsaccharide breakdown (Alvira et al., 2010).

The cellulose and hemicellulose are cemented tegdih lignin. Lignin is responsible for
integrity, structural rigidity, and prevention ofvelling of lignocelluloses. Thus, lignin contentdan
distribution constitute the most recognized factwhich is responsible for recalcitrance of
lignocellulosic materials to enzymatic degradatignlimiting the enzyme accessibility; therefore the
delignification processes can improve the rate extdnt of enzymatic hydrolysis. The composition
and distribution of lignin might also be as impottas the concentration of lignin. It was also show
that lignin still has a significant effect on enztie digestibility, even in cases where it no lange

prevents fiber swelling. The reason for improvetk raf hydrolysis by removal of lignin might be
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related to a better surface accessibility for ereyrby increasing the population of pores after
removing of lignin (Taherzadeh and Karimi, 2008).

Substrate concentration affects the yield andahitite of enzymatic hydrolysis of cellulose.
Although high substrate concentration promotes higbduct concentration, can cause substrate
inhibition which substantially lowers the rate bé&thydrolysis. This fact is probably due to highdso
loading has mass transfer limitations, increasediune viscosity and generate high concentrations of
inhibitors, as well as increase product inhibit{mppram et al., 2014; Modenbach and Nokes, 2013).
The extent of substrate inhibition depends on #ftie of total substrate to total enzyme.

Other compounds have also been shown to inhibit @heymes, including degradation
products formed during the pretreatment, such gamc acids (formic and acetic), furan derivatives
(furfural, HMF) and lignin derivatives (vanillic dn syringic acids and syringylaldehyde).
Furthermore, the end-product ethanol has also bleserved to inhibit cellulases (Viikari, 2012).

Increasing the dosage of cellulolytic enzymes m phocess, to a certain extent, can enhance
the yield and rate of the hydrolysis, but wouldngigantly increase the cost of the process. Cadel
dosage of 10 FPU{guoseis Often used in laboratory studies because wiges a hydrolysis profile
with high levels of glucose yield in a reasonabieet(48—72 h) at a reasonable enzyme cost. Cedlulas
enzyme loadings in hydrolysis vary from 7 to 33 FRWsrae depending on the type and

concentration of substrates (Sun and Cheng, 2002).

1.9 Fermentation
1.9.1 Fermentation of hexoses and pentoses

The sugars originated during the pretreatment arayreatic hydrolysis of lignocellulosic
material can be fermented by bacteria, yeast am@ntous fungi to bioethanol production (Hahn-
Hagerdal et al., 2006). Microorganisms for bioetiidarmentation can best be described in terms of
their performance parameters and other requirengnth as compatibility with existing products,
processes and equipment. The performance paranwtéesmentation are: temperature range, pH
range, alcohol tolerance, growth rate, productjvibgmotic tolerance, specificity, yield, genetic
stability, and inhibitor tolerance (Balat, 2011Yyaditionally, the microorganism used for fermenting
bioethanol in industrial processesSaccharomyces cerevisjaghich has proved to be very robust
and well suited to the fermentation of lignocelkitohydrolysates (Balat, 2011). This yeast is ohe o
the most effective ethanol-producing microorganiswith high ethanol productivity and tolerance to
inhibitory compounds present in the hydrolysatelighocellulosic biomass, ability to grow at
relatively low pH, which prevents contaminationdier bacteria (Matsushika et al., 2009a) and non-
pathogenicity (Ostergaard et al., 2000).

The product of enzymatic hydrolysis of lignocelsilo materials can contain both six-

(hexoses) and five-carbon (pentoses) sugars, Iif tettulose and hemicellulose are hydrolyzed. The
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sugar composition of the lignocellulosic hydrolgsatypically consists of glucose, xylose, arabinose
galactose and mannose, whose relative amounts dlepethe lignocellulosic material.

Wild-type S. cerevisiaderments glucose, the dominant sugar in all ptgarolysates, at high
rates even under anaerobic conditions. After uptgkeose assimilation proceeds via the Embden-
Meyerhof glycolytic pathway. In anaerobic, fermdivia cultures ofS. cerevisiagthe NADH formed
by glyceraldehyde-3-phosphate dehydrogenase igidéized via alcoholic fermentation. Mannose, an
isomer of glucose that occur in plant-derived bissnaydrolysates also can be fermented by all wild-
type S. cerevisiaestrains. In general, yeast strains capable of datmg glucose can also ferment
mannose. Furthermore, galactose, another sugabecd@rmented bys. cerevisiagthis sugar being
converted into glucose-6-phosphate via the Lelathway as shown in the Fig. 1.5 (Madhavan et al.,

2012).

Mannose

Galactose-1-P —* Glucose-6-P Mannose

— ATP
UDP-Galactose 2 1l<.
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Figure 1.5 Metabolic routes for assimilation of thenexose sugars glucose, galactose and mannose
by the Embden-Meyerhof-Parnas pathway. 1, Hexokinas 2, Phosphoglucose isomerase; 3,
Phosphofructokinase; 4, Aldolase; 5, Triosephosphat isomerase; 6, Glyceraldehyde-3-
phosphate dehydrogenase; 7, Phosphoglycerate kinage Phosphoglycerate mutase; 9, Enolase;
10, Pyruvate kinase; 11, Pyruvate decarboxylase; 12\lcohol dehydrogenase; 13, Glycerol
phosphate dehydrogenase; 14, Glycerol phosphatasg;lAcetaldehyde dehydrogenase; 16,
Galactokinase; 17, Galactose-1-phosphate uridylylansferase; 18, Phosphoglucomutase; 19,
UDP-galactose-4-epimerase; 20, Phosphomannose isoase; 21, Phosphomannomutase; 22,
Mannose-1-phosphate guanylyltransferase; Hxt, Hexestransporter; Gal2, Galactose permease

(Madhavan et al., 2012).
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To make the economics of any biomass conversionegsocost-effective, the simultaneous
and complete fermentation of all six- and five-@arlsugars present in the hydrolysates is essential
(Madhavan et al., 2012). AlthoudB. cerevisiagis one of the most effective ethanol-producing
microorganisms for hexose sugars including glucaosannose, and galactose, the native strains are
unable to utilize xylose for growth or fermentation

Xylose-fermenting microorganisms are found amongtdyéa, yeast and fungi (Hahn-
Hagerdal et al., 2006; Zaldivar et al., 2001). Tingphilic bacteria have also been considered for
fermentation of pentose-containing lignocellulosigdrolysates (Payton, 1984). Thermophilic and
saccharolytic clostridia are an important groupettianol-producing microorganisms and include
species as Clostridium thermohydrosulfuricum, Thermoanaerokact(formerly Clostridium)
thermosaccharolyticurandC. thermocellunfLovitt et al., 1988). The main drawback consistsheir
very low ethanol tolerance. In addition, the etH@néermentation occurs with considerable by-
product formation, generally these bacteria produt@ed acids (acetate, lactate, propionate,
succinate) and solvents (acetone, butanol, 2,3bdtal), which reduce the ethanol yield (Saha,
2004). Yeasts aScheffersomyces stipitis, Scheffersomyces shehatH#achysolen tannophilusan
assimilate pentoses but their ethanol productitenfram glucose is at least five times lower thiaat t
observed foiS. cerevisiacMoreover, their culture requires oxygen and ethémierance is 2-4 times
lower (Sanchez and Cardona, 2008). Moreover, tlyesests strains are inhibited by compounds
generated during pretreatment and hydrolysis oflitiheocellulose material (Hahn-Hagerdal et al.,
2006). Filamentous fungi @rpinomycesandPiromycessp also can assimilate pentoses (Madhavan
et al., 2009) but are too slow for a competitivelustrial process (Hahn-Hagerdal et al., 2006;
Matsushika et al., 2009a).

Natural xylose-fermenting yeasts, can metaboliZiesey via the action of xylose reductase
(XR) to convert xylose to xylitol, and of xylitolethydrogenase (XDH) to convert xylitol to xylulose.
Fig. 1.6 schematically illustrates the initial mmic pathways for xylose utilization in fungi and
bacteria. In most fungi and xylose-fermenting ygaBl-xylose is converted to D-xylulose by two
oxidoreductases involving cofactors NAD(P)H and NRD. That is, D-xylose is initially reduced to
xylitol by NAD(P)H-dependent xylose reductase (HC 1.1.1.21), and then xylitol is oxidized to D-
xylulose by NAD-dependent xylitol dehydrogenase (XDH; EC 1.1.18Mally, xylulokinase (XK;
EC 2.7.1.17) phosphorylates D-xylulose into D-xghd 5-phosphate (X5P), which is further
metabolized through the pentose phosphate pathwdP)( As this reaction uses adenosine
triphosphate (ATP), the reaction rate is depenaenthe energy charge and the phosphorylation
potential of the cell. On the other hand, in mbatteria and a few fungi D-xylose is directly
isomerized to D-xylulose by xylose isomerase (XC &£3.1.5) also metabolized through the pentose
phosphate pathway (PPP). D-xylulose is phosphaglato D-xylulose 5-phosphate by XK
(Matsushika et al., 2009a).

The genetic engineering and/or adaptation may beniging methods to develop sufficient

xylose fermentation i5. cerevisiadChu and Lee et al., 2007; Matsushika et al., 20@909b) once
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that is xylose is by far the most abundant pensggar in lignocellulosic materials. Althoudgh
cerevisiae cannot utilize xylose, the genes encoding XRHR104w GRE3, XDH (YLRO70¢
ScXYL2, and XK XKSJ are present in its genome; however, their exmpedsvels are too low to
allow for xylose utilization. In fact, only veryal growth on xylose has been observed even when the
endogenous genes are over expresses. ioerevisiagEvolutionary engineering wits. cerevisiae
conducted tamproved ability of growing on xylose without hatsgous genes (Cakar et al., 2005;
Liu and Hu, 2010).
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Figure 1.6 Metabolic routes for assimilation of thepentose sugars, xylose and arabinose by the
oxidative Pentose Phosphate pathway. 1, Xylose redtase; 2, Xylitol dehydrogenase; 3,
Xylulokinase; 4, Xylose isomerase; 5, Aldose redwse; 6, Arabitol dehydrogenase; 7, Xylulose
reductase; 8, Arabinose isomerase; 9, Ribulokinasd,0, Ribulose-5-phosphate-4-epimerase; 11,
Transketolase; 12, Transaldolase; 13, Glucose-6-pghate isomerase; 14, Glucose-6-phosphate
dehydrogenase; 15, 6-Phosphogluconolactonase; 16PBosphogluconate dehydrogenase; 17,
Ribose-5-phosphate ketol-isomerase; 18, Pyruvate cboxylase; 19, Alcohol dehydrogenase;
XylIT, Xylose transporter; Gal2, Galactose permeaseEMP, Embden-Meyerhof-Parnas pathway
comprising multiple steps. Dotted arrows representbacterial pathways, dashed arrows
represent fungal pathways and dash-dot arrows repigent the XylA pathway existing in bacteria
and some fungi (Madhavan et al., 2012).

A major focus in metabolic engineering for xylossrnientation has been in the area of
establishing and improving an intracellular xylegéizing pathway inS. cerevisiagGirio et al.,

2010; Hahn-Hagerdal et al., 2007). Two tasks aesepuisites for the synthesis ofSa cerevisiae

27



strain that efficiently converts xylose to ethar{@l. expression of heterologous genes should eigable
cerevisiaeto convert xylose to xylulose; xylose isomerasexgiose reductase (XR) and xylitol
dehydrogenase (XDH) and (2) consumption of xylulsiseuld be improved sinc& cerevisiagrows

on xylulose with a maximum specific growth ratetit@es lower than that on glucose. Xylulose enters
the pentose phosphate pathway (PPP) after phodationyby xylulokinase (XK), encoded by the
XKS1 gene, which is naturally presentSncerevisiagbut consequently a high capacity of the PPP is
required (Ostergaard et al., 2000). Although the/X{PH pathway generally presents unbalanced
cofactor requirements and xylitol secretion, itth@rmodynamically more advantageous than the
xylose isomerase pathway, allowing faster xylosenaitation and ethanol production by engineered
yeast strains (Karhumaa et al., 2007a, 2007b).

Several challenges faced by the ye@stcerevisiaeduring the production of ethanol from
lignocellulosic feedstocks have been object of wtullimost each process step for bioethanol
production gives rise to environmental stress factioat may impact the ethanol yield or produdiivit
in the fermentation such as the presence of orgaids (acetic, formic and levulinic), furaldehydes
(furfural and HMF) and phenolic compounds (pecoumaric and ferulic acid) generated during the
pretreatment (Almeida et al., 2007; Almeida et 2010). Moreover after pretreatment, the pH value
must be adjusted, and this will lead to the foromratf salt, which can cause osmotic stress for the
yeast. The osmotic stress will trigger glycerolnfation, affect membrane transport processes and
slow down growth (Modig et al., 2007). In additiahe presence of highly contaminated feedstock

and non-sterile conditions introduce an additiatelllenge of competition for the available sugars.

1.9.2 Industrial xylose-fermenting Saccharomyces cerevisiae strains

Industrial yeast strains tolerate many hydrolysdieger than laboratory strains, which are
why generating pentose-fermentig cerevisiaestrains with an industrial background is necessary
(Hahn-Hagerdal et al., 2007).

Whereas laboratory strains 8f cerevisiaeare useful for evaluating metabolic engineering
strategies, they do not possess the robustnessa@dgu the industrial context. Laboratory straane
usually haploid and have a defined genetic comiposiand their genetic modification has been eased
by the introduction of auxotrophic selection maskewhich facilitates metabolic engineering
strategies involving plasmids (Matsushika et abQ@a). Furthermore, legal regulations and public
perception will create obstacles to the acceptaricantibiotic selection markers on the industrial
scale, even though these can be removed. Instepldsyhid usage, conserved and repeated genomic
regions, such as ribosomal DNA (rDNA) sequences, loa useful targets for chromosomal gene
integration in industrial yeast strains. In orderdverexpress a given metabolic pathway, as the
pentose assimilation pathway $1 cerevisiagthose regions are attractive to chromosomallggrate
multiple gene copies. In contrast to the well-defirgenetic make-up of laboratory strains, industria
strains are diploid, polyploid, or aneuploid, arften contain genetic segments from several yeast

species (Matsushika et al., 2009b). The preseneeutifple chromosome sets makes gene deletion a
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particular challenge because the target gene naudeleted from all chromosome alleles. However,
genomic integration of genes encoding the penttbeation pathway enzymes into industrial strains
is relatively straightforward because positive sida for growth on xylose or arabinose can be used
(Girio et al.,, 2010). Only a limited number of imtiial pentose-fermenting strains have been
described in literature, and all genetic engingghias been limited to the introduction of the aliti
xylose and arabinose utilization pathways (Osterhad al., 2000). Further improvement of the
recombinant strains has been achieved by adaptatimtegies, including random mutagenesis,
evolutionary engineering, and breeding (Cakad.ef805; Menon and Rao, 2012; Ostergaard et al.,
2000).

Among the industrialS. cerevisiaethe strain BH42 is one of the most attractive
microorganisms forbioethanol production from lignocellulosic matesialdue its high sugar
consumption rate and ethanol yield in xylose medwimren compared with other industri&l
cerevisiae xylose-fermenting (Sonderegger et al., 2004). T$tisin resulted from breeding of
recombinant xylose-fermenting strains (Fonseca let 2004). Evolutionary engineering db.
cerevisiaeTMB 3001, in continuous culture under microaerobdnditions, resulted in two mutant
subpopulations with distinct and improved charasties for xylose utilization. One of the resulting
strains was able to grow in xylose under anaerghioBreeding of those yeast strains
(YIpPXR/XDH/XK) in a mixture with other recombinantylose-fermenting strains with industrial
background resulted in strath cerevisia®dH42 (Fonseca et al., 2004; Girio et al., 2010).

1.10 Hydrolysis and fermentation strategies for 2G biodtanol
production

The classic configuration employed for fermentimgntess hydrolysates involves a sequential
process where the hydrolysis of cellulose and ¢éméntation are carried out in different units.sThi
configuration is known as separate hydrolysis archéntation (SHF). In the alternative variant, the
simultaneous saccharification and fermentation {S®¥€ hydrolysis and fermentation are performed
in a single unit (Sanchez and Cardona, 2008).

Other promising integration alternatives are $iameous saccharification and co-fermentation
(SSCF) and consolidated bioprocessing (CBP), knalso as direct microbial conversion (DMC).
The SSCF involves the fermentation of cellulosed hamicelluloses-derived sugars in the SSF and
the CBP combines cellulase production, cellulosgrdiysis and glucose fermentation into a single
step (Cardona and Sanchez, 2007).

1.10.1 Separate hydrolysis and fermentation (SHF)

SHF is a conventional two steps process wherdghedellulose is hydrolysed using enzymes
to form reducing sugars in the first step and thgass, thus formed, are fermented to ethanol in the

second step. The advantage of this process isethiet step can be carried out at its optimum
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conditions, i.e. enzymatic hydrolysis at (45*GPand fermentation (28-36), furthermore, separate
steps minimize undesired interactions (Lin and kan&2006; Menon and Rao, 2012; Sarkar et al.,
2012). The disadvantages of this method are thdugtoinhibition of cellulolytic enzymes, as the
inhibition of B-glucosidase by glucose released during hydrolysisich calls for lower solids
loadings and higher enzyme loadings to achieveoredde yields. Furthermore, the high sugar
availability during the hydrolysis step increashe thances of contamination (Balat, 2011; Hahn-
Héagerdal et al., 2006; Sarkar et al., 2012).

1.10.2 Simultaneous saccharification and fermentation (SSF

In the SSF process the cellulolytic enzymes andraurganisms are added to the same
process unit allowing that the glucose formed dyrthe enzymatic hydrolysis of cellulose is
immediately consumed by the microorganisms conwgiti into ethanol and relieving the inhibition
of the enzymes by the end-product (Sanchez ancdb@ar@008). Furthermore, the fermentation seems
to decrease the inhibition of the enzymes by cdimgeisome of the toxic compounds present in the
hydrolysate (Hahn-Hagerdal et al., 2006; Lin andaka, 2006). Moreover, the accumulation of
ethanol in the reactor does not inhibit cellulaygnzymes as much as the high concentration of
glucose. Therefore, SSF is a good strategy foreaging the overall rate of cellulose to ethanol
conversion. In comparison to the process wheretliestages are sequential (SHF), SSF enables
higher ethanol yields from cellulose, as well agnilates the need for separate reactors for
saccharification and fermentation. Other advantagehis approach are a shorter process time and a
reduced risk of contamination with external micoodl, due to the low sugar availability during the
process and the presence of ethanol in the mediuspite of the obvious advantages presented by the
SSF, it has some drawbacks. These lie mainly iferdiht optimal temperature for hydrolysis (45-
50°C) and fermentation witls. cerevisiad30-35). The optimal temperature for SSF is around 35-
38°C, which is a compromise between the optimal teatpees for hydrolysis and fermentation (Lin
and Tanaka, 2006; Sun and Cheng, 2002) howevephigdire-use is not possible since it is difficult
to be separated from lignin. Summarizing, the S8igss shows more attractive indexes than the
SHF as higher ethanol yields and less energetisuroption occur with improving of the bioethanol

production economics.

1.10.3 Simultaneous saccharification and co-fermentation§SCF)

SSCF has been recognized as a feasible optiontfi@an@ production from xylose-rich
lignocellulosic materials (Menon and Rao, 2012)e Hydrolyzed hemicellulose during pretreatment
and the solid cellulose are not separated aftdargatenent, allowing the hemicellulose sugars to be
converted to ethanol with SSF of cellulose. The Bpcess is considered to be an improvement to

SSF. Therefore, only a single fermentation stepedgiired to process both the liquid (hydrolysates)
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and solid fraction of the pretreated lignocellul¢Saherzadeh and Karimi, 2007). Co-fermentation of
hydrolysis end-products glucose and xylose is tepoto be carried out by genetically engineered
microbes (Menon and Rao, 2012). For recombinamiirstof S. cerevisiag SSCF is of particular
relevance for the co-fermentation of xylose, togethvith low glucose concentrations. SinSe
cerevisiaedoes not harbour specific xylose transporterspse/lco-consumption in recombinant
xylose-fermentingS. cerevisiaestrains is only possible at low glucose conceianat as the sugar
transporters have higher affinity to glucose thamylose (Olofsson et al., 2008). On the other hand
glucose has a positive effect on xylose fermentatiince xylose is not effectively recognized as a
fermentable sugar, while glucose plays an importate in maintaining high glycolytic flux and

repression of respiratory pathway.

1.10.4 Consolidated bioprocessing (CBP) or direct microbila conversion
(DMC)

CBP combines the production of cellulolytic (andriieellulytic) enzymes, cellulose (and
hemicellulose) hydrolysis and glucose (and xylad®iosugars) fermentation into a single step. This
process is attractive in that it reduces the nurobegactors, simplifies operation, and reducesctist
of chemicals (e.g. commercial enzymes). CBP sedmsldgical endpoint in the evolution of
bioethanol production from lignocellulosic matesiahpplication of CBP entails no capital investment
for dedicated enzyme production, reduced diversibaubstrate for enzyme production, and moves
towards the compatibility of enzyme and fermentatigystems (Balat, 2011). CBP requires a
microbial culture that combines properties relatetoth substrate utilization and product formation
Desired substrate utilization properties include phoduction of a hydrolytic enzyme system allowing
high rates of hydrolysis and utilization of resodfihydrolysis products under anaerobic conditions
with a practical growth medium. Desired productiation properties include high product selectivity
and concentrations. The disadvantages CBP systeenth@ low bioethanol yields, caused by by-
product formation (acetate, lactate), low ethant#rance, and limited growth in hydrolysates (Balat
2011).

To date, CBP for biofuel fermentation using geradlycmodifiedS. cerevisiaés an emerging
technology that has been developed in severalestuihese studies demonstrate that in additiois to i
co-fermentative genetic flexibilityS. cerevisiaecan also be genetically engineered to express
cellulolytic and hemicelluloytic heterologous enagn The successful functionality of cohesin and
dockerin fromC. cellulolyticumcellulosome inS. cerevisiagproved that this genetic modification
based on a minicellulosome model may be an attaadption to the CBP process in hydrolyzing and

fermenting substrates in a single step (Katahied.e2004).
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1.11 Bioethanol recovery

As lignocellulose hydrolysis and fermentation tedbgies approach commercial viability,
advancements in product recovery technologies laie required. For cases in which fermentation
products are more volatile than water, recoverydistillation is often the technology of choice.
Distillation technologies that will allow the ecan@ recovery of dilute volatile products from
streams containing a variety of impurities havenbéeveloped (Balat, 2011) and commercially
demonstrated. A distillation system separates tbettanol from water in the liquid mixture and is
commonly used in commercial 1G ethanol plants ardahstration 2G ethanol plants.

The product stream from fermentation, so-calle@&€ly, is a mixture of ethanol, cell mass,
water, unfermented sugars and, in some cases td@tBology, lignin. The first step is to recoves th
bioethanol in a distillation or beer column, whenest of the water remains with the solid fraction.
The product (approx. 37% bioethanol) is then cotraggd in a rectifying column to a concentration
just below the azeotrope (95%) (Balat, 2011). Higttaethanol (E95) can be employed in internal
combustion engine vehicles (ICEVs), or in futureslfucell vehicles (FCVs) (requires onboard
reforming), but for mixtures with gasoline wateedr(anhydrous) ethanol is required. One can further
distillate in the presence of an entrainer (e.qizbee), dry by desiccants (e.g. corn grits), or use
pervaporation or membranes. By recycling betwestilldtion and dehydration, eventually 99.9% of
the ethanol in the beer is retained in the dry pcodHamelinck et al., 2005).

To achieve an ethanol concentration of >4% (w/w)iclv is considered to be the benchmark
for an efficient distillation, sugar levels of agkt 8% (w/w) are needed, which implies an ingaids

content of >15% (w/w) in the hydrolysis step, fooshtypes of lignocellulosic biomass.

1.12 Current situation and perspectives for 2G bioethanb
production in Europe

Several companies are now launching the first comialelignocellulosic ethanol plants,
although their viability is yet to be proven. Sifigant efforts in research, development and
demonstration have been undertaken mostly in indlized countries. In Europe, several research
and development projects as well as pilot and detnation plants on 2G bioethanol have been
implemented and the first commercial plant was hagc in 2013, in Crescentino, lItaly, by
Biochemtex. Some of the major companies produdgmptellulosic ethanol in Europe are listed in
Table 1.4.

The demonstration plant of Abengoa Bioenergy isated in Babilafuente in Salamanca
(Spain). The plant had the capacity of processifgtohs of agricultural residues per day. The
pretreatment used is acid catalysed steam explosiwhthe conversion technology is SHF (Abengoa

Bioenergy, 2013).
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Table 1.4 Pilot and demonstration plants of 2G biabanol in Europe.

Biomass Ethanol
Operator Location Raw Material processing capacity
capacity (MLAT)
(t/yr)
Abengoa Bioenergy Salamanca, Spain Municipal sedidtes 25000 15
Biochemtex/Beta Crescentino, Italy Arundo donax and wheat 270000 50
Renewables straw
Borregaard Sarpsborg, Norway Spruce wood 400 0.14

Clariant (Stud-Chemie) Munich, Germany \(;\:Zeétasr;[:r;lr\:\é%ra(a(;rsnsztover 4500 1.27

Wheat straw and bran,
DTU, BioGasol Copenhagen, Denmark corn stover, energy crops 20000 5
and green wastes

Inbicon, DONG Energy  Kalundborg, Denmark Wheatwtra 30000 5.4

Procethol 2G, Futurol Pomacle, France Wheat straw, s_wﬁchgrass, 30000 3.5
green waste, Miscanthus

SP (SEKAB) Ornskéldsvik, Sweden Spruce wood 700 0.2

Abengoa Bioenergy, 2013; Biochemtex, 2014; BioGasil12 Borregard, 2014; Clariant, 2013; Futurol/PrbokRG, 2014;
Inbicon, 2014; SP, 2012.

The company BioGasol operates the Maxifuel pilanplat the Technical University of
Denmark. The company is developing one of the firahish demonstration 2G ethanol plants. The
process technology is a four-step SSF: (1) thegaghent consists in a proprietary process based on
combination of steam-explosion and wet oxidatiomgisoth addition of oxygen and a pressure
release at a temperature in the range of 179-2QR)& SSF is performed; (3) xylose is fermented
using a proprietary thermophilic anaerobic bactari(#4) the process water is converted in biogas and
the water is reused. The Biorefinery Demonstraptamt located in Ornskoldsvik, Sweden, has the
capacity to process 2 tons of dry biomass per tapddition of wood chips other lignocellulosic
feedstocks such as sugarcane bagasse, wheat stnawstover and recycled paper has also been
tested. The plant can operate with two optionstWb) stage dilute acid hydrolysis in either co-eutr
or counter-current mode; (2) dilute acid pretreatnstep followed by SSF (BioGasol, 2011).

In 2011 Sud-Chemie became part of Clariant. A destration plant of Clariant, located in
Straubing-Miinich (Germany) use the Sunlifuittchnology for 2G ethanol production, which
involves a hydrothermal pretreatment at mild precesnditions, a process-integrated enzyme
production, enzymatic hydrolysis, a specializednintation organism that simultaneously converts
six and five-carbon sugars into ethanol (Clariang,3).

Biochemtex/Beta Renewables, located in Cresce(ltiaky), uses the Proesa™ technology for
2G ethanol production. In this technology a twogess pretreatment is performed followed by
hydrolysis and fermentation accomplished in unigquecess (SSCF) yielding high ethanol

concentrations (Biochemtex, 2014).
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Inbicon, a subsidiary of the Danish DONG Energys biae demonstration plant of 2G bioethanol
located in Kalundborg (Denmark). The process teldgyo adopted consists in a hydrothermal
pretreatment, steam pretreatment containing aeetitis used at 180-200°C for 10-20 being able to
operate under SHF or SSF modes. The heat is pbige@ cogeneration plant that will use solid fuel
based on the valorization of lignin. The surpluglektricity is sold to the electrical network (iobn,
2014).

1.12.1 Technological challenges of 2G bioethanol biorefimes

2G bioethanol biorefineries would simultaneouslydarce bioethanol, heat and power, as well
as bio-based chemicals from biomass (Ghatak, 20é&diirbas, 2009). The development of integrated
biorefining technologies have been contributing remluce operational cost of 2G bioethanol
production and thus to its commercial deployment.

There are a lot of technical and non-technical ibesrrelated to the implementation and
commercialization of 2G bioethanol biorefineriedthdugh some significant progresses have been
achieved, there are still some challenges to owesco

The recalcitrance of lignocellulosic materials issdo the natural barrier of plant protection
against external intrusion and degradation, whidfficdlt the direct enzymatic hydrolysis of
polysaccharides. Thus, the conversion of lignotmdio materials generally requires pretreatmeng Th
efficiency and the cost of pretreatment are keydasdor the deployment of 2G bioethanol technology
(Banerjee et al., 2010; Yang and Wyman, 2008) aiglstep has been the focus of research and the
core business of several industrial players. Tha igoto significantly improve the performance bét
enzymatic hydrolysis of cellulose and, at the saime, do not generate significant amount of
inhibitors for the bioconversion steps (Alvira &t 2010).

Also, the efficiency and the cost of the enzymaiidrolysis step still require improvements.
The hydrolysis of cellulose is generally very affit, even at high solid loading, as the most adedn
cocktails have hydrolytic enzymes subject to lotilition by the product. The enzyme manufacturers
have significantly reduced the cost of enzyme petida, but it still contributes significantly to ¢h
operational costs of bioethanol production. Theesfat is important to reduce enzyme loading
without loss of performance. Additionally, the perhance of commercial cellulolytic cocktails still
depends of the feedstock and pretreatment usethandsearch trends are now on the development of
tailored cocktails for specific combination of fegack/pretreatment. Other factors affecting enzyme
performance which requires attention are enzymailgya(e.g. to temperature) and to the present of
putative inhibitors, both feedstock-specific andgmnerated during pretreatment (Koppram et al.,
2013; Kumar et al., 2009; Viikari et al., 2012).

The biochemical conversion of lignocellulose intodthanol also requires robust fermenting
organisms, able to ferment the main constituentasaccharides of lignocellulose (usually hexoses
and pentoses), in hydrolysates containing inhibjtaat high ethanol concentration, yield and
productivity (Banerjee et al., 2010; Hahn-Hageetadl., 2006; Viikari et al., 2012).
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Moreover, the success of the 2G bioethanol teclgyold industrial level requires optimal
process integration in order to reduce the numifgiracess steps and the related equipment and
energy demand, and to re-use process streamsatdtimachieving zero-waste and significantly
reducing water consumption.

Concerning the non-technical barriers, these irevaspects related mainly to the feedstock
availability and supply. One of the critical challgs in the biorefineries supply chains is the @eals
nature and annual variability of biomass supply.rédwer, the harvesting timing and frequency may
affect the composition of the biomass. The comtirsuand steady demand for transportation fuels
throughout the year requires a continuous and gtbexmass supply in 2G bioethanol biorefineries.
The operational challenge is to manage the bios@sage in order to maintain a continuous supply.
However, the cost associated to storage promotexegase of the product price, which is magnified
by biomass degradation due to long storage peridtls. feedstock price, including logistics is
represents a significant cost associated to 2GHaoel biorefineries. Therefore, a suitable desifin
the logistics is one of the key factors for keep tost of feedstock low (EERA, 2013; Yue et al.,
2014).

1.13 Innovation and Objectives

Constrains related to biomass supply in biorefewrincluding seasonality, availability, and
storage, can be overcome by the use of feedstoxtumes rather than individual feedstocks. A few
works have been conducted processing mixturesgabdiellulosic materials for ethanol production
but, in general the same type of feedstocks are (esg. agricultural residues).

The relatively low biomass availability and the smaality of several feedstocks is a drawback
for the continuous operation of bioethanol biorefinin Southern Europe. Therefore, the use of
mixtures of lignocellulosic materials, like agritural residues (e.g. wheat straw) and hardwoods
residues (e.g. eucalyptus residues and olive tnesirg) can contribute to overcome biomass supply
limitations for bioethanol biorefineries in thiggien. Moreover, the processing of mixtures contajni
different proportions of each feedstock can over@easonality of some feedstocks and contribute to
the development of an efficient system of biomagply for larger scale biorefineries.

Thus, this work pursued the following objectives:

- The study of hydrothermal pretreatment (autohydishyto increase cellulose digestibility and
to selective fractionate hemicelluloses in mixtuodsignocellulosic materials, particularly
eucalyptus residues (ER), composed by bark, branahd leaves, wheat straw (WS) and
olive tree pruning (OP).

- The optimization of enzymatic hydrolysis conditiasfspretreated solids of ER, WS and OP
and their mixtures, studying the effect of pretneat temperature, enzyme dosage and solid

loading.
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- The co-fermentation of glucose and xylose, obtafn@th processing the different mixtures of
ER, WS and OP through pretreatment and enzymatimhysis, using a recombinant xylose-
fermenting Saccharomyces cerevisiatrain under different process configurations f@& 2

bioethanol production.
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CHAPTER
2

HYDROTHERMAL PRETREATMENT






PART A - Biorefining strategy for maximal monosaccharide
recovery from three different feedstocks: eucalypta residues,
wheat straw and olive tree pruning

Abstract

This work proposes the biorefining of eucalyptusidaes (ER), wheat straw (WS) and olive tree
pruning (OP) combining hydrothermal pretreatmentdhydrolysis) with acid post-hydrolysis of the
liquid fraction and enzymatic hydrolysis of the idofraction towards maximal fractionation of
lignocellulose components and recovery of monosadbs. Autohydrolysis of ER, WS and OP was
performed under non-isothermal conditions (195-230&nd the non-cellulosic saccharides were
recovered in the liquid fraction while the cellioand the lignin virtually remained in the solid
fraction. The acid post-hydrolysis of the solublgg@saccharides was studied by optimizing sulfuric
acid concentration (1-4% w/w) and reaction time-D0min), employing a factorial {Rexperimental
design. The solids resulting from pretreatment wsremitted to enzymatic hydrolysis by applying
commercial cellulolytic enzyme€elluclast 1.5L and Novozyme 188 (0.225 and 0.0Z%.g
respectively. The strategy proposed can be effectively appt®dhe fractionation and maximal

monosaccharide recovery from the three selectedrrabst

Keywords

Lignocellulosic materials, sugar-based biorefinamytohydrolysis, enzymatic hydrolysis, chemical

post-hydrolysis

The part A of this chapter was published in thenpauBioresource Technolog{2015) by the authors
T. Silva-Fernandes, L. C. Duarte, F. CarvalheiroMarques, M. C. Loureiro-Dias, C. Fonseca, F.
Girio. 183:203-212.
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Highlights

« Eucalyptus residues, wheat straw and olive treenipgu are suitable for Southern European
biorefineries.

» The proposed biorefining strategy is efficient imonosaccharide recovery.

» Maximal monosaccharide recovery was obtained afieshydrolysis at 210°C.

« Maximal cellulose enzymatic digestibility was oloied after autohydrolysis at 230°C.

* The optimal biorefining conditions for maximal maaacharide recovery were similar for all

feedstocks.

Abbreviations

0OS, oligosaccharides, GIcOS, glucooligosaccharidesQS, xylooligosaccharides; AOS,
arabinooligosaccharides; GalOS, galacto-oligosatds; MOS, manno-oligosaccharides; HMF, 5-

(hydroxymethyDfurfural; X, sulfuric acid concentration;Xisothermal reaction time.

2.1 Introduction

Lignocellulosic materials are the largest renewadhe potentially sustainable source of
biomass that can be used in a biorefinery frameworkthe production of fuels, chemicals and
materials (FitzPatrick et al., 2010; Ghatak, 20ER, WS and OP are lignocellulosic materials largel
available in Southern Europe (Faraco and Hadarl)2@dd should thus be considered in the biomass
supply chain for biorefineries within this regidWoreover, the availability of these materials varie
throughout the year, which can contribute to adstddomass supply for continuous biorefining irsthi
region.

Eucalyptus is distributed worldwide, in countride|Brazil, China and India, but the species
Eucalyptus globuluswhich generates high-quality pulp and paper,oignfl mainly in Australia,
Portugal and Spairk. globulusis usually managed in short rotations (10-12-yleag) and the
biomass collected after thinning is considered a-seasonable renewable raw material as it is
produced throughout the year. Wheat is also widigyributed and the main wheat producers are
China, India, US, Russia and Europe in general. Ve an annual, rain-fed crop predominantly
cultivated in autumn and harvested in late spriamdyesummer, being the straw available at this time
In turn, olive tree is concentrated in the Medaesan region and is one of the most important
agricultural crops in Southern Europe. It requpasing in intervals of 1 or 2 years, being perfedn
when the vegetative activity of the olive is minimui.e., winter and early spring. Thus, the rekativ
complementary seasonality of these three lignoloslic materials in Southern Europe can allow the
predominant use of a given raw material regardiegdther two, in the period in which it is avaikabl

in more abundance.
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Due to their high saccharide content the upgradihgeR (Canettieri et al.,, 2007), WS
(Talebnia et al., 2010) and OP (Romero-Garcia.eR@ll4) is thought to be more effective if carried
out through a sugar platform for the (bio)chemjmalduction of biofuels or other bio-based products
(Duarte et al., 2007; FitzPatrick et al., 2010)odsiemical conversion processes of lignocellulosic
biomass usually require prior fractionation proesss® obtain the individual components (cellulose,
hemicellulose and lignin) and thus increase thaelue’ (Demirbas, 2009). Hydrothermal treatments,
namely autohydrolysis, have been described astefeoretreatment methods, with the advantages of
enabling the selective removal of hemicellulosegyether with a virtual complete recovery of
cellulose and lignin in the solid phase (Carvalhait al., 2009; Girio et al., 2010; Ruiz et al.12D
This feature turns autohydrolysis an adequate gawtrent for the development of integrated
biorefining strategies aiming at the fractionatemd hydrolysis of cellulose and hemicellulose into
monomeric sugars. Furthermore, autohydrolysis maidlds soluble OS in the liquid phase, which
are added-value compounds as they present mamwaneleaits for the feed, food, and pharmaceutical
industries (Carvalho et al., 2013). Nevertheleksjrtmarket volume is still low and cost-effective
biorefining process may require the utilization efl sugars available from cellulose and
hemicellulose, as in the case of lignocelluloskaebl (Girio et al., 2010). Oligosaccharides carsth
integrate the biorefinery sugar-stream by a podrdlysis step, using acids or enzymes to obtain
monosaccharides. Previous results have demonstitaid for this purpose, dilute-acid post-
hydrolysis is an efficient approach (Duarte et 2009; Garrote et al., 2001; Girio et al., 201M)jlev
hemicellulose enzymatic hydrolysis requires a syyebetween several enzymes for complete
conversion into monosaccharides (Wyman et al., Ra@4reover, since hemicelluloses may act as a
physical barrier to cellulose breakdown by enzy(@&ng et al., 2012) and XOS are strong inhibitors
of cellulase (Yang et al., 2011), the enzymaticrblyis of cellulose is substantially improved ke t
extensive removal of hemicellulose promoted by laydioolysis pretreatment.

For the complete recovery of monosaccharides frmméass, the cellulose fraction obtained
in the pretreated solid requires hydrolysis intacglse (Ballesteros, 2010; Sun and Cheng, 20023. Thi
hydrolysis may be accomplished by physical, chehaind/or biochemical processes. Here, enzymatic
hydrolysis is advantageous in relation to acid blygis due to: high specificity, minimal sugar
degradation and by-products formation; lower energgsumption, as a result of milder reaction
conditions; lower investment costs and maintenasfcequipment (Ballesteros, 2010; Yang et al.,
2011).

Accordingly, in this work, ER, WS and OP were sgbpe to an integrated biorefining
strategy (Fig. 2.1) for fractionation and maximadjar recovery involving: 1) an autohydrolysis step
order to selectively solubilize the hemicellulogaction; 2a) a chemical post-hydrolysis step of
oligosaccharide-rich hydrolysates (liquid fractibom autohydrolysis) towards maximal recovery of
hemicellulosic monosaccharides; 2b) an enzymatuirdiysis of the cellulose (solid fraction from

autohydrolysis) towards maximal glucose recovellye Tonditions of each step and their integration
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for fractionation of lignocellulose and maximal sugecovery are discussed towards the deployment

of flexible sugar-based biorefineries.

Lignocellulosic material
Pretreatment
Solid fraction: Liquid fraction:
Cellulo-lignin Soluble mono-
and oligo-saccharides
| I
Enz ymatic Chemical
hydrolysis post-hydrolysis
Glucose Monosaccharides

-
(Thermo)chemical conversion

fPurification i
: i i
v v v
CHP, lignin-based products Biofuels, other bio-based products

Figure 2.1 Proposed strategy for the fractionatiorof lignocellulosic biomass into monomeric
sugars (pentoses and hexoses) and lignin.

2.2 Materials and Methods
2.2.1 Raw materials

Eucalyptus residuesER), consisting of bark, branches and leavdseat straw(WS) and
olive tree pruning ©P), consisting of leaves and thin branches were celttiiom Mortagua, Elvas,
and Ferreira do Alentejo, (Portugal), respectivBiR and ORwvere driedat 40°C(to reach moisture
content under 19 wi/w) prior to usageAll the materials were individually ground withkaife mill
(to particles smaller than 6 mm), homogenized, ¢balhy characterized (as described below) and

stored at room temperature, until usage.

2.2.2 Autohydrolysis

The autohydrolysis assays were performed in a lesgnsteel reactor (Parr Instruments
Company, Moline, lllinois, USA) with an internal e of 600 mL. The reactor was fitted with two
four-blade turbine impellers, heated by an extefablic mantle, and cooled by water circulating
through an internal stainless steel loop. Tempezaivas controlled through a Parr PID controller,

model 4842. The different materials were mixed wvttter in a liquid-to-solid ratio of 7:1 (g water:g
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dry biomass). The agitation speed was set at 150ampd the reactor was heated to reach the final
defined temperatures in the range of 195 to 23@fter reaching the desired temperature, the reactor
was rapidly cooled, by water circulation througbespentine coil and its subsequent immersion in an
ice bath. The liquid and solid fractions were safet bypressing (up to 200 bar) using a hydraulic
press (Sotel, Portugal). The liquid fraction wagHer filtered through Whatman no. 41 filter paper
and he solid fraction was washed with water (with awoé equivalent to twice the volume used in
autohydrolysis) at room temperatufitered and dried at 40°C, and its composition determibgd

guantitative acid hydrolysis as described below

2.2.3 Optimization of the chemical post-hydrolysis of theliquid fraction
from autohydrolysis

Chemical post-hydrolysis of the liquid fraction rimoautohydrolysis of ER, WS or OP
(autohydrolysis temperature of 210°C) was optimizsd studying the effects of sulfuric acid
concentration (X) between 1.0 and 4.0% (w/w), coded as (-1) and (edpectively, and isothermal
reaction time (%) between 10 and 60 min, coded as (-1) and (+Pewively, using a 2factorial
experimental design (Rodrigues and lemma, 2009jhéncentral point, coded as (0); Znd X% is
2.5% sulfuric acid and 30 min, respectively. Eaohdition was assayed in duplicate. Sulfuric acid
(72% w/w) was added at different ratios to obthia prescribed acid concentration taking a constant
total initial mass of 15 g.

The chemical post-hydrolysis reactions were carged in an autoclavgA. J. Costa,
Portugal),at 121°C, in universal 50-mL Schott flasks cappéith wtoppers. When the reaction time
was attained, the autoclave was rapidly cooled dow©0°C.

The model used to express the responses is dasdniliguation 1, where: Y is the response,
Xi the independent variables, and the subscriptglRare referred to sulfuric acid concentration and
time, respectively.

Y=Bo + B1X1 + BXo +Pr2X1 Xo + € (Eq. 1)

Bo is the regression coefficient at center popit;and 3, are the linear coefficients of the
variables 1 and 2, respectively (main effedfs);is the coefficient of interaction between variable
and 2 {nteraction effect),and ¢ are independent random errors, assumed to be Hyprard
independently distributed. The linear regressioido 1 and its analysis of variance (ANOVA) were
carried out using MicrosdftExcel 2010 regression tool pack. The best hydimlgenditions were
determined by using the Microsoft EX8&010 Solver tool based on the best-fit equaticsiagua

constrained model. Coded representation of thebks was used for all calculation purposes.

2.2.4 Enzymatic hydrolysis of the solid fraction from aubhydrolysis

The solid fraction resulting from autohydrolysi$ 240 and 230°C) was suspended in 0.05 M
sodium phthalate buffer (pH 5.5), at an initial centration of 5.0% (w/v). The solids were incubated

with a formulation of two commercial cellulolytic neyme preparations, Celluclast1.5L
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(0.225 g/guig) supplemented with Novozymel188 (0.025 g/gi) (corresponding to approx. 8
FPU/g.ie, and 24 Up-glucosidase/g solid), in an orbital shaker (ERTAT), at 140 rpm and 50°C,
for 48 h, in presence of 0.08% sodium azide to camological contamination. The hydrolysates
obtained after residual solid removal tgntrifugation (13,000 rpm for 10 min) (Beckman Ged
Microfuge® 18) were incubated at 100°C for 10 min to inactivate thnzymes and their

monosaccharide composition analyzed by HPLC agitbescbelow.

2.2.5 Analytical methods

2.2.5.1Chemical characterization of lignocellulosic matermls and processed
solids

The materials were ground in a knife mill (to atjgde size <0.5 mm) and their moisture
content was determined by oven-drying at 105°Cotastant weight. The different materials, as well
as the processed solids, were characterized faragluxylan, galactan, arabinan, mannan, acetyl
groups and Klason lignin by quantitative acid hygsis, with 72% (w/w) sulfuric acid for 60 min at
30°C, followed by dilution to 4% (w/w) sulfuric acand hydrolysis for 60 min at 121°C. The assays
were performed in triplicate. Monosaccharides anpdtia acid present in the hydrolysates were
analyzed by HPLC as described below. Lignin contgas determined from the remaining dried
solids correcting for ash content, which was deiieech by igniting the solids at 550°C for 5 h. Piote
guantification was performed by the Kjeldahl methaging the N x 6.25 conversion factor. Fat
guantification was performed accorditigthe Portuguese standard NP-836luble monosaccharides
were extracted according to the National Renewghkrgy Laboratory (TP-510-42619) and analyzed
and quantified by HPLC as described below. Starak assayed by an enzymatic method with the
Total Starch kit (K-TST 07/11, Megazyme). Total pbkc compounds content was assayed
spectrophotometrically at 765 nm by Folin—Ciocalteethod (Singleton et al., 1999) using a
microplate spectrophotometer (Multiskan™ GO, The®eeentific, MA, USA). Gallic acid was used

as calibration standard.

2.2.5.2HPLC characterization of liquid fraction from quant itative acid

hydrolysis, autohydrolysis, chemical post-hydrolys and enzymatic

hydrolysis

The monosaccharides (glucose, mannose, galactgkesexand arabinose), organic acids

(formic, acetic, and levulinic acids) and furansMH and furfural) were quantified by high-
performance liquid chromatography (HPLC), usinf&itan Aminex HPX-87H column from Bio-Rad
(Hercules, CA) for quantifying monosaccharidesaoig acids and furans, and a HPX-87P for further
refine monosaccharides characterization and quattdn. It was used an Agilent 1100 Series HPLC
system Germany) equipped with a refractive index (IR), controlleat 45°C, to detect

monosaccharides and organic acids, and a diodg detactor (DAD) to detect furans. With the HPX-
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87P column, the mobile phase was ultrapure wdatercolumn temperature was set at 80°C and the
flow rate and injection volume were set at 0.6 mi/mnd 20uL, respectively. With the HPX-87H,
the mobile phase was 5 mM,${0, and the column temperature was set at 50°C. Ttyznahe
samples from quantitative acid hydrolysis, the fl@ate and injection volume was set at 0.4 mL/min
and 20uL, respectively. To analyze the liquid fractionrfrautohydrolysis, chemical post-hydrolysis
and enzymatic hydrolysis, the flow rate and inmttvolume was set at 0.6 mL/min anduh,
respectively. All samples were filtered through 2.2m membranes before analysi§he
concentration of O$ the liquid fraction from autohydrolysis was @aated from the increase in the
concentration of monosaccharides as analyzed byCH&fter post-hydrolysis at standard conditions
(corresponding to addition of sulfuric acid at are@ll concentration of 4% (w/w) during 60 min at
121°Q (Carvalheiro et al., 2004)

2.3 Results and Discussion
2.3.1 Composition of lignocellulosic materials

The lignocellulosic materials selected for thisdgtuER, WS and OP, presented high
saccharide content (57-68%), accounting glucaniujose and starch), xylan, galactan, arabinan,
mannan and extractable sugars (Table 2.1). Theles#l content was estimated based on glucan
assessed by quantitative acid hydrolysis (as gi)casd subtracting starch and glucose in extragtive
Taking into account this assumption, ER preserttechigher cellulose content (36.1%), followed by
WS (30.6%) and OP (24.5%).

However, the glucan content (expressed as gluamsegsponded to 40.7, 38.6 and 33.6% in
ER, WS and OP, respectively. The differences olesemave resulted from the high amount of soluble
glucose and/or starch content in the WS and ORadh the results obtained for total glucan (as
glucose) and cellulose of OP were very similarltose previously reported in non-extracted raw
material (32.7/32.9% and 22.7/25.0 respectivelygll@teros et al., 2011; Cara et al., 2008a). WS,
which presented the highest starch content amantighocellulosic materials tested (3.1%) but lower
soluble glucose content (1.2%) than OP, presentethbglucan content similar to previously repdrte
values (37.8-38.9%) in non-extracted raw mate@iti¢ et al., 2010; Pérez et al., 2008). The ER
characterization previously reported pointed fomprag. 40% of cellulose in extracted solids
(Canettieri et al., 2007). In this study, the delbe or total glucan content estimated for ER ex&ch
solids accounted for approx. 41%. The celluloseadrof ER was lower than previously reported for

Eucalyptus globulugvood chips (around 46%) (Martin-Sampedro et ai1.22.
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Table 2.1 Chemical composition of the eucalyptus s&dues (ER), wheat straw (WS) and olive
tree pruning (OP) (% of dry weight).

Component ER WS OP
Cellulosé 36.1 + o0 306 + (01 245 + 02
Hemicellulose 23.8 32.3 18.8
Xylan 139 + 08 235 + 0.2 99 + 01
Galactan 1.3 + 01 0.7 + 00 1.8 + 05
Arabinan 20 + 06 46 + 03 32 + 02
Mannan 1.7 + 00 0.0 1.0 + 01
Acetyl groups 49 + 14 35 + 02 29 + 03
Klason lignin 267 + 03 168 + 02 222 + 0.2
Ash 24 + 03 50 + 00 38 + 01
Protein 28 + 05 54 + 00 6.2 + 01
Extractives 3.6 9.8 18.6
Fat 19 + 03 14 + 00 43 + 01
Starch 0.0 31 + 05 23 + 01
Soluble saccharides 1.7 + 01 53 + 07 120 + 0.2
Glucose 06 + 01 1.2 + 00 38 + 00
Others 4.6 0.1 5.9

dCalculated subtracting starch and free glucose fogat glucan.

WS, the agricultural residue used in this studgspnted the highest hemicellulose content
(32.3%), which was higher than determined in ogtedies (25.4 and 23.5%) (Girio et al., 2010; Pérez
et al., 2008). Also, the hemicellulose content iR B23.8%) was higher than reported for other
eucalyptus residues and wood, 18 and 19.9%, regplyctCanettieri et al., 2007; Martin-Sampedro et
al., 2012). The hemicellulose content of OP way w&milar to that observed in non-extracted raw
material by other authors (18.2%) (Ballesteroslgt2®11; Cara et al., 2008a). In WS, xylose and
arabinose were the major hemicellulosic units, Whiécin agreement with the arabinoxylan nature of
hemicellulose found in WS and other agriculturaidaes (Girio et al., 2010). The hemicellulose of
ER and OP was also mainly composed of xylan. Ottemicellulosic units, such as arabinose,
galactose and mannose, were identified in lowerwmso Acetyl groups represented about 4.9, 3.5
and 2.9% of the ER, WS and OP, respectively.

Klason lignin also constituted a significant fractiof the raw materials studied, being over
20% in ER and OP, hardwood materials, and about @&8tent in WS. Insoluble lignin content in
WS (16.8%) was similar to that found by (Pérezlet2®08), 16.3%, and slightly lower that reported
by (Carvalheiro et al., 2009), 18.0%. The lignimtemt found in ER was similar to the previously
reported (26%) (Canettieri et al., 2007), while 8@ studied presented a higher value than the
reported by other authors (16.6%) (Ballesterod.e2@11; Cara et al., 2008a).

In the present work, the extractives were charaetdras extractable monosaccharides, fat and

starch. OP was the feedstock that presented thehimnount of extractives reaching a total of 18.6%
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from which approximately 2/3 are saccharides. Othghors found higher extractives content in OP

(23-31%) containing around 8% glucose (Cara et 2008a; Ballesteros et al., 2011). For the

extractives of the other materials, a similar vaias found by (Pérez et al., 2008) for WS (15.3%),

and a lower value was obtained by (Romani et @lL12for eucalyptus wood (2.4%). The ash content
was low in the three lignocellulosic materials ugedhis work and the same was observed by other
authors (Ballesteros et al., 2011; Canettieri t24107). The exception was observed for WS, where
(Carvalheiro et al., 2009) detected almost 10%sbf &his variability of the results could be atitiéd

to the variety, the harvesting period and the logieneity of the feedstock.

2.3.2 Autohydrolysis as the fractionation process

Autohydrolysis was used as the pretreatment promesthe selective fractionation of non-
cellulosic from cellulosic sugars, with hemicellséomainly recovered in the liquid fraction and the

cellulose retained, as cellulo-lignin, in the sdhalction.

2.3.2.1Liquid fraction

The composition of the liquid fraction obtainedeafawutohydrolysis of ER, WS and OP in
terms of OS, monosaccharides and degradation pi©dwas characterized as a function of
pretreatment temperature (195-230°C) (Fig. 2.2¢ Fdccharides present in higher concentration were
found to be the XOS, which resulted from the sdisdiion of xylan, the major component of the
hemicelluloses present in the three lignocellulosaterials tested. The autohydrolysis of ER, WS and
OP generated a similar profile of non-cellulosicctrarides, being 210-215°C the optimal temperature
range for maximal sugar recovery in the liquid fi@e in all the three materials tested. The
composition of the liquid fraction of ER, WS and @lbject to an autohydrolysis process seems to be
strictly related to the different composition of tergalsin natura The liquid fraction obtained from
WS autohydrolysis presented the highest conceatratf XOS, reaching 20.5 g/L (15.2 g/100 ¢
feedstock), while the pretreatment of ER and ORegetad 12.0 g/L (9.3 ¢g/100 g feedstock) and 10.3
g/L (7.6 g/100 g feedstock) of XOS, respectively guch, more than 65% of the initial xylan was
recovered as soluble XOS, after autohydrolysisl@f@ of each raw material.

GIcOS were also obtained in relatively high concaians in the liquid fraction of pretreated
WS and OP, but not when ER was used. This is maioiselated with the presence of starch in WS
and OP (see Table 2.1). In both cases, the GlcOS&/eey was high at autohydrolysis temperatures
below 220°C. The pretreatment of WS generated ri@e 9 g/L of GIcOS, which corresponded to
almost half of the highest concentration of XOSagi#d with this feedstock. This high GIcOS
obtained from WS pretreatment contrasts with pneslp reported data (Carvalheiro et al., 2009),
which can be patrtially justified by the differenairkiesting season and by the presence of residual
amounts of starch grain in WS, which was now idiettias 3.1% of total dry matter. In the liquid

fraction of pretreated OP, a similar concentratbiislcOS and XOS (9.8 and 10.3 g/L, respectively)
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was observed at 210°C. A similar characterizatibthe liquid fraction from OP autohydrolysis was
previously described (Cara et al., 2012) and the®©Slcontent was attributed to non-structural glacos
issued from the extractive fraction of the raw materather than from solubilisation of celluloge.
different profile was observed in the liquid fraxctiof pretreated ER, where GIcOS were found in
minor concentrations (maximum of 2.1 g/L, at 195°)is low GIcOS content confirmed the limited
removal of structural glucan by autohydrolysis, ethin the case of ER could represent partial @i tot
solubilisation of the low amount of glucomannanssent in the ER hemicellulose. Low
concentrations of GlcOS (0.4-1.0 g/L) were alscedietd after autohydrolysis &. globuluswood
(Romani et al., 2011).

Other OS obtained from hemicellulose hydrolysishsas AOS, GalOS and MOS were also
present in the hydrolysates but, in general, abmioncentrations, with maximum AOS found in WS
and OP (3.5-3.7 g/L) and GalOS in ER (3.4 g/L}12&°C.

Regardless the lignocellulosic material studied,lihuid fraction of autohydrolysis displayed
a low concentration of monosaccharides under thideconditions. Pentoses were the predominant
monosaccharides obtained from pretreated ER and Wi8reas glucose was the most abundant
monomer obtained from OP, in agreement with theh mgn-structural glucose content of this
material. Arabinosyl units were significantly hytmmed at the lower temperatures tested (195-210°C),
while xylose was generated at maximal concentratiaith the autohydrolysis performed at 215-
220°C. A similar profile was previously observed WS (Carvalheiro et al., 2009), which is in
agreement with a hemicellulose composed of a xhlarkbone, more recalcitrant, and side chains
containing arabinosyl, i.e. arabinoxylan.

The organic acids concentration in the liquid fi@ttincreased steadily with the temperature
of autohydrolysis (Fig. 2.2). Acetic acid was thaimorganic acid found in hydrolysates reaching the
highest concentration (5 g/L) at 230°C. Formic agitlich is formed when furfural and HMF are
broken down (Palmqvist and Hahn-Héagerdal, 2000) etigined at slightly lower concentrations (3.4
g/L, 4.5 g/L and 4.2 g/L at 230°C, for ER, WS anid, @espectively). Similarly, phenolic compounds
obtained from ER and WS also increased with autailysis temperature. Conversely, the
temperature appears to have little influence onpthenolic compounds concentration in the liquid
fraction of pretreated OP at 215-230°C.

Sugar degradation products (furfural and HMF) aieoeased with pretreatment temperatures,
as generally observed in the pretreatment of lighalosic materials (Garrote et al., 1999). However
high furan concentrations (>4 g/L) were only ob¢ainwith autohydrolysis at 230°C. Furfural was
obtained in higher concentrations than HMF, whichelated to the more labile nature of pentoses and
their higher concentrations. The highest concantratf furfural and HMF were found in WS (5.11
g/L and 0.77 g/L, respectively, at 230°C).
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2.3.2.2Solid fraction

The composition of the solid fraction of ER, WS aD& recovered after autohydrolysis at
different temperatures (195-230°C) is represemehBig. 2.3. Hemicellulose content decreased with
the increase of pretreatment temperature, whatbeaexplained by the higher solubilization of its
constituents. This is in agreement with the indrepsugar content of the liquid fraction with
temperature (up to a point where significant degtiad products were generated), and also with
previous observations (Cara et al., 2008a; Cariralle¢ al., 2009).
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Figure 2.3 Composition of the solid fraction recoved after autohydrolysis of eucalyptus
residues (a), wheat straw (b) and olive tree pruni (c).
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When pretreatment was carried out at 210°C, thditon for maximal sugar recovery in the
liquid fraction, the solid fraction contained 9.7%3.6% and 8.0% of hemicelluosic sugars in ER, WS
and OP, respectively, which corresponded to appratély 24-32% of their content in the raw
material. Under the most severe condition (230t hemicellulose content in the solid fraction was
residual (less than 3%). Accordingly, the pretréatelids of ER, WS and OP presented a significant
higher glucan and Klason lignin contents at highemperatures. Cellulose recovery under the
conditions tested was above 95% for ER and WS ppoba. 90% for OP, its content increasing in the
solid fraction more than 20% when comparing autoblydis performed at 195°C and 230°C. These
results are in agreement with previous reports W and corn stover (Buruiana et al., 2014;
Carvalheiro et al., 2009). Moreover, this high fraeation of cellulosic (and lignin, as cellulo-tin)
and non-cellulosic sugars with autohydrolysis penfed at 230°C, might also be advantageous for
further processing of cellulose by enzymatic hyghid, either for high glucan content and increased

enzymatic digestibility (Yang et al., 2011).

2.3.2.3Chemical post-hydrolysis of the liquid fraction

Chemical post-hydrolysis of the liquid fraction wagtimized for maximal monosaccharide
recovery. As OS are the main sugars present ifiqtiel fraction of pretreated materials, and in gan
cases those soluble sugars are still not suitabléiblogical or chemical conversion processes, a
further conversion step is necessary for maximalesaccharide recovery. Chemical post-hydrolysis,
with dilute acid, is currently an interesting opti(Duarte et al., 2004; Duarte et al., 2009; Gargit
al., 2001; Girio et al., 2010) and, in this workist process was optimized in order to identify the
condition(s) for maximal sugar recovery, and mirlieid and energy (reaction time) consumption.
The liquid fractions from autohydrolysis used fbe toptimization of the post-hydrolysis step were
those obtained at 210°C, which corresponded toeBigbugar recovered (24.3, 40.2 and 38.2 g/L for
ER, WS and OP, respectively) (Fig. 2.2).

In the post-hydrolysates, OS were hydrolyzed inbmasaccharides reaching maximum yields
at 1% sulfuric acid, 60 min, 121°C (83, 90 and 9WER, WS and OP, respectively). In general,
xylose was the most abundant monosaccharide foutiekipost-hydrolysates (11.6, 21.6 and 14.2 g/L
for ER, WS and OP, respectively). Yet a significghicose concentration was also observed in post-
hydrolysates from WS and OP, which resulted from tiigh GlcOS and glucose (non-cellulosic
glucan) content in the liquid fraction of the prdicgy autohydrolysis step with these two materials.
Duarte et al., (2009) also found xylose as the @rédant sugar for the post-hydrolysate of WS.
Furans concentrations do increase with severity rbatain close to the reported values for the
autohydrolysis liquors (<2 g/L), except for the g severities tested. Furthermore, furfural is the
dominant furan for all feedstock (data not shown).

The regression coefficients of the proposed limeadel for chemical post-hydrolysis of ER,
WS and OP, together with the coefficient of detemtion (R) for the analyzed response, are

presented in Table 2.2.
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Table 2.2 Regression coefficients estimates? foretlmodel of total sugars concentration from
post-hydrolysis of eucalyptus residues (ER), wheatraw (WS) and olive tree pruning (OP).

ER WS oP
Bo 20.86+0.19 (0.00)  37.410.45 (0.00) 36.76:0.48 (0.00)
B.  -0.21+0.21 (0.35) 1.41+0.51 (0.03) 0.74:0.53 (0.21)
B,  0.43%0.21(0.09) 1.89:0.51 (0.01) 0.95:0.53 (0.12)
B -0.93+0.21(0.00)  -2.7:0.51 (0.00) -1.84:0.53 (0.01)
R? 0.80 0.89 0.74

All values reported as coefficientstandard erropgvalue).

The acid concentration and reaction time werestiedilly significant effects in the recovery
of total sugars from chemical post-hydrolysis oé tiquid fraction of pretreated WS. Both had a
positive effect for maximal sugar recovery. Thisule is in agreement with the maximal xylose
recovery from XOS after chemical post-hydrolysiplaggl to the liquid fraction of pretreated WS
obtained by Duarte et al., (2009).

The results of the chemical post-hydrolysis of ligaid fraction from autohydrolysis of ER
and OP were different from those obtained from \WShese cases, the main individual effects were
not statistically significant in the confidence ébvdefined (g0.05). However, the interaction
coefficient for acid concentration and reactiondtiia statistically significant for total sugars oeery
for the three materials studied. The negative effat the studied response indicates that these
variables act synergistically to increase sugarattagion.

In order to define the best conditions for the clsapost-hydrolysis process of liquid
fraction generated during the autohydrolysis of BR§ and OP, a constrained optimization model was
implemented. Although other solutions were possitiie best conditions predicted by the models for
maximal sugar recovery were obtained with low amdcentration (1% w/w) and longer isothermal
reaction time (60 min) for all materials (Fig. 2.Zhis condition corresponds to 4-fold reduction in
acid consumption when compared to standard posblygis conditions (assay 1), using the same
isothermal period. From an operational point ofwi¢he implementation of such process with lower
acid consumption (and alkalis for neutralizationjll vihave also significant environmental and

economic advantages.
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2.3.2.4Enzymatic hydrolysis of the solid fraction

The effect of autohydrolysis temperature on thieiefficy of enzymatic hydrolysis of the solid
fraction was assessed towards maximal glucose eegoMwo pretreatment temperatures were
selected to evaluate enzymatic digestibility of sleéid fraction resulting from autohydrolysis of ER
WS and OP: 210°C, the condition providing maximagjas recovery in the liquid fraction; 230°C, the
conditions providing the highest glucan contentaiimg in the solid fraction (Fig. 2.5). Under thes
conditions, i.e. autohydrolysis at 210 and 230%, glucan content of the pretreated solids were,
respectively: 49.5 and 52.4% for ER, 51.2 and 580eWS and 40.5 and 42.1% for OP. Under the
most severe conditions (230°C), the solid fractimrrgained less than 3% xylan.

The conditions applied for enzymatic hydrolysis (§84v) solid loading, 8 FPULg;y at pH
5.5, 50°C) allowed a high rate of glucose relessaching more than 80% of the final glucose titer
after 12 h. After 48 h of enzymatic hydrolysis, thkicose yield obtained for the WS and OP
pretreated solids at 230°C was higher than 90%tvemisea lower yield (approx. 60%) was obtained for
ER. The ER, WS and OP hydrolysates contained B0.6,and 21.5 g/L of glucose, respectively.

The efficiency of enzymatic hydrolysis of the thmeaterials pretreated at 210°C was much
lower than at 230°C, reaching only 49.8, 78.8 andB% of glucose yield for ER, WS and OP,
respectively. The results revealed that a highetrgatment temperature increased the yield of the
enzymatic hydrolysis. Apart from higher physicadrdption and consequent digestibility of cellulose
fibers at higher temperature, the lower hemicefialaontent in the solids reduces inhibition of
cellulolytic enzymes (Alvira et al., 2010; Yang &t, 2011; Zhang et al., 2012). Furthermore, the
composition and structure of each raw materialimdombination with pretreatment temperature had
also a significant impact on cellulose digestipjlins denoted by the different increase in glucose
yields by enzymatic hydrolysis of solids obtaindigautohydrolysis at 210 and 230°C: increment of
9, 16 and 27% in glucose yield of ER, WS and ORwéi@r, a higher enzyme dosage can contribute
to increase enzymatic hydrolysis yield of ER (dadhishown).

Previous reports of enzymatic hydrolysis of ER, W8l OP indicated yields of approx. 75%
of glucose recovery, but pretreatment conditionids loading and enzyme dosage were differently
combined (Cara et al., 2008b; Ertas et al., 201eIndsh et al., 2012).
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2.3.2.50verall sugar recovery

The maximal recovery of sugars is essential forabenomy of biorefining processes based
on biological conversion. Moreover, the fractionatiprocesses based on hydrothermal or acidic
pretreatment of lignocellulosic material are uspefficient on the recovery of the cellulose fractin
the solid and of the non-cellulosic sugars, as @& raonosaccharides, in the liquid fraction. Furans,
organic acids and phenols, which are often inhibitof biological conversion processes, are also
solubilized or generated during the pretreatmedtlaapt mainly in the liquid fraction. The purpode o
this work was to evaluate the conditions for frawtition and maximal monosaccharides recovery
from ER, WS an OP using three integrated biorefinimocesses: 1) autohydrolysis, 2a) chemical
post-hydrolysis of its liquid fraction; 2b) enzyrntahydrolysis of its solid fraction as show the Fig
2.6.

The yields of sugar recovery and the charactedmatif the two monosaccharides streams
were compiled for two conditions of integrated kiiming processes: i) autohydrolysis at 210°C,
condition for maximal monosaccharide recovery affeemical post-hydrolysis (at 1% w/w sulfuric
acid, 60 min, 121°C) of the liquid fraction was ahged; ii) autohydrolysis at 230°C, condition for
maximal glucose recovery after enzymatic hydrolys& (w/v) solids, 8 FPU/Lgiq at pH 5.5, 50°C)
of the solid fraction was obtained.

In the integrated biorefining process, with thetf@atment at 210°C, it was possible to obtain
significantly higher recovery yields of monosacdéties in the liquid fraction (>70% of non-cellulosic
sugars) when compared with the pretreatment at23D8e very low recovery yield (<35%) of non-
cellulosic monosaccharides with the pretreatmemnfopmed at 230°C was due to significant higher
generation of sugar degradation products mainlpcated to the high severity of pretreatment. In
opposite, the pretreatment at 230°C favored thgreatic hydrolysis of pretreated solids, with overal
glucose recovery yields based on initial cellulo§&7.3% for ER, 97.2% for WS and 82.5% for OP,
which represented a 18-25% higher glucose recoweryelation to the integrated process with
pretreatment at 210°C. Taking into account thawadnzyme dosage (8 FPLYg) was used, there is
still room for improvement of enzymatic hydrolysieainly with respect to the woody materials, like
ER, where the maximum yields obtained were belo% &Mder the conditions tested.

The proposed biorefining process generated gludoke(cellulosic) streams (>89% of total
monosaccharides) for all the materials and condltitested, while the composition of the non-
cellulosic stream (resulting from hemicellulose amoh-structural sugars) was dependent of the
lignocellulosic material (Fig. 2.6). Thus, whilelage represented about 50% of total monosaccharide
content in non-cellulosic sugar streams from ER A&l it was less than 40% of that from OP. In the
case of the non-cellulosic sugar stream from ORgage content was similar or higher than xylose

content.
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1,00Ckg ER, WS or OP
I

Autohydrolysis (1)
LSR: 7(g/g
210 and 230°C (non-isothermal)
I
Liquid fraction: Solid fraction:
Soluble mono- Cellulo-lignin

and oligosaccharides

Chemical post-hydrolysis (2a) Enzymatic hydrolysis (2b)

5% (w/w) solid conterjt

1% H,S0, 8FPU/g solid
121°C, 60 mi 50°C, pH 5.5, 48 i
Monosaccharides (glucose/xylose) Monosaccharides (glucose) Total
Lignocellulosic Autohydrolysis  Autohydrolysis Autohydrolysis  Autohydrolysis Autohydrolysis  Autohydrolysis
material at 210°C at 230°C at 210°C at 230°C at 210°C at 230°C

ER 161 (16/84) 66 (12/32) 210 (195) 232 (230) 371 298

WS 298 (74/161) 125 (41/60) 288 (257) 343 (330) 586 468

OoP 284 (101/106) 111 (49/29) 173 (159) 235 (225) 457 346

Figure 2.6 Monosaccharides recovery (kg) from 1 toeucalyptus residues (ER), wheat straw
(WS) and olive tree pruning (OP), after fractionaton through autohydrolysis and enzymatic
hydrolysis of the solid fraction and post-hydrolyss of the liquid fraction.

In sum, the results show that, although at 230&ptletreatments promoted higher enzymatic
digestibility of cellulose, a significant amount tfe sugars from the non-cellulosic fraction was
degraded, becoming the pretreatment at milder tiondi (210°C) more attractive for total
monosaccharide recovery from ER, WS and OP.

In this work, it was possible to generate 72.0%ovecy of non-cellulosic monosaccharides
for milder condition (autohydrolysis at 210°C/pbgdrolysis) and 94.9% of enzymatic hydrolysis
yield of the solid fraction for the most severe dibion (autohydrolysis at 230°C/enzymatic
hydrolysis).

In sugar-based biorefineries, the integrated biwiref strategies should target a maximal
sugar recovery and, at the same time, a fractiomagrocess compatible with the subsequent
biological or chemical conversion process. The dinersion processes will depend on the capacity of
microbial cell factories to convert the differentonosaccharides present in lignocellulosic
hydrolysates and also to tolerate the inhibitorsiegated during biomass deconstruction (sugar
degradation products, phenolic compounds and ocgacids). Therefore, different biorefining
strategies to convert lignocellulose into fermetgaugars (monosaccharides) may be applied, making
use of the different fractionation products obtdine this work. The residual solids after the
enzymatic hydrolysis are rich in lignin, which miglbe suitable for lignin upgrading and
commercialization, or for use in co-generation toduce energy and steam (CHP) to supply the

energy demand of the biorefinery.
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2.4 Conclusions

The integrated biorefining strategy presented heedines conditions for maximal
monosaccharide recovery (pretreatment at 210°C) #&wd maximal cellulose digestibility
(pretreatment at 230°C). The resulting monosacgearare a sugar platform for the production of
advanced biofuels, materials, bulk and fine chelsibg fermentation and/or chemical processes. The
similar behaviour obtained for the different ligetlalosic materials opens the possibility of usang
combination of these materials (mixtures) in ortteminimize problems associated with feedstock
availability and seasonality. The results obtaineguire validation at higher scale and solid conten

mainly with respect to pretreatment and enzymatardlysis processes.
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Part B - Hydrothermal pretreatment of several ligncacellulosic
mixtures containing wheat straw and two hardwood reidues
available in Southern Europe

Abstract

Biomass availability and supply are key factorstfog sustainability of biorefineries. The utilizati

of biomass mixtures is recognized as a solutiooviercome these problems in certain regions, like
Europe. This work studied the processing of biomasstures containing three lignocellulosic
materials largely available in Southern Europe abuatus residues (ER), wheat straw (WS) and olive
tree pruning (OP). The mixtures were chemically rabterized, and their pretreatment, by
autohydrolysis, evaluated within a severity fadog Ry) ranging from 1.73 up to 4.24. A simple
modeling strategy was used to optimize the autadlydis conditions based on the chemical
characterization of the liquid fraction. The solfdaction was characterized to quantify the
polysaccharide and lignin content. The best opamati pretreatment condition for maximal
saccharides recovery revealed to be at the samegityenange (lodR, 3.65-3.72), independently of the
mixtures tested, which suggests that autohydrobeiseffectively process mixtures of lignocellutosi

materials.

Keywords

Biomass pretreatment; biorefinery, feedstock megurlignocellulose; Southern Europe; biomass

supply; sugar recovery

The part B of this chapter was published in thenpalBioresource Technolog{2014) by the authors
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Highlights

 Autohydrolysis was an efficient pretreatment foxtaies of lignocellulosic materials.
» Autohydrolysis profile is similar for different fdstock mixtures.
* The use of feedstock mixtures mitigate biomass lyugmstrains in biorefineries.

» Sugar-based biorefineries can use mixtures of haod® and agricultural residues.

Abbreviations

GlcOS, glucooligosaccharides; XOS, xylooligosacies; AOS, arabinooligosaccharides; HMF, 5-
(hydroxymethyl)furfural.

2.6 Introduction

Many lignocellulosic residues, by-products and gparrops have been tested and laboratory
and demonstration scales to be used as feedstobkofefineries (Demirbas, 2009; Fava et al., 2013;
FitzPatrick et al., 2010; Requejo et al., 2012;da#@and et al., 2012). However, the limited biomass
availability and supply can be considered one efrfajor problems restraining the global biorefinery
deployment (Balat, 2011). In fact, the seasonalneaand annual variability of biomass supply may
turn the use of many feedstocks unpractical duéodistic/economic reasons (Yue et al., 2014),
namely high transportation and storage costs. Maeofeedstock flexibility and hence greater
independence from suppliers is one of the key fadimr making the feedstock cost stable during the
lifetime of a biorefinery (Gnansounou, 2010). Tyig, these barriers can be solved by the use of
different biomass sources throughout the year, lwhiay require special dedicated equipment and
hence higher capital costs.

An alternative that can minimize the problems edatvith biomass availability, seasonality,
and storage, is the use of biomass mixtures rdkizer a single raw material. Although some studies
on biomass mixtures are already available (Jensel.,e2008; Martin et al., 2008; Thomsen and
Hauggaard-Nielsen, 2008), the focus on technicaluation of processing feedstock mixtures in the
initial biomass pretreatment/fractionation stagstii scarce.

In this work, eucalyptus residues (ER), wheat st(e@¥&) and olive tree pruning (OP) were
chosen as representative feedstock from SoutheropEuas they are widespread and significantly
available in relatively concentrated regions. Fostances, their availability in Portugal is here
estimated from available literature (Campilho, 2008E, 2012; INE, 2013; Kim and Dale, 2004;
Romero-Garcia, et al., 2014) to reached 1.1XER), 7.6x10 (WS), and 5.0x10(OP) ton per year.
Furthermore, the seasonality of these materialpaisially complementary, since ER is available
throughout the year, WS is available in late speagy summer, and OP is mainly available in winter

and early spring. This further potentiates thee irsa multi-feedstock biorefinery under continuous
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operation throughout the year, as also their stocagts are not expected to be significant ashibeg
low moisture content, or can be easily dried ndiyura

All these raw materials are polysaccharide-richemals, reaching contents of 57% (ER), 68%
(WS) and 62% (OP) of carbohydrate content. Howetleey present many differences, both at
anatomical and chemical level. In fact, althoughytlare all angiosperms, they have very different
biological origins, belonging to significant diffamt phylogenetic groups. Wheat is the classical
example of an herbaceous crop (belonging to conmidsliclade), eucalyptus is a typical hardwood
and fast growing tree (belonging to the rosid cJaddereas olive tree is a slow-growing hardwood
(belonging to the asterid clade). Their lignocalfd organization is significantly different, mainly
with respect to hemicellulose and lignin compositiHowever, their hemicelluloses have the common
trait of containing significant amounts of xylan.

As such, although it has already been proved thatet materials can be successfully
processegber sewithin the biorefinery framework (Chapter 2 — PArtMcintosh et al., 2012; Negro
et al., 2014; Pérez et al, 2008), their behavior mixtures, specifically in the
pretreatment/fractionation stage, is not known.

Hydrothermal treatments have already been demaedtta be attractive pretreatment options
for the biochemical upgrading of lignocellulosic tevdals. These processes require no other reagents
than water (Carvalheiro et al., 2008) and haveearainarked nature of a self-catalyzed process, from
where it is derived the name of autohydrolysis.fdat, these processes selectively hydrolyze the
hemicellulose fraction and hence are prominentlipyémced by hemicellulose composition (Garrote et
al., 2002; Ruiz et al., 2013), in contrast to te@aatalyzed processes. The latter is considerssl |
environmental-friendly by the use of catalyst aneutnalization agents. In fact, autohydrolysis
promotes lower liberation of compounds derived friggnin and lower cellulose and hemicellulose
degradation, which favor bioconversion processes, w the lower levels of microbial inhibitors
generated during pretreatment (Garrote et al., R00%e remaining solid fraction from autohydrolysis
is enriched in cellulose and sulfur-free lignin.llGlese can be subjected to enzymatic hydrolysis to
produce glucose, while the lignin can be recoveeegl, as phenolic extracts (after delignification)
directly used for energy (co-)generation (Kanglgt2913).

The main products found in the liquid fraction afs&itohydrolysis are oligosaccharides (OS),
which cannot be directly metabolized by many micgamisms in bioconversion processes. Thus, a
sequential hydrolysis process (post-hydrolysis )stegn be applied to obtain a monosaccharides-
stream to be used as sugar platform for the pramuatf bio-based products. For this purpose, as
compared to enzymatic post-hydrolysis, dilute-gmdt-hydrolysis have competitive advantages, like
the lower costs of catalysts and the shorter readiine is required (Duarte et al., 2004; Duartalet
2009; Garrote et al., 2001) and the higher yidig, later mainly because hemicellulase commercial
cocktails are still inefficient.

In this work, three combinations of ER, WS and Oe€ravsubjected to autohydrolysis at
different severities (lodR, from 1.73 up to 4.24) and its effect on the conitms of liquid and solid
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fractions were evaluated. An empirical model wasduas a tool to guide process optimization for
each mixture and, at the higher OS content, a lpgdttelysis step of the liquid fraction was perfodne

to evaluate maximal monosaccharides recovery.

2.7 Materials and Methods
2.7.1 Raw materials

ER are materials resulting from forest managemeattjges, such as trimming and tree
abatement, and were obtained from a commekEaiahlyptusfarm (Mortagua, Portugal). They mainly
consist of bark, branches and leaves and were gedvalready partially milled. WS was collected
from an agricultural experimental station (ElvagrtBgal). OP was obtained from a local farmer
(Ferreira do Alentejo, Portugal). Upon receptioR &d OP were dried at 40°C to obtain moisture
content less than 10% (w/w). All feedstock werentliedividually grounded with a knife mill to
particles smaller than 6.0 mm, homogenized andedt@eparately in plastic containers at room
temperature. These samples were used to prepadiffément combinations of feedstock to be tested,
as ER:WS:OP, equal 50:25:25; 25:50:25 and 25:2%B®, represented by 50ER, 50WS and 500P,
respectively. These combinations of feedstock wmepared as required, homogenized and then

characterized as described below.

2.7.2 Autohydrolysis of different mixtures of eucalyptusresidues, wheat
straw and olive tree pruning

The autohydrolysis pretreatment was performed if.&L stainless steel reactor (Parr
Instruments Company, Moline, lllinois, USA) equippeith a Parr PID temperature controller (model
4842). Each mixture (40 g dry basis) was loadet wiater to obtain a liquid-to-solid ratio of 7 (g)g
and the agitation speed was set at 150 rpm. Fdr m@cure, ten different final temperatures in the
range of 150°C to 230°C were tested, under nomésatal conditions, so that when the desired
temperature was reached, the reactor was immegizteled down.

Liquid and solid fractions were separated using/@rdulic press (Sotel, Portugal) up to 200
kg/cn? and the liquid fraction recovered was filtered @tthan no. 41 filter paper) to remove the
remaining solids. The solid fraction was washedoaim temperature with two volumes of water,
filtered and dried at 40°C before analysis of themical composition.

The effects of time and temperature on autohydi®here interpreted based on the severity
factor, logR, (Overend and Chornet, 1987):

Ro :It ex L_loo dt
0 1475
wheret is time (min), T the temperature (°C), and 14.75 an empirical patanrelated with activation

energy.
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2.7.3 Empirical modelling

The experimental data were fitted iteratively top@ical polynomial models implemented in
MSExcef 2010. The determination of the best operationaiditons maximizing saccharides
recovery was obtained using the Solver functiosp duilt-in in MSExcel 2010, based on™order
polynomial models, as shown in the Eq. 1.

Y = Bax* + Bax® + Box + Bax + Bo (EQ.1)
where, Y is the yield of the studied variables Q@'1g feedstock mixturef3o, 1, B2, Bz and 3, are
coefficients of the polynomial and x is the sewef#ctor.

The studied variables were the yields of GIcOS, XABS8S and total OS, their corresponding
monomers as glucose, xylose and arabinose, andsafeoof pentoses and total saccharides (oligo-
and monosaccharides), acetic and formic acids,rswggradation products as furfural and HMF and

total phenolic compounds.

2.7.4 Chemical post-hydrolysis of the liquid fraction from autohydrolysis

The liquid fractions recovered from autohydrolysisre subjected to a second hydrolysis
process under previously optimized chemical posirblysis conditions for maximal sugar recovery,

i.e. using sulfuric acid, 1% (w/w) final concenteatt, at 121°C for 60 min (Chapter 2 — Part A).

2.7.5 Analytical Methods
2.7.5.1Chemical characterization of the solid fraction

Raw materials, as mixtures (50ER, 50WS and 500M),raspective pretreated solids were
characterized by quantitative acid hydrolysis fekal by HPLC analysis, after being ground to
particles smaller than 0.5 mm. The samples weresdhiith 72% (w/w) sulfuric acid for 60 min at
30°C, diluted with water to 4% (w/w) sulfuric acahd hydrolyzed for 60 min at 121°C. The solids
obtained were used to determine the acid insollignkén (Klason lignin) content, after correctionrfo
ash. Ash content was determined by igniting theteris at 550°C for 5 h. The hydrolysate from
guantitative acid hydrolysis was analyzed by HP@ilent 1100 Series, Germany), using an Aminex
HPX-87H column (Bio-Rad, Hercules, CA), operating@°C. Monosaccharides (glucose, xylose and
arabinose) and acetic acid were eluted, aftertiojeof a 20uL sample, with sulfuric acid (5 mM) as
mobile phase at 0.4 mL/min flow rate.

The soluble saccharides content of the three nagt{m naturg) was evaluated by extraction
using the National Renewable Energy Laboratory oalogy (TP-510-42619) and quantification by
HPLC. Protein content was estimated by the Kjeldabthod, using the N x 6.25 conversion factor
and fat was quantified using ethyl ether accordm@ortuguese standard 876. All the analyses were

performed in triplicate. Total phenolic compoundsitent was assayed spectrophotometrically at 765
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nm by Folin-Ciocalteu method (Singleton et al., 999sing a microplate spectrophotometer

(Multiskan™ GO, Thermo Scientific, MA, USA). Gallic acid wasad as calibration standard.

2.7.5.2Chemical characterization of liquid fraction from autohydrolysis
and acid post-hydrolysis
Filtered samples of the liquid fractions from awtdtolysis and post-hydrolysis were analyzed
directly by HPLC, under the conditions describeda) except for flow rate and injection volume,
which were set at 0.6 mL/min anduk, respectively. OS were measured by an indire¢hottbased
on quantitative acid hydrolysis of the liquid friact as previously described (Carvalheiro et alQ4)0
OS concentrations were calculated from the incredsthe respective sugar monomers, after acid

post-hydrolysis.

2.8 Results and Discussion

2.8.1 Chemical characterization of different mixtures of eucalyptus
residues, wheat straw and olive tree pruning

Three mixtures with different combinations of ERSVdnd OP were used in this study. In
each mixture a single feedstock was set at 50%efdtal weight and the other two contributed with
25% each. Thus, these three ternary mixtures wepeesented as 50ER, 50WS and 500P. These
mixtures aimed to model possible feedstock mixtutest can be available throughout the year,
corresponding to the larger availability of eacl raaterial according to their seasonality.

In general all feedstock mixtures studied revealagry similar chemical composition (Table
2.3), although the content of each fraction slightlary, according to the contribution of the
predominant feedstock. Glucan was the polysacobhdddnd in higher amount and its values varied
between 30.0 and 32.7%, with the highest contamddn 50ER, in agreement with the higher glucan
content of ER (Chapter 1 — Part A). The glucan ean{cellulose and starch) for individual materials
was accounted for 36.1, 33.7 and 26.8% for ER, WE@P, respectively (Chapter 1 — Part A). The
glucan content determined for each mixture was tleas 5% different than the weighted average of
the obtained for each individual material. Simijjathmong the hemicellulose components, the xylan
was found in the highest amount in all mixturegacténg 19.2% in 50WS, which is in agreement with
the higher xylan content of WS (Chapter 1 — Part@alactan and mannan were detected in residual
amounts in each of the feedstock used (ChaptePart-A) and therefore were neglected in the study
of mixtures. Arabinan was identified but presentaw proportions in all mixtures (<3%). The acetyl
groups content slight varied between the mixtuned, as expected, it has been found in higher
proportions in the 50ER mixture, which is due tleenicellulose nature of ER, more acetylated than
WS and OP (Cara et al., 2008; Chapter 1 — Partéheet al., 2008). Klason lignin constituted a
significant fraction of the mixed materials, anckithcontent corresponded also to the weighted
average of the lignin found in individual materig86.7, 16.8 and 22.2, for ER, WS and OP,
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respectively), with less than 2% difference. Intfabe mixture containing higher amount of WS
(50WS) revealed the lowest lignin content (20.68)ich is in agreement with the characteristic low

lignin abundance in this agriculture residue.

Table 2.3 Average macromolecular composition of tlee different mixtures of eucalyptus
residues (ER), wheat straw (WS) and olive tree pruing (OP).

Feedstock mixture

Component
50ER 50WS 500P

Glucan 327 + 04 31.7 £ 0.0 300 £+ 0.2
Xylan 179 = 04 19.2 + 0.1 174 + 0.2
Arabinan 22 = 0.1 27 = 0.1 28 £+ 0.1
Acetyl groups 42 + 0.6 36 + 04 40 = 0.6
Klason lignin 235 = 03 206 = 0.1 220 = 0.1
Ash 39 =+ 00 45 + 0.1 43 + 0.1
Protein 36 + 0.1 42 + 0.1 45 + 0.0
Fat 25 £+ 0.1 25 + 0.1 32 + 04
Soluble saccharides 45 + 05 52 + 0.3 6.4 =+ 04

Others constituents such as ash, protein, fat ahdls saccharides were quantified. Ash,
protein or fat content varied less than 1% betwaitures. Instead, the soluble saccharides cowfent
the three mixtures reflects the very different natof the individual materials. As expected, the
mixture with higher proportion of OP presented tiighest soluble saccharides content, as OP has
been reported to contain 12.0%, while WS and ERaBd 1.7%, respectively (Chapter 1 — Part A).

2.8.2 Product recovery in the liquid fraction and modeling

The autohydrolysis process was carried out fortéseed mixtures of 50ER, 50WS and 500P,
under non-isothermal conditions (150-230°C), caesling to a severity factor (Log,) between
1.73 and 4.24. The severity factor is an empirjgatameter that combines the effect of relevant
operational variables, i.e., temperature and ti@eetend and Chornet, 1987) and enables an easier
comparison among different tested conditions. Fogiven final temperature the severity factor
determined was slightly different for each mixtgiece besides the specific time/temperature profile
appeared to be also influenced by the intrinsituies of the lignocellulosic material.

After pretreatment, the data obtained for the potg&luecovered in the liquid fraction were
interpreted using an empirical model based on gnpohial equation. Empirical models can provide a
mathematical description of processes and can bd isratively, since are especially helpful to
identify the data points required to better defihe experimental domain and to fine-tune the best
operational conditions for a given goal (e.g. maximyields). Thus, in order to model product

recovery, & order polynomial models were tested as these therene with the lower order found to
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better capture the system behavior. The fittingwken experimental data and the adjustments
obtained by the models (in most cas€s>R.90) showed that these models seem to adequately
represent the autohydrolysis profile.

The products recovered in the liquid fraction aftetohydrolysis of 50ER, 50WS and 500P at
different severities were represented in three ggdlrig. 2.7): OS, including XOS, AOS and GIcOS
(Fig. 2.7a-c); monosaccharides, including xylogapmose and glucose (Fig. 2.7d-f); and other by-
products such as organic acids (acetic and fornfiicans (furfural and HMF) and total phenolic
compounds (Fig. 2.7g-i).

The recovery yields of the main compounds were neadéo fine-tune the operational
conditions leading to the maximum recovery of sacides. The equations for the recovery of OS and
monosaccharides (in g/100g feedstock mixture) wletermined (Table 2.4).

In general, a similar profile of OS recovery was@tved for all the mixtures studied. As

expected, XOS were the main OS recovered in alidiek mixtures. The highest XOS recovery
obtained for 50ER, 50WS and 500P were 11.3, 1200148 g/100g feedstock mixture, respectively,
equivalent to 63-68 g/100 g of original xylan. Thessults were obtained for severity factor between
3.62 and 3.75.The model further narrowed the range for maximumr@@very at severity factors
between 3.69 and 3.73. The values obtained for ¥g@8very decreased considerably at more severe
conditions to reach 1.9-3.09/100 g feedstock métar severity of 4.2. Under this condition xylan
solubilization reached 71-75%. AOS were detectedha liquid fraction due the solubilization of
arabinan, and as XOS, were degraded for higherrifege The maximal value found for AOS
recovery was that predicted by the model (2.4g/1,00gt at lower severity than XOS. GIlcOS were
also detected in the liquid fraction and their maxim recoveries were found at the same severities
than those of XOS. Their production is mainly atited to the presence of non-structural glucarf) suc
starch and soluble saccharides (Cara et al., 2Cb2apter 1 — Part A). Therefore, at the lowest
pretreatment severity tested, GlcOS were alreadgvered at 1.4, 1.7 and 2.0 g/100g for 50ER,
50WS and 500P, respectively, while the maximum estimated in 3.3, 4.2 and 5.2 g/100g and
corresponded to a severity factor of 3.43, 3.59&4d, respectively.
Xylose recovery yield continuously increased wittetpeatment severity, since harsher conditions
promote XOS hydrolysis. However, the maximum arab@recovery yield was obtained under less
severe conditions than those found for xylose. Tdfiservation is consistent with the more labile
nature of arabinose and their presence in ramidicatof hemicellulose rather than in the backbone.
For the mixture 50ER pentose recovery yield inaedagp to a severity factor of 3.72, reaching a&alu
of 4.6 g/100g feedstock mixture. The maximum peatgield observed for 50WS was 4.6 g/100g
feedstock mixture, at a severity range between-8.24. For the mixture 500P a maximum pentose
yield of 5.1 g/100g was obtained at 3.91 sevedttdr.
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Table 2.4 Polynomial models for oligosaccharides drmonosaccharides recovery yield from
three different mixtures of eucalyptus residues (ER), wheat straw/(S) and olive tree pruning

(OP) and the respective coefficient of multiple determinton (R?).

Feedstock Polynomial Models R?
mixture
XOS = -4.19% + 42.70% - 154.24% + 237.08x - 131.68 (2) 0.98
AOS = 0.60% - 6.85% + 27.80% - 46.72x + 28.27 (3) 0.85
GIcOS = 0.05%- 1.50%X + 9.71X - 21.74x + 17.28 (4) 0.98
. Total OS = -3.54%+ 34.34% - 116.74X + 168.62x - 86.13 (5) 0.98
4 Xylose = -0.89% + 10.92% - 48.12X + 90.91x - 60.99 (6) 0.95
° Arabinose = -0.25%+ 1.95X - 4.44% + 2.15x + 1.79 (7) 0.88
Glucose = -0.26%+ 3.01% - 12.72X + 23.65x - 14.67 (8) 0.57
Pentoses = -1.14x% 12.88% - 52.57% + 93.06x - 59.20 (9) 0.95
Total saccharides = -4.95%+ 50.22X - 182.02% + 285.33x - 159.99 (10) 0.99
XOS = -4.27% + 44.09% - 162.05% + 254.92x - 145.56 (11) 0.96
AOS = 0.42% - 5.10% + 21.83% - 38.44x + 24.32 (12) 0.84
GIcOS = -1.16%+ 13.02% - 54.10% + 99.69x - 66.14 (13) 0.98
" Total OS = -4.96%+ 51.52% - 192.29% + 312.55x - 185.03 (14) 0.98
% Xylose = -0.23% + 3.38%X - 17.10% + 35.93x - 25.30 (15) 0.92
o Arabinose = -0.12x+ 0.64% + 0.58X - 5.88x + 6.37 (16) 0.88
Glucose = 0.28%- 3.52% + 16.31x% - 32.31x + 24.58 (17) 0.38
Pentoses = -0.3%x 4.03X - 16.52% + 30.05x - 18.93 (18) 0.94
Total saccharides = -5.04%+ 52.02% - 192.50% + 310.29x - 179.38 (19) 0.99
XOS = -4.82% + 50.00X - 185.28% + 293.84x - 169.18 (20) 0.96
AOS = 1.54% - 18.11X + 76.23% - 135.42x + 86.77 (21) 0.94
GIcOS = 0.03%- 1.92% + 14.03X - 33.04x + 26.83 (22) 0.96
o Total OS = -3.24%+ 29.97% - 95.03% + 125.38x - 55.57 (23) 0.96
9 Xylose = -0.14% + 1.97% - 9.49% + 19.22x - 12.76 (24) 0.94
° Arabinose = -1.08k+ 11.76X - 46.39% + 78.97x - 48.79 (25) 0.95
Glucose = 0.30%- 3.55% + 14.90% - 25.92x + 18.03 (26) 0.86
Pentoses = -1.24x% 13.73% - 55.88% + 98.19x - 61.55 (27) 0.93
Total saccharides = -4.16%+ 40.14x - 136.01% + 197.65x - 99.09 (28) 0.99
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Values of the maximum pentose recovery predictedhgy models were observed for
severity factors of 3.92, 4.24 and 4.03 for 50ERVS and 500P, respectively. Glucose yield

lower than 3.0 g/100g for all mixtures, being risally constant at all the severity conditions tdste

the

was

The maximum saccharides recoveries experimentdipioed in the liquid fractions for
50ER, 50WS and 500P were 20.7, 23.4 and 24.0 gfl®@edstock mixture, respectively. The

respective recoveries predicted by the models {€7.19 and 28) were less than 5% different,



specifically 20.0, 23.8 and 23.9 g/100 g feedstatkture for 50ER, 50WS and 500P, respectively,
corresponding to severity factor of 3.67 (50ERY2350WS) and 3.65 (500P).

Furans, organic acids and total phenolic compouwmelds displayed a similar profile in the
liquid fractions of pretreated 50ER, 50WS and 508@fural, a degradation product from pentoses,
increased with pretreatment severity reaching \&lnethe order of 2 g/100g under the most severe
conditions. HMF, a degradation product from hexpgess also found in higher amounts at the most
severe conditions, reaching 0.52-0.75 g/100g fee#lshixture. Similar to the observed for furan® th
higher acetic and formic acids and total phenobimpounds yields were obtained under the most
severe conditions. The organic acids resulting faaratyl groups hydrolysis (acetic acid) and from
furfural and HMF break down (formic acid) (Palmgvand Hahn-Hégerdal, 2000), reached values
lower than 4 and 3 g/100g feedstock mixture, rethpelg. Total phenolics, the compounds resulting
from degradation product of lignin (Palmqvist andhd-Hagerdal, 2000), reached recovery yields
between approximately 1.0 to 3.4-3.8 g/100 g femdsmixture, under the least and the most severe

conditions, respectively.

2.8.3 Characterization of the liquid fraction recovery after autohydrolysis
and chemical post-hydrolysis

For maximum recovery of total saccharides in thaid fraction, the model predicted severity
factor in the range of 3.65-3.72, which correspahiea pretreatment temperature around 210°C. The
composition of the liquid fraction of 50ER, 50WSdaB0OP pretreated at this temperature under non-
isothermal condition (severity factor of 3.62-3.7% shown in Table 2.5. The different liquid
fractions presented similar composition, althougime products were present in slightly higher
amounts, as a function of the predominance of emstmaterial.

XOS were the main component of the liquid fractiowkich, under the conditions applied
(liquid:solid ratio of 7:1), reached concentratioofs15-16 g/L (14.6-16.6 g/L, as predicted by the
models) and revealed that is possible to achiewsistent product concentration regardless of the
mixture used. GlcOS were the second most abund&rin@he liquid fraction, reaching 4.9-7.1 g/L.
Values between 4.3 and 6.9 g/L were predicted k& ntodels for the conditions of maximal
saccharides recovery. On the other hand, AOS weenedf at low concentration (<1.5 g/L). For AOS
recovery, values slight higher were predicted lgyrttodels (1.3-2.0 g/L).

Under the same conditions each monosaccharide ktaged at low concentrations (3 g/L),
since autohydrolysis solubilize the hemicellulosgcfion manly in oligomeric form (Carvalheiro et
al., 2008). Acetic acid was found at slightly higlmncentrations than formic acid (Table 2.5),
suggesting low degradation of hemicellulosic sugdmsfact, the concentrations of other sugars
degradation products, such as furfural and HMF,enaso low. Total phenolic compounds were

present in very similar concentrations for all fetedk mixtures (approx. 3.3 g/L).
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Table 2.5 Composition (g/L) of the liquid fractionobtained after autohydrolysis of the three
different mixtures of eucalyptus residues (ER), wheat strayVS) and olive tree pruning (OP) in
the experimental condition of the maximal saccharids recovery.

Feedstock mixture

Component

50ER 50WsS 500P
GlcOS 4.92 7.03 7.10
XO0Ss 15.37 16.28 15.91
AOS 0.98 1.40 1.29
Glucose 1.93 1.77 2.76
Xylose 2.86 2.90 2.89
Arabinose 2.05 1.98 2.34
Acetic acid 2.04 2.43 2.20
Formic acid 1.43 1.95 1.89
HMF 0.22 0.17 0.29
Furfural 0.33 0.49 0.34
Total phenolic compounds 3.41 3.34 3.26

The liquid fractions resulting from autohydrolygiat 210°C) of feedstock mixtures were
subject to chemical post-hydrolysis in order tormifg the maximum monosaccharides recovery. As
expected, for all feedstock mixtures, xylose wa® tmonosaccharide obtaining at higher
concentrations (17.4-20.4 g/L), followed by glucq¢ge-9.9 g/L) and arabinose (2.5-3.0 g/L). Under
these conditions of post-hydrolysis, pentoses aucdor about 68-74% of all monosaccharides.
Furfural and HMF were obtained in higher concerdre than those quantified in the liquid fraction
obtained after autohydrolysis. This fact is expdaiby the degradation of monosaccharides present in
the liquid fraction from autohydrolysis. Furfuralas obtained at higher concentration than HMF,
reaching 1.5-2.0 g/L, since the pentoses are mohaekable to thermal degradation than hexoses.
Formic and acetic acids also increased up to 1d64am g/L, respectively. This has been attributed t
furan degradation and to extensive hydrolysis ahikellulose oligomers, respectively. Levulinic acid
was only detected after chemical post-hydrolysig] at similar concentration (<0.5 g/L) for all
feedstock mixtures studied, most probably resulfiogh degradation of HMF (Palmgvist and Hahn-
Hagerdal, 2000).

The sugar components of these post-hydrolysatedeampgraded by biological or chemical
conversion processes for the production of biofublechemicals or biomaterials. The biological
conversion of such materials may be hampered bypthsence of microbial inhibitors, like acetic
acid, furfural and phenolic compounds. Yet, auteblykis and mild acid post-hydrolysis generate
liquid fractions with relatively low inhibitory copounds, when compared to those obtained by other
pretreatment methods, like dilute-acid pretreatmBiglogical conversion processes will also benefit
from the integrated use of all fractionated sugeosnbining the use of pentoses from hemicellulose

with cellulosic and non-structural glucose.
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2.8.4 Characterization of the solid fraction

During autohydrolysis, the extension of hemiceld@solubilisation is directly proportional to
autohydrolysis severity, while cellulose and lignare usually retained in the solid fraction
(Carvalheiro et al., 2009). In fact, a decreaskemhicellulosic components (xylan, arabinan andyhcet
groups) in the solid fraction was observed with itierease of pretreatment severity for all feedstoc
mixtures, demonstrating the fitness of these satestrto be efficiently fractionated by autohydradys
(Fig. 2.8). Arabinan and acetyl groups were remadverh the solid fraction under mild pretreatment
conditions. Under the most severe conditions (sgvéactor of 4.2), the xylan was extensively

removed from the solids (93-95% of solubilisatiagardless of the mixtures.
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Furthermore, an increase in both glucan and Kldigprin content was observed with the
increase of severity factor, showing the low sdighfion of these components. In fact, glucan
solubilisation does not exceed 10% and lignin ituaily kept entirely in the solid fractions undat
tested conditions. Under the most severe conditithes solid fraction of 50ER, 50WS and 500P
contained 51.1, 48.3 and 48.3% of glucan and 3¥.(, and 39.0% of lignin, respectively, i.e. these
two components represent more than 85% of the $alition, regardless the mixture. The relative
proportions of these two components were maintaimedelation to their native composition in
mixtures.

This cellulose and lignin can be upgraded. Theutmde usually undergoes enzymatic
hydrolysis before biological conversion into bidfsjebiochemicals or biomaterials, as single subestra
or in combination with sugars obtained from theuiéyfraction of autohydrolysis (and subsequent
post-hydrolysis), as described above. Lignin camjpgraded to phenolic extracts and biomaterials or
directly used for energy (co-)generation (CHP)ha framework of a biorefinery (Carvalheiro et al.,
2008; Kang et al., 2013). The uses of the cellalasid lignin fractions recovered after autohydrislys
of lignocellulosic mixtures should be further intigated for integrate valorization, but it is outtbe

scope of the current work.

2.9 Conclusions

This work demonstrated that mixtures of lignocelhit materials can be efficiently processed
by autohydrolysis, under similar conditions, andneyate consistent product composition
independently of the different proportions of edebdstock. The three mixtures of ER, WS and OP
are particularly attractive for a multi-feedstodlrefinery in Southern Europe operating throughout
the year at constant operational conditions forphetreatment step. The viability of such biorefine
requires further testing at the level of enzymatjdrolysis of pretreated solids and bioconversibn o

both the cellulosic and hemicellulosic hydrolysates
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CHAPTER

3
ENZYMATIC HYDROLYSIS OF
HYDROTHERMAL PRETREATED

LIGNOCELLULOSIC MATERIALS






Optimization of glucose recovery by enzymatic hydrysis of
hydrothermally pretreated eucalyptus residues, wheastraw or
olive tree pruning and their mixtures

Abstract

Eucalyptus residues (ER), wheat straw (WS) ancedlige pruning (OP) are lignocellulosic materials
largely available in Southern Europe and, due ¢&ir thigh polysaccharide content, have high poténtia
to be used in biorefineries for the production wél§, chemicals and materials through biochemical
routes. For this, is crucial to have an efficienzyanatic hydrolysis of cellulose. As the key fastor
determining the efficiency of cellulose enzymatipditolysis are: the severity of the pretreatment
applied to the feedstock, the enzyme dosage aimsdobding applied in the process. The aim of this
work was to study these three variables in the mati¢ hydrolysis of ER, WS, OP and their mixtures,
towards the optimization of glucose recovery. THéeot of the temperature of hydrothermal
pretreatment (non-isothermal autohydrolysis at 230-C), enzyme dosage (0.25-0.78,9nd9soligs Of

a Celluclast 1.5L/Novozym& 188 cocktail) and solids loading (5-20% w/v) wasdged using a 2
complete factorial central composite design folldwsy response surface methodology analysis. For
each feedstock, statistical models were develomkdes®d to identify the conditions giving the
maximization of glucose concentration and yielddeinthe conditions tested, the model was able to
predict conditions providing enzymatic hydrolysislgs above 85% for each feedstock. Moreover, the
results allowed to define optimal conditions fore tenzymatic hydrolysis of different feedstock
mixtures (ER:WS:0P) at 20% (w/v) solids, maintagiyields of glucose recovery over 85%. The

optimal conditions were further experimentally dalied.

Keywords

Biorefinery; enzymatic hydrolysis; feedstock mixsr lignocelluosic materials; response surface

methodology; sugar platform.

91



Highlights

» Results of enzymatic hydrolysis of individual feedk were used to predict those of feedstock
mixtures.

* The optimal enzymatic hydrolysis conditions at 2Q%6Vv) pretreated solids are similar for all
feedstock mixtures.

 Similar enzymatic hydrolysis conditions, at 20% (wpretreated solids, can be applied for high
glucose recovery from all feedstock mixtures.

* From 20% (w/v) pretreated solids, more than 85 glucose (>80% vyield) were obtained for

individual feedstock their mixtures.

Abbreviations

DF, degrees of freedom; pretreatment temperatuge €dzyme dosage ¢Xand solid loading (¥

3.1 Introduction

Lignocellulosic materials are renewable and abuhdémmass resources and, due to their
generally high polysaccharide content, constitutpogential source of fermentable sugars. These
sugars can be converted into countless bio-basedupts, including biofuels, biochemicals and
biomaterials, through chemical or biological praeess (FitzPatrick et al., 2010; Ghatak, 2011). ER,
WS and OP are lignocellulosic materials largelyilatéde in Southern Europe, and their use in sugar-
based biorefineries is attractive due to their réglicharide content (57-68%) (Chapter 2 — Part A).
The use of mixtures containing these lignocelldosiaterials (ER:WS:OP) can bring additional
benefits in the operation of biorefineries whilenimiizing problems related with feedstock availdbili
and supply, including seasonality and storage cainst, which can arise when a single raw material
is used (Chapter 2 — Part B).

The deconstruction of lignocellulosic materialedmsidered the key stage for the success of a
biorefinery based on biochemical routes, due tarimact of this step on the recovery of fermentable
sugars from the polysaccharides (Sun and Chen@)2T6e major barrier to the success of this step
is the recalcitrance of lignocellulosic materialhich requires physical, chemical and/or biological
pretreatment to initiate the deconstruction of ffigid structure created by their three major
components: cellulose, hemicellulose and lignin tédka, 1983; Overend and Chornet, 1987;
Taniguchi et al., 1982). Several pretreatment naglogies have been proposed, with many of them
utilizing chemical catalysts such as acid, alkalimenic liquids, solvents (Alvira et al., 2010;
Carvalheiro et al., 2008; Taherzadeh and KarimiQ&80 The hydrothermal (self-catalysed)
pretreatment has proven to be one of the mosicttteaprocesses, with several advantages, like the
use of water as the only external catalyst, theeggion of low sugars degradation products, the

limited problems derived from equipment corrosiowjng to the mild pH of reaction media, and the

92



relatively low operational costs since further melitation can be omitted (Girio et al., 2010; Reiz
al., 2013). Under this pretreatment the polysaddkarfrom hemicellulosic fraction are hydrolysed,
more or less extensively depending on the sevedhgditions (e.g. temperature), resulting in a kiui
fraction rich in oligosaccharides, while, in thdiddraction, the cellulose crystallinity is redutand

the porosity of the material (cellulo-lignin) is cikased, facilitating the subsequent enzymatic
hydrolysis of the cellulosic fraction (Garrote &t 4999).

The hydrolysis of the cellulosic fraction can bafpemed through chemical or enzymatic
processes (Balat, 2011; Sanchez and Cardona, 2D0BYhe later has been considered the most
interesting for the majority of commercial and pnmercial sugar-based biorefineries. Although the
enzymes required for the complete hydrolysis ofutede still represent one of the major operational
costs of these biorefineries (Modenbach and NoR@%3), there are several advantages that make
enzymatic hydrolysis an attractive process overdbal hydrolysis, such as lower equipment costs,
mild operating conditions (pH and temperature), raquirement of neutralization, higher glucose
yields and no sugar degradation products (Balat12@anchez and Cardona, 2008; Yang et al.,
2011).

There are many factors that influence the enzyntatitrolysis of cellulose in lignocellulosic
feedstocks which can be divided in two groups: emyelated and substrate-related factors, though
many of them are interrelated during the hydrolystcess (Alvira et al., 2010). Among these, aee th
combination of substrate composition and structymetreatment technology and severity, solid
loading and enzyme dosage and efficiency are thwade a great influence on the efficiency of
cellulose hydrolysis (Alvira et al., 2010; Balag12; Sun and Cheng, 2002; Yang et al., 2011).

In this work, the pretreatment temperature, enzyaneage and solid loading were the
variables studied, and the impact of these varsable enzymatic hydrolysis efficiency, by means of
glucose concentration and yield, was evaluatedyamgplresponse surface methodology. These three
variables were selected due to their recognized ringpact in enzymatic hydrolysis. The major goal
of this work was thus to define the conditions @adong concentrated glucose solutions from the
materials tested (ER, WS and OP), once this feasuo®nsidered crucial to the global economy of
sugar-based biorefineries. Moreover, the resultsash individual feedstock were used to predict the
conditions for enzymatic hydrolysis of pretreatetktores (ER:WS:OP), towards maximal glucose

recovery.

3.2 Materials and methods

3.2.1 Feedstock materials and pretreatment conditions

Eucalyptus residues (ER), consisting of bark, bnascand leaves, wheat straw (WS) and
olive tree pruning (OP)were collected in Mortagua, Elvas, and FerreiraAdentejo (Portugal),
respectively These lignocelulosic materials were processedvithablly or in different mixtures
(ER:WS:0P); 50:25:25; 25:50:25 and 25:25:50, regmeed by 50ER, 50WS and 500P. The raw
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materials, containing less than 10% (w/w) moistuvere individually milled using a knife mill to
particles size smaller than 6.0 mm and then sttwdie used in the pretreatment step. The feedstock
mixtures were prepared immediately before eachrgarhent.

The autohydrolysis pretreatment was carried outi.6-L stainless steel reactor (Parr
Instruments Company, Moline, Illinois, USA) applgialiquid:solid ratio of 7:1 (gate/Ureedstoc)- The
pretreatment of individual feedstock (ER, WS and) Qfas conducted under non-isothermal
conditions at different temperatures (210, 2203f°Z) according to Table 3.1. After pretreatmest th
solid and liquid fraction were separated by hydrmaptessing. The solid fraction was washed at room
temperature with two volumes of water and storeldetaised in the enzymatic hydrolysis step.

The pretreatment methodology applied to individiesldstock was also used to process each
feedstock mixture (50ER, 50WS and 500P) only attémeperatures predicted by surface response

analysis, using the results obtained for enzynfatdrolysis of individual feedstock.

3.2.2 Enzymatic hydrolysis of pretreated solids

The enzymatic hydrolysis experiments were perforgidg the water insoluble solid (WIS)
recovered after each hydrothermal pretreatmentndividual feedstock (ER, WS and OP) and
different enzyme dosage and solids loading accgrtinthe depicted in Table 3.1. Two commercial
cellulolytic enzymes, Cellucld®tl.5L and Novozyfi 188 (Novozymes, Denmark) were used as a
cocktail (at a constant ratio of 9:1, respectivalile enzyme dosage used was 0.25, 0.50 and 0.75
(QenzymdGsoliad, Whichcorresponded to approx. 8-24 FPiygand 24-72 B-glucosidaselg,iq). Three
different solids loadings were assessed: 5, 12d 2000 (w/v). The enzymatic hydrolysis was
performed in 0.05 M sodium phthalate buffer, pH,:650C, 140 rpm, for 96 h, in presence of
sodium azide (0.08 % w/v) to avoid biological caniaation. A control enzyme cocktail preparation
was subjected to the same experimental conditiomisin the absence of solids. Samples were taken
periodically and incubated at 1D for 10 min. The supernatant was recovered byrifegation at
13,000 rpm (10 min) (Beckman Couitevlicrofuge® 18) and stored for the analysis of soluble sugars
(incl. glucose and xylose).

Subsequently, the enzymatic hydrolysis of feedstockures (50ER, 500P and 50PO) were
performed using the WIS obtained after their hyldeomnal pretreatment. The same enzymatic
hydrolysis methodology applied to individual feentst was used to process each feedstock mixture.
The highest solid loading, 20% (w/v), was applieshd the other two variables (pretreatment
temperature and enzyme dosage) were predictedutigce response analysis, towards maximal

glucose recovery, using the results obtained wittymatic hydrolysis of individual feedstock.

3.2.3 Analytical methods

The pretreated solids were characterized by quaaingt acid hydrolysiswith 72% (w/w)
H,SO, for 60 min at 36C, followed by hydrolysis with 4% (w/w) 130, for 60 min at 123C. The
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liquid fraction recovered after enzymatic hydrotysvere directly analysed in a high-performance
liquid chromatography (HPLC) system (Agilent 1108ri8s, Germany) equipped with a refractive
index detector and an Aminex HPX-87H column (BiadRR Hercules, CA, USA). The column
temperature was set to 50°C, anthabile phase of 5 mM 1$0, was used at 0.6 mL/min flow rate.
FivequL samples were injected and glucose and xylose wgrantified after elution and
chromatogram recording.

Enzymatic hydrolysis yields were determined aceurdo Eqg. 1
Glucose yleld (%) = (@ucose 48h™ CGlucose OM(GIucan (g/golid)*l-l*csolidg *100 (1)

where:
Coiucose 4siS the glucose concentration (g/L) after 48 h afyenatic hydrolysis
Caiucose ofs the initial glucose concentration (g/L), carrimger with the enzyme cocktalil
1.1*Glucan (g/g.ig) is the glucose provided by the glucan contenthim pretreated solids, by
applying the hydration factor of glucan to glucose
CsoligsiS the solid loading used in the enzymatic hydriglyS0, 125 or 200 g/L)

3.2.4 Surface response analysis

A 23 full factorial design, with 3 replicates in thenter point and 6 centered face points
consisting of 17 experiments (Table 3.1), was usethe optimization of enzymatic hydrolysis for
each individual feedstock (ER, WS and OP) towardsximal glucose concentration and yield.
Pretreatment temperature §X enzyme dosage ¢X and solid loading (¥ were chosen for the
independent variables (Table 3.1) Glucose concimnréY;) and glucose yield (¥ were used as the
dependent output variables. A second order polyabexjuation was used in order to develop an
empirical model which correlated the responsebedridependent variables, as shown in the Eq. 2:

Y=Bo+BiX1+B2X o+ BaX s+ B 12X 1X 2B 13X 1 X 5+ BoaX o X g+ BraX 1#+B2oX %+ BasX a+€ (2)
where Yis the dependent output variables (glucose corator or glucose yield)X the
independent variable and the subscripts 1, 2 addn®te pretreatment temperature, enzyme dosage
and solid loading, respectively, is the model intercept coefficien;, B, and (3; are the linear
coefficients,3;, BizandP,zare the second-order interaction coefficients betwibe variableg1, B2
andfssare the quadratic coefficients the variables argdindependent random error.

The Design Expert Statisti¢ab.0 Software package (Stat Ease Inc., Minneapd®A) was
employed to the statistical analysis of the seconder model including analysis of variance
(ANOVA). The experimental data were analysed bytipld regression analysis through the least
square method. All the terms of the model wereetksind verified statistically to confidence intdrva
at 95% (jx0.05), except for glucose yield of the WS, whicls@8% (£0.1). Moreover, this Software

was also used to provide the optimal conditiondiozymatic hydrolysis of each individual feedstock
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and their mixtures. The response and contour pld performed using Statistica for WinddWs
release 5.1 software (StatSoft Inc., USA).

3.2.5 Methodology applied to determine the optimal enzymigc hydrolysis
conditions for different mixtures of the eucalyptusresidues, wheat
straw and olive tree

The results obtained for the enzymatic hydroly$iearh individual feedstock (ER, WS and OP)
were used to predict the conditions of maximal ghe concentration and yield, in the range of
variables studied, for the three feedstock mixt(E3ER, 50WS and 500P) through two different
approaches:

i) The Design Expert Statisti€ab.0 Software package predicted a single optimakratponal

condition of enzymatic hydrolysis for mixtures (éclent to equal proportion).

i) The Design Expert Statisti®al6.0 Software package predicted the optimal opmmati

condition of enzymatic hydrolysis for each indivadddeedstock, which was applied for the

mixtures, using the conditions of the most represdere feedstock in each mixture.

3.3 Results and Discussion

3.3.1 Selection of experimental design parameters for thentegration of
pretreatment and enzymatic hydrolysis

The studied variables, namely pretreatment temperd;); enzyme dosage gXand solid
loading (%) for enzymatic hydrolysis are considered to haxgomimpact in glucose concentration
and yield obtained from enzymatic hydrolysis oftmrated biomass (Alvira et al., 2010; Balat, 2011;
Modenbach and Nokes, 2013; Sun and Cheng, 2003).ekperimental range studied (lower and
higher levels) was defined according to previouslists.

The pretreatment is a step required to alter thectstre of lignocellulose, increasing glucan
and xylan accessibility to the enzymatic hydrolysiBhese structural modifications of the
lignocellulose are highly dependent on the typeretreatment employed (Sun and Cheng, 2002) and
the severity of the pretreatment (Wyman et al.,42208nd these have a great effect on the enzymatic
hydrolysis and subsequent steps. For the pretrdatmeperature, while 22C was identified as the
optimal temperature for maximal sugar recovery fittwn hemicellulose in the liquid fraction, for the
individual feedstocks (ER, WS and OP), 230represented the temperature of extensive
hemicellulose removal from the solid fraction anthaximal glucan content (Chapter 2 — Part A).
Moreover, in the same work, the solids obtainednfroretreatment of ER, WS and OP at 230
revealed higher digestibility than at lower temperes.

It is well known that the increase loading of ckllytic enzymes in the process, can enhance
the yield and rate of the hydrolysis, but wouldngigantly increase the cost of the process (Suh an

Cheng, 2002). In this work, the cellulolytic enzynd@sages varied from low enzyme levels
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(0.25 g/gQoigs approx. 8 FPUI/giqt), aiming cost-competitive processes, up to highyere levels
(0.75 9/Qoigs @pprox. 24 FPULgiqs9), for maximal enzymatic hydrolysis yields.

The solid loading is also known to have a greataobpin process water economy of
biochemical conversion of lignocellulose (Hahn-Hdilzé et al., 2006). The reduction of capital and
production costs, by the use of smaller equipmarnd/aa fewer reactors can be achieved with
enzymatic hydrolysis performed at high-solids loadi (Modenbach and Nokes, 2013). Here, the
solid loading for enzymatic hydrolysis was set bedw 5 and 20%, while 5% (w/v) solid loading is
generally suitable to obtain higher hydrolysis g#&l 20% (w/v) solid loading is considered the
minimal to obtain glucose solutions with concendnag suitable for industrial bioconversion procasse

of lignocellulosic biomass, namely for bioethanadguction (Larsen et al., 2008).

3.3.2 Glucose recovery after enzymatic hydrolysis of preeated solids
from individual feedstock

The independent variables pretreatment temperdgiXite enzyme dosage (X and solid
loading (%) showed a major impact in the recovery of glucésencentration and vyield) for the
studied range (Table 3.1). After 48 h of enzymhtidrolysis of each feedstock, the glucose yield wa
higher than 40% under all the conditions testeer 0% at the central points and over 95% at the
most favourable conditions (230°C, 78:@nd0soiss 5% W/v solid loading) (Table 3.1). The enzymatic
hydrolysis process was followed during 96 h, bt tloncentration and yields at 48 h were used for
statistical analysis since,after this period, ghecmcrement was negligible.

The three feedstock (ER, WS an OP) assessed bynatizyhydrolysis generated different
glucose concentrations and yields under the samditoans. The different chemical composition of
the lignocellulosic materials (Chapter 2 — Partwgs considered the most direct explanation for the
results obtained. The highest values of glucoseamnation were obtained for WS (Table 3.1) as a
result from the highest glucan content obtainedrairetreatment at 210 and 230°C, comparing with
ER and OP. The extensive solubilisation of the leethilose fraction contributed to this higher glaca
content present in this pretreated feedstock (@ndpt Part A). Moreover, agricultural residueseénav
lower lignin content than woody materials and a enporous and readily accessible tissue structure,
which is more susceptible to enzymatic hydroly§targalheiro et al., 2009; Martin-Sampedro et al.,
2012). Also, other authors (Alvira et al., 2010y &aeported that different types of biomass, initigd
forestry and agricultural residues are slightlyfetiént in regard to composition, resulting in uréqu

challenges in the enzymatic hydrolysis step ofcibveversion process.
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Table 3.1 Glucose recovery (concentration and yielas the response factors studied) from
eucalyptus residues (ER), wheat straw (WS) and olivtree pruning (OP) by using autohydrolysis
and enzymatic hydrolysis as a function of the indegndent variables pretreatment temperature
(X,), enzyme dosage (%, solid loading (%) according to 2 full factorial (central composite
face centred) experimental design.

Temperature  Enzyme Solid ER WS opP
Assays (°C) (9/09so01ias) (Y (W/v)) Glucose Glucose Glucose

(X2) (X2) X Ten @ [ @y ) |@h )

1 210(-1f 0.25(-1) 5.0(-1) 13.7149.82| 22.40 78.82| 14.6064.84

N 2 230(+1) 0.25(-1) 5.0(-1) 17.068.60| 30.55 94.86| 21.4891.93
% 3 210(-1) 0.75(+1) 5.0(-1) 16.8%61.33| 28.34 99.73| 18.44 81.90
% 4 230(+1) 0.75(+1) 5.0(-1) | 28.2P07.10| 31.28 97.13| 23.99102.65
g 5 210(-1) 0.25(-1) 20.0(+1)| 44.870.77| 68.38 60.15| 53.74 59.68
2 6 230(+1) 0.25(-1) 20.0(+1)| 61.362.69| 87.82 68.18| 75.8381.13
T 7 210(-1) 0.75(+1) 20.0(+1)| 60.444.92| 87.62 77.07| 72.1880.15
8 230(+1) 0.75(+1) 20.0(+1)| 75.464.80|103.86 80.63 | 83.64 89.48

T @ 9 220(0) 0.50(0) 12.5(0) | 54.0778.11| 72.53 92.60| 50.28 87.30
§ -§_ 10 220(0) 0.50(0) 12.5(0) | 53.687.63| 75.26 96.08| 50.56 87.78
11 220(0) 0.50(0) 12.5(0) | 50.573.06| 73.56 93.90| 51.56 89.52

12 210(-1) 0.50(0) 12.5(0) | 29.5612.99| 59.84 84.21| 40.98 72.81

§ 13 230(+1) 0.50(0) 12.5(0) | 43.9B0.41| 71.67 89.02| 52.1589.27
T3 14 220(0) 0.25(-1) 12.5(0) | 43.4%2.79| 55.40 70.72| 49.06 85.18
= % 15 220(0) 0.75(+1) 12.5(0) | 53.367.16| 55.90 71.37| 49.09 85.22
S 16 220(0) 0.50(0) 5.0(-1) | 22.129.95| 32.62 104.1022.95 99.60
17 220(0) 0.50(0) 20.0(+1)| 88.5B0.05|108.69 86.73 | 79.34 86.09

®Real variables (coded variables)

Among the three feedstocks, the glucose concemraibtained after enzymatic hydrolysis
was higher for WS at higher severity of pretreatmerhich was apparently related with the lower
hemicellulose content of that solid (Chapter 2 # R, and more extensive re-localization of lignin
and alteration of cellulose structure under thoseditions (Cara et al., 2008; Kabel et al., 2007).
Thus, the pretreatment temperature had a pronousféect on the digestibility of cellulose presemt i
the lignocellulosic materials assessed. Under tbst fiavourable conditions (230°C, 72@ndJsolids
5% (w/v) solid loading), the temperature employedpretreatment promoted virtually complete
enzymatic hydrolysis of cellulose (>95% glucoseld)ieThe pretreatment used, autohydrolysis, and
the temperature range studied has thus demonstraethis technology is suitable for integration i
biorefining processes with subsequent efficienyeratic hydrolysis (Chapter 2 - Part A).

The solid loading was another parameter studiedauser it usually significantly affects
enzymatic hydrolysis yields and also because hidids loadings are required to render the
lignocellulosic conversion process economicallysible (Koppram et al., 2014; Modenbach and

Nokes, 2013). An enzymatic hydrolysis process amrsid at “high solids” is performed at high
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solids/liquid ratio, in such that very little to fi@e water is present in the slurry, i.e. thedslbading

is higher than 15% (w/w) (Modenbach and Nokes, 20EBzymatic hydrolysis performed at high-
solids loadings offers several advantages over lamd moderate-solids loadings, the main one
consists of higher final sugar concentrations aade In theory, higher sugar concentrations provide
cost-effective downstream processing due to sicgmifi water and energy economy, as in the case of
second-generation bioethanol production where higktganol concentrations (>4% v/v) significantly
reduces energy required, and thus costs, assoeidttethe distillation process (Hahn-Hagerdal et al
2006). On contrary, high solid loading has majaradivantages in terms of rheology constrains and
the inhibition of enzymatic reactions by their puot (Knutsen and Liberatore, 2009). As expected,
the increase in solid loading for enzymatic hydsidyincreased final glucose concentration but
reduced the conversion vyield. This effect was mpmenounced with ER than with WS and OP,
decreasing from more than 95% yield at 5% (w/v)dstiading (and 230°C and 73,gmd0soiic9 tO
approx. 65, 80 and 90% vyield, respectively. Théhbigamount of soluble sugars present in WS and
OP and the higher recalcitrance of ER may explaérrésults obtained.

Finally, enzyme dosage was the third parameteliedud enzymatic hydrolysis of pretreated
solids of ER, WS and OP, as increasing the doshkgellololytic enzymes in the process, to a certain
extent, can enhance the hydrolysis rate and ylald,would significantly increase the cost of the
lignocellulosic biorefinery processes (Sun and @h@902). A cellulase dosage of 10 FPll@seis
often used in laboratory studies because it praevaddydrolysis profile with high levels of glucose
yield in a reasonable time (48-72 h) (Sun and Ch20§2) and at an enzyme cost compatible with
scaling-up towards commercialization. Most of thedges report enzyme loadings varying from 7 to
33 FPU/gustrate depending on type and concentration of substri@as and Cheng, 2002). In this
study, the 0.25, 0.50 and 0.75.gnd0s0ia9 COrresponded to approx. 8, 16 and 24 FRLQ
respectively, equivalent to 10-60FPLigose AS expected, the higher enzyme loading (0.75
OenzymdOsoligd Provided hydrolysis yields over 95%, under thesmfavourable conditions assessed
(230°C and 5% wi/v solid loading). However, the lowazyme loading (0.25gymdOs0ia9 applied to
5% (w/v) solids pretreated at 230°C dramaticallgrdased glucose yield in the case of ER (<60%),
but did not generate a great impact in enzymatidrdiysis of pretreated WS and OP, which
maintained glucose yields over 90%.

In general, glucose concentration and yield weghdri at higher pretreatment temperature
and enzyme dosage; the higher solid loading proanigher glucose concentration but lower glucose
yield. Others authors have also observed thatubstsate concentration affected the yield andahiti
rate of cellulose enzymatic hydrolysis (Sun and rghe2002). Indeed, high substrate concentration
might promote substrate and product inhibition,hwihe subsequent significant decrease of the
hydrolysis rate (Yang et al.,, 2011). Although thecgse concentration is an important response
factor, the conversion yield is a relevant factathwmpact on the economy of the process. Low

enzymatic hydrolysis yields and rates have a giegtact on the overall cellulose-to-ethanol
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conversion efficiency, and thus have been idetiéie bottlenecks of bioethanol production processes
during the past decade (Yang et al., 2011).

This study, targeting the optimization of enzymdtiadrolysis of ER, WS and OP and their
mixtures, was integrated with previous optimizatiohpretreatment (autohydrolysis) for the same
materials (Chapter 2 — Part A) and their mixtut@bgpter 2 — Part B). Therefore, it is not surpgsin
that the results obtained for enzymatic hydrolysis, in general, superior to those obtained byrothe
authors with similar raw materials. Romani et @Q10) have studied the pretreatmenEatalyptus
globuluswood in agueous media (autohydrolysis) under sothiermal conditions to reach maximal
temperatures in the range of 195-250°C. The obpectias to assess the effect of pretreatment
severity on the fractionation of wood and on theceptibility of processed solids towards enzymatic
hydrolysis. The experiments were carried out unitier same operational conditions for all the
pretreated solids: liquid-solid ratio was 20 g/&o(%v/v solid loading) and enzyme to substrate ratio
was 10.3 FPU/giss and 10 UB-glucosidase/FPU, which is similar to the lowestels of substrate
loading and enzyme dosage applied in the presemystThese authors observed that harsher
autohydrolysis conditions resulted in higher gleca@®ncentrations in the enzymatic hydrolysis of
pretreated solids (up to 35 g/L), allowing virtyatomplete cellulose conversion into glucose for
materials pretreated above 210°C. However, thetigomudid not perform assays at higher solid
loading.

Using a statistical approach, Pérez et al., (20@8)e studied the optimization of conditions
for liquid hot water pretreatment of WS to enhascgyar recovery by enzymatic hydrolysis. The
enzymatic hydrolysis assays were performed at 30PG2 h, in 0.05 M sodium citrate buffer (pH
4.8), using a low solid loading of 4% (w/v). Thezgme loading was 15 FPU{gs of Celluclast 1.5L
and 15 UB-glucosidaselg;q«s of Novozyn? 188, which is in the range of the dosage appliethis
work. These authors observed a 79.8%-yield for mwatic hydrolysis of the solid pretreated at 188°C
(for 40 min) and 90.6%-yield for pretreatment at4%l (for 2.7 min), demonstrating that the
pretreatment severity factor is relevant for enzyerfaydrolysis.

Cara et al., (2007) have studied the influenceatifldoading on enzymatic hydrolysis of
steam exploded or liquid hot water pretreated oliree biomass. The enzymatic hydrolysis of
pretreated solids was performed using the same ewaiah enzymes used in this work (Celuctast
1.5L at 15 FPU/g,4s and Novozym@ 188 at 15 3-glucosidaselgq) at solid loading in the range of
2-30% (w/v). These authors have studied the infleasf the substrate concentration on the enzymatic
hydrolysis yield and on glucose concentration, arefified that the concentration of this
monosaccharide also increased as a function oftratdsconcentration. On the other hand, the
hydrolysis yield after 72 h decreased as a functibsubstrate concentration, reaching 76.2% and
49.9% for 2 and 30% of solid loading, respectively.

The present work covered the most relevant faatordrolling the efficiency of enzymatic
hydrolysis for ER, WS and OP, towards the maxinidzabf glucose concentration and yield. At the

highest solid loading assessed (20% w/v), it wassitde to obtain 89, 109, and 84 g/L of glucose by
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enzymatic hydrolysis of WIS from pretreated ER, A8 OP, respectively (assays 8 and 17, Table
3.1), corresponding to 80-89%-yield.

3.3.3 Response surface methodology for maximal recoveryf glucose
from individual feedstock

From a general analysis it was possible to selecfdctors and second-order interactions that
were significant at the 95% confidence level. Tlffeas and standard errors for all the dependent
variables from the experimental matrix were estedat

An ANOVA of the significant values from Student:glistribution was made (data not shown)
to determine if the regression equation was siedity significant. To improve the models the
insignificant models terms were removed from thedels. The ANOVA of the quadratic models for
glucose concentration and yield are shown in TaBl@sand 3.3, respectively. The models were
adjusted using only the significant independenialres.

Tables 3.2 and 3.3 show the ANOVA of the quadratadel adjustment to data, where the
total error was dismembered into lack-of-fit andregerror. This procedure is valid since the
replications were performed at the center poirdriter to obtain an estimate of the random errorg(pu
error). The values estimated indicate that the nsodere significant in the region studied. Although
the model for glucose concentration from WS andp@#3ented a slight lack-of-fit, no impairment of
the model was observed due to the fact that fomaliiels the p-values were <0.0001, which shows
that the models are strongly significant at 99%aifidence level.

By the table 3.2 and 3.3 also can be see the gignifeffects on the two responses variable
(glucose concentration and yield) from the enzymhtidrolysis of WIS from ER, WS and OP. For
the three individual feedstocks studied, in thescafsglucose concentration, the first-order effaafts
pretreatment temperature, enzyme dosage and saiiniy were significant at a 95% confidence
level. This clearly demonstrates the relevancée$e factors in the enzymatic hydrolysis perforreanc
aiming the maximization of glucose concentratiomr VS, the pretreatment temperature was
statistically significant only at 90% confidencevéé The interaction between the variables was just
observed for glucose concentration from OP. TabR shows that the interaction between solid
loading with pretreatment temperature and enzynmsagl® was, in this case, significant at a 95%
confidence level. So, it is evident that there v@aquadratic relationship between the independent
variables (factors and their interactions) andréeponse variable (glucose concentration and yield)

indicating that all the factors were statisticalignificant, with a great confidence interval.
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Table 3.2 Analysis of variance (ANOVA) for responssurface reduced quadratic model of

glucose concentration from eucalyptus residues (ERyheat straw (WS) and olive tree pruning

102

(OP) by using autohydrolysis and enzymatic hydrolyis as a function of pretreatment
temperature (X;), enzyme dosage (X and solid loading ().

Source Sum of Squares DF Mean Square F-Valuep-value
Model 6778.28 4 1694.57 50.33  <0.0001
X1 368.16 1 368.16 10.93 0.0063
X 291.44 1 291.44 8.66 0.0123
X3 5413.94 1 5413.94 160.79 <0.0001
& X4 704.74 1 704.74 20.93  0.0006
Residual 404.04 12 33.67
Lack of Fit 396.61 10 39.66 10.68 0.0886
Pure Error 7.43 2 3.71
Cor. Total 7182.32 16
Model 10951.29 4 2737.82 75.76 <0.0001
X1 343,33 1 343.33 9.50 0.0095
X 180.31 1 180.31 4.99 0.0453
X3 9683.91 1  9683.91 267.96  <0.0001
2 X2 74373 1 743.73 20.58  0.0007
Residual 433,67 12 36.14
Lack of Fit 429.87 10 42.99 22.61 0.0431
Pure Error 3.80 2 1.90
Cor. Total 11384.96 16
Model 7561.11 6 1260.19 175.64 <0.0001
X1 326.66 1 326.66 45.53 <0.0001
X 106.38 1 106.38 14.83 0.0032
X3 6931.75 1 6931.75 966.14 <0.0001
X2 91.08 1 91.08 12.70 0.0052
% X1 X3 55.72 1 55.72 7.77 0.0192
X2 X3 49.51 1 49.51 6.90 0.0253
Residual 71.75 10 7.17
Lack of Fit 70.84 8 8.85 19.52 0.0496
Pure Error 0,91 2 0.45
Cor. Total 7632.86 16

Significant at 95% confidence level for all feea$tanixture.



Table 3.3 Analysis of variance (ANOVA) for responssurface reduced quadratic model of
glucose yield from eucalyptus residues (ER), wheatraw (WS) and olive tree pruning (OP) by
using autohydrolysis and enzymatic hydrolysis as fnction of pretreatment temperature (Xy),

enzyme dosage (X and solid loading (3%).

Source Sum of Squares DF Mean Square F-Value p-va
Model 3190.01 5 638.00 15.04 0.0001
X, 701.54 1 701.54 16.54 0.0019
X, 821.58 1 821.58 19.37 0.0011
Xz 286.87 1 286.87 6.76 0.0247
& X2 1331.11 1 133111 31.38  0.0002
Xy 162.97 1 162.97 3.84 0.0758
Residual 466.63 11 4242
Lack of Fit 451.10 9 50.12 6.45 0.1413
Pure Error 15.54 2 7.77
Cor. Total 3656.64 16
Model 2240.49 5 448.10 17.70 <0.0001
X; 89.01 1 89.01 3.55 0.0862
X, 28311 1 283.11 11.30 0.0064
g Xz 1038.01 1 1038.01 41.42 <0.0001
X2 828.47 1 828.47 33.06 0.0001
Xs? 185.62 1 185.62 7.41 0.0199
Residual 273.67 11  25.06
Lack of Fit 358.48 9 29.94 9.66 0.0973
Pure Error 6.20 2 3.10
Cor. Total 2516.16 16
Model 1640.41 4 410.10 20.24 <0.0001
X; 903.82 1  903.82 44.61 <0.0001
X, 320.88 1 32088 15.84 0.0018
% Xz 197.14 1 197.14 9.73 0.0089
X% 218.57 1 218.57 10.79 0.0065
Residual 243.11 12 20.26
Lack of Fit 240.37 10 24.04 17.58 0.0550
Pure Error 2.73 2 1.37
Cor. Total 1883.51 16

ER and OP significant at a 95% confidence level, dig8ificant at a 90% confidence level.

Table 3.4 shows the statistical models for gluamsgcentration and yield of ER £¥nd Yz),
WS (Y, and ¥5) and OP (¥ and Y;), and their respective coefficients of determioat{F’). The

independent variables; XX, and X% correspond to pretreatment temperature, enzymageasnd solid
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loading, respectively. The coefficient of deterntioa (R’) indicates the percentage of the total

variation around the average could be explainethbyegression (Table 3.4).

Table 3.4 Polynomial models for glucose concentratn from ER (Y); glucose yield from ER
(Y2); glucose concentration from WS (¥); glucose yield from WS (Y,); glucose concentration
from OP (Y5); glucose yield from OP (¥%) ant the respective coefficient of determinationR?).

Polynomial models R?

Y, = 52.24008+ 6.0676601X , +5.398490X , + 23.2678701X , ~13.082451X 2 (2) 0.94
Y, = 7343965+ 8.375790X, + 9.064121X, - 5.356010X,, - 209646701X 2 +7.3355471x 2 (3) 0.96
Y, = 7059581+ 5.8594701X, + 4.2462900X , + 31118990, — 13439490 2 (4) 0.99
Y, = 90.14087+ 2.98348" X +5.320790X , - 10.188300X , ~16.5394000X 2 + 7.8288200x 2 (5) 0.89

Y, = 5040664+ 5715450, +3.261630X,, + 26328220X,, — 4.703210X 2 + 2.639131X, [X, + 2487770X, 0%, (6)  0.86

Y, = 8866971+ 9.5069601X, + 5.6646201X , — 4.4400000X , — 7.285640x 2 (7) 0.87

The first-order effects of the pretreatment tempeeg enzyme dosage and solid loading had a
positive effect in the enzymatic hydrolysis, favayithe glucose concentration from ER, WS and OP
(Y2, Ysand Yg). For the glucose yield Gy Ys and Y;), pretreatment temperature and enzyme dosage
also had a positive effect in this dependent véidowever for ER and OP the effect was observed
at a 95% confidence level and for WS at 90%. Howethee solid loading presented a negative effect
on glucose yield, i.e. the lower solid loading fessahe enzymatic hydrolysis yield, which is in
agreement with the observation of others authoasg @t al., 2007). The interaction observed between
temperature pretreatment and solid loadingX¢) and enzyme dosage and solid loadingXx) for
glucose concentration from OP implies that thesealbées act synergistically to increase glucose
concentration, once that in both cases the interapresented positive values.

The equations (2-7) were used in STATISTIGAL Software package (Statsoft, USA) in
order to get the response surface model for glucoeeentration and yield, and visualize the trehd o
maximizing these responses. Thus, the responsacesriwere drawn as three-dimensional plots of
two factors (temperature pretreatment and enzynsagir) while the other factor (solid loading) was
kept constant at the highest level (+1) (Fig. 3)la-

The response surfaces plotted for enzymatic hydiolgf pretreated ER (Fig. 3.1a and 3.1b)
at the high level of solid loading show that thexim&l glucose recovery can be achieved using the
highest level of enzyme dosage and a pretreatraergdrature close to the central point. On contrary,
for WS (Fig. 3.1c and 3.1d), the conditions promgtimaximal glucose concentration and yield
correspond to the highest pretreatment temperangeo an enzyme dosage close to the central point.
For OP, the highest levels of enzyme dosage angeptment temperature are required to obtain a

maximal glucose concentration and yield, as suggdsy the surface responses (Fig. 3.1e and 3.1f).
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Figure 3.1 Response surface and contour plots ofuglose concentration (a, ¢ and €) and glucose

yield (b, d and f) after enzymatic hydrolysis of petreated eucalyptus residues (ER), wheat straw
(WS) and olive tree pruning (OP) as a function of petreatment temperature (X;), enzyme

dosage (%) and solid loading (%) (solid concentration was kept constant at code@Vel of +1).

After the analysis of results obtained by respanséace methodology for the optimization of
enzymatic hydrolysis of ER, WS and OP, assessettidyesponses glucose concentration and yield,
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the optimal conditions to maximize glucose conaitns using the highest solid loadings (20% w/v)
were determined with support of Design Expert Sta&l® 6.0 Software package (Stat Ease Inc.,
Minneapolis, USA). Different values were observed the optimal condition for ER, WS and OP
individually pretreated, in the range studied. Tdwzymatic hydrolysis of ER can generate the
maximal glucose concentration of 81.6 g/L, with 2220f pretreatment temperature and 0.75
(QenzymdOsaiia9 Of €nzyme dosage. In the case of enzymatic hysi®lof WS, the maximal glucose

concentration, 107.9 g/L, can be achieved using°@36f pretreatment temperature and 0.54
(QenzymdOsaiia9 Of €NZYMe dosage. Finally, the enzymatic hydislyf OP, can achieve a maximal

glucose concentration of 86.1 g/L, at 228°C prétneat temperature and 0.7%4{gmdJsiic9 €NZYMeE

dosage.

3.3.4 Prediction of glucose concentration for mixtures ofthe eucalyptus
residues, wheat straw and olive tree pruning usindghe statistical
models of individual feedstock

The optimal conditions for enzymatic hydrolysistbé mixtures 50ER, 50WS and 500P at
20% (v/w) of solid loading were determined with tresults and respective models obtained for
individual feedstock (ER, WS and OP) (Table 3'H)e predicted glucose concentrations and the
respective experimental results obtained revediatl 8 g/L can be achieved, independently of the
feedstock proportions in the mixtures and the diffie optimized conditions.

Two different conditions were studied for eachtwd three mixtures of ER, WS and OP, as a
function of the two different approaches chosenthin first approach, the Design Expert Statistical
6.0 Software package predict a single optimal dperal condition of enzymatic hydrolysis (assays
A, C and E). In the second approach, the optimalitimns obtained for each individual feedstock

were tested for the different feedstock mixtureséys B, D and F).

Table 3.5 Predicted and experimental values of thglucose concentration at optimum conditions
of pretreatment temperature and enzyme dosage forifflerent mixtures of eucalyptus residues
(ER), wheat straw (WS) and olive tree pruning (OPxat high solid loading (20% w/v).

Temperature Enzyme Predicted Experimental

Assays Feedstock mixture o Glucose Glucose
( C) (g/gsolids) (g/L) (g/L)

A 224 0.63 85.55 86.20+1.47
50ER

B 222 0.75 85.25 88.86+1.46

C 224 0.63 91.51 92.18+1.98
50WS

D 230 0.54 91.62 89.61+2.08

E 224 0.63 86.43 85.25+0.72
500P

F 228 0.75 86.80 85.34+1.61
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The lower difference between the glucose conceatrapredict by the model and that
obtained experimentally for the feedstock mixtuness inferior to 5% independent of the approach
chosen. These results demonstrated the consistétiee models used. Thus, the models of individual
feedstock can be used to predict results for differcombinations of feedstock with sufficient
confidence. The use of models for enzymatic hydishof ER, WS and OP to predict enzymatic
hydrolysis of their mixtures, can bring benefitskliomass processing with special relevance in the
Southern European countries, due to the possilfitworking with several different mixtures in a
biorefinery framework.

The low difference between the results obtainedi wie two approaches, i.e. the conditions of
the feedstock predominant in each mixture or alsingndition for all feedstock mixtures (comparing
the assays A and B, C and D and E and F) showedhkibifity of the enzymatic hydrolysis conditions
for processing feedstock mixtures. Thus, the useoofitions of the most representative feedstock
(assays A, C and B) or the use of a common comddfall mixtures of ER, WS and OP (B, D and E)
is a function of cost analysis and a trade-off leswthe enzyme dosage and the energy consumption
for pretreatment, but also the purpose of the dicuaction obtained after autohydrolysis, sincehhig
temperature pretreatment generate larger amounts dejradation products (furfural, 5-
(hydroxymethyl)furfural and phenolic compoundsa(@alheiro et al., 2009).

The results obtained with the feedstock mixtureslisd, namely 50ER, 50WS and 500P
bring potential benefits to biorefineries operatingsouthern European countries, mainly with respec
to biomass supply, minimizing problems associatefeédstock availability, seasonality, storage and
preservation. Moreover, the use of mixtures arahedyear may not require the change of operational

conditions, which increases flexibility.

3.4 Conclusions

The optimization of enzymatic hydrolysis of hydretmally pretreated ER, WS and OP
through statistical analysis was crucial to achimwae than 85% glucose yield either for individual
feedstock or for several mixtures containing tHageocellulosic materials at 20% (w/v) solid loadin
Together with the optimization of pretreatment ¢daydrolysis) conditions (Chapter 2), this work on
the optimization of cellulose enzymatic hydrolydemonstrated the feasibility of processing différen
mixtures of lignocellulosic materials, includingraltural residues and hardwoods, towards a sugar
platform for subsequent biological or chemical cension. The results obtained potentiate, at differe
levels, the operation of a multi-feedstock biorifig: demonstrate glucose recovery yields higher
than 80% from the cellulosic fraction of ER, WS a@é and their mixtures after hydrothermal
pretreatment and enzymatic hydrolysis; demonstita¢eability of processing different mixtures at
similar yields (substrate flexibility), which mayitigate seasonal variability of biomass availabilit
and supply; feedstock-dependent or -independemaiipeal conditions may be applied, with constant

operational conditions still promoting more than%80of enzymatic hydrolysis yields, thus

107



demonstrating process flexibility; the cellulosigdholysates at 80-110 g/L glucose concentration may
be directly processed in biological or chemicalvasion processes for the productions of biofuels,

biochemicals and biomaterials.
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Bioethanol production from mixtures of eucalyptus esidues,
wheat straw and olive tree pruning by SHCF and SSCHt high
solid loading wusing the recombinant xylose-fermentg
Saccharomyces cerevisiae BH42

Abstract

The economic viability of ethanol production fromgriocellulosic materials requires inexpensive and
stable feedstock supply, operations at high-sal&ting to obtain final ethanol concentrations over
4% (w/v), which is compatible with cost-competitigéhanol recovery processes, and the conversion
of both the cellulosic and hemicellulosic fracticl@smaximize ethanol yield. Therefore, the use of
robust xylose-fermentinggaccahomyces cerevisiatrains able to efficiently convert hexoses and
pentoses into ethanol is mandatory. Moreover, theration of multi-feedstock biorefineries can
mitigate limited biomass availability in certaingiens. In the present work, mixtures of eucalyptus
residues (ER), wheat straw (WS) and olive tree ipgi(OP) were processed by hydrothermal
pretreatment (autohydrolysis), and subject to hiweosion at high solid loading (20% wi/v) by
separate hydrolysis and (co)-fermentation (SH(CGIRY simultaneous saccharification and (co)-
fermentation (SS(C)F) using commercial enzymesrandmbinant xylose-fermentirf§accharomyces
cerevisiae The influence of using detoxified hemicellulokigdrolysate obtained from autohydrolysis
with or without chemical post-hydrolysis was valuklsing different feedstock mixtures and process
configurations, the final ethanol concentrationd gields always reached around 40 g/L and 0.3 g/g
total sugars, respectively, after 48 h fermentatibns suggesting that the utilization of thesgtanes

in industrial ethanol production might be feasitiieough the approached proposed.

Keywords

Autothydrolysis, bioethanol, biorefinery; hemicétlsic hydrolysate; recombinarffaccharomyces

cerevisiae xylose fermentation
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Highlights

« Hydrothermal pretreatment, enzymatic hydrolysi@¥% (w/v) solid loading and fermentation,
using a recombinant xylose-fermentigaccharomyces cerevisjagenerated more than 40 g/L
ethanol under both SH(C)F and SS(C)F of feedstagkunes.

* SHCF promoted higher ethanol productivities infédmenentation steps.

* SSCF promoted higher xylose co-fermentation wittonebinantSaccharomyces cerevisiae.

e The co-fermentation process was inhibited by helaiosic hydrolysates.

* The xylose co-fermentation promoted an increagkdrethanol concentration.

Abbreviations

GlcOS, glucooligosaccharides; XOS, xylooligosacides; AOS, arabinooligosaccharides; HMF, 5-
(hydroxymethyl)furfural, AHH, autohydrolysis hemikdose hydrolysate; PHH, post-hydrolysis

hemicellulose hydrolysate.

4.1 Introduction

Second generation (2G) bioethanol, or lignoceligl@shanol, is reaching commercialization.
The major driving forces for the development of tlgmocellulosic ethanol technology have been
associated to the increasing use of transportétiels worldwide, and include the dependence on oil
and the increasing prices of fossil fuels and tloedasing emission of greenhouse gases and itcimpa
on climate change. The regulatory framework putpiactice by policy makers, namely with
established targets of biofuels blending in coneerat fuels (e.g. EU Directive 2009/CE/28) is seen
as an opportunity to commercialize the technologgertain regions.

In Southern European countries the availabilitpaingle feedstock is limited and the use of
feedstock mixtures, including those combining agtical residue and hardwood residues, can bring
additional benefits in the operation of a 2G biaathl biorefinery in this region. Feedstock mixtures
comprising eucalyptus residues (ER), including barnches and leaves, wheat straw (WS) and olive
tree pruning (OP) are attractive feedstocks todeein a Southern-European biorefineries due to thei
availability and high saccharide content (ChapterPart A). The use of these feedstocks in mixtures
can minimize problems related with the individue¢dstock availability, seasonality and storage and
can promote the continuous operation of a biorefie this region, preferentially without changing
processing conditions. In fact, mixtures of lignihdesic materials containing those feedstocks were
successfully converted into monosaccharides unidglas conditions of hydrolthermal pretreatment
(Chapter 2 — Part B) and enzymatic hydrolysis (®ap).

The effective conversion of all the sugars avadaibl lignocellulosic biomass and the high
final ethanol concentration and yield obtainedhia fermentation process have been considered key-

factors for economic viability of 2G bioethanol (Wgren et al., 2003). The lignocellulosic biomass is
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composed of 60-80% polysaccharides, which can llrolyzed to obtaining varieties of sugars.
Cellulose is recovered in the solid fraction afigdrothermal pretreatment and is the major soufce o
sugars. Its enzymatic hydrolysis generates mairlycage. Under hydrothermal pretreatment
hemicellulose is partially hydrolysed and mainlgaeered in the liquid fraction, and the resulting
hemicellulosic hydrolysate is usually composed yibge, arabinose, mannose, galactose and glucose
(Girio et al., 2010; Sun and Cheng, 2002).

The bioconversion steps, enzymatic hydrolysis (@nehentation), should be initiated at high
solid loading, preferentially combining the cellsilo (solid) fraction with the hemicellulosic framti
(Girio et al., 2010). The bioconversion of the wehelurry obtained after hydrothermal preatreatment
can also contribute to the economy of the prociese $t avoids separations processes.

The integrated upgrading of the cellulosic and flethilosic sugars have been carried out by
two distinct processes, namely separate hydrolgei$ co-fermentation (SHCF) and simultaneous
saccharification and co-fermentation (SSCF) (Gétial., 2010; Olsson et al., 2006). The combination
of enzymatic hydrolysis (saccharification) and Jéermentation in a single step makes the SS(C)F
process very attractive from an economic point @wy not only because two operations are
performed in a single bioreactor, but also becatiseduces the effect of product inhibition of
enzymatic hydrolysis by continuous sugar consumpiiothe fermentation (Olofsson et al., 2008).
Moreover, the low concentration of glucose in thediam, provided continuously at low rates by
hydrolysis step, provides to the SSCF process ditiawlal advantage of favouring the co-transport of
xylose into the cell (Fonseca et al., 2011; Olafisebal., 2008). However, the SSCF process isezrri
out in sub-optimal temperature conditions for estage (Taherzadeh and Karimi, 2007). Furthermore,
the SHCF, which as the name implies is performetivin separate operations, enables the use of the
optimum temperature in each step, 50°C for enzynigfilrolysis and 35°C for fermentation (Harun et
al., 2001). However, it has the drawback of beinlgibited by the enzymatic hydrolysis reaction
product which accumulates during the process, whielreases the productivity and vyield of
hydrolysis. However, this effect is not significamtben using the most recent commercial cellulolytic
cocktails.

Lignocellulosic ethanol processes performed at 8igid loading (>15% solids, w/w)
contribute to both energy and water savings, narmgliess energy-demanding processes for ethanol
recovery at high ethanol concentrations, by lowatew consumption and by lower costs associated
with wastewater treatment (Modenbach and Nokes3R201

Although extensive research has been carried adgvelop the 2G bioethanol technology, the
efficient fermentation of pentoses By cerevisiagespecially under co-fermentation with glucose is
still a challenge to overcome (Fonseca et al., pahifact,S. cerevisiagthe yeast commonly used in
industrial ethanol processes, efficiently fermeaxdses but is unable to metabolize pentoses (Hahn-
Hagerdal et al., 2007). Xylose is the predominamgas of most hemicelluloses and is present in the
liquid fraction on many hemicellulosic hydrolysatéem hydrothermal and acidic pretreatments

(Girio et al., 2010). Accordingly, an approach thas been widely used is the heterologous expressio
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of metabolic pathways i%. cerevisiaeconferring the pentose-fermentation capacity, viitbus on
xylose (Karhumaa et al., 2007a, 2007b; Kuyper e2805). The genesYLlandXYL2coding xylose
reductase (XR) and xylitol dehydrogenase (XDH)pessively, orXylA coding xylose isomerase (XI),
in combination with the endogenous geti€S1encoding xylulokinase (XK) have been introduced in
laboratory and industrigb. cerevisiaestrains, allowing for xylose utilization for grolwiand ethanol
production (Eliasson et al., 2000; Garcia-Sanchesd.£2010; Kuyper et al., 2005; Matsushika et al.
2009a, 2009b; Soderegger et al., 2004; Wahlborh,20D3; Wisselink et al., 2009).

The present work envisages to demonstrate 2G l@inethproduction from mixtures of
lignocellulosic materials, ER, WS and OP (ER:WS:(®B;25:25; 25:50:25; 25:25:50), combining
hydrothermal pretreatment (autohydrolysis), enzyertatdrolysis at high solid loading (20% w/v) and
co-fermentation of glucose and xylose, through Sta@#& SSCF, employing commercial enzymes and
the recombinant xylose-fermentirt§ cerevisiaeBH42. Co-fermentation process using chemically
defined liquid medium containing xylose, separatgdrblysis and fermentation (SHF) and

simultaneous saccharification and fermentation jS&#fe performed for comparative purposes.

4.2 Materials and Methods
4.2.1 Feedstocks

Three different feedstock combinations of eucalgptesidues (ER) consisting of bark,
branches and leaves (Mortagua, Portugal), wheatvgWS) (Elvas, Portugal) and olive tree pruning
(OP) (Ferreira do Alentejo, Portugal) were used :\#R:OP; 50:25:25; 25:50:25 and 25:25:50,
represented as 50ER, 50WS and 500P, respectitdgh feedstock was individually ground with a
knife mill to particles smaller than 6.0 mm anderdifferent combinations of feedstock were
prepared and characterized. On average the fe&dstiatures presented the followed composition in
dry weight basis (%): 50ER - glucan, 32.7; xylan,9] arabinan; 2.2, acetyl groups, 4.2; Klasonitign
23.5, ash, 3.9 and others, 10.6, including 4.5abflde sugars; 50WS - glucan, 31.7; xylan, 19.2;
arabinan; 2.7, acetyl groups, 3.6; Klason lignin62@sh, 4.5 and others, 11.9, including 5.2 dfildel
sugars); 500P - glucan, 30.0 xylan, 17.4; arabi@ah;acetyl groups, 4.0; Klason lignin 22.0, a8,

and others, 14.1, including 6.4 soluble sugars.

4.2.2 Pretreatment

The mixtures 50ER, 50WS and 500P were prepared diatedy before each pretreatment.
The pretreatment was hydrothermal (autohydrolysesformed in a 600-mL stainless steel reactor
model 4842 (Parr Instruments Company, Moline, dilin USA) at 220°C with a liquid-to-solid ratio of
7/1 (g.g") under non-isothermal conditions, as previouslyctiéed (Chapter 2). After pretreatment,
the liquid and solid fractions were separated usinpydraulic press (Sotel, Portugal) up to 200
Kg/cn?. The liquid fraction was analyzed and stored & 6Atil further use. The solid fraction was

washed at room temperature with two volumes of meatel stored at -10°C, until further use.
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4.2.3 Preparation of hemicellulosic hydrolysates

The liquid fractions, or hemicellulosic hydrolyssteobtained from autohydrolysis of the
50ER, 50WS and 500P were concentred by evaporatidd0°C and 40 mbar in order to reduce
around 50% of the initial volume (two-fold conceation). The concentrated hemicellulosic
hydrolysates were divided in two fractions, one vda®ctly detoxified resulting in a detoxified
hemicellulosic hydrolysate from autohydrolysis (AjjHand the other was submitted to post-
hydrolysis with sulphuric acid (1% w/w) before defaation, resulting in detoxified hemicellulosic
hydrolysate from post-hydrolysis (PHH).

A combined overliming/active charcoal detoxificatiprocess was applied according to the
previously reported (Villarreal et al., 2006), withfew modifications. In short, the pH was first
adjusted until 8.5 with CaO (powder), and then t8 With sulphuric acid (96%). After, the
hemicellulosic hydrolysate was mixed with activeardoal (100-400 mesh) at 5% (w/v) for 1 h, at
30°C, under stirring at 200 rpm. Finally, the pHsvearrected to 5.5 with NaOH (pellets). At the end
of each step, the precipitate was removed by fitmathrough Whatman no. 41 filter paper. The AHH
and PHH were sterilized using 0. membrane filters. The detoxified hemicellulosjyadiolysates

were used for inoculum adaptation and in SHCF &@FSprocesses.

4.2.4 Microorganism and inoculum preparation

The recombinant xylose-fermentilg®y cerevisiadH42 (PYCC 5764) was obtained from the
Portuguese Yeast Culture Collection (PYCC). Thaistrwas grown on yeast-malt agar (YMA) plates
at 30°C for 24 hours, stored at 4°C and reneweiddieally in the same medium. The pre-inoculum
was prepared in liquid medium containing YNB (6/Z)gand glucose (20 g/L) at 35°C and 140 rpm.
After 18 h, the cells were harvested by centrifigga(8,500 xg for 10 min) and transferred to fresh
liquid medium or hemicellulosic hydrolysate for cudum adaptation before SH(C)F and SS(C)F
experiments.

The inoculum adaptation was performed in 50%-dduA&iH from pretreated 50ER, 50WS or
500P, and supplemented with yeast extract (1 @gNBjl,).HPO, (0.5 g/L), MgSQ.7H,O (0.025g/L),
glucose (40 g/L) and phthalate buffer (50 mM) at pi3. Yeast was added to 1 g(CDW)/L and
incubated at 35°C, 140 rpm, for 24 h.

4.2.5 Enzymatic hydrolysis

The enzymatic hydrolysis of the solid fraction okfpeated 50ER, 50WS and 500P was
performed at pH 5.5 (phthalate buffer 50 mM) with®2 (w/v) solid loading in the absence and in the
presence of AHH. An enzyme dosage of 20.24 FRlJ{@nd 60.1 W-glucosidaselg;q was applied,
corresponding to a formulation of two commerciakyane preparations, Celluclast 1.5L (0.569
0/Gs0i)) and Novozym 188 (0.063 glgy), in the dosage predicted by the model for enzignat

hydrolysis previous developed (Chapter 3), accgrdim the fixed variables 20% (w/v) solids and
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pretreatment at 220°C. This condition is very cliséhat predicted for maximal glucose recovery at
20% (w/v) solids (224°C, 20.16 FPWg). The flasks were incubated in an orbital shalkeRTAL
HT), at 35°C, 140 rpm, for 144 h. The assays weréopmed in duplicate.

4.2.6 Separate hydrolysis and (co)-fermentation (SH(C)F) and
simultaneous saccharification and (co)-fermentatiofdSS(C)F)

Fig. 4.1 illustrates the experiments performed vmliierent configurations. The assays were
carried out under (non-strictly) anaerobic condiipmore specifically, before incubation the 50-mL
Erlenmeyer flasks were sealed with rubber stoppersce with needle to liberate G@nd sparged
with nitrogen to remove air. The 20% (w/v) solidntent was obtained by diluting the pretreated
solids in deionized water, xylose 10 g/L or henlidekic hydrolysate (AHH or PHH). The medium
were supplemented as described above for inoculemapation and the pH was adjusted to 5.5 with
phthalate buffer (50 mM). The medium was inoculatéth an initial S. cerevisia®f 3g(CDW)/L.

50ER or 50WS or 500P
Pretreated by autohydrolysis at 220°C

| Solid fraction |<— Liquid fraction
(AHH)

Enzyme
A
Monosaccharide!
Enzymatic
hydrolysi
v ydrolysis v
1= ==== — |I====== —
1 1
_____ i A — PR [
| 1 1 1 1 !
! 1 — - 1 ! .. -
1 Solid fw Liquid fraction 1 Solid fw Liquid fraction
! 1 (AHH) 1 1 (AHH or PHH)
:Eanes’ ! or xylose ' _Enzymesg | | or xylose
| A\ 4 1 1 1
: | Monosaccharide} : :[S N :
. cerevisiae

E. cerevisige : |W§ :
| BAAZ L X . i
1 1 E:I 1
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Figure 4.1 Outline of the performed experiments.

The SHCF and SHF experiments were initiated asritbestabove for enzymatic hydrolysis,
but incubated at 50°C for 48 h. Then the flaskseveeoled down up to 35°C, inoculated and incubated
at the later temperature, 140 rpm, for 96 h. Th€BSand SSF experiments were initiated with
simultaneous enzyme and yeast loading and inculzt&8°C, 140 rpm, for 96 h. The assays were
performed in duplicate. Samples were collectedggérally and the concentration of glucose, xylose,

xylitol, glycerol, acetic acid and ethanol were aifeed by HPLC.
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4.2.7 Analytical methods

The solid and liquid (hemicellulosic hydrolysatesdgpost-hydrolysates) fractions obtained
after pretreatment and used as substrates for extiyhydrolysis and fermentation were characterized
following the procedures previously described (GbaR). The individual components of substrates
and products of enzymatic hydrolysis and fermeotatprocesses were quantified in a high-
performance liquid chromatography (HPLC) systemil@g 1100 Series, Germany) equipped with
refractive index (IR) and diode array (DAD) detastand an Aminex HPX-87H column (Bio-Rad,
CA, USA). The column temperature was set to 50°€ the mobile phase of 5 mM,HO, was used.
The flow rate and sample injection volumes wereasél.4 mL/min and 2QlL, respectively, for the
characterization of substrates and at 0.6 mL/mth%ulL, respectively, for the analysis of products of
enzymatic hydrolysis and fermentation. All samphese filtered through 0.2@m membranes before
analysis. Cell growth in the inoculum was evaluatgdneasuring the absorbance at 640 nm and by
cell dry weight (CDW).

4.3 Results and Discussion

In previous work, the ability of processing ER, WG and their mixtures (50ER, 50WS and
500P) through hydrothermal pretreatment, followgdabid post-hydrolysis of the liquid fraction and
enzymatic hydrolysis of the solid fraction, was dastrated (Chapters 2 and 3). This work, aimed at
processing these lignocellulosic mixtures for ethgmoduction combining hydrothermal pretreatment
(autohydrolysis), enzymatic hydrolysis at high doloading (20% w/v) and co-fermentation of
glucose and xylose (the later from hemicellulosyerolysates, with or without post-hydrolysis),
through SHCF and SSCF, employing commercial enzyanesthe recombinant xylose-fermentiig
cerevisiaeBH42.

4.3.1 Composition of the resulting solid and liquid fractons recovered
after pretreatment

Previous studies on hydrothermal pretreatment ef ttivee materials and their mixtures
(Chapter 2) and on the combination of pretreatnagrt enzymatic hydrolysis for maximal glucose
recovery (Chapter 3), revealed that a compromisedsn high sugar recovery in the hemicellulosic
hydrolysate (liquid fraction) and high cellulosgeltibility (solid fraction) needs to be achievkligh
pretreatment temperature (e.g. 230°C non-isothg¢rmslially contributes to maximal cellulose
digestibility, but generates high amounts of sugdegradation products in the hemicellulosic
hydrolysate, with consequent low sugar (xylose)ovecy yield and high content of inhibitory
compounds in this fraction (Chapter 2). The hydeathal pretreatment performed at 220°C still leads
to high cellulose digestibility with the three festolcks (>80%) (Chapter 3), maintains xylose
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equivalents (XOS and xylose) over 15 g/L, and keapibitory compounds at moderate levels (e.g.
furfural and acetic acid at approx. 2 and 5 g/kpegtively) (data not shown).

The hemicellulosic hydrolysates recovered afterlaydrolysis and post-hydrolysis were
concentrated (2-fold) and detoxified in order tonglate sugar (xylose) content in pretreatment at
higher solid loading and to allow fermentation witlte available recombinant xylose-fermentiag
cerevisiae The composition of both cellulo-lignin (solid &t#on) and the hemicellulosic hydrolysates
from autohydrolysis (AHH) and from further post-hgtysis (PHH) are depicted in Table 4.1. The
concentration step, which might also be applied ibgustry to concentrate cellulosic and
hemicellulosic hydrolysates, significantly reduaesdatile toxic compounds, such as furfural, which
concentration was decreased in one order of matgiiLe. in approx. 90%. This observation was also
reported by other authors (Carvalheiro et al., 2008arreal et al., 2006). The combination of
evaporation and detoxification has partially renaeetic acid, up to 25%.

As expected, XOS were the product found at higleicentrations (18-24 g/L) in the AHH,
confirming the efficiency of autohydrolysis in teelubilization of the hemicellulosic fraction. GISO
were also found at significant concentrations (20¢fL), which is probably correlated with the
presence of starch and others non-structural slsbbars in the feedstocks. In fact, WS and OP
contain significant amounts of starch and OP of-siwactural soluble saccharides (Cara et al., 2012;
Chapter 2 — Part A). AOS were virtually absenttesgretreatment severity was enough to hydrolyse
the OS into arabinose. The concentrations of totahosaccharides in AHH were similar for all
mixtures (18-22 g/L), with xylose at 12-14 g/L agldicose and arabinose at 3-4 g/L. While 50WS
contained more arabinose, from arabinoxylans of B@&)P contained more glucose as denoted by the
presence of soluble glucose in OP composition éB&dros et al., 2011; Cara et al., 2008; Chapter 2)
Organic acids (formic adding acetic) were foundhia range of 9 g/L. Furans (furfufal and HMF)
resulting from thermic degradation of pentoses heroses (Palmqvist and Hahn-Hagerdal, 2000)
were detected at very low concentrations (<0.5,gllg to the concentration/detoxification process.

With the post-hydrolysis process applied after hydoolysis, the OS were converted into
monosaccharides. Accordingly, the PHH revealedtanktial higher xylose (32-33 g/L) and glucose
(10-12 g/L) concentrations. Acetic acid concentnativas also increased after post-hydrolysis due the
extensive hydrolysis of hemicellulose oligomerseTdrcetyl groups linked to XOS are released at
more severe processing of hemicellulosic componesss previously observed witkucalyptus
globulus wood (Garrote et al., 2001). Furfural concentratglight increased after chemical post-
hydrolysis, due the labile nature of pentoses gih iémperature. HMF concentration remained nearly
constant, which was correlated with the low degtiadaof hexoses. As levulinic acid results from
extensive degradation of hexoses, in this worké@swnly detected after post-hydrolysis and at low

concentrations.
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Table 4.1 Composition of the hemicellulosic hydrolsates (liquid fraction) recovered after
autohydrolysis and chemical post-hydrolysis (whengplied) followed by concentration and
detoxification (AHH and PHH, respectively), and repective cellulo-lignin (solid fraction) of

different mixtures of eucalyptus residues (ER), what straw (WS) and olive tree pruning (OP)
(50ER, 50WS and 500P).

Feedstock mixture

Fraction = Component 50ER 50WS S5OP0O
AHH? PHH" AHH PHH AHH PHH
Glucose 3.36 10.42 3.27 10.86 4.23 12.25
GlcOS 10.41 nd 11.37 nd 11.56 nd
Xylose 11.66 32.20 12.08 33.38 13.53 32.49
%‘ X0§" 18.44 nd 24.09 nd 17.89 nd
S Arabinose 3.22 3.63 4.13 3.58 3.78 3.95
*g AOS° 0.00 nd 0.00 nd 0.00 nd
5 Formic acid 3.31 3.41 3.33 3.12 3.39 3.22
_Elff Acetic acid 5.73 8.85 5.78 7.99 5.49 8.09
Levulinic acid 0.00 0.30 0.00 0.27 0.00 0.30
Furfural 0.02 0.16 0.01 0.24 0.01 0.23
HMF 0.39 0.37 0.36 0.30 0.49 0.45
Phenol8 1.55 1.38 2.01 1.24 2.44 1.37
. Cellulose 50.00 50.71 49.31
) é § Hemicellulose 4.34 5.03 5.36
& § f'@ Lignin 38.99 37.05 40.93
Others 6.67 7.21 7.84

*hemicellulosic hydrolysate obtained after autohjydis, concentration and detoxificatiofi; hemicellulosic
hydrolysate obtained after autohydrolysis followbg post-hydrolysis, concentration and detoxificafio
‘glucooligosaccharides®ylooligosaccharides; ®arabinooligosaccharides’not  determined; %otal phenolic

compounds.

The pretreatment conditions (autohydrolysis at €208on-isothermal) applied to 50ER,
50WS and 500P promoted an extensive solubilizatiohemicellulose, remaining only 4-5 (g/100g

dry matter) in the solid fraction. Consequentlye #olid fraction was enriched in cellulose andilign

to contents of 49-51 and 37-41 (g/100g dry mattexgpectively. The cellulose was enriched in 17-
19% in comparison to original materials. These Itesare in agreement to those obtained in the
previous study of autohydrolysis with the same $eck mixtures (Chapter 2 — Part B). Similar
cellulose (41.9-45.2%) and acid-insoluble resid(#%6-50.4%) were found in olive tree pruning
pretreated solids after steam-explosion at 220°&g@t al., 2008). In a study of eucalyptus wood
autohydrolysis, similar cellulose content (50.9%d dower lignin content (24.3%) were found in

pretreated solids, but milder conditions were a&upl{195°C) (Garrote et al., 1999). In fact, lower

pretreatment temperatures lead to higher hemioskutontent in the solid fraction (Chapter 2).
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4.3.2 Effect of hemicellulosic hydrolysates on the enzyntia hydrolysis of
pretreated solids

The enzymatic hydrolysis of the feedstock mixtB6ER, 50WS and 500P was performed at
35°C, with 20% (w/v) solids obtained from pretreattat 220°C and an enzyme dosage of 20.24
FPU/g.igs iN presence or absence of the respective hemliggit hydrolysates (AHH) (Fig. 4.2). For
the three different mixtures, a similar profile ehzymatic hydrolysis was observed. Glucose
concentrations of 83-85 g/L were achieved after A44 enzymatic hydrolysis in presence or absence
of hemicellulosic hydrolysates (AHH). However, thezymatic yield was different since, in addition
to the potential glucose from cellulose hydrolysigre is the glucose from the GlcOS present in the
hemicellulosic hydrolysate (AHH). Thus, a decreat&.7, 8.0 and 13.2% in enzymatic hydrolysis
yield of 50ER, 50WS and 500P, respectively, waseplel in presence of hemicellulosic
hydrolysates (AHH). In fact, the compounds formeuding the pretreatment, namely furans, organic
acids and phenolic compounds can inhibit the caiftic enzymes used (Viikari et al., 2012).
However, under the conditions applied, the conegioim of these compounds had a low influence in
the cellulolytic enzymes. The presence of solubleckarides (glucose, xylose, GIcOS and XOS) in
the hemicellulosic hydrolysates may lead to contpetinhibition (Baumann et al., 2011; Modenbach
and Nokes, 2013; Teugjas and Valjamae, 2013), wivizh observed to be more pronounced at 35°C
than at 50°C (Teugjas and Valjamae, 2013). The Hamzymatic hydrolysis rate obtained in this
work, comparing with the previous studies underilsintonditions (Chapter 2 — Part A and Chapter
3), is justified by the lower temperature appliedhis enzymatic hydrolysis process, 35°C, which is
the temperature used in the following SS(C)F expenits and in the fermentation step of SH(C)F
experiments.

An increase of xylose concentration was observethduhe enzymatic hydrolysis process in
the presence of hemicellulosic hydrolysates (AHH( 4.2), which confirmed that the enzymes
formulation used in this work can promote the hyghis of XOS obtained during the pretreatment
process, as Celluclast 1.5L and Novozym 188 contglimnolytic enzymes (Van Dyk and Pletschke,
2012; Wyman et al., 2004). The highest xylose cotraéions obtained were in the range of 10-11 g/L
at 144 h of enzymatic hydrolysis. These xylose eotrations are approx. 25% lower to those of
initial xylose in PHH (around 14 g/L), suggestinmat hydrolysis of XOS can be performed by
enzymes in simultaneous with cellulose and GlcO&diysis, but are less effective than acid post-

hydrolysis towards xylose production.
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4.3.3 SHF and SSF of pretreated solids from different mitures of ER,
WS and OP

SHF and SSF experiments combined pretreated feddstixtures (50ER, 50WS and 500P)
at 20% w/v solids with enzymes (at 20.24 FRL}{§ and the yeasS. cerevisiaeBH42 (at 3
g(CDW)/L) (Fig. 4.3). Compared to SSF, SHF prodeesd a prior enzymatic hydrolysis period of 48 h
at 50°C, before yeast loading. The fermentatiop sfeSHF and the SSF process were performed at
35°C for 96 h. Therefore, the main difference obsagrbetween the two processes was that, in SHF
process, the fermentation step was initiated widglugose concentration of 65-70 g/L, while in the
SSF process, maximum glucose concentration wastddtafter 6 hours at approx. 10 g/L.

Consequently, the higher glucose available in SHFEomparison to SSF, promoted higher
ethanol productivity, markedly observed in thetfit2-h fermentation period (Fig. 4.3, Table 4.2).
After 24-h fermentation, the ethanol concentratieached a plateau in the range of 35-41 g/L in SHF
with all feedstock mixtures.

On the other hand, in SSF, the accumulation ofgadn the medium during the first 6 h,
resulted from higher rate of cellulose enzymatidrojysis than glucose consumption by yeast, which
conducted to similar ethanol productivity in botrogesses during the same period (6h) (Fig. 4.3).
However, after 12-h fermentation, the ethanol pobidity was lower in SSF than in SHF (Table 4.2),
due to the limitation of glucose consumption rateSo cerevisiaedBH42 by enzymatic hydrolysis.
Accordingly, the ethanol concentration reachedadeglu in the range of 35-40 g/L only after 48 h in
SSF with all feedstock mixtures. Ethanol produtfivivas clearly lower in SSF than in SHF
(difference higher than 10%), but the differencdiimal ethanol concentration and yields was smaller
(lower than 10%). Among all, the less efficient gges was the SSF of 500P, reaching only 37 g/L
and an overall yield of 0.31 g/g (total sugars)fdot, residual monosaccharides, approx. 5 g/L of
glucose and 3 g/L xylose, were detected in the umdifter 96 h. OP was previously described as
containing hydroxytyrosol, tyrosol, and oleuropeivhich are phenolic compounds with high
antimicrobial activity (Fernandez-Bolafios et alQ12; Medina et al., 2013). These phenolic
compounds might be attached to the solids andgeteto the medium during enzymatic hydrolysis,

increasing the toxic level of the mixture with hégh OP content during the SSF process.
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anaerobiosis for 96 h at 35°C, 140 rpm.



Table 4.2Fermentative parameters and residual xylose (afte®6 h of fermentation) of SH(C)F and SS(C)F of diffrent mixtures of eucalyptus residues (ER), wheat
straw (WS) and olive tree pruning (OP) (50ER, 50W&nd 500P). The processes were performed with 20% (W of solids obtained from pretreatment at 220°Can

enzyme dosage of 20.24 FPW/g;s and the yeastSaccharomyces cerevisiae BH42 (3 g(CDW)/L) at pH 5.5. The SH(C)F was initited with enzyme loading and

incubated for 48 h at 50°C, 140 rpm, followed by yast inoculum and incubation under anaerobiosis foB6 h at 35°C, 140 rpm. In the SS(C)F, enzyme andast
were simultaneously loaded, followed by incubationnder anaerobiosis for 96 h at 35°C, 140 rpm.

SHF SSF SHCEji0se SSCHiyiose SHCFamn SSCRy SSCRon

Ethanol (g/L) 40.85+3.06 38.59+1.34 40.85+0.03 41.010.29 41.4TE1 39.05+1.55 40.42+0.57

& vpis (gig) 0.35:0.03 0.3320.01 0.32+0.00 0.32+0.00 0.2520.01 23£0.01 0.2520.00
B Qp (g/L.h) (12h) 2.82+0.07 1.97+0.03 2.74+0.06 1.46+0.42 2.69+0.01 .7440.06 1.87+0.02
Xylose (g/L) 1.34+0.03 1.38+0.08 4.6920.13 5.30+1.20 6.97+0.08 .39$0.15 5.9620.12
Ethanol (g/L) 40.96+3.59 40.03+1.76 43.72+1.41 42.22+1.05 40.7120 37.18+1.71 44.06+0.50

L Ypis (g/g) 0.3420.03 0.3320.01 0.33£0.01 0.3240.01 0.23+0.00 21£0.01 0.27+0.00
B Qp (g/L.h) (12h) 2.75+0.08 2.10£0.06 2.7520.10 1.98+0.06 2.67+0.02 .5840.47 2.11+0.04
Xylose (g/L) 1.63+0.02 1.43+0.08 5.39+0.09 3.7420.08 8.53+0.20 .17%0.09 7.04£0.32
Ethanol (g/L) 40.83+0.31 37.16+1.02 41.86+2.08 37.09+0.30 40.083:0 29.15+0.65 35.65+2.19

& Ypis (g/g) 0.34+0.00 0.31+0.01 0.33+0.02 0.29+0.00 0.24+0.00 .17£0.00 0.22+0.01
B Qp (g/L.h) (12h) 2.09+0.79 1.80£0.11 2.06+0.73 1.68+0.06 2.27+0.03 .61:40.00 1.82+0.06
Xylose (g/L) 2.110.07 2.62+0.31 6.41+0.04 7.64+0.26 8.58+0.34 8.27+0.37 8.49+0.54

AHH - hemicellulosic hydrolysate obtained afterahdrolysis, concentration and detoxification; PHRemicellulosic hydrolysate obtained after autabiysis followed by post-hydrolysis,
concentration and detoxification;



4.3.4 SHCF and SSCF processes for bioethanol productiomdm different
mixtures of ER, WS and OP

First, the influence of the presence of xylose ¢I0) in SHCF and SSCF processes was
evaluated under the same conditions of SHF and (68f 4.4, Table 4.2), This approach allowed
monitoring the effect of both process configurasiamn glucose and xylose co-fermentation in the
absence of inhibitor compounds from hemicelluldsidrolysates.

The profiles observed in these SHCF and SSCF expets were very similar to those
obtained in SHF and SSF, respectively, namely wihpect to cellulose hydrolysis, glucose
consumption and ethanol production. In generakrethyield and productivities were slightly lower
than those observed in SHF and SSF (Table 4.2)Shi@F and SSCF experiments with xylose, in
general, led to slightly higher ethanol concentrai (Table 4.2), suggesting that ethanol is being
produced from xylose, but at lower yields. In fa8t, cerevisiaeBH42 is described to have lower
ethanol yields from xylose (0.28 g/g) than fromaglse (0.43 g/g) in defined medium (Sonderegger et
al., 2004).

In the SHCF experiments, glucose concentrationimddaafter 48 h of enzymatic hydrolysis
resulted in 66-68 g/L. The glucose consumption, &atilar profile for the three feedstock mixtures
(50ER, 50WS and 500P) and, after 12 h, almostlatiage in the medium was consumed. Xylose
consumption was observed in all cases but, aftdrodf8s it virtually stopped, remaining approx. 30%
of initial xylose. Under SHCF the higher xylose somption rate was observed between 12 and 36 h
of fermentation, immediately after glucose depletithis is due to the competitive nature of glucose
and xylose transport, where Hxts transporters haweh higher preference for glucose (Leandro et al.,
2009). In SHCF, similar ethanol concentrations warhieved with the different feedstock mixtures,
reaching 41-44 g/L, but after 12 h the concentratias already 30-40 g/L.

In SSCF experiments, the accumulation of glucosthénmedium was observed during the
first 6 h as in the SSF experiments (see Fig. &, similar ethanol productivity to that of SHGlke
same period (6h) (Fig. 4.4). However, after 12 imfantation, the ethanol productivity was lower in
SSCF than in SHCF (Fig. 4.4 and Table 4.2), reachinly 20-30 g/L at that time. The ethanol
concentration reached a plateau in the range @f43§A only after 48 h in SSCF with all feedstock
mixtures (Fig. 4.4, Table 4.2). In opposite to timerved in SHCF, the higher xylose consumption
rate in SSCF experiments was observed in theX#tdi. A similar behaviour was previously reported
in SSCF with WS using recombinant xylose-fermentigcerevisiaestrains, where a high initial
xylose concentration and a low glucose concentratimimized the inhibition of xylose transport by
glucose, favouring co-consumption (Fonseca eP@lll; Olofsson et al., 2008). Even though, xylose
was not completely consumed, probably because gfua@s prematurely exhausted from the culture
medium. In fact, xylose fermentation is enhanceddwy (but non-zero) glucose concentration, not
only due to relieve of transport inhibition, busalto activation of the enzymes of the lower glytol
pathway and to improved co-factor regeneration éBat al., 1996; Pitkénen et al., 2003). In the cas
of 50WS only 20% of initial xylose remained in theedium. In the case of SSCF with 500P, and

127



similarly to the SSF with 500P, the final ethanohcentration, the ethanol yield and productivity

were lower than for other mixtures or even thantfa@ same mixture under SHCF. In this case, a
significant amount of residual monosaccharidesr@pp9 g/L of glucose and 8 g/L xylose, were

detected in the medium after 96 h (Fig. 4.4, TdbB®). This residual xylose concentration represknte

approx. 40% of initial xylose.

These preliminary SHCF and SSCF with xylose weréopmed to further understand the use
of complex hemicellulosic hydrolysates for glucesel xylose co-consumption and increased ethanol
final concentrations in comparison to SHF and SSiRguonly the cellulose fraction. Once the glucose
and xylose co-fermentation process has been deratedst even though xylose was not completely
and efficiently fermented, the performance of SH&Rd SSCF process using hemicellulosic
hydrolysate from pretreated mixtures of ER, WS @ilwas performed to evaluate the feasibility of
converting the whole slurry of the different mix@ésr (50ER, 50WS and 500P) into ethanol. The
hemicellulosic hydrolysate recovered after autoblydis (AHH) of the three feedstock mixtures, rich
in OS, was used in the SHCF and SSCF, as the carimhenzyme preparations used in this work
have xylanolytic activities. Moreover, the hemialskic hydrolysate recovered after acid post-
hydrolysis (PHH) was also used, since the XOS obtiiin autohydrolysis are here completely
hydrolysed to xylose (see Table 4.1). This approayisaged to have high initial xylose level for
SSCF experiments once the low glucose and thexyilgise concentrations favours their co-transport
and consequent their co-fermentation (Fonseca,&Cil1; Ohgren et al., 2006; Olofsson et al., 2008

Therefore, three process configurations for enzigmhydrolysis and co-fermentation of
feedstock mixtures have been assessed: i) SHCF Alithl (SHCRy); i) SSCF with AHH
(SSCRu); SSCF with PHH (SSGhy) (Fig. 4.5).

In the SHCEKyy experiments the profile of glucose and xylose aom#ion was similar with
the different mixtures and comparable to the okexbim the previous experiment using xylose in the
liquid medium (Fig. 4.4). The glucose produced dgrienzymatic hydrolysis (63-72 g/L) was
consumed in the first 24 h for all mixtures. Howewthile in SHCRKyy of 50ER and 50WS the
glucose concentration was already below 10 g/L2athlin SHCkyy of 500P, glucose was still
approx. 20 g/L, suggesting that there are compangpecifically from OP that might inhibit yeast
metabolism, as phenolic compounds (see Table Ariyway, ethanol productivities were similar to
those obtained in SHF and SHCF with xylose (sedeTdl?2) and maximum ethanol concentrations
were above 40 g/L in all SHGH, including with 500P. Therefore, ethanol yield vilashe range of
0.23-0.25 g/g in SHCHy against 0.34-0.35 g/g in SHF and 0.32-0.33 in SH@R xylose. The
reduction in yield was expected due to the intddewer ethanol yield from xylose than from glucose
as determined in defined medium (Sonderegger et2@D4) and due to the inhibition of xylose

transport by glucose i8. cerevisia®H42 (Fonseca et al., 2011).

128



80 80 | 80

Concentration (gfl)

[z]
(=]

4= =]
L= L=
T T

oncentration (gfl)

[ ]
L=
1

.

L

Figure 4.4SHCF (a, b, c) and SSCF (d, e, f) of different mixres of eucalyptus residues (ER), wheat straw (W3nd olive tree pruning (OP), 50ER (a, d), 50WS (b,
e) or 500P (c, f) in the presence of xylose (10 ¢/IThe processes were performed with 20% (w/v) ob8ds obtained from pretreatment at 220°C, an enzymdosage
of 20.24 FPU/g,i4s and the yeastSaccharomyces cerevisiae BH42 (3 g(CDW)/L), at pH 5.5, in the presence ofy¥ose (10 g/L). The SHCF was initiated with enzyme
loading and incubated for 48 h at 50°C, 140 rpm, flowed by yeast inoculum and incubation under anaabiosis for 96 h at 35°C, 140 rpm. In the SSCF, eymne
and yeast were simultaneously loaded, followed bydubation under anaerobiosis for 96 h at 35°C, 14@m.



The SSCkyy of 50ER, 50WS and 500P was the process configuraihowing the lowest
final ethanol concentrations and yields (basedatal tsugars), reaching 39 g/L and 0.23 g/g with
50ER, 37 g/L and 0.21 g/g with 50WS and only 29 a¥id 0.17 g/g with 500P, respectively. In line
with these results is the accumulation of glucesali SSCkryy processes, up to 8 g/L in 50ER and
50WS and 19 g/L in OP after 96 h of fermentatianieldestingly, xylose accumulation in SSGkis
slightly lower than in SHCkH, suggesting a more efficient co-consumption obsglin the presence
of lower glucose concentrations. In sum, the S§GHollowed the trends of previous SS(C)F
experiments (see Fig. 4.3 and 4.4, Table 4.2),theitpresence of phenolic compound and other
inhibitors (see Table 4.1), like acids (acetic dodnic) and furans (here mainly HMF), may have
contributed to less efficient fermentation proces3de effect of these compounds was apparently les
pronounced in SHCGEy probably because higher glucose concentrations maag contributed to
higher yeast fitness and to a faster conversionga® Even though the adaptation of inoculur.of
cerevisiaeBH42 was performed in 50% hemicellulosic hydrotgsAHH) before fermentation, the
performance of the yeast was limited in SgGF Probably, a longer period of adaptation under
higher hydrolysate concentrations or a higher ihgouloading might have conducted to better
performance.

In SSCkyy the bioconversion process revealed a better padiace than the SS@k (Fig.

4.5, Table 4.2). In fact, the glucose profile falkd those of the previous processes of SSF and of
SSCF with xylose (see Fig. 4.3 and 4.4), rathen tha ones of SSGRy. First, glucose accumulated
in the first 6 hours up to approx. 10 g/L. ThenthabOER and 50WS, it was maintained below 5 g/L
till the end of the fermentation process. Howewéth 500P, glucose accumulated up to approx. 14
g/L. Interestingly, effective xylose co-consumptiwith glucose was observed since the initial xylose
concentration of about 14 g/L in SS&GF decreased to about half (6-8 g/L) within 24 h.sThigher
xylose consumption observed in SSGHN comparison with SSGRy and SHCky4 is confirmed by
lower residual xylose in the former configuratidtea96 h (Table 4.2), inasmuch XOS were certainly
fully hydrolysed to xylose, at approx. 14 g/L (ialtconcentration) prior to fermentation, while pnl
approx. 10 g/L was obtained in the enzymatic hydisl step of SHCkn and approx. 6 g/L were
found in the beginning of SSGky. Therefore, the presence of xylose in higher comadon than
glucose favours their co-consumption (Fonseca .et2811; Olofsson et al., 2008). These profiles
resulted in final ethanol concentrations and yi€lissed on total sugars) of 40 g/L and 0.25 g/t wit
50ER, 44 g/L and 0.27 g/g with 50WS and 36 g/L &2 g/g with 500P, respectively, in the
SSChyy process configuration. As mentioned above, thestvperformance obtained with 500P
comparing with the other two mixtures (50ER and =)Wwas probably related to higher
concentration of phenolic compounds from olive fii@groxytyrosol, tyrosol, and oleuropein), which
have been shown to have a great antimicrobialiac(iFernandez-Bolafios et al., 2012; Medina et al.,
2013). The better performance of S$GFcompared to SSGRy can be attributed to lower total

phenolic compounds concentration. The decreasehéntotal phenolic concentration after acid
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post-hydrolysis was previously reported and watbatied to their selective precipitation at thedaci
pH of chemical post-hydrolysis, and subsequent vetnoy filtration (Duarte et al., 2009).
Fermentation by-products, such as xylitol and glgkavere found under the different process
configurations and for all feedstock mixtures. Xgli an undesirable by-product generated by
recombinant XR/XDHS. cerevisiaestrains as a response to the lack of the co-fagb” under
anaerobiosis, was produced in all co-fermentatiqregments at concentrations below 2 g/L, except
for SSChun and SSChyw, where it reached 3 g/L. Xylitol cconcentrationglie range of 1.3-4.3 g/L
were reported to SSF of pretreated wheat strawféSdo et al., 2008). Glycerol was detected in
higher concentrations than xylitol, reaching 3-4 oy the different process for all feedstock mixdur
Glycerol was quantified at 6.7 g/L during SSF ofeahstraw using. cerevisiad@MB3400 (Olofsson
et al., 2008). Also, processing pretreated wheawsby SSCF at initial xylose concentrations of
approx. 17 g/L,S. cerevisiaestrains TMB3400 and 34006 generated xylitol angcelol
concentrations of 4-5 g/L each (Fonseca et al.1p0An increase of acetic acid concentration also
was observed throughout time for the three fee#stoixture studied reaching values higher than 6
g/L, which can also contribute to significant inibdly effects (Palmqvist and Hahn-Hagerdal, 2000).
Comparing the different process configurationsiuding those with absence of xylose, SHF
and SSF, and those of glucose/xylose co-fermentaBblCF and SSCF, it is possible to verify the
contribution of this pentose for ethanol productian, at the same time, the inhibition®f cerevisiae
BH42 by toxic compounds from hemicellulosic hydsadyes. This effect was particular evident for
SSCF of 500P, probably due to presence of higheearttration of phenolic compounds derived from

olive tree in 500P hemicellulosic hydrolysatese likydroxytyrosol, tyrosol, and oleuropein.

4.4 Conclusions

The use of different lignocellulosic feedstock mpds of ER, WS and OP for 2G bioethanol
production was demonstrated under different processigurations. The use of the cellulosic and
hemicellulosic fractions obtained after hydrotherpr@treatment of feedstock mixtures, was assessed
by SH(C)F and SS(C)F at high solid loading (20%)wand generated ethanol concentrations higher
than 40 g/L. These concentrations are in the rafigeose suitable for cost-effective ethanol recpve
processes. Several aspects will deserve futuranaséo improve the process of converting mixtures
of ER, WS and OP into bioethanol. Those include dperation of high solids at the pretreatment
level, which may conduct to higher xylose conceitre in the hemicellulosic hydrolysates and thus
contribute to improved xylose co-consumption witlucgse, preferentially by SSCF. Also, the
reduction of enzyme loading in SSCF may be beradftoi maintain low glucose concentration during
a longer fermentation period for maximal xylosenfentation. A similar effect might be obtained by
increasing yeast loading. To face the presencatibitors (e.g. acids and phenolics) the highessyea

loading and/or more efficient adaptation protocuksy improve the bioconversion process. However,
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the use of more robust and efficient recombinanbserfermentingS. cerevisiaestrains might be
required.

Nevertheless, the potential use of different femtstmixtures, containing ER, WS and OP, in
multi-feedstock 2G bioethanol biorefineries locatedSouthern Europe was demonstrated, with the

possibility of using constant operational condidhroughout the year.
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4.6 Supplementary data

Table 4.3 Potential sugar recovery (g/L) from solicgand liquid fraction (hemicellulosic
hydrolysate) recovered after pretreatment performedat 220°C, post-hydrolysis (when applied)
and concentration/detoxification (when applied) ifSH(C)F and SS(C)F processes.

Solid fraction Liquid fraction Total
SSF e SHF
S0ER Glucose 111.12 0.00 111.12
Xylose 6.89 0.00 6.89
50WS Glucose 112.70 0.00 112.70
Xylose 8.77 0.00 8.77
500P Glucose 109.59 0.00 109.59
Xylose 9.34 0.00 9.34
SSChyy and SHCFyuy
50ER Glucose 111.12 14.93 126.04
Xylose 6.89 32.61 39.50
50WS Glucose 112.70 15.90 128.60
Xylose 8.77 39.45 48.22
500P Glucose 109.59 17.08 126.67
Xylose 9.34 33.86 43.20
SSChoun
50ER Glucose 111.12 10.42 121.54
Xylose 6.89 32.20 39.09
50WS Glucose 112.70 10.86 123.56
Xylose 8.77 33.38 42.14
500P Glucose 109.59 12.25 121.84
Xylose 9.34 32.49 41.83

SS(H)F — Separate Hydrolysis and (co-)Fermentation
SS(C)F — Simultaneous Saccharification and (co-)Eatation
AHH - hemicellulosic hydrolysate after autohydratyand concentration/detoxification

PHH - hemicellulosic hydrolysate after post-hydsidyand concentration/detoxification
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Figure 4.6 Microplate growth tests ofSaccharomyces cerevisiae BH42 in (non-detoxified) hemicellulosic hydrolysat recovered after autohydrolysis at
220°C from the 50ER, 50WS and 500P. Growth was follved at 30°C, 800 rpm, for 36 h, in 50% or 100% heirellulosic hydrolysates using 0, 0.15,
0.30, 0.75, 1.5 and 3.0 g(CDW)/L yeast loading.
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*hemicellulosic hydrolysate recovered after autobyis and concentration (dilute 2-foldiemicellulosic hydrolysate recovered after autoblyais, concentration and detoxification (dilute
2-fold); “hemicellulosic hydrolysate recovered after postrhlygis, concentration and detoxification (dilutdéald).

Figure 4.7 Microplate growth tests ofSaccharomyces cerevisiae BH42 in hemicellulosic hydrolysate recovered afteautohydrolysis at 220°C, or
subsequent post-hydrolysis, from the 50ER, 50WS ar&DOP. Growth was followed at 30°C, 800 rpm, for 4B, in 50% or 100% hemicellulosic
hydrolysates using 0, 0.30, 1.0 and 3.0 g(CDW)/L gst loading.



CHAPTER
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FINAL REMARKS AND PERSPECTIVES






5.1 Final remarks

The seasonality and quantitative availability ofiagle lignocellulosic material is one the
major barriers for the deployment of the 2G bioatiidechnology and for the continuous and steady
operation of biorefineries, especially in SouthEurope. In fact, the deployment of this technoly
facilitated in the USA and Brazil, based on theyéaavailability of lignocellulosic residues frometh
1G bioethanol technology, like corn stover and sceyae bagasse, respectively. In order to meet the
requirement of biomass supply for the successfylléementation of a commercial scale bioethanol
biorefinery in Southern Europe, the use of feedstotxtures was proposed in this work as an
alternative to the use of individual feedstock. &relatively abundant lignocellulosic biomasses
available in this region were chosen: eucalyptssdies, wheat straw and olive tree pruning. These
materials, used as model for 2G bioethanol prodacfrom feedstock mixtures, have different
seasonalities, anatomies and chemical compositthith make this study of great interest. It fatt, i
embraces the processing of one residue from alaga and two distinct hardwoods. The choice of
three combinations of ER, WS and OP as (ER:WS:®B)25:25; 25:50:25 and 25:25:50, also
represented as 50ER, 50WS and 500P, was proposemideng to relative complementary
seasonality, i.e. according to their highest abidlity along the year, once ER is available throadh
the year, WS in late spring and early summer andr@mly in winter and early spring. This concept
of processing one agricultural and two hardwoodsidtees in different mixtures towards 2G
bioethanol production is an innovative approachth® best of my knowledge. This thesis proposes
the integration of hydrothermal pretreatment withzyenatic hydrolysis and fermentation under
different configurations. The co-fermentation ofighse (and other hexoses in minor amounts) and
xylose present in hydrolysates to be fermentedit@tbanol by a recombinant xylose-fermenting
Saccharomyces cerevisiagain.

In Chapter 2 (Part A), the study of the pretreatimodreach individual feedstock allowed the
understanding of the specific characteristics atheane and their impact in the different mixtures
composition and processing. Under the conditiostetk extensive fractionation of cellulosic andnon
cellulosic saccharides was achieved and the regmfanonosaccharides from each fraction was high.
Despite the differences between the three feedstaainly in chemical composition, the same
hydrothermal pretreatment (autohydrolysis) condgiccould be applied to ER, WS and OP for
maximal non-cellulosic saccharides recovery (ligdiidction), 210°C (non-isothermal), and for
maximal cellulose content (in solid fraction) andgestibility, 230°C (non-isothermal). The
monosaccharide-rich streams generated after threflimg strategy proposed, using autohydrolysis
and acid post-hydrolysis of the liquid fraction Kacellulosic monosaccharides) and enzymatic
hydrolysis of the pretreated solid fraction (cedkit monosaccharide — glucose), have a composition
apparently compatible to their use in biologicalomemical conversion processes. This biorefining
strategy was proposed, applied and developed ithigsis either for individual materials, using a

cereal straw, two different hardwood residues, thed ternary mixtures, and can be probably applied
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to other individual lignocellulosic feedstocks amuixtures towards to provide sugar solutions for
subsequent chemical or bioconversion processeshébioconversion processes will depend on the
capacity of microbial cell factories to convert tiéferent monosaccharides present in lignocelialos
hydrolysates and also to tolerate the inhibitotseased or generated during biomass deconstruction
(sugar degradation products, phenols, acids), rdiftebiorefining strategies to convert lignocelkgo
into fermentable sugars (monosaccharides) may pkedp

i) When a bioconversion process requires only glua@searbon source and/or the
microbial cell factory suffers from high inhibitomffect from biomass deconstruction products, the
strategy involving autohydrolysis at 230°C is prefgial, using only the enzymatic hydrolysate of it
solid fraction, i.e. glucose solution with low ibiitor content, as a simple SHF process. The enigmat
hydrolysis and bioconversion process can alteraBtilve performed simultaneously as SSF. This will
be the case of using specific cell factories foe throduction of high-value chemicals (e.g.
biosurfactants) and materials (e.g. PHB). The dquaction, containing sugar degradation products,
can be directed to chemical processes for furagsading.

i) When the viability of the bioconversion processlépendent of total lignocellulosic
sugars, the conversion of both cellulosic and nallulosic sugar streams (from the 210°C
autohydrolysis process) should be performed withusd microbial cell factories able to convert
hexoses and pentoses, as in the case of lignazstiubthanol production using industrial and
recombinant pentose-fermentirfg. cerevisiaestrains. The enzymatic hydrolysis process can be
performed before or simultaneously with the bioamsion step such as separate hydrolysis and (co-
)fermentation (SH(C)F) or simultaneous sacchattiice and (co-)fermentation (SS(C)F). This has
been the focus of Chapter 4.

iii) The use of mixed monosaccharides can be also dpfaiethe production of other
bio-based products as long as the microbial cellofies can tolerate the inhibitors present in the
hydrolysate. The presence of glucose in non-calalbydrolysates, like those resulting from WS and
OP biorefining, can be beneficial to promote migablgrowth and reduction of inhibitors in a first
stage, and then to convert other sugar like xylote value-added products like xylitol in a second
stage. The major challenge will be to find celltéaies specialized in the biosynthesis of valueeadd
products and simultaneous robust enough to tolénaten those hydrolysates.

The residual solids obtained after the enzymaturdilysis are rich in lignin, which might be
suitable for lignin upgrading and commercializatmmfor use in co-generation to produce energy and
steam (CHP) within the biorefinery.

Although the feasibility of the use of ER, WS an®,0n the saccharides recovery has been
proved, the results obtained from the study ofviitlial raw materials reinforce the interest and the
requirement to study mixtures of lignocellulosic teréals in biorefineries, because although the
processing condition required for individual ER, Vd8d OP were in the same range (either for
pretreatment or enzymatic hydrolysis), differentmpositions of the liquid and solid fractions

recovered after pretreatment were obtained.
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In Chapter 2 (Part B), the different lignocelluanixtures of 50ER, 50WS and 500P
generated very similar pretreated materials astddriny the composition of both fractions, liquicddan
solid, although the content of each fraction slightaried according to the contribution of the
predominant feedstock. A range of pretreatment egatpres (205-220°C) was identified as providing
high saccharides recovery from the three diffefertistock mixtures, but at 210°C a maximal was
found, which coincides with the optimal temperatimemaximal saccharide recovery from individual
feedstocks. Both factions recovered after autoHydis liquid and solid, can be applied in several
bioconversion processes with the advantage of aviore similar composition than the simple use of
different materials. These results are very relevan the flexibility of biorefineries based on
biochemical conversion processes, with speciatéstdor Southern European biorefineries.

As the viability of using different feedstock mixés in lignocellulosic biorefineries depends
on further testing at the level of enzymatic hygsid of pretreated solids and bioconversion of both
the cellulosic and hemicellulosic hydrolysates shedy of these processes was performed in the last
two Chapters of this thesis. The enzymatic hydiselysf the solid fraction recovered after
autohydrolysis of individual feedstock (ER, WS &B) was studied using a commercial enzymatic
formulation (Celluclast 1.5L and Novozynte 188). The statistical analysis of the variableslistd,
namely pretreatment temperature, enzyme dosageddiddoading, revealed that all had an impact on
glucose concentration and yield. Despite the paétnent temperature had a great impact in glucose
yield, especially for 50ER, the pretreatment terapee conferring higher cellulose digestibility was
above 220°C for all individual feedstocks and timixtures. Anyway, maximal cellulose digestibility
was found at different pretreatment temperatureseéch feedstock and their mixtures (see below)
(Chapter 3), which contrasts with the observedffactionation of non-cellulosic sugars and their
maximal recovery in the liquid fraction, where theme pretreatment temperature (210°C) was found
to be optimal for the three feedstocks and thektunés (Chapter 2). Also, a relatively high enzyme
dosage was required for high glucose recovery aghothis may have a negative impact on the
economy of the process due to the still high enzyw&t. Finally, the solid loading had the most
obvious impact on glucose concentration, with higbencentration (>100 g/L) but lower yield of
glucose when enzymatic hydrolysis was performed0& (w/v) solids and lower concentration and
higher yield (>95%) of glucose when it was perfodnes 5% (w/v). Water and energy economy
requires the operation of biorefineries at highdsobntent and thus the process was optimizedhir t
higher solid content tested (20% w/v). Two diffdrapproaches were used to optimize enzymatic
hydrolysis of feedstock mixtures at high solid lvap(20% w/v): i) a single condition was defined fo
all feedstock mixtures, equivalent to an equal pripn of each feedstock: autohydrolysis at 224°C
and enzyme loading of 0.63 gfgsand ii) three conditions were defined accordinth® predominant
feedstock in each mixture: autohydrolysis at 228 @r 228°C and enzyme loading of 0.75, 0.54 and
0.75 g/Quigs for 50ER, 50WS and 500P, respectively. At the sindilar glucose concentration and
yield were achieved, corresponding to more thamg/85and 80%, respectively, for all the feedstock

mixtures. The results obtained with the two différapproaches, revealed high glucose recovery and
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flexibility on the choice of the enzymatic hydrakysconditions for processing feedstock mixtures.
However, the feasibility of the process involvingxtares of lignocellulosic biomasses will be
depended of a cost analysis and performance trideetween the enzyme dosage (and associated
cost) and the energy consumption for pretreatnfemt.the complete feasibility study, the use of the
liquid fraction recovered after pretreatment shobkl taken into account since this fraction still
contains a significant amount of sugars and theofiggigh pretreatment temperatures generatesrlarge
amounts of sugar degradation products.

Finally, in Chapter 4 the conversion of glucose aglbse from mixtures 50ER, 50WS and
500P into bioethanol was carried out, by integmatipretreatment, enzymatic hydrolysis and
fermentation steps under different process condiioms. For this purpose, a recombinant xylose-
fermenting S. cerevisiaestrain (BH42) was used in the fermentative procddse pretreatment
temperature used to demonstrate the feasibiligoaf/erting mixtures of lignocellulosic material¢dn
bioethanol was 220°C. The models obtained in entignhgdrolysis optimization (Chapter 3) were
useful to predict the enzymatic dosage for therpatinent temperature at 220°C. The liquid fraction
recovered after autohydrolysis and post-hydrolygieen applied) was concentrated, allowing the
increase of saccharides and decrease of volatitiEe toompound (e.g. furfural). Although the
detoxification was performed to decrease the camaton of the potential inhibitors of fermentatjon
a high concentration of organic acid was still alied. As consequence of the inefficient
detoxification process, in SSCF an accumulatioglatose in the medium was observed, mainly in
the mixture containing highest OP proportion (50@RY only in the experiments performed with
higher xylose concentration (post-hydrolysates)aarexpressive consumption of this pentose was
observed. In SHCF, no glucose accumulation wasreedeand the performance using the different
feedstock mixtures was very similar and higher thanSSCF, however with lower Xxylose
consumption. Accordingly, both SSCF and SHCF preeg€an be applied generating similar ethanol
yields and reaching ethanol concentrations higten 40 g/L.

Some important scientific contributions, beyond stete-of-the-art, have been provided with
this thesis:

- The composition of pretreated feedstock mixturesthbliquid and solid fractions,
corresponded to the proportional composition otrpeged individual feedstocks processed
under the same conditions. This observation sugdkat the composition of other pretreated
feedstock mixtures can be predicted by using theposition of individually pretreated
feedstock in the respective proportions.

- The approach used for the optimization of enzymhyidrolysis of pretreated solids, i.e. the
development of models with the results obtainedhie enzymatic hydrolysis of individual
feedstock to be used for prediction of enzymatidrblysis of pretreated feedstock mixtures,
can be used for future works involving other migtir

- The production of more than 40 g/ L ethanol fronr¥2@/v) of pretreated solids of different

mixtures containing ER, WS and OP, demonstratefahsibility of converting mixtures of
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lignocellulosic materials, including those of vetifferent nature like straw from cereal crops
and hardwood residues, into 2G bioethanol.

- This work further provides the basis and hintsféother process development and scaling up
for the production of bioethanol from lignocellulosmixtures containing agricultural and

hardwood residues.
This thesis is expected to contribute to the dapknyt of multi-feedstock 2G bioethanol

biorefineries in Portugal, in Europe and worldwide.

145



5.2 Perspectives

Future experimental work should be less focusedbimmass pretreatments, exhaustively
covered in this thesis, and more on the biochengicalersion of hydrothermal pretreated feedstocks
(individual and in mixtures), but also on smartqass intensification.

Among the most promising approaches to improve dheversion of mixtures containing
lignocellulosic materials like ER, WS and OP are:

- The processing of feedstock mixtures by hydnottaé pretreatment at higher solid lading
(e.g. 40 g/60 g water, instead of approx. 14 g/d@@ater), contributing to process intensificatibyg,
increasing the concentration of sugars in the heltmiosic hydrolysates and by allowing the direct
bioconversion of the whole slurry (solid and ligfiidction) without separation;

- The use of last generation commercial enzyme gregjpn (e.g. Cellic CTec3), towards
minimal enzyme loading and minimal enzyme cost;

- The use or development of more robust and efftcrecombinant xylose-fermenting.
cerevisiaestrains, or even more advanced strains able eztliirconvert oligo- or polysaccharides by
the expression of hydrolytic enzymes — Consolid&iegrocessing (CBP).

However, the results obtained give several hinfieitther integrate and optimize processes to
efficiently convert feedstock mixtures containing,BNVS and OP into 2G bioethanol:

- The effect of hemicellulosic hydrolysates and irthidividual components in yeast
performance S. cerevisiaedBH42 or other xylose-fermenting strains, is of tigatar interest. The
furans, the organic acids and the phenolic comp®wand described as the molecules showing higher
antimicrobial activity. A especial focus should fizen to the phenolic compounds from OP, as
denoted by the higher inhibitory effect observethvaOOP.

- The inhibitory effects of hemicellulosic hydroltes can be mitigated by higher yeast
loading and/or better adaptations protocols, nanfelge applying progressive adaptation through fed-
batch approaches. More advanced approaches wiliebeelection of improved strains through long-
term adaptation or evolutionary engineering, fatirapl performance in specific substrates, including
feedstock mixtures.

- Although SSCF and SHCF of pretreated feedstoctturgs achieved relatively high ethanol
concentration, those were performed in shake flashd the scaling up for a bench bioreactor, with
the possibility of operating under fully controllemnditions (e.g. pH and available oxygen) will
certainly be crucial to improve the bioconversioagess.

Although the technical feasibility of convertingxtires of ER, WS and OP into ethanol was
demonstrated in this thesis, it is necessary ttuat@the sustainability of the value-chain, perfinyg
a life cycle assessment (LCA) mixtures of to eviduhe mass and energy inputs and outputs, and
potential economic and environmental impacts framadle to gate”. Of particular interest will be the
study of the benefits of operating a multi-feedktbiorefineryversusa single-feedstock biorefinery in

Southern Europe.
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