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Abstract

Cellulosic biomass can be used as a feedstock for sustainable production of biofuels
and various other products. A complete utilization of the raw material requires under-
standing on its structural aspects and their role in the various processes. In this thesis,
x-ray and neutron scattering methods were applied to study the structure of various
cellulosic materials and how they are affected in different processes. The obtained
results were reviewed in the context of a model for the cellulose nanostructure.

The dimensions of cellulose crystallites and the crystallinity were determined with
wide-angle x-ray scattering (WAXS), whereas the nanoscale fibrillar structure of cel-
lulose was characterized with small-angle x-ray and neutron scattering (SAXS and
SANS). The properties determined with the small-angle scattering methods included
specific surface areas and distances characteristic of the packing of cellulose microfib-
rils. Also other physical characterization methods, such as x-ray microtomography,
infrared spectroscopy, and solid-state NMR were utilized in this work. In the analysis
of the results, a comprehensive understanding of the structural changes throughout a
range of length scales was aimed at.

Pretreatment of birch sawdust by pressurized hot water extraction was observed
to increase the crystal width of cellulose, as determined with WAXS, even though the
cellulose crystallinity was slightly decreased. A denser packing of microfibrils caused by
the removal of hemicelluloses and lignin in the extraction was evidenced by SAXS. This
resulted in the opening of new pores between the microfibril bundles and an increase
of the specific surface area.

Enzymatic hydrolysis of microcrystalline cellulose (MCC) did not lead to differences
in the average crystallinity or crystal size of the hydrolysis residues, which was explained
to be caused by limitations due to the large size of the enzymes as compared to the
pores inside the fibril aggregates. The SAXS intensities of rewetted samples suggested
a modest opening of the fibrillar structure during hydrolysis, but no changes could be
observed in the dry state.

Nanofibrillated cellulose (NFC) made of birch pulp with original and reduced xylan
content was used as the substrate for enzymatic hydrolysis to reduce the effects of fib-
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rillar aggregation. The results showed that the xylan present in the NFC with original
xylan content limited the hydrolysis and caused an increase in cellulose crystallinity
and crystal width, whereas the hydrolysis of NFC with reduced xylan content was more
efficient and no increase in crystallinity or crystal size was detected. According to the
SANS and SAXS results, the fibril network retained its shape in the NFC with original
xylan content, whereas it gradually broke down during the hydrolysis in the NFC with
reduced xylan content.

Cellulose whiskers were prepared from MCC without any major change in the cel-
lulose crystallinity, as determined with WAXS and solid-state NMR. The drying be-
haviour of the whiskers was studied with SAXS by characterizing the structures formed
under freeze-drying and under ambient conditions. The resulting structures were ob-
served to be influenced by both the drying method and by surface charge neutralization.
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1 Introduction

1.1 Background

As a response to the limited availability of fossil fuels and a globally growing concern
on the future of our environment, the demand for sustainable alternatives to oil and
oil-based products is constantly increasing. Alternative resources to replace current
raw materials are sought by the industry and, at the same time, sustainable materials
are gaining more and more interest among consumers around the world. Potential raw
materials to meet these challenges can be found in lignocellulosic biomass, which forms
the feedstock for second generation biorefineries (Figure 1).

The principal component of biomass, cellulose, appears an intriguing raw material,
being available worldwide with relatively low cost and, if acquired through socially
sustainable routes, not competing with food production (Gomez et al., 2008; Graham-
Rowe, 2011; Himmel et al., 2007). In addition to its traditional applications, such as
construction materials or papermaking fibres, cellulose can be utilized in a vast amount
of other ways, ranging from the use of the fibrils as part of composite materials (Faruk
et al., 2012) to biofuels and other chemicals (Klemm et al., 2005; Ragauskas et al.,
2006).

Despite a wide variety of current applications and uses of cellulosic materials, our
knowledge of their fundamental structure is relatively limited (Chanzy, 2011; Chun-
dawat et al., 2011; Klemm et al., 2005). Also the exact mechanisms underlying various
treatments used to process lignocelluloses are not all well understood (Chundawat
et al., 2011). In order to utilize the full potential of the available resources, to im-
prove the current processes and to develop new ones, a better understanding on these
mechanisms and their relation to the lignocellulose structure should be attained.

X-rays have been applied to shed light on the submicroscopic structure of cellulose
and other biomaterials already for 100 years. The first cellulose diffraction pattern was
published by a pair of Japanese doctoral students in 1913, only a year after the dis-

Ethanol (fuel)
[ Sugars )—>Germentat|on Chemicals (carboxylic acids,
alcohols, ethers)

Enzymatic
Wood hydrolysis

Wood residues Paper | Papers i, Ill, IV
Agricultural residues Pretreatment

Cellulose-rich residue

Energy crops [Non hydrolysable resuiue)—
Municipal waste Chemicals
Materials
Hemicelluloses, lignin

Paper V

Figure 1. The concept of second generation biorefinery showing the relevancy of the papers
included in this thesis. Adapted from Jorgensen et al. (2007).
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covery of x-ray diffraction (Chanzy, 2011; Nishikawa and Ono, 1913). Later, with the
development of more intensive laboratory sources and synchrotron radiation, the use
of x-ray scattering in structural studies of cellulosic materials has become a standard.
Even though several specialised scattering techniques for different purposes have been
developed during the years, the most primary ones, wide and small-angle x-ray scat-
tering, are still maintaining their status. In the meanwhile, these methods have been
complemented by small-angle neutron scattering, which has shown notable benefits
over x-rays in certain applications.

The development of new, sustainable cellulose-based products and materials in a
larger scale can be aided by investigating the effects of the different processes on the
biomass structure. An understanding on the fundamental level is also required for
building a solid overall picture on the structural features of the materials and for
being able to predict their behaviour under different conditions. In this thesis, x-ray
and neutron scattering methods were applied to characterize the nanoscale structure
of various cellulosic materials in order to extend our knowledge on the lignocellulose
structure and to study the influences of various treatments to be performed in the
context of second generation biorefinery.

1.2 Structure of wood-based biomass and its modification

The structure of native lignocellulosic biomass is highly hierarchical and complex, in-
volving numerous components and different levels of organization. In order to un-
derstand the effects of the various structural modifications of cellulosic materials, a
comprehensive and consistent picture of the original raw material should be adopted.
This section takes an overview on the structure of cellulose and the composition of the
wood cell wall, including an introduction to a few biomass processing methods relevant
for this thesis.

1.2.1 Chemical composition

Cellulose

Wood-based biomass consists mainly of cellulose, hemicelluloses and lignin, which usu-
ally form over 95% of its total dry weight (Schultz and Taylor, 1989). The most
abundant of these components, with a proportion of 40 to 45%, is cellulose, which is
an unbranched homopolysaccharide consisting of [-D-glucopyranose molecules linked
together by (1 — 4) glycosidic bonds (Figure 2a) (Schultz and Taylor, 1989; Sjostrom,
1993). As each glucopyranose unit in the chain is oriented at an angle of 180° from
the succeeding unit, the conformational repeating unit in a cellulose polymer is a cel-
lobiose molecule, consisting of two glucopyranose units. The degree of polymerisation
(DP) of native cellulose varies depending on its origin, but also due to the measure-
ment technique used to obtain the molecular weight (Schultz and Taylor, 1989). Values



1 INTRODUCTION 3
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Figure 2. The chemical structure of (a) cellulose and (b) hardwood xylan.

around 10,000 have been obtained for wood cellulose and 15,000 for cotton cellulose,
corresponding to a chain length of at least 5 pm in the fully extended state (Sjostrom,
1993).

Hemicelluloses

Hemicelluloses are a group of heteropolysaccharides present in the plant cell wall. In
wood they usually contribute to about 20 to 30% of the dry weight, but their com-
position and structure vary between wood species. Hemicelluloses generally consist
of two or more different sugars, they can be branched, and they typically have a DP
of 200 or below (Sjostrom, 1993). The major hemicellulose in hardwoods, such as
birch, is O-Acetyl-4-O-methylglucuronoxylan (Figure 2b), often simply called xylan.
It has a backbone consisting of (1 — 4)-linked -D-xylopyranose units with occasional
acetyl and uronic acid side groups, seven and one per ten xylose residues, respectively
(Sjostrom, 1993). In addition to xylan, which forms about 15 to 35% of the mass of
dry hardwood, another typical hardwood hemicellulose is the unbranched glucoman-
nan, contributing to 2 to 5% of the mass (Schultz and Taylor, 1989; Sjostrom, 1993).

Lignin

Lignins are highly cross-linked polymers of phenylpropane units having various com-
plicated structures. The lignin content of normal hardwood is typically between 20
and 25%, but its specific location as well as its composition and structure may vary
significantly between different cell types and cell wall layers (Sjostrom, 1993). The
DP of lignin in hardwoods is below 20,000, even though it has a high polydispersity
(Sjostrom, 1993).

Other constituents and water

Besides cellulose, hemicelluloses and lignin, dry wood contains less than 5% of extra-
neous components, which do not contribute to its structural properties (Schultz and
Taylor, 1989). These components include the so-called extractives, which are organic
compounds like starch, pectins, simple sugars, aromatics and fatty acids. The extrac-
tives are soluble in selected neutral solvents and their composition is changed during
wood storage (Sjostrom, 1993). In addition to the extractives, wood contains typically
less than 1% ash, which consists of inorganic compounds.
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In a way, water may also be considered as a constituent of wood, because it has an
important role in the structure of natural wood. Living trees contain up to 60% water,
which can be roughly divided into two fractions based on its function and location
(Schultz and Taylor, 1989). The fraction of water occupying the hollow centres of
wood cells is called free water, whereas the water bound to the hydroxyl groups of
cellulose and hemicellulose inside the cell wall is termed bound water. When dried
under room temperature, the free water fraction is removed first and at least part of
the bound water remains even after a long time. The swelling behaviour of wood and
wood fibres, including the regions accessible to water, can be modified with chemical
methods (Sjostrom, 1993).

1.2.2 Cellulose in the plant cell wall

Structure of the plant cell wall

The plant cell wall consists of several layers, the thickest of which is the middle layer
(Sq layer) of the secondary wall (Sjostrom, 1993). In higher plants like wood, this layer
alone contributes to more than 50% of the cell wall thickness and contains most of
their total cellulose. The inner structure of this cell wall layer consists of parallel fibrils
of thickness in the order of 100 nm, which are helically circulating around the long
axis of the cell (Figure 3). These fibrils consist of tight bundles of even thinner fib-
rils, where the smallest independent unit is called the cellulose microfibril (Donaldson,
2007). According to the generally accepted picture, plant-based cellulose microfibrils
have cross-sections with a diameter varying roughly between 2 and 6 nm and contain-
ing essentially one cellulose crystallite, whereas their length extends to several hundred
nanometres (Klemm et al., 2005; O’Sullivan, 1997).! In addition to crystalline cellu-
lose, a significant fraction of cellulose exists in less ordered state, being referred to as
amorphous cellulose. The location and nature of these two cellulose fractions varies
between different parts of the cell wall (Ruel et al., 2012). The hierarchical composite
structure is held together by a matrix formed by hemicelluloses and lignin.

Cellulose biosynthesis

Cellulose is known to be synthesized in the plasma membrane of the plant cell wall
by enzymatic terminal complexes called rosettes (Brown Jr. and Saxena, 2000; Guer-
riero et al., 2010). One rosette consists of six subunits with hexagonal symmetry, thus
having a total diameter of about 25 nm, and it is able to simultaneously synthesize 36
cellulose chains at maximum. The lateral dimensions of the resulting microfibril are
partly determined by the geometry of the terminal complex, which can be observed for
instance by comparing the microfibril cross-sections of algal celluloses synthesized by

Warying terminology has been used for the elementary units of cellulose (Klemm et al., 2005;
O’Sullivan, 1997), but here we adopt the definitions according to Brown Jr. and Saxena (2000) and
Nishiyama (2009).
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Figure 3. A sketch of the hierarchical structure of the wood cell wall.

differently shaped terminal complexes (Brown Jr. and Saxena, 2000; Guerriero et al.,
2010; Moon et al., 2011). The eventual morphology of the microfibril, however, is
not determined until the final aggregation and crystallization of the individually syn-
thesized cellulose molecules and, at the moment, this particular step still remains to
be elucidated (Guerriero et al., 2010). It has also been speculated that a complete
microfibril bundle would be formed simultaneously by a group of rosettes (Guerriero
et al., 2010), which might allow even more variation in the generated fibril morphol-
ogy. Something that also remains to be explained in more detail, is how the different
hemicelluloses are incorporated in the microfibril bundles (Awano et al., 2002).

Hemicelluloses and lignin in the plant cell wall

Hemicellulose content in the plant cell wall varies considerably between different cell
types and different layers of the cell wall, as well as locally inside of these layers. In the
middle layer of the secondary wall of hardwoods, the hemicellulose content is highest
in the outer parts of the layer (Sjostrom, 1993). The distribution of lignin varies also
in the structure. About 20-25% of the total lignin is located in the intercellular spaces
called middle lamella, whereas about 60-80% of it resides in the secondary cell wall
(Schultz and Taylor, 1989; Sjéstrom, 1993). In some hardwoods, the lignin content of
the secondary cell wall may be quite modest, even below 10% (Donaldson, 2007), but
generally it is around 20-30% (Schultz and Taylor, 1989).

The detailed structure of the hemicellulose-lignin matrix surrounding the cellu-
lose microfibrils and their bundles in the secondary plant cell wall is not well under-
stood, even though attempts to describe the specific locations of the different cell wall
components and their mutual interactions are constantly made (Olsson et al., 2011;
Terashima et al., 2009). According to the current picture, mainly based on observa-
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tions from the growing (primary) cell wall (Chundawat et al., 2011; Cosgrove, 2005;
Gomez et al., 2008), the cellulose microfibrils or their bundles are surrounded by hemi-
celluloses, which maintain the rigid cellulose fibrils apart from each other and thereby
increase the flexibility of the material. On the other hand, the hemicelluloses form
also cross-links between the fibrils, which serves to anchor the fibrils to each other.
The polysaccharides in the secondary plant cell wall, cellulose and hemicelluloses, are
sealed by a lignin matrix (Chundawat et al., 2011; Gomez et al., 2008). The lignin
acts as a waterproof mechanical reinforcement element, which is covalently linked to
hemicelluloses and highly resistant to microbial digestion by enzymes. The locations
and mutual interactions of the various constituents of biomass in relation to cellulose
have also been discussed in papers I and III of this thesis.

1.2.3 Molecular und supramolecular structure of cellulose

Crystalline cellulose

Pure cellulose is known to crystallize in several allomorphs, although only two of them
are found in nature (O’Sullivan, 1997; Zugenmaier, 2001). Cellulose Iav has a triclinic
one-chain unit cell and cellulose 15 a monoclinic two-chain unit cell, both of them
containing parallel chains stacked in flat sheets on top of each other (Nishiyama et al.,
2002; O’Sullivan, 1997). The 15 allomorph (Figure 4) is known to be dominant in higher
plants, but often they exist simultaneously (Atalla and VanderHart, 1984; O’Sullivan,
1997). The main difference between these two allomorphs is found in the stacking
arrangement of the hydrogen-bonded sheets relative to each other, which could in
principle allow them to be part of the same microfibril (Matthews et al., 2012). Other
allomorphs, such as cellulose II or IIl}, can be obtained by chemical and thermal
treatments (O’Sullivan, 1997; Zugenmaier, 2001). In contrast to cellulose I, the chains
forming the unit cell of cellulose II have antiparallel polarity (Kim et al., 2006; Langan
et al., 2001).

In a cellulose 15 crystal the cellulose chains are held together by several interactions
(Gross and Chu, 2010; Nishiyama et al., 2002). Hydrogen bonds (O-H- - - O) are formed
between neighbouring residues of the same chain as well as between different chains in
the same sheet, i.e. the plane determined by the glucose rings (perpendicular to the a
axis in Figure 4). The stack of sheets is held together by weaker C-H- - - O bonds, van
der Waals interactions, and hydrophobic effects. According to computer simulations
(Gross and Chu, 2010) the overall contribution of the intersheet interactions calculated
per glucose unit is higher than that of the intrasheet O-H--- O hydrogen bonds.

Excluding the less ordered surface chains, each cellulose I8 crystal in wood is
thought to be formed of roughly 15 to 30 cellulose chains, thus having an agreement
with the lateral widths of around 2 to 4 nm determined experimentally (Fernandes
et al., 2011; Jakob et al., 1995; O’Sullivan, 1997). The shape of the microfibril cross-
section varies between plant and wood species (Leppéanen et al., 2009; O’Sullivan, 1997),
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c=10.38 A

Figure 4. Unit cell of cellulose 15 (Nishiyama et al., 2002) depicted along the a axis (left,
centre chain only) and along the b axis (right).

even though no proper consensus on the topic seems to exist (Nishiyama, 2009). In the
longitudinal direction of the chains, the crystalline order is maintained for a length of
some tens of nanometres in wood, which has been deduced from the peak broadening
observed in x-ray diffraction intensities (Andersson et al., 2003; Fernandes et al., 2011;
Jakob et al., 1995; Leppénen et al., 2009). However, this crystal length value does
not take into account any possible distribution of crystal lengths and, as illustrated by
Astley and Donald (2001), it may emphasize larger crystal sizes. Whether the longi-
tudinal disruption of the crystalline ordering after some tens of nanometres appears
periodically, is therefore currently not known.

Amorphous cellulose

The division of cellulose into crystalline and amorphous fractions is more or less arbi-
trary and the exact form of non-crystalline cellulose and its subclasses are still under
debate (Kondo et al., 2001; Kontturi et al., 2011; O’Sullivan, 1997). Usually, amorphous
cellulose is referred to as cellulose lacking long-range order, which can be observed in
x-ray diffraction patterns as an (isotropic) amorphous halo arising from the dimensions
of the glucose units and corresponding to a distance of 0.4-0.5 nm (Paakkari et al.,
1989). Sometimes the amorphous portion of cellulose is related to the conformation-
ally disordered cellulose chains on crystallite surfaces (O’Sullivan, 1997), which can be
distinguished with solid-sate NMR spectroscopy (Atalla and VanderHart, 1984; Evans
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et al., 2005; Wickholm et al., 1998). In fact, collected experimental evidence currently
suggests that most of the less ordered cellulose is located on the microfibril surfaces
rather than within extensive amorphous regions along the microfibril (Driemeier and
Bragatto, 2013; Fernandes et al., 2011; Nishiyama et al., 2003).

Regardless of its location, “amorphous” cellulose is seldom truly amorphous in the
sense of a non-ordered, liquid-like isotropic distribution, because the molecules are
believed to roughly share the same orientation with the crystals (O’Sullivan, 1997).
Common orientation between the crystals and non-crystalline cellulose, as well as the
matrix polymers, at least to some degree, has been shown experimentally with polarized
Fourier-transform infra-red (FT-IR) spectroscopy (Olsson et al., 2011; Salmén et al.,
2012; Stevanic and Salmén, 2009). Based on observations of FT-IR signals originating
from various molecular groups, detected under different polarizations with respect to
the longitudinal cell axis, it has been shown that both cellulose as well as the other
components associated with it are aligned roughly in the same direction in wood. That
is, the “amorphous” cellulose and the molecules of the “amorphous” hemicellulose
matrix share a common preferred orientation with the cellulose crystallites in the cell
wall. Moreover, physical interlinks between oriented hemicelluloses and cellulose have
been demonstrated (Akerholm and Salmén, 2001) and it has been proposed that the
less ordered parts of the cellulose microfibrils, i.e. probably the cellulose chains at the
crystallite surfaces, are located closer to lignin, hemicelluloses, and water (Fernandes
et al., 2011) and that they would serve to complement the amorphous hemicellulose
(Driemeier and Bragatto, 2013). In paper III of this thesis, a preferred orientation
of a fraction of xylan with respect to cellulose was observed with dynamic FT-IR
spectroscopy in birch-based nanofibrillated cellulose and the interactions between the
different components were discussed.

Fibrillar structure of cellulose
The basic cohesive unit in wood samples seems to be the aggregate or bundle of cellulose
microfibrils, which can be observed in microscopy images (Donaldson, 2007; Fahlén and
Salmén, 2003; Fink et al., 1990; Frey-Wyssling, 1954; O’Sullivan, 1997). Even though
the bundles (sometimes called macrofibrils) are directly observable with microscopic
techniques, their inner structure is not completely understood and various models
have been proposed for it (Driemeier and Bragatto, 2013; Fahlén and Salmén, 2005;
O’Sullivan, 1997). Based on current experimental evidence, a cross-sectional model
sketched in Figure 5 is proposed and will be discussed in the following.

In the fibrillar model presented in Figure 5, the microfibrils, consisting of about
36 parallel cellulose chains in a crystal, are arranged into bundles with outer lateral
dimensions in the order of 20 nm (Donaldson, 2007; Fahlén and Salmén, 2003; Klemm
et al., 2005; O’Sullivan, 1997). The spaces between the microfibrils are occupied by
amorphous cellulose and by some hemicelluloses, being at least partly accessible to
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Figure 5. A schematic drawing of cellulose microfibril bundles in the secondary cell wall of
wood. The dark brown lines correspond to the projections of crystalline cellulose molecules
and the lighter brown lines to less ordered cellulose. Hemicelluloses are depicted in red and
hydrated parts in blue. Lignin has been omitted for simplicity.

water (Driemeier and Bragatto, 2013; Fernandes et al., 2011). The microfibril bundles
are surrounded by hemicelluloses and lignin, also partly accessible for water. Among
the microfibril aggregates, elongated water-filled pores exist, which are caused by the
imperfect packing of the microfibrils and bundles of them (Driemeier and Bragatto,
2013; Fahlén and Salmén, 2005).

The orientation and directionality of the cellulose microfibrils or crystals in the
bundles are important factors related to the ultrastructure and reactivity of cellulose.
The microfibrils of each bundle share a common directionality in their longitudinal
axis, but the equatorial orientation of the crystals around this axis may possibly vary
(Driemeier and Bragatto, 2013), as is the case at least for the bundles (Lichtenegger
et al., 1999; Nishiyama, 2009). The varying orientation of the crystallites inside a
microfibril bundle opens the speculation for the role of amorphous cellulose as a less
ordered transition zone between the adjacent crystals (lighter brown chains in Figure 5)
(Driemeier and Bragatto, 2013), which could partly explain the necessity of amorphous
cellulose in all kinds of cellulosic substances with native microfibrils present. The
directionality of the longitudinal axis, i.e. polarity, of adjacent microfibril bundles,
on the other hand, varies randomly, enabling the intermingling of chains of different
polarity during mercerization and formation of the cellulose II allomorph (Kim et al.,
2006; O’Sullivan, 1997). The opposite polarity might also serve to induce disorder on
the bundle surface.

The internal structure of cellulose microfibrils in the longitudinal direction deserves
also attention. Even though the line broadening in x-ray diffraction experiments shows
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that the long-range order in the cellulose crystals in this direction extends only to
some tens of nanometres, other experimental evidence gained by small-angle neutron
scattering of deuterated ramie fibres suggests that there are localized regions of disorder
present with much longer, yet regular, spacing (Nishiyama et al., 2003). These regions
could be originally caused by a disturbance in the function of the terminal complex
during the biosynthesis of the microfibril. As an interesting detail pointed out by
Fernandes et al. (2011), the interval of the disordered regions roughly corresponds to the
average distance between chain ends in a 24-chain microfibril, namely 200 nm, if equally
long chains with a random distribution of chain ends are assumed. Another potential
cause for the defects could be some internal strains in the microfibril (Nishiyama,
2009; Nishiyama et al., 2003). Even though their origin remains under debate, the
distance between the disordered regions corresponds well to the levelling-off DP of
acid hydrolysis and the length of the residual cellulose particles, which suggests that
these small disordered regions, covering only a few glucose units at a separation of
about 300 units, would correspond to the fraction of cellulose most easily removed
by acid hydrolysis (Nishiyama et al., 2003). In this context, it seems logical that the
disruption of the long-range order in the crystallites at shorter and possibly irregular
intervals would be caused by twisting, bending, or some other less dramatic crystal
defects, possibly confined inside the crystalline core of the microfibril, rather than
by an extensive discontinuity in the crystallite and microfibril. Twisting of cellulose
microfibrils has been observed with microscopic techniques for instance in tunicin-based
and algal celluloses (Elazzouzi-Hafraoui et al., 2008; Hanley et al., 1997) and predicted
by computer simulations of cellulose 15 crystals (Matthews et al., 2006; Paavilainen
et al., 2011)

1.2.4 Processed biomass and cellulose

The utilization of ligno-cellulosic biomass in the context of biorefining requires various
treatments and modifications to be carried out in order to obtain the final products
(Figure 1). The main route followed by the works included in this thesis is that aim-
ing at the production of bioethanol and other chemicals from depolymerised biomass
polysaccharides. First, the biomass is subjected to a pretreatment (paper I), which
serves to remove some of the non-cellulosic components and to prepare the material
for the following steps. After the pretreatment, the residual polysaccharides are en-
zymatically hydrolysed to soluble sugars (papers II-IV), which can be fermented to
ethanol and other chemicals (Chundawat et al., 2011; Gomez et al., 2008; Jgrgensen
et al., 2007). Currently, the conversion of cellulosic biomass to fermentable sugars
represents the major bottleneck reducing the cost-effectiveness of the process (Viikari
et al., 2012).

The depolymerisation of the cellulose in a second generation biorefinery is catalysed
by enzymes, which represent a milder and more controllable option as compared for in-
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Figure 6. The enzymes typically involved in the hydrolysis of cellulose: cellobiohydrolase
I (CBH I) and II (CBH II) hydrolyse the cellulose chains processively from their reducing
and non-reducing ends, respectively, whereas the endoglucanases (EG) cut the chains at
random. The cellobiose units produced by the CBHs are degraded to glucose by S-glucosidase.
Cellulose chains are depicted as brown lines and hemicellulose in red. Original idea of figure
by Teeri (1997).

B glucosidase

stance to acid hydrolysis (Chundawat et al., 2011; Hu and Ragauskas, 2012). However,
despite that the hydrolysis involves distinct types of enzymes working in synergy with
each other (Figure 6), the naturally complex multi-component structure of biomass
creates serious challenges for the deconstruction, in which the term “biomass recalci-
trance” is often used to describe this natural resistance (Himmel et al., 2007; Mosier
et al., 2005). Probably the single most significant limiting factor for the enzymatic
hydrolysis of natural biomass is the physical barrier formed by the hemicellulose-lignin
matrix, but also other factors related to the structure and morphology have been dis-
cussed in the literature (Alvira et al., 2010; Chundawat et al., 2011; Mansfield et al.,
1999; Mosier et al., 2005). Overcoming these various limitations, including microfib-
rillar aggregation and hemicellulose content, was the motivation for papers II-IV of
this thesis, which investigated the structural changes introduced by the enzymes in
cellulosic substrate materials.

The natural recalcitrance of cellulosic biomass towards enzymatic hydrolysis can
be reduced by pretreatments, which increase the accessibility of the enzymes to their
cellulosic substrates (Alvira et al., 2010; Chundawat et al., 2011). This can be achieved
by the removal or modification of the hemicellulose-lignin matrix, which directly pro-
tects the cellulose against microbial attack, as well as by loosening the tight packing
of native cellulose fibrils. In an ideal case, the matrix components can be extracted in
a controlled manner, which enables their utilization in other applications. An alterna-
tive, or often accompanying, mechanism for a pretreatment is to modify the crystalline
structure of cellulose, either by decreasing the crystallinity or by inducing a transfor-
mation from the native cellulose I allomorph to a less resistant one. The choice of the
applied pretreatment method depends on the targets of the pretreatment as well as on
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the properties of the particular raw material.

The pretreatment of lignocellulosic biomass for enzymatic hydrolysis can be re-
alized using water-based systems, where factors including the temperature, pH, and
treatment duration, collectively described by so-called severity factors, affect the result-
ing structure (Pedersen and Meyer, 2010). One of the most prominent pretreatment
methods in this field is pressurized hot water extraction, in which the hemicelluloses
and a part of lignin are dissolved by liquid water at elevated temperatures and the
structure is modified to be better accessible to the enzymes (Alvira et al., 2010; Mosier
et al., 2005). The treatment can be carried out using either a flow-through or a batch
system and the temperature of the water is typically kept between 160 and 240°C. The
benefits of this pretreatment method as compared to many others are related to its
neutral conditions and lack of required other chemicals, whereas its downsides include
high water input and high energy consumption. The effects of pressurized hot water
extraction on the nanoscale structure of birch sawdust were the subject of paper I of
this thesis. A more recently evolved alternative for water-based pretreatment systems
are ionic liquids, which dissolve the cellulose and other components and lead to a mod-
ification of the cellulose crystal structure to a more readily hydrolysable form (Cheng
et al., 2011; Kilpeldinen et al., 2007; Samayam et al., 2011).

Apart from the processing methods of wood-based biomass directly related to biore-
fining, several others are also relevant for this thesis. One of these processes is pulp-
ing, which forms the basis of modern industrial papermaking. In kraft pulping, the
dominant method of chemical pulping, cellulose fibres are separated from wood by
pressurized alkaline cooking at elevated temperatures (Sjostrom, 1993). The treatment
removes such a large proportion of lignin that the fibres are easily liberated, but at
the same time also the polysaccharides are at least partly degraded. Both cellulose
and hemicelluloses are degraded by peeling from their chain ends and the structure of
xylan is altered by the cleavage of acetyl groups (Sjostrom, 1993). The residual lignin
remaining after the pulping process may be removed by bleaching, which also serves to
improve the overall cleanliness of the pulp (Sjostrom, 1993). As the pulping removes
most of the matrix materials from between the cellulose microfibrils, irreversible cross-
linking of microfibrils and their bundles may take place when the pulp is dried (Pénni
et al., 2012). This effect has been termed microfibril coalescence (Ponni et al., 2012)
and it might at least partly explain the detected increase in the lateral crystal size of
cellulose during pulping (Leppénen et al., 2009). A possibly similar effect has been
discussed in relation to pressurized hot water extraction in paper I of this thesis.

Wood pulp can be further refined to obtain other materials. For instance mechanical
homogenization of wood pulp can be used to obtain fibrillated cellulose (Herrick et al.,
1983; Turbak et al., 1983), where the cellulose fibrils can be separated from each other
even down to the level of individual microfibrils (Arola et al., 2013; Paakko et al.,
2007; Sir6 and Plackett, 2010). The network of fibrils formed in this process has a
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high capacity for water uptake and its crystallinity has been slightly decreased. These
micro- and nanofibrillated cellulose (MFC and NFC) materials have several potential
applications as such or as part of composite materials (Faruk et al., 2012; Moon et al.,
2011). In this thesis, however, NFC was used as a model system in order to investigate
the action of cellulose hydrolysing enzymes on the structure of the cellulose fibrils and
the fibril network (papers IIT and IV).

More robust modifications to cellulosic substances may be introduced by acid hy-
drolysis. The typical hardwood hemicelluloses, xylan and glucomannan, are hydrolysed
to monosaccharides already by dilute acids (Sjostréom, 1993), but cellulose, especially
crystalline cellulose, is more resistant to acidic cleavage. When hydrolysed with acids,
cellulose shows a so-called levelling-off DP, which is reached already at the early stages
of the hydrolysis (below 10% degree of hydrolysis) (Battista, 1950; Nishiyama et al.,
2003). As mentioned in Section 1.2.3, a correspondence between the levelling-off DP
and the distance between the periodic amorphous regions first attacked by the hydrol-
ysis has been found in ramie cellulose microfibrils (Nishiyama et al., 2003). Acidic
hydrolysis of wood fibres can be used to prepare microcrystalline cellulose (MCC),
which after neutralization and spray-drying consists of porous micrometre scale par-
ticles formed by aggregated residual microfibril bundles (Moon et al., 2011) and has
a cellulose DP of 150 to 300 (Klemm et al., 2005). Further hydrolysis of MCC pro-
duces cellulose nanocrystals (CNC) or cellulose whiskers, which are highly crystalline,
rod-like nanoparticles 3-30 nm in width and tens to hundreds of nanometres in length
(Azizi Samir et al., 2005; Dong et al., 1998; Eichhorn, 2011; Moon et al., 2011; Ranby,
1951). If sulphuric acid is used for the hydrolysis, the surface of the particles becomes
negatively charged due to the presence of sulphate groups. In this thesis, the drying
behaviour of cellulose whiskers prepared by sulphuric acid hydrolysis from different
MCCs was studied in paper V, whereby also the influence of surface charge neutral-
ization was examined. In paper II the effects of enzymatic hydrolysis on the structure
of MCC were investigated.

What links together all the processing methods discussed above, is that in all of
them the structure of cellulose and cellulose microfibrils is modified only partially. The
native fibrillar structure consisting of microfibrils associated together to form larger
bundle structures is retained. In this thesis, the focus is in the effects of various
treatments on these structures, that is, the structures on the level of cellulose crystals
and above.
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1.3 Structural characterization of cellulosic materials

This section aims at presenting an introduction to a few experimental techniques used
to characterize the nanoscale structure of cellulosic materials. As the main focus of
this thesis is in the application of scattering methods, x-ray scattering in particular,
the discussion will be biased in that direction.

1.3.1 Cellulose crystallinity

Similar to many other semicrystalline polymers, the radially averaged wide-angle x-
ray scattering (WAXS) pattern of cellulose consists of a smooth amorphous intensity
distribution topped by peaks arising from crystals of dimensions in the nanometre
scale. In principle, the powder diffraction pattern of a semicrystalline polymer sam-
ple can be used to determine its crystallinity, defined as the dry mass fraction of the
sample in crystalline state (Gedde, 1995). This is based on the principle that the
total coherent scattering from all electrons in the sample is independent of the state
of aggregation of their host atoms (Gedde, 1995). However, as it comes to cellulose,
various challenges are faced by attempts to experimentally determine the crystallinity
of real samples. Omne of the most fundamental challenges is related already to the
definition of crystallinity. As pointed out by Driemeier and Calligaris (2011), the defi-
nition of a crystal given by the International Union of Crystallography is based on the
existence of relatively sharp Bragg peaks detected by an x-ray diffraction experiment.
However, because of the small crystallite dimensions, the diffractogram of cellulose
typically contains rather broad peaks (Figure 7), which are, apart from a few excep-
tions, not distinguishable from each other. In addition to raising a contradiction with
the definition of crystallinity, the overlapping of broad peaks seriously complicates the
accurate determination of cellulose crystallinity from WAXS patterns (Driemeier and
Calligaris, 2011). In order to avoid the terminological contradiction in practice, terms
like “crystallinity index” or “apparent crystallinity” are sometimes favoured over the
term “(degree of) crystallinity” in the literature.

Another challenge for the determination of crystallinity of cellulose is related to the
general composition of cellulosic samples. This is because the assumption of a simple
two-phase system with separate crystalline and amorphous fractions is not valid in most
cases (Driemeier and Bragatto, 2013; Nishiyama et al., 2012). As already discussed in
Section 1.2.3, various degrees of order exist within the amorphous fraction. Moreover,
the additional components present in many cellulosic materials, mainly hemicelluloses
and lignin, are for the sake of simplicity approximated to belong to the amorphous
phase. As no larger crystals are formed by the branched hemicelluloses, this assump-
tion can be held as justified. However, it has been suggested that some well-ordered
hemicelluloses on the cellulose crystal surface may contribute to the lateral crystal size
determined from peak broadening in WAXS (Driemeier et al., 2011), in which case they
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Figure 7. Wide-angle x-ray scattering (WAXS) intensities of various cellulosic samples
showing the main reflections of cellulose I8 (Nishiyama et al., 2002). The data has been
taken from the papers and the results for crystallinity and crystal size are shown in Table 1.

would also affect the crystallinity determination with methods based on peak fitting.
Furthermore, the definition of crystallinity based on x-ray diffraction deviates from
the concept of crystallinity encountered in relation to spectroscopic techniques, such
as solid-state 13C cross-polarization/magic-angle spinning nuclear magnetic resonance
(CP/MAS NMR) spectroscopy, Fourier-transform infrared (FT-IR) spectroscopy, or
FT Raman spectroscopy (Evans et al., 2005; Park et al., 2010; Schenzel et al., 2005;
Wickholm et al., 1998). As these methods are based on the detection of signals from
molecular groups separated in space, they are sensitive to short-range order and in-
dependent of any long-range periodicity. In particular for solid-state NMR, different
signals have been indexed to cellulose chains inside the crystal and on its surface (Atalla
and VanderHart, 1984; Evans et al., 2005; Wickholm et al., 1998). Moreover, the sig-
nals from molecular groups near crystal surfaces have been divided based on different
degrees of order and accessibility of the surfaces (Wickholm et al., 1998). When com-
paring between crystallinity values obtained with different methods, care should be
taken also regarding the terminology. As an example, the term “paracrystalline cellu-
lose” appears in relation to NMR spectroscopy meaning both an intermediate form of
structure between crystalline cellulose and disordered surface chains (Wickholm et al.,
1998) and the less ordered surface chains in general (Ioelovich et al., 2010). In the
field of x-ray diffraction, paracrystallinity refers to the fluctuations of the unit cell
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dimensions within a crystallite (Hosemann and Bagchi, 1962).

In addition to deviations between different experimental techniques, the numerical
value of the crystallinity also depends on the method used to obtain it from the exper-
imental data. Different methods to extract the cellulose crystallinity from WAXS data
have been reviewed and compared elsewhere (Bansal et al., 2010; Park et al., 2010;
Thygesen et al., 2005), but a few of them are discussed here. The most commonly ap-
plied method is the peak-height method presented by Segal et al. (1959) (also known
as the Segal method), which is based on the comparison of intensity values at only two
points of the intensity profile and mainly used for its simplicity. Despite being able to
highlight crystallinity differences among samples of the similar kind, which may cor-
relate with crystallinities determined with other methods, the peak-height method is
known to yield systematically higher values than most of the other methods and can-
not be used to determine the absolute crystallinity of a cellulosic sample (Bansal et al.,
2010; Park et al., 2010; Thygesen et al., 2005). In addition, because the calculation
of the crystallinity with this method does not take into account the peak shape, the
values are significantly affected by the crystal size and shape.

The more reliable methods for cellulose crystallinity determination from WAXS
data rely on the utilization of the whole x-ray diffractogram (Bansal et al., 2010; Park
et al., 2010; Thygesen et al., 2005). In that, the most difficult task is the separation
of the crystalline and amorphous components of the scattering intensity. This can be
done in practice by using a smooth curve to connect the tails of well-resolved diffrac-
tion peaks, as in the original Ruland—Vonk method (Ruland, 1961; Vonk, 1973), or by
approximating the amorphous background by a function below the contribution of the
diffraction peaks, as in Rietveld refinement (Thygesen et al., 2005). Alternatively, the
amorphous background can be determined experimentally by measuring the scattering
of an amorphous standard (Andersson et al., 2003; Thygesen et al., 2005). In many
cases, however, problems arise due to the lack of a universal amorphous background
(Driemeier and Calligaris, 2011; Thygesen et al., 2005). To account for these obscuri-
ties, a new and highly sophisticated, yet slightly complicated, method was presented
by Driemeier and Calligaris (2011). This method is based on Rietveld modelling, which
basically contains a least-squares fit to the intensity by a number of Bragg peaks, and
takes into account the effects of preferred orientation, incoherent scattering, moisture
content, and compositional deviations. However, some of the values obtained with this
method may be overestimated, which could be due to effects caused by the choice of a
Lorentzian peak profile (Driemeier et al., 2011).

In the light of the above discussion, it is not surprising that the crystallinity val-
ues reported in the literature even for similar cellulosic samples contain considerable
variation. If the less reliable methods used to determine the crystallinity from WAXS
intensities are excluded, crystallinity values of 40-70% for MCC are most often encoun-
tered in the literature (Bansal et al., 2010; Leppénen et al., 2009; Park et al., 2010;
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Thygesen et al., 2005), whereas those for pulp and wood are somewhat lower, at about
30-55% (Andersson et al., 2003; Leppéanen et al., 2009; Thygesen et al., 2005). Here it
should be noted that in some cases the sample crystallinity may deviate significantly
from the cellulose crystallinity, because of a large amount of other (non-crystalline)
components present in the sample. Due to this fact, the cellulose crystallinity of most
wood-based cellulose I samples seems to be roughly in the range from 40 to 70%, in-
dependent of their origin (Andersson et al., 2003; Thygesen et al., 2005). Compared
to these values and taking their variation into account, the crystallinities determined
by solid-state NMR are often in the same range and show correlations with x-ray crys-
tallinities (Andersson et al., 2003; Park et al., 2010; Thygesen et al., 2005; Tolonen
et al., 2011). In relation to this thesis, the crystallinity of cellulose was studied with
WAXS in papers I-IIT and V. In paper V the cellulose crystallinity was determined
also with solid-state NMR, yielding similar results as obtained with WAXS.

1.3.2 Lateral dimensions of cellulose crystals and fibrils

Microscopic techniques, such as transmission electron microscopy (TEM) or atomic
force microscopy (AFM), can be used to obtain direct measures of the lateral dimen-
sions of cellulose fibrils (Donaldson, 2007; Jakob et al., 1995). However, these methods
suffer from a few limitations, namely, that they require complicated sample prepara-
tion procedures that alter the native sample structure and that they usually do not
provide a reliable average of the whole sample (Jakob et al., 1995). In addition, it is
often difficult to tell from an microscopy image whether the smallest observable units
are individual cellulose microfibrils or bundles of them and whether they correspond to
single crystals or to particles containing also less ordered components (Newman, 1999).
These same challenges were met when interpreting the TEM images in paper II and
the AFM images in paper V of this thesis, for which they were mainly used to obtain
qualitative information and to support results obtained with other methods.

Indirect determination of lateral dimensions of cellulose crystals can be done with
WAXS. The method is based on peak broadening due to the limited size of crystals
(Cullity and Stock, 2001), which can be utilized to calculate a minimum value for
the weight average of cellulose crystal size in different directions (Fink et al., 1995).
The measured sample is typically of macroscopic dimensions, thus providing good
statistics, and requires only minimal preparation prior to measurement (Jakob et al.,
1995). Among the drawbacks of this technique are the influence of lattice distortions
and the requirement of a non-trivial line shape for fitting (Fink et al., 1995; Jakob
et al., 1995). Also a broad distribution of sizes complicates the analysis and may bias
the results (Fink et al., 1995). In some cases, the crystal width can be overestimated
due to less ordered cellulose or hemicellulose molecules on the crystal surfaces that
have adopted a spatial ordering similar to that of the crystal interior chains (Driemeier
et al., 2011; Fernandes et al., 2011). In this thesis, the lateral dimensions of cellulose
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Figure 8. Small-angle x-ray and neutron scattering (SAXS and SANS) intensities of various
cellulosic samples, with the arrowheads indicating shoulder features originating from the
short-range order of cellulose microfibrils. The data has been taken from the papers.

crystallites were determined based on WAXS peak broadening in papers I-IIT and V.

The diameter of cellulose microfibrils can be estimated with small-angle scattering
methods, which overcome the limitations of poor statistics of the microscopic tech-
niques as well as some of the drawbacks related to WAXS (Jakob et al., 1995). On the
other hand, small-angle scattering techniques are strongly dependent on the method
applied to retrieve the information from the measured scattering intensities, in par-
ticular on the model chosen for fitting (Fernandes et al., 2011; Nishiyama, 2009). In
some cases, interference peaks or shoulders arising from the centre-to-centre distance
of parallel microfibrils may be observed directly (Fernandes et al., 2011) (Figure 8),
but often fitting of a more or less complicated model is required to obtain the width
of an individual cellulose microfibril (Jakob et al., 1995; Leppénen et al., 2009). Even
though good agreement between the lateral fibril dimensions determined with small-
angle scattering and crystal sizes obtained from WAXS intensities have been found in a
number of studies (Fernandes et al., 2011; Jakob et al., 1995; Kennedy et al., 2007), also
contradictory results, explained by occasional crystal aggregation, have been reported
(Leppénen et al., 2009). A similar apparent discrepancy, i.e. a crystal width larger
than the approximate distance between microfibril centre points, was also observed
and discussed in papers I and V of this thesis, whereas good consistency was found
between the results obtained in papers III and I'V.
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Sometimes also solid-state NMR is used to determine the lateral size of cellulose
crystallites (Newman, 1999; Wickholm et al., 1998). This approach is based on the
ratio of signals originating from the crystal interiors and from the surface chains as
well as on the assumption that all of the cellulose contributing to the non-crystalline
signal is located on the surfaces of crystals having a strict square cross-section. De-
spite the arguable assumptions, results obtained for various cellulosic samples have
been relatively well in agreement with those obtained from peak broadening in WAXS
(Kennedy et al., 2007; Newman, 1999; Wickholm et al., 1998). Also in paper V of this
thesis the crystal sizes determined with NMR and WAXS were found to correspond
well to each other.

1.3.3 Fibrillar packing and pore structure

Accessibility of cellulose plays a crucial role in many kinds of chemical and physical
reactions. Especially for molecules or enzymes of nanometre dimensions, the physical
structures formed by cellulose microfibrils may have a considerable limiting effect on
this accessibility. Therefore, methods to characterize the nanometre scale morphology
and packing of cellulose microfibrils and their bundles are highly desired. Some of these
methods are discussed here briefly.

The most relevant methods for studying the nanoscale morphology of cellulosic
substances regarding this thesis are the small-angle scattering methods, small-angle
x-ray and neutron scattering (SAXS and SANS). These methods are based on the
detection of regular or repetitive structures formed by inhomogeneities in the scattering
length density relevant for each method. For instance the short-range order of cellulose
microfibrils produces certain features in the scattering intensities (Figure 8), which are
affected by the shape of the structures as well as their locations related to each other
and the scattering length density contrast between them. Similarly, the pores and
interfaces between microfibrils and their bundles scatter x-rays and neutrons, bringing
their own contribution to the scattering intensities. As these contributions often overlap
each other, the interpretation of small-angle scattering intensities from biomass-based
samples can be rather complicated. The methods used for obtaining information from
small-angle scattering intensities will be described in more detail in the next chapter,
but here one of the extractable quantities, the specific surface area, is briefly introduced.

The specific surface area of a material represents its total surface area per a unit
of mass. It can be determined for instance by adsorption measurements, which utilize
water vapour or an inert gas like nitrogen (N3) to measure the available surface area for
adsorption. The surface area is obtained from an adsorption isotherm, which relates
the fractional coverage of the available adsorption sites in the material to the pressure
of the gas at a certain temperature (Atkins and de Paula, 2010). The interpretation of
the adsorption isotherm requires a model, where the Brunauer-Emmett-Teller (BET)
model is often chosen for cellulosic samples (Kocherbitov et al., 2008). Water vapour
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sorption is suitable for determining the areas accessible for water, including some of the
spaces between microfibrils, whereas Ny adsorption measurements are carried out in
dry state and are therefore more descriptive of the outer surface area of larger particles
(Kocherbitov et al., 2008). Another potential method for the determination of wet
surface area is thermoporosimetry, which also yields the pore size distribution of the
material (Ponni et al., 2012). This method is based on observing the depression of the
precise melting temperature of a solvent of a certain molecule size, which depends on
the surface energy at the solid—liquid interface and therefore also on the pore size. Also
solid-state NMR has been shown to be capable of determining the specific surface area
in pulp samples (Chunilall et al., 2010; Larsson et al., 2013). In general, care should
be taken when comparing specific surfaces determined with different methods, because
the size of the probe and the surface area available for them may be significantly
different. Nevertheless, values in the order of 1 m?/g are generally to be expected for
dry MCC samples (Ny adsorption) and 100 m?/g for wet samples (water adsorption)
(Kocherbitov et al., 2008).

As already mentioned, small-angle scattering can also be applied to measure the
specific surface area of a material and, in principle, it can be done for both wet and
dry samples (Porod, 1982; Spalla et al., 2003). The specific surface determination with
small-angle scattering is based on the properties of the scattering intensity related to
the total interfacial area between the phases of a two-phase system. In this thesis, SAXS
was used to determine the specific surface of various cellulosic materials in papers I,
II, and V, and the results were compared to values obtained with other methods.
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2 Materials and methods

2.1 DMaterials

Various cellulosic materials related to different steps of the biorefining process (Fig-
ure 1) were the subject of study in this thesis. These materials and their preparation
are presented only briefly in this section, whereas more detailed descriptions can be
found in each paper separately. Also the motivations behind using these particular
materials in the different studies have been discussed in the publications.

2.1.1 Pretreated birch sawdust (paper I)

Pressurized hot water extraction with a flow-through system was used to extract hemi-
celluloses and lignin from birch sawdust with different particle sizes and packing den-
sities. The freeze-dried extraction residues consisting of cellulose and residual hemicel-
luloses and lignin were examined for structural changes in various length scales using
WAXS, SAXS, and x-ray microtomography. The reference samples of untreated saw-
dust included also a never-dried sample that was characterized with SAXS. Within this
thesis, the birch sawdust samples can be considered to represent the native structure
of wood, consisting of fibrillar cellulose in a hemicellulose-lignin matrix.

2.1.2 Substrates and residues of enzymatic hydrolysis (papers II-1V)

The limiting factors of the enzymatic hydrolysis of cellulose for biofuels production
were investigated using two different model systems, microcrystalline cellulose (MCC)
(paper II) and nanofibrillated cellulose (NFC) with varying xylan content (papers 111
and IV). Produced from pulp by acidic hydrolysis, the MCC represented a purely cel-
lulosic material with remaining microfibril bundles and a relatively high crystallinity,
whereas the NFC consisted of separated fibrils with somewhat lower crystallinity and
a considerable proportion hemicellulose. Commercial MCC (Avicel) was used in paper
IT as such and subjected to hydrolysis by an enzyme mixture from the fungus Tricho-
derma reesei. After hydrolysis to various degrees, the solid residue of the hydrolysis
was collected and freeze-dried for the x-ray analyses. To obtain the NFCs with vary-
ing xylan content for papers III and IV, bleached birch kraft pulp was treated with
xylanase enzyme to produce pulps with reduced xylan contents. The original as well
as the xylanase-treated pulps were mechanically fibrillated to NFC and the NFCs with
highest and lowest xylan content were hydrolysed to various degrees by an enzyme
mixture. Part of the hydrolysis residues were used to prepare thin films for the dy-
namic FT-IR spectroscopy and WAXS measurements of paper III, whereas the rest
were used in wet state in the SANS and SAXS measurements of paper I'V.
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2.1.3 Cellulose whiskers (paper V)

Cellulose whiskers were prepared from MCCs based on cotton linters and wood pulp by
hydrolysing them in sulphuric acid, after which part of the suspensions were neutralized
with NaOH. In order to study the effects of different drying conditions on the resulting
structures, the suspensions were dried by freeze-drying, with or without melting in
between, or in air at ambient conditions. The whisker suspensions were analysed with
SAXS and the differently dried whiskers with SAXS, WAXS, solid-state NMR, and
FT-IR spectroscopy. The whiskers were the most rigorously treated cellulosic material
studied in this thesis, thereby presenting a possible end product of the biorefining
process.

2.2 Methods

This section outlines the theoretical framework for elastic scattering of x-rays and neu-
trons, after which the particular methods used in this thesis are described and discussed
in more detail. Finally, brief presentations of a few other physical characterization
methods used in this work are given. The descriptions of the specific measurement
setups and other experimental details, including the exact data treatment procedures,
can be found in the original papers.

2.2.1 Theoretical background for scattering

X-rays are electromagnetic radiation with wavelength in the order of 1 A (0.1 nm =
107'% m). They can be generated by x-ray tubes, where electrons are accelerated by
a high voltage to hit a target material, causing ionization of the target atoms and
leading to the production of an x-ray spectrum with characteristic peaks accompanied
by a continuous distribution arising from the rapid deceleration of the electrons. More
intense x-ray beams can be produced by synchrotrons, where electrons or positrons
emit x-ray radiation while subjected to centripetal acceleration in magnetic fields. The
scattering applications of this thesis use monochromatic radiation, which can be sep-
arated from the broader spectrum using a specially constructed monochromator. The
x-ray radiation used for the scattering experiments of this thesis was mostly obtained
from laboratory sources with a Cu Ka anode (papers I-IIT and V), except for paper
IV, where synchrotron radiation was employed.

X-ray photons can interact with matter either by photoabsorption or scattering
(Als-Nielsen and McMorrow, 2001). In photoabsorption, the incoming x-ray photon
transfers all of its energy to an orbital electron of the absorbing atom, whereby the
electron is expelled and the atom becomes ionized. As for the case of scattering by
an electron, the photon may either retain all of its energy or lose part of it to the
electron. When the energy of the x-ray photon is preserved, the process is called
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elastic scattering, which is the most relevant interaction exploited by the scattering
methods applied in this thesis. According to the classical picture of elastic scattering
of x-rays by electrons, i.e. Thomson scattering, the electric field of the incoming x-
ray forces an electron in oscillatory motion, which generates a spherical wave. The
scattered spherical wave has the same frequency as the incoming photon, but its phase
has been shifted by 180°. As the incoming wave is simultaneously scattered from several
electrons in the sample, the coherently scattered spherical waves interfere with each
other in a way that is determined by the relative positions of the electrons and their
host atoms. The alternative case, where the photon transfers part of its energy to the
electron during the scattering incident, is referred to as inelastic x-ray scattering. In
contrast to the elastic Thomson scattering, inelastic scattering is incoherent, meaning
that the frequency and phase of the emitted photon are different from those of the
incident photon.

Due to the concept of wave—particle duality, neutrons are also scattered by matter
and they may therefore be employed in scattering studies (Bacon, 1977). Neutrons
having an appropriate wavelength can be produced at nuclear research reactors. In
the process, neutrons are released by nuclear fission reactions and slowed down to
the desired speed by a moderator medium such as liquid deuterium. The neutrons
used for small-angle scattering are so-called cold neutrons, which have their de Broglie
wavelength in the same scale as the electromagnetic wavelength of x-ray photons, i.e.
typically between 1 and 20 A. Before hitting the sample, the neutrons are monochro-
matised by a velocity selector and collimated with apertures. The principles underlying
the scattering of neutrons by non-magnetic matter are based on strong force interac-
tions with the nuclei of the scattering medium. The range of this force is so small
compared to the wavelength of the neutrons, that the nucleus can be considered as
a point scatterer. In this thesis, neutron scattering was applied in paper IV and the
results were compared to those obtained with x-ray scattering.

Despite their different mechanisms, the scattering of x-rays and neutrons can be
mathematically described in a similar way. The differential scattering cross-section per
unit sample volume %, which represents the probability of a photon or neutron being
scattered by a unit sample volume into the solid angle element A2, can be expressed

as
dy 1 IR?

o .
where V' is the unit sample volume (cm?), I, the intensity of the incoming beam, and
R is the distance (cm) between the scatterer and the detector pixel that measures
the scattered intensity I (Lindner, 2002). Here the cross-sectional area of the incident
photon or neutron flux is assumed to be smaller than that of the sample and the
intensity is expressed as the number of photons or neutrons flowing through a unit
area per second. The unit of % is cm™! and it is referred to as the scattering intensity
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in absolute units in papers I, II, IV, and V of this thesis.

In elastic scattering (Feigin and Svergun, 1987), the amplitude of the scattered wave
A(q) can be obtained by integrating over all of the individual scatterers in the sample,
which yields

Ata) = [ plrye i )

Equation 2 is essentially a Fourier transform of the scattering length density p(r) in the
sample. For the scattering of x-rays, the scattering length density p(r) is proportional
to the number of electrons per unit volume (electron density), whereas for neutrons
it corresponds to the density of the scattering lengths of the nuclei. The neutron
scattering lengths are different for each nucleus and they may be positive or negative,
however, unlike the x-ray scattering amplitude of a neutral atom (atomic scattering
factor), they do not depend on the scattering angle. The scattering vector q appearing
in Equation 2 is defined as q = k — kg, where kq and k are the incident and scattered
wave vectors, respectively, separated by the scattering angle 26. For elastic scattering

\ko| = |k| and the magnitude of the scattering vector is
47 sin(6)
qf = 720 3

where 6 is half of the scattering angle and \ is the wavelength of the incoming x-rays
or neutrons. The intensity I of the scattered wave in Equation 1 is proportional to the
absolute square of the scattering amplitude of Equation 2:

I(q) = |A(q)[” (4)

2.2.2 Wide-angle x-ray scattering

For an infinite set of point-like scatterers (atoms) organized in a periodic crystal lattice
defined by the set of lattice vectors

Rn = nia; + Ngag + Nnsas (5)

with a; being the basis vectors of the lattice and n; integers, the scattering ampli-
tude A(q) of Equation 2 reduces to a sum of discrete nonzero values corresponding
to definitive values of q (Als-Nielsen and McMorrow, 2001). These values, which also
determine the positions of the intensity peaks observable in an x-ray diffraction or
WAXS experiment, are defined by the Laue condition

q = thl = hb1 + k’bg + lbg (6)
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The vectors b; in Equation 6 are the reciprocal basis vectors corresponding to the
basis vectors a; in real space and the indices h, k, and [ are the Miller indices, which
define the plane of reflection in the crystal lattice. The direction of these planes is
perpendicular to the vector Gy and they are placed at intervals of

21

dpp = ——— 7
M= 1G] (7)

The locations of the diffraction peaks at the positions dictated by Equation 6 are
preserved also in the case of a crystal of limited size. However, the destructive interfer-
ence at positions close to the value of q that fulfils the Laue condition (Equation 6) is
incomplete, which leads to broadening of the intensity peak (Cullity and Stock, 2001;
Klug and Alexander, 1974). The extent of the peak broadening can be related to the
size of the crystal Ly in the direction perpendicular to the lattice plane (hkl), which
is expressed by the Scherrer equation

K\

bt = Koeost a

The broadening of the diffraction peak corresponding to reflection hkl is described in
Equation 8 by its full-width at half maximum (FWHM) A26, whereas the angle 6 is
equal to the Bragg angle of the reflection (half of the scattering angle 20). The value
of the constant K, which has been chosen here as 0.9, depends on the shape of the
crystal and the definitions of Ly and A26. The additional peak broadening caused
by deviations from the ideal case of a parallel and monochromatic x-ray beam and an
infinitely thin sample, i.e. the instrumental effect A26;,, can be taken into account by
assuming Gaussian peak profiles and substituting A20 with /(A26)% — (A20;,4)? in
Equation 8. This form of the Scherrer equation was applied to calculate the crystallite
dimensions in papers I-IIT and V of this thesis. The specific procedures to obtain the
peak widths from the experimental WAXS intensities have been described particularly

in papers I and II.

The crystallinity of a semicrystalline polymer can be estimated from its WAXS
intensity, for which various methods are available (Section 1.3.1). In this work, the
sample crystallinity, meaning the proportion of crystalline cellulose in the sample,
was determined by fitting the WAXS intensities with an experimentally determined
amorphous background (sulphate-lignin) together with a number of Gaussian functions
corresponding to different reflections of cellulose 14 (Nishiyama et al., 2002). The
crystallinity Crl was obtained by using the equation

o Z [am
crl =1 ST 9)

where Y I,,, is the integrated intensity of the scaled amorphous background and » I,
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the total integrated intensity of the measured sample. This method for crystallinity
calculations has been described in more detail in papers I and IT and applied in papers
I-III and V of this thesis. Paper I also shortly discusses the results obtained with this
method as compared to the Segal method mentioned in Section 1.3.1.

2.2.3 Small-angle x-ray and neutron scattering

Disperse systems having a low degree of order do not produce diffraction peaks like
those arising from crystals in WAXS. Nevertheless, these kind of samples may show
spatial correlations and regular inhomogeneities in a scale larger than the interatomic
distances. These features may be related for instance to particle shapes, surface struc-
tures, or short-range order in the nanometre scale or above. Due to their larger di-
mensions compared to the interatomic distances, these inhomogeneities contribute to
the scattering on the area around the direct beam in scattering experiments applying
wavelengths in the order of 1 A, for which reason the corresponding scattering method
is referred to as small-angle scattering. As described in Section 2.2.1, the scattering
particles can be either photons, as in small-angle x-ray scattering (SAXS), or neutrons,
as in small-angle neutron scattering (SANS), but in both cases similar methods may
be applied to interpret the scattering data. Small-angle scattering methods were men-
tioned already in Sections 1.3.2 and 1.3.3 in relation to cellulosic samples and here the
discussion is continued on a more general level.

For a system consisting of several phases with different scattering length densities,
perhaps the most relevant property regarding small-angle scattering is the absolute
difference of the scattering length density between the phases (Feigin and Svergun,
1987; Porod, 1982). In principle, this scattering length density contrast determines
to which extent the different phases and features contribute to the scattering. This
fact can be applied to achieve selectivity in the scattering by tuning the scattering
length density for instance of the solvent in a sample in liquid, as is done in the
contrast variation method of SANS, applied in paper IV. For the sake of simplicity,
an assumption of a two-phase system, dictated by the largest possible contrast, is
typically made when interpreting small-angle scattering data. Referring to the short
discussion given in paper 11, these two phases were assumed as solid material and air
in dry cellulosic samples (papers I, IT, and V) and as cellulose crystals and water in
wet samples (papers I, IT, IV, and V) throughout this thesis.

In the case of a two-phase system with smooth but sharp interfaces between domains
of homogeneous scattering length density, the asymptotic behaviour of the small-angle
scattering intensity on large ¢ values can be shown to follow a power law of the form

I(q) < q " (10)

with @ = 4, commonly known as the Porod law (Feigin and Svergun, 1987; Porod,
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1982). This behaviour of intensity is related to the total area of the interface between
the two phases and it can therefore be used to calculate the specific surface of the
sample. The surface-to-volume ratio S/V of the sample can be obtained from the
equation
S limg e ' (g) (1)
%4 2r(Ap)2 7

where Ap represents the scattering length density contrast between the two phases and

% is the intensity on absolute scale (Equation 1). A more detailed description of the

procedure to obtain the specific surface, i.e. the total surface area per a unit of mass,

of a sample from experimental SAXS data can be found in the supporting material of
paper II. This method was applied in papers I, II, and V to determine specific surface
areas in cellulosic samples, including both dry and wet samples.

If the scattering intensity obeys a power law of the form of Equation 10 with a
non-integer «, the data can be interpreted based on fractal geometry (Schmidt, 1991).
In general, fractals are structures showing self-similarity in all scales, which is certainly
not possible for a real object. However, for physical structures, fractal properties may
be found within a limited spatial range, which in an optimal case covers several orders
of magnitude. Two types of fractal systems can be considered, namely, mass fractals
and surface fractals. For a system with mass fractal dimension D,,, the mass M (r)
confined inside a sphere with radius r and centre at the mass fractal centre obeys the
proportionality

M (r) oc rPm, (12)

For normal mass fractal systems with fractal properties extending throughout the sys-
tem, the value of the mass fractal dimension is below three, i.e. D,, < 3, whereas the
integer value D,, = 3 corresponds to the limiting case of a dense system filling the
three-dimensional Euclidean space completely. Surface fractals, on the other hand, are
defined as systems that are dense inside (with D,,, = 3) but bounded by a fractal surface
with surface fractal dimension D,. The surface fractal dimension D, can have values
in the range 2 < D, < 3. A relation between the fractal dimension and the small-angle
scattering intensity /(q) of a system can be found, when ¢ fulfils the condition ¢§ > 1,
where £ is a length characterizing the size of the structures producing the scattering.
In this case, a mass fractal system obeys the power law of Equation 10 with a = D,,
and a surface fractal system in the Euclidean space that with o = 6 — D,. The fractal
interpretation of small-angle scattering data was applied in papers I, IT, IV, and V to
characterize the fibrillar structure and surface morphology of the materials.
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2.2.4 Other methods

X-ray microtomography

X-ray microtomography is a computed tomography (CT) imaging method, which is
based on the absorption of x-rays while transmitting the sample (Hsieh, 2009). During
an x-ray microtomography measurement the sample is rotated and imaged in an x-ray
beam having a wide cross-section and the projection images formed by the transmitted
beam are measured for a large number of angles. The projections are combined using
a computerized backprojection algorithm to yield a three-dimensional reconstruction
of the sample, where the grayscale value of each voxel is proportional to the linear
x-ray attenuation coefficient of the corresponding micrometre-sized volume in the real
sample. In this thesis, x-ray microtomography was used to observe the micrometre
scale structure of cellulosic samples in papers I and II. In paper I image analysis was
applied to the reconstructions to compute the wall thickness of wood fibres.

FT-IR spectroscopy

Infra-red spectroscopy is based on observing the absorption of infra-red radiation on
certain frequencies, which correspond to the normal modes of vibration in the molecules
of the sample (Atkins and de Paula, 2010; Gedde, 1995). The infra-red active modes of
vibration are related to oscillating electric dipoles, where the frequency of oscillation
is specific to each dipole in a certain environment, including bond lengths and bond
angles. In case of a sample with preferred orientation, polarized infra-red radiation can
be applied to evoke vibrations in the plane of the polarization, which enables better
separation of signals from differently oriented vibrations and opens up the possibility
for orientational studies. Fourier-transform infra-red (FT-IR) spectroscopy owes its full
name to the fact that a Fourier-transform is applied to extract the different frequency
components from the recorded net absorption, obtained by irradiating the sample with
a set of wavelengths simultaneously. FT-IR spectroscopy was applied in papers 111
and V of this thesis to study the molecular structure of cellulosic samples. A more
recently developed method, dynamic FT-IR spectroscopy, was used in paper III to
study the orientation and interactions of cellulose and xylan. In this method, a small
oscillatory strain is used to exclusively detect the vibrations connected to the external
perturbation and to each other.

Solid-state NMR

Nuclear magnetic resonance (NMR) is a spectroscopic method, where the transitions
of nuclear spin in a strong external magnetic field are observed using radiofrequency
radiation (or vice versa) (Atkins and de Paula, 2010; Gedde, 1995). The resonance
frequency of the transition depends on the local surroundings of the particular nucleus
(such as '3C), including for instance hydrogen bonding interactions, which introduce a
difference called chemical shift between the observed frequency and a reference value.
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In magic-angle spinning (MAS) NMR the solid sample is spun at a kilohertz frequency
with the spinning axis at an angle of 57.74° to the applied magnetic field (magic angle),
which reduces the line broadening due to anisotropic dipole—dipole interactions that are
automatically averaged by random motion in the case of liquid samples. In this thesis,
13C CP/MAS NMR was used to study the cellulose crystal structure and crystallinity
in paper V.
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3 Results and discussion

This section summarizes the key results of each paper, paying special attention to
those obtained with x-ray and neutron scattering methods. More detailed discussion
on each topic and the relevance of the results in the field of the specific research
problems can be found in the corresponding papers. The section is concluded by some
general observations in the context of structural characterization of cellulosic materials,
referring to the topics of Section 1.3.

3.1 Pressurized hot water extraction of sawdust (paper I)

The aim of paper I was to investigate the structural changes taking place in the
submicrometre structure of birch sawdust when subjected to pressurized hot water
extraction. In the extraction, over 80% of the original hemicelluloses and about 50%
of the lignin were removed, whereas the cellulose content remained practically un-
changed. The DP of both cellulose and hemicelluloses, however, was clearly reduced.
The cellulose crystal size, calculated with the Scherrer equation (Equation 8) from
the 200 reflection of cellulose 15 from WAXS measurements with two different geome-
tries, showed an increase by about 30% (Table 1). The obtained crystal sizes from
the measurements in perpendicular transmission geometry were slightly larger than
those determined in symmetrical reflection geometry, which was primarily explained
by differences in the fitting methods used to subtract the amorphous background and
to determine the peak width. The sample crystallinity was observed to increase from
24 to 30%, but when taking the cellulose content into account, an opposite trend with
slightly decreased crystallinity was revealed (Table 1). SAXS was used to discover
changes in the fibrillar ordering and pore structure. The increased specific surface area
(Table 2) suggested that new surfaces were revealed during the treatment. This con-
clusion was further supported by the rougher pore surfaces in the extracted samples,
indicated by an increased surface fractal dimension, and by the denser association of
microfibrils, which was evidenced by a shift of the shoulder feature in the logarithmic
intensity plots to larger ¢ values (Figure 4 in paper I). The shift appeared even more
pronounced, when the intensity was plotted as a Kratky plot (¢*(q) vs. ¢, Figure 6 in
paper I). The x-ray microtomography images clearly demonstrated a reduction in the
fibre cell wall thickness. A noteworthy result not directly related to the pressurized
hot water treatment, was that the freeze-drying of birch sawdust did not affect the
distance between microfibrils, as shown by the preserved location of the peak in the
Kratky plot of the SAXS intensities (Figure 6 in paper I).

In paper I, the results could be explained in the framework of the nanoscale struc-
ture of native wood, discussed in Section 1.2.3 and illustrated in Figure 8 of paper I.
Even though the observed increase in the crystal width appears contradictory to the re-
duced interfibrillar distance, it should be kept in mind that the SAXS results represent
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a better average of the sample, unlike the biased crystal width obtained from the peak
broadening in the WAXS intensities. Therefore, the crystal width determined with
WAXS was thought to emphasize the larger crystals, possibly formed by occasional
aggregation, whereas the SAXS intensities would give a more reliable overall picture of
the structure. Even though the interfibrillar distance determined with SAXS cannot
be held as absolutely correct, because it was simply determined from the peak position
in the Kratky plot without using any model for fitting, the trend of denser packing
of individual microfibrils in the treated samples was obvious. The values of cellulose
crystallinity, on the other hand, were very sensitive to small deviations in the sample
composition and the sample crystallinity, which complicated their interpretation. In
any case, it seems plausible that the crystallinity of cellulose did not increase in the
pressurized hot water treatment, but rather decreased or remained unchanged. An
opposite trend has been reported in some studies Hu and Ragauskas (2012), but at
least a part of them have used less accurate techniques like the Segal method (Sec-
tion 1.3.1) for the determination of crystallinity. Also differences in the raw material
and the treatment conditions may lead to wide variation in the resulting properties
of the residue (Mosier et al., 2005; Pedersen and Meyer, 2010). From the biorefinery
point of view, the extraction residue of birch sawdust represents a potential substrate
for enzymatic hydrolysis or a raw material for dissolving pulp applications. For both
applications, however, further delignification would seem necessary.

3.2 Enzymatic hydrolysis of cellulose (papers II-1V)

The studies presented in papers II-IV are all related to the topic of enzymatic hydroly-
sis of lignocellulose and they share the aim of understanding the structural factors that
limit this process. In these papers, several of the limiting factors were investigated,
including morphological aspects and hemicellulose content.

The system under study in paper IT was commercial MCC, which was hydrolysed to
various degrees. As already the original dry MCC consisted of heterogeneous particles
of tightly packed bundles of microfibrils (Moon et al., 2011), the most easily accessible
portion of the substrate was degraded first, leaving particles less accessible to the
enzymes behind (Figure 9a). Therefore, all of the studied hydrolysis residues contained
a considerable proportion of recalcitrant aggregated structures, which governed the
observed properties of the samples. This was how the unchanged crystallinity and
crystal size observed with WAXS (Table 1) could be explained. The remaining larger
structures seen in the transmission electron microscopy (TEM) images as well as the
roughly preserved nanoscale properties, such as the specific surface area (Table 2), were
also in line with this picture. Besides a decrease in particle size in the micrometre scale,
observed with x-ray microtomography, the only detectable changes in the structure of
the residue were found with SAXS in rewetted samples. The change in the shape of
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(a)

2

Figure 9. Illustrative representation of the enzymatic hydrolysis of (a) microcrystalline
cellulose (MCC) and (b) nanofibrillated cellulose (NFC).

the SAXS curve was quantified by a power law fit, where a decrease of the mass fractal
dimension was interpreted to be caused by modest loosening of the microfibril bundles.
This observation led to the conclusion that in order to find out the true changes caused
by the enzymes to the morphology of the microfibril bundles, drying of samples after
the hydrolysis should be avoided.

In papers III and IV the substrate for the enzymatic hydrolysis consisted of NFC
made of birch pulp with varying xylan content, which was obtained by specific hydrol-
ysis of xylan prior to mechanical fibrillation. Two slightly different perspectives were
adopted in the two papers studying the NFCs and their hydrolysis residues, namely,
that of the molecular scale structure and interactions of cellulose and xylan (paper IIT)
and that of the nanoscale structure of the microfibril network (paper IV). The advan-
tage of this system, as compared to that of paper II, was that in this case the cellulose
fibrils and microfibrils were separated from each other prior to the enzymatic hydrol-
ysis, thereby minimizing the influence of fibrillar aggregation (Figure 9b). Another
benefit of the choice of material was that the nanoscale structure of the original sub-
strate and the hydrolysis residues could be studied in never-dried state using neutron
and x-ray scattering techniques (paper IV).

In the results of the NFC hydrolysis (paper III), it was clear that the presence
of xylan limited the enzymatic hydrolysis of cellulose also. In the NFC with original
xylan content, both the cellulose crystallinity and crystal size increased during the
hydrolysis (Table 1), indicating that the presence of xylan either hindered the hydrolysis
of crystalline cellulose in particular or favoured the crystallization of cellulose chains on
the crystal surface after partial hydrolysis. Lateral aggregation of crystals could also
explain the observed effects. In any case, the dynamic FT-IR measurements showed
that a fraction of xylan was attached to the cellulose crystals in a parallel fashion
and that this fraction remained attached during the enzymatic hydrolysis also. The
SANS and SAXS results of paper IV were in line with the molecular scale changes,
demonstrating with the aid of an empirical model that the microfibril network retained
its short-range shape during the hydrolysis, when the xylan was not removed prior to
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the cellulase hydrolysis. This could also be observed as a preserved peak in the Kratky
plots of the SANS and SAXS intensities, which was their only characteristic feature
besides a power law with mass fractal dimension between 2 and 3. In the hydrolysis
series of the NFC with reduced xylan content, cellulose and xylan were hydrolysed
concomitantly, leading to the preservation of cellulose crystallinity in the beginning of
the hydrolysis and a gradual disruption of the crystals at later stages, as detected with
WAXS (paper ITI). At the same time the nanoscale microfibrillar network was loosened
and broken down, which was seen in the SANS and SAXS experiments as a shift of the
weakening Kratky-plot peak towards smaller ¢ values (Figures 5 and 6 in paper IV).
Even though the limiting role of xylan could be clearly demonstrated, the hydrolysis
in both sample series was eventually limited by other factors. These were speculated
in paper IV to be related to some of the more resistant parts of the heterogeneous
NFC, involving also larger structures. As an additional result obtained with dynamic
FT-IR in paper III, the fraction of xylan tightly attached to cellulose was observed in
the NFC with reduced xylan content also, indicating that the xylanase pre-hydrolysis
primarily removed the more loosely bound fraction of xylan from the birch pulp.

To consider the results of papers IL, I11, and IV in a broader context, a particularly
interesting point of view is that of the cellulose crystallinity. The role and behaviour
of cellulose crystallinity in the enzymatic hydrolysis of lignocellulose has represented
an unsolved puzzle already for years (Bansal et al., 2012; Cateto et al., 2011; Mansfield
et al., 1999; Park et al., 2010). The various results showing both increased and de-
creased crystallinities appear contradictory to each other, although part of them may
be explained by the challenges related to the accurate experimental determination of
cellulose crystallinity (Section 1.3.1). Lately, the importance of the nanoscale sample
morphology and its determining role to the enzyme accessibility have been better rec-
ognized (Arantes and Saddler, 2010; Bubner et al., 2013; Fink et al., 1992; Mansfield
et al., 1999). In particular, some recent observations related to the synergy of the
different cellulases (Ganner et al., 2012; Jalak et al., 2012) offer new insights to the
traditional picture presented in Figure 6 (Section 1.2.4) and support the conclusions of
papers IT and ITI. Ganner et al. (2012) used atomic-force microscopy (AFM) to visu-
alize the action of the different cellulase enzymes on the structure of a model substrate
consisting of an amorphous matrix embedded with large crystals and smaller fibril-like
crystalline units. They found out that the amorphous and less ordered regions were
degraded by EG and CBH II to uncover the fibril-like crystals, which were rapidly hy-
drolysed by the introduction of CBH I. One would expect a similar mechanism to work
also in more complex substrates, which still possess the fibril structures characteristic
of native wood (Section 1.2.3). For that kind of natural-like substrate, the access of the
different enzymes to their preferred binding sites would be restricted by the complex
structure formed by the tightly packed cellulose microfibrils, probably also surrounded
by hemicelluloses. Thus, in order to be able to hydrolyse their way to the bulk of
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the substrate, synergistic action of all of the enzymes is required. Along with this
picture, one could speculate that the function of CBH II in a natural substrate would
be to remove the less ordered surface chains on the cellulose microfibrils to expose the
crystallite surface to CBH I, which would be able to proceed along the obstacle-free
crystal surface and hydrolyse it efficiently. Also some recrystallization of the partly
hydrolysed surface chains might take place, similarly to mild acid hydrolysis (Battista,
1950), which could be a possible cause for the increased crystallinity and crystal size
detected for the NFC samples with original xylan content in paper III. A possible role
of EG, on the other hand, could be to attack the small amorphous regions in the longi-
tudinal direction of the fibrils (Nishiyama et al., 2003), thereby loosening the fibrillar
aggregation and reducing the DP of cellulose to the same order as the levelling-off DP
discussed in Section 1.2.4 (Kleman-Leyer et al., 1996; Zhang and Lynd, 2004).

3.3 Drying of cellulose whiskers (paper V)

The work presented in paper V focused on the effects of two commonly used drying
methods, freeze-drying and air-drying, on the nanoscale structure and thermal prop-
erties of cellulose whiskers. The aim of the study was to characterize the resulting
structures and to elucidate the factors related to their formation during drying as well
as their degradation during heating. The effects of surface charge neutralization prior
to drying were also addressed.

The results of both WAXS and solid-state NMR analyses showed that the crys-
tallinity and crystal size of the whiskers did not differ from those of MCC (Table 1),
with the values of both crystallinity and crystal width being relatively well in agree-
ment between the two methods. The clear differences in the macroscopic structure and
in the thermal behaviour were therefore thought to be linked to the charged surfaces
and to the nanoscale packing of the whiskers, in which the surface charges also affected
the drying behaviour and the resulting morphology. The most prominent differences
in the nanoscale structure observed with SAXS were related to the strength of the
shoulder arising from the short-range order of cellulose fibrils, which was only seen
in the whiskers having their surface covered by negatively charged sulphate groups
(Figure 7 in paper V). The neutralization of these charges led to a weakening of the
shoulder, indicating less regular packing than in the non-neutralized whiskers, and this
effect was more pronounced in the samples dried at ambient conditions than by freeze-
drying. These trends were also reflected in the specific surface area, which was slightly
lower for the air-dried samples (Table 2). Whiskers prepared from cotton MCC showed
better short-range order of the microfibrils than those based on wood MCC, but no
other differences were observed between the two raw materials.

In general, an increase in the crystallinity of cellulose during whisker preparation
would be expected due to the removal of the amorphous fractions by the acid hydrolysis
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(Moon et al., 2011). However, the results of paper V clearly showed that the change
from the original MCC was negligibly small, if any. Even though the NMR analysis
yielded crystallinity values a few percentage points smaller for the MCC and neutral-
ized whiskers than for the non-neutralized whiskers, no such consistent trend could
be observed with WAXS. The preservation of the crystallinity might be explained by
the increased proportion of surface chains in the smaller cellulose particles as well as
by a hydrolysis mechanism based on surface erosion of the microfibril bundles. The
relatively large dimensions of the particles seen in the AFM images (Figure la in paper
V) indicated that the individual whiskers consisted of small bundles of microfibrils
rather than single crystals, as somewhat misleadingly suggested by the term cellulose
nanocrystals (CNC) used for many kinds of rod-like particles in the literature (Moon
et al., 2011). The limited crystal length of around 20 nm (Table 1), determined from
the 004 reflection of cellulose 13, also demonstrated that the whiskers consisted of
several crystals in their longitudinal direction. In any case, the observed character-
istics of the whiskers resembled those reported by others (Elazzouzi-Hafraoui et al.,
2008). Besides describing some of the fundamental properties of a type of cellulose
whiskers, paper V also provided information that can be utilized in the preparation of
for instance composite materials. In order to benefit from the nanodimensions of the
cellulose whiskers in these applications, extensive irreversible aggregation of the com-
ponents during drying should be prevented. Thus, the results of paper V suggest that
the most feasible drying technique would be the uninterrupted freeze-drying. How-
ever, even more promising results for industrial applications have been reached with
spray-drying (Peng et al., 2012).

3.4 General remarks

As discussed in Section 1.3.1, the determination of cellulose crystallinity is seldom a
straightforward task. This is due to several reasons, among which are the varying defini-
tions for the crystalline and amorphous fractions of cellulose, method-specific challenges
in extracting the value for crystallinity from the data, and the overall complex architec-
ture and composition of lignocellulosic biomass. Despite of these challenges, the results
obtained for crystallinity in the works included in this thesis seem reasonable and fairly
consistent with each other (Table 1). A value of 24% was obtained for the sample crys-
tallinity of native birch, which was estimated to correspond to a cellulose crystallinity
of about 60% (Table 1, paper I). When subjected to pressurized hot water treatment,
the sample crystallinity increased to 30% by the removal of amorphous hemicelluloses
and lignin. The cellulose crystallinity in the extracted sawdust corresponded to about
45%, which can be regarded as a typical value for cellulose-rich materials: according
to Table 1, the crystallinity of cellulose in MCC, NFC, and cellulose whiskers was
in the range from 48 to 58%. This range also includes the enzymatically hydrolysed
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MCC as well as some of the residues remaining after the enzymatic hydrolysis of NFC
with reduced xylan content. On the other hand, it was shown in paper V that the
crystallinity values determined for the whiskers and their raw material MCCs with
solid-state NMR (58-63%) were close to those obtained with WAXS. To summarize,
the results indicate that in a cellulosic material with preserved fibrillar structure, a
considerable proportion of the cellulose is in less ordered state. Based on the con-
vergence between the crystallinities determined with WAXS and NMR, as well as the
preservation of the crystallinity in a wide range of treatments throughout this thesis,
it seems plausible that most of the non-crystalline cellulose would correspond to the
cellulose chains located on the microfibril and crystal surfaces. Possible reasons for
the necessity of disorder on the surface can be found in the structure and morphology
of the microfibril bundles, in which the adjacent crystals could be differently oriented
around their common longitudinal axis and separated by a partly hydrated layer of
hemicelluloses (as illustrated in Figure 5 and discussed in Section 1.2.3).

The dimensions of cellulose crystals were calculated from WAXS data using the
Scherrer equation (Equation 8), resulting in crystal widths varying from 3.2 nm for
native birch wood to 4.0-5.5 nm for variously processed celluloses (Table 1). As already
mentioned, the main faults of this method are the difficult choice of the line shape used
for fitting and the fact that the calculation does not take into account any distribution
in the crystal size (Fink et al., 1995; Jakob et al., 1995). The emphasizing effect of
larger crystals was used to explain some of the results obtained in this thesis, especially
when smaller lateral dimensions of the microfibrils were suggested by SAXS, as in
paper I. The problem of SAXS, on the other hand, is that reliable determination of
fibril dimensions requires the use of a model to be fitted to the experimental data. In
the papers included in this work, no such specific model was assumed or fitted, but
the SAXS and SANS data were quantified on the basis of peak or shoulder locations,
power laws and the empirical function of paper I'V. For these reasons, a comprehensive
comparison of the crystal and fibril dimensions obtained with WAXS and SAXS was not
possible. However, the results of the papers indicate that the location of the shoulder
feature observed in almost all cellulosic samples containing fibrillar aggregates can be
related to the lateral microfibril diameter in samples with closely associated microfibrils.
The obtained distance also roughly corresponded to the lateral crystal size determined
with WAXS. In the NFC samples studied in paper I'V, the shoulder feature observed in
the small-angle scattering curves could also be related to the distance between adjacent
microfibrils, even though the microfibrils were not expected to be in close contact with
each other.

One of the quantities determined with SAXS was the specific surface area, for
which the Porod law behaviour of the scattering intensity on large ¢ values was evalu-
ated (based on Equation 11). The values obtained for the different cellulosic materials
varied significantly, which was to be expected taking into account that the surface
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area per volume reached by water is of different order of magnitude than that of the
larger air-filled pores or particle surfaces (Kocherbitov et al., 2008). In this light, the
values presented in Table 2 are in good agreement with results from other methods like
N, adsorption (Kocherbitov et al., 2008; Lu and Hsieh, 2010; Zhang and Lynd, 2004).
They are also consistent with each other, showing for instance smaller values for freeze-
dried native birch than for dry MCC powders. For the wet enzymatically hydrolysed
MCCs, the specific surface areas were almost two orders of magnitude higher, which
is readily explained by the penetration of water to the spaces between individual mi-
crofibrils. Thus, the results confined in this thesis demonstrate the potential of SAXS
in determining specific surface areas of cellulosic materials well comparable with other
methods.
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4 Conclusions and future aspects

An understanding on the fundamental structure of native cellulosic biomasses is highly
beneficial, if not essential, for their efficient utilization in the context of biorefining.
However, despite of the enormous research efforts made in the area over the years, our
knowledge on these materials is still relatively restricted. It may well be that because of
the complexity and diversity of biological systems, a comprehensive understanding on
their structure and interactions will remain a long-lasting challenge. Nevertheless, even
modest extensions to our knowledge can help to improve the current processes utilizing
biomass and lead to the development of new applications in the field of biomass refining
and elsewhere. Even though most of the steps on this path are able to elucidate only
minor pieces of the whole puzzle, which in the particular case of biomaterials is far
from a simple one, each of the individual steps has their significance and role as part
of the larger picture.

The main observations reported in papers I-V can be summarized in the following:

e Pressurized hot water extraction of birch sawdust increased the width of cellulose
crystallites and led to denser packing of individual cellulose microfibrils, whereby
larger pores were opened in between the microfibril bundles.

e The enzymatic hydrolysis of MCC was limited by the aggregation of cellulose
microfibrils, which caused the preservation of the average nanoscale structural
properties, such as crystallinity, even though changes in larger structures could
be observed.

e The enzymatic degradation of NFC, regarding both the cellulose crystallites and
the fibrillar network structure, was enhanced by a specific hydrolysis of xylan
prior to the fibrillation, whereas the remaining fraction of xylan stayed in close
contact with cellulose without largely resisting the hydrolysis.

e Preparation of cellulose whiskers from MCC did not affect their crystallinity or
crystal size, whereas differences in the nanoscale packing and thermal properties
of dried whiskers were observed as a function of drying method, surface charge
neutralization, and the source of MCC.

When considering the results of this thesis in a broader context, one of the top-
ics to be highlighted is that of the behaviour of cellulose crystallinity in the various
treatments, including its preservation in the enzymatic hydrolysis of MCC (paper II)
and during the preparation of cellulose whiskers (paper V). The observed behaviour
can be seen to complement the picture outlined for the structure of fibrillar celluloses
in Section 1.2.3, even though many unanswered questions still remain. In fact, the
crystallinity represents one of the fundamental properties of cellulose that is still not



40 4 CONCLUSIONS AND FUTURE ASPECTS

understood well enough to predict its behaviour or role under different circumstances.
As it seems that the widest gaps in our current knowledge are related to the character-
istics of the more and less ordered supramolecular structures of cellulose and their roles
in the various chemical and physical reactions, the investigation in this area should be
promoted. This could be done in particular by applying complementary experimental
methods and by utilizing the obtained information in collaboration among special-
ists of different fields. Besides purely experimental methods, computer simulations on
cellulose crystals and modelling of diffraction patterns can also make an important
contribution to this topic.

The fibrillar structure of cellulose is also a subject requiring more investigation.
One of the merits of this thesis is that it, once again, brought forward the applicability
of small-angle x-ray and neutron scattering methods in shedding light to various re-
search problems related to the nanoscale structure of cellulose. Even though a complete
identification of the different features observed in small-angle scattering intensities of
fibrillar celluloses is not yet possible, some of them, such as the shoulder feature dis-
cussed in Sections 1.3 and 3, can already be linked to relatively well-defined structures.
To proceed from this, the use of neutron scattering and contrast variation opens great
opportunities to further deepen our understanding on the fibrillar structure of cellulose.
The possibilities of neutron scattering were demonstrated by the deuterium labelling
used by Nishiyama et al. (2003) to emphasize the amorphous regions in cellulose mi-
crofibrils, which led to the discovery of their periodical arrangement in ramie fibres.
Systematic studies of the same kind should be continued together with for instance
high-resolution AFM techniques, which have shown considerable potential in the field
(Bubner et al., 2013). By applying several methods together, the mysteries related to
the amorphous regions and also to the longitudinal structure of cellulose microfibrils
could likely be unravelled.

A practical point for development related to the small-angle scattering techniques
used in this thesis could be found in the application of the specific surface determina-
tion based on the Porod law. This method could be upgraded by improvements related
to the determination of volume fractions especially in wet samples and by correlating
its results to the other available techniques by standardized biomass-based materials.
As compared to Ny adsorption and some of the other methods used for the determi-
nation of specific surface, SAXS benefits especially from the possibility to carry out
measurements under both dry and wet conditions and without complicated sample
preparation procedures. Therefore, more efforts should be made to develop it further
in the context of cellulosic materials.

Among the specific research problems discussed by the works included in this the-
sis, the main focus was on the enzymatic hydrolysis of cellulose and in particular on
its structural limiting factors. The important role of the structural properties of the
substrate material for the efficiency and mechanism of the hydrolysis, as well as the
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evolution of the structures during the treatment could be demonstrated. As the ineffi-
ciency of the enzymatic hydrolysis still restricts the full utilization wood-based biomass
for the production of liquid biofuels and chemicals, systematic studies with well-defined
substrates and competent characterization methods should be continued to elucidate
the factors responsible for the slowing down of the hydrolysis. The alternative route of
developing better enzymes using the tools of biotechnology should also be supported
by investigating the effects of the novel enzymes on the lignocellulose structure as thor-
oughly as has been done for the conventional ones. Again, collaboration and dialogue
between scientists from different fields will be essential to reach a comprehensive under-
standing on the complicated topics. As the biomaterials themselves do not adhere to a
simple division between different disciplines and to other human-based categorization,
this kind of multidisciplinary approach, adopted throughout this thesis, will probably
prove fruitful in a number of research cases related to the field of natural sciences.
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