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Development of pretreatment technology and enzymatic hydrolysis
for biorefineries

Esikasittely- ja entsyymihydrolyysiteknologioiden kehittdminen biojalostamosovelluksiin.
Anne Kallioinen. Espoo 2014. VTT Science 56. 107 p. + app. 64 p.

Abstract

The growing demand for energy, materials and food, depletion of fossil raw mate-
rial reservoirs and increasing environmental concerns have all increased interest
in renewable resources. Lignocellulosic biomass is an alternative for replacing
fossil raw materials in the production of fuels, materials and various chemicals.
Lignocellulose present in plant cell walls consists mainly of polysaccharides, cellu-
lose and hemicellulose, and aromatic lignin. These major components form a
complex structure that is resistant to microbial and enzymatic activity. Due to the
recalcitrant structure of plant cell walls, lignocellulosic raw materials must be pre-
treated before their enzymatic hydrolysis to monosaccharides. Various pretreat-
ment methods; chemical, physical, biological or their combinations, have been
developed. After pretreatment, polysaccharides can be hydrolysed enzymatically
to monosaccharides, which in turn can be fermented to different products such as
ethanol. Currently the first commercial scale lignocellulosic ethanol plants have
started production. A secure supply of biomass is one of the key factors for a
feasible biorefinery, and new alternative feedstocks are still required especially in
northern climates in order to fulfil the raw material demands of biorefineries in a
sustainable way. In addition, development of new pretreatment technologies and
more efficient enzymatic hydrolysis are needed.

New lignocellulosic feedstocks and improved pretreatment methods were stud-
ied in the work described in this thesis. Reed canary grass and barley straw were
found to be interesting carbohydrate-rich raw materials that could be pretreated by
steam explosion and hydrolysed enzymatically with yields comparable to those
obtained from wheat straw. Selection of the most favourable harvest time for reed
canary grass, autumn or spring, was studied in relation to pretreatment and hy-
drolysis yields. Spring harvested reed canary grass was found to be the more
suitable raw material as it had a higher cellulose content and the pretreated fibre
was hydrolysed more efficiently compared to autumn harvested material.

A new pretreatment method using sodium carbonate and oxygen pressure was
developed. The alkaline oxidation method fractionated biomass into a carbohy-
drate-rich fibre and a dissolved fraction containing most of the lignin. The pro-
duced carbohydrate-rich fibre could be efficiently hydrolysed by enzymes and the
hydrolysis was also efficient at 12% dry matter content. Compared to the 52% total
glucose yield obtained in enzyme hydrolysis of spruce after pretreatment by steam
explosion, a significantly higher glucose yield of 84% was obtained in hydrolysis
after alkaline oxidation. Different kinds of raw materials, such as spruce, birch and
sugar cane bagasse, could be efficiently pretreated by alkaline oxidation.



The main effects of alkaline oxidation pretreatment were dissolution and partial
degradation of lignin and hemicellulose. Some galactoglucomannan and xylan
was solubilised and further oxidised to other products, and therefore relatively low
yields of hemicellulose were obtained. Organic acids were formed as degradation
products of lignin and carbohydrates. Process conditions were partially optimized
using spruce as raw material in order to improve the efficiency of alkaline oxidation.
The pretreatment could be accelerated by increasing the treatment temperature,
by the use of copper-phenanthroline catalyst, and by decreasing the particle size
of the raw material. Further optimization of e.g. alkali dosage and the solid to liquid
ratio is still required to improve hemicellulose yield and economical feasibility.

Fibre fractions of alkaline oxidation could be hydrolysed by low enzyme dosages,
2-4 FPU/g dry matter. Significantly higher enzyme dosages were required in the
hydrolysis of steam exploded materials, probably due to the inhibitory effect of the
high residual lignin content after the pretreatment. The efficient hydrolysis of alka-
line oxidised materials by low enzyme dosages can decrease enzyme costs or
enable shorter hydrolysis time.

In order to further improve the hydrolysis efficiency and decrease the required
enzyme dosage, enzyme mixtures were optimized regarding the major enzymes
needed in biomass hydrolysis. Optimized mixtures of thermostable enzymes were
found to have significantly different proportions of cellobiohydrolases, endoglu-
canases and xylanase than the optimized mixtures of Trichoderma reesei en-
zymes. Although different, the significant role of cellobiohydrolases was demon-
strated in both types of mixtures. The results also indicated that high xylanase
activity was required in the hydrolysis of pretreated materials having decreased
enzyme accessibility to cellulose due to high xylan content or possibly due to
drying of the substrate. The hydrolysis performance of optimized enzyme mixtures
of five thermostable enzyme components was shown to be close to that of state-
of-the-art commercial mixtures.

Keywords lignocellulose, pretreatment, enzymatic hydrolysis, optimal enzyme mixture
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Tiivistelméa

Kasvavat energian, materiaalien ja ruuan tarpeet, fossiilisten raaka-ainevarojen
vahentyminen ja huoli ympéristdsta ovat lisdnneet kiinnostusta uusiutuviin luon-
nonvaroihin. Lignoselluloosapohjainen biomassa on vaihtoehto fossiilisille raaka-
aineille polttoaineiden, materiaalien ja monien kemikaalien tuotannossa. Kasvien
soluseinan lignoselluloosa koostuu padosin polysakkarideista, kuten selluloosasta
ja hemiselluloosasta, sek& aromaattisesta ligniinistd. Nama paékomponentit muo-
dostavat monimutkaisen rakenteen, joka on hyvin kestdva mikrobien ja entsyymien
hajotukselle. Koska kasvien soluseinat ovat lujia, lignoselluloosapohjaiset raaka-
aineet taytyy esikasitelld ennen entsymaattista hydrolyysia monosakkarideiksi.
Erilaisia kemiallisia, fysikaalisia ja biologisia esikasittelymenetelmia tai niiden
yhdistelmi& on kehitetty. Esikasittelyn jalkeen polysakkaridit voidaan hydrolysoida
entsymaattisesti monosakkarideiksi, jotka voidaan edelleen fermentoida erilaisiksi
tuotteiksi, kuten etanoliksi. Talla hetkella ensimmaiset kaupallisen mittakaavan
lignoselluloosapohjaista bioetanolia valmistavat tehtaat ovat aloittaneet tuotannon.
Koska kannattava biojalostamo vaatii turvatut raaka-ainelahteet, uusia ja vaihtoeh-
toisia biomassoja tarvitaan edelleen erityisesti pohjoisessa ilmastossa tayttamaan
biojalostamoiden raaka-ainetarve. Myos uusien esikasittelytekniikoiden kehitysta ja
nykyista tehokkaampaa entsyymihydrolyysia tarvitaan.

Téassa tydssa tutkittiin uusia lignoselluloosaraaka-aineita ja kehitettiin esikasittely-
menetelmid. Tutkimuksessa havaittiin, ettd ruokohelpi ja ohran olki olivat kiinnos-
tavia korkean hiilihydraattipitoisuuden omaavia raaka-aineita, jotka voitiin esikasi-
tella hoyryrdjaytyksella ja hydrolysoida entsymaattisesti vehnén olkeen verrattavilla
saannoilla. Ruokohelven korjuuajankohdan vaikutusta esikasittelyyn ja hydro-
lyysisaantoon tutkittiin syksylla ja kevaalla korjatulla ruokohelvella. Kevaalla korjatun
ruokohelven havaittiin olevan sopivampi raaka-aine, silla sen selluloosapitoisuus
oli suurempi ja siitd saatu esikasitelty kuitu hydrolysoitui paremmin verrattuna
syksylla korjattuun materiaaliin.

Tutkimuksessa kehitettiin uusi esikasittelymenetelmd, joka perustui alkaliseen
kasittelyyn hapettavissa olosuhteissa kayttdmalla kemikaaleina natriumkarbonaattia
ja happea. Alkalihapetus fraktioi biomassan hiilihydraattipitoiseen kuituun ja ligniini-
pitoiseen liuenneeseen fraktioon. Tuotettu kuitu voitiin hydrolysoida tehokkaasti
entsyymeilla, ja hydrolyysi oli tehokas myds 12 %:n kuiva-ainepitoisuudessa.
Verrattuna hoyryrdjaytetylla kuusella saatuun 52 %:n glukoosisaantoon esikasitte-
lysséa ja hydrolyysisssd, merkittavasti korkeampi 84 %:n glukoosisaanto saatiin
kayttamalla alkalihapetusta esikasittelynd. Menetelmé soveltui erilaisten raaka-
aineiden, kuten kuusen, koivun ja sokeriruokobagassin, esikasittelyyn.



Alkalihapetuksen péaavaikutukset olivat ligniinin ja hemiselluloosan liukenemi-
nen ja osittainen hajoaminen. Osa galaktoglukomannaanista ja ksylaanista liukeni
ja hapettui edelleen muiksi tuotteiksi, ja siksi hemiselluloosasaanto oli suhteellisen
alhainen. Alkalihapetuksessa muodostui ligniinin ja hiilihydraattien hajoamistuot-
teina orgaanisia happoja. Prosessiolosuhteita optimoitiin alkalihapetuskasittelyn
tehokkuuden parantamiseksi kayttamalla kuusta raaka-aineena. Esikasittelya
voitiin tehostaa nostamalla kasittelylampdétilaa, kayttdmalla kupari-fenantroliini-
katalyyttia ja pienentamalla raaka-aineen partikkelikokoa. Hemiselluloosasaannon
ja taloudellisen tehokkuuden parantamiseksi tarvitaan esimerkiksi alkaliannostuk-
sen ja kiintoaine-neste-suhteen lisédoptimointia.

Alkalihapetus-esikasittelystéa saadut kuitufraktiot hydrolysoituivat tehokkaasti jo
alhaisilla entsyymiannoksilla, 2—4 FPU/g kuiva-ainetta. Merkittavasti korkeampia
entsyymiannoksia tarvittiin hoyryrajaytettyjen materiaalien hydrolyysissa, mika
johtui todennakdisesti korkean ligniinipitoisuuden aiheuttamasta inhiboivasta vai-
kutuksesta. Alkalihapetettujen materiaalien tehokas hydrolyysi alhaisilla entsyymi-
annostuksilla voi alentaa entsyymikustannuksia tai mahdollistaa lyhyen hydro-
lyysiajan.

Biomassan hydrolyysissa tarvittavien paaentsyymien seoksien koostumusta op-
timoitiin, jotta hydrolyysié voitaisiin edelleen tehostaa ja alentaa entsyymiannoksia.
Lampdostabiilien entsyymien optimoiduissa seoksissa oli eri suhteissa sellobiohyd-
rolaaseja, endoglukanaaseja ja ksylanaasia kuin Trichoderma reesei -homeen
entsyymeistd koostetuissa optimoiduissa seoksissa. Sellobiohydrolaasit olivat
kuitenkin merkittdvin entsyymi molemmissa seoksissa. Saadut tulokset viittaavat
siihen, ettd korkeaa ksylanaasiaktiivisuutta tarvitaan sellaisten esikasiteltyjen
materiaalien hydrolyysissa, joissa entsyymien paasy selluloosaan on heikentynyt
korkeasta ksylaanipitoisuudesta tai mahdollisesti raaka-aineen kuivaamisesta
johtuen. Viiden termostabiilin entsyymin optimaaliset seokset vastasivat hydro-
lyysitehokkuudeltaan kaupallisia entsyymiseoksia.

Avainsanat lignocellulose, pretreatment, enzymatic hydrolysis, optimal enzyme mixture
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1. Introduction

1.1 Biomass as a raw material for chemicals and fuels

Worldwide interest in sustainable production of energy, fuels and chemicals has
increased for many reasons during recent decades. Energy, food and material
demands are continuously increasing due to the growing global population, the
reservoirs of fossil raw materials are known to be depleting, global climate change
has caused worldwide environmental concern, and many countries have national
aims to increase energy independence by their own energy production. To fulfil
the growing need for energy resources, more efficient ways to use the remaining
fossil resources by e.g. the recovery of oil sands and shale gases have attracted
wide interest. Alternative ways and advanced technologies to produce chemicals,
fuels and energy from renewable resources to decrease greenhouse gas emis-
sions are however also needed. Against this background, various national, EU,
and worldwide targets have been set to increase the proportion of renewable
energy and transportation fuels and to reduce greenhouse gas emissions.

Biomass is a promising alternative to fossil raw materials for the production of
liquid biofuels needed in transportation and for production of chemicals. A biore-
finery is a facility which converts biomass to various products such as fuels, ener-
gy and chemicals. Bioethanol and biodiesel are examples of biorefinery products
that are currently produced and blended with gasoline and diesel. In first genera-
tion biorefineries these products are mainly produced from biomass also suitable
for food use, such as starch, sucrose from sugar cane or beet and vegetable oils.
The sustainability of the utilization of agricultural land for production of fuels and
chemicals in the first generation technologies has been questioned and the ob-
tained greenhouse gas reductions are also under review.

Second generation biorefineries utilize more sustainable raw materials, such as
various lignocellulosic side-streams, which are generated when sugar cane, sugar
beet, corn, grains (e.g. wheat) and wood are processed. Dedicated energy crops
as well as industrial and municipal solid wastes are also seen as sustainable raw
materials. However, the division into 1st and 2nd generation technologies is not
completely clear and lignocellulosic side-streams can also be considered as raw
materials for production of animal feed and food (Villas-Bdas et al., 2002). Ligno-
cellulosic raw materials contain polysaccharides, cellulose and hemicellulose, which

16



1. Introduction

can be hydrolysed to monosaccharides and converted to ethanol or various chem-
icals by a microbial conversion. Hydrolysis of carbohydrates in lignocellulosic
materials can be carried out by acids or enzymes. Acid hydrolysis requires severe,
corrosive process conditions. Yield losses can also occur, as well as formation of
compounds inhibiting fermentation organisms. Enzymatic hydrolysis is currently
considered to be more promising due to its mild process conditions and lower
formation of inhibiting compounds. The first commercial scale lignocellulosic bio-
ethanol plant is now operational in Italy and four facilities are under construction
(International Energy Agency, 2013). However, the technology is still in a devel-
opmental phase and needs improvements. The major challenges are related to
the recalcitrant, complex structure of plant biomass and the performance of en-
zymes. Pretreatment of lignocellulosic raw materials is required before the enzy-
matic hydrolysis to monosaccharides. Long hydrolysis time, high dosages and
costs of enzymes are disadvantages of the enzymatic process. Low cost raw
materials and efficient and optimized pretreatment and hydrolysis technologies are
required for profitable production in sugar platform biorefineries.

1.2 Lignocellulosic raw materials

Cell walls of woody and gramineous plants represent a huge resource of ferment-
able carbohydrates that are potential sources for ethanol and other chemicals. It
has been estimated that globally 10*° to 10 tonnes of cellulose is synthesised
and degraded annually (Hon, 1994). Botanically, lignocellulosic raw materials are
divided into angiosperms and gymnosperms; angiosperms can then further be
divided into monocotyledons and eudicotyledons. These three groups have differ-
ent cell wall compositions. Gramineous plants (i.e. grasses, Poaceae) belong to
monocotyledons, hardwoods to eudicotyledons and softwoods to gymnosperms.
They all have cellulose, hemicellulose and lignin as the main constituents, alt-
hough their proportions vary significantly (Table 1). Cellulose content can be 30—
41% of dry matter in gramineous plants and 40-47% in soft- and hardwoods.
Lignin content is especially high in softwoods and in some hardwoods such as
eucalyptus and poplar. In addition to the contents of the main components, the
composition of hemicellulose (Section 1.2.2) and lignin (Section 1.2.3) varies con-
siderably between hardwoods, softwoods and grasses. Pectins, proteins, miner-
als, and various lipophilic compounds (or extractives) are also present as minor
constituents in lignocellulosic biomass.

Cell walls are built up of several layers: middle lamella, primary and secondary
cell walls, and the warty layer (Sjostrom, 1993). These layers differ from one an-
other with respect to their ultrastructure as well as their chemical composition. The
highly lignified middle lamella is located between cells and it binds them together.
The thin primary cell walls consist of cellulose microfibrils (Section 1.2.1) that are
embedded in a matrix consisting of hemicellulose, lignin and pectins (Harris and
Stone, 2008). The primary cell wall is supported by the thicker secondary cell wall.
Secondary cell wall consists of several sublayers: Si, Sy, and Sz that are com-
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posed of cellulose, hemicellulose and lignin (Harris and Stone, 2008; Sjostrém,
1993). The secondary cell wall layers differ in respect to orientation of the cellu-

lose microfibril network. A schematic presentation of the lignocellulosic cell wall
structure is presented in Figure 1.
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Figure 1. Schematic presentation of a lignocellulose structure. Cellulose microfi-
brils with crystalline and paracrystalline (amorphous) regions are embedded into a
matrix consisting of lignin and hemicellulose in the cell wall (US DOE, 2005).
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Table 1. Chemical composition of various lignocellulosic raw materials (percent of dry matter).

Raw material Cellulose Hemicellulose Lignin Extractives Ash References
Softwoods
Norway spruce 45-47 24-26 27-28 0.4-0.9 nd Bertaud and Holmbom, 2004
Pitch pine 43 24 29 nd nd Park and Kim, 2012
Hardwoods
Eucalyptus 42 19 30 nd nd Park and Kim, 2012
Birch 40 27 25 nd nd Goshadrou et al., 2013
Aspen 45 21 21 nd 0.5 Xu and Tschirner, 2012
Salix 43 21 26 nd 1.0 Sassner et al., 2006
Poplar 44 20 29 3.6 1.1  Wyman et al.,, 2009
Gramineous plants
Sugar cane bagasse 41 21 26 0.6 1.6 Rabelo etal., 2011
Wheat straw 35 22 16 nd 7 @stergaard Petersen et al., 2009
Corn stover 38 26 18 nd 7 Kim and Lee, 2006
Switchgrass 30-35 23-26 19-22 nd 3-4 Kimetal, 2011

nd = no data
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1. Introduction

1.2.1 Cellulose

Cellulose is one of the most abundant materials in the natural world and it is the
structural material in plants. Cellulose is a linear polymer of glucose composed of
glucopyranose units coupled to each other by B-(1—4)-glycosidic bonds. The
number of glucose units in cellulose molecules varies and the degree of polymeri-
zation ranges from 300 to 15000 depending on the source and treatments carried
out (Fengel and Wegener, 1989). Every glucose unit is 180° rotated with respect
to its neighbours in the cellulose chain and thus the repeating unit is a cellobiose
residue. In nature, the individual cellulose chains adhere to each other along their
lengths by intra- and intermolecular hydrogen bonding and van der Waals interac-
tions to form elementary fibrils (Nishiyama et al., 2002; Parthasarathi et al., 2011).
The hydrogen bonding is not homogeneous, but differs from the centre chains to
the outer chains. Although not fully confirmed, the elementary fibrils are consid-
ered to consist of 24-36 cellulose chains adhered to each other. These considera-
tions are based on scattering data and information on cellulose synthase proteins
(Endler and Persson, 2011; Fernandes et al., 2011). The elementary fibrils are
highly crystalline and they further aggregate to form microfibrils. However, the
structure of cellulose is not uniform. There are crystalline and more disordered or
amorphous regions in the structure and in addition there are several types of sur-
face irregularities (Cowling, 1975; Fan et al., 1980).

In native cellulose the crystal structure contains tens of glucan chains in a parallel
orientation with their reducing chain ends at one terminus of the crystal and their
non-reducing chain ends at the other. Seven different crystal structures have been
identified for cellulose, which are designated as la, 1B, II, I, Hly, IV, and IV
(O'Sullivan, 1997). In nature cellulose is present in two forms, la and I3, which are
the most abundant crystal forms generally available. Cellulose la and IB differ mainly
in the packing arrangement of their hydrogen bonded sheets (Nishiyama et al., 2003).
The other structures are formed from native cellulose after chemical or thermal treat-
ments, but how the changes in crystal structure occur is not yet fully understood.

Cellulose is almost always present in nature together with other biopolymers,
primarily with lignin and hemicellulose. The cellulose produced by the bacterium
Acetobacter xylinum is an example of pure cellulose (Marchessault and Sundara-
rajan, 1993). The crystallinity and the matrix structure make the cellulosic structure
highly recalcitrant.

1.2.2 Hemicellulose

In contrast to cellulose, hemicelluloses are heteropolymers consisting of the pen-
toses D-xylose and L-arabinose, the hexoses D-mannose, D-glucose and D-
galactose, and uronic acids (Saka, 1991). Hemicelluloses can be extracted from
plant cell walls by dilute alkali. The average degree of polymerization of hemicellu-
loses varies between 70 and 200 depending on the source (Fengel and Wegener,
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1989). Hemicelluloses can be grouped into xylans, mannans, xyloglucans and
mixed linkage glucans on the basis of the main sugar residue in the backbone.
Xylans and mannans are the main groups of hemicellulose. The basic structures
of xylan and mannan are presented in Figure 2.

Xylans, polymers of (1—4) -linked B-D-xylopyranosyl (Xylp) units, are abun-
dantly found from many cell wall types in both hardwoods, softwoods and gramin-
eous plants. The xylan backbone is usually substituted by side chains of L-
arabinose or glucuronic acids (Ebringerova and Heinze, 2000; Timell, 1967). In
hardwoods, xylans constitute 10-35% of the wood and are substituted by methyl
glucuronic acid residues at every tenth Xylp residue (Whistler and Chen, 1991;
Willfér et al., 2005b). Hardwood xylan is esterified with acetyl groups (~3.5-7
acetyl groups per ten Xylp residues). In softwoods, xylans consist of 7-15% of the
wood. Softwood xylan contains methyl glucuronic acid substituents at every 5-6
Xylp residues and arabinose substituents at every 8 Xylp residues (Sjostrom,
1993; Timell, 1967; Willfor et al., 2005a). Softwood xylans are not acetylated. In
gramineous plants arabino(methylglucurono)xylans are prevalent and the content
of xylan can vary from 20% in the primary cell wall up to 50% in the secondary cell
wall (Vogel, 2008). The xylan backbone contains arabinose and glucuronic acid
substituents and oligosaccharide side chains consisting of arabinose, xylose and
galactose (Naran et al., 2009; Wende and Fry, 1997; Wilkie, 1979). Ferulic acid
and small amounts of p-coumaric acid and sometimes sinapinic acid are esterified
to arabinose groups as single substituents or in oligosaccharide side chains
(Harris and Trethewey, 2010; liyama et al., 1994; Wende and Fry, 1997).

Mannans, galactoglucomannans and glucomannans, are found particularly in
softwoods, where they are usually the predominant non-cellulosic polysaccharides
(Sjostrom, 1993; Timell, 1967). Galactoglucomannans comprise approximately
12-18% of softwood. Galactoglucomannans have a linear chain of (1—4) linked 8-
D-mannopyranosyl and B-D-glucopyranosyl residues, with a-D-galactose substitu-
ents (Lundqvist et al., 2002). The ratio of glucose:mannose:galactose varies in the
approximate range 1 : 3—4 : 0.1-1.0 (Sjostrom, 1993). The higher galactose con-
tent is found in the water soluble fraction and the lower galactose content in the
alkali soluble fraction of softwood galactoglucomannan. In addition, galactogluco-
mannans are acetylated, the degree of acetylation depending on the species.
Hardwoods contain 2-5% of glucomannan, which is not substituted with galactose
(Timell, 1967). The glucose-mannose ratio is usually 1:2 and acetyl groups can be
attached to mannose (Teleman et al., 2003). Only low amounts of glucomannan
are present in gramineous plants (Vogel, 2008).
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Figure 2. Schematic structures of polymeric xylan and galactoglucomannan and
presentation of enzymes participating in their hydrolysis.

1.2.3 Lignin

Lignin is a complex aromatic polymer present abundantly in nature and is an inte-
gral component of plant cell walls. Softwoods contain approximately 27—-29% of
lignin, whereas hardwoods, grasses and cereals usually have lower amounts
(Table 1). The exact structure of lignin in the native form is still unclear. The struc-
ture of isolated lignins is always modified to a certain extent. Lignin is a three
dimensional heteropolymer of methoxylated phenyl propane units, for which the
precursors, monolignols, are p-coumaryl, coniferyl and sinapyl alcohol. Monolig-
nols differ in respect to methoxylation. The corresponding aromatic constituents of
these alcohols in the polymer are called 4-hydroxyphenyl (H), guaiacyl (4-hydroxy-
3-methoxyphenyl, G) and syringyl (4-hydroxy-3,5-dimethoxyphenyl, S) units. The
composition of lignin varies widely with species. Softwood lignin is dominated by G
units, whereas hardwood lignin is a mixture of G and S units (Fengel and Wegen-
er, 1989; Sjostrom, 1993). Lignin from grasses typically contains all three types of
monolignols with different ratios (Buranov and Mazza, 2008). Different types of
linkages connect the phenylpropane units. The most common is the $-O-4" linkage
making up more than half of the lignin linkages in soft- and hardwoods (Dorrestijn
et al., 2000; Sjostrém, 1993). The amount, composition, and chemical bonds of
lignin vary between plants, in different plant parts and cell types or even within a
single cell wall (Campbell and Sederoff, 1996). In lignocellulosic biomass lignin is
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cross-linked with carbohydrates by ether or ester linkages via e.g. arabinose-
ferulic acid or glucuronic acid (Takahashi and Koshijima, 1988).

1.3 Enzymes degrading lignocellulose

Lignocellulosic biomass is degraded and utilized in nature by the action of micro-
organisms as part of the carbon cycle (Lundell et al., 2010; Lynd et al., 2002).
Fungi and bacteria produce and secrete enzymes that are needed to degrade
lignocellulosic materials into a more widely utilisable form. Cellulose is degraded
by an enzyme system consisting of hydrolytic cellulases. Recent studies also
suggest that oxidative mechanisms participate in the degradation of cellulose (see
Sections 1.3.1 and 1.3.2). Hydrolysis of hemicellulose requires various enzyme activi-
ties, e.g. xylanases and mannanases (Section 1.3.3). Several enzymes modifying and
degrading lignin through oxidative mechanisms are also produced by microbes,
e.g. laccases, lignin peroxidases and manganese peroxidases (Hatakka, 1994).
One of the most characterized producers of biomass-degrading enzymes is the
filamentous fungi Trichoderma reesei. It is also largely used in industrial produc-
tion of cellulases and hemicellulases as well as being a heterologous host for
protein production.

Cellulases and hemicellulases are often modular (Henrissat and Davies, 2000).
They consist of at least one catalytic domain, which may be attached to a carbo-
hydrate binding module (CBM) via a highly glycosylated peptide linker (Tomme et
al., 1988). CBMs have been shown to improve the hydrolysis of insoluble sub-
strates (Tomme et al., 1988) and they have also been proposed to contribute to
amorphogenesis (Arantes and Saddler, 2010). Cellulases, other glycoside hydro-
lases and auxiliary enzymes have been classified into different families. Enzymes
in the same family share similar protein folding and three dimensional structure as
well as similar reaction mechanisms (Henrissat, 1991; Levasseur et al., 2013).
Today, 133 families of glycoside hydrolases (GH) and 11 auxiliary activity (AA)
families including other enzymes patrticipating in the degradation of lignocellulose
have been identified and listed in the Carbohydrate Active Enzyme database
(CAZy, 2013). Enzymes known to play a role in cellulose degradation are found at
least in 20 glycoside hydrolase families, in families 1, 3, 5, 6, 7, 8, 9, 10, 12, 18,
19, 26, 30, 44, 45, 48, 51, 74, 116 and 124.

1.3.1 Cellulases

Cellulases are glycoside hydrolases that catalyse the cleavage of B-(1—4) glycosidic
bonds in cellulose and produce glucose, cellobiose and cello-oligosaccharides as
primary products. They are found in various organisms, predominantly in Prokary-
otae and Fungi. Cellulases have traditionally been divided into cellobiohydrolases,
endoglucanases and B-glucosidases.

Cellobiohydrolases (exo- 1,4-B-glucan cellobiohydrolases, CBHs) sequentially
release cellobiose units from the cellulose chain either from the reducing end (EC
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3.2.1.176) or the non-reducing end (EC 3.2.1.91). They can attack the crystalline
parts of the substrate, primarily producing cellobiose and decreasing the substrate
degree of polymerization (DP) only very slowly (Irwin et al., 1993; Kleman-Leyer et
al., 1996). The CBHs attack cellulose crystals on the hydrophobic faces (Liu et al.,
2011). Most CBHs belong to GH families 6 and 7. Cellobiohydrolases have been
shown to have a tunnel shaped active site composed of several loops, which limits
their activity to chain ends (Divne et al., 1994; Rouvinen et al., 1990). On the other
hand, CBHs can have some endo-type activity (KuraSin and Véljamae, 2011;
Stahlberg et al., 1993). CBHs are generally considered as processive enzymes,
initiating their action from the ends of the cellulose chains and continuing along the
cellulose chain until the end (Divne et al., 1994; Teeri et al., 1998). In strongly
processive cellobiohydrolases (e.g. Trichoderma reesei CBHI) a substrate binding
tunnel enhances the probability for the enzyme to remain bound after a catalytic
cycle. T. reesei CBHII is suggested to be less processive (Igarashi et al., 2009).
The processive action may be restricted by obstacles formed by other molecules
on the cellulosic substrates which prevent the CBHs from gliding along cellulose
chains (KuraSin and Véaljaméae, 2011). The blocked CBH molecule can also pre-
vent action of other CBH molecules (lgarashi et al., 2011).

Endoglucanases (endo-1,4-B-glucanase, EGs, EC 3.2.1.4) attack the cellulose
chain at internal positions (Medie et al., 2012), resulting in a rapid decrease in the
DP of the substrate (Kleman-Leyer et al., 1994; Kleman-Leyer et al., 1996). Be-
cause the glucan chains can remain associated with the rest of the cellulose crys-
tal after a single bond cleavage at the surface, it takes a relatively long time before
soluble products are observed after an endo-type of attack. Endoglucanases are
present in many GH families e.g. in 5, 6 and 7. Endoglucanases usually have an
open active site, a substrate binding cleft, which can bind and act in the middle of
the chain (Henriksson et al., 1996; Kleywegt et al., 1997). The cellulose chain
segment interacts with multiple subsites (4-7) in the cleft. Processive endoglu-
canases have also been reported (Irwin et al., 1993; Wilson and Kostylev, 2012).

B-Glucosidases (B-D-glucoside glucohydrolase, BGs, EC 3.2.1.21) have an im-
portant role in the hydrolysis of cellobiose and short oligosaccharides to glucose,
thereby decreasing the product inhibition of cellobiohydrolases (Gusakov and
Sinitsyn, 1992). The hydrolysis rates of BGs decrease markedly as the substrate
DP increases (Zhang and Lynd, 2004). BGs can be found in GH families 1, 3, 9,
30 and 116, although most of the microbial BGs employed in cellulose hydrolysis
belong to GH family 3. Structures of BGs have not been thoroughly studied. Family
1 BGs have been shown to have loops around active cavities (Hakulinen et al.,
2000). The loops are suggested to be involved in substrate binding. The GH1 BGs
having broader cavities are suggested to have wider substrate specificity. The
GH3 BGs have been reported to have clear differences in structure (Suzuki et al.,
2013). Crystal structures of Aspergillus aculeatus BG contained a long cleft suita-
ble for longer oligosaccharides, whereas Hordeum vulgare BG had a binding
pocket suitable for various disaccharides. Because cellobiose is a strong inhibitor
of CBHs, the BG activity in cellulase mixtures must be optimized to overcome the
product inhibition of CBHs (Gusakov and Sinitsyn, 1992). The inhibition of BGs by
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glucose must also be considered because accumulation of glucose will lead to the
accumulation of cellobiose and CBH inhibition (Seidle et al., 2004; Teugjas and
Valjamée, 2013). Many BGs also have transglycosylation activity, which competes
with hydrolysis (Bohlin et al., 2013; Seidle et al., 2004).

1.3.2 Auxiliary enzymes for degradation of cellulose

In 2007 Merino and Cherry found that a Thielavia terrestris GH61 protein en-
hanced the activity of T. reesei cellulases and in 2008 Moser et al. reported the
same with a Thermobifida fusca CBM33 protein. Since then the structure, mecha-
nisms and role of fungal GH61 and bacterial CBM33 proteins in cellulose degrada-
tion have been intensively studied. It is currently known that these new oxido-
reductive enzymes, lytic polysaccharide mono-oxygenases (LPMOs, AA9 and
AA10, formerly referred to as GH61 and CBM33, no EC classification) participate
in the degradation of cellulose in addition to CBHs and EGs in the conventional
models. They catalyse the oxidative cleavage of cellulose using low molecular
weight reducing agents such as ascorbate, gallate, reduced glutathione, and even
fragments from lignin (Quinlan et al., 2011; Westereng et al., 2011). LPMOs have
been shown to cleave the cellulose chain in crystalline cellulose by an oxidative
mechanism. Oxidation of hydroxyl groups at the C1, C4 or C6 position has been
reported (Beeson et al., 2012; Langston et al., 2011; Quinlan et al., 2011).

Cellobiose dehydrogenases (CDH, EC 1.1.99.18) are known to catalyse oxida-
tion of the reducing end of cellobiose, cellodextrins, or certain other oligosaccha-
rides to the corresponding lactone, which spontaneously converts to the aldonic
acid (e.g. cellobionic acid) (Cameron and Aust, 2001; Henriksson et al., 2000;
Zamocky et al., 2006). CDHs employ a wide spectrum of electron acceptors in
oxidation reactions (Henriksson et al., 2000). Recently it has been reported that
CDH enhances the depolymerisation of crystalline cellulose in a synergistic mech-
anism together with LPMOs (Langston et al., 2011; Sygmund et al., 2012). How-
ever, not all enzyme systems contain CDHs and their exact role in the degradation
of lignocellulose is not known. The proposed model for cellulose degradation is
presented in Figure 3. CBHs hydrolyse the cellulose chains from reducing or non-
reducing chain ends, endoglucanases form new chain ends in the amorphous
regions and LPMOs in the crystalline parts of cellulose. BGs further hydrolyse the
cellobiose formed into glucose.
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Figure 3. Synergistic model for enzymatic degradation of cellulose.

Swollenins and expansins have also been suggested to participate in cellulose
degradation. Fungal swollenins have exhibited clear effects on insoluble cellulosic
substrates, such as swelling and decrease in particle size and crystallinity, without
the formation of reducing sugars (Chen et al., 2010; Jager et al., 2011; Saloheimo
et al.,, 2002). Disruption of the hemicellulosic fraction has also been reported
(Gourlay et al., 2013). Bacterial expansin exhibits similar cellulose binding and
weakening activities (Kim et al., 2009). No catalytic activity has been detected so far
except for a weak endoglucanase activity (Chen et al., 2010). Combination of swol-
lenins and expansins with cellulases and xylanases has been reported to accelerate
the hydrolysis of cellulose and xylan (Gourlay et al., 2013; Kim et al., 2009).

1.3.3 Hemicellulolytic enzymes

Hemicellulose is a group of carbohydrate polymers consisting of different mono-
saccharides, sugar acids and non-carbohydrate subunits, and having different
branching and structures. A variety of enzymes is needed for the complete hydrol-
ysis of hemicellulose.

Depolymerizing enzymes act on the backbone sugar chain i.e. xylan, gluco-
mannan or glucan chain. Endo-1,4-B-xylanases (EC 3.2.1.8) solubilize xylan
whereas an endo-1,4-B-mannanase (EC 3.2.1.78) cleaves the galactoglucoman-
nan main chain to produce oligosaccharides (Sgrensen et al., 2007; Stalbrand et
al., 2004; Vrsanska et al., 2007). The produced mixed xylo- and manno-
oligosaccharides are hydrolysed by debranching enzymes and by the enzymes
hydrolysing the oligomers. a-L-Arabinofuranosidases (EC 3.2.1.55) remove arabi-
nose groups bound to the xylan backbone and can be specific for either mono- or
disubstituted xylose residues and short or long oligomers (Kuhnel et al., 2011; Van
Laere et al., 1997). a-Glucuronidases (EC 3.2.1.139) are needed for the removal
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of glucuronic acid groups from xylan (Tenkanen and Siika-aho, 2000) and o-
galactosidase (EC 3.2.1.22) for the removal of galactose substituents in galac-
toglucomannans (Luonteri et al., 1998). Acetyl groups ester-linked in xylan and
glucomannan can be hydrolysed by acetyl xylan esterases (EC 3.1.1.72) or acetyl
glucomannan esterases (EC 3.1.1.6), respectively (Biely, 2012; Stalbrand et al.,
2004). In addition, feruloyl esterases (EC 3.1.1.73) and p-coumaroyl esterases
(EC 3.1.1.-) are needed to cleave the corresponding ester linkages in xylan
(McCrae et al., 1994). The depolymerizing and debranching enzymes acting on
xylan and galactoglucomannan are presented in Figure 2. B-Glucosidases (EC
3.2.1.21), B-xylosidases (EC 3.2.1.37) and B-mannosidases (EC 3.2.1.25) are
essential for the complete hydrolysis of hemicellulosic oligosaccharides to mono-
saccharides (Ademark et al., 1999; Rahman et al., 2003). Cellulases can also
have hemicellulolytic activity towards xylan and other hemicelluloses (Tomme et
al., 1995; Vlasenko et al., 2010). Several family 7 endoglucanases are active
against xylan, arabinoxylan and xyloglucan, whereas family 5 endoglucanases
have activity on mannan and galactomannan (Vlasenko et al., 2010). Having a
broad specificity may be beneficial for a biomass-hydrolysing enzymatic system,
because of the heterogeneity of the substrate.

1.3.4 Synergism in the hydrolysis of cellulose

Cellulose degradation requires sets of secreted enzymes that work in synergy.
Synergism occurs when the activity exhibited by mixtures of components is great-
er than the sum of the activity of these components evaluated separately
(Henrissat et al., 1985; Walker and Wilson, 1991).

It is known that endoglucanases and cellobiohydrolases work synergistically in
the so called endo-exo synergy. Endoglucanases produce new chain ends by
cleaving the cellulose chains, thus creating new starting points for cellobio-
hydrolases (Henrissat et al., 1985; Nidetzky et al., 1994; Nidetzky et al., 1993). On
the other hand, CBHs make the substrate more accessible to EGs (Irwin et al.,
1993; Véljamae et al., 1999). Two cellobiohydrolases (CBHI and CBHII) have also
reported to have synergy due to their different specificity for reducing and non-
reducing ends (Fagerstam and Pettersson, 1980; lgarashi et al., 2011; Medve et
al., 1994; Nidetzky et al., 1994). B-Glucosidase reduces inhibition by cellobiose
and has a synergistic effect on the hydrolysis with cellobiohydrolases or endoglu-
canases (Gruno et al., 2004; Lamed et al., 1991).

Some oxidoreductases have recently been shown to synergistically enhance
the hydrolysis by cellulases. Lytic polysaccharide monooxygenases (LPMOS) in
family AA9 and some members in the family AA10 can act synergistically with
cellulases (Forsberg et al., 2011; Harris et al., 2010). The synergistic effect ap-
pears to be related to the ability of LPMOs to act on highly crystalline areas, gen-
erating new ends for hydrolases and disrupting the crystallinity of cellulose
(Langston et al., 2011). Synergy of LPMOs with cellobiose dehydrogenases has
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also been reported and the combination is able to significantly stimulate the deg-
radation of cellulose by cellulases or even by 3-glucosidase (Langston et al., 2011).

Hydrolysis of hemicellulose by hemicellulolytic enzymes can synergistically im-
prove the hydrolysis of cellulose. Addition of xylanase, feruloyl esterase and acetyl
xylan esterases has increased the release of glucose in addition to xylose (Hu et
al., 2011; Kumar and Wyman, 2009; Murashima et al., 2003; Selig, 2008; Zhang et
al., 2011). The boosting effect of xylanases and mannanases is also reported
even with lignocellulosic substrates having only a low xylan content (Hu et al.,
2011; Varnai et al., 2011a; Varnai et al., 2010) and may be due to removal of residual
hemicellulose on the cellulose fibres, or increased porosity and fibre disintegration
(Arantes and Saddler, 2010; De Jong et al., 1997; Suurnékki et al., 1997).

1.3.5 Optimal enzyme compositions for hydrolysis of lignocellulosic materials

The hydrolysis of lignocellulosic substrates requires numerous enzymes working
in synergy. The variation in structure and composition between raw materials from
different sources and after different types of pretreatment further increases the
complexity. The optimal enzyme composition for a given raw material can vary
due both to the different chemical bonds to be broken and to structural limitations
such as crystallinity, pore size, fibrillation, and content and location of hemicellu-
lose and lignin. In addition, the applied enzyme components, their specificity and
synergistic interactions as well as their varied susceptibility to inhibition, inactivation
or non-productive binding on lignin can affect the optimal enzyme composition.

The aim of enzyme mixture optimization is to hydrolyse lignocellulosic materials
efficiently using lower enzyme dosages. Enzyme mixture optimization has been
conducted for various substrates (Table 2). In addition to almost pure cellulosic
substrates (Andersen et al., 2008; Baker et al., 1998; Boisset et al., 2001,
Gusakov et al., 2007; Kim et al., 1998), optimized minimal enzyme mixtures have
been developed for lignocellulosic substrates such as pretreated barley straw
(Rosgaard et al., 2007), pretreated wheat straw (Billard et al., 2012), pretreated
corn stover (Banerjee et al., 2010a; Banerjee et al., 2010b; Banerjee et al., 2010c;
Gao et al., 2010a; Gao et al., 2010b; Zhou et al., 2009), pretreated switchgrass,
Miscanthus, distillers’ grains, poplar wood (Banerjee et al., 2010b) and pretreated
douglas fir (Gusakov et al., 2007).

Studies on the optimization of enzyme mixtures for the hydrolysis of lignocellu-
losic substrates indicated that the composition of enzyme mixtures can vary con-
siderably. It has been claimed that the optimal ratio of cellulolytic activities in the
hydrolysis of lignocellulose can differ remarkably from that of the cellulases se-
creted by T. reesei (Rosgaard et al., 2007). Generally, a high proportion of Cel7A
(CBHI) and Cel7B (EGI) has been reported in studies carried out using the main
Trichoderma cellulases and endoxylanase (Banerjee et al., 2010b; Banerjee et al.,
2010c; Billard et al., 2012; Gao et al., 2010a; Rosgaard et al., 2007). On the other
hand, the optimal proportions of xylanase, B-glucosidase and Cel6A (CBHIl) ap-
pear to vary considerably depending on the study and raw material.
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Banerjee et al. developed optimal enzyme mixtures for the hydrolysis of various
pretreated substrates (Banerjee et al., 2010b). They found that the optimal mixture
of T.reesei enzymes for the hydrolysis of NaOH-pretreated corn stover and
switchgrass contained clearly less endoxylanase than for the ammonia fibre ex-
plosion (AFEX) and alkaline peroxide pretreated materials, and that the increased
proportion of xylanase was generally associated with lower proportions of Cel7A
(CBHI) and Cel7B (EGI). In the case of barley straw, hydrolysis of material pre-
pared by acid-catalysed steam explosion required less endoglucanase than mate-
rial pretreated by non-catalysed steam explosion or hot water treatment (Rosgaard
et al., 2007).

The number of enzyme components in reported studies has varied from 3 to 16
and both purified and commercial enzyme mixtures have been used as mixture
components (Table 2). The optimizations have been performed for the main cellu-
lase activities (Zhou et al., 2009), for cellulases and xylanases (Gao et al., 2010b),
for multi-component mixtures containing several accessory enzymes (Banerjee et
al., 2010c), or for mixtures of commercial enzymes (Berlin et al., 2007; Garlock et
al., 2012). Banerjee et al. found that the optimal enzyme mixture varies substan-
tially depending on how many and which enzyme components were included in
the optimization in addition to a core set of enzymes (Banerjee et al., 2010b). In
fact, the number of enzyme components and the raw material appeared to have
more significant effect on the enzyme proportions than the pretreatment carried
out for the raw material (Banerjee et al., 2010b; Banerjee et al., 2010c; Billard et
al., 2012; Gao et al., 2010a; Zhou et al., 2009). Thus it is important to include all
the most essential enzymes in experimental design, although this makes the de-
sign more complex.

The optimal mixtures have been shown to be clearly different for glucose and
xylose release (Banerjee et al., 2010a), and to be dependent on the total enzyme
loading (Gao et al., 2010a). Despite relatively high enzyme dosages (10-30 mg/g
of dry substrate), many of the optimization studies resulted in very low hydrolysis
yields (10-50%; Table 2). Recalcitrant raw materials and inefficient pretreatment
appear to be the most probable reasons for low hydrolysis yields. In such a situa-
tion no significant benefit can be obtained by optimization. In addition to the de-
gree of hydrolysis, the enzyme dosage can affect the optimal enzyme ratio. Gao et
al. found that within T. reesei enzymes the role of Cel7B (EGI) was more important
in the case of lower total protein loadings (Gao et al., 2010b). The hydrolysis time
also influenced the optimal enzyme ratio (Billard et al., 2012). In the beginning of
the hydrolysis of steam exploded wheat straw less xylanase and Cel5A (EGII)
were needed than in the later stages of the hydrolysis.
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Table 2. Studies on optimal enzyme compositions for hydrolysis of lignocellulosic raw materials.

Raw material Pretreatment ® Source of enzyme Number of Statistical Hydrolysis conditions Max. Reference
components enzyme com- method (d.m. content / hydrolysis yield b
ponents (+-) time / mixing speed)
Avicel - Chrysosporium 7 - 5% /24-72 h/ n.d. 90% Glc  Gusakov et al., 2007
lucknowense,
T. reesei,
Aspergillus japonicus
Cotton - Chrysosporium luck- 7 - 2.5% /24-72 h/n.d. 84% Glc  Gusakov et al., 2007
nowense, T. reesei,
Aspergillus japonicus
Filter paper - Thermomonospora 7 + 0.85% / 24-72 h/ n.d. 60% Kim et al., 1998
fusca, T. reesei
Bacterial - Humicola insolens, 4 - 0.1% / 1-14 h /O rpm 56-90% Boisset et al., 2001
cellulose A. niger
Barley straw  SE (acid impr.) T. reesei, 5 + 1% /24 h/n.d. 56% Glc  Rosgaard et al., 2007
A. niger
(Novozym188)
SE (water impr.)  T. reesei, 5 + 1% /24 h/n.d. 33% Glc  Rosgaard et al., 2007
A. niger
(Novozym188)
Hot water T. reesei, 5 + 1% /24 h/n.d. 50% Glc  Rosgaard et al., 2007
extraction A. niger
(Novozym188)
Wheat straw SE T. reesei, A. niger 6 + 1% /0.5-48 h / 175 rpm 66% Billard et al., 2012
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Raw material ~Pretreatment ® Source of enzyme Number of Statistical Hydrolysis conditions Max. Reference
components enzyme com- method (d.m. content / hydrolysis yield b
ponents (+-) time / mixing speed)
Rice straw NaOH Celluclast, 3 + 1% /48 h / 200 rpm 78% Suwannarangsee et al.,
A. aculeatus (enzyme 2012
exract),
Bacillus subtilis
(expansin)
Corn stover AFEX A. nidulans, A. niger 6 + 0.2% glucan /24 h /200 rpm  80% Glc, Gao et al., 2010a
T. reesei, 56% Xyl
AFEX Dictyoglomus tur- 6 - 0.2% glucan / 24 h /200 rpm  94% Glc, Gao et al., 2010b
gidum, 62% Xyl
C. thermocellum,
Geobacillus spp.
T. reesei
AFEX T. reesei, A. niger 6-16 + 0.2% glucan/ 48 h / 10 rpm 44%-— Banerjee et al., 2010a;
T. longibrachiatum, 52% Glc  Banerjee et al., 2010b;
Banerjee et al., 2010c
NaOH T. reesei, A. niger 6 + 0.2% glucan/ 48 h / 10 rpm 41% Glc  Banerjee et al., 2010b
T. longibrachiatum,
Alkaline T. reesei, A. niger 6-16 + 0.2% glucan/ 48 h / 10 rpm 58%— Banerjee et al., 2010b
peroxide T. longibrachiatum 69% Glc
SE T. viride 7 + 5% / 72 h /210 rpm 80% Glc  Zhou et al., 2009
Dilute acid Celluclastl.5 4 + 0.6% / 24 h / 600 rpm 99% Glc, Berlin et al., 2007
Novozym188 88% Xyl
Multifect xylanase
Multifect pectinase
Ball milling Accellerase1000 3 + 10% / 95 h/ 120 rpm 95% Linetal., 2011
CellulaseZSL-1300
Xylanase
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Raw material ~Pretreatment ® Source of enzyme Number of Statistical Hydrolysis conditions Max. Reference
components enzyme com- method (d.m. content / hydrolysis yield b
ponents (+-) time / mixing speed)
Switchgrass ~ AFEX T. reesei, A. niger 6 + 0.2% glucan/ 48 h / 10 rpm 24% Glc  Banerjee et al., 2010b
T. longibrachiatum,
AFEX Novozym188, 4 + 1% glucan /72 h / 200 rpm 80% Glc, Garlock et al., 2012
Spezyme SP, 76% Xyl
Multifect xylanase
Multifect pectinase
NaOH T. reesei, A. niger 6 + 0.2% glucan/ 48 h / 10 rpm 26% Glc  Banerjee et al., 2010b
T. longibrachiatum
Alkaline T. reesei, A. niger 6 + 0.2% glucan/ 48 h / 10 rpm 39% Glc  Banerjee et al., 2010b
peroxide T. longibrachiatum
Miscanthus AFEX T. reesei, A. niger 6 + 0.2% glucan/ 48 h / 10 rpm 23% Glc  Banerjee et al., 2010b
T. longibrachiatum,
NaOH T. reesei, A. niger 6 + 0.2% glucan/ 48 h / 10 rpm 18% Glc  Banerjee et al., 2010b
T. longibrachiatum,
Alkaline T. reesei, A. niger 6 + 0.2% glucan/ 48 h / 10 rpm 32% Glc  Banerjee et al., 2010b
peroxide T. longibrachiatum,
DDGS® AFEX T. reesei, A. niger 6-16 + 0.2% glucan/ 48 h / 10 rpm 23%— Banerjee et al., 2010b
T. longibrachiatum, 52% Glc
NaOH T. reesei, 6 + 0.2% glucan /48 h/10rpm  24% Glc  Banerjee et al., 2010b
T. longibrachiatum,
A. niger
Alkaline T. reesei, A. niger 6 + 0.2% glucan/ 48 h / 10 rpm 30% Glc  Banerjee et al., 2010b
T

peroxide

. longibrachiatum,
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Raw material  Pretreatment Source of enzyme Number of Statistical Hydrolysis conditions Max. Reference
components enzyme com- method (d.m. content / hydrolysis yield b
ponents (+-) time / mixing speed)
Poplar AFEX T. reesei, A. niger 6 + 0.2% glucan/ 48 h / 10 rpm 14% Glc  Banerjee et al., 2010b
T. longibrachiatum,
NaOH T. reesei, A. niger 6 + 0.2% glucan/48 h/10rpm  10% Glc  Banerjee et al., 2010b
T. longibrachiatum,
Alkaline perox-  T. reesei, A. niger 6-16 + 0.2% glucan/ 48 h / 10 rpm 11% Glc  Banerjee et al., 2010b
ide T. longibrachiatum,
Douglas fir Organosolv Chrysosporium 7 - 5% /24-72 h [ n.d. 96% Glc  Gusakov et al., 2007
lucknowense,
T. reesei,
A. japonicus

? SE = steam explosion, AFEX = ammonia fibre explosion

°Glc = glucose yield, Xyl = xylose yield
° DDGS = dried distillers grains with solubles

n.d. = no data
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1. Introduction

1.4 Pretreatment of lignocellulosic substrates

Lignocellulosic matrix is an important structural element in plants, and provides
resistance against e.g. wind and cell rupture caused by osmotic pressure. Plants
also have different kinds of defence mechanisms for protection against microbial
and enzymatic attack, for example waxy layers on leaves and bark (Himmel et al.,
2007). The cell wall matrix as such is also resistant to microbial degradation. The
structure of cellulose, with highly ordered and water-excluding crystallites, retards
the action of cellulases. Cell wall microfibrils are surrounded by hemicellulose that
is covalently linked to lignin. The recalcitrant matrix of polymers is the main reason
why plant biomass has high resistance to chemical, mechanical and enzymatic
treatment.

For an efficient and complete hydrolysis, biomass needs first to be pretreated.
Various pretreatment methods have been developed to decrease the recalcitrance
of lignocellulosic materials, and to make the cellulose more susceptible to enzy-
matic hydrolysis (Mosier et al., 2005b; Sun and Cheng, 2002; Zhao et al., 2012).
Pretreatments can also be used to fractionate the lignocellulosic raw materials by
separating lignin and hemicellulose from cellulose. The aim of the pretreatment is
to open up the cell wall structure and make cellulose and hemicellulose more
accessible to enzymes during hydrolysis. Cell wall structure can be opened up by
reducing the particle size and by increasing the pore size and accessible surface
area. The pretreatments should also modify lignocellulose matrix structure by
reducing the cellulose crystallinity, and by modification and solubilisation of lignin
and hemicellulose. From a process technology and economy point of view, the
overall aim of the pretreatment of lignocellulose is to get high product yield in the
whole process, including pretreatment, hydrolysis, fermentation and downstream
processing. To achieve this, pretreatment should minimize the degradation or loss
of carbohydrates, and avoid formation of by-products that are inhibitory to en-
zymes and fermentation microbes. In addition, pretreatment should have low capi-
tal and processing costs and be suitable for various different raw materials.

1.5 Pretreatment methods

Various different kinds of processes have been developed for the pretreatment of
lignocellulosic biomass (Galbe and Zacchi, 2012; Haghighi Mood et al., 2013;
Mosier et al., 2005b). The methods can be approximately grouped into physical,
chemical, physico-chemical and biological pretreatment processes, although it is
in many cases difficult to place a specific method into only one category. For ex-
ample, thermal treatments can cause chemical changes in biomass and on the
other hand it might also be difficult to avoid shear force effects during chemical
treatments.
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15.1 Physical and biological pretreatments

Physical pretreatments can be defined as methods using physical processing on
biomass. Thus mechanical and thermal processes and methods using irradiation
and ultrasound treatments can be defined as physical pretreatments. Mechanical
treatments aim at particle size reduction by chipping, milling and grinding. Commi-
nution techniques include e.g. wet disk milling, ball milling and hammer milling (da
Silva et al., 2010; Mani et al., 2004). Milling is also often combined with other
pretreatments (Gao et al., 2012; Lin et al., 2010; Teramoto et al., 2008). In addi-
tion to particle size reduction, decrease in crystallinity of the lignocellulosic materi-
als has been observed (Chang and Holtzapple, 2000; da Silva et al., 2010). High
energy requirements are typical for efficient mechanical treatments, thus decreas-
ing the economic feasibility of these methods.

Biological pretreatment uses microorganisms, mainly brown, white or soft-rot
fungi, to degrade lignin and hemicellulose. Biological pretreatments have been
applied for gramineous plants such as wheat straw (Hatakka, 1983; Lopez-
Abelairas et al., 2012; Zeng et al., 2011) and corn stover (Song et al., 2013). The
suggested advantages of biological methods are low energy consumption and the
absence of chemical demands, mild process conditions and low capital costs
(Alvira et al., 2010; Talebnia et al., 2010). On the other hand, pretreatment with
microorganisms is slow and significant yield losses occur. Addition of metal ions and
Tween has been suggested to improve the pretreatment efficiency by increasing the
production of lignin-degrading enzymes (Song et al., 2013; Zeng et al., 2011). Com-
bination of biological pretreatment with other pretreatments such as organosolv
cooking is also one proposed option to improve its efficiency (Itoh et al., 2003).

1.5.2 Thermo-chemical pretreatments

Chemical processes alone are not very often applied and chemicals are usually
combined at least with thermal processing. Acid pretreatments are typically carried
out with dilute mineral acids such as sulphuric acid at temperatures ranging from
120 to 200°C (Nguyen et al., 2000; Saha et al., 2005). The residence time can
vary from minutes to an hour. Acid degrades hemicellulose, cellulose and lignin
and toxic degradation products can be formed (Chundawat et al., 2010; Larsson et
al., 1999). Alkaline treatments (Section 1.5.3.2) are usually carried out at lower
temperatures and using longer residence times than acid pretreatments. Ozone
treatments are purely oxidative treatments that solubilize lignin and small amounts
of hemicellulose at room temperature and normal pressure, but their efficiency
appears to be limited to grasses or agricultural residues such as sugar cane ba-
gasse, wheat straw or rye straw (Garcia-Cubero et al.,, 2012; Lee et al., 2010;
Travaini et al., 2013). Due to the low temperatures in ozone treatment, formation
of toxic compounds such as furfural or hydroxymethylfurfural is low (Travaini et al.,
2013). The amount of ozone required in the treatment is important for the process
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economy. Oxidative chemicals can be applied as such, or more usually combined
with alkaline treatments (Section 1.5.3.3).

One attractive chemical pretreatment method is organosolv pretreatment, which
includes systems containing combinations of solvents e.g. ethanol, acetic acid,
acetone, butanol or formic acid (Arato et al., 2005; Huijgen et al., 2010; Rio et al.,
2010; Teramoto et al., 2009; Vanderghem et al., 2011) and acidic, neutral or alka-
line catalysts (Mesa et al., 2010; Park et al., 2010). Treatment temperature can
vary from 80°C to 210°C and time from 20 min to a few hours. Organosolv pre-
treatments remove extensively lignin and almost completely hemicelluloses
(Perez-Cantu et al., 2013; Rio et al., 2010; Teramoto et al., 2009). They are also
effective for biomass with a high lignin content. Treatments with organic acids
cause esterification of cellulose (Pan et al., 2006; Zhao et al., 2009). At the same
time, degradation products such as furfural and hydroxymethylfurfural, acetic acid
and formic acid are formed (Huijgen et al., 2010; Rio et al., 2010; Teramoto et al.,
2009). Disadvantages of organosolv treatments are the high cost of reactors and
solvents that need to be recycled.

Use of ionic liquids (ILs) as solvents for pretreatment of cellulosic biomass has
recently received much attention. ILs are salts, typically composed of large organic
cations and small inorganic anions, which exist as liquids at temperatures below
100°C (Dadi et al., 2007; Stark, 2011). Their solvent properties can be varied by
adjusting the anion and the cation. In the pretreatment with ionic liquids, biomass
is dissolved in IL and then precipitated by addition of antisolvent e.g. water (Dadi
et al., 2006; Dadi et al., 2007). After washing, the precipitate can be hydrolysed by
cellulases. Carbohydrates and lignin can be dissolved in ILs simultaneously. The
first studies were carried out with pure crystalline cellulose (Dadi et al., 2006; Dadi
et al.,, 2007; Kuo and Lee, 2009), but pretreatments with lignocellulosic biomass,
even wood, have also been reported (Kilpeldinen et al., 2007; Liu and Chen, 2006;
Singh et al., 2009). The pretreatment can be carried out at moderate temperatures
(100-120°C) and the treatment time ranges from 30 min to 3 h. The disadvantages
of ILs in general are related to the price, purity, toxicity and recyclability of the ILs
(Stark, 2010). The ILs also have limited compatibility with cellulases, which hinders
their use as a pretreatment for enzymatic hydrolysis (Datta et al., 2010).

15.3 Physico-chemical pretreatments

Combinations of physical and chemical methods are currently regarded as the
most promising approaches. These technologies include e.g. steam pretreatments
(Section 1.5.3.1), ammonia fibre explosion (AFEX), and wet oxidation (Section
1.5.3.3).

The AFEX process includes ammonia treatment and steam explosion at tem-
peratures from 90 to 180°C and high pressure (Garlock et al., 2012; Holtzapple et
al., 1991). AFEX is a dry process and does not produce any separate liquid
stream. In contrast, other pretreatment methods yield separate solid and liquid
fractions. The main effects of AFEX are physical disruption, swelling and decrys-
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tallization of cellulose and repositioning of cell wall decomposition products
(Chundawat et al., 2011a). Low formation of inhibitors has also been reported
(Chundawat et al., 2010). Recovery of ammonia is required for an economical
process. Ammonia recycle percolation (ARP) and soaking in agqueous ammonia
(SAA) are different variants of ammonia treatment occurring in aqueous solution
(Kim et al., 2003; Yoo et al., 2013).

The following sections present a deeper description of steam treatments, alka-
line, and alkaline oxidative pretreatments that were also studied in this work.

1.5.3.1 Steam pretreatments

Steam pretreatment is a general term used in this thesis to describe physico-
chemical technologies exploiting high pressure steam. These methods include
steam explosion and hydrothermal and liquid hot water treatments. The main
difference between steam explosion and hydrothermal or hot water treatments is
that steam explosion generally involves a higher dry matter content, whereas
hydrothermal and liquid hot water treatments have more liquid water present dur-
ing the pretreatment (Allen et al., 2001; Bondesson et al., 2013; Kristensen et al.,
2008; Kumar et al., 2010). Steam pretreatments involve treatment of the biomass
at high temperature (160-260°C, typically 180-215°C) and pressure. High-
pressure and high-temperature steam is introduced into a reactor containing ligno-
cellulosic material. The treatment time can vary from seconds to several minutes
(typically 5 to 15 minutes). In steam explosion the pressure is rapidly released,
causing the steam to expand in the lignocellulosic matrix, whereas in hydrothermal
and liquid hot water treatments a similar explosion is not described in the litera-
ture, although the pressure will drop after the reaction. Steam treatments can be
intensified with chemical catalysts such as SO- or sulphuric, acetic, phosphoric or
lactic acid (Linde et al., 2006; Pitarelo et al., 2010; Tengborg et al., 1998; Xu et al.,
2009b). Acid increases the solubilisation of hemicellulose sugars and it improves
the enzymatic hydrolysis of the solid fraction (Hahn-Hagerdal et al., 2006). In steam
pretreatments acids are also formed from acetyl groups present in biomass, causing
autohydrolysis (Fengel and Wegener, 1989). Steam treatment can be applied for a
wide range of raw materials including agricultural residues, softwoods and hard-
woods (Bondesson et al., 2013; Kumar et al., 2010; Schiitt et al., 2011). Softwoods
usually require more drastic steaming conditions than hardwoods and straws.
During the steam pretreatment hemicellulose is solubilised, and after the treat-
ment it is located in the liquid phase as oligomers and monomeric sugars (Cui et
al., 2012; Jstergaard Petersen et al., 2009). Increase of accessibility of lignocellu-
losic biomass by steam treatments appears to be mainly due to the removal of
hemicelluloses (Mosier et al., 2005b). On the other hand, steam treatments have
been shown to have a major effect on the distribution and the chemical structure
of lignin (Marchessault, 1991; Ramos, 2003). Degradation of B-ether linkages of
lignin and of the chemical bonds in lignin-carbohydrate complex (LCC) have been
reported, as well as chemical modifications of lignin. Depolymerisation of lignin in
lower severity steam treatments can occur, whereas in more severe conditions
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repolymerization has been reported (Li et al., 2007; Wang et al., 2012). Most of the
lignin remains insoluble but the solubility of syringyl lignin increases more than that
of guaiacyl lignin (Shimizu et al., 1998) and the S/G ratio has been shown to de-
crease in steam explosion (Rahikainen et al., 2013). Steam explosion has also been
reported to increase the oxygen/carbon-ratio and thus to remove surface lignin and
reduce the hydrophobicity of biomass (Kumar et al., 2009; Negro et al., 2003).

Structurally, steam treatments reduce biomass particle size and increase pore
volume after explosive decompression (Mosier et al., 2005b). Increased crystallini-
ty index (Crl) of the substrate has been reported due to removal of hemicellulose
(Kumar et al., 2009). Significant decrease in the DP of cellulose in addition to
shortening of cellulose fibrils has also been observed.

Steam treatments cause partial hemicellulose degradation and the generation
of inhibitors that may affect the subsequent hydrolysis and fermentation (Allen et
al., 2001; Kim et al., 2013; Palmqvist et al., 1996). The major inhibitors generated
during steam pretreatments are furan derivatives (furfural and hydroxymethylfurfu-
ral), weak acids and fragments from lignin. Treatment temperature and the amount
of acid should be optimized to minimize the formation of inhibitors. Varying steam
treatment temperature profiles (Monavari et al., 2010) and two step steam explo-
sion have been developed to decrease degradation of pentoses and formation of
inhibitors (Soderstrom et al., 2003; Zhang et al., 2012). Mosier et al. reported that
maintaining the pH value in the hydrothermal method between 4 and 7 during the
process decreased the amount of inhibitors formed (Mosier et al., 2005a).

15.3.2 Alkaline pretreatments

Alkaline treatments are widely used in the fractionation of wood in pulp and paper
manufacturing. The dominating alkaline pulping method is sulphate cooking, the
Kraft process, that is carried out using sodium hydroxide and sodium sulphide as
cooking chemicals (Fengel and Wegener, 1989). The temperature is typically 155—
175°C and the pressure 7-11 bar. The cooking time varies between 2 and 5
hours. For lignocellulose pretreatments various alkaline treatments have also been
developed using varying temperatures and times. Alkaline pretreatment can be
performed at room temperature and pressure conditions, when the time ranges
from hours to days (Kim and Holtzapple, 2006; Park and Kim, 2012; Sharma et al.,
2013). The treatment time can be shortened to 0.5-10 hours by applying higher
temperatures (85-160 °C) (Chang et al., 1998; Chen et al., 2013; Sharma et al.,
2013). Alkaline treatments can be combined with oxidative conditions (see Section
1.5.3.3) to improve the efficiency of high lignin content materials. Sodium, potassi-
um, calcium and ammonium hydroxides as well as sodium carbonate are possible
chemicals for alkaline pretreatments (Chen et al., 2013; Jin et al., 2013; Park and
Kim, 2012; Sharma et al., 2013). Typically, chemical dosages are high, with a
range as high as 5-100% of biomass (w/w). High chemical consumption in alka-
line pretreatments decreases the profitability of the method (Chen et al., 2013) and
thus recycling of alkali is needed.
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Alkaline treatments cause significant changes in the chemical composition of
lignocellulose. They have been reported to dissolve lignin (Kim and Holtzapple,
2006; Kumar et al., 2009; Sun et al., 1995) and to cause the depolymerization of
lignin molecules by cleavage of inter-molecular a- and B-aryl ether linkages, which
essentially contributes to lignin degradation (Gierer, 1982; Gierer and Noren,
1980). In addition to lignin, dissolution of hemicellulose has also been observed
(Jin et al., 2013; Sun et al., 1995). Alkaline pretreatments have also been shown
to remove acetyl-substituents from hemicellulose (Kim and Holtzapple, 2006; Selig
et al., 2009), which has been reported to improve xylan and cellulose accessibility
and hydrolysis by xylanases and cellulases (Grohmann et al., 1989; Kumar and
Wyman, 2009; Selig et al., 2009). On the other hand, deacetylation and removal of
arabinosyl residues might increase the adsorption of xylan to cellulose (Kabel et
al., 2007). Alkaline conditions also cause modification of uronic acid groups in
xylan (Teleman et al., 1995).

Due to its crystallinity and linearity, cellulose is more resistant to chemical
changes than hemicellulose. However, degradation of cellulose also occurs in
alkaline conditions by peeling from the reducing ends and alkaline hydrolysis of
glycosidic bonds (Theander, 1980). The degree of polymerization of cellulose has
been reported to decrease after NaOH and lime treatments (Chundawat et al.,
2011b; Kumar et al., 2009; Mittal et al., 2011).

Structural changes of lignocellulose are also remarkable after alkaline treat-
ments. The crystallinity of lignocellulosic materials has been reported to increase
due to removal of less crystalline lignin (Kim and Holtzapple, 2006; Kumar et al.,
2009). The ratio of amorphous and crystalline cellulose has been shown to in-
crease in lime treatment of corn stover and poplar (Kumar et al., 2009). Swelling
and crystal change from cellulose | to cellulose Il occurs during NaOH treatments,
whereas ammonia treatments cause change from cellulose | to cellulose 111, or 11l
(Mittal et al., 2011; O'Sullivan, 1997).

1.5.3.3 Alkaline oxidative pretreatments

Alkaline oxidative conditions are applied in pulp bleaching processes, although
they could also be applied for pretreatment or fractionation of biomass. Different
kinds of oxidative chemicals such as ozone, peroxides and peracetic acid, or oxy-
gen can be used to modify lignocellulose in alkaline conditions. Hydrogen peroxide
and peracetic acid are strong oxidative chemicals that have been applied in alka-
line conditions at temperatures ranging from room temperature to 150°C (Ayeni et
al., 2013; Saha and Cotta, 2007; Zhao et al., 2007). The efficiency of alkaline
treatments can be improved in high-lignin materials when pressurized oxygen and
catalysts are added (Chang et al., 2001; Hakola et al., 2010). In wet oxidation the
lignocellulosic material is treated with water and high pressure oxygen or air (10—
12 bars) at elevated temperatures (120-200°C). The wet oxidation can also be
carried out either in acidic or partly alkaline conditions in the presence of oxygen
(Bjerre et al., 1996).
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Similarly to alkaline treatment, alkaline oxidative conditions deacetylate hemi-
cellulose and cause delignification, but the effect has been reported to be more
intense in oxidative conditions (Kim and Holtzapple, 2006). Lignin is at least partly
solubilized and degraded by oxidation reactions (Ayeni et al., 2013; Schmidt and
Thomsen, 1998; Zhao et al., 2007). The heating value of lignin is decreased due
to the oxidation. Hemicellulose is also partly solubilized and removed, which in-
creases cellulose accessibility. Usually the oxidant is not selective and losses of
hemicellulose and cellulose can occur. Inhibitors can be formed as soluble aro-
matic compounds are produced by degradation of lignin. However, no furfural or
hydroxymethylfurfural has been reported to be formed by peroxide or wet oxida-
tion in alkaline conditions (Bjerre et al., 1996; Saha and Cotta, 2007).

1.6 Techno-economic considerations for sugar platform
biorefineries

Polysaccharides in the lignocellulosic raw materials can be hydrolysed to sugars
and fermented to fuels and biochemicals in so-called sugar platform biorefineries.
These biorefineries require raw materials that are processed by pretreatment,
hydrolysis and fermentation before the product recovery. The requirements and
the challenges of these processes are diverse. Raw materials should be utilized
efficiently in the process, the costs of processing should be low, and products
should be produced in high yields. To reach these targets, various economic and
technical aspects need to be considered in the development of feasible processes.

1.6.1 Raw materials

The availability of a cheap raw material in sufficient amounts is a very important
issue for feasible biorefineries. Various raw materials such as wood residues,
straws, corn stover, sugar cane bagasse, wood waste and switchgrass are re-
garded as potential substrates and are used by the current commercial and
demonstration plants for lignocellulosic biofuel production in Europe and the USA
(Balan et al., 2013). Table 3 presents the annual production of selected agricultur-
al and forest residues that are available for biorefineries.

Costs related to raw materials are significant with respect to the process econ-
omy of a sugar platform biorefinery. In ethanol production feedstock costs can be
up to 40% of the total production costs (Gnansounou and Dauriat, 2010; Hame-
linck et al., 2005; Table 4). The prices of feedstocks vary according to the type of
feedstock, storage requirements, location, season, local supply-demand condi-
tions and transportation needed. For forest residues, the transport costs are con-
sidered to dominate the costs (de Wit and Faaij, 2010). The harvest of forest resi-
dues within a 100-200 km radius of the end use appears to be economical and
costs of 30-86 €/t dry matter including the transportation costs have been reported
in Europe (Asikainen et al., 2008). For agricultural residues approximately 100 km
radius has been considered economical (Kudakasseril Kurian et al., 2013; Lindh et

40



1. Introduction

al., 2009). In Finland the price of straw was estimated to be 52 €/t including the
costs of 50 km transportation (von Weymarn, 2007).

Table 3. Annual production of lignocellulosic residues.

Raw material Area Production References
(dry Mt/a)
Agricultural residues Europe 217 Kim and Dale, 2004

(corn stover, straw)

USA, Canada 103-214 Kim and Dale, 2004;
Mabee et al., 2011

World 1370 Kim and Dale, 2004
Sugar cane bagasse Brazil 84 Corréa do Lago et al., 2012
World 180-210 Gudoshnikov, 2009;
Kim and Dale, 2004
Wheat straw Europe 133 Kim and Dale, 2004
World 354-430 Kim and Dale, 2004;
Talebnia et al., 2010
Forest residues USA, Canada 72 Mabee et al., 2011
Europe 920 Asikainen et al., 2008

1.6.2 Pretreatment

Pretreatment of lignocellulosic biomass is a crucial step in a sugar platform biore-
finery to modify the raw material into a hydrolysable form. Pretreatment also has a
significant impact on the process economy. The capital costs of pretreatment
consist of reactors and equipment required in a pretreatment process and in recy-
cling of chemicals. The properties of treatment chemicals and the applied condi-
tions affect the materials of construction needed. The proportion of pretreatment in
the total capital costs varies between 2 and 27% depending on the pretreatment
method (Table 4). Although the differences are significant, the total capital costs of
lignocellulosic ethanol processes show only relatively small differences between
pretreatments within each study (Eggeman and Elander, 2005; Kazi et al., 2010;
Tao et al., 2011). The differences between different studies are more significant.
The assumed raw material prices, enzyme costs and other process assumptions
are proposed to be the main reason for differences (Kazi et al., 2010).
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Table 4. Techno-economical evaluation of the most promising pretreatment methods.

Pretreatment Development  Applicability | Raw material Raw material  Pretreatment MESP  Reference
method stage * to different |used in economic cost (% of (% of total (EURI/I
feedstocks |evaluation MESP) capital costs) EtOH)b

Dilute acid Commercial Yes Corn stover 22 12 0.35 Eggeman and Elander, 2005
Corn stover 32 10 0.76 Kazi et al., 2010
Switchgrass 39 23 0.62 Tao et al.,, 2011
Corn stover 34 7 0.48 Humbird et al., 2011

Steam explosion Commercial Yes Switchgrass 34 19 0.66 Tao et al.,, 2011
Sugar cane nd nd 0.63-1.25 Macrelli et al., 2012
bagasse
Spruce 34-37 nd 0.47-0.51 Wingren et al., 2008

Hot water Demonstration No Corn stover 24 2 0.44 Eggeman and Elander, 2005
Corn stover 33 2 1.02 Kazi et al., 2010
Switchgrass 39 11 0.74 Tao et al.,, 2011

Alkaline (Lime) Yes/No Corn stover 40 14 0.43 Eggeman and Elander, 2005
Switchgrass 38 27 0.71 Tao et al.,, 2011
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Pretreatment Development  Applicability | Raw material Raw material Pretreatment MESP  Reference
method stage * to different |used in economic cost (% of (% of total (EURI/I
feedstocks |evaluation MESP) capital costs) EtOH)b
Organosolv Demonstration Yes Softwood nd nd 1.58 Hagman et al., 2012
AFEX Laboratory No Corn stover 24 12 0.38 Eggeman and Elander, 2005
Switchgrass 39 16 0.62 Tao et al.,, 2011
Corn stover 34 8 0.82 Kazi et al., 2010
Aqueous Commercial No Corn stover 24 23 0.44 Eggeman and Elander, 2005
ammonia
Switchgrass 38 23 0.92 Tao et al.,, 2011

# Advanced Ethanol Council, 2013; Balan et al., 2013

® MESP = Minimum ethanol selling price; prices were adjusted to 2013 EUR value using consumer price index data (US Bureau of Labor Statistics, 2013)
and 1 EUR=1.33 US$ and 1 EUR = 8.7 SEK.

AFEX = ammonia fibre explosion
nd = no data
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Operating costs of pretreatment typically include costs of chemicals that are used
in pretreatments and neutralization, and steam and other utilities. Besides the
direct costs, pretreatment also impacts on the costs of the other process steps
such as hydrolysis and fermentation, waste treatment and product separation. For
example, the dry matter content in pretreatment affects the product concentration
and separation. Similarly to total capital costs, economic evaluations showed that
the obtained minimum ethanol selling prices (MESP) by the pretreatment methods
had only relatively small differences within each study, whereas the differences
between different economic evaluations are significant (Table 4). It appears that
the low costs in pretreatment are counterbalanced by low product yields or in-
creased costs in other steps such as hydrolysis and product recovery. Organosolv
treatment, which is considered to have relatively high investment costs of reactors
and solvent recycling, has not been intensively studied with respect to the econo-
my of ethanol production. However, it has been estimated that the total capital
cost for ethanol organosolv treatment is 1.4-fold and the MESP 2.6-fold compared
to steam explosion, and high additional value from organosolv-lignin and other by-
products was required to achieve a similar MESP as for steam explosion (Hagman
et al., 2012).

The costly pretreatment step is one factor that hinders the commercialization of
lignocellulosic ethanol. Integration with other production facilities such as sugar-
cane biorefineries, pulp and paper processes or repurposing of closing Kraft mills
are potential alternatives to improve energy efficiency and to decrease the high
investment costs related to cellulosic ethanol (Corréa do Lago et al., 2012; Fornell
et al., 2012; Phillips et al., 2013). The risk for investment might also decrease as a
result of experience obtained with the commercial scale plants that will soon start
production.

1.6.3 Process configurations for hydrolysis and fermentation

Hydrolysis and fermentation are the key processing steps in a sugar platform
biorefinery. There are several process configurations for enzyme production, hy-
drolysis and fermentation: separate hydrolysis and fermentation (SHF), simultane-
ous saccharification and fermentation (SSF) and consolidated bioprocessing
(CBP). In SHF, hydrolysis and fermentation can be carried out in different condi-
tions and reactors and there is no need to compromise between different optimal
hydrolysis and fermentation conditions. Separate reactors have also been sug-
gested to improve process control (Hamelinck et al., 2005). However, the accumu-
lation of end products can reduce the efficiency of hydrolysis in SHF. Improved
SHF can potentially be obtained by the use of higher temperatures in the hydroly-
sis and by selecting B-glucosidases with decreased product inhibition (Teugjas
and Valjamae, 2013).

In simultaneous saccharification and fermentation the hydrolysis and fermenta-
tion occur at the same time in the same reactor, thus decreasing the product inhi-
bition of enzymes and reducing investment costs (Drissen et al., 2009; Wingren et
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al., 2003). The limitation in SSF is that the optimal temperatures of enzymes in the
hydrolysis are different from that of fermentation with conventional yeasts. Ther-
mostable microorganisms have been suggested to enable operation in higher or
varied temperatures, thus improving the hydrolysis and ethanol production in SSF
(Kang et al., 2012). A prehydrolysis before SSF can provide a possibility to operate
in elevated and optimal conditions in hydrolysis and to decrease viscosity before
fermentation (Szijarto et al., 2011; Viikari et al., 2007). Gradual or stepwise addition
of substrate i.e. fed-batch processing is also one option to decrease the viscosity,
content of inhibitors, and enzyme inhibition (Liu et al., 2010; Zhang et al., 2010).

In SHF and SSF, enzymes for the hydrolysis are produced separately, whereas
in CBP at least some of the enzymes are produced by the fermenting organism.
CBP combines the steps of enzyme production, polysaccharide hydrolysis, and
fermentation of sugars into one unit operation performed by one or several organisms.
The technology is still under development for production of cellulosic ethanol, but
CBP is foreseen to provide significant savings in production costs (Lynd, 2005).

Hydrolysis and fermentation at high dry matter is a requirement to achieve high
product concentrations without further concentration steps and to decrease reactor
volumes. High dry matter hydrolysis produces high concentrations of glucose and
cellobiose, which inhibit cellulases (Gruno et al., 2004; Takagi, 1984). On the other
hand, high dry matter and the high viscosity can cause problems in mixing and in
mass and heat transfer (Pimenova and Hanley, 2003). Hydrolysis at high dry mat-
ter content can be increased by efficient mixing (Palmqvist et al., 2011). Different
kinds of reactors providing efficient mixing at high dry matter content have been
developed (Jorgensen et al., 2007; Zhang et al., 2010).

Enzyme costs are still important in the production of lignocellulosic ethanol, alt-
hough the costs have been significantly decreased in the past few years. It has
been estimated that enzyme costs can be 16% of ethanol production costs in a
process using corn stover raw material and dilute acid pretreatment (Humbird et
al., 2011). Decreased enzyme costs can be obtained by development of improved
production strains producing enzymes more efficiently or with improved properties
and composition of enzymes (Gusakov, 2011; Zhang et al., 2006). Cheaper raw
materials in enzyme production or on-site production of enzymes are also possible
alternatives to decrease enzyme costs (Humbird et al., 2011). Enzyme consump-
tion can be decreased by efficient pretreatments, by improved enzymes and en-
zyme mixtures working synergistically (see Section 1.3.4), by adding enzyme
components such as LPMOs (see Section 1.3.2), by consolidated bioprocessing,
or by enzyme recycling.

Enzyme recycling has been studied for many years. The main approaches are
recycling of enzymes attached to insoluble solids (Ramos et al., 1993; Weiss et
al., 2013) or recycling of desorbed enzymes in the liquid phase (Tu et al., 2007;
Wu et al., 2010). The main difficulties with respect to recycling are the inactivation
and binding of cellulases to lignin (Rahikainen et al., 2011; Tu et al., 2009). En-
zyme desorption can be improved by efficient delignifying pretreatments (Lee et
al., 1995; Varnai et al., 2011b) and by the use of surfactants (Tu et al., 2007). In
addition, it appears that the cellulases without CBM can hydrolyse as efficiently as
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intact enzymes in high dry matter content, but with less binding to the substrate,
thus making recycling possibly easier (Varnai et al., 2013).

1.6.4 Multi-product biorefineries

Future biorefineries can be efficient production plants similar to oil refineries that
utilize all the raw material components and produce various kinds of products with
minimal or no waste. Typically in lignocellulosic biorefineries, sugars are used to
produce cellulosic ethanol or other products and the residues are burned to gen-
erate steam and electricity. For example in ethanol production the process costs
are high (see MESP in Table 4), whereas the ethanol selling price is relatively low.
Therefore the process should also produce other products in addition to ethanol.
The combined production of biofuels and high-value products in a biorefinery
would enhance the economy of biomass processing (Zhang, 2008). To be eco-
nomically feasible, multi-product biorefineries should have well developed frac-
tionation technology to separate biomass into valuable components or their inter-
mediates. As integral parts of a biorefinery, efficient recovery and recycling of
chemicals, water recirculation as well as waste water treatment are also needed.

In addition to ethanol, various other products such as other alcohols, polymers,
lactic acid, and glutamic acid can be derived from cellulose in either biochemical
or chemical conversion processes (Menon and Rao, 2012). Hemicellulose can be
fermented to ethanol, other alcohols or used for the production of ferulic acid or
furfural. Hemicellulose can also be utilized in a polymeric form in different applica-
tions. Although lignin is in many cases burned in biorefinery concepts, there are
various other options for lignin. For example, lignin-derived compounds can be
used in resins, as a substitute for polymeric materials, as a glue in composites, as
dispergents, and for the production of syngas, hydrocarbons, formaldehyde, phe-
nols, oxidised products or carbon fibre (Menon and Rao, 2012; Zhang, 2008). In
addition to biomaterials, chemicals and fuels, biorefineries can produce energy
and electricity to the grid.

In the near future, the experience obtained with the commercial scale plants will
provide essential knowledge about the bottlenecks in the processes and proper-
ties of the process streams. As a result of this learning and experience, improved
equipment will be developed. Together with cheap and adequate renewable ligno-
cellulosic raw materials, improved fractionation technologies, energy and process
integration, decreased enzyme costs, and more valuable products, future biorefin-
eries can become efficient, profitable and sustainable production facilities.
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2. Aims of the present study

The overall aim of the work was to develop technologies for future biorefineries by
improving the enzymatic hydrolysis of various lignocellulosic materials, by devel-
oping pretreatment methods, and by optimizing enzyme mixtures for the hydrolysis
of pretreated raw materials. More specifically, the aims were:

1. To analyse the suitability of reed canary grass and barley straw — both
potential lignocellulosic feedstocks in northern climates — for enzymatic
hydrolysis and ethanol production in a lignocellulosic biorefinery.

2. To develop an improved alkaline oxidative pretreatment method that frac-
tionates lignocellulose efficiently, is flexible with respect to different raw
materials and produces material that can be hydrolysed efficiently by en-
zymes.

3. To optimize enzyme mixture composition for the hydrolysis of pretreated
materials in order to decrease enzyme dosage in hydrolysis.
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3. Materials and methods

A summary of the materials and methods used in the thesis is presented in this
Section. Detailed descriptions can be found in the original publications I-IV.

3.1 Lignocellulosic substrates and pretreatments

3.1.1 Preparation of materials

Various lignocellulosic raw materials were pretreated by hydrothermal treatment,
steam explosion, alkaline oxidation or catalytic oxidation. A summary of the pre-
treatment conditions applied for different raw materials is presented in Table 5.
More detailed descriptions can be found in publications I-IV.

48



67

Table 5. Studied raw materials and pretreatments.

Raw material Pretreatment Pretreatment conditions Publication
(Catalyst, temperature, reaction time, other parameters)

Reed canary grass Steam explosion 2% SO,, 190°C, 5 min

(spring or autumn harvest)

Barley straw Steam explosion 2% S0O,, 190-200°C, 5 min |

Wheat straw Hydrothermal 3 g/l acetic acid, 190°C, 12 min v

Sugar cane bagasse Steam explosion 0.5% H>S04, 200°C, 5 min ", 1Iv
Alkaline oxidation 5.4 mol Na,COs/kg substrate (d.m.), 10 bar O, 120°C, 20 h, ", 1Iv

reactor fill 10% of total volume

Norway spruce

Steam explosion

Alkaline oxidation

Catalytic oxidation

2% H>S04, 205°C, 15 min or 2% SO,, 215°C, 5 min

5.4 mol alkali /kg substrate (d.m.), 10 bar O ,, 120-140°C, 4-20 h,
alkali Na,CO3, KOH, NaOH or Ca(OH)2, reactor fill 10%—75%)

5.4 mol Na,COs /kg substrate (d.m.), 120-140°C, 1-20 h,
reactor fill 10%—75% of total volume

Birch

Steam explosion

Alkaline oxidation

0.5% H2S0O4, 200°C, 5 min

5.4 mol Na,COs/kg substrate (d.m.), 10 bar O, 120°C, 20 h,
reactor fill 10% of total volume
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3. Materials and methods

3.1.2 Analytical procedures for biomasses

Several methods were applied to characterize the chemical composition of raw
materials and pretreated materials (Table 6).

Table 6. Analysis methods to characterize the raw materials, pretreated solids and
dissolved material.

Analysis Description of the method Publication

Characterization of raw materials and pretreated solids

Carbohydrate content Two step sulphuric acid hydrolysis (first -1V
and composition of step 70%, second step 4% H,SO,) of
monosaccharides polysaccharides to monosaccharides

followed by high performance anion
exchange chromatography (HPAEC) of
monosaccharides with pulse amperometric
detection (PAD)

Lignin content Gravimetric analysis of the residue 1
remaining after the two step sulphuric acid
hydrolysis (Klason lignin) combined to a
UV-spectroscopic analysis of acid soluble
lignin

Ash content Gravimetric analysis of the residue after 1
burning at 550°C

Extractives Gravimetric analysis of the extract obtained 1
by Soxhlet extraction with heptane and
evaporation of the solvent

Characterization of material dissolved in pretreatments

Carbohydrate content Dilute sulphuric acid (4%) or enzymatic 1=l
and composition of hydrolysis of oligosaccharides to
monosaccharides monosaccharides followed by HPAEC-PAD

analysis
Carboxylic acid content Capillary electrophoretic separation of I
and composition samples and photodiode array UV

detection
Lignin content UV spectroscopic detection at 280 nm I

using an absorptivity of 20 I/g/cm and
gravimetric analysis by precipitation of
lignin by acidification

Molecular weight Size exclusion chromatography with UV Il
distribution and refractive index (RI) detection
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3. Materials and methods

3.2 Enzymatic hydrolysis
3.2.1 Enzymes

The studied commercial, pre-commercial and purified enzymes are presented in
Table 7 and in Table 9. The protein content of the enzyme samples was measured
using a Bio-Rad protein assay kit based on the Lowry method (Lowry et al., 1951).
Bovine serum albumin was used as a standard. The enzyme activity assays that
were used to characterize the enzymes are summarized in Table 8.

Table 7. Commercial enzymes used in the hydrolysis of lignocellulosic raw materials.

Commercial Manufacturer ~ Main activities Protein content Studied in
product name (mg/ml) publication
Celluclast 1.5L Novozymes cellulases, 125 1, 11

69 FPU/mI
Novozym 188 Novozymes B-glucosidase, 181 1, 11

6360 nkat/ml

Cellic Ctec2 Novozymes cellulases, 183 1, Iv
124 FPU/mI
Cellic Htec Novozymes xylanase, 36 1, Iv

98300 nkat/ml

Spezyme CP Genencor cellulases, 111 |
64 FPU/mI

Econase CE Roal cellulases, 110 |
69 FPU/mI

Table 8. Enzyme activity assays to characterize enzymes.

Activity method Substrate Reference
Total cellulase activity Filter paper Ghose, 1987
B-Glucosidase activity p-nitrophenyl-B- Bailey and Linko, 1990

glucopyranoside

Endoxylanase activity Birch wood xylan Bailey et al., 1992
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Table 9. Pre-commercial and purified enzymes used in the hydrolysis of lignocellulosic raw materials.

Enzyme GH family Origin Abbreviation Purification Publication
Cellobiohydrolase | (EC 3.2.1.176)

Cel7A Trichoderma reesei TrCel7A (CBHI) Suurnéakki et al., 2000 I, IV

Corn QoSS wMALS' ricanacow)  Heiemesinc v

Cel7A Acremonium thermophilum AtCel7A (CBHI) Heat treated at 60°C, 2 h \%
Cellobiohydrolase Il (EC 3.2.1.91)

Cel6A Trichoderma reesei TrCel6A (CBHII) Suurnéakki et al., 2000 I, IV

Cel6A Chaetomium thermophilum CtCel6A (CBHII) ;i'ziifti;;eztzec?)ﬁi r?g(])otgl\i h 1\
Endoglucanases (EC 3.2.1.4)

Cel7B Trichoderma reesei TrCel7B(EGI) Suurnéakki et al., 2000 I, IV

Cel5A Trichoderma reesei TrCel5A (EGII) Suurnéakki et al., 2000 I, IV

Cel5A Ege,\;lr}"c"t"és‘jgia“ramiacus T TacelsA (EGI) Heat treated at 60°C, 2 h \Y%
B-glucosidase (EC (3.2.1.21)

Cel3A Aspergillus niger AnCel3A(BG) Sipos et al., 2010 [\

Cel3A Thermoascus aurantiacus TaCel3A(BG) Heat treated at 60°C, 2 h \%
Xylanase (EC 3.2.1.8)

Xyn10A Thermoascus aurantiacus TaXynl0 Heat treated at 60°C, 2 h \%

Xyn1l1lA Trichoderma reesei TrXyn11(XYLI) Tenkanen et al., 1992 I, IV

XynllA Nonomurea flexuosa NfXyn11A Heat treated at 60°C, 2 h \%
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3. Materials and methods

3.2.2 Hydrolysis experiments

The hydrolysis experiments were typically carried out at 1% dry matter (d.m.)
content, at 45°C, pH 5.0 in a 50 mM sodium acetate buffer for various time peri-
ods. For thermostable enzymes higher temperatures, 52-55°C were applied. In
addition, hydrolysis at higher d.m. content (8-12%) was studied (Publications I, IV).
The cellulase dosage was 2-20 FPU/g d.m (Publications I, Ill) or 4-15 mg pro-
tein/g d.m (Publications I, IV). B-Glucosidase dosage was 100-200 nkat/g d.m.
Hydrolysis reactions were stopped by boiling samples for 5 min (Publications 1, 11I, 1V)
or by adding 10 M NaOH (Publication IV). The hydrolysates were diluted to 1% d.m.
content (when necessary) and supernatants were collected by centrifugation.

The release of soluble sugars in the enzymatic hydrolysis was monitored by
analysing the reducing sugars by the DNS-method (Bernfeld, 1955) with glucose
as a standard (Publications 1, Ill, IV) or by high performance anion exchange
chromatography (HPAEC) to detect the content of monosaccharides and oligo-
saccharides in the hydrolysates (Publications I, I1l).

The optimal enzyme mixtures were determined by statistically designed exper-
iments using Modde software (Umetrics, Sweden) for hydrothermally pretreated
wheat straw, alkaline oxidised bagasse and for steam exploded bagasse. The
design of experiments is presented in Appendix 5 (Tables 1-4). After hydrolysis
experiments the hydrolysis results were analysed and modelled by Modde as
described in publication IV.

3.3 Ethanol fermentation

The fermentation of pretreated lignocellulosic substrates was carried out as simul-
taneous saccharification and fermentation at 10-12% d.m. content after 6-24 h
prehydrolysis in oil lock shake flasks as described in publications | and IIl. Prehy-
drolysis was carried out with a commercial enzyme mixture Celluclast + Novozym
188 (10 FPU/g+100 nkat/g) or Cellic Ctec2+Htec (13.5 mg/g+1.5 mg/g). Prehydro-
lysed substrates were inoculated using 3.5 g/l of yeast strains VTT B-03339 or
Red Star (LeSaffre). Fermentation was followed by measuring the mass loss due
to formation of CO, and analysing ethanol from the broth by HPLC as described in
publications | and Ill.
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4. Results and discussion

4.1 Potential Nordic raw materials for a sugar platform
biorefinery

The availability and the costs of raw materials are important factors in the feasibil-
ity of sugar platform biorefineries. Switchgrass and residues from the production of
corn (e.g. corn stover) belong to the most studied gramineous raw materials for
sugar platform biorefineries. In northern climates the growth conditions significant-
ly limit the selection of potential raw materials. Cultivation of many grasses is not
feasible, or even possible due to climate conditions. On the other hand, a com-
mercial scale production plant requires a constant supply of raw materials irre-
spectively of the harvesting season. It is probable that several different raw mate-
rials are required to meet the needs in different production seasons. Thus, new
feedstocks especially suitable for northern climates are required.

Reed canary grass (Phalaris arundinacea L.) is a perennial grass species that
can be cultivated in different kinds of low value areas such as bogs after peat
production, and in fields which are not needed for food production. The annual
production can be 7-8 tons dry matter per hectare (Saijonkari-Pahkala, 2001).
Reed canary grass has attracted considerable interest as an energy crop for the
production of heat and electricity by combustion and as a cellulosic raw material
for paper manufacturing (Hadders and Olsson, 1997; Saijonkari-Pahkala, 2001).
Reed canary grass has also been proposed as a raw material for the production of
ethanol (Belkacemi et al., 1997; Dien et al., 2006; Digman et al., 2010) and biogas
(Lakaniemi et al., 2011). The cultivation of reed canary grass has been relatively
limited and the cultivated area was approximately 15 000 ha in Finland in 2011
(TIKE, 2012), corresponding to an annual production of 0.1 Mt. Wheat straw and
barley straw are important side streams from grain production in Europe and their
production, 133 and 44 Mt/a, respectively, is significantly higher than the produc-
tion of reed canary grass.

Reed canary grass and barley straw were found to have a high carbohydrate
content, which is essential for a raw material in a sugar platform biorefinery (Publi-
cation I). The carbohydrate contents of the studied reed canary grasses were 56—
64%. Similar values have also been reported in the literature (Table 10; Finell et al.,
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2011), and the value is comparable to the contents of wheat straw (57-59%) and
barley straw (56—-68%). The glucose and xylose yields of reed canary grass after
steam explosion and enzymatic hydrolysis were 82—89% and 87—94%, respective-
ly, whereas for barley straw the yields were slightly higher, 90% and 97%. The
yields reported in the literature for wheat and barley straws are at a similar level.
The fermentation yields from glucose were 82% and 74% for pretreated reed
canary grass and barley straw, respectively. These results were similar to those
reported in the literature for reed canary grass, barley and wheat straws. Due to
the relatively high pentose content, high potential improvement in ethanol concen-
tration could be obtained by using a yeast that could ferment pentoses efficiently.

In Finland, reed canary grass is typically harvested in the spring for combustion
purposes. When harvested in the spring, the water content of the biomass has
decreased to a level enabling storage without additional drying. This so called
delayed harvesting also supports the density and survival of the grass plantation
(Saijonkari-Pahkala, 2001). On the other hand, dry matter losses as well as sugar
losses occur during the winter time (Hadders and Olsson, 1997; Landstrom et al.,
1996). The ash content of the biomass decreases, whereas the proportion of stem
and fibre content increases during the winter (Pahkala and Pihala, 2000). Consist-
ently with this, the cellulose content of reed canary grass harvested in the spring
was significantly higher than that of the autumn-harvested crop (Publication I). On
the other hand, the autumn-harvested crop contained fructose, which may have
originated from water soluble fructan polysaccharides or from sucrose (Dien et al.,
2006). The degree of hydrolysis of reed canary grass harvested in the spring was
higher than that of the autumn-harvested crop, probably due to more efficient
xylan removal in the pretreatment. Ageing in the field during winter might also
have brought about chemical and physical changes improving the efficiency of the
steam explosion.

Results indicated that reed canary grass and barley straw are potential lignocel-
lulosic feedstocks for a sugar platform biorefinery. The reed canary grass harvest-
ed in the spring had a higher degree of hydrolysis than the autumn-harvested
crop. Thus, in addition to the other advantages of the spring harvest, reed canary
grass harvested in the spring is a favourable raw material for a sugar platform
biorefinery. Other grasses and reeds, such as common reed or surplus forage,
would be interesting options for future studies.
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Table 10. Reed canary grass, wheat straw and barley straw as raw materials for sugar platform biorefineries.

Raw material Carbohydrate Yield (%) ? Ethanol yield Reference
content (%) °
(% of d.m.) Glucose Xylose
Reed canary grass  Autumn 56 82 94 nd Publication |
Spring 64 89 87 82 Publication |

52-60 nd nd 83 Dien et al., 2006; Digman et al., 2010

Wheat straw 57-59 75 69 93¢ @stergaard Petersen et al., 2009;
Thomsen et al., 2008

Barley straw 68 90 97 74 Publication |

56-60 92 67 82 Linde et al., 2007; Linde et al., 2006

% Yield in pretreatment and hydrolysis from raw material glucose and xylose
® Ethanol yield calculated from glucose
nd= no data available

¢ high enzyme dosage of 30 FPU/g was applied compared to 10 FPU/g in publication |
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4.2 Development of alkaline oxidation pretreatment

Various pretreatment methods have been developed to improve enzymatic hydrolysis
of lignocellulosic raw materials. Economic evaluation of the most promising methods
has shown that none of them are clearly superior (Table 4). Thus new methods
still need to be developed. In this work, a new alkaline oxidation pretreatment was
developed to efficiently fractionate lignocellulosic materials and to produce a car-
bohydrate fraction with high enzymatic hydrolysability (Publications II, Iil).

4.2.1 Optimizing the treatment conditions for alkaline oxidation

Alkaline oxidation of spruce was studied in various treatment conditions with tem-
perature, amount of oxygen, treatment time, presence of catalyst and alkali source
as variables (Publications I, lll). The effects of the different treatment conditions
on the fractionation of lignocellulose and on enzymatic hydrolysability are summa-
rized in Table 11.

In alkaline oxidation, a clearly lower temperature, 120-140°C was required as
compared to steam explosion which was conducted at 200-215°C. On the other
hand, the residence time in alkaline oxidation was relatively long, typically 4-20 h,
compared to about 5-15 min in steam explosion. The oxidative conditions were
provided by using 10 bar oxygen pressure and by a varying degree of reactor fill
(10-75%). Alkaline conditions were achieved by addition of sodium carbonate to a
concentration of 0.25 mol/l. The most significant difference compared to wet oxida-
tion treatment was that the conditions were alkaline throughout the reaction,
whereas wet oxidation is carried out with lower alkali dosages and the reactions
have been reported to occur at least partly in acidic or neutral conditions (Klinke et
al., 2002). However, the alkali dosage was not optimized in this study.

Alkaline oxidation (AlkOx) was efficient in the fractionation of spruce, birch and
sugar cane bagasse into a cellulose-rich solid fraction and a solubilized fraction
(Publication 1l1). In contrast to steam explosion, a state-of-the-art technology that
was studied for comparison, alkaline oxidation dissolved lignin and part of the
hemicellulose, whereas steam explosion dissolved mainly hemicellulose. Cellulose
remained mainly in the solid fraction after treatment by both methods. The chemi-
cal reactions in alkaline oxidation are described in more detail in Section 4.2.4.
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Table 11. Effect of different parameters in the alkaline oxidation treatment of
spruce on dissolution of lignin and hemicellulose and on enzymatic hydrolysability.
(+) increasing, (-) decreasing, and (+/-) no significant effect. nd = no data.

Change in Dissolution of Formation Enzymatic Reference
conditions lignin and of organic hydrolysability

hemicellulose acids
Increased tempera- Publication III,
ture (from 120°C to + nd + unpublished
140°C) data
Increased degree of Publication 1,
reactor fill (from - - +/- unpublished
10% to 50%) data
Increased tempera- Publication II,
ture with decreased + + + unpublished
reactor fill data
No oxygen (Argon ) nd ) Publication 111
pressure)
Decreased particle + nd + Unpublished
size data
Decreased time Publication II,
from 20 hto 4-5h - nd - unpublished
with chips data
Copper- Publications
phenanthroline + + + 11, 1
catalyst
Alkali source Publications

(Na,CO3, NaOH, +- +- +- I, 1l
KOH, Ca(OH),)

The cellulose in the alkaline oxidised materials was very easily hydrolysed to glu-
cose: in pretreatment and hydrolysis by a commercial enzyme mixture (Celluclast
1.5L + Novozym188), 84%, 91% and 97% yield was obtained within 72 hours from
spruce, birch and sugar cane bagasse, respectively, using an enzyme dosage of
10 FPU/g d.m.+100 nkat/g. After steam explosion (SE) the corresponding values
were clearly lower for spruce (52%) and bagasse (78%), whereas with birch the
yields were similar (93%). The applied alkaline oxidation conditions were similar
for spruce, bagasse and birch. Thus, alkaline oxidation showed flexibility with
respect to raw material. However, the conditions for sugar cane bagasse and birch
were not optimized and the optimum might be milder due to the lower lignin con-
tent compared to spruce.
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4.2.2 Hydrolysis and fermentation of alkaline oxidised materials

The alkaline oxidised fibre fraction could be efficiently fermented to ethanol after a
short prehydrolysis with commercial enzymes (Figure 4; Publication 1ll). Alkaline
oxidised sugar cane bagasse and spruce were fermented efficiently in 12% d.m.
content using a commercial yeast (RedStar, LeSaffre) able to utilize only C6 sug-
ars. The ethanol yield from hexoses in the pretreated fibre fraction was 80% of the
theoretical yield in 1-3 days fermentation. On the other hand, ethanol production
from steam exploded and prehydrolysed bagasse and spruce in the corresponding
conditions was slow and 39% and 32% ethanol yields from hexoses were obtained
respectively after 6 days SSF. The highest ethanol concentration, 49 g/l, was
obtained with alkaline oxidised spruce at 12% d.m. content of fibre. The ethanol
concentration obtained from alkaline oxidised bagasse was clearly lower, 38 g/,
due to the lower content of hexoses in the substrate. The enzymatic hydrolysis
limited significantly the fermentation of steam exploded materials. The most prob-
able reason for this was non-productive adsorption and decreased accessibility of
enzymes caused by residual lignin. Steam explosion has been shown to increase
enzyme adsorption on lignin (Rahikainen et al., 2013). By contrast, hydrolysis of
alkaline oxidised materials evidently did not limit the fermentation to the same
extent as the hydrolysis of steam exploded material, and ethanol production from
hexoses was efficient.

100

—8— AlkOx spruce
—o— AlkOx bagasse
—A— SE spruce

—o— SE bagasse

Ethanol (% of theoretical)

Time (d)

Figure 4. SSF of alkaline oxidised (AlkOx) spruce and sugar cane bagasse and
steam exploded (SE) spruce and bagasse at 12% d.m. content at 35°C. 6 hours
prehydrolysis was carried out with Cellic Ctec2+Htec enzyme mixture (enzyme
ratio was 90:10; total dosage 15mg/g) at 50°C, pH 5 before inoculation with a
commercial yeast, Red Star. Ethanol yields were calculated from the measured
mass loss during fermentation.
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4.2.3 Effect of particle size in alkaline oxidation pretreatment

Mechanical pretreatments such as chipping, cutting and grinding are often applied
before chemical pretreatments to improve the mass transfer and pretreatment
efficiency. Due to the high energy consumption of mechanical pretreatments,
excessive particle size reduction should be avoided. When the efficiency of 4
hours alkaline oxidation was studied in the fractionation of spruce chips either with
or without a catalyst, the treatment yielded a non-homogeneous material consist-
ing of dark brown spruce chips in a matrix of yellow pulp (Publication II). Fractiona-
tion and dissolution of lignin was less efficient than with sawdust. Therefore, it
appeared that the mass transfer of alkali and oxygen in these larger particles was
limited to the surfaces and the smallest particles.

Particle size reduction was studied as a method to improve the efficiency of
short alkaline oxidations (Figure 5, unpublished results). Spruce chips were
ground coarsely in a hammer mill or powdered in a hammer mill followed by circu-
lation (5 x) in a sieve plate press. After mechanical pretreatments, materials were
alkaline oxidised at 120°C as described in publications Il and Il but 5 hours oxida-
tion time was applied instead of 20 h oxidation. In addition, alkaline oxidation of
sawdust was carried out for comparison.
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0 . . . . .
No Chips, Hammer Sawdust, Sieveplate Chips,
treatment  120°C milling 120°C  grinding 140°C
(coarse), (fine),
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Figure 5. Effect of mechanical pretreatments and treatment temperature on alka-
line oxidation of spruce. Carbohydrate composition of spruce raw material without
alkaline oxidation (no treatment) and washed fibre fractions after alkaline oxidation
at 120°C (or 140°C), for 5 hours. Unpublished results.

Particle size reduction had a clear effect on delignification in alkaline oxidation,
and on carbohydrate content and composition of the produced fibre fraction
(Figure 5). Compared to the reference treatment, spruce chips processed at
120°C, all the treatments including reduced particle size produced material having
higher cellulose content and evidently lower lignin content. Part of the hemicellu-
lose, both galactoglucomannan and arabinoglucuronoxylan, was solubilised and

60



4, Results and discussion

the proportion of hemicellulose to total carbohydrate content in the treated solids
decreased with decreasing particle size. Interestingly, the content of hemicellulose
in the fibre fraction remained almost constant regardless of particle size. Powder-
ing of wood by sieve plate grinding increased delignification and solubilisation of
hemicellulose in alkaline oxidation, whereas with the other particle size reduction
methods the impact was less pronounced.
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Figure 6. Effect of mechanical pretreatments and oxidation temperature on enzy-
matic hydrolysis of washed fibre fraction after alkaline oxidation at 120°C (or
140°C), for 5 hours. Hydrolysis in test tubes at 45°C, 1% d.m. content with en-
zymes Celluclast 1.5L (10 FPU/g d.m.) and Novozym 188 (100 nkat/g d.m.). Hy-
drolysis products were analysed as reducing sugars. Unpublished results.

Particle size reduction before alkaline oxidation also improved the enzymatic hy-
drolysis of the obtained solid fraction (Figure 6). The degree of hydrolysis was
increased by over 25% compared to the degree of hydrolysis obtained with spruce
chips when using a treatment temperature of 120°C. The highest hydrolysis yield
was obtained with the smallest particle size, i.e. after sieve plate grinding. A slight-
ly lower degree of hydrolysis was obtained with hammer milled spruce and saw-
dust with a particle size of approximately 2-5 mm. Consistently with this, grinding
to a particle size below 1 mm was reported to give no additional improvement in
lime treatment of corn stover (Chang et al., 1997). Although hammer milled spruce
and sawdust had about the same particle size, delignification was slightly more
efficient with sawdust, probably due to different shapes and surface areas of the
particles obtained by the two methods. However, no significant difference was
found in enzymatic hydrolysability. Improved accessibility of oxygen and alkali to
the target compounds in alkaline oxidation treatment, and more homogeneous
processability are the most probable reasons for increased pretreatment efficiency
with reduced particle sizes.
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4.2.4 Chemical reactions and modification of biomass in alkaline oxidation

Alkaline oxidation combines the effects of alkaline and oxidative treatments, and
several reactions take place simultaneously during the treatment. Hemicellulose
and lignin are dissolved, oxidised and partially degraded, and carboxylic acids are
formed. The effect of alkaline oxidation on the main chemical components was
followed with spruce (Publication II).

Polysaccharides can degrade in alkaline oxidative conditions through peeling
reactions from chain ends and by random chain cleavages (Theander, 1980). In
alkaline oxidation, either with or without a catalyst, cellulose remained mostly in
the solid fraction throughout the 20-hour oxidation. Although cellulose is more
resistant to degradation than hemicellulose, glucan losses did occur, ranging from
0 to 16% of raw material glucose (Publication Il, Table 2). Taking into account the
glucose present in galactoglucomannan, up to 11% cellulose losses occurred.
Swelling, crystal structure change from cellulose | to cellulose I, decrease in the
crystallinity of cellulose and improved hydrolysis have been observed as a result
of alkaline pretreatments (Mittal et al., 2011). These changes can also contribute
to high enzymatic hydrolysability of alkaline oxidised materials. On the other hand,
extensive oxidation of reducing ends in cellulose has been reported to decrease
significantly the susceptibility of the substrate to CBH activity (Xu et al., 2009a).
Steam explosion resulted in high cellulose yield in pretreatment, but significantly
lower enzymatic hydrolysability (Publication Ill, Tengborg et al., 1998).

Hemicellulose was partly solubilized during alkaline oxidation of spruce. Signifi-
cant dissolution of hemicellulose, both galactoglucomannan and arabinoxylan,
was observed already after one hour of treatment (Publication Il, Figure 5). Ap-
proximately half of the hemicellulose was dissolved in the first four hours. Size
exclusion chromatography (SEC) with RI detection showed that polysaccharides
were mainly dissolved as small fragments of oligosaccharides with My, ranging
between 600 and 1600 (Publication I, Figure 3). In addition to solubilisation of
hemicellulose, removal of acetyl substitutions has been reported with alkaline
pretreatments; both of these effects can significantly enhance the enzymatic hy-
drolysis (Selig et al., 2009). The carbohydrate yields after fractionation in various
conditions showed that significant hemicellulose losses occurred during alkaline
oxidation (Publication Il, Table 2). Especially the yield of galactoglucomannan was
low, 40-72% and 23-79% for mannose and galactose, respectively. The xylose
yield varied between 66% and 92%. A larger proportion of galactoglucomannan
than that of xylan was solubilized in alkaline oxidation of spruce, which probably
made mannans more susceptible to oxidation. Oligosaccharides and monosac-
charides can be oxidised to organic acids or even CO; and water in alkaline oxida-
tion, whereas no furfural is produced in alkaline conditions (Klinke et al., 2002).
Steam explosion was also efficient in the dissolution of hemicellulose (Publication
Il). However, in acidic conditions degradation of pentoses and formation of fur-
furals can occur, especially with increasing severity (Stenberg et al., 1998).
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During alkaline oxidation of spruce, oxidation, degradation and dissolution of
lignin was observed. The lignin content of the dissolved fraction ranged from 6—
20% of raw material d.m. after oxidations. In catalysed alkaline oxidation, one third
of lignin in the raw material was dissolved already in one hour reaction time, and
two thirds after four hours, but after that only minor changes occurred in the lignin
content (Publication I, Table 4). Oxidative conditions have been shown to in-
crease dissolution of lignin in lime treatments (Chang et al., 2001). The catalyst in
alkaline oxidation, copper-phenanthroline complex, increased the degradation of
lignin: precipitation yields of the dissolved lignin were higher for alkaline oxidation
without catalyst than in the presence of catalyst, indicating increased degradation
of lignin by the catalyst. Size exclusion chromatography with UV detection con-
firmed that the solubilized lignin had a lower molecular weight distribution and was
thus more degraded after 20 h alkaline oxidation in the presence of catalyst than
without catalyst (Publication I, Table 3). Removal of lignin has been suggested to
increase the access of enzymes to the remaining polysaccharides and to de-
crease the non-productive binding of cellulases (Kumar et al., 2012).

The degradation products, organic acids, were analysed from the dissolved
fraction. After alkaline oxidation, the total content of organic acids varied from 10%
to 22% of raw material d.m. Formic and acetic acids were the dominating organic
acids. A similar composition of degradation products has been observed in wet
oxidation of wheat straw (Bjerre et al., 1996). Organic acids can be formed in
alkaline oxidative conditions by hydrolysis of acetyl groups from hemicellulose,
and through oxidation of carbohydrates and lignin (Rovio et al., 2011; Sjéstrom,
1993). Almost 50% of the maximum content of acetic acid and formic acid was
generated during the first hour of catalytic oxidation and the rest was formed dur-
ing the following 3-7 hours. The formation of the other main carboxylic acids,
including glycolic, oxalic, and 2,5-dihydroxy pentanoic acid, also occurred mainly
during the first 4 hours.

4.2.5 Process conditions in alkaline oxidation

The lignocellulosic raw materials were fractionated by alkaline oxidation. The
compositions of different fractions obtained by alkaline oxidation of spruce at 120—
140°C for 4-20 h are presented in Table 12.

High water and chemical consumption increases the costs of the pretreatment.
Alkaline oxidations were carried out at relatively low d.m. contents of 5% using a
liquid/wood ratio of 19-20. A significant amount of alkali, 0.5 g/g (NaCOs/wood
d.m.) was applied in alkaline oxidation. In addition to sodium carbonate, several
other alkalis, Ca(OH),, NaOH or KOH, were also shown to be possible alternatives
(Publications I, 111). The process should be optimized to minimize the amount of
alkali required in the treatment. Efficient recovery and recycling of alkali are also
needed to minimize the costs of chemicals in commercial processes.
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Table 12. Raw materials, chemicals and the composition of product streams in
alkaline oxidation of spruce (Publications II, l1).

Component Content
(% of raw material d.m.)

Raw materials

Spruce 100
Water 1900-2000
Oxygen 8-12
Na,CO; 53
CuSOQy (in catalytic oxidation) 0.45
Phenanthroline (in catalytic oxidation) 0.59
Solid fraction

Hexoses 40.5-56.8
Pentoses 2.0-5.9
Lignin (insoluble) 10.4
Ash 4.5
Extractives (heptane extraction) 0.5
Dissolved fraction

Hexoses 0.4-3.2
Pentoses 0.5-3.1
Lignin (dissolved) 10.0-19.5
Organic acids 9.9-21.7

The function of a catalyst is to increase the rate of the reaction. Consistently with
this, catalytically assisted alkaline oxidation by a copper-phenanthroline complex
dissolved more carbohydrates than oxidation without a catalyst, especially those
originating from galactoglucomannan and arabinoxylan (Publication II). Increased
degradation of lignin was also observed. Thus, catalysed alkaline oxidation might
enable shorter reaction time than the alkaline oxidation without the catalyst. On the
other hand, the use of a catalyst increases chemical costs, and the used catalyst
components, phenanthroline and CuSO,, are toxic, which emphasizes the need for
recycling. The recycling would need additional equipment and process development.

The role of oxygen is essential in alkaline oxidation. Oxygen pressure of 10
bars was applied and oxygen consumption, based on the measured pressure drop
in alkaline oxidation, was 80-120 g Oz/kg wood. The alkaline treatment using
argon gas pressure instead of oxygen revealed that oxidative conditions enhanced
radically both solubilisation in the pretreatment and enzymatic hydrolysability of
the produced solid fraction (Publication Ill). Only 9% glucose yield (% of glucose in
the fibre) in the enzymatic hydrolysis of the fibre fraction was obtained from pre-
treatment of spruce in argon pressure compared to over 90% vyield with material
pretreated in oxygen pressure. In lime pretreatment, oxygen addition has been
shown to increase the pretreatment efficiency with materials having high lignin
content, such as poplar and softwood (Chang et al., 2001). Oxidation of lignin is
the most probable reason for improved dissolution and delignification.

The effect of the oxygen concentration on pretreatment efficiency was studied
by filling the reactor to different levels of substrate-liquid suspension. The reactor
fill i.e. liquid/gas ratio had a clear impact on the solubilisation and oxidation during
the alkaline oxidation in the presence or absence of the catalyst. More carbohy-
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drates and lignin were dissolved in 4 and 20 hour oxidations with a lower reactor
fill (Publication 1l, Figure 1). These effects were also reflected as improved enzy-
matic hydrolysis. The formation of acids was also significantly higher when a lower
reactor fill (10% and 25% of total volume) was used compared to using higher
reactor fill (50% and 75%) (Publication Il, Figure 4). In addition to higher oxygen
concentration, the lower reactor fill might have improved mixing of the suspension,
decreased concentration gradients, and increased the solubilisation of oxygen
throughout the reaction. From a process economy point of view, the lower reactor
fill would mean larger reactors and subsequently increased capital costs. To scale-
up the alkaline oxidation method, development of special reactors enabling effi-
cient mixing and oxygen transfer would be required.

Residence time of the process should be as short as possible in order to minimize
process and investment costs. Alkaline oxidation could be shortened from 20 hto 5 h
by particle size reduction. Alternatively, the higher temperature (140°C) in alkaline
oxidation enhanced the efficiency of the pretreatment (Figure 5, Figure 6). However,
both grinding and higher reaction temperature would increase the energy consumption.

Preliminary techno-economic evaluation of process concept using alkaline oxidation
pretreatment has been carried out outside this study (Biorefine programme report,
2012). The feasibility study indicated that the key cost elements for the concept were
raw material costs and the capital costs related to alkaline oxidation pretreatment and
energy production. Significant savings in capital costs of alkaline oxidation could be
obtained by repurposing kraft mills and utilizing existing infrastructure.

4.3 Improved enzymatic hydrolysis by efficient pretreatment
and optimization of enzyme mixtures

Despite intensive development of cellulolytic and hemicellulolytic enzymes, enzyme
cost is still an important factor in processes hydrolysing lignocellulose to monosaccha-
rides. The expenses can be decreased by lowering the enzyme price or by reducing
their consumption. The use of enzymes can be reduced by several ways as described
in Section 1.6.3. In this study, two ways to decrease enzyme dosages, namely efficient
pretreatments and optimized enzyme compositions, were studied.

4.3.1 Decrease in enzyme dosages by alkaline oxidation pretreatment

Lignocellulosic raw materials are modified structurally and chemically by pretret-
ment. An efficient pretreatment produces material with good enzymatic hydrolysa-
bility and thus also enables decreased enzyme dosages or shorter hydrolysis time
and affects process costs and feasibility.

Enzymatic hydrolysis with lower enzyme dosages was studied using alkaline
oxidised and steam exploded materials (Publication IIl). Cellulase dosage was
varied, whereas the B-glucosidase dosage was kept constant at 100 nkat/g d.m.
Enzymatic hydrolysability of sugar cane bagasse and birch was good with both
pretreatments using a dosage of 10 FPU/g d.m., which is a typical cellulase dos-
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age used for hydrolysis of various materials. The hydrolysis yield was already
100% in 24 h hydrolysis of pretreated sugar cane bagasse, whereas 80-100%
yield was reached with pretreated birch. The hydrolysis rate and the degree of
hydrolysis of alkaline oxidised bagasse decreased with decreased enzyme dosag-
es. Hydrolysis yields of 90% and 70% were obtained in 72 h with enzyme dosages
of 4 and 2 FPUJg, respectively (Figure 7). On the other hand, the hydrolysis of
steam exploded bagasse using the lower enzyme dosages stopped almost com-
pletely after 4 hours and even lower hydrolysis yields of 70% and 40% were ob-
tained with enzyme dosages of 4 FPU/g and 2 FPU/g, respectively. Lignin has
been shown to decrease the accessibility of enzymes to polysaccharides and to
cause unproductive binding of cellulases (Kumar et al., 2012; Palonen et al., 2004;
Rahikainen et al., 2013; Varnai et al., 2010). Easily hydrolysable material, oligo-
saccharides or small particles with high surface area probably increased the hy-
drolysis rate of steam exploded bagasse in the first 4 hours of hydrolysis. High
surface area has been shown to increase overall protein adsorption and to give a
higher initial rate of hydrolysis (Piccolo et al., 2010). With steam exploded and
alkaline oxidised birch, the hydrolysis levels were similar with similar dosage of
enzymes for 24 hours but after that the hydrolysis rate of steam exploded birch
decreased more steeply.

With steam exploded spruce, enzymatic hydrolysability was low and was further
decreased with lower enzyme dosages. By contrast, alkaline oxidised spruce had
high enzymatic hydrolysability and the degree of hydrolysis was clearly decreased
only when the enzyme dosage was lowered to 2 FPU/g. Although the pretreatment
conditions used (205°C, 15 min) were not optimal for spruce, steam exploded
spruce has often been found to be a challenging material to hydrolyse. It has been
reported that the enzymatic hydrolysis of steam pretreated softwood can be limited
even with enzyme dosages of 10-15 FPU/g without delignifying post-treatments
(Kumar et al., 2010; Kumar et al.,, 2011; Tengborg et al., 1998; Véarnai et al.,
2010). The decreased hydrolysis of steam exploded spruce can be due to de-
creased accessibility of enzymes to their substrates due to the high lignin content,
or to unproductive binding of cellulases. The lignin in steam exploded spruce has
been observed to be especially inhibitory to enzymes (Rahikainen et al., 2013).
Denaturation of enzymes in prolonged contact with lignin at hydrolysis tempera-
ture has also been observed (Rahikainen et al., 2011). Obviously, with steam
exploded spruce having a high lignin content, these effects were more profound
than with alkaline oxidised spruce. The results clearly showed that alkaline oxida-
tion pretreatment enabled the use of lower enzyme dosages or shorter hydrolysis
time compared to steam exploded materials.

Further decrease in enzyme costs can be obtained by enzyme recycling. Cellu-
lases have been shown to adsorb to substrate in the beginning of hydrolysis
(Boussaid and Saddler, 1999; Varnai et al., 2011b). With materials having high lignin
content, cellulases remain bound, which limits the recycling of enzymes. On the
other hand, after delignifying pretreatments desorption of enzymes has been ob-
served (Boussaid and Saddler, 1999; Varnai et al., 2011b). Increased desorption of
enzymes in alkaline oxidised materials could make recycling of enzymes possible.
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Figure 7. Effect of enzyme dosage and pretreatment type on enzymatic hydrolys-
ability of steam exploded (SE) and alkaline oxidised (AlkOx) bagasse (A), birch
(B), and spruce (C). Enzymatic hydrolysis at 1% d.m. consistency, 45°C, pH5, with
Celluclast1.5L(2—-10 FPU/g) and Novozym 188 (100 nkat/g). (Publication III)

67



4, Results and discussion

4.3.2 Enzyme mixture optimization

Optimal enzyme composition can provide maximal synergistic effect and thus an
improved degree and rate of hydrolysis can be obtained with a minimal enzyme
loading. Therefore the use of optimal enzyme compositions for a particular pre-
treated raw material can minimise enzyme dosages and the costs of enzyme
treatment. There are several options in designing optimal enzyme compositions for
the hydrolysis of lignocellulosic raw material. In this thesis, supplementation of a
commercial enzyme mixture with the rate limiting enzyme activities (Publication 1),
and development of optimized enzyme mixtures from monocomponent enzymes
(Publication 1V) were studied in the hydrolysis of pretreated materials.

4.3.2.1 Supplementation of commercial enzyme mixtures

B-Glucosidase activity is essential in the total hydrolysis of lignocellulosic sub-
strates, although conventional Trichoderma reesei mixtures are known to contain
insufficient B-glucosidase activity. Supplementation of commercial T. reesei en-
zyme mixtures with a commercial B-glucosidase (Novozym 188) was studied in the
hydrolysis of pretreated reed canary grass and barley straw. Hydrolysis by all
three different conventional commercial cellulases showed clear improvement by
the addition of commercial B-glucosidase (Publication |, Table 3). In addition to
improved production of glucose, the yield of xylose was also slightly enhanced by
additional Novozym 188 due to some minor hemicellulase activities present in the
commercial enzyme. It has been observed that the increased hydrolysis of cellu-
lose synergistically enhances the hydrolysis of xylan in the complex lignocellulose
material (Varnai et al., 2011a). The hydrolysis of side groups of xylan and mixed
xylo-oligomers might also have been improved by the side activities in the B-
glucosidase preparation. Arabinose analysis of the hydrolysates supported this
hypothesis, as detectable concentrations of arabinose were obtained only when (-
glucosidase was applied. Synergy between xylanases and cellulases in the hy-
drolysis of pretreated raw materials has frequently been observed (Hu et al., 2011,
Kumar and Wyman, 2009).

The possibility to further enhance the hydrolytic performance of a commercial
T. reesei cellulase mixture (Econase CE+Novozym 188) by the addition of poten-
tial rate-limiting enzymes was studied in the hydrolysis of steam exploded reed
canary grass by overdosing the mixture with the major cellulases and xylanase
(Publication 1). It has been reported that the optimal enzyme composition for total
hydrolysis can be significantly different from that produced by T. reesei (Rosgaard
et al., 2007; Zhou et al., 2009). The addition of Cel6A (CBHII) at a level of 5 mg/g
cellulose improved the hydrolysis of the washed solid fraction of steam exploded
reed canary grass most significantly, by 13% after 48 hours hydrolysis (Figure 8).
This increase was observed in all time points, although standard deviations were
relatively high in some points. The hydrolysis yield was also enhanced by the
addition of Cel7B (EGI). In addition to endoglucanase activity, Tr Cel7B is also
reported to have strong hemicellulolytic side activities (Bailey et al., 1993; Vlasen-
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ko et al., 2010). Consistently with this, a high proportion of Cel6A and Cel7B has
been observed in optimized mixtures for the hydrolysis of steam pretreated barley
straw and corn stover (Rosgaard et al., 2007; Zhou et al., 2009). Supplementation
with Cel7A (CBHI) and xylanase Xyn11A had a lower effect in 48 h hydrolysis, and
supplementation with Cel5A (EGII) had practically no effect in the hydrolysis. Thus
the amount of Cel5A was not considered to limit the rate or degree of hydrolysis of
steam exploded reed canary grass.

100
£ =
28 8 DE+N
°%
Q5 @ E+N+Cel7A
23 60
=% M E+N+Cel6A
e o
TR 40 D E+N+Cel7B
I
OE+N+Cel5A
20
B E+N+XynllA
0 T ONo enzymes

0 6 24 48
Hydrolysis time (h)

Figure 8. Effect of supplementation of a commercial enzyme mixture (Econase
CE +Novozym 188, E+N) with purified T. reesei enzymes Cel7A, Cel6A, Cel7B,
Cel5A, or Xynl1A in the hydrolysis of washed solid fraction of steam exploded
reed canary grass (spring harvest). Enzyme dosages were for Econase CE
10 FPU/g cellulose, for Novozym 188 100 nkat/g cellulose, and for the purified
enzymes 5 mg/g cellulose. Hydrolysis conditions were 1% cellulose content, 45°C,
pH 5. Hydrolysis products were analysed as reducing sugars (Publication I).

4.3.2.2 Optimization of enzyme mixtures from monocomponent enzymes for the
hydrolysis of pretreated raw materials

Optimal enzyme mixtures were developed for the hydrolysis of alkaline oxidised
and steam exploded sugar cane bagasse and hydrothermally pretreated wheat
straw by statistically designed experiments (Publication V). Most of the optimiza-
tions of enzyme mixtures studied in the literature have been carried out using
cellulases from Trichoderma sp. In this work, optimal enzyme mixtures were de-
termined by using thermostable enzymes Cel7A from Acremonium thermophilum,
Cel6A from Chaetomium thermophilum, Cel5A, Cel3A and Xyn10A from Thermo-
ascus aurantiacus and the optimal mixture was compared to the best mixture
obtained using Trichoderma reesei enzymes. The enzyme mixture compositions
and the hydrolysis yields are presented in Table 13. In addition, the results of
selected optimization studies in the literature are presented for comparison.
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For the different pretreated raw materials and hydrolysis times the optimal en-
zyme mixtures of thermostable enzymes contained 49—-73% Cel7A (CBH]I) of total
protein, 10-30% Cel6A (CBHIl), 6-16% Cel5A (EGII), 1-12% xylanase (Xyn10A),
and 2-5% Cel3A (BG). The optimal mixture of T. reesei enzymes for the hydrolysis
of pretreated wheat straw contained 39-42% Cel7A (CBHI), 32-34% Cel6A
(CBHII), 20-26% Cel7B (EGI), 1-2% Cel5A (EGII), 1% xylanase (Xynl11A), and
1-2% Cel3A (BG). The results of the statistically designed experiments were
mathematically modelled by the Modde program to describe the effect of each
component on the hydrolysis efficiency. Contour plots of the models showed broad
optimal areas (Publication IV, Figures 3 and 4) for the enzyme mixtures. Thus,
relatively high variations in the proportions of enzyme mixture components were
possible without significant impact on the degree of hydrolysis.

The optimal enzyme mixtures were dominated by cellobiohydrolases, the pro-
portion being 70-88% of total enzyme dosage in all the tested enzyme mixtures.
This is significantly higher than the proportion analysed from the commercial en-
zyme mixture Celluclast and higher than that naturally produced by T. reesei
(Shoemaker et al., 1983; Sipos et al., 2010). High proportions of cellobiohydrolas-
es have also been recommended in various other optimization studies carried out
on steam exploded raw materials (Billard et al., 2012; Rosgaard et al., 2007; Zhou
et al., 2009). The main component in all the enzyme mixtures was cellobiohydro-
lase Cel7A. With thermostable enzymes the proportion of Cel7A was clearly high-
er than that of Cel6A, whereas in T. reesei mixtures the role of Cel6A seemed to
be more significant. It is possible that the ratio of Cel7A and Cel6A is not as im-
portant as the total content of cellobiohydrolases (Cel7A+Cel6A), as the optimal
ranges for cellobiohydrolases were relatively broad (Publication V).

The proportion of endoglucanases and xylanase showed more variation in the
optimized mixtures. It appeared that hydrolysis of hydrothermally pretreated wheat
straw and alkaline oxidised bagasse required a significant amount of xylanolytic
activity, which was provided by either xylanase or by endoglucanase Cel7B. In
T. reesei enzyme mixture Cel7B appeared to be able to replace both Cel5A and
xylanase almost completely, whereas significantly higher proportions, 13—-16% and
8-12% of Cel5A and xylanase, respectively, were present in the optimized ther-
mostable enzyme mixture.
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Table 13. Optimal enzyme mixtures of various pretreated lignocellulosic substrates (Publication V).

Content (% of total protein dosage)

Raw material Pretreatment Cel7A Cel6A Cel7B Cel5SA  Xynl0Aor  Cel3A oher Hydrolysis yield (%) Ref.
(CBHI) (CBHII) (EGI) (EGII) XynllA (BG)
Sugar cane bagasse SE 57-73 10-24 - 9-11 1-4 3-5 - 84-98 @
Sugar cane bagasse AlkOx 49-58 14-30 - 5-13 12 3 - 67-88 @
Wheat straw hydrothermal 52-56 17-19 - 13-16 8-12 2-3 - 51-74 @
Wheat straw hydrothermal 39-42 32-34 20-26 1-2 1 1-2 - 37-56 b
Wheat straw SE 40 27 15 6 12 * 0 68 ¢
Barley straw SE 27 47 27 0 - * * 56 d
Barley straw Hot water 20 43 37 0 - * * 56 d
Corn stover SE 27 35 21 - - 6 11 36 N
Corn stover AFEX 29 19 35 - 14 * 3 51 f
Corn stover AFEX 35 4 26 - 19 12 4 44 g
Corn stover Alkaline 49 4 34 - 4 4 41 g
Corn stover Alk. peroxide 43 4 30 - 11 4 58 g

AlkOx = alkaline oxidation, SE = steam explosion, AFEX = ammonia fibre explosion

* were present in the hydrolysis but were not in variables of optimization

& 24-72 h hydrolysis with thermostable enzymes (this study).

®24-72h hydrolysis with Trichoderma reesei and Aspergillus niger enzymes (this study).

© 48 h hydrolysis with T. reesei and A. niger enzymes (Billard et al., 2012).

924h hydrolysis with T. reesei cellulases and Novozym 188 (Rosgaard et al., 2007).

€ 72 h hydrolysis with T. viride cellulases (Zhou et al., 2009)

f24h hydrolysis with T. reesei, A. nidulans and A. niger enzymes (Gao et al., 2010a).

948 h hydrolysis with T. reesei, T. longibrachiatum and A. niger enzymes (Banerjee et al., 2010b).
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4, Results and discussion

On the basis of the studies carried out using thermostable enzymes some conclu-
sions could be drawn about the effect of pretreatment and raw material on enzyme
mixture composition. Firstly, more Acremonium thermophilum Cel7A (CBHI) was
needed in the optimal mixture for steam exploded bagasse than for alkaline oxi-
dised bagasse. Secondly, the hydrolysis of alkaline oxidised bagasse required at
least three times more xylanase than the hydrolysis of steam exploded bagasse.
The difference can be explained by the chemical composition of the materials.
Bagasse pretreated by alkaline oxidation had a very high xylan content, 24%,
whereas the xylan content of steam exploded bagasse was only 3%. Banerjee et
al. (2010b) observed that more xylanase (Tr Xyn10) was needed after AFEX than
after NaOH or alkaline peroxide pretreatments. Although no composition of pre-
treated raw materials was presented in the study of Banerjee et al. , it is probable
that AFEX treated material had a higher lignin content than NaOH and alkaline
peroxide treated materials and also potentially a higher hemicellulose content.
Therefore it appears that substrates with either high hemicellulose or high lignin
content require more xylanase to increase the accessibility of substrates to cellu-
lases. Thirdly, comparison of two raw materials, wheat straw and bagasse, pre-
treated with relatively similar methods showed that more At Cel7A and a lower
proportion of xylanase were needed with steam exploded bagasse than with hy-
drothermally pretreated wheat straw, although the carbohydrate compositions
were similar. The composition of the optimal enzyme mixture might be affected by
the higher enzyme dosage and degree of hydrolysis with steam exploded bagasse
than with wheat straw. Wheat straw substrate was used as dried sheet discs,
whereas the more homogeneous steam exploded bagasse was pipetted as a
never-dried slurry. Drying has been shown to decrease enzyme accessibility by
closing of larger pores, the effect being more profound with substrates containing
lignin (Esteghlalian et al., 2001; Luo and Zhu, 2011). It appears that drying-
induced decrease in accessibility has increased the role of xylanases in improving
the accessibility of cellulose to cellulase enzymes. Cell wall anatomy and micro-
structure can have significant impacts on optimal enzyme proportions in addition
to the content of lignin, cellulose and hemicellulose.

The performance of the optimal enzyme mixtures of thermostable enzymes was
evaluated by comparing the hydrolysis with that obtained using a mixture of Tricho-
derma reesei enzymes and using commercial enzymes (Figure 9; Publication 1V).
The optimal mixture of thermostable enzymes produced 64% yield in 48 hours
using an enzyme dosage of 6 mg/g, whereas the mixture of Trichoderma reesei
enzymes produced only 51% hydrolysis yield. The hydrolysis yield obtained by the
commercial enzyme mixture, Celluclast-Novozym 188 (10 mg/g+1000 nkat/g), was
68%. Novozym 188 preparation is reported to contain e.g. various cell wall de-
grading glucanases, amyloglucosidases, and some xylanolytic activity (Banerjee
et al., 2010b). The higher dosage and the accessory enzymes that were included
in the commercial mixture improved the hydrolysis result. Thus the optimal en-
zyme mixture of thermostable enzymes performed much better than the commer-
cial enzyme mixture in the hydrolysis of hydrothermally pretreated wheat straw.
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4, Results and discussion

The optimization experiments of wheat straw substrate were carried out using
dried wheat straw discs, as this made it possible to carry out a large number of
small scale experiments with the same substrate. The never-dried wheat straw
substrate was hydrolysed more easily than the dried substrate and the hydrolysis
yield was 86% in 48 hours (Figure 9). Drying has been shown to decrease enzyme
accessibility as discussed in the previous paragraph (Esteghlalian et al., 2001).
However, the degree of hydrolysis was clearly decreased when the dry matter
content was increased to 12%. It is probable that in the higher dry matter content
the hydrolysis requires a different optimal enzyme mixture.

Alkaline oxidation pretreated bagasse was hydrolysed very easily in high dry
matter content of 8% and the degree of hydrolysis was 90-100% with both the
optimized enzyme mixture and the commercial enzyme mixture (Figure 9). How-
ever, slightly faster hydrolysis was obtained using the commercial Cellic enzyme
mixture. With steam exploded bagasse the degree of hydrolysis was significantly
lower than in the hydrolysis of alkaline oxidation pretreated bagasse at 8% dry
matter content despite the higher enzyme dosage. The inhibitory effect of lignin is
the most probable reason for this. The optimal enzyme mixture for the hydrolysis
of steam exploded bagasse was slightly more efficient in the beginning of the
hydrolysis but after 48 hours a similar degree of hydrolysis, 81-82%, was obtained
with the commercial enzyme mixture (Publication 1V). The thermostable enzyme
mixture was composed of five enzyme component preparations. The accessory
enzymes present in Cellic but not in the thermostable enzyme might have im-
proved the rate and degree of hydrolysis. The accessory enzymes have been
found to be more important in the later stages of hydrolysis (Banerjee et al.,
2010c). Thus optimal enzyme mixtures could further be improved by including
other enzymes, such as arabinofuranosidases or LPMOs, needed for efficient and
complete hydrolysis of cell wall carbohydrates.
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Figure 9. Hydrolysis of hydrothermally pretreated wheat straw, alkaline oxidised
(AlkOx) sugar cane bagasse and steam exploded (SE) bagasse by an optimal
enzyme mixture of T.reesei enzymes (TrMix), thermostable enzymes (thermo
mix) and commercial enzymes for 24 h (A) and 48 h (B). The dry matter content
was 1-12% and enzyme dosage 4—-38 mg/g d.m. depending on the experiment. In
the hydrolysis of AlkOx and SE bagasse the commercial enzyme mixture was
Cellic Ctec2+Htec, 85%+15% of total protein and in hydrolysis of wheat straw a
mixture of Celluclast +Novozym 188 (C+N,10 mg/g +1000 nkat/g d.m). Hydrolysis
temperature was 45°C for TrMix and for C+N, and 52°C in the hydrolysis of wheat
straw with thermostable enzymes. The hydrolysis temperature with pretreated
bagasses was 52°C and 50°C, at 1% and 8% d.m. contents, respectively. Hydrol-
ysis yield was measured as reducing sugars.
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5. Conclusions and recommendations for
future studies

Alternative raw materials for biorefineries, a novel alkaline oxidation pretreatment
method and optimization of enzyme mixture compositions were studied in this
work. Reed canary grass and barley straw were shown to have high carbohydrate
content similarly to wheat straw, and they could thus be interesting alternatives or
supplementary raw materials for the production of sugars in a biorefinery, espe-
cially in a northern climate. Reed canary grass harvested in the spring had higher
cellulose content, more xylan was removed from it by steam explosion and the
pretreated fibre was hydrolysed more efficiently compared to the autumn harvest-
ed material. The modification of the raw material in the field during winter might
work as a partial pretreatment and bring out other advantages in raw material
properties, such as decreased moisture and ash contents. Thus, spring was found
to be a more suitable harvest time for the production of sugars from this material in
a biorefinery. Although the cultivation of reed canary grass is currently low, it could
be increased significantly e.g. in marginal land, without competing with food pro-
duction. The other potential raw materials such as common reed and surplus
forages would be interesting options for future studies.

Alkaline oxidation was found to be an efficient pretreatment method, fractionating
biomass into a carbohydrate-rich fibre fraction and a dissolved fraction containing
most of the lignin. Alkaline oxidised fibre showed high enzymatic hydrolysability
and the hydrolysis was also efficient at relatively high 12% dry matter content.
Compared to the 52% glucose yield obtained by steam explosion pretreated
spruce in pretreatment and hydrolysis, a significantly higher glucose yield of 84%
was obtained after alkaline oxidation pretreatment. The efficiency of alkaline oxi-
dation was also shown with different types of raw materials, such as spruce, birch
and sugar cane bagasse.

After alkaline oxidation, cellulose remained mainly in the solid fraction. Cellu-
lose losses were 0-11%, depending on the treatment conditions. The losses were
probably due to oxidation of cellulose. The structural changes of cellulose in alka-
line oxidation, the oxidation of cellulose and changes in cellulose crystallinity re-
quire further studies. Part of the hemicellulose, both galactoglucomannan and
xylan, was solubilised and further oxidised to other products and therefore hemi-
cellulose yields were relatively low. Up to 60% of mannan and 34% of xylan was
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lost in the pretreatment. The hemicellulose losses due to oxidation should be
minimized by further optimization of process conditions.

In addition to carbohydrates, alkaline oxidation treatment dissolved and oxi-
dised lignin. Alkaline oxidation produced a new type of lignin, which is oxidised
and sulphur-free, unlike the lignin separated from black liquor of the Kraft pulping
process. Sulphur-free oxidised lignin is a very interesting material and its proper-
ties and suitability for different applications should be investigated. However, the
heating value of lignin generated by alkaline oxidation is decreased due to the
oxidative nature of the pretreatment. Organic acids were formed in alkaline oxida-
tion as degradation products of both lignin and carbohydrates. Their formation
should be minimized by optimizing process conditions. The recovery and econom-
ical exploitation of organic acids should also be considered.

Various process conditions were studied using spruce as raw material to im-
prove the alkaline oxidation pretreatment. The pretreatment efficiency could be
improved by reducing the patrticle size of the raw material, by increasing the treat-
ment temperature from 120°C to 140°C, and by catalysing the reaction with a
copper-phenanthroline catalyst. The alkaline treatment of spruce without oxygen
pressure revealed that oxidative conditions enhanced radically both solubilisation
in the pretreatment and the enzymatic hydrolysability of the produced solid frac-
tion. In order to improve the feasibility of alkaline oxidation, optimized mechanical
pretreatments and oxygen supply should further be developed. In addition, alkali
dosages, solid to liquid ratios and treatment time and temperature should be opti-
mized for different raw materials in order to obtain high enzymatic hydrolysability
and yield. Advanced reactor systems providing efficient oxygen and mass transfer
throughout the reaction would enable higher solid to liquid ratios and possibly also
lower alkali dosages. Feasibility of the optimized alkaline oxidation process should
be evaluated in future studies.

Enzyme consumption and costs can be decreased by enhanced pretreatments.
Especially with spruce, alkaline oxidation pretreatment enabled the use of de-
creased enzyme dosages in the hydrolysis and thus significant reduction in en-
zyme costs or hydrolysis time could be obtained. With steam exploded materials,
high enzyme dosages were required to obtain high hydrolysis yield, most probably
due to the inhibitory effect of high lignin content.

The significant role of cellobiohydrolases in the hydrolysis of pretreated gra-
mineous raw materials was demonstrated in experiments studying the supplemen-
tation of commercial mixtures with purified enzymes as well as in optimization of
mixtures of individual enzyme components. The results indicated that cellobiohy-
drolase activity can be the limiting activity in the hydrolysis by commercial mix-
tures. With thermostable enzymes the proportion of Cel7A in the optimal mixture
was at least 50%, whereas with Trichoderma reesei enzymes almost equal
amounts of Cel6A and Cel7A were required. The results also indicated that mate-
rials having decreased accessibility to cellulose due to their high xylan content
required higher xylanolytic activity in optimal mixtures. The structural collapse
caused by drying of substrate might also have increased the need for high xylano-
Iytic activity in the case of pretreated wheat straw. It would be interesting in the
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future to study the effects of the addition of accessory enzymes such as debranch-
ing enzymes, different activities such as LPMOs and swollenins, or enzymes with
improved properties, in enzyme mixtures. The effect of higher dry matter content
as well as other hydrolysis conditions on enzyme mixture composition should be
evaluated in future studies.

The performance of optimal enzyme mixtures in hydrolysis was compared with
that of the commercial enzymes Celluclast and Cellic. The results showed that
significant improvement in the hydrolysis efficiency can be obtained by optimizing
the enzyme mixtures. Optimized thermostable enzyme mixtures of five compo-
nents hydrolysed pretreated materials as efficiently as commercial enzymes con-
taining a whole spectrum of supplementary activities. The results indicated signifi-
cant flexibility in the proportions of enzyme components leading to high hydrolysis
yields. Thus, instead of using monocomponent enzyme mixtures, optimized ratios
of commercial enzyme preparations are also one option to achieve efficient hy-
drolysis of lignocellulosic materials with minimum enzyme consumption.

77



References

Ademark, P., Lundgvist, J., Hagglund, P., Tenkanen, M., Torto, N., Tjerneld, F.,
Stalbrand, H., 1999. Hydrolytic properties of a B-mannosidase purified
from Aspergillus niger. J. Biotechnol. 75, 281-289.

Advanced Ethanol Council. 2013. Cellulosic Biofuels Industry Progress Report
2012-2013. Available at: http://www.biofuelstp.eu/cell_ethanol.html#ce8.
Accessed 8.11.2013.

Allen, S.G., Schulman, D., Lichwa, J., Antal, M.J., Laser, M., Lynd, L.R., 2001. A
comparison between hot liquid water and steam fractionation of corn fi-
ber. Ind. Eng. Chem. Res. 40, 2934-2941.

Alvira, P., Tomés-Pejo, E., Ballesteros, M., Negro, M.J., 2010. Pretreatment tech-
nologies for an efficient bioethanol production process based on enzy-
matic hydrolysis: A review. Bioresour. Technol. 101, 4851-4861.

Andersen, N., Johansen, K.S., Michelsen, M., Stenby, E.H., Krogh, K.B.R.M.,
Olsson, L., 2008. Hydrolysis of cellulose using mono-component enzymes
shows synergy during hydrolysis of phosphoric acid swollen cellulose
(PASC), but competition on avicel. Enzyme Microb. Technol. 42, 362—370.

Arantes, V., Saddler, J., 2010. Access to cellulose limits the efficiency of enzymatic
hydrolysis: The role of amorphogenesis. Biotechnol. Biofuels. 3, 4.

Arato, C., Pye, E.K., Gjennestad, G., 2005. The lignol approach to biorefining of
woody biomass to produce ethanol and chemicals. Appl. Biochem. Bio-
technol. 123, 871-882.

Asikainen, A., Liiri, H., Peltola, S., Karjalainen, T., Laitila, J., 2008. Forest energy
potential in europe (EU27). Working Papers of the Finnish Forest Re-
search Institute. 2008, 1-33.

Ayeni, A.O., Hymore, F.K.,, Mudliar, S.N.,, Deshmukh, S.C., Satpute, D.B.,
Omoleye, J.A., Pandey, R.A., 2013. Hydrogen peroxide and lime based
oxidative pretreatment of wood waste to enhance enzymatic hydrolysis
for a biorefinery: Process parameters optimization using response sur-
face methodology. Fuel. 106, 187-194.

Bailey, M.J., Biely, P., Poutanen, K., 1992. Interlaboratory testing of methods for
assay of xylanase activity. J. Biotechnol. 23, 257-270.

78


http://www.biofuelstp.eu/cell_ethanol.html#ce8

Bailey, M.J., Linko, M., 1990. Production of B-galactosidase by Aspergillus oryzae
in submerged bioreactor cultivation. J. Biotechnol. 16, 57—-66.

Bailey, M., Siika-aho, M., Valkeajarvi, A., Penttila, M., 1993. Hydrolytic properties
of two cellulases of Trichoderma reesei expressed in yeast. Biotechnol.
Appl. Biochem. 17, 65-76.

Baker, J.O., Ehrman, C.I., Adney, W.S., Thomas, S.R., Himmel, M.E., 1998. Hy-
drolysis of cellulose using ternary mixtures of purified celluloses. Appl.
Biochem. Biotechnol. 70-72, 395—-403.

Balan, V., Chiaramonti, D., Kumar, S., 2013. Review of US and EU initiatives
toward development, demonstration, and commercialization of lignocellu-
losic biofuels. Biofuel. Bioprod. Bior. 7, 732—759.

Banerjee, G., Car, S., Scott-Craig, J.S., Borrusch, M.S., Aslam, N., Walton, J.D.,
2010a. Synthetic enzyme mixtures for biomass deconstruction: Produc-
tion and optimization of a core set. Biotechnol. Bioeng. 106, 707—720.

Banerjee, G., Car, S., Scott-Craig, J., Borrusch, M., Walton, J., 2010b. Rapid
optimization of enzyme mixtures for deconstruction of diverse pretreat-
ment/biomass feedstock combinations. Biotechnol. Biofuels. 3, 22.

Banerjee, G., Car, S., Scott-Craig, J.S., Borrusch, M.S., Bongers, M., Walton, J.D.,
2010c. Synthetic multi-component enzyme mixtures for deconstruction of
lignocellulosic biomass. Bioresour. Technol. 101, 9097-9105.

Beeson, W.T., Phillips, C.M., Cate, J., Marletta, M.A., 2012. Oxidative cleavage of
cellulose by fungal copper-dependent polysaccharide monooxygenases.
J. Am. Chem. Soc. 134, 890-892.

Belkacemi, K., Turcotte, G., Savoie, P., Chornet, E., 1997. Ethanol production
from enzymatic hydrolyzates of cellulosic fines and hemicellulose-rich
liquors derived from aqueous/steam fractionation of forages. Ind. Eng.
Chem. Res. 36, 4572—-4580.

Berlin, A., Maximenko, V., Gilkes, N., Saddler, J., 2007. Optimization of enzyme
complexes for lignocellulose hydrolysis. Biotechnol. Bioeng. 97, 287-296.

Bertaud, F., Holmbom, B., 2004. Chemical composition of earlywood and late-
wood in norway spruce heartwood, sapwood and transition zone wood.
Wood Sci. Technol. 38, 245-256.

79



Biely, P., 2012. Microbial carbohydrate esterases deacetylating plant polysaccha-
rides. Biotechnol. Adv. 30, 1575-1588.

Billard, H., Faraj, A., Lopes Ferreira, N., Menir, S., Heiss-Blanquet, S., 2012. Op-
timization of a synthetic mixture composed of major Trichoderma reesei
enzymes for the hydrolysis of steam-exploded wheat straw. Biotechnol.
Biofuels. 5, 9.

Biorefine programme report, 2012. Hydrolysis technology to produce biomass-
based sugars for chemical industry raw materials, Mékinen, T., Ala-
kangas, E., Holviala, N. (Eds.), Biorefine — new biomass products pro-
gramme 2007-2012. Tekes, Finland, pp. 27-28.

Bjerre, A.B., Olesen, A.B., Fernqvist, T., Ploger, A., Schmidt, A.S., 1996. Pre-
treatment of wheat straw using combined wet oxidation and alkaline hy-
drolysis resulting in convertible cellulose and hemicellulose. Biotechnol.
Bioeng. 49, 568-577.

Bohlin, C., Praestgaard, E., Baumann, M., Borch, K., Praestgaard, J., Monrad, R.,
Westh, P., 2013. A comparative study of hydrolysis and transglycosylation
activities of fungal B-glucosidases. Appl. Microbiol. Biotechnol. 97, 159-169.

Boisset, C., Pétrequin, C., Chanzy, H., Henrissat, B., Schlein, M., 2001. Optimized
mixtures of recombinant Humicola insolens cellulases for the biodegra-
dation of crystalline cellulose. Biotechnol. Bioeng. 72, 339-345.

Bondesson, P., Galbe, M., Zacchi, G., 2013. Ethanol and biogas production after
steam pretreatment of corn stover with or without the addition of sul-
phuric acid. Biotechnol. Biofuels. 6, 11.

Boussaid, A., Saddler, J.N., 1999. Adsorption and activity profiles of cellulases
during the hydrolysis of two douglas fir pulps. Enzyme Microb. Technol.
24, 138-143.

Buranov, A.U., Mazza, G., 2008. Lignin in straw of herbaceous crops. Ind. Crop.
Prod. 28, 237-259.

Cameron, M.D., Aust, S.D., 2001. Cellobiose dehydrogenase-an extracellular
fungal flavocytochrome. Enzyme Microb. Technol. 28, 129-138.

Campbell, M.M., Sederoff, R.R., 1996. Variation in lignin content and composition
(mechanisms of control and implications for the genetic improvement of
plants). Plant Physiol. 110, 3-13.

80



CAZy. 2013. Carbohydrate active enzymes database. Available at:
http://www.cazy.org/. Accessed 27.11.2013.

Chang, V.S., Holtzapple, M.T., 2000. Fundamental factors affecting biomass en-
zymatic reactivity. Appl. Biochem. Biotechnol. 84, 5-37.

Chang, V., Burr, B., Holtzapple, M., 1997. Lime pretreatment of switchgrass. Appl.
Biochem. Biotechnol. 63-65, 3—19.

Chang, V., Nagwani, M., Holtzapple, M., 1998. Lime pretreatment of crop residues
bagasse and wheat straw. Appl. Biochem. Biotechnol. 74, 135-159.

Chang, V., Nagwani, M., Kim, C., Holtzapple, M., 2001. Oxidative lime pretreat-
ment of high-lignin biomass. Appl. Biochem. Biotechnol. 94, 1-28.

Chen, X., Ishida, N., Todaka, N., Nakamura, R., Maruyama, J., Takahashi, H.,
Kitamoto, K., 2010. Promotion of efficient saccharification of crystalline
cellulose by Aspergillus fumigatus Swol. Appl. Environ. Microb. 76,
2556-2561.

Chen, Y., Stevens, M., Zhu, Y., Holmes, J., Xu, H., 2013. Understanding of alka-
line pretreatment parameters for corn stover enzymatic saccharification.
Biotechnol. Biofuels. 6, 8.

Chundawat, S.P.S., Donohoe, B.S., da, C.S., Elder, T., Agarwal, U.P., Lu, F.,,
Ralph, J., Himmel, M.E., Balan, V., Dale, B.E., 2011a. Multi-scale visualiza-
tion and characterization of lignocellulosic plant cell wall deconstruction
during thermochemical pretreatment. Energy Environ. Sci. 4, 973-984.

Chundawat, S.P.S., Vismeh, R., Sharma, L.N., Humpula, J.F., da Costa Sousa, L.,
Chambliss, C.K., Jones, A.D., Balan, V., Dale, B.E., 2010. Multifaceted
characterization of cell wall decomposition products formed during am-
monia fiber expansion (AFEX) and dilute acid based pretreatments. Bio-
resour. Technol. 101, 8429-8438.

Chundawat, S., Bellesia, G., Uppugundla, N., Sousa, L.D., Gao, D.H., Cheh, A M.,
Agarwal, U.P., Bianchetti, C.M., Phillips, G.N., Langan, P., 2011b. Re-
structuring the crystalline cellulose hydrogen bond network enhances its
depolymerization rate. J. Am. Chem. Soc. 133, 11163-11174.

Corréa do Lago, A., Bonomi, A., Cavalett, O., Pereira da Cunha, M., Pinheiro
Lima, M.A., 2012. Sugarcane as a carbon source: The Brazilian case.
Biomass Bioenerg. 46, 5-12.

81


http://www.cazy.org/

Cowling, E.B., 1975. Physical and chemical constraints in the hydrolysis of cellu-
lose and lignocellulosic materials. Biotechnol. Bioeng. Symp. 163-181.

Cui, L., Liu, Z., Si, C., Hui, L., Kang, N., Zhao, T., 2012. Influence of steam explo-
sion pretreatment on the composition and structure of wheat straw.
BioResources. 7, 4202-4213.

da Silva, A.S., Inoue, H., Endo, T., Yano, S., Bon, E.P.S., 2010. Milling pretreat-
ment of sugarcane bagasse and straw for enzymatic hydrolysis and eth-
anol fermentation. Bioresour. Technol. 101, 7402—7409.

Dadi, A.P., Varanasi, S., Schall, C.A., 2006. Enhancement of cellulose saccharifi-
cation kinetics using an ionic liquid pretreatment step. Biotechnol. Bio-
eng. 95, 904-910.

Dadi, A., Schall, C., Varanasi, S., 2007. Mitigation of cellulose recalcitrance to
enzymatic hydrolysis by ionic liquid pretreatment. Appl. Biochem. Bio-
technol. 137-140, 407-421.

Datta, S., Holmes, B., Park, J.l., Chen, Z., Dibble, D.C., Hadi, M., Blanch, H.W.,
Simmons, B.A., Sapra, R., 2010. lonic liquid tolerant hyperthermophilic
cellulases for biomass pretreatment and hydrolysis. Green Chem. 12,
338-345.

De Jong, E., Wong, K.K.Y., Saddler, J.N., 1997. The mechanism of xylanase
prebleaching of kraft pulp: An examination using model pulps prepared by
depositing lignin and xylan on cellulose fibers. Holzforschung. 51, 19-26.

de Wit, M., Faaij, A., 2010. European biomass resource potential and costs. Bio-
mass Bioenerg. 34, 188-202.

Dien, B.S., Jung, H.G., Vogel, K.P., Casler, M.D., Lamb, J.F.S., Iten, L., Mitchell,
R.B., Sarath, G., 2006. Chemical composition and response to dilute-
acid pretreatment and enzymatic saccharification of alfalfa, reed ca-
narygrass, and switchgrass. Biomass Bioenerg. 30, 880—891.

Digman, M.F., Shinners, K.J., Casler, M.D., Dien, B.S., Hatfield, R.D., Jung, H.G.,
Muck, R.E., Weimer, P.J., 2010. Optimizing on-farm pretreatment of per-
ennial grasses for fuel ethanol production. Bioresour. Technol. 101,
5305-5314.

Divne, C., Stahlberg, J., Reinikainen, T., Ruohonen, L., Pettersson, G., Knowles,
J.K.C., Teeri, T.T., Jones, T.A., 1994. The three-dimensional crystal

82



structure of the catalytic core of cellobiohydrolase | from Trichoderma
reesei. Science. 265, 524-528.

Dorrestijn, E., Laarhoven, L.J.J., Arends, |.W.C.E., Mulder, P., 2000. The occur-
rence and reactivity of phenoxyl linkages in lignin and low rank coal. J.
Anal. Appl. Pyrolysis. 54, 153-192.

Drissen, R.E.T., Maas, RHW., Tramper, J., Beeftink, H.H., 2009. Modelling ethanol
production from cellulose: Separate hydrolysis and fermentation versus
simultaneous saccharification and fermentation. Biocatal. Biotransfor. 27,
27-35.

Ebringerové, A., Heinze, T., 2000. Xylan and xylan derivatives — biopolymers with
valuable properties, 1: Naturally occurring xylans structures, isolation
procedures and properties. Macromol. Rapid Comm. 21, 542-556.

Eggeman, T., Elander, R.T., 2005. Process and economic analysis of pretreat-
ment technologies. Bioresour. Technol. 96, 2019-2025.

Endler, A., Persson, S., 2011. Cellulose synthases and synthesis in Arabidopsis.
Mol. Plant. 4, 199-211.

Esteghlalian, A.R., Bilodeau, M., Mansfield, S.D., Saddler, J.N., 2001. Do enzy-
matic hydrolyzability and Simons' stain reflect the changes in the acces-
sibility of lignocellulosic substrates to cellulase enzymes? Biotechnol.
Prog. 17, 1049-1054.

Fagerstam, L.G., Pettersson, L.G., 1980. The 1.4-B-glucan cellobiohydrolases of
Trichoderma reesei QM 9414: A new type of cellulolytic synergism.
FEBS Lett. 119, 97-100.

Fan, L.T., Lee, Y.H., Beardmore, D.H., 1980. Mechanism of the enzymatic hydrol-
ysis of cellulose: Effect of major structural features of cellulose on enzy-
matic hydrolysis. Biotechnol. Bioeng. 23, 177-199.

Fengel, D., Wegener, G., 1989. Wood:chemistry, ultrastructure and reactions.
Walter de Gruyter& Co, Berlin.

Fernandes, A.N., Thomas, L.H., Altaner, C.M., Callow, P., Forsyth, V.T., Apperley, D.C.,
Kennedy, C.J., Jarvis, M.C., 2011. Nanostructure of cellulose microfibrils
in spruce wood. Proc. Natl. Acad. Sci. U. S. A. 108, E1195-E1203.

Finell, M., Arshadi, M., Gref, R., 2011. Carbohydrate composition in delayed har-
vested reed canary grass. Biomass Bioenerg. 35, 1097-1102.

83



Fornell, R., Berntsson, T., Asblad, A., 2012. Process integration study of a kraft
pulp mill converted to an ethanol production plant — part B: Techno-
economic analysis. Appl. Therm. Eng. 42, 179-190.

Forsberg, Z., Vaaje-Kolstad, G., Westereng, B., Bunaes, A.C., Stenstrom, Y.,
MacKenzie, A., Sorlie, M., Horn, S.J., Eijsink, V.G., 2011. Cleavage of
cellulose by a CBM33 protein. Protein Sci. 20, 1479-1483.

Galbe, M., Zacchi, G., 2012. Pretreatment: The key to efficient utilization of ligno-
cellulosic materials. Biomass Bioenerg. 46, 70-78.

Gao, D., Chundawat, S.P.S., Krishnan, C., Balan, V., Dale, B.E., 2010a. Mixture
optimization of six core glycosyl hydrolases for maximizing saccharifica-
tion of ammonia fiber expansion (AFEX) pretreated corn stover. Biore-
sour. Technol. 101, 2770-2781.

Gao, D., Chundawat, S.S., Liu, T., Hermanson, S., Gowda, K., Brumm, P., Dale, B.,
Balan, V., 2010b. Strategy for identification of novel fungal and bacterial
glycosyl hydrolase hybrid mixtures that can efficiently saccharify pre-
treated lignocellulosic biomass. BioEnergy Research. 3, 67-81.

Gao, M., Yano, S., Inoue, H., Sakanishi, K., 2012. Combination of wet disk milling
and hydrogen peroxide treatments for enhancing saccharification of sug-
arcane bagasse. Biochem. Eng. J. 68, 152-158.

Garcia-Cubero, M.T., Palacin, L.G., Gonzalez-Benito, G., Bolado, S., Lucas, S.,
Coca, M., 2012. An analysis of lignin removal in a fixed bed reactor by
reaction of cereal straws with ozone. Bioresour. Technol. 107, 229-234.

Garlock, R.J., Balan, V., Dale, B.E., 2012. Optimization of AFEX™ pretreatment
conditions and enzyme mixtures to maximize sugar release from upland
and lowland switchgrass. Bioresour. Technol. 104, 757-768.

Ghose, T.K., 1987. Measurement of cellulase activities. Pure Appl. Chem. 59,
257-268.

Gierer, J., 1982. The chemistry of delignification. A general concept.
Holzforschung. 36, 43.

Gierer, J., Noren, |., 1980. On the course of delignification during kraft pulping.
Holzforschung. 34, 197.

Gnansounou, E., Dauriat, A., 2010. Techno-economic analysis of lignocellulosic
ethanol: A review. Bioresour. Technol. 101, 4980-4991.

84



Goshadrou, A., Karimi, K., Taherzadeh, M.J., 2013. Ethanol and biogas production
from birch by NMMO pretreatment. Biomass Bioenerg. 49, 95-101.

Gourlay, K., Hu, J., Arantes, V., Andberg, M., Saloheimo, M., Penttila, M., Saddler, J.,
2013. Swollenin aids in the amorphogenesis step during the enzymatic
hydrolysis of pretreated biomass. Bioresour. Technol. 142, 498-503.

Grohmann, K., Mitchell, D.J., Hmmel, M.E., Dale, B.E., Schroeder, H.A., 1989.
The role of ester groups in resistance of plant cell wall polysaccharides to
enzymatic hydrolysis. Appl. Biochem. Biotechnol. 20-21, 45-61.

Gruno, M., Véljaméae, P., Pettersson, G., Johansson, G., 2004. Inhibition of the
Trichoderma reesei cellulases by cellobiose is strongly dependent on the
nature of the substrate. Biotechnol. Bioeng. 86, 503-511.

Gudoshnikov, S., 2009. Bagasse-based cogeneration — an industry overview. Int.
Sugar J. 111, 560-565.

Gusakov, A.V., Salanovich, T.N., Antonov, A.l.,, Ustinov, B.B., Okunev, O.N.,
Burlingame, R., Emalfarb, M., Baez, M., Sinitsyn, A.P., 2007. Design of
highly efficient cellulase mixtures for enzymatic hydrolysis of cellulose.
Biotechnol. Bioeng. 97, 1028-1038.

Gusakov, A.V., Sinitsyn, A.P., 1992. A theoretical analysis of cellulase product
inhibition: Effect of cellulase binding constant, enzyme/substrate ratio,
and R-glucosidase activity on the inhibition pattern. Biotechnol. Bioeng.
40, 663-671.

Gusakov, A.V., 2011. Alternatives to Trichoderma reesei in biofuel production.
Trends Biotechnol. 29, 419-425.

Hadders, G., Olsson, R., 1997. Harvest of grass for combustion in late summer
and in spring. Biomass Bioenerg. 12, 171-175.

Haghighi Mood, S., Hossein Golfeshan, A., Tabatabaei, M., Salehi Jouzani, G.,
Najafi, G.H., Gholami, M., Ardjmand, M., 2013. Lignocellulosic biomass
to bioethanol, a comprehensive review with a focus on pretreatment.
Renew. Sust. Energ. Rev. 27, 77-93.

Hagman, J., Hedborn, L., Isgren, M., Larsson, E., Martensson, P., 2012. Comparison
of pretreatments for ethanol production from softwood. Comparison between
the processes of steam explosion, organosolv, sulphite and ionic liquid
pretreatment. pp. 1-107. Available at: http://www.chemeng.Ith.se/ket050/
inalreport2012/Statoil2012.pdf.

85


http://www.chemeng.lth.se/ket050/

Hahn-Hagerdal, B., Galbe, M., Gorwa-Grauslund, M.F., Liden, G., Zacchi, G.,
2006. Bio-ethanol — the fuel of tomorrow from the residues of today.
Trends Biotechnol. 24, 549-556.

Hakola, M., Kallioinen, A., Kemell, M., Lahtinen, P., Lankinen, E., Leskela, M.,
Repo, T., Riekkola, T., Siika-Aho, M., Uusitalo, J., Vuorela, S., Von-
Weymarn, N., 2010. Liberation of cellulose from the lignin cage: A cata-
Iytic pretreatment method for the production of cellulosic ethanol.
ChemSusChem. 3, 1142-1145.

Hakulinen, N., Paavilainen, S., Korpela, T., Rouvinen, J., 2000. The crystal struc-
ture of B-glucosidase from Bacillus circulans sp. alkalophilus: Ability to
form long polymeric assemblies. J. Struct. Biol. 129, 69-79.

Hamelinck, C.N., Hooijdonk, G.v., Faaij, A.P., 2005. Ethanol from lignocellulosic
biomass: Techno-economic performance in short-, middle- and long-
term. Biomass Bioenerg. 28, 384-410.

Harris, P.V., Welner, D., McFarland, K.C., Re, E., Poulsen, J., Brown, K., Salbo,
R., Ding, H.S., Vlasenko, E., Merino, S., 2010. Stimulation of lignocellu-
losic biomass hydrolysis by proteins of glycoside hydrolase family 61:
Structure and function of a large, enigmatic family. Biochemistry. 49,
3305-3316.

Harris, P.J., Stone, B.A., 2008. Chemistry and molecular organization of plant cell
walls, Himmel, M.E. (Ed.), Biomass recalcitrance. Blackwell publishing,
United Kingdom, pp. 61-93.

Harris, P., Trethewey, J.K., 2010. The distribution of ester-linked ferulic acid in the
cell walls of angiosperms. Phytochem. Rev. 9, 19-33.

Hatakka, A., 1994. Lignin-modifying enzymes from selected white-rot fungi -Production
and role in lignin degradation. FEMS Microbiol. Rev. 13, 125-135.

Hatakka, A., 1983. Pretreatment of wheat straw by white-rot fungi for enzymic
saccharification of cellulose. Eur. J. Appl. Microb. Biotechnol. 18, 350-357.

Henriksson, G., Johansson, G., Pettersson, G., 2000. A critical review of cellobi-
ose dehydrogenases. J. Biotechnol. 78, 93-113.

Henriksson, H., Stahlberg, J., Isaksson, R., Pettersson, G., 1996. The active sites
of cellulases are involved in chiral recognition: A comparison of cellobio-
hydrolase 1 and endoglucanase 1. FEBS Lett. 390, 339-344.

86



Henrissat, B., 1991. A classification of glycosyl hydrolases based on amino acid
sequence similarities. Biochem. J. 280, 309-316.

Henrissat, B., Davies, G.J., 2000. Glycoside hydrolases and glycosyltransferases.
families, modules, and implications for genomics. Plant Physiol. 124,
1515-1519.

Henrissat, B., Driguez, H., Viet, C., Schulein, M., 1985. Synergism of cellulases
from Trichoderma reesei in the degradation of cellulose. Nat. Biotechnol.
3, 722-726.

Himmel, M.E., Ding, S., Johnson, D.K., Adney, W.S., Nimlos, M.R., Brady, JW.,
Foust, T.D., 2007. Biomass recalcitrance: Engineering plants and en-
zymes for biofuels production. Science. 315, 804-807.

Holtzapple, M.T., Jun, J.H., Ashok, G., Patibandla, S.L., Dale, B.E., 1991. The
ammonia freeze explosion (AFEX) process — a practical lignocellulose
pretreatment. Appl. Biochem. Biotechnol. 28-9, 59-74.

Hon, D.N. 1994. Cellulose: A random walk along its historical path. Cellulose. 1, 1-25.

Hu, J., Arantes, V., Saddler, J., 2011. The enhancement of enzymatic hydrolysis
of lignocellulosic substrates by the addition of accessory enzymes such as
xylanase: Is it an additive or synergistic effect? Biotechnol. Biofuels. 4, 36.

Huijgen, W.J.J., Reith, J.H., Den Uil, H., 2010. Pretreatment and fractionation of
wheat straw by an acetone-based organosolv process. Ind. Eng. Chem.
Res. 49, 10132-10140.

Humbird, D., Davis, R., Tao, L., Kinchin, C., Hsu, D., Aden, A., Schoen, P., Lukas,
J., Olthof, B., Worley, M., Sexton, D., Dudgeon, D., 2011. Process design
and economics for biochemical conversion of lignocellulosic biomass to
ethanol. NREL/TP 5100-47764, pp. 136.

Igarashi, K., Koivula, A., Wada, M., Kimura, S., Penttild, M., Samejima, M., 2009.
High speed atomic force microscopy visualizes processive movement of
Trichoderma reesei cellobiohydrolase | on crystalline cellulose. J. Biol.
Chem. 284, 36186-36190.

Igarashi, K., Uchihashi, T., Koivula, A., Wada, M., Kimura, S., Okamoto, T.,
Penttila, M., Ando, T., Samejima, M., 2011. Traffic jams reduce hydrolytic
efficiency of cellulase on cellulose surface. Science. 333, 1279-1282.

87



liyama, K., Lam Thi Bach Tuyet, Stone, B.A., 1994. Covalent cross-links in the cell
wall. Plant Physiol. 104, 315-320.

International Energy Agency. 2013. Status of 2nd Generation Biofuels Demonstra-
tion Facilities. Available at: http://demoplants.bioenergy2020.eu/. Ac-
cessed 8.11.2013.

Irwin, D.C., Spezio, M., Walker, L.P., Wilson, D.B., 1993. Activity studies of eight
purified cellulases: Specificity, synergism, and binding domain effects.
Biotechnol. Bioeng. 42, 1002-1013.

Itoh, H., Wada, M., Honda, Y., Kuwahara, M., Watanabe, T., 2003. Bioorgano-
solve pretreatments for simultaneous saccharification and fermentation
of beech wood by ethanolysis and white rot fungi. J. Biotechnol. 103,
273-280.

Jager, G., Girfoglio, M., Dollo, F., Rinaldi, R., Bongard, H., Commandeur, U.,
Fischer, R., Spiess, A., Buchs, J., 2011. How recombinant swollenin from
Kluyveromyces lactis affects cellulosic substrates and accelerates their
hydrolysis. Biotechnol Biofuels. 4, 33.

Jin, Y., Huang, T., Geng, W., Yang, L., 2013. Comparison of sodium carbonate
pretreatment for enzymatic hydrolysis of wheat straw stem and leaf to
produce fermentable sugars. Bioresour. Technol. 137, 294-301.

Jorgensen, H., Vibe-Pedersen, J., Larsen, J., Felby, C., 2007. Liquefaction of ligno-
cellulose at high solids concentrations. Biotechnol. Bioeng. 96, 862—-870.

Kabel, M.A., van den Borne, H., Vincken, J., Voragen, A.G.J., Schols, H.A., 2007.
Structural differences of xylans affect their interaction with cellulose.
Carbohydr. Polym. 69, 94-105.

Kang, H., Kim, Y., Kim, S., Choi, G., 2012. Cellulosic ethanol production on tem-
perature-shift simultaneous saccharification and fermentation using the
thermostable yeast Kluyveromyces marxianus CHY1612. Bioproc. Bio-
syst. Eng. 35, 115-122.

Kazi, F.K., Fortman, J.A., Anex, R.P., Hsu, D.D., Aden, A., Dutta, A., Kothandara-
man, G., 2010. Techno-economic comparison of process technologies
for biochemical ethanol production from corn stover. Fuel. 89, Supple-
ment 1, S20-S28.

88


http://demoplants.bioenergy2020.eu/

Kilpeldinen, I., Xie, H., King, A., Granstrom, M., Heikkinen, S., Argyropoulos, D.S.,
2007. Dissolution of wood in ionic liquids. J. Agric. Food Chem. 55,
9142-9148.

Kim, E., Irwin, D.C., Walker, L.P., Wilson, D.B., 1998. Factorial optimization of a
six-cellulase mixture. Biotechnol. Bioeng. 58, 494-501.

Kim, E.S., Lee, H.J., Bang, W., Chai, |., Kim, K.H., 2009. Functional characteriza-
tion of a bacterial expansin from Bacillus subtilis for enhanced enzymatic
hydrolysis of cellulose. Biotechnol. Bioeng. 102, 1342—-1353.

Kim, S., Holtzapple, M.T., 2006. Effect of structural features on enzyme digestibility
of corn stover. Bioresour. Technol. 97, 583-591.

Kim, S., Dale, B.E., 2004. Global potential bioethanol production from wasted
crops and crop residues. Biomass Bioenerg. 26, 361-375.

Kim, T.H., Lee, Y.Y., 2006. Fractionation of corn stover by hot-water and aqueous
ammonia treatment. Bioresour. Technol. 97, 224-232.

Kim, T.H., Kim, J.S., Sunwoo, C., Lee, Y.Y., 2003. Pretreatment of corn stover by
aqueous ammonia. Bioresour. Technol. 90, 39-47.

Kim, Y., Kreke, T., Hendrickson, R., Parenti, J., Ladisch, M.R., 2013. Fractionation
of cellulase and fermentation inhibitors from steam pretreated mixed
hardwood. Bioresour. Technol. 135, 30-38.

Kim, Y., Mosier, N.S., Ladisch, M.R., Ramesh Pallapolu, V., Lee, Y.Y., Garlock, R.,
Balan, V., Dale, B.E., Donohoe, B.S., Vinzant, T.B., Elander, R.T., Falls, M.,
Sierra, R., Holtzapple, M.T., Shi, J., Ebrik, M.A., Redmond, T., Yang, B.,
Wyman, C.E., Warner, R.E., 2011. Comparative study on enzymatic di-
gestibility of switchgrass varieties and harvests processed by leading
pretreatment technologies. Bioresour. Technol. 102, 11089-11096.

Kleman-Leyer, K.M., Gilkes, N.R., Miller, R.C., Kirk, T.K., 1994. Changes in the
molecular-size distribution of insoluble celluloses by the action of recom-
binant Cellulomonas fimi cellulases. Biochem. J. 302, 463—-469.

Kleman-Leyer, K.M., Siika-Aho, M., Teeri, T.T., Kent Kirk, T., 1996. The cellulases
endoglucanase | and cellobiohydrolase Il of Trichoderma reesei act syn-
ergistically to solubilize native cotton cellulose but not to decrease its mo-
lecular size. Appl. Environ. Microb. 62, 2883-2887.

89



Kleywegt, G.J., Zou, J., Divne, C., Davies, G.J., Sinning, |., Stahlberg, J., Reini-
kainen, T., Srisodsuk, M., Teeri, T.T., Jones, T.A., 1997. The crystal
structure of the catalytic core domain of endoglucanase | from Tricho-
derma reesei at 3.6 A resolution, and a comparison with related en-
zymes. J. Mol. Biol. 272, 383-397.

Klinke, H.B., Ahring, B.K., Schmidt, A.S., Thomsen, A.B., 2002. Characterization
of degradation products from alkaline wet oxidation of wheat straw. Bio-
resour. Technol. 82, 15-26.

Kristensen, J., Thygesen, L., Felby, C., Jorgensen, H., Elder, T., 2008. Cell-wall
structural changes in wheat straw pretreated for bioethanol production.
Biotechnol. Biofuels. 1, 5.

Kudakasseril Kurian, J., Raveendran Nair, G., Hussain, A., Vijaya Raghavan, G.S.,
2013. Feedstocks, logistics and pre-treatment processes for sustainable
lignocellulosic biorefineries: A comprehensive review. Renew. Sust. En-
erg. Rev. 25, 205-219.

Kuhnel, S., Westphal, Y., Hinz, SW.A., Schols, H.A., Gruppen, H., 2011. Mode of
action of Chrysosporium lucknowense C1 a-l-arabinohydrolases. Biore-
sour. Technol. 102, 1636-1643.

Kumar, L., Arantes, V., Chandra, R., Saddler, J., 2012. The lignin present in steam
pretreated softwood binds enzymes and limits cellulose accessibility. Bio-
resour. Technol. 103, 201-208.

Kumar, L., Chandra, R., Chung, P.A., Saddler, J., 2010. Can the same steam pre-
treatment conditions be used for most softwoods to achieve good, enzy-
matic hydrolysis and sugar yields? Bioresour. Technol. 101, 7827-7833.

Kumar, L., Chandra, R., Saddler, J., 2011. Influence of steam pretreatment severity
on post-treatments used to enhance the enzymatic hydrolysis of pre-
treated softwoods at low enzyme loadings. Biotechnol. Bioeng. 108,
2300-2311.

Kumar, R., Mago, G., Balan, V., Wyman, C.E., 2009. Physical and chemical char-
acterizations of corn stover and poplar solids resulting from leading pre-
treatment technologies. Bioresour. Technol. 100, 3948-3962.

Kumar, R., Wyman, C.E., 2009. Effect of xylanase supplementation of cellulase on
digestion of corn stover solids prepared by leading pretreatment technol-
ogies. Bioresour. Technol. 100, 4203-4213.

90



Kuo, C., Lee, C., 2009. Enhancement of enzymatic saccharification of cellulose by
cellulose dissolution pretreatments. Carbohydr. Polym. 77, 41-46.

Kurasin, M., Valjamée, P., 2011. Processivity of cellobiohydrolases is limited by
the substrate. J. Biol. Chem. 286, 169-177.

Lakaniemi, A., Koskinen, P.E.P., Nevatalo, L.M., Kaksonen, A.H., Puhakka, J.A.,
2011. Biogenic hydrogen and methane production from reed canary
grass. Biomass Bioenerg. 35, 773-780.

Lamed, R., Kenig, R., Morgenstern, E., Calzada, J., Micheo, F., Bayer, E., 1991.
Efficient cellulose solubilization by a combined cellulosome-B-
glucosidase system. Appl. Biochem. Biotechnol. 27, 173-183.

Landstrom, S., Lomakka, L., Andersson, S., 1996. Harvest in spring improves
yield and quality of reed canary grass as a bioenergy crop. Biomass Bio-
energ. 11, 333-341.

Langston, J.A., Shaghasi, T., Abbate, E., Xu, F., Vlasenko, E., Sweeney, M.D.,
2011. Oxidoreductive cellulose depolymerization by the enzymes cellobiose
dehydrogenase and glycoside hydrolase 61. Appl. Environ. Microbiol. 77,
7007-7015.

Larsson, S., Palmgvist, E., Hahn-Hagerdal, B., Tengborg, C., Stenberg, K., Zac-
chi, G., Nilvebrant, N., 1999. The generation of fermentation inhibitors
during dilute acid hydrolysis of softwood. Enzyme Microb. Technol. 24,
151-159.

Lee, D., Alex, H.C., Yu, A., Saddler, J.N., 1995. Evaluation of cellulase recycling
strategies for the hydrolysis of lignocellulosic substrates. Biotechnol. Bio-
eng. 45, 328-336.

Lee, J.M., Jameel, H., Venditti, R.A., 2010. Effect of ozone and autohydrolysis
pretreatments on enzymatic digestibility of coastal bermuda grass.
BioResources. 5, 1084-1101.

Levasseur, A., Drula, E., Lombard, V., Coutinho, P., Henrissat, B., 2013. Expansion of
the enzymatic repertoire of the CAZy database to integrate auxiliary re-
dox enzymes. Biotechnol. Biofuels. 6, 41.

Li, J., Henriksson, G., Gellerstedt, G., 2007. Lignin depolymerization/
repolymerization and its critical role for delignification of aspen wood by
steam explosion. Bioresour. Technol. 98, 3061-3068.

91



Lin, Z., Huang, H., Zhang, H., Zhang, L., Yan, L., Chen, J., 2010. Ball milling pre-
treatment of corn stover for enhancing the efficiency of enzymatic hydrolysis.
Appl. Biochem. Biotechnol. 162, 1872-1880.

Lin, Z., Zhang, H., Ji, X., Chen, J., Huang, H., 2011. Hydrolytic enzyme of cellulose for
complex formulation applied research. Appl. Biochem. Biotechnol. 164,
23-33.

Linde, M., Galbe, M., Zacchi, G., 2007. Simultaneous saccharification and fermen-
tation of steam-pretreated barley straw at low enzyme loadings and low
yeast concentration. Enzyme Microb. Technol. 40, 1100-1107.

Linde, M., Galb, M., Zacchi, G., 2006. Steam pretreatment of acid-sprayed and
acid-soaked barley straw for production of ethanol. Appl. Biochem. Bio-
technol. 130, 546-562.

Lindh, T., Paappanen, T., Rinne, S., Sivonen, K., Wihersaari, M., 2009. Reed
canary grass transportation costs — reducing costs and increasing feasible
transportation distances. Biomass Bioenerg. 33, 209-212.

Liu, K., Lin, X., Yue, J., Li, X., Fang, X., Zhu, M., Lin, J., Qu, Y., Xiao, L., 2010.
High concentration ethanol production from corncob residues by fed-
batch strategy. Bioresour. Technol. 101, 4952-4958.

Liu, L., Chen, H., 2006. Enzymatic hydrolysis of cellulose materials treated with
ionic liquid BMIM] cl. Chinese Sci. Bull. 51, 2432-2436.

Liu, Y., Baker, J.O., Zeng, Y., Himmel, M.E., Haas, T., Ding, S., 2011. Cellobiohy-
drolase hydrolyzes crystalline cellulose on hydrophobic faces. J. Biol.
Chem.

Lopez-Abelairas, M., A Ivarez Pallin, M., Salvachua, D., Lu-Chau, T., Martinez,
M.J., Lema, J.M., 2012. Optimisation of the biological pretreatment of
wheat straw with white-rot fungi for ethanol production. Bioproc. Biosyst.
Eng. 1-10.

Lowry, O., Rosenbrough, N., Farr, A., Randall, R., 1951. Protein measurement
with the folin phenol reagent. J Biol Chem. 193, 265-275.

Lundell, T.K., Makela, M.R., Hildén, K., 2010. Lignin-modifying enzymes in fila-
mentous basidiomycetes ? ecological, functional and phylogenetic re-
view. J. Basic Microbiol. 50, 5-20.

92



Lundqvist, J., Teleman, A., Junel, L., Zacchi, G., Dahiman, O., Tjerneld, F.,
Stalbrand, H., 2002. Isolation and characterization of galactoglucoman-
nan from spruce (Picea abies). Carbohydr. Polym. 48, 29-39.

Luo, X., Zhu, J.Y., 2011. Effects of drying-induced fiber hornification on enzymatic
saccharification of lignocelluloses. Enzyme Microb. Technol. 48, 92—-99.

Luonteri, E., Tenkanen, M., Viikari, L., 1998. Substrate specificities of Penicillium
simplicissimum a-galactosidases. Enzyme Microb. Technol. 22, 192-198.

Lynd, L.R., 2005. Consolidated bioprocessing for cellulosic biomass:An update.
Curr. Opin. Biotechnol. 16, 577-583.

Lynd, L.R., Weimer, P.J., van Zyl, W.H., Pretorius, I.S., 2002. Microbial cellulose
utilization: Fundamentals and biotechnology. Microbiol. Mol. Biol. R. 66,
506-577.

Mabee, W.E., McFarlane, P.N., Saddler, J.N., 2011. Biomass availability for ligno-
cellulosic ethanol production. Biomass Bioenerg. 35, 4519-4529.

Macrelli, S., Mogensen, J., Zacchi, G., 2012. Techno-economic evaluation of 2nd
generation bioethanol production from sugar cane bagasse and leaves
integrated with the sugar-based ethanol process. Biotechnol. Biofuels. 5, 22.

Mani, S., Tabil, L.G., Sokhansanj, S., 2004. Grinding performance and physical
properties of wheat and barley straws, corn stover and switchgrass. Bio-
mass Bioenerg. 27, 339-352.

Marchessault, R.H., 1991. Steam explosion: A refining process for lignocellulosics,
Focher, B., Marzetti, A., Crescenzi, E. (Eds.), Steam explosion tech-
nigues, fundamentals and industrial application. Gordon and Breach Sci-
ence Publishers, Philadelphia, pp. 1-20.

Marchessault, R.H., Sundararajan, P.R., 1993. Cellulose, Aspinall, G.O. (Ed.),
Polysaccharides Vol. 2. Academic press, New York, pp. 11-95.

McCrae, S.l., Leith, K.M., Gordon, A.H., Wood, T.M., 1994. Xylan-degrading en-
zyme system produced by the fungus Aspergillus awamori: Isolation and
characterization of a feruloyl esterase and a p-coumaroyl esterase. En-
zyme Microb. Technol. 16, 826-834.

Medie, F.M., Davies, G.J., Drancourt, M., Henrissat, B., 2012. Genome analyses
highlight the different biological roles of cellulases. Nat Rev Micro. 10,
227-234.

93



Medve, J., Stahlberg, J., Tjerneld, F., 1994. Adsorption and synergism of cellobio-
hydrolase | and Il of Trichoderma reesei during hydrolysis of microcrys-
talline cellulose. Biotechnol. Bioeng. 44, 1064-1073.

Menon, V., Rao, M., 2012. Trends in bioconversion of lignocellulose: Biofuels,
platform chemicals & biorefinery concept. Prog. Energ. Combust. 38,
522-550.

Merino, S., Cherry, J., 2007. Progress and challenges in enzyme development for
biomass utilization. Adv. Biochem. Eng. Biotechnol. 108, 95-120.

Mesa, L., Gonzélez, E., Cara, C., Ruiz, E., Castro, E., Mussatto, S.I., 2010. An
approach to optimization of enzymatic hydrolysis from sugarcane ba-
gasse based on organosolv pretreatment. J. Chem. Technol. Biot. 85,
1092-1098.

Mittal, A., Katahira, R., Himmel, M., Johnson, D., 2011. Effects of alkaline or liquid-
ammonia treatment on crystalline cellulose: Changes in crystalline struc-
ture and effects on enzymatic digestibility. Biotechnol. Biofuels. 4, 41.

Monavari, S., Bennato, A., Galbe, M., Zacchi, G., 2010. Improved one-step steam
pretreatment of SO2-impregnated softwood with time-dependent tem-
perature profile for ethanol production. Biotechnol. Prog. 26, 1054-1060.

Moser, F., Irwin, D., Chen, S.L., Wilson, D.B., 2008. Regulation and characterization
of Thermobifida fusca carbohydrate-binding module proteins E7 and ES8.
Biotechnol. Bioeng. 100, 1066—1077.

Mosier, N., Hendrickson, R., Ho, N., Sedlak, M., Ladisch, M.R., 2005a. Optimization
of pH controlled liquid hot water pretreatment of corn stover. Bioresour.
Technol. 96, 1986—-1993.

Mosier, N., Wyman, C., Dale, B., Elander, R., Lee, Y.Y., Holtzapple, M., Ladisch, M.,
2005b. Features of promising technologies for pretreatment of lignocellu-
losic biomass. Bioresour. Technol. 96, 673—686.

Murashima, K., Kosugi, A., Doi, R.H., 2003. Synergistic effects of cellulosomal
xylanase and cellulases from Clostridium cellulovorans on plant cell wall
degradation. J. Bacteriol. 185, 1518-1524.

Naran, R., Black, S., Decker, S., Azadi, P., 2009. Extraction and characterization
of native heteroxylans from delignified corn stover and aspen. Cellulose.
16, 661-675.

94



Negro, M.J., Manzanares, P., Ballesteros, I., Oliva, J.M., Cabanas, A., Ballesteros, M.,
2003. Hydrothermal pretreatment conditions to enhance ethanol produc-
tion from poplar biomass. Appl. Biochem. Biotechnol. 105, 87-100.

Nguyen, Q., Tucker, M., Keller, F., Eddy, F., 2000. Two-stage dilute-acid pre-
treatment of softwoods. Appl. Biochem. Biotechnol. 84—86, 561-576.

Nidetzky, B., Steiner, W., Hayn, M., Claeyssens, M., 1994. Cellulose hydrolysis by
the cellulases from Trichoderma reesei: A new model for synergistic in-
teraction. Biochem. J. 298, 705—-710.

Nidetzky, B., Hayn, M., Macarron, R., Steiner, W., 1993. Synergism of Trichoderma
reesei cellulases while degrading different celluloses. Biotechnol. Lett.
15, 71-76.

Nishiyama, Y., Langan, P., Chanzy, H., 2002. Crystal structure and hydrogen-
bonding system in cellulose 18 from synchrotron X-ray and neutron fiber
diffraction. J. Am. Chem. Soc. 124, 9074-9082.

Nishiyama, Y., Sugiyama, J., Chanzy, H., Langan, P., 2003. Crystal structure and
hydrogen bonding system in cellulose la from synchrotron X-ray and
neutron fiber diffraction. J. Am. Chem. Soc. 125, 14300-14306.

@stergaard Petersen, M., Larsen, J., Thomsen, M.H., 2009. Optimization of hydro-
thermal pretreatment of wheat straw for production of bioethanol at low
water consumption without addition of chemicals. Biomass Bioenerg. 33,
834-840.

O'Sullivan, A., 1997. Cellulose: The structure slowly unravels. Cellulose. 4, 173-207.

Pahkala, K., Pihala, M., 2000. Different plant parts as raw material for fuel and
pulp production. Ind. Crop. Prod. 11, 119-128.

Palmqvist, B., Wiman, M., Liden, G., 2011. Effect of mixing on enzymatic hydrolysis
of steam-pretreated spruce: A quantitative analysis of conversion and
power consumption. Biotechnol Biofuels. 4, 10.

Palmgqvist, E., Hahn-Hagerdal, B., Galbe, M., Larsson, M., Stenberg, K., Szengyel, Z.,
Tengborg, C., Zacchi, G., 1996. Design and operation of a bench-scale
process development unit for the production of ethanol from lignocellulosics.
Bioresour. Technol. 58, 171-179.

95



Palonen, H., Tjerneld, F., Zacchi, G., Tenkanen, M., 2004. Adsorption of Tricho-
derma reesei CBH | and EG |l and their catalytic domains on steam pre-
treated softwood and isolated lignin. J. Biotechnol. 107, 65-72.

Pan, X., Gilkes, N., Saddler, J.N., 2006. Effect of acetyl groups on enzymatic
hydrolysis of cellulosic substrates. Holzforschung. 60, 398—401.

Park, N., Kim, H., Koo, B., Yeo, H., Chai, I., 2010. Organosolv pretreatment with
various catalysts for enhancing enzymatic hydrolysis of pitch pine (Pinus
rigida). Bioresour. Technol. 101, 7046—7053.

Park, Y.C., Kim, J.S., 2012. Comparison of various alkaline pretreatment methods
of lignocellulosic biomass. Energy. 47, 31-35.

Parthasarathi, R., Bellesia, G., Chundawat, S., Dale, B.E., Langan, P.,
Gnanakaran, S., 2011. Insights into hydrogen bonding and stacking in-
teractions in cellulose. J Phys Chem A. 115, 14191-14202.

Perez-Cantu, L., Schreiber, A., Schitt, F., Saake, B., Kirsch, C., Smirnova, I.,
2013. Comparison of pretreatment methods for rye straw in the second
generation biorefinery: Effect on cellulose, hemicellulose and lignin re-
covery. Bioresour. Technol. 142, 428-435.

Phillips, R., Jameel, H., Chang, H.M., 2013. Integration of pulp and paper technology
with bioethanol production. Biotechnol. Biofuels. 6, 13.

Piccolo, C., Wiman, M., Bezzo, F., Lidén, G., 2010. Enzyme adsorption on SO2
catalyzed steam-pretreated wheat and spruce material. Enzyme Microb.
Technol. 46, 159-169.

Pimenova, N.V., Hanley, T.R., 2003. Measurement of rheological properties of
corn stover suspensions. Appl. Biochem. Biotechnol. 105, 383—-392.

Pitarelo, A.P., Szczerbowski, D., Ndiaye, P.M., Filho, A.Z., Ramos, L.P., 2010.
Steam explosion of cane bagasse using phosphoric acid as the pre-
treatment catalyst. J. Biotechnol. 150, Supplement, 206—-207.

Quinlan, R.J., Sweeney, M.D., Lo Leggio, L., Otten, H., Poulsen, J.C., Johansen, K.S.,
Krogh, K.B., Jorgensen, C.l., Tovborg, M., Anthonsen, A., Tryfona, T.,
Walter, C.P., Dupree, P., Xu, F., Davies, G.J., Walton, P.H., 2011. In-
sights into the oxidative degradation of cellulose by a copper metalloen-
zyme that exploits biomass components. Proc. Natl. Acad. Sci. U. S. A.
108, 15079-15084.

96



Rabelo, S.C., Amezquita Fonseca, N.A., Andrade, R.R., Maciel Filho, R., Costa, A.C.,
2011. Ethanol production from enzymatic hydrolysis of sugarcane ba-
gasse pretreated with lime and alkaline hydrogen peroxide. Biomass
Bioenerg. 35, 2600-2607.

Rahikainen, J., Mikander, S., Marjamaa, K., Tamminen, T., Lappas, A., Viikari, L.,
Kruus, K., 2011. Inhibition of enzymatic hydrolysis by residual lignins
from softwood-study of enzyme binding and inactivation on lignin-rich
surface. Biotechnol. Bioeng. 108, 2823-2834.

Rahikainen, J.L., Martin-Sampedro, R., Heikkinen, H., Rovio, S., Marjamaa, K.,
Tamminen, T., Rojas, O.J., Kruus, K., 2013. Inhibitory effect of lignin dur-
ing cellulose bioconversion: The effect of lignin chemistry on non-
productive enzyme adsorption. Bioresour. Technol. 133, 270-278.

Rahman, A.K.M.S., Sugitani, N., Hatsu, M., Takamizawa, K., 2003. A role of xy-
lanase, a-L-arabinofuranosidase, and xylosidase in xylan degradation.
Can. J. Microbiol. 49, 58-64.

Ramos, L.P., 2003. The chemistry involved in the steam treatment of lignocellulo-
sic materials. Quim Nova. 26, 863-871.

Ramos, L.P., Breuil, C., Saddler, J.N., 1993. The use of enzyme recycling and the
influence of sugar accumulation on cellulose hydrolysis by Trichoderma
cellulases. Enzyme Microb. Technol. 15, 19-25.

Rio, L., Chandra, R., Saddler, J., 2010. The effect of varying organosolv pretreat-
ment chemicals on the physicochemical properties and cellulolytic hy-
drolysis of mountain pine beetle-killed lodgepole pine. Appl. Biochem.
Biotechnol. 161, 1-21.

Rosgaard, L., Pedersen, S., Langston, J., Akerhielm, D., Cherry, J.R., Meyer, A.S.,
2007. Evaluation of minimal Trichoderma reesei cellulase mixtures on differ-
ently pretreated barley straw substrates. Biotechnol. Prog. 23, 1270-1276.

Rouvinen, J., Bergfors, T., Teeri, T., Knowles, J.K.C., Jones, T.A., 1990. Three-
dimensional structure of cellobiohydrolase Il from Trichoderma reesei.
Science. 249, 380-386.

Rovio, S., Kuitunen, S., Ohra-aho, T., Alakurtti, S., Kalliola, A., Tamminen, T.,
2011. Lignin oxidation mechanisms under oxygen delignification condi-
tions. Part 2: Advanced methods for the detailed characterization of lignin
oxidation mechanisms. Holzforschung. 65, 575.

97



Saha, B.C., Cotta, M.A., 2007. Enzymatic saccharification and fermentation of
alkaline peroxide pretreated rice hulls to ethanol. Enzyme Microb. Tech-
nol. 41, 528-532.

Saha, B.C., Iten, L.B., Cotta, M.A., Wu, Y.V., 2005. Dilute acid pretreatment, en-
zymatic saccharification and fermentation of wheat straw to ethanol. Pro-
cess Biochem. 40, 3693-3700.

Saijonkari-Pahkala, K., 2001. Non-wood plants as raw material for pulp and paper.
Agricultural and Food Science in Finland. 10, 101.

Saka, S., 1991. Chemical composition and distribution, Hon, D.N., Shiraishi, N. (Eds.),
Wood and cellulosic chemistry. Marcel Dekker Inc., New York, pp. 59-88.

Saloheimo, M., Paloheimo, M., Hakola, S., Pere, J., Swanson, B., Nyyssonen, E.,
Bhatia, A., Ward, M., Penttila, M., 2002. Swollenin, a Trichoderma reesei
protein with sequence similarity to the plant expansins, exhibits disruption
activity on cellulosic materials. Eur. J. Biochem. 269, 4202-4211.

Sassner, P., Galbe, M., Zacchi, G., 2006. Bioethanol production based on simul-
taneous saccharification and fermentation of steam-pretreated salix at
high dry-matter content. Enzyme Microb. Technol. 39, 756—762.

Schmidt, A.S., Thomsen, A.B., 1998. Optimization of wet oxidation pretreatment of
wheat straw. Bioresour. Technol. 64, 139-151.

Schitt, F., Puls, J., Bodo, S., 2011. Optimization of steam pretreatment conditions
for enzymatic hydrolysis of poplar wood. Holzforschung. 65, 453.

Seidle, H., Marten, 1., Shoseyov, O., Huber, R., 2004. Physical and kinetic properties
of the family 3 beta-glucosidase from Aspergillus niger which is important
for cellulose breakdown. Protein J. 23, 11-23.

Selig, M.J., 2008. Synergistic enhancement of cellobiohydrolase performance on
pretreated corn stover by addition of xylanase and esterase activities. Bio-
resour. Technol. 99, 4997.

Selig, M., Adney, W., Himmel, M., Decker, S., 2009. The impact of cell wall acety-
lation on corn stover hydrolysis by cellulolytic and xylanolytic enzymes.
Cellulose. 16, 711-722.

Sharma, R., Palled, V., Sharma-Shivappa, R., Osborne, J., 2013. Potential of
potassium hydroxide pretreatment of switchgrass for fermentable sugar
production. Appl. Biochem. Biotechnol. 169, 761-772.

98



Shimizu, K., Sudo, K., Ono, H., Ishihara, M., Fujii, T., Hishiyama, S., 1998. Inte-
grated process for total utilization of wood components by steam-
explosion pretreatment. Biomass Bioenerg. 14, 195-203.

Shoemaker, S., Watt, K., Tsitovsky, G., Cox, R., 1983. Characterization and prop-
erties of cellulases purified from Trichoderma reesei strain L27. Biotech-
nology. 1, 687—690.

Singh, S., Simmons, B.A., Vogel, K.P., 2009. Visualization of biomass solubiliza-
tion and cellulose regeneration during ionic liquid pretreatment of
switchgrass. Biotechnol. Bioeng. 104, 68-75.

Sipos, B., Benko, Z., Dienes, D., Reczey, K., Viikari, L., Siika-aho, M., 2010.
Characterisation of specific activities and hydrolytic properties of cell-
wall-degrading enzymes produced by Trichoderma reesei Rut C30 on
different carbon sources. Appl. Biochem. Biotechnol. 161, 347-364.

Sjostrém, E., 1993. Wood polysaccharides: wood chemistry, fundamentals and
applications, Anonymous Academic press inc., San Diego, pp. 1-20, 51-89.

Sdderstrém, J., Pilcher, L., Galbe, M., Zacchi, G., 2003. Two-step steam pretreat-
ment of softwood by dilute H2SO4 impregnation for ethanol production.
Biomass Bioenerg. 24, 475-486.

Song, L., Ma, F., Zeng, Y., Zhang, X., Yu, H., 2013. The promoting effects of
manganese on biological pretreatment with Irpex lacteus and enzymatic
hydrolysis of corn stover. Bioresour. Technol. 135, 89-92.

Sgrensen, H.R., Pedersen, S., Jgrgensen, C.T., Meyer, A.S., 2007. Enzymatic
hydrolysis of wheat arabinoxylan by a recombinant "minimal" enzyme
cocktail containing 3-xylosidase and novel endo-1,4-R-xylanase and a-L-
arabinofuranosidase activities. Biotechnol. Prog. 23, 100-107.

Stahlberg, J., Johansson, G., Pettersson, G., 1993. Trichoderma reesei has no
true exo-cellulase: All intact and truncated cellulases produce new reducing
end groups on cellulose. BBA - Gen. Subjects. 1157, 107-113.

Stalbrand, H., Lundgyist, J., Andersson, A., Hagglund, P., Anderson, L., Tjerneld, F.,
Jacobs, A., Teleman, A., Dahiman, O., Palm, M., Zacchi, G., 2004. Isolation,
characterization, and enzymatic hydrolysis of acetyl-galactoglucomannan
from spruce (Picea abies). ACS Symposium Series. 864, 66—78.

99



Stark, A., 2011. lonic liquids in the biorefinery: A critical assessment of their poten-
tial. Energy Environ. Sci. 4, 19-32.

Stenberg, K., Tengborg, C., Galbe, M., Zacchi, G., 1998. Optimisation of steam
pretreatment of SO2-impregnated mixed softwoods for ethanol production.
J. Chem. Technol. Biot. 71, 299-308.

Sun, R., Lawther, J.M., Banks, W.B., 1995. Influence of alkaline pre-treatments on
the cell wall components of wheat straw. Ind. Crop. Prod. 4, 127-145.

Sun, Y., Cheng, J., 2002. Hydrolysis of lignocellulosic materials for ethanol pro-
duction: A review. Bioresour. Technol. 83, 1-11.

Suurnakki, A., Tenkanen, M., Siika-aho, M., Niku-Paavola, M., Viikari, L., Buchert, J.,
2000. Trichoderma reesei cellulases and their core domains in the hy-
drolysis and maodification of chemical pulp. Cellulose. 7, 189-209.

Suurnakki, A., Tenkanen, M., Buchert, J., Viikari, L., 1997. Hemicellulases in the
bleaching of chemical pulps. Adv. Biochem. Eng. Biotechnol. 57, 261-287.

Suwannarangsee, S., Bunterngsook, B., Arnthong, J., Paemanee, A., Thamchai-
penet, A., Eurwilaichitr, L., Laosiripojana, N., Champreda, V., 2012. Op-
timisation of synergistic biomass-degrading enzyme systems for efficient
rice straw hydrolysis using an experimental mixture design. Bioresour.
Technol. 119, 252-261.

Suzuki, K., Sumitani, J., Nam, Y., Nishimaki, T., Tani, S., Wakagi, T., Kawaguchi, T.,
Fushinobu, S., 2013. Crystal structures of glycoside hydrolase family 3 -
glucosidase 1 from Aspergillus aculeatus. Biochem. J. 452, 211-221.

Sygmund, C., Kracher, D., Scheiblbrandner, S., Zahma, K., Felice, A.K.G., Har-
reither, W., Kittl, R., Ludwig, R., 2012. Characterization of the two Neuro-
spora crassa cellobiose dehydrogenases and their connection to oxida-
tive cellulose degradation. Appl. Environ. Microb. 78, 6161-6171.

Szijarto, N., Horan, E., Zhang, J., Puranen, T., Siika-aho, M., Viikari, L., 2011.
Thermostable endoglucanases in the liquefaction of hydrothermally pre-
treated wheat straw. Biotechnol. Biofuels. 4, 2.

Takagi, M., 1984. Inhibition of cellulase by fermentation products. Biotechnol.
Bioeng. 26, 1506-1507.

100



Takahashi, N., Koshijima, T., 1988. Ester linkages between lignin and glucu-
ronoxylan in a lignin-carbohydrate complex from beech (Fagus crenata)
wood. Wood Sci. Technol. 22, 231-241.

Talebnia, F., Karakashev, D., Angelidaki, I., 2010. Production of bioethanol from
wheat straw: An overview on pretreatment, hydrolysis and fermentation.
Bioresour. Technol. 101, 4744—-4753.

Tao, L., Aden, A., Elander, R.T., Pallapolu, V.R., Lee, Y.Y., Garlock, R.J., Balan, V.,
Dale, B.E., Kim, Y., Mosier, N.S., Ladisch, M.R., Falls, M., Holtzapple, M.T.,
Sierra, R., Shi, J., Ebrik, M.A., Redmond, T., Yang, B., Wyman, C.E,,
Hames, B., Thomas, S., Warner, R.E., 2011. Process and technoeconomic
analysis of leading pretreatment technologies for lignocellulosic ethanol
production using switchgrass. Bioresour. Technol. 102, 11105-11114.

Teeri, T.T., Koivula, A., Linder, M., Wohlfahrt, G., Divne, C., Jonest, T.A., 1998.
Trichoderma reesei cellobiohydrolases: Why so efficient on crystalline
cellulose? Biochem. Soc. Trans. 26, 173-178.

Teleman, A., Harjunpag, V., Tenkanen, M., Buchert, J., Hausalo, T., Drakenberg, T.,
Vuorinen, T., 1995. Characterisation of 4-deoxy-p-I-threo-hex-4-
enopyranosyluronic acid attached to xylan in pine kraft pulp and pulping
liquor by 1H and 13C NMR spectroscopy. Carbohydr. Res. 272, 55-71.

Teleman, A., Nordstrom, M., Tenkanen, M., Jacobs, A., Dahlman, O., 2003. Isola-
tion and characterization of O-acetylated glucomannans from aspen and
birch wood. Carbohydr. Res. 338, 525-534.

Tengborg, C., Stenberg, K., Galbe, M., Zacchi, G., Larsson, S., Palmqvist, E.,
Hahn-H&agerdal, B., 1998. Comparison of SO2 and H2SO4 impregnation
of softwood prior to steam pretreatment on ethanol production. Appl. Bio-
chem. Biotechnol. 70-72, 3—15.

Tenkanen, M., Puls, J., Poutanen, K., 1992. Two major xylanases of Trichoderma
reesei. Enzyme Microb. Technol. 14, 566-574.

Tenkanen, M., Siika-aho, M., 2000. An a-glucuronidase of Schizophyllum com-
mune acting on polymeric xylan. J. Biotechnol. 78, 149-161.

Teramoto, Y., Tanaka, N., Lee, S., Endo, T., 2008. Pretreatment of eucalyptus
wood chips for enzymatic saccharification using combined sulfuric acid-
free ethanol cooking and ball milling. Biotechnol. Bioeng. 99, 75-85.

101



Teramoto, Y., Lee, S., Endo, T., 2009. Cost reduction and feedstock diversity for
sulfuric acid-free ethanol cooking of lignocellulosic biomass as a pretreat-
ment to enzymatic saccharification. Bioresour. Technol. 100, 4783—-4789.

Teugjas, H., Valjamae, P., 2013. Selecting R-glucosidases to support cellulases in
cellulose saccharification. Biotechnol. Biofuels. 6,.

Theander, O., 1980. Carbohydrate reactions in oxygen-alkali delignification pro-
cesses, Grazl, J.S., Nakano, J., Singh, R.P. (Eds.), Chemistry of deligni-
fication with oxygen, ozone, and peroxides. Uni Publisher, Tokyo, Japan,
pp. 43-60.

Thomsen, M.H., Thygesen, A., Thomsen, A.B., 2008. Hydrothermal treatment of
wheat straw at pilot plant scale using a three-step reactor system aiming
at high hemicellulose recovery, high cellulose digestibility and low lignin
hydrolysis. Bioresour. Technol. 99, 4221-4228.

TIKE, 2012. Yearbook of farm statistics. Information Centre of the Ministry of Agri-
culture and Forestry, Helsinki, Finland.

Timell, T.E., 1967. Recent progress in the chemistry of wood hemicelluloses.
Wood Sci. Technol. 1, 45-70.

Tomme, P., Driver, D.P., Amandoron, E.A., Miller Jr., R.C., Antony, R., Warren, J.,
Kilburn, D.G., 1995. Comparison of a fungal (family I) and bacterial (family I1)
cellulose- binding domain. J. Bacteriol. 177, 4356—-4363.

Tomme, P., van Tilbeurgh, H., Petterson, G., van Damme, J., Vandekerckhoove, J.,
Knowles, J., Teeri, T., Clayssens, M., 1988. Studies of the cellulolytic
system of Trichoderma reesei QM 9414. Eur. J. Biochem. 170, 575-581.

Travaini, R., Otero, M.D.M., Coca, M., Da-Silva, R., Bolado, S., 2013. Sugarcane
bagasse ozonolysis pretreatment: Effect on enzymatic digestibility and
inhibitory compound formation. Bioresour. Technol. 133, 332-339.

Tu, M., Chandra, R.P., Saddler, J.N., 2007. Evaluating the distribution of cellulases
and the recycling of free cellulases during the hydrolysis of lignocellulosic
substrates. Biotechnol Progr. 23, 398—406.

Tu, M., Pan, X., Saddler, J.N., 2009. Adsorption of cellulase on cellulolytic enzyme
lignin from Lodgepole pine. J. Agric. Food Chem. 57, 7771-7778.

US Bureau of Labor Statistics. 2013. CPI Inflation Calculator. Available at:
http://www.bls.gov/data/inflation_calculator.htm. Accessed 8.11.2013.

102


http://www.bls.gov/data/inflation_calculator.htm

US DOE, 2005. Genomics:GTL Roadmap. DOE/SC-0090, pp. 204.

Véljamae, P., Sild, V., Nutt, A., Pettersson, G., Johansson, G., 1999. Acid hydrolysis
of bacterial cellulose reveals different modes of synergistic action between
cellobiohydrolase | and endoglucanase I. Eur. J. Biochem. 266, 327-334.

Van Laere, K.M.J., Beldman, G., Voragen, A.G.J., 1997. A new arabinofuranohy-
drolase from Bifidobacterium adolescentis able to remove arabinosyl res-
idues from double-substituted xylose units in arabinoxylan. Appl. Micro-
biol. Biotechnol. 47, 231-235.

Vanderghem, C., Richel, A., Jacquet, N., Blecker, C., Paquot, M., 2011. Impact of
formic/acetic acid and ammonia pre-treatments on chemical structure
and physico-chemical properties of Miscanthus x giganteus lignins. Polym.
Degrad. Stab. 96, 1761-1770.

Varnai, A., Huikko, L., Pere, J., Siika-aho, M., Viikari, L., 2011a. Synergistic action
of xylanase and mannanase improves the total hydrolysis of softwood.
Bioresour. Technol. 102, 9096—9104.

Varnai, A., Viikari, L., Marjamaa, K., Siika-aho, M., 2011b. Adsorption of mono-
component enzymes in enzyme mixture analyzed quantitatively during hy-
drolysis of lignocellulose substrates. Bioresour. Technol. 102, 1220-1227.

Varnai, A., Siika-aho, M., Viikari, L., 2013. Carbohydrate-binding modules (CBMs)
revisited: Reduced amount of water counterbalances the need for CBMs.
Biotechnol. Biofuels. 6, 30.

Varnai, A., Siika-aho, M., Viikari, L., 2010. Restriction of the enzymatic hydrolysis
of steam-pretreated spruce by lignin and hemicellulose. Enzyme Microb.
Technol. 46, 185-193.

Viikari, L., Alapuranen, M., Puranen, T., Vehmaanpera, J., Siika-aho, M., 2007.
Thermostable enzymes in lignocellulose hydrolysis, Adv. Biochem. Eng.
Biotechnol. 108, 121-145.

Villas-Boas, S.G., Esposito, E., Mitchell, D.A., 2002. Microbial conversion of ligno-
cellulosic residues for production of animal feeds. Anim. Feed Sci. Technol.
98, 1-12.

Vlasenko, E., Schilein, M., Cherry, J., Xu, F., 2010. Substrate specificity of family 5,
6, 7,9, 12, and 45 endoglucanases. Bioresour. Technol. 101, 2405-2411.

103



Vogel, J., 2008. Unique aspects of the grass cell wall. Curr. Opin. Plant Biol. 11,
301-307.

von Weymarn, N., 2007. Bioetanolia maatalouden selluloosavirroista (Bioethanol
from agricultural cellulose streams). VTT, Espoo, Finland.

Vrsanskd, M., Kolenova, K., Puchart, V., Biely, P., 2007. Mode of action of glyco-
side hydrolase family 5 glucuronoxylan xylanohydrolase from Erwinia
chrysanthemi. FEBS Journal. 274, 1666-1677.

Walker, L.P., Wilson, D.B., 1991. Enzymatic hydrolysis of cellulose: An overview.
Bioresour. Technol. 36, 3—14.

Wang, K., Jiang, J., Xu, F., Sun, R., 2012. Effects of incubation time on the frac-
tionation and characterization of lignin during steam explosion pretreat-
ment. Ind. Eng. Chem. Res. 51, 2704-2713.

Weiss, N., Borjesson, J., Pedersen, L.S., Meyer, A., 2013. Enzymatic lignocellu-
lose hydrolysis: Improved cellulase productivity by insoluble solids recy-
cling. Biotechnol. Biofuels. 6, 5.

Wende, G., Fry, S.C., 1997. 2-O-B-d-xylopyranosyl-(5-O-feruloyl)-l-arabinose, a wide-
spread component of grass cell walls. Phytochemistry. 44, 1019-1030.

Westereng, B., Ishida, T., Vaaje-Kolstad, G., Wu, M., Eijsink, V., lgarashi, K.,
Samejima, M., Stahlberg, J., Horn, S.J., Sandgren, M., 2011. The putative
endoglucanase PcGH61D from Phanerochaete chrysosporium is a metal-
dependent oxidative enzyme that cleaves cellulose. PLoS One. 16, e27807.

Whistler, R.L., Chen, C., 1991. Hemicelluloses, Lewin, M., Goldstein, I.S. (Eds.),
Wood structure and composition. Dekker, New York, pp. 287-319.

Wilkie, K.C.B., 1979. The hemicelluloses of grasses and cereals. Adv. Carb.
Chem. Biochem. 36, 215-264.

Wilifér, S., Sundberg, A., Hemming, J., Holmbom, B., 2005a. Polysaccharides in some
industrially important softwood species. Wood Sci. Technol. 39, 245-257.

Willfér, S., Sundberg, A., Pranovich, A., Holmbom, B., 2005b. Polysaccharides in
some industrially important hardwood species. Wood Sci. Technol. 39,
601-617.

Wilson, D.B., Kostylev, M., 2012. Cellulase processivity. Method. Mol. Biol. 908,
93-99.

104



Wingren, A., Galbe, M., Zacchi, G., 2003. Techno-economic evaluation of producing
ethanol from softwood: Comparison of SSF and SHF and identification of
bottlenecks. Biotechnol. Prog. 19, 1109-1117.

Wingren, A., Galbe, M., Zacchi, G., 2008. Energy considerations for a SSF-based
softwood ethanol plant. Bioresour. Technol. 99, 2121-2131.

Wu, J.C., Ng, K.R,, Chong, J., Yang, K.J., Lam, X.P., Nam, C.T., Nugroho, A.J.,
2010. Recovery of cellulases by adsorption/desorption using cation ex-
change resins. Korean J. Chem. Eng. 27, 469-473.

Wyman, C.E., Dale, B.E., Elander, R.T., Holtzapple, M., Ladisch, M.R., Lee, Y.Y.,
Mitchinson, C., Saddler, J.N., 2009. Comparative sugar recovery and
fermentation data following pretreatment of poplar wood by leading tech-
nologies. Biotechnol. Prog. 25, 333-339.

Xu, F., Ding, H., Tejirian, A., 2009a. Detrimental effect of cellulose oxidation on
cellulose hydrolysis by cellulase. Enzyme Microb. Technol. 45, 203—-209.

Xu, J., Thomsen, M.H., Thomsen, A.B., 2009b. Enzymatic hydrolysis and ferment-
ability of corn stover pretreated by lactic acid and/or acetic acid. J. Bio-
technol. 139, 300-305.

Xu, L., Tschirner, U., 2012. Peracetic acid pretreatment of alfalfa stem and aspen
biomass. BioResources. 7, 203—-216.

Yoo, C., Nghiem, N., Hicks, K., Kim, T., 2013. Maximum production of fermentable
sugars from barley straw using optimized soaking in aqueous ammonia
(SAA) pretreatment. Appl. Biochem. Biotechnol. 169, 2430-2441.

Zamocky, M., Ludwig, R., Peterbauer, C., Hallberg, B.M., Divne, C., Nicholls, P.,
Haltrich, D., 2006. Cellobiose dehydrogenase — a flavocytochrome from
wood-degrading, phytopathogenic and saprotropic fungi. Curr Protein
Pept Sci. 7, 255-280.

Zeng, J., Singh, D., Chen, S., 2011. Biological pretreatment of wheat straw by
Phanerochaete chrysosporium supplemented with inorganic salts. Bio-
resour. Technol. 102, 3206-3214.

Zhang, J., Tuomainen, P., Siika-aho, M., Viikari, L., 2011. Comparison of the syn-
ergistic action of two thermostable xylanases from GH families 10 and 11
with thermostable cellulases in lignocellulose hydrolysis. Bioresour.
Technol. 102, 9090-9095.

105



Zhang, M., Wang, F., Su, R., Qi, W., He, Z., 2010. Ethanol production from high dry
matter corncob using fed-batch simultaneous saccharification and fermen-
tation after combined pretreatment. Bioresour. Technol. 101, 4959-4964.

Zhang, Y.-P., 2008. Reviving the carbohydrate economy via multi-product lignocel-
lulose biorefineries. J. Ind. Microbiol. Biotechnol. 35, 367-375.

Zhang, Y.-P., Himmel, M.E., Mielenz, J.R., 2006. Outlook for cellulase improvement:
Screening and selection strategies. Biotechnol. Adv. 24, 452-481.

Zhang, Y.P., Lynd, L.R., 2004. Toward an aggregated understanding of enzymatic
hydrolysis of cellulose: Noncomplexed cellulase systems. Biotechnol. Bio-
eng. 88, 797-824.

Zhang, Y., Fu, X., Chen, H., 2012. Pretreatment based on two-step steam explosion
combined with an intermediate separation of fiber cells-optimization of fer-
mentation of corn straw hydrolysates. Bioresour. Technol. 121, 100-104.

Zhao, X., Cheng, K., Liu, D., 2009. Organosolv pretreatment of lignocellulosic
biomass for enzymatic hydrolysis. Appl. Microbiol. Biotechnol. 82, 815-827.

Zhao, X., Wang, L., Liu, D., 2007. Effect of several factors on peracetic acid pre-
treatment of sugarcane bagasse for enzymatic hydrolysis. J. Chem.
Technol. Biot. 82, 1115-1121.

Zhao, X., Zhang, L., Liu, D., 2012. Biomass recalcitrance. part Il: Fundamentals of
different pre-treatments to increase the enzymatic digestibility of lignocel-
lulose. Biofuel. Bioprod. Bior. 6, 561-579.

Zhou, J., Wang, Y., Chu, J., Luo, L., Zhuang, Y., and Zhang, S., 2009. Optimiza-
tion of cellulase mixture for efficient hydrolysis of steam-exploded corn
stover by statistically designed experiments. Bioresour. Technol. 100,
819-825.

106



M % /4

Series title and number

VTT Science 56

Title

Development of pretreatment technology and
enzymatic hydrolysis for biorefineries

Author(s)

Anne Kallioinen

Abstract

The growing demand for energy, materials and food, depletion of fossil raw material reservoirs and
increasing environmental concerns have all increased interest in renewable resources. Lignocellulosic
biomass is an alternative for replacing fossil raw materials in the production of fuels, materials and various
chemicals. Lignocellulose present in plant cell walls consists mainly of polysaccharides, cellulose and
hemicellulose, and aromatic lignin. These major components form a complex structure that is resistant to
microbial and enzymatic activity. Due to the recalcitrant structure of plant cell walls, lignocellulosic raw
materials must be pretreated before their enzymatic hydrolysis to monosaccharides. Various pretreatment
methods; chemical, physical, biological or their combinations, have been developed. After pretreatment,
polysaccharides can be hydrolysed enzymatically to monosaccharides, which in turn can be fermented to
different products such as ethanol. Currently the first commercial scale lignocellulosic ethanol plants have
started production. A secure supply of biomass is one of the key factors for a feasible biorefinery, and new
alternative feedstocks are still required especially in northern climates in order to fulfil the raw material
demands of biorefineries in a sustainable way. In addition, development of new pretreatment technologies
and more efficient enzymatic hydrolysis are needed.

New lignocellulosic feedstocks and improved pretreatment methods were studied in the work de-
scribed in this thesis. Reed canary grass and barley straw were found to be interesting carbohydrate-rich
raw materials that could be pretreated by steam explosion and hydrolysed enzymatically with yields
comparable to those obtained from wheat straw. Selection of the most favourable harvest time for reed
canary grass, autumn or spring, was studied in relation to pretreatment and hydrolysis yields. Spring
harvested reed canary grass was found to be the more suitable raw material as it had a higher cellulose
content and the pretreated fibre was hydrolysed more efficiently compared to autumn harvested material.

A new pretreatment method using sodium carbonate and oxygen pressure was developed. The
alkaline oxidation method fractionated biomass into a carbohydrate-rich fibre and a dissolved fraction
containing most of the lignin. The produced carbohydrate-rich fibre could be efficiently hydrolysed by
enzymes and the hydrolysis was also efficient at 12% dry matter content. Compared to the 52% total
glucose yield obtained in enzyme hydrolysis of spruce after pretreatment by steam explosion, a
significantly higher glucose yield of 84% was obtained in hydrolysis after alkaline oxidation. Different
kinds of raw materials, such as spruce, birch and sugar cane bagasse, could be efficiently pretreated
by alkaline oxidation.

The main effects of alkaline oxidation pretreatment were dissolution and partial degradation of lignin
and hemicellulose. Some galactoglucomannan and xylan was solubilised and further oxidised to other
products, and therefore relatively low yields of hemicellulose were obtained. Organic acids were formed
as degradation products of lignin and carbohydrates. Process conditions were partially optimized using
spruce as raw material in order to improve the efficiency of alkaline oxidation. The pretreatment could be
accelerated by increasing the treatment temperature, by the use of copper-phenanthroline catalyst, and by
decreasing the particle size of the raw material. Further optimization of e.g. alkali dosage and the solid to
liquid ratio is still required to improve hemicellulose yield and economical feasibility.

Fibre fractions of alkaline oxidation could be hydrolysed by low enzyme dosages, 2—4 FPU/g dry
matter. Significantly higher enzyme dosages were required in the hydrolysis of steam exploded
materials, probably due to the inhibitory effect of the high residual lignin content after the pretreatment.
The efficient hydrolysis of alkaline oxidised materials by low enzyme dosages can decrease enzyme
costs or enable shorter hydrolysis time.

In order to further improve the hydrolysis efficiency and decrease the required enzyme dosage, en-
zyme mixtures were optimized regarding the major enzymes needed in biomass hydrolysis. Optimized
mixtures of thermostable enzymes were found to have significantly different proportions of cellobiohydro-
lases, endoglucanases and xylanase than the optimized mixtures of Trichoderma reesei enzymes.
Although different, the significant role of cellobiohydrolases was demonstrated in both types of mixtures.
The results also indicated that high xylanase activity was required in the hydrolysis of pretreated materials
having decreased enzyme accessibility to cellulose due to high xylan content or possibly due to drying of
the substrate. The hydrolysis performance of optimized enzyme mixtures of five thermostable enzyme
components was shown to be close to that of state-of-the-art commercial mixtures.

ISBN, ISSN

ISBN 978-951-38-8143-6 (Soft back ed.)

ISBN 978-951-38-8144-3 (URL: http://www.vtt.fi/publications/index.jsp)
ISSN-L 2242-119X

ISSN 2242-119X (Print)

ISSN 2242-1203 (Online)

Date

April 2014

Language

English, Finnish abstract

Pages

107 p. + app. 64 p.

Keywords

Lignocellulose, pretreatment, enzymatic hydrolysis, optimal enzyme mixture

Publisher

VTT Technical Research Centre of Finland
P.O. Box 1000, FI-02044 VTT, Finland, Tel. +358 20 722 111



http://www.vtt.fi/publications/index.jsp




M % /4

Julkaisun sarja ja numero

VTT Science 56

Nimeke

Esikasittely- ja entsyymihydrolyysiteknologioiden
kehittdminen biojalostamosovelluksiin

Tekija(t)

Anne Kallioinen

Tiivistelma

Kasvavat energian, materiaalien ja ruuan tarpeet, fossiilisten raaka-ainevarojen véahentyminen ja huoli
ymparistosta ovat lisénneet kiinnostusta uusiutuviin luonnonvaroihin. Lignoselluloosapohjainen bio-
massa on vaihtoehto fossiilisille raaka-aineille polttoaineiden, materiaalien ja monien kemikaalien
tuotannossa. Kasvien soluseinan lignoselluloosa koostuu paaosin polysakkarideista, kuten selluloo-
sasta ja hemiselluloosasta, sekd aromaattisesta ligniinistd. Naméa paakomponentit muodostavat
monimutkaisen rakenteen, joka on hyvin kestava mikrobien ja entsyymien hajotukselle. Koska kasvien
soluseinat ovat lujia, lignoselluloosapohjaiset raaka-aineet taytyy esikasitella ennen entsymaattista
hydrolyysia monosakkarideiksi. Erilaisia kemiallisia, fysikaalisia ja biologisia esikasittelymenetelmia tai
niiden yhdistelmia on kehitetty. Esikasittelyn jalkeen polysakkaridit voidaan hydrolysoida entsymaatti-
sesti monosakkarideiksi, jotka voidaan edelleen fermentoida erilaisiksi tuotteiksi, kuten etanoliksi. Talla
hetkella ensimmaiset kaupallisen mittakaavan lignoselluloosapohjaista bioetanolia valmistavat tehtaat
ovat aloittaneet tuotannon. Koska kannattava biojalostamo vaatii turvatut raaka-aineléhteet, uusia ja
vaihtoehtoisia biomassoja tarvitaan edelleen erityisesti pohjoisessa ilmastossa tayttamaan biojalosta-
moiden raaka-ainetarve. Myds uusien esikasittelytekniikoiden kehitysta ja nykyista tehokkaampaa
entsyymihydrolyysia tarvitaan.

Tassa tyossa tutkittiin uusia lignoselluloosaraaka-aineita ja kehitettiin esikasittelymenetelmia. Tutki-
muksessa havaittiin, etta ruokohelpi ja ohran olki olivat kiinnostavia korkean hiilihydraattipitoisuuden
omaavia raaka-aineita, jotka voitiin esikasitellda hoyryrajaytyksella ja hydrolysoida entsymaattisesti
vehnén olkeen verrattavilla saannoilla. Ruokohelven korjuuajankohdan vaikutusta esikésittelyyn ja
hydrolyysisaantoon tutkittiin syksylla ja kevaalla korjatulla ruokohelvella. Kevaalla korjatun ruokohelven
havaittiin olevan sopivampi raaka-aine, silla sen selluloosapitoisuus oli suurempi ja siitd saatu esikasi-
telty kuitu hydrolysoitui paremmin verrattuna syksylla korjattuun materiaaliin.

Tutkimuksessa kehitettiin uusi esikasittelymenetelma, joka perustui alkaliseen kasittelyyn hapetta-
vissa olosuhteissa kayttamalla kemikaaleina natriumkarbonaattia ja happea. Alkalihapetus fraktioi bio-
massan hiilihydraattipitoiseen kuituun ja ligniinipitoiseen liuenneeseen fraktioon. Tuotettu kuitu voitiin
hydrolysoida tehokkaasti entsyymeilla, ja hydrolyysi oli tehokas my6ds 12 %:n kuiva-ainepitoisuudessa.
Verrattuna hoyryrajaytetylla kuusella saatuun 52 %:n glukoosisaantoon esikéasittelyssa ja hydro-
lyysisssa, merkittavasti korkeampi 84 %:n glukoosisaanto saatiin kayttamalla alkalihapetusta esikasit-
telynd. Menetelma soveltui erilaisten raaka-aineiden, kuten kuusen, koivun ja sokeriruokobagassin,
esikasittelyyn.

Alkalihapetuksen paavaikutukset olivat ligniinin ja hemiselluloosan liukeneminen ja osittainen ha-
joaminen. Osa galaktoglukomannaanista ja ksylaanista liukeni ja hapettui edelleen muiksi tuotteiksi, ja
siksi hemiselluloosasaanto oli suhteellisen alhainen. Alkalihapetuksessa muodostui ligniinin ja hiilihyd-
raattien hajoamistuotteina orgaanisia happoja. Prosessiolosuhteita optimoitiin alkalihapetuskasittelyn
tehokkuuden parantamiseksi kayttamalla kuusta raaka-aineena. Esikasittelya voitiin tehostaa nosta-
malla kasittelylampdtilaa, kayttamalla kupari-fenantroliini-katalyyttia ja pienentamalla raaka-aineen
partikkelikokoa. Hemiselluloosasaannon ja taloudellisen tehokkuuden parantamiseksi tarvitaan esi-
merkiksi alkaliannostuksen ja kiintoaine-neste-suhteen lisdoptimointia.

Alkalihapetus-esikasittelysta saadut kuitufraktiot hydrolysoituivat tehokkaasti jo alhaisilla entsyy-
miannoksilla, 2-4 FPU/g kuiva-ainetta. Merkittavasti korkeampia entsyymiannoksia tarvittiin hoyryra-
jaytettyjen materiaalien hydrolyysissé, mika johtui todennakdisesti korkean ligniinipitoisuuden aiheut-
tamasta inhiboivasta vaikutuksesta. Alkalihapetettujen materiaalien tehokas hydrolyysi alhaisilla
entsyymiannostuksilla voi alentaa entsyymikustannuksia tai mahdollistaa lyhyen hydrolyysiajan.

Biomassan hydrolyysissa tarvittavien paaentsyymien seoksien koostumusta optimoitiin, jotta hyd-
rolyysia voitaisiin edelleen tehostaa ja alentaa entsyymiannoksia. Lampdstabiilien entsyymien opti-
moiduissa seoksissa oli eri suhteissa sellobiohydrolaaseja, endoglukanaaseja ja ksylanaasia kuin
Trichoderma reesei -homeen entsyymeista koostetuissa optimoiduissa seoksissa. Sellobiohydrolaasit
olivat kuitenkin merkittavin entsyymi molemmissa seoksissa. Saadut tulokset viittaavat siihen, etté
korkeaa ksylanaasiaktiivisuutta tarvitaan sellaisten esikasiteltyjen materiaalien hydrolyysisséa, joissa
entsyymien paasy selluloosaan on heikentynyt korkeasta ksylaanipitoisuudesta tai mahdollisesti
raaka-aineen kuivaamisesta johtuen. Viiden termostabiilin entsyymin optimaaliset seokset vastasivat
hydrolyysitehokkuudeltaan kaupallisia entsyymiseoksia.
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Development of pretreatment technology and
enzymatic hydrolysis for biorefineries

The growing demand for energy, materials and food, finite fossil raw
material reservoirs and increasing environmental concerns have all
increased interest in renewable resources. Lignocellulosic biomass is a
widely available alternative for replacing fossil raw materials in the
production of fuels, materials and various chemicals. Lignocellulose
present in plant cell walls has a recalcitrant structure and therefore
needs to be pretreated before enzymatic hydrolysis. Various pretreatment
methods; chemical, physical, biological or their combinations, have
been developed. After pretreatment, polysaccharides can be hydrolysed
enzymatically to monosaccharides, which in turn can be fermented to
different products such as ethanol.
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A secure supply of biomass is one of the key factors for a feasible
biorefinery, and thus new feedstocks are required. In addition,
development of new pretreatment technologies and more efficient
enzymatic hydrolysis are needed. In this work new alternative
lignocellulosic raw materials — reed canary grass and barley straw —
were investigated as feedstocks for a biorefinery in northern climates.
In addition, an alkaline oxidative pretreatment method was developed
which can fractionate the main components of lignocellulose and
provide a well-hydrolysable cellulose fraction. Furthermore, optimal
enzyme mixtures were developed for the hydrolysis of pretreated
materials.
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