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Abstract

Plants are highly hierarchical organisms with important structural features at multiple length
scales. Wood and plant biomass can be converted into sustainable and renewable form of
biofuel at the industrial scale in second generation biorefineries in a way that does not compete
with food production. The extraordinary mechanical properties of cellulose can be further

exploited by producing novel bio-friendly biocomposite materials.

Cellulose is a major constituent in wood (40-45% of its dry mass) and it is found in cell walls
in long microfibrils with alternating crystalline and amorphous regions. The microfibrils form
a microfibril angle (MFA) with the longitudinal axis of the cell. The average MFA is a strong
indicator of macroscopic strength and stiffness. In wood, cellulose is embedded in a matrix
of hemicelluloses and lignin. The crystallinity is also related to the macroscopic properties of

plant materials with a higher crystallinity suggesting a higher strength.

The specific and varied microscopic organization of load-bearing fiber cells and water- and
nutrient-carrying supporting cells explains the wide range of variation in the density, size,
shape, macroscopic heterogeneity and elastic properties of a broad range of plant materials.
Bamboo and balsa have unique characteristics and are studied here as examples of specific
plant materials. Bamboo is known for its extremely fast growth and timber-like mechani-
cal properties. Balsa is the lightest wood species in the world but still provides excellent

mechanical properties with respect to its mass.

Wide-angle X-ray scattering (WAXS) and X-ray microtomography (XMT) are presented
here as non-destructive methods to characterize the ultra- and microscopic structure of the
plant cell wall. This information should be connected with information obtained from other
methods to properly explain the hierarchical structure of plant materials. Specifically, the
WAXS sample crystallinity determination and microfibril orientation analysis are discussed.
A combination of WAXS and XMT is also shown to yield novel structural information with an
application to the tissue-specific localized scattering of Moso bamboo. This in-house localized
X-ray scattering, along with X-ray diffraction tomography, is a highly accessible method with
unexplored potential for studying plant biology.

Keywords: crystallinity, X-ray scattering, microtomography, bamboo, balsa, cellulose
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1 Introduction

1.1 Hierarchical structure of biological materials

Biological materials, such as wood and other plants, have a complex, hierarchical struc-
ture (Gibson, 2012; Martinez-Sanz et al., 2015). The form and function are intercon-
nected and in order to fully realize the potential of plant and biocomposite materials, it
is necessary to study their structure at multiple length scales. The hierarchical struc-
ture of wood can be explained at the following length scales (Booker and Sell, 1998;
Eder et al., 2013): integral (the entire tree), macroscopic (annual rings), microscopic

(cellular), ultrastructural (cell wall structure) and biochemical (polymers).

In order to study the structure at multiple length scales, several measurement methods
are needed. The elastic properties of biomaterials can be studied at the macroscopic
scale by mechanical testing, whereas optical microscopy is a traditional method to
study the cellular structure. Going down in size scale, scanning electron microscopy
can be used to study the ultrastructural size scale. These microscopy methods are,
however, invasive and require careful sample preparation. X-ray scattering and X-ray
microtomography are non-destructive methods and provide complementary informa-

tion to other methods.

Due to their small wavelength and resulting high energy, X-rays can penetrate the
sample and yield an average information of the nanoscale order in the sample. The
smallest features are seen at the larger scattering angles and therefore wide-angle X-ray
scattering (WAXS) is the method that describes the nanoscale and atomic scale order in
materials. Scattering from well-ordered, crystalline structures is usually referred to as
diffraction. WAXS is rather insensitive to weakly-ordered, amorphous materials. Many
biological systems are semicrystalline and their nanoscale structure can therefore be
characterized by WAXS. The small-angle X-ray scattering (SAXS) describes the order
at a larger size scale, of the order of tens of nanometers and larger. It also describes
the average properties of the sample and can provide information on the typical sizes
and shapes present in biological samples, even if crystalline diffraction is not present.
For example, SAXS can describe porosity, lamellar structure and other non-crystalline

order in biomaterials.

X-ray microtomography (XMT) also benefits from the high penetration power of X-ray



photons. It is used to obtain the three-dimensional structure of the sample. By using
optical magnification, the desired resolution can be achieved. Laboratory source XMT
devices can measure features down to the size scale of hundreds of nanometers but can
also be used to measure large objects (Stock, 2008). The three-dimensional cellular
scale structures are routinely measured with XMT. Synchrotron sources provide the
best resolution, contrast and image quality due to the high brilliance of the synchrotron
radiation and the state-of-the-art experimental end-stations. Bench-top XMT devices
can be used to obtain relevant microscopic scale structural information from biological

materials and are more accessible than synchrotron sources.

The structural information of the X-ray methods should be combined with informa-
tion obtained with other methods. Complementary information to X-ray methods
can be obtained by small-angle neutron scattering (Martinez-Sanz et al., 2015), X-
ray fluorescence (Pirkkalainen et al., 2012), nuclear magnetic resonance (NMR, Teedér
et al. (1987); Hult et al. (2000); Newman et al. (2013)), Raman spectroscopy (paper
I, Schenzel et al. (2005); Klimakow et al. (2010)), scanning electron microscopy (Zhao
et al., 2007; Moon et al., 2011), transmission electron microscopy (Penttilé et al., 2010;
Reza et al., 2015) and other methods. Different analysis methods for plant materi-
als are compared in Harris et al. (2010) and Karimi and Taherzadeh (2016). The
information obtained with the various methods can be utilized for micromechanical
models (Salmén, 2004; Hofstetter et al., 2005; Qing and Mishnaevsky, 2009) and fur-
ther complemented by information obtained with computational modeling (Yui and
Hayashi, 2007; Nishiyama et al., 2008; Paavilainen et al., 2011).

Both WAXS and XMT are non-destructive and therefore allow the same sample to
be studied by other methods. Together these two X-ray methods provide a good
description of the three-dimensional microscopic structure and the average nanoscale
structure of biomaterials. To fully take advantage of the information obtained by these
methods, the chemical composition should be studied, mechanical testing should be
done and all this information can then be connected to the macroscopic properties of

the biomaterial.

1.1.1 Cellulose: an abundant natural polymer

Cellulose is the most abundant natural polymer on Earth with an annual yield of

around 1.5 trillion tons (Klemm et al., 2005). It has potential to be used as a source



for biofuels that does not compete with food production by utilizing agricultural and
forest industry waste material at second-generation biorefineries (Himmel et al., 2007;
Sims et al., 2010; Cheng and Timilsina, 2011). Due to their extraordinary mechan-
ical properties compared to their mass, cellulose-based materials can be used for re-
inforcement in novel biocomposite materials (Siré and Plackett, 2010; Moon et al.,
2011). Different traditional cellulose-based materials such as wood, hemp and cotton
are nowadays commonly used at industrial scale. Cellulose nanomaterials are a new
generation of high-performance materials that outperform the traditional materials due
to their superior mechanical properties (Moon et al., 2011). In order to produce any
new cellulosic products, optimize the use of existing biomaterials, increase the yield of
cellulose hydrolysis or to obtain sustainable and renewable biofuel from cellulose, it is

vital to understand the hierarchical structure of cellulosic materials.

1.1.2 Example: structure of wood

Cellulose is a key structural element in the wood cell wall, comprising roughly 40-45%
of the dry material in wood (Sjostrom, 1993; Bergander and Salmén, 2002). Crystalline
cellulose, in particular, introduces mechanical strength and stiffness to the wood cell
wall. In the wood cell wall, cellulose is embedded in a matrix of hemicelluloses and
lignin in a structure that can be mechanically compared to a steel-reinforced con-
crete (Booker and Sell, 1998). In this structure, cellulose serves as the reinforcing
agent. To fully understand the role of cellulose in the structure of wood, the entire

structure of wood should be considered, at all length scales.

In the following the integral, macroscopic, microscopic, ultrastructural and biochemical
structure of wood are described briefly on a general level as an example of the hier-
archical structure found in many plants. Another example, the hierarchical structure
of the flowering plant Arabidopsis thaliana (Meinke, 1998; The Arabidopsis Genome
Initiative, 2000; Koornneef and Meinke, 2010) is presented in Fig. 1. The following
description of the hierarchical structure of wood is based on chapter 1 of Sjostrom

(1993) except where other sources are cited.

A tree is a tall, woody plant belonging in the seed-bearing plants (Spermatophytae).
It is a self-supporting structure consisting of roots, a trunk and a crown (Bernatzky,
1989). During their growth and maturation trees have to withstand harsh environmen-

tal conditions such as high and low temperatures, high winds and storm, rainfall, snow
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Figure 1: Hierarchical structure of Arabidopsis thaliana. (a)-(g) The structure
at different length scales, scale bar value given at top right of each box. (a)-(f) The
small red rectangle shows the approximate size of the structure at the next length
scale. (a) Integral scale: the flowering plant A. thaliana. (b) Part of the stem; a
sample suitable for WAXS and XMT. (c¢) Macroscopic scale: XMT reconstruction
of the stem piece. (d) Cellular scale: a close-up of the interfascicular fibers. (e)
Ultrastructural scale: Schematic of a single cell showing the helically wound microfibrils
and the microfibril angle a. MFAs close both to the longitudinal direction (ay & 0°)
and close to the transverse direction ar = 90° exist in A. thaliana (Ruggeberg et al.,
2013; Saxe et al., 2014). (f) A model of the cellulose chains embedded in an amorphous
matrix. The length of the amorphous regions is arbitrarily chosen. (g) Biochemical
scale: the unit cell of cellulose I8 (Nishiyama et al., 2002) with the (200) and (004)
planes highlighted (red and blue, respectively).



and frost. Trees are traditionally divided into hardwoods (Angiospermae) and soft-
woods (Gymnospermae). Maple, oak and birch are typical hardwood species whereas

spruce, juniper and pine are typical softwood species.

The tree trunk consists of a pith, xylem and bark. When looking at the horizontal
cross-section of wood, the pith is found at the center and it is formed during the first
year of growth. In mature wood, the xylem consists of dead heartwood and sapwood.
Heartwood surrounds the pith and sapwood is responsible for the ascent of sap and
surrounds the heartwood. Both heartwood and sapwood feature annual growth rings.
The bark surrounds the whole tree trunk and consists of an outer bark and an inner
bark, or phloem. New xylem and phloem cells are produced at the cambium, a thin

layer of living cells between the phloem and xylem.

The microscopic structure of wood depends on the wood type. In general, softwood
consists of fibers (90-95%) and ray cells (parenchyma, 5-10%). The fibers have a
longitudinal orientation whereas the rays have radial orientation. In hardwood, fibers
are the most common cell type and they provide structural support for the plant. Vessel
cells carry water in the hardwood xylem. Both of these cell types are aligned along the
longitudinal axis, whereas hardwood ray parenchyma cells are aligned radially. The
proportion and organization of ray cells in hardwood varies by species, ranging from 5
to 30% of the volume.

The wood cell wall consists mainly of cellulose, hemicelluloses and lignin. The hemicel-
luloses and lignin are considered amorphous, although they have been shown to have
some orientation parallel to the cellulose microfibrils (Salmén, 2015). In wood, cellulose
is formed as microfibrils!l of around 2.5 to 3.5 nm in diameter (Martinez-Sanz et al.,
2015). These long microfibrils contain 36 chains according to some authors (Himmel
et al., 2007) but less according to other authors (Newman et al., 2013; Thomas et al.,
2015). They consist of alternating crystalline and amorphous regions. The width of the
crystalline regions (referred to as crystallites) is around 3 nm and the length around 20
to 40 nm (Andersson et al., 2003; Peura et al., 2008; Svedstrom et al., 2012a,b)?. The

microfibrils are often found in microfibril bundles! that are 15 to 30 nm wide (Donald-

[ Microfibrils are sometimes referred to as elementary fibrils.

[2IThe width and the length are determined by X-ray scattering from the 200 and 004 reflections of
cellulose 13, respectively.

[BIMicrofibril bundles are sometimes referred to as macrofibrils or simply microfibrils. In this work
microfibril refers to the smaller structure of around 3 nm in diameter.



son, 2007). The microfibrils are helically wound around the cell wall forming an angle
with the longitudinal axis of the cell called the microfibril angle (MFA, Fig. 1).

The wood cell wall consists of several layers: middle lamella, primary wall, secondary
wall and a warty layer. The secondary wall is further divided into three layers: Sy, So
and S3. The S; and S; layers are thin and have a large average MFA (over 50°) relative
to the axial direction. The Ss layer is much thicker and has a smaller average MFA
(below 30°).

Cellulose exists in several stable crystalline forms (Zugenmaier, 2001; French, 2014).
Cellulose I is found in wood and other plants and it exists naturally in two polymorphs,
cellulose Iev and I3, which can coexist in the same plant (Horikawa and Sugiyama, 2009).
The two forms cannot be easily distinguished with X-ray diffraction!! and therefore the
crystallographic cellulose 15 data of Nishiyama et al. (2002) was chosen in this study
to represent cellulose I. The crystallographic notation of French (2014) is used in this

work.

The chemical structure of cellulose is well understood and is well described else-
where (Sjostrom, 1993; Nishiyama et al., 2002, 2003, 2008). Cellulose molecules
((C¢H1005),) are linear and tend to form strong hydrogen bonds within a molecule
and with neighboring molecules. Cellulose I8 unit cell is monoclinic with an angle of
v = 96.5° and unit cell sizes of 0.778, 0.820 and 1.038 nm (a,b,c, respectively, Nishiyama
et al. (2002)). It has a layered structure as there are no hydrogen bonds between the
cellulose chains of different layers in the direction of the b-axis but only weaker van
der Waals forces. Regenerated cellulose II is thermodynamically more stable because

it forms more hydrogen bonds but it does not occur naturally.

1.1.3 Case study I: balsa

Balsa (Ochroma pyramidale) is a fast-growing, medium-size tree known for its ex-
tremely low weight and relatively good mechanical properties (Vural and Ravichan-
dran, 2004; Midgley et al., 2010; Borrega and Gibson, 2015). The density of balsa

wood can be as low as 5% of the density of the cell wall material (Gibson and Ashby,

M A method has been suggested to differentiate between cellulose Iov and 18 dominating materials
based on WAXS data (Wada and Okano, 2001; Wada et al., 2001) but the cellulose /I3 ratio cannot
be fully quantified from WAXS data.



1999) and can vary from 55 to 380 kg/m? (Vural and Ravichandran, 2003). Balsa
wood is used in applications where the low weight is an important factor, such as wind
turbines, boats and aircraft (Midgley et al., 2010; Morelli et al., 2012; Borrega and
Gibson, 2015). Although balsa is known to be easy to handle, and is therefore popular
also in crafts and modeling, it is a hardwood species (Angiospermae). Blocks of balsa
wood are also used as core material in structural sandwich panels (Grenestedt and
Bekisli, 2003; Kepler, 2011) and they show good thermal recovery for temperatures not
exceeding 250 °C (Goodrich et al., 2010).

On a cellular level, the xylem in balsa has a high fiber content (66 to 76%), followed
by rays (20 to 25%) and vessels (3 to 9%) (paper IV, Borrega and Gibson (2015)).
The fibers, also referred to as tracheids, and vessels have axial orientation. Fibers
have an aspect ratio of around 16 to 1 and an average length of 650 ym (Vural and
Ravichandran, 2003). The vessels have a diameter an order of magnitude larger than
the fibers, some 350 pm on average (Vural and Ravichandran, 2003). The rays run in
the radial direction (Da Silva and Kyriakides, 2007) and cause anisotropy in the elastic
properties in the transverse plane (Gibson and Ashby, 1999; Vural and Ravichandran,
2003).

1.1.4 Case study II: bamboo

The annual bamboo trade is of the order of billions of euros and Phyllostachys edulis
(henceforth referred to as Moso bamboo) is the most important bamboo species (Liese
and Kohl, 2015). Bamboo can grow up to 1 meter in 24 hours and reaches its full
height during one rainy season (Fu, 2001; Liese and Kohl, 2015). It then matures
over the next 4 to 5 years (Vogtlander et al., 2010). Additionally, due to its excellent
mechanical properties and fast growth, bamboo can be used as construction material
for a wide range of applications such as houses, furniture, scaffolding and biocomposite
materials (Fu, 2001; Abdul Khalil et al., 2012; Choudhury et al., 2012; Liese and K&hl,
2015).

Bamboo is a member of the grass family (Poaceae) but it is known for its great me-
chanical properties such as excellent strength and stiffness (Habibi and Lu, 2014). The
bamboo culm can be considered to be a natural composite material of vascular bundles

embedded in a parenchyma cell matrix (Rao and Rao, 2007; Dixon and Gibson, 2014).

[l Axial orientation refers to the longitudinal axis of the plant cell wall.

7



It consists of approximately 50% of parenchyma cells, 40% of fibers and 10% of vessels
and metaphloem cells (Liese and Kohl, 2015).

Bamboo has a heterogeneous structure both in the longitudinal and radial directions.
In the longitudinal direction, bamboo is separated by nodes into several internodes.
Within one internode section, both the parenchyma and vascular bundles are well
aligned with the longitudinal bamboo culm axis (Huang et al., 2015). In the radial
direction, the proportion of vascular bundles increases from the interior of the culm
towards the exterior (Wang et al., 2012; Huang et al., 2015).

As bamboo is a grass, it does not have the secondary cell wall layer structure of wood.
Rather it has multiple cell wall layers with varying microfibril orientations (Liese and
Kohl, 2015). The average MFA of the cellulose microfibrils in the bamboo fibers in the
vascular bundles is small and the fibers contribute largely to the longitudinal stiffness
of the bamboo culm. The parenchyma cells, however, have a wider distribution of
MFAs and also a larger average MFA. The parenchyma cell aspect ratio is very low
compared to that of the fibers. The parenchyma cells are therefore likely to contribute

more to the strength in the transverse direction (paper II).

1.2 Connections between the nanoscale and the macroscopic

properties

The strength and stiffness of wood fibers increase with decreasing microfibril angle
in the thick Sy cell wall layer (Sahlberg et al., 1997). Therefore the average MFA
is an important parameter for micromechanical modeling of the elastic properties of
wood (Salmén, 2004; Mishnaevsky and Qing, 2008; Qing and Mishnaevsky, 2009).

Higher cellulose crystallinity results in increased Young’s modulus, tensile strength,
density and hardness (Lionetto et al., 2012). While many micromechanical models
account only for cellulose content, some explicitly consider cellulose crystallinity (Hof-
stetter et al., 2005). The elastic properties of wood in the longitudinal direction can be
modeled rather accurately with a pure crystalline cellulose model, ignoring the other

constituents and the semicrystalline nature of cellulose (Bergander and Salmén, 2002).

The S; layer in wood has an important effect on the properties of wood in the transverse

direction and both its thickness and microfibril orientation are needed to properly



model the properties (Bergander and Salmén, 2002; Yamamoto and Kojima, 2002).
The MFA in the S; layer has been evaluated with WAXS elsewhere (Andersson et al.,
2000, 2015) but not in this work. The amorphous components, hemicelluloses and
lignin, are more important than cellulose in explaining the elastic properties in the

transverse direction (Salmén, 2004; Mishnaevsky and Qing, 2008).

The nanoscale properties are also connected to other properties in wood, such as the
environmental conditions of the tree growth, the age of the tree and where along the
stem the sample is taken. For example the large average MFA at the base of juvenile
wood has been suggested to reduce the chance of the young stem breaking due to
wind (Booker and Sell, 1998; Donaldson, 2008). Larger cellulose crystallite widths
and higher sample crystallinities have been linked to tension wood (Svedstrom et al.,
2012b). Compression wood has a high average MFA and tension wood has a low
average MFA (Donaldson, 2008).

1.3 Aims of the study

The main aim of this study is to show how X-ray methods can be used to further under-
stand the hierarchical structure of biological materials. Cellulose in the plant cell wall
has been the primary focus, with case studies of bamboo and balsa (papers II, ITI &
IV). Wide-angle X-ray scattering provides information on the ultrastructural scale
and X-ray microtomography on the microscopic scale. The ultrastructural parameters
that have been in particular focus are microfibril orientation (papers II, IIT & IV)
and crystallinity (papers I, II1, IV & V). In papers III, IV & V the ultrastructural
information obtained with WAXS has been connected to information obtained with
other methods and in paper IT the two X-ray methods are connected to obtain novel
structural information. A key goal of this study has also been the development of X-ray
scattering data analysis methods.



2 Theory and methodology

X-rays interact with matter in multiple ways: through elastic and inelastic scattering,
photoelectric absorption and pair production. For cellulose and the copper Ka X-ray
energy of 8.0 keV, photoelectric absorption is the dominant interaction type, followed
by elastic scattering (Berger et al., 2010). From the perspective of wide-angle X-ray
scattering, the elastic scattering is the most important interaction form and the others
are a nuisance. Meanwhile, elastic and inelastic scattering are undesirable side effects

in absorption-based tomography.

2.1 Wide-angle X-ray scattering

With wave-particle dualism, X-rays can be considered as either waves or particles
without mass (photons). When X-rays are specularly reflected from atomic planes with
a spacing of dpy, their interference can be constructive or destructive. Constructive
interference, and corresponding sharp diffraction peaks, is seen when the path length
difference corresponds to a multiple of the X-ray wavelength A (Fig. 2). It is observed
at the scattering angle 20 given by Bragg’s law (Bragg (1913), He (2009, p. 13))

n\ = 2dhkl sin 9, (1)

which relates the lattice spacing to the scattering angle. For monochromatic X-ray
diffraction, n can be considered to be unity in Eq. (1) and higher order reflections are

considered to originate from lattice planes with different lattice spacings dpnx; (He, 2009,
p. 13).

Figure 2: Bragg’s law. Bragg angle 0 is half of the scattering angle. The interatomic
lattice spacing is denoted by dpg. k and K are the wavevectors of the incident and

scattered wave, respectively, and Cj is the scattering vector.
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Figure 3: Different X-ray scattering measurement geometries. All measure-

ment geometries are viewed from above, perpendicular to the scattering plane. For
wood samples, the fiber axis is perpendicular to the scattering plane. 26 = scatter-
ing angle, X = X-ray source, D = point detector, PT = perpendicular transmission,

ST = symmetric transmission, SR = symmetric reflection.

For elastic scattering, the length of the scattering vector |Q| = ¢ is, by definition
(Fig. 2), given by (Als-Nielsen and McMorrow, 2011, p. 114)

47 sin 6

Ql=q=—— 2)

These wavelength independent units, commonly expressed in units of A~!, are inversely

proportional to the lattice spacings through

2T
Qhkl = -
dpit

3)
WAXS can be measured in different measurement geometries. In this study symmetric
transmission (ST), perpendicular transmission (PT) and symmetric reflection (SR)
have been used (Fig. 3). Only perpendicular transmission can be used with a two-

dimensional detector.

The scattering intensity originating from N ideal atoms can be calculated with the
Debye equation (Debye, 1915; Debye and Bueche, 1949; Thygesen et al., 2005)
qrij

1) = Y fl) i) ™2, @

where the sum runs over each atom pair with atomic distance r;; and f; is the atomic
scattering factor of atom 7. The equation gives the orientational average of the system
and assumes spherical scatterers (He, 2009, Ch. 4).

11



2.1.1 Sample crystallinity

Sample crystallinity is here defined as the ratio of crystalline material in the sample
to all material in the samplel®. Cellulose crystallinity, on the other hand, refers to the
ratio of crystalline cellulose to the cellulose in the sample. Since it is often impossible to
separate the different amorphous components from the WAXS data, assessing cellulose
crystallinity directly by WAXS is usually not possible if the sample contains more than
one amorphous component. Other methods such as solid-state *C NMR. (Park et al.,
2009; Zuckerstitter et al., 2009) yield cellulose crystallinity and the values obtained
with NMR and WAXS cannot be directly compared. Cellulose crystallinity can be
evaluated from the WAXS sample crystallinity if the cellulose content in the sample is

known.

In papers I, III, IV & V the sample crystallinity (C') is calculated from the ratio of
the area under the crystalline intensity contribution curve (I..) versus the area of the

curve under the sample intensity curve (Lsgmpie) as

S Ledlq) [ Td(26)

C = = ~ 13°
fO Isampled(Q)

15320 Isampled(%) . (5)
By definition the sample crystallinity should include all the contribution of both com-
ponents, crystalline and amorphous. However, it is often not practical to measure all
possible scattering angles. A reasonable upper limit on the maximum scattering angle
is selected so that the choice should not have a significant effect on the obtained crys-
tallinity value. Andersson et al. (2003) studied Norway spruce and found a limiting
value of 26,,,, = 50° (Cu Ka) to yield crystallinity values within two %-points of those

obtained with 26,,,, = 90°. Whenever possible, 20,,,, = 50° was used in this work.

2.1.2 Microfibril orientation

One of the first methods of determining the average MFA is the T-method of Cave
(1966). While it does little to fully describe the MFA distribution, it does give a

(6] Crystallinity is sometimes defined by mass-% but for practical reasons the WAXS sample crys-
tallinity is calculated from the scattering intensity ratio, which is not the same as the mass ratio, unless
the densities of amorphous and crystalline components are the same. If the densities are similar in
both components, then the sample crystallinity value is also close to the one defined for mass-%.
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parameter that could be more sensitive to the average MFA in the S, layer only than
the actual average MFA that is affected by the S; and S3 layers as well. Especially in
the case where the width of the Sy layer is close to those of the usually thinner S; and
S3 layers, as in the case of low-density balsa (paper IV), the T-parameter may be a
useful metric if it is supplemented by a method that gives the average MFA orientation

of all layers.

Microfibril orientation can be determined from the 200 or the 004 diffraction peak (An-
dersson et al., 2000). The 200 peak information is more affected by the peak shape than
the 004 peak, however the latter suffers from the presence of neighboring diffraction
peaks (Cave, 1997; Andersson et al., 2000). New analysis methods have been suggested
that could take into account the actual cell wall orientation distribution (Riiggeberg
et al., 2013), which should then be measured separately. Microfibril orientation can
also be determined by two-dimensional Rietveld refinement (Oliveira and Driemeier,
2013; Driemeier, 2014).

The MFA analysis was performed differently in papers III & IV. In paper IV, a linear
background was manually subtracted from the azimuthal intensities. This process
also removes any uniform contribution of crystalline cellulose, if such is present. For
example, the contribution from a cell wall layer with a random MFA orientation would
be removed. Therefore the mean MFA value of paper IV should not be compared with
those of papers IT & III. Following the process presented in Josefsson et al. (2015),
an amorphous contribution to the azimuthal integrals was subtracted based on the 2D
diffraction pattern (Fig. 4). Briefly, regions around the 200 diffraction were chosen
that were assumed to consist of amorphous contribution only. A constant amorphous
contribution was determined and subtracted from the analyzed 200 diffraction region
by a first order fit on the neighboring amorphous contribution regions. This process
was used in papers IT & III.

2.1.3 Crystallite size

In an ideal case, a diffraction peak is a delta function. In real systems, instrumental
peak broadening takes place due to X-ray source size, X-ray optics and detector prop-
erties (He, 2009, pp. 13-14). Additionally, any deviation from a perfect crystal causes
broadening of the diffraction peak. These deviations include finite crystallite size, mi-

crostrain, crystalline imperfections, sample composition variations and atomic thermal
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Figure 4: Regions used for calculating the microfibril orientation. X-ray scat-
tering pattern of balsa with some diffraction peaks of cellulose I3 (Nishiyama et al.,
2002) marked on the image. Symbols indicate diffraction symmetry. The regions
marked with a dark checkerboard pattern are used for subtracting non-crystalline con-
tribution and the ring with a light checkerboard pattern is used to obtain the microfibril

angle distribution. The azimuthal angle (¢) shown is 20°.

motion (Ruland, 1961; Leineweber and Mittemeijer, 2003; Ungér, 2004; Mittemeijer
and Welzel, 2008). For small crystallites of only some nanometers in cross-sectional

diameter, the peak broadening due to finite size is the most significant factor.

Microstrain can be evaluated by studying multiple orders of the same reflection (100,
200, 300, etc., (He, 2009, p. 376-380), Mittemeijer and Welzel (2008)). Instrumental
broadening can be estimated by measuring a reference sample with a large crystallite
size, where peak broadening is mostly due to instrumental factors. Lanthanum hex-
aboride (LaBg) has been used to estimate the instrumental broadening in papers I,
ITI & TV for set-ups #2 and #4!7 and hexamethylenetetramine ((CHy)gN,) for set-up

#3.

Already in 1918, the correlation between the width of a diffraction peak and the cor-
responding crystallite size was formulated in the Scherrer equation (Patterson (1939),

[MBoth silver behenate and (LaBg) were used to define the q-scale in paper IV for set-up #2, but
only LaBg was used to calculate the instrumental broadening in paper IV.
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(He, 2009, p. 377))
K\

W= Bcosb’ (6)
where B is the full-width at half maximum (FWHM) of the diffraction peak, A the
X-ray wavelength, # half of the scattering angle, K a shape factor® and W the
crystallite size. The Scherrer formula, Eq. (6) assumes that only crystallite size af-
fects the peak broadening. The instrumental broadening should be deconvoluted from
the peak FWHM. If the diffraction peak and the instrumental broadening can be as-
sumed to be of a Gaussian shape, instrumental broadening B, is deconvoluted with
B = \/ (Bmms)2 — (Bmstr)2, where B,,eqs is the measured peak FWHM. The diffraction
peaks of the calibration samples could be fitted with a Gaussian peak shape and this

was assumed as the instrumental broadening shape for all measurements in papers I
to V.

2.2 X-ray microtomography

A short overview focusing on the aspects of XMT related to the study of plant materials
is presented in this section. A more complete look on tomographic reconstructions is
offered in Kak and Slaney (2001) and Landis and Keane (2010). Biological samples
come with their own set of challenges. Among others, Mizutani and Suzuki (2012) and
McElrone et al. (2013) discuss some practical issues of XMT of biological samples, such

as low contrast and water content.

Traditional XMT is based on absorption contrast. To obtain a good contrast in to-
mography, the attenuation in the sample should be relatively high. The average X-ray
energy can usually be changed to alter the penetration depth of X-rays based on the
sample size and density, both with bench-top devices and at synchrotrons. The attenu-
ation of the X-ray intensity I in a sample with density p and thickness [ is exponential

(also known as the Beer-Lambert law)

I=Ipe ", (7)

where Ij is the initial intensity and % is the mass attenuation coefficient of the material.

Biological samples often contain only low-Z elements and can suffer from absorption

[81A value of 0.9 has been used for all crystallite width and crystallite length measurements in papers
Ito V.
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contrast issues that can be overcome, to some extent, with high-Z labelling (Mizutani
and Suzuki, 2012).

The basic principle of X-ray microtomography is based on obtaining a series of projec-
tion images at different rotational angles of the sample. Typically hundreds of images
are taken and the inverse problem of obtaining a three-dimensional representation of
the sample is solved by computational methods such as filtered back projection (Pan
et al., 2009).

The most simple XMT geometry is the parallel beam geometry where a large parallel
X-ray beam penetrates the sample. The size of the X-ray beam determines the size of
the object that can be imaged. This geometry requires a large source-to-detector dis-
tance to obtain a high-quality coherent and parallel beam and it is therefore a method
typically used at long synchrotron beamlines often dedicated to tomography (Buffiere
et al., 2010; Stampanoni et al., 2010). It also allows the phase contrast to be altered by
changing the sample-to-detector distance and, as such, phase contrast imaging is a typ-
ical method to increase contrast for low absorption-contrast biological samples (Pfeiffer
et al., 2007; Stampanoni et al., 2010; Derome et al., 2011). The X-ray diffraction to-
mography (XDT) used in paper IT uses a parallel beam geometry where each pixel of

the projection image is measured separately.

Bench-top X-ray tomography set-ups, such as the one used in paper I, usually employ
a cone beam geometry, where an X-ray beam spreads out from a point-like source
in a divergent cone. If the source-to-detector distance is constant, the magnification
can be varied by changing the source-to-sample distance. It does not therefore, allow
the phase contrast to be chosen independently of magnification. The physical size of
the X-ray source is also a limiting source for the resolution (Landis and Keane, 2010;

Suuronen et al., 2014a).

An important aspect of X-ray tomography is the image processing of the reconstruction
slices or volumes (Schliiter et al., 2014). This is especially important for biological
samples of relatively low absorption contrast. In paper II two-dimensional median
filtering and non-linear diffusion filtering were used to increase the contrast of the

reconstruction slices before binarization. The image processing was done in Matlab.
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2.3 X-ray diffraction tomography

Two separate methods were used in paper II that combine the WAXS and XMT
techniques; in localized X-ray scattering (LXS) the WAXS information is spatially
connected to the structure obtained with XMT and in XDT the tomographic recon-
struction is done using the LXS data.

The LXS beam position is found in the sample stage coordinates (SSCs) with a small
silver behenate calibration sample (diameter approximately 200 pym) (Suuronen et al.,
2014a). The position of the sample is known in the SSCs based on an XMT measure-
ment. The calibration sample SSCs at the position corresponding to the maximum
LXS intensity of the silver behenate diffraction peaks yields the position of the LXS
beam. Once the position of the LXS beam is known, sample stage translations and
rotations can be used to select a region-of-interest (ROI) of the sample by positioning
the sample appropriately in the stationary LXS beam. In paper II the appropriate
translations and rotations were calculated by choosing the ROI from a tomographic

reconstruction slice.

XDT is a tomographic technique where each pixel of the projection images is deter-
mined from a selected diffraction contrast and requires point-to-point LXS measure-
ments. The XDT contrast is selected from the diffraction pattern by calculating the
appropriate parameter from each of the separate diffraction patterns used. A single
value is obtained for each projection image pixel and this information is used to ob-
tain a three-dimensional representation of the selected diffraction contrast. As already

mentioned, the XDT geometry is a simple parallel beam geometry.

Due to the sample being relatively homogeneous in the longitudinal direction in paper
II, only a single slice was measured. The filtered back projection was done in Matlab
using the inverse Radon transform function iradon with the Ram-Lak filter. The pixel
values of the projection images were calculated from the two-dimensional diffraction
pattern measured for every pixel of each projection image. Before filtered back projec-
tion, the projection images were oversampled with a factor of two with Matlab function
interpl, which was also used to oversample the obtained reconstruction slice with a
factor of two as well. The oversampling was done for visual purposes and the resulting

reconstruction slices are shown in Fig. 4 of paper II.

In general, the XDT contrast can be the total intensity of a single diffraction peak, an
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orientation parameter of one peak or any calculated nanoscale parameter. For example,
the crystallite size, sample crystallinity or the average MFA could be chosen as contrast
parameters. Obviously, these parameters should not be calculated for voxels outside
of the sample. In practice this means that the voxels inside the sample should be
determined either from the XMT or the XDT with proper contrast. The XDT allows
the diffraction contrast value to be chosen after the measurements and several different

contrasts can be calculated from the diffraction patterns.
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3 Materials and Methods

3.1 Materials
Bamboo

In paper III three different bamboo species were studied and three radial slices from
an internode in one culm section were measured for each species. All samples were
measured from the middle of the bamboo in the radial direction. The bamboo species
were Phyllostachys edulis (Moso), Guadua angustifolia Kunth (Guadua), and Bam-
busa stenostachya Hackel (Tre Gai). The species are native to China (Moso), South
America (Guadua) and Vietnam (Tre Gai). Moso bamboo is the most economically
important bamboo species globally (Fu, 2001; Liese and Kohl, 2015) and Guadua the

most important one in the western hemisphere (Goldblatt and Manning, 1992).

In paper IT only Moso bamboo was studied and the samples were tangential slices,
with four samples from the inner third of the bamboo culm wall and four from the
outer third. All samples were measured with set-up #2. Additionally, some samples
were measured with XMT and LXS. XDT was measured for a single slice, requiring
only one line scan (step size 150 pm) at each of the 31 rotations steps. Each line scan
consisted of 20 measurements for a total of 620 scattering measurements, each 30 s in

duration.

Apart from the XDT measurement, all scattering measurements for bamboo in both
papers were conducted in PT geometry with a measurement time of 30 min. The

sample thicknesses were 1-2 mm.

Balsa

Balsa (Ochroma pyramidale) is native to the Americas. Balsa has a large natural
variation in density and in paper IV balsa was divided to low-density (LD, density
below 100 kg/m?), medium-density (MD, 100-200 kg/m?) and high-density (HD, above
200 kg/m?3) material. The axial compressive Young’s modulus varies roughly from 1
GPa (LD), 2-6 GPa (MD) to 7 GPa (HD) and the axial strength from 5 MPa (LD),
10-30 MPa (MD) to 40 MPa (HD) (Da Silva and Kyriakides, 2007). These mechanical

properties are excellent considering the low density of balsa.
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Balsa was studied in PT, ST and SR geometries as a function of density (86-211 kg/m?).
The crystallite width (PT) based on the 200 reflection and the crystallite length (ST)
based on the 004 reflection were measured. The MFA distribution was determined
from the 004 reflection (ST). Finally the relative sample crystallinity was determined
for all samples (n = 6, PT) and texture-corrected sample crystallinity was measured

for one sample (ST, SR). The sample thicknesses were 1-3 mm.

Xylitol

Xylitol is a sugar alcohol that is used as a sweetener in chewing gum and liquid pharma-
ceutical dosage forms. It is also used as a filler in tablets. It has a low glass transition
temperature (—24-25 °C) and a melting temperature of 93-96 °C (Talja and Roos,
2001; Diogo et al., 2007). For the purposes of this study it was considered a natural

model system for crystallization.

Amorphous xylitol was prepared in paper V by melting the crystalline xylitol powder
on a hot plate (180 °C). In order to study the crystallization process from the onset,
the melt was quench-cooled in liquid nitrogen. The sample was roughly ground and
transferred to the sample holder while still in the nitrogen gas environment. The
solid sample was then sealed between thin X-ray films (Mylar, 6 pm, sample thickness
approximately 2 mm) and mounted on the experimental stage for X-ray scattering
measurements. Xylitol recrystallizes in room temperature on a time scale suitable
for in-house X-ray scattering crystallization experiments (one to two hours). It has
only one stable crystalline form, which is orthorhombic (Carson et al., 1943; Diogo
et al., 2007). The crystallization process is simpler than in materials with several
crystalline forms because there is no phase-transition between different crystalline forms
during crystallization. The process was studied from the onset until stabilization with

a temporal resolution of one minute.

3.2 Experimental
3.2.1 Wide-angle X-ray Scattering

Four different in-house experimental set-ups were used to collect the wide-angle X-ray
scattering data for papers I to V.
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Set-up #1: Localized X-ray scattering

Set-up #1 is a custom-built set-up combining XMT and WAXS (Suuronen et al.,
2014a). As shown in paper II, it can be used for localized X-ray scattering with
a 200 pm wide X-ray beam. The Pilatus 1M hybrid pixel array detector (Dectris
Ltd, Switzerland) has a high signal-to-noise ratio and fast read-out time which allows
relatively short measurement times to be used®). The pixel arrays have gaps in between,
which means that some information is lost if the detector is kept in one position during
the measurement!*),

This set-up allows also for studies of smaller scattering angles (Suuronen et al., 2014b),
as the maximum sample-to-detector distance is 75 cm. At that distance the maxi-
mum scattering vector length is around 0.1 A~' which corresponds to a d-spacing of
6 nm (Suuronen et al., 2014a). In paper II the sample-to-detector distance was around
18 em. Unlike the other set-ups, set-up #1 has a Mo-anode X-ray source (IS, Incoatec
GmbH, Germany). The Mo K« energy (17 keV) is preferable because it has less at-
tenuation in air than Cu Ka (8 keV) but is not too high in energy to be inappropriate

for soft matter samples.

Set-up #2: Two-dimensional scattering

Set-up #2 features a conventional X-ray tube with a copper anode and a two-
dimensional image plate detector (mar345, marXperts GmbH, Germany). This set-
up (Tolonen et al., 2011) was used in papers IT & IV and is visualized in Fig. 5. It
features a collimating Montel multilayer mirror that is used to obtain a distribution of

Cu Ka energy photons, including both the Ka; and Kay energies.

This set-up has also been used for measuring small-angle X-ray scattering with the
multiwire proportional counter area detector (HI-Star, Bruker AXS, Madison, WI,
USA) and a sample-to-detector distance of 50 cm (Leppénen et al., 2011). The mar345

detector has a long read-out time and is better suited for long measurements. The large

1The Pilatus detector was used also with set-up #4 in paper V. The 1-min time-resolution used
in those measurements could be improved if needed.

10Ty theory the detector could be moved diagonally between two measurements of the same sample
to reduce the gap areas significantly. In practice the current set-up does not allow this and the detector
needs be positioned so that the gaps do not hide any vital information.
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Figure 5: The X-ray scattering set-up #2. (top) Photograph of the instrument.
(bottom) Schematic drawing (to scale) with the X-ray path visualized schematically
with dotted lines. X = copper anode point focus X-ray tube (PW2213/20, PANalytical
B.V., The Netherlands), M = collimating Montel multilayer monochromator (Incoatec,
Germany), S1 & S2 = slits, SH = sample holder, BS = copper beam stop, D = mar345
image plate detector, G = high-voltage generator (Kristalloflex K710H, Siemens, Ger-
many) (used voltage and current were typically 36.0 kV and 25.0 mA, respectively) and
V = oil-free dry scroll vacuum pump (XDS-10, Edwards Limited, United Kingdom).
A typical sample-to-detector distance (d) is 12 cm.
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gapless detector area allows a large scattering cone to be measured, giving access to

both the average crystallite orientation and sample crystallinity in one measurement.

Set-up #3: four-circle diffractometer

Set-up #3 is a four-circle goniometer (Andersson et al., 2000), which allows different
measurement geometries to be used. A ground and bent quartz-1011 monochromator
is used to select the Cu Koy wavelength and a Nal (T1) scintillation counter is used
to measure the intensity at the desired scattering angles. This set-up was used in
papers I & IV. It has significantly longer measurement times than the other three
set-ups because it only measures one scattering angle at a time. The advantages are
the possibility to measure the sample in different measurement geometries, including
reflection; large scattering angles (over 70°) obtainable in symmetric measurement
geometries; and a possibility of measuring over individual reflections with a small

instrumental factor.

This set-up has been used to measure the crystallite length in cellulose samples (paper
IV, Penttild et al. (2010); Svedstrom et al. (2012a)). It has also been used to measure
the 004 reflection for MFA analysis (paper IV, Andersson et al. (2000, 2015)).

Set-up #4: rotating anode

Set-up #4 has a rotating anode X-ray source (UltraX18S, Rigaku, Japan), a bent Si-
111 crystal horizontally-focusing monochromator and an elliptical vertically-focusing
mirror (Kontro et al., 2014). It was used in papers I & III with a mar345 image plate
detector and in paper V with a Pilatus 1M detector.

3.2.2 X-ray microtomography

A custom-made, in-house XMT set-up (Suuronen et al., 2014a) was used in paper II.
This set-up is physically connected to the scattering set-up #1 via the shared sample
stage. This allows localized scattering experiments to be conducted based on the X-ray

tomography measurements.
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The XMT scanner (Nanotom 180NF, GE Measurement and Control Solutions, Ger-
many) is built inside a lead-shielded room. The cone beam geometry allows for objects
of varying sizes to be imaged. The 5 MPx CMOS flat-panel detector (C7942SK-25,
Hamamatsu Photonics, Japan) images a square area with 11.5 cm side length and by
changing the sample-to-detector distance, the effective edge length of one pixel in the
detector can be varied. The size of the X-ray source is a further limiting factor in
the smallest achievable resolution. The sub-um resolution is very suitable for imaging

plant materials as it usually allows the binarization of the cell wall.
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4 Results and discussion

4.1 Crystallinity

The WAXS method is a powerful tool for studying the crystalline or semicrystalline
structure of natural materials. However, it can be considered relatively insensitive
to amorphous material in the sense that it is difficult to obtain information on the
amorphous components based on the WAXS data, other than their relative contribution
to the scattering intensity. Sample crystallinity, which is the fraction of the sample
that is crystalline, can be determined by separating the signal into crystalline and
amorphous components. Unfortunately, there is no single standard way of doing this
and a wide variety of different methods have been suggested (Segal et al., 1959; Ruland,
1961; Paakkari et al., 1988; Andersson et al., 2003; Zavadskii, 2004; Thygesen et al.,
2005; Bansal et al., 2010; Oliveira and Driemeier, 2013; De Figueiredo and Ferreira,
2014; Lindner et al., 2015; Ju et al., 2015; Nam et al., 2016).

Different methods for assessing the sample crystallinity were quantitatively studied in
paper I. Samples from papers III & IV were included in the sample collection for
that article. The most common method of determining crystallinity in cellulose is still
the Segal method (Segal et al., 1959; Nam et al., 2016). Paper I also evaluates an
amorphous subtraction method, and three peak fitting methods with different amor-
phous models (Gaussian, Gaussian + linear and experimental). The methods were
also compared to two-dimensional Rietveld refinement (Oliveira and Driemeier, 2013;
Driemeier, 2014).

Paper I shows that the crystallinity index values obtained with the Segal method de-
pend on the crystallite size and are too high to represent proper cellulose crystallinities.
The Segal method is only suited for analyzing differences in similar samples and yields
a crystallinity index value that is often quite far from the actual sample crystallinity

value.

In paper I it was found that, in fact, the sample crystallinity values obtained with
most crystallinity determination methods depend on the crystallite size. The sample
crystallinity values for fully crystalline, ideal models were also underestimated by all
methods (paper I, Table 1). This suggests that obtaining a reference material with a

fully crystalline structure would be beneficial for all methods. Unfortunately cellulose
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exists in nature only as semicrystalline so no natural fully crystalline cellulose reference
material exists. In light of this it would make sense to calibrate the crystallinity values

with an international crystallinity standard of high crystallinity.

Sample crystallinity values obtained with variations of the amorphous fitting method
have been shown to correlate well with NMR crystallinity (paper I, Teedér et al. (1987);
Tolonen et al. (2011)). The values obtained with a two-dimensional Rietveld refine-
ment did, however, suggest an underestimation of the crystallinity values obtained by

amorphous fitting (paper I).

The amorphous fitting method, as well, may yield too low crystallinities for fully crys-
talline models as shown for the crystallinity models in paper I. The amorphous fitting
method is therefore not a good method to estimate whether the sample, such as the
xylitol in paper V, is completely crystallized. It can, however be used to compare the
crystallinity to that of other materials, such as a reference material. For xylitol, the
starting material could be taken as the reference material. If the reference material is
assumed to be fully crystalline, the normalized crystallinity value should represent the

actual crystallinity of the material quite well.

Effect of sample and measurement geometry

In order to reduce the effects of texture, well-prepared powder samples are preferred.
However, especially in the case of cellulose (Paakkari et al., 1988), in which the crys-
tallites have a large aspect ratio, fully texture-free powders are not trivial to prepare.
Even lightly-pressed cellulose powder samples may show preferred orientation. Sam-
ples with texture show a large difference in the sample crystallinity values obtained
with different measurement geometries (Table 1). Paakkari et al. (1988) present a
mathematical model where the weights of 2/3 and 1/3 are derived for the crystallinity
values obtained with symmetric transmission and reflection, respectively, to obtain a
texture-correction on the sample crystallinity values for cellulose samples. The sample
crystallinity value obtained in the PT geometry often sits between the values obtained
in symmetric reflection and transmission geometries and could therefore yield a value

closest to the texture-corrected crystallinity.
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Table 1: Sample crystallinities determined in perpendicular transmission and sym-
metric reflection and transmission along with their weighed average (in percent-
ages) (Paakkari et al., 1988).

Symmetric Perpendicular
Sample Reflection Transmission Transmission Weighed
Norway spruce powder
(Andersson et al., 2003)
2nd year ring 29 20 - 23
21st year ring 39 28 - 32
Medium-density balsa 46 + 3 31+3 39+3 36+£5

(Paper IV)

Crystallinity in balsa

The crystallinity of one MD balsa sample was assessed with X-ray scattering in
symmetric transmission and reflection to obtain the texture-corrected sample crys-
tallinity (Paakkari et al., 1988; Andersson et al., 2003). The sample was also measured
in perpendicular transmission geometry and the crystallinity values of those measure-
ments are listed in Table 1. In this case as well, the value obtained in PT geometry
was closer to the texture-corrected crystallinity value than the individual values of the

two other geometries.

For the sample crystallinity values of MD and HD balsa, the data suggests a linear cor-
relation with density. However, the differences in sample crystallinity values are smaller
than the estimated errors of the analysis. A positive linear correlation between density
and sample crystallinity is consistent with the higher density of crystalline cellulose
compared to amorphous cellulose but a larger sample set would be needed to verify
this connection. Of course, the cellulose content also affects the sample crystallinity.
Both the fiber cell wall thickness and the S cell wall layer thickness vary more as a
function of density (an increase of 175% and 810% from low density to high density
balsa, respectively, (paper IV)) than the sample crystallinity.
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Amorphous models

It is often difficult, if not impossible, to obtain a perfectly amorphous material that
would represent the amorphous constituents in the studied samples. Even in the case
of the xylitol sample (paper V) where the starting material is fully amorphous, X-ray
scattering is not sensitive to possible changes in the amorphous phases present in the
sample. For the crystallinity analysis, only one amorphous phase is assumed to con-
tribute to the scattering intensities. For bamboo and balsa (papers II, III & IV)
a fully-amorphous model was not available that would be specific to the amorphous
material in bamboo or balsa. A simple approximation in these cases is to assume that
the amorphous contribution does not change as a function of crystallinity and that the
sample can be described with a two-component model, where the amorphous compo-
nent is taken from a measured sample that is similar to the amorphous components in
the sample. In reality ideal cellulose crystallites are unlikely to exist at the nanoscale
in real samples as the surface is likely to be less well ordered than the inner parts of
the crystallite (Ding and Himmel, 2006).

Even in this simplified description, the challenge is to find a suitable amorphous model.
The scattering intensities of various amorphous models are shown in Fig. 6 of paper I.
The sulphate lignin background is used often (papers I, III & IV) because it has the
least sharp features, something that should be expected from an amorphous model.
Somewhat surprisingly, the choice of the amorphous model did not seem to have a
significant influence in the relative crystallinity differences between samples (Fig. 7 of

paper I), apart from the exception of the ball-milled microcrystalline cellulose (Avicel).

Although the sulphate lignin background is used extensively for wood samples (papers
III & TV, Andersson et al. (2003); Leppénen et al. (2011); Testova et al. (2014)), more
appropriate amorphous models have been used with the amorphous fitting method if
they have been available. Rye arabinoxylan has been used as the amorphous model in
Mikkonen et al. (2015) to study the crystallinity in birch kraft pulp. Beechwood lignin
was used in studying crystallinity of cellulose-lignin blends (Ma et al., 2015).

The first time steps of the crystallization measurement were used as an amorphous
xylitol model in paper V. The crystallization of xylitol provided an interesting insight
into cellulose crystallinity analysis because, unlike typical cellulose samples, it allowed

measurements of both fully amorphous and fully crystalline material.
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Figure 6: Early crystallization of xylitol. During the first 15 min after starting the
measurements the xylitol transforms from fully amorphous to semicrystalline as sharp

diffraction peaks start to appear after approximately 5 min.
Time-resolved crystallization: xylitol

Xylitol crystallizes in room temperature in a few hours. This time scale is very suitable
for in-house measurements of crystallization. Amorphous xylitol can be prepared by
heating and mechanical grinding (paper V). In order to control the rate and onset of
crystallization, the amorphous xylitol was prepared in a chamber filled with evaporated
nitrogen gas and it was submerged in liquid nitrogen as discussed earlier. The crystal-
lization began rapidly when the xylitol had reached a sufficient temperature (Fig. 6).

In 90 min, the xylitol was present in mostly crystalline form (Fig. 7).

The xylitol seems to crystallize to its stable form without intermediate phases or sig-
nificant peak shifting. This allows the crystallinity of xylitol to be assessed throughout
the crystallization process using the amorphous fitting method presented in paper 1.
The average of the very first minutes was used as the amorphous model (the red curve
in Fig. 7) and the positions of the diffraction peaks were taken from the crystalline
xylitol that was measured separately. The final state was assumed to be fully crys-
talline and its crystallinity was normalized to 100%. Normalization with the end-state
crystallinity, some 77% before normalization, was done to all intermediate crystallinity
values. Although it was not possible to assess the average crystallite size of the xylitol

crystallites due to their large size, it should be noted that the crystallite size is much
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Figure 7: Crystallization of xylitol. During a time period of 90 min, the xylitol

crystallizes from the initially fully amorphous state (red).

larger than in typical cellulose samples.

4.2 Microfibril orientation

The MFA parameters have been calculated in different ways in papers II, IIT & IV as
the numerical parameters could only be compared with existing literature values if they
were calculated in the same way. The most reliable way of comparing the orientation
differences is to compare the integrated azimuthal intensity profiles. The azimuthal
intensity profiles calculated from the 200 reflection, after subtracting an amorphous
background using the method presented in Josefsson et al. (2015). are shown in Fig. 8
for bamboo samples of papers IT & III. In paper III the samples are measured in the

middle of the culm wall in the radial direction as mentioned earlier.

Interestingly, the Moso bamboo measurement from that paper seems to show a higher
parenchyma-like orientation features transverse to the axial direction than the inner
Moso bamboo sample of paper II. Because the measurements from paper III are not
measured with LXS it is not possible to estimate the fiber ratios from those measure-
ments and compare microfibril orientations of the two papers as a function of the fiber
ratio, rather than as a function of the radial distance. The measurements sample a
relatively small volume of the bamboo culm wall and the fiber ratio in the measured

sample volume may not represent well the average fiber ratio of the bamboo culm wall
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Figure 8: Azimuthal integrals of bamboo and balsa samples. Solid lines corre-
spond to the average value and the shaded area to the standard deviation.

(Left) Bamboo; the inner and outer Moso samples (Moso: in and Moso: out, respec-
tively, both n=4) are from paper II and the others are from paper III (each n=3).
(Right) Azimuthal integrals of low-density (LD, n=2), medium-density (MD, n=6) and
high-density (HD, n=1) balsa from paper IV. For comparison, the average azimuthal

integrals of the bamboo samples of paper III are shown.

at that relative radial distance.

The balsa samples (paper IV) show a similar axial orientation peak than bamboo
samples (Fig. 8). In fact, the azimuthal integrals!'!l suggest that the microfibril angle
distribution is rather similar in the measured Guadua and Tre Gai bamboo samples
and in the high- and medium-density balsa samples. The LD balsa samples and Moso
bamboo show significantly lower degree of axial orientation, although the LD balsa
average is based on only one measured sample, which was measured two times, at

different positions on the sample.

The outer culm wall Moso bamboo samples did show a higher degree of axial orientation
than those from the inner or middle culm wall. However, the samples from the middle
culm wall of Moso bamboo, paper III, correspond better with the inner culm wall
samples shown in Wang et al. (2012) than the actual inner culm wall samples of paper
IT do. The samples from all of these three articles are from different bamboo plants,
and the differences in the results could therefore be explained to some degree with

biological variability as well, in addition to the effect of random sampling of vascular

M The azimuthal integrals shown here for balsa are from the 200 reflection measured in PT geometry,
similar to bamboo. The ones shown in Fig. 8 of paper IV are from the 004 reflection measured in ST

geometry.
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bundles explained earlier.

In the bamboo culm wall, in addition to the fibers with a strong degree of orientation,
the parenchyma cells also exhibit some microfibril orientation. Due to their low aspect
ratio, orders of magnitude smaller than in the fibers, they should contribute especially

in the transverse direction to the mechanical properties of the pant.

The in-house experiments are suitable for average scattering information from a large
number of cells. This information should be complemented by synchrotron studies
where the orientation can be determined for selected cell walls perpendicular to the
X-ray beam only (Peura et al., 2008), individual wood fiber cell walls (Peura et al.,
2005) and even for different parts of the cell wall (Lichtenegger et al., 1999).

It has been shown recently that in addition to cellulose, other wood polymers also show
axial orientation in the secondary cell wall of wood (Simonovié¢ et al., 2011; Salmén,
2015). The research suggests that cellulose shows the strongest axial alignment, fol-
lowed by hemicelluloses. Lignin also shows some degree of orientation along the lon-
gitudinal axis of the cell, although less than hemicelluloses. A complete model of the

wood polymers should take into account the orientation of the amorphous components.

4.3 Crystallite size

A 36-chain model for cellulose in the plant cell wall has been suggested (Ding and
Himmel, 2006; Ding et al., 2014) which would be based on the six-fold symmetry of the
rosette cellulose synthase complexes (Saxena and Brown, 2005; Somerville, 2006). More
recently, some authors have questioned this model in favor of smaller models (Newman
et al., 2013; Cosgrove, 2014; Thomas et al., 2015).

For cellulose 15 very few diffraction peaks are well separated. For this reason, only
the most intense diffraction peaks of the 200 and 004 reflections can be routinely used
for assessing the crystallite size. Bamboo and balsa have a small average crystallite
width of around 3 nm (based on the 200 reflection) and for crystallites this small, the

cross-sectional size cannot be estimated from other reflections.

Samples with a larger crystallite width of around 4 to 5 nm or more (on the ab crystal-

lographic plane) show a peak separation of the 110 and 110 peaks (Elazzouzi-Hafraoui
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Table 2: Crystallite sizes [nm] from ® the supplementary data of Parviainen et al.
(2014) and ® paper IV.

Reflection

Sample 110 110 200
Pulp 1° 39+02 52£1.3 4.65+0.11
Pulp 2¢ 439+0.10 504+1.2 4.73+£0.02
nata de coco® 6.1£06 78£04 6.1£0.2
low-density balsa’ - - 3.0+0.2
medium-density balsa’ - - 3.1+£0.2
high-density balsa® - - 3.0+0.2

et al., 2008). This allows the crystallite shape to be evaluated. Chemically and me-
chanically treated cellulose pulp can have a crystallite size in this size range (Tolonen
et al., 2011; Testova et al., 2014). In Parviainen et al. (2014) the crystallite size of
enzymatically and mechanically treated spruce-pine sulphite pulp was estimated based
on the 200, 110 and 110 reflections (Table 2). Additionally, nata de coco, a food-grade
bacterial cellulose (coconut gel in syrup) studied in the same article showed a much
larger crystallite size perpendicular to the (110) plane than the (110) plane, suggesting

a crystallite cross-section shape that is not square.

4.4 Microstructure of bamboo and balsa

The microscopic structure of bamboo is shown in Fig. 9. The main benefit of XMT
is that the three-dimensional structure is obtained non-destructively. The sample can
then be digitally segmented or sliced. The reconstruction shows both the horizontal and
vertical cross-sections of the parenchyma cells. The segmentation of parenchyma cell
lumens was presented in Fig. 7 of paper II. The aspect ratio of the parenchyma cells
was calculated from this reconstruction and it was 1.6 £+ 1.0, with some parenchyma
cells having an aspect ratio below one, i.e. being wider than their height along the

longitudinal axis of the bamboo culm.

In paper IV the microscopic structure of balsa was studied extensively with scanning
electron microscopy and transmission electron microscopy. While these methods were
not the main focus of this study, it is important, also from the perspective of interpret-

ing the X-ray scattering results to understand the microscopic structure. Schematic
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Figure 9: X-ray microtomography reconstruction of bamboo. One vascular
bundle is manually segmented from the surrounding tissue and shown in darker brown
color. The surrounding tissue is clipped with a diagonal plane and a vertical plane at
the front. Scale bar is 500 pm.

representations of balsa fibers, both low- and high-density, are shown in Fig. 10. The
HD fibers are much smaller than the LD ones but have a much thicker S, cell wall
layer. The average MFA is small in the Sy layer and close to 90° in the S; and S3 lay-
ers (Vural and Ravichandran, 2004). In paper IV the contribution of different cell wall
layers could not be separated. The traditional fiber structure of bamboo (Liese and
Kohl, 2015) is shown for comparison. The Sy layer has an average MFA close to 50°,
and the other secondary wall layers alternate between thick layers with longitudinal
microfibril orientation and thin layers of transverse microfibril orientation (Liese and
Kohl, 2015). The bamboo fiber cell wall thickens as the plant matures. The balsa fibers
were seen to have an irregular hexagon-shape-like structure whereas bamboo fibers are
usually considered to be more circular. The effect of the cell shape on the numerical
parameters obtained from the MFA distribution is small due do the small MFA in
balsa and bamboo. For samples with larger MFAs the effect of the cell shape on the
average MFA is significant and only the 004 reflection should be used to minimize the
effect (Andersson et al., 2000, 2015).

No systematic large variation in the sample crystallinity, the microfibril angle distri-

bution or the crystallite size could be seen as a function of density of balsa in paper
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/ Microfibril

Figure 10: Schematic view of high-density (HD) and low-density (LD) balsa
and bamboo fibers. The size of model fibers and the cell wall thicknesses are from pa-
per IV. For comparison, a traditional model of a bamboo fiber (B) is also shown (Liese
and Kohl, 2015). CML = compound middle lamella, L. = longitudinal axis of the cell.

IV, although the azimuthal intensity profiles suggest that some correlation between

density and degree of orientation is likely present (Fig. 8).
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5 Conclusions

WAXS can be used to obtain the average sample crystallinity in the plant cell wall.
Different analysis methods exist, all with their own limitations and advantages, which
are described in paper I. Comparing sample crystallinity values can be especially prob-
lematic if there are notable differences in the degree of orientation or the crystallite size
between the samples to be compared. The amorphous fitting method is less sensitive
to changes in the crystallite size than other methods, but it may not be appropriate in
determining crystallinity values of highly crystalline samples on an absolute scale as it

may have a tendency to overfit the amorphous component.

Paper II showed that localized X-ray scattering can be used to obtain novel informa-
tion on the hierarchical structure of plant materials. The azimuthal intensity profiles
for different tissues in bamboo culm are consistent with prior information on the ori-
entation (Liese and Ko6hl, 2015). Moreover, unlike microscopy methods, they offer a
fully quantitative orientation distribution of the microfibrils, which can be used in mi-
cromechanical models (Hofstetter et al., 2005; Mishnaevsky and Qing, 2008; Qing and
Mishnaevsky, 2009). With proper sample preparation this method is applicable to a
wide variety of biological samples, including balsa.

WAXS and XMT are complementary methods that provide information at the ultra-
structural and the cellular length scales, respectively. This information should be con-
nected to other experimental methods such as optical microscopy, electron microscopy
and mechanical testing to obtain a more complete picture of the hierarchical structure
and function of plants. Understanding their structure is more and more important as
plant materials are sustainable, environmentally friendly and an abundant source of

bioenergy and biomaterials suitable for novel high-performance biocomposites.
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6 Future aspects

The work described in papers I to V is based on in-house experiments. Modern, third-
generation synchrotron sources offer brilliance many orders of magnitude greater than
even the most sophisticated bench-top devices can yield. Some of these synchrotrons,
such as the European Synchrotron Radiation Facility (ESRF) in Grenoble and MAX-IV

in Lund, are highly accessible to Finnish researchers.

In paper V the crystallization was studied as a function of time but not as a function
of position. The crystallization process in unlikely to be completely homogeneous in
space. A synchrotron source would allow much shorter measurement times that makes
it possible to do one-dimensional or two-dimensional spatial mapping of crystallinity
as a function of time. At some beamlines, both at ESRF and MAX-IV, it is possible
to do simultaneous X-ray scattering and Raman spectroscopy. Comparing the results
would be much easier, especially since the measured surface can even be identical in the
more sophisticated set-ups. Naturally, the methods still vary in penetration depth, but
since this would be the only difference between the methods, the interpretation of the
results would be more straightforward than in paper V. The synchrotron source also
provides a resolution that is more appropriate in assessing how crystallization happens;
what kind of nucleation centers are formed and where. A significant drawback of high-
brilliance microbeams is the likely occurrence of beam damage in biological samples.
A careful measurement plan is needed to make sure that the effects observed are not

affected by the beam damage.

The spatially-localized X-ray scattering from set-up #1 is uniquely suitable for var-
ious in-house experiments. In a natural continuation of paper II, the tissue-specific
microfibril angle distribution and sample crystallinity of various bamboo species could
be studied as a function of radial distance in the culm wall. It would help to interpret
the variation in the microfibril orientation data as a function of radial distance if, in
addition to the radial distance, the actual fiber ratio of the measured spot on the sam-
ple could be determined with X-ray microtomography. The measured microfibril angle
distribution in bamboo depends critically on how much of the vascular bundles are
sampled by the X-ray scattering beam and this information is lost in regular scattering

experiments.

Another interesting subject for LXS would be reaction wood, as this would combine

the cellular-level information with the nanoscale. The presence of reaction wood can be
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detected both in the nanoscale parameters and at the cellular level. In the nanoscale,
compression wood is seen as an elevated average microfibril angle (Sahlberg et al.,
1997). Only by combining these two length scales, one could accurately describe the
structural changes in reaction wood. The spatial variation in the nanoscale parameters
in reaction wood, such as the crystallite size and the average MFA could be studied
also with XDT. If this information is studied from a sample with known and controlled
environmental conditions, such as known tension during growth, new insight could be

learned regarding the formation of reaction wood.

The determination of cellulose I content in cellulose samples is also of interest. Many
of the same methods that were used to study crystallinity in cellulose I in paper I
could be used to study pure cellulose II samples. However, it would be worthwhile to
study and assess how cellulose I/cellulose II ratio can be determined from WAXS data.
While this value has been determined in some studies (Tolonen et al., 2013; Buffiere
et al., 2016), there is no universal method of determining the ratio. This would be a

very natural continuation of paper I.
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