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Abstract

The two most abundant polymers in nature are cellulose and lignin. They are the main
components of cell walls of plants. The structure of the cell wall affects the properties
of wood products. In wood fibres the cellulose chains spiral in the cell wall, and the
helical angle between the direction of the chains and the longitudinal axis of the fibre, the
microfibril angle, is one of the parameters that determine the strength of the fibre and the
mechanical properties of wood. In this thesis the structure of Sitka spruce was studied
using wide-angle x-ray scattering. The microfibril angle was observed to be large close to
the pith of the tree but as a function of the annual ring the angle decreased. The annual
rings at which the angle reached a small value depended strongly on the origin of the tree.

Cellulose is a widely used, environmentally compatible polymer. Recently, it was shown
that metal containing cellulose composites could be used as catalysts. In this thesis the
structure of cellulose composites containing copper and nickel was characterised using
anomalous small-angle x-ray scattering. Metal ions were introduced to the solid cellu-
lose support in an aqueous solution. Cellulose can reduce the metal ions but also more
effective reducers were used.

Furthermore, lignin derivatives that are separated from the plant cell walls in pulping
processes have many uses for example as dispersants. The structure of colloidal and dry
lignin derivatives was characterised using small-angle and ultra-small angle x-ray scat-
tering. In sulfite pulping lignin obtains sulfonate groups which make the so-obtained
lignosulfonate a weak anionic polyelectrolyte that is soluble in water. The interactions
of lignosulfonate particles were characterised in semidilute and concentrated solutions in
different ionic strengths and in different temperatures using small-angle x-ray scattering.

Classification (INSPEC): A6110F, A6125H
Key Words: synchrotron radiation, SAXS, ASAXS, nanoparticle, x-ray diffraction, kraft
lignin
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1 INTRODUCTION

1 Introduction

In the past few years the climate change has been given a lot of media visibility. At the same
time the energy consumption increases world wide and simultaneously a growing number
of people in the developing countries will join the consumer society. The only solution
seems to be sustainable development (Eissen et al., 2002). Renewable resources and more
efficient recycling are needed. Previously the attitude towards the left-over products from
industries was well described by the use of word ’waste liquor’ to mean the spent liquor of
pulp mills. Nowadays both money and sustainability play a key role in turning the ’waste’
into something useful in every industry. From the spent liquor a side-product, lignin, can
be extracted. In different pulping processes the lignin, which is the most abundant natural
aromatic polymer on Earth, is separated in different forms. At the moment it is vastly
under-utilised. (Lora and Glasser, 2002)

Currently the most used pulping process is kraft pulping and lignin obtained from that
process is called kraft lignin. The less used sulfite pulping process produces another lignin
product called lignosulfonate. The main difference between these products is at first sight
the different solubilities to water. While lignosulfonate is completely soluble in aqueous
solutions kraft lignin is soluble only in certain conditions.

The production of solid lignosulfonate is 1 million tons per year (Gosselink et al., 2004).
The annual production of kraft lignin is many times larger than that of lignosulfonate, but
traditionally the lignins are used as a fuel in the recovery furnaces of the pulp mills (Li
et al., 1997). Due to the efficiency of the modern pulp mills the mills no longer can
spend all the energy they gain from the extracted lignins and already since the 1970s
other uses for lignin have been developed besides the use as a fuel. This has lead to the
need to characterise lignin and its derivatives more completely. (Dong and Fricke, 1995)
In this thesis an attempt was made to describe the morphology and the interactions of
dissolved lignin particles as this is the most natural state of the end products of lignin.
The nanometre scale structure of dry lignin was also characterised.

For more than 50 years lignosulfonate has been used as a dispersant and an adhesive for
various applications even though at the beginning the underlying mechanisms leading to
its good properties as a dispersant were unknown (Gardon and Mason, 1955). Sulfonated
lignin derivatives from the sulfite pulping process have been used as binders and dispersants
in various products such as concrete (Gundersen et al., 2001; Ouyang et al., 2006) and as
dust suppressants on roads. Recently, it was found that a sulfate lignin derivative inhibits a
common herpes simplex virus from entering cells and thus even some medical applications
might be possible in the future for the lignins (Raghuraman et al., 2005). The extracted
lignins could be used as starting materials for various molecules that are nowadays produced
from fossil resources. They are also regarded as a renewable energy source. (Pye, 2005;
Petrus and Noordermeer, 2005) New products are being developed from lignin and recently
lignin-based thermoplastics have been prepared from kraft lignin (Li et al., 1997). Although
lignin and cellulose are marketed as renewable and sustainable choices for raw materials,
some critical remarks about the eco-efficiency of biopolymers and especially lignin have
also been brought up (Scott and Wiles, 2001).

The most abundant polymer in nature is cellulose. The use of cellulose has a long his-
tory. Without the knowledge of its structure cellulose has been used already for centuries
in various fields, for example as a raw material for paper and clothes. In 1838 the molec-
ular formula of cellulose was determined to be C6H10O8 by Anselme Payen, but the most
astonishing discovery was yet to come 80 years later. The polymeric state of cellulose was
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2 AIM OF THE THESIS

observed by Hermann Staudinger in his pioneering work in 1920. Discovery of the covalent
bonding of the D-glucose units gave evidence that cellulose was a very large molecule, a
macromolecule. This was the starting point of polymer science. (Klemm et al., 2005) The
structure of cellulose has been well characterised and an increasing number of studies are
related to the use of cellulose as a starting material for novel applications. In this thesis
the structure of metal containing cellulose composites was characterised in order to have a
better understanding of the effect of reaction conditions on the structure of these materials.

Even though these new materials are being developed, wood itself remains a popular raw
material for various products in construction and furniture industries. For these industries
the quality and strength of the starting material is important. The structure of wood cells
determines the strength of the fibres and finally the feasibility of the end product. In this
thesis the structure of wood cells of Sitka spruce trees was studied. The seeds of the fast
growing spruce species were imported from different locations of the west coast of North
America to Ireland and grown in similar conditions. After the trees were felled and samples
were taken, the structure of the samples was studied as a function of the annual ring using
x-ray diffraction. Significant differences were noticed in the structure depending on the
origin of the seed.

In this thesis x-ray scattering methods were used to study the structure of cellulose-
and lignin-based materials. X-ray scattering is an excellent method for the characterisation
of the structure of materials from the atomic scale up to several hundred nanometres.

2 Aim of the thesis

This thesis presents some methods by which wood, cellulose and lignin can be characterised
using x rays. In order to gain better understanding of the structure and the behaviour of
the studied cellulose- and lignin-based materials these materials need to be characterised
in different conditions.

In Paper I the structure of Sitka spruce was characterised in the nanometre level. The
strength of wood cells is partially based on the angle in which the cellulose microfibrils
spiral in the wood cell wall. The microfibril angle is known to be heritable to some de-
gree (Myszewski et al. (2004) and references therein). In Paper I it was shown that the
microfibril angle depends on the origin of the Sitka spruce seed.

In papers II and III porous microcrystalline cellulose obtained from cotton was used to
study the interactions of metal ions with the cellulose fibres. The aim was to understand
what kind of structures the metal atoms form in the fibre and on the fibre. In the sum-
mary part of the thesis the thermal expansion of the cellulose crystallites in the samples
containing the metal nanoparticles has been examined in more detail.

In papers IV and V the lignin removed from the wood cells by using different separation
methods was studied in order to establish a better understanding of the shape of the lignin
particles in solution as well as their self-association. When the lignins are dried, their
morphology depends on the drying process and the shape and interactions of the lignin
particles. One of the objectives was to study whether the fractal model could be applied
to dried lignins.

2



3 MATERIALS

3 Materials

Cellulose microfibrils give wood cells their good mechanical properties while hemicelluloses
and lignin act as a “glue” in between the cellulose crystallites. The structure of wood
and its components has been described in several textbooks (Sjöström, 1993; Sarkanen and
Ludwig, 1971). X-ray scattering methods have a long history related to the characterisation
of cellulose fibres and already in 1932 cellulose fibres were observed to give small-angle
x-ray scattering (Guinier and Fournet, 1955, p. 179). The complex structure of wood
has continued to interest scientists and today the x-ray scattering patterns are better
understood and give very detailed information about the structure of wood (Sarén, 2006;
Andersson, 2007).

3.1 Cellulose

Cellulose is a linear homopolysaccharide that is composed of β-D-glucopyranose units which
are linked together by (1 → 4)-glycosidic bonds. (Sjöström, 1993, pp. 54 – 55) The chemical
structure of the cellulose monomer and that of the cellulose chain are presented in Figure 1.

Figure 1: The glucose-unit and the cellulose chain.

Cellulose can crystallise or be crystallised in many different polymorphic forms of which
currently are known Iα, Iβ, II, IIII, IIIII, IVI, and IVII (Zugenmaier, 2001). The allomorph
IVI, however, is likely to be falsely classified, since recent studies have shown that it might
be just a less crystalline form of cellulose I (Wada et al., 2004b). The unit cells of the
allomorphs have been identified to have either a triclinic space group P1 (Iα, IVI, and
IVII) or a monoclinic space group P21 (Iβ, II, IIII). All of the allomorphs have the polymer
chains aligned along the crystallographic c-axis so that the unit cell length of each allomorph
is about 10.3− 10.4 Å in length in the direction of the chains. (Zugenmaier, 2001) In each
allomorph the chains are also organised into sheets. Each sheet is composed of cellulose
chains that are hydrogen bonded to the neighbouring chains, but the bonding between the
sheets is different in the different allomorphs. The main difference in the native structures
of cellulose, Iα and Iβ, is the relative displacement of the cellulose sheets in the c-direction.
The stacked sheets are weakly bonded by C–H· · ·O bonds and van der Waals interactions

3



3 MATERIALS

in the native celluloses (Nishiyama et al., 2002), while in celluloses II and IIII the sheets
are inter-connected through hydrogen bonds. (Wada et al., 2004a)

When cellulose I is treated with alkali the crystalline lattice is disturbed by swelling.
The crystalline structure of the cellulose after washing away the alkali is different from
cellulose I and is called cellulose II (Preston, 1974, pp. 140 – 141).

3.1.1 Cellulose in wood

The cellulose crystallites are wound helically in the cell walls of wood fibres. This helical
angle is parametrised by an angle called the microfibril angle (MFA) as shown in Figure 2.
Two of the polymorphic forms of cellulose are found in nature in the plant cell walls.
The Iα and Iβ allomorphs have been found even along a single microfibril of green alga
Microdictyon tenuius. By thermal treatment the Iα allomorph can be transformed to Iβ.
(Sugiyama et al., 1991) The ratio of Iα to Iβ varies between plant species in such a way
that Iα is mostly found in the cell walls of some algae and in bacterial cellulose, while Iβ
is more common in higher plants such as trees (Atalla and VanderHart, 1984; Nishiyama
et al., 2003).

fibre axis

MFA

MFA

Figure 2: A schematic view of a wood fibre (the cylinder) and the cellulose chains that
circle around the fibre in an angle called the microfibril angle (MFA).

In this study the MFA distribution of Sitka spruce (Picea sitchensis [Bong.] Carr.)
from four different provenance locations in North America was studied. Due to its excellent
growth rate it has also been imported to Europe. To examine the capability of Sitka spruce
to adapt to the conditions in Ireland, Sitka spruce seeds from different locations in North
America were collected. From each provenance location 20 – 30 seeds were collected and
grown in a nursery in Ireland and in the spring of 1976 the transplants were planted in 2×2
m spacing into similar environmental conditions. (Thompson, 2006; Treacy et al., 2000)
The trees were felled in 1996 and the microfibril angle as a function of the annual ring was
studied in the case of four provenances: California (Crescent City), Oregon (Brookings),
Queen Charlotte Islands (Copper Creek), and Washington (Nasselle). Samples from 3 – 4
trees per provenance were studied using x-ray diffraction (Paper I).
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3.1.2 Cellulose as a support for nanoparticles

Microcrystalline cellulose (MCC) prepared by mild acid hydrolysis from cotton was used
as a support for copper and nickel nanoparticles (Papers II and III). The metal ions were
introduced in an aqueous solution to the solid cellulose matrix and reduced with either
the cellulose or one of the stronger reducers: sodium borohydride (NaBH4), potassium
hypophosphite (KH2PO2·H2O) or hydrazine sulfate (N2H4·H2SO4). In the synthesis of the
nanoparticles the molar ratio between copper ions Cu2+ or nickel ions Ni2+ and micro-
crystalline cellulose monomers was varied. In the synthesis of some samples ammonium
hydrate (NH3·H2O) or glycerol was added to the aqueous medium before reduction.

3.2 Lignin

3.2.1 Lignin in wood

While cellulose is a completely linear and structurally well defined polymer, lignin is a
branched polymer and its structure cannot be described by a simple structural formula.
In fact, lignin is amorphous and its chemical composition varies from plant to plant and
may even be different at different parts of the plant. An oriented structure of lignin has
also been proposed to be present in the cell walls in such a way that the lignin would
be ordered analogous to the cell wall polysaccharides (Åkerholm and Salmén, 2003). For
example, it has been shown by ozonation analysis that the chemical structure of lignin
associated closely to carbohydrates is different from that of the major part of lignin (Aimi
et al., 2004). In Figure 3 the structure of the most important structural unit of a lignin
polymer is shown.

Figure 3: On the left is the basic structural unit of lignin which is a branched polymer
(Adler, 1968) and on the right a model compound of lignin (A) and the model compound
in sodium salt form after acid sulfite pulping (B) (Gellerstedt, 1976).

It has been suggested that lignin is chemically bonded to cellulose and xylan in the cell
walls (Furano et al., 2006) and that the carbohydrates are linked to lignin through benzyl
ether linkages (Lawoko et al., 2006). This means that differently prepared lignins contain
different amounts of carbohydrate impurities.

In Paper IV dried lignins from different sources were studied in order to compare
the supramolecular structure of different lignins of which some are regarded to be close
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the natural state of lignin. Especially the released suspension culture lignin has been
described as being very natural as it is released from cell walls without mechanical or
chemical treatments (Simola et al., 1992).

Even though chemical and mechanical separation of lignin from wood definitely alters
the structure of the molecules, it is still possible that the smallest of the separated lignin
molecules have the same morphology as the lignin in the cell walls. The morphologies of
two types of low molar mass lignin derivatives obtained by different pulping methods were
studied in aqueous solutions in Papers IV and V.

3.2.2 Lignin derivatives

Different lignin derivatives are obtained from the spent liquors of pulp mills as a side
product of the pulping process. The spent liquor, called “black liquor” due to its dark
colour, contains mostly lignin but also sugars from degraded hemicellulose and cellulose
and salts (Nadif et al., 2002).

Kraft pulping (sulfate pulping) is globally the most used method of pulping (Chakar
and Ragauskas, 2004). The dry substance in the black liquor of kraft pulps is high, about
15 – 20 % (Wallberg and Jönson, 2006). The colloidal properties of kraft lignin are therefore
of practical interest. It is no wonder that there exists many studies that deal with these
properties as well as the association of the lignin macromolecules (Maximova, 2004). Kraft
lignin was studied also in Paper IV.

Another interesting lignin derivative is the lignosulfonate (also called ligninsulfonate,
sulfonated lignin etc.) which is a negatively charged polyelectrolyte that is extracted from
the spent liquors of sulfite pulp mills. During the sulfite pulping process lignin is modified
into lignosulfonate by addition of sulfonate groups (SO−

3 ) which make the lignin soluble in
water (Fig. 3). The colloidal structure and interactions of lignosulfonate macromolecules
were studied in Paper V.

4 Theory and methods

Several studies included in this thesis deal with colloidal dispersions (Hunter, 1991, 1992).
The structures of the studied systems were characterised by using x-ray scattering and
x-ray absorption methods.

4.1 X-ray methods

The principle in the used x-ray scattering methods is the detection of the intensity of elas-
tically scattered x rays from the sample when the sample is being hit by a monochromatic
beam of x rays. Different measurement geometries can be used. In this thesis the most
common geometries of symmetrical reflection, symmetrical transmission and perpendicular
transmission were used.

Due to the extensive use of these methods in physics, chemistry and biology, it is
sometimes forgotten that the analysis of the x-ray scattering patterns is fundamentally
based on a number of approximations. First of all, the scattering must be elastic which
means that the energy of the scattered radiation is exactly the same as that of the incident
radiation.

6



4 THEORY AND METHODS

In addition to the elastic scattering other processes such as Compton scattering, scat-
tering from plasmons, Raman and resonant Raman scattering, fluorescence and thermal
diffuse scattering (TDS) can give contribution to the observed intensity. (Cowan, 1994;
Wilson, 1995, pp. 570 – 578) In the small-angle x-ray scattering (SAXS) studies of this
thesis the other scattering processes besides the elastic scattering have been considered to
give a flat background that can be subtracted from the scattered intensity. Now we shall
justify why removal of the other components is possible by such a simple procedure and
why it does not cause a major error in the analysis of the elastically scattered intensity.

The energy change of the photon in the Compton scattering process depends on the
energy of the incident radiation and on the angle to which the photon is scattered. At
small scattering angles the change in the energy of the photon is very small and thus
experimental removal of this scattering would be very time consuming and unrealistic.
Luckily, the intensity of the Compton scattering is small at small scattering angles because
the energy change is so small that scattering cannot occur from core electrons; only the most
loosely bound electrons will contribute to the Compton scattering at the small scattering
angles. The TDS is inelastic scattering from collective lattice vibrations, the phonons. In
crystalline materials the thermal diffuse scattering is centred at the same angles as the
diffraction spots. The other inelastic processes give a smooth background also in the case
of crystalline materials.

The resonant Raman scattering and the fluorescence are mainly important when the
energy E of the incoming photons is near to the energy Eedge of an absorption edge of
an element (0.9 < E/Eedge < 1.1). These processes can cause a flat energy dependent
background to the x-ray scattering intensity at small scattering angles. Fluorescence is
the process where the incident x rays excite electrons from their ground levels. When
these ground states are filled with electrons from higher energy levels the atoms emit
light (fluorescence) which has a smaller energy than the incident x rays. The intensity of
the resonant Raman scattering exceeds that of the Compton scattering at photon energies
below the absorption edge while after the edge the fluorescence is dominant. The scattering
from plasmons and the Raman scattering are unlikely to give a strong contribution to the
background. In conclusion, usually at the small-angle scattering region the contributions
from all these non-elastic processes will be small compared to the elastic scattering but
the their proportion of the total scattering intensity depends on the energy of the incident
radiation and on the composition of the sample.

Once the significant contribution arising from the other processes has been removed
from the detected intensity, the elastically scattered intensity can be further analysed in
order to get information on the structure of the sample. In this thesis all of the samples
could be analysed by using the results of the kinematical theory. The use of the kinematical
theory relies on two approximations (Azároff et al., 1974, pp. 70 – 71). Firstly, the intensity
of the radiation scattered by the sample must be very small compared to the intensity of the
radiation passing through the sample i.e. the incident beam. Secondly, both the incident
radiation hitting the sample and the scattered radiation observed on the detector can be
approximated as plane waves (Fraunhofer diffraction).

The first approximation means that multiple scattering events are neglected. Correc-
tions can be made to take the multiple scattering into account but in this study all such
corrections were neglected and it was assumed that the multiple scattering was small at
small scattering angles. This can be checked by using samples of different thicknesses. For
polymer samples the two approximations are satisfied at small scattering angles because
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of the measurement setup and the used wavelength. The breaking of either the first or the
second approximation would alter the shape of diffraction maxima.

By using the assumptions of the kinematical theory it is possible to calculate the scat-
tered amplitude from the atomic coordinates of the sample by a Fourier transform. How-
ever, we are troubled with the fact that we observe intensity, which is the amplitude
squared. Therefore we cannot make an inverse Fourier transform to directly retrieve the
positions of the atoms because the phase information is lost in the squaring. For single
crystals some methods exist by which this so called phase problem can be by-passed.

In the publications of this thesis we are not dealing with single crystals but with soft
matter, which is mostly amorphous. In this case the phase problem cannot be tackled
due to the lack of a long range order in the sample. This will result in a number of
approximations and ways to interpret the scattering patterns.

4.2 Measurement geometries

4.2.1 Symmetrical reflection and transmission

Symmetrical reflection and symmetrical transmission methods are typically used in scat-
tering studies where excellent accuracy of the scattering angle 2θ is required. A scheme of
a θ − 2θ diffractometer is shown in Figure 4 in the reflection geometry. The transmission
geometry is otherwise the same, but the sample is rotated 90 degrees in the plane of the
goniometer. The orientation of the crystalline scatterers in the sample can be measured
by keeping the angle 2θ constant at the position of a reflection and by varying the azimuth
angle χ so that the sample is rotated along the axis normal to the sample surface.

Corrections for absorption and air scattering were done to the intensities according to
the procedures described in Klug and Alexander (1974) when the intensity as a function of
the scattering angle 2θ was of interest. For the orientation measurements scattering angle
dependent corrections were not needed.

X−ray source

Focusing

monochromator

detector

Scintillation

2 θ

θ
Sample χ

Figure 4: A schematic view of the reflection geometry of a θ-2θ diffractometer.
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Figure 5: A schematic view of the perpendicular transmission geometry. The monochro-
matic x rays can either be focused on the detector or collimated.

4.2.2 Perpendicular transmission

The perpendicular transmission geometry (Fig. 5) is less accurate than the symmetrical
reflection geometry but it has some advantages which make it especially suitable for the
study of soft materials. Usually the amount of material to be studied is limited. In
the perpendicular transmission geometry a much smaller sample is needed than in the
symmetrical transmission and reflection geometries. With a 2D-detector the orientation
of the scatterers in the plane of the sample (normal to the beam) is easily revealed by a
single measurement because the azimuth angles are detected simultaneously. Soft carbon
based materials scatter x rays weakly in the typical x-ray energies. If short measurement
times are needed, it is thus more economical to detect the intensity at each scattering
angle simultaneously using a 2D detector instead of scanning step-by-step over 2θ and
χ. The temperature control of the sample is easier when the sample size is small and a
close contact to the heat source is possible. In symmetrical transmission and reflection
geometries this requires more elaborate solutions than in the perpendicular transmission
geometry. This makes perpendicular transmission geometry an excellent method for the
study of temperature induced changes in materials.

Corrections need to be done to the intensity like in the case of the symmetrical methods.
The absorption of the sample must be corrected for and the scattering from air must be
subtracted. The beginning of the scattering curve of weak scatterers turns down sometimes
due to inaccurate subtraction of the background when the scattering from air is very intense.
Care was taken in each experiment to avoid such a situation, but nevertheless it sometimes
occurred.

4.3 Wide-angle x-ray scattering

The term x-ray diffraction (XRD) is commonly used to describe experiments made using
either the symmetrical transmission or reflection geometry. Strictly speaking diffraction
refers to a scattering process from a crystalline sample and therefore the term x-ray scat-
tering should be preferred when the studied samples are not crystalline. Therefore, the
term wide-angle x-ray scattering (WAXS) was used in some cases to cover the scattering
from both crystalline and amorphous samples.
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4.4 Small-angle x-ray scattering

Small-angle x-ray scattering (SAXS) is a technique which gives information on structures
of size from about 1 nm to about 100 nm. Ultra-small angle x-ray scattering (USAXS)
can be used to study structures whose size goes up to micrometres. The small-angle
scattering method is at its best when changes in the sample are monitored as a function
of some external parameter such as concentration, pH, temperature, pressure, or moisture.
The basics of SAXS are well covered in the literature. There are textbooks about small-
angle scattering alone (Glatter and Kratky, 1982; Feigin and Svergun, 1987; Guinier and
Fournet, 1955), and many general x-ray scattering books like Guinier (1994) have a section
on small-angle scattering.

Figure 6 shows a simulated scattering intensity from a crystalline platelet. In the figure
and throughout the entire thesis the length of the scattering vector is defined

q =
4π sin θ

λ
, (1)

where θ is half of the scattering angle and λ is the wavelength of the radiation. The so
called Bragg distance is calculated as dhkl = 2π/q. For a crystalline material it directly
tells the distance between two crystalline planes when q is the position of the diffraction
maximum. Calibration of the q-scale in a SAXS experiment is usually done with Silver
Behenate (Huang et al., 1993). Instead of the notation q some people prefer to call the
length of the scattering vector k, h or Q and a notation commonly used especially in the
older literature is s which is defined q/(2π). This might be confusing sometimes. In any
case the use of the scattering vector is more convenient than the use of the scattering angle
2θ because q does not depend on the wavelength.

Figure 6 illustrates the arbitrarily drawn distinction between small- and wide-angle
x-ray scattering and how the Guinier and power-law regions in the small-angle scattering
region are related to each other. For the crystalline platelet we observe reflections at the
wide-angle scattering region. The shape and width of the reflections are connected to
the shape and size of the crystallites. An estimate for the size of the crystallite in the
direction perpendicular to the scattering planes can be determined from the width of the
reflection using the Scherrer formula (Guinier, 1994). For amorphous samples only SAXS
gives information on the shape and size of the particles because there are no crystalline
reflections. It can be thought that the small-angle scattering is actually the reflection 00
(or in the case of three dimensional particles the reflection 000) because the shape of the
SAXS peak located at q = 0 depends similarly on the shape and size of the particle.

Scattering intensity is defined as the absolute square of the scattering amplitude. The
simplest way to calculate the scattering intensity I(q) of a powder sample is to use the
Debye formula (Guinier, 1994, p. 49)

I(q) =
N

∑

n=1

N
∑

m=1

fnfm
sin(qxnm)

qxnm
, (2)

where fn and fm are the scattering factors of point-like scattering units n and m which
are located at a distance xnm from each other. The total number of points is N . This
formula is particularly useful when one needs to test ideas and analytical formulae. Since
the distinction between small- and wide-angle scattering is artificial, the Debye formula
can be applied in both methods. However, the computing time rapidly increases with the

10



4 THEORY AND METHODS

10
−2

10
−1

10
0

10
2

10
3

10
4

10
5

q (1/Å)

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

11
10

Power−law regionGuinier
region

q < 1.3/R
g

I(q) ∝  q−2

SAXS WAXS

Figure 6: Calculated scattering from a 6 nm × 6 nm platelet (radius of gyration Rg =
24.5 Å) of points using the Debye formula. The different regions of interest are separated
by vertical lines. The inset shows a part of the platelet. Data from Vainio et al. (2006).

number of points used, so it is not suited for all purposes and therefore we shall next
introduce a few analytical equations that explain from which components the scattering
intensities are composed of.

The intensity I(q) can be transformed onto absolute intensity scale by using a calibra-
tion sample of known intensity (Orthaber et al., 2000). The absolute intensity is given by
the differential scattering cross section dΣ/dΩ which has units cm−1. Most of the equa-
tions we will use do not require the absolute intensity normalisation, but whenever it is
needed the formula is given in absolute intensity units. If the scattering intensity is not
normalised, the shape of the intensity curve is more important in those cases.

4.4.1 Scattering from particles without interparticle interactions

In the theory of small-angle scattering we often make the assumption that the studied
particles are in random orientations and do not interact with each other. This lack of
interparticle interaction is very similar to the one met in the theory of ideal gas. If there is
a certain distance that the particles prefer to have with respect to each other, a maximum
is observed in the scattering pattern. This preferred distance between particles occurs for
example in solutions of highly charged macromolecules as they are unable to approach
very close to each other due to the electrostatic repulsion. Next we will consider systems
in which the interparticle interactions can be neglected.

A solution of monodisperse spherical particles is the most simple case that can be
studied. The differential cross section dΣ/dΩ of N monodisperse spheres in an irradiated
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volume V can be expressed (e.g. Pedersen (1997); Shen et al. (1988); Ottewill et al. (2003))

dΣ

dΩ
=

N

V
V 2

p (ρ − ρs)
2P (q)S(q)

= φVp(ρ − ρs)
2P (q)S(q), (3)

where Vp is the volume of one particle, ρ is the average electron density of the particle, ρs

is the electron density of the solvent and φ is the volume fraction of the solid material. The
form factor P (q) is normalised to one at q = 0. Its shape depends only on the shape of the
particle. The interparticle structure factor S(q) is equal to 1 for non-interacting particles.

In the case of globular non-interacting particles the beginning of the scattering intensity
curve is independent of the shape of the particles. For monodisperse globular particles the
Guinier approximation can be used near q = 0 to give the radius of gyration Rg. The
approximation is written as (Guinier, 1994, p. 329)

I(q) ∝ exp

(

−
q2R2

g

3

)

(4)

and is valid at qRg < 1.3 (Svergun and Koch, 2003). The Rg is obtained by fitting a
straight line to the Guinier plot (q2,ln I(q)).

While the Guinier approximation applies near q = 0 for the non-interacting particles,
the so called Porod law I(q) ∝ q−4 can be shown to apply at large values of q for globular
particles even in interacting systems and moreover in two-phase systems (Glatter and
Kratky, 1982, pp. 29 – 32, 46 – 47). Using the differential cross section we can write
for the particles in the irradiated volume V the Porod constant in the form (Spalla et al.,
2003)

lim
q→∞

q4dΣ

dΩ
= 2π

N

V
(ρ − ρs)

2S

= 2πφ(ρ − ρs)
2 S

Vp

, (5)

where S/Vp is the surface-to-volume ratio of one particle. If the scattering intensity curve
at the small-angle scattering region follows the Porod law, it is possible to get information
about the size and shape of the particle by using the Porod constant since the surface-to-
volume ratio of the particle directly depends on the size and shape of the particle.

Another way to study the shape of the particle is to compute the distance distribu-
tion function p(R) which is obtained from the scattering intensity by a Fourier transform
(Glatter and Kratky, 1982, pp. 20 – 22, 130 – 131)

p(R) =
R2

2π2

∫

∞

0

I(q)
sin(qR)

qR
q2dq, (6)

where R is a distance between two points in the particle. The shape of the function is
determined by the shape of the particle and it can be calculated analytically for differ-
ently shaped particles. The p(R) function is effectively the autocorrelation function of the
particle times the distance R squared. Because R is a distance between two points in the
particle, the function goes to zero at some maximum distance Rmax which is the maximum
diameter of the particle. In order to use Equation 6 it is necessary to extrapolate the
intensity curve to q → 0 and q → ∞. Typically the beginning of the scattering curve near
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q = 0 is approximated by the Guinier law and the end is approximated with the Porod
law. In this extrapolation the absolute intensity units are not needed.

In many cases we are interested in finding the size distribution of a set of particles in
solution or in another medium. By neglecting the interparticle interference effects we may
write the intensity scattered from a polydisperse set of spheres as (Pedersen, 1997)

I(q) =

N
∑

n=1

ν(Rn)Vp(Rn)2Psph(q, Rn). (7)

Here ν(Rn) is the fraction (or number size distribution) of spheres of radius Rn in the
sample while the form factor of a sphere of radius Rn is (Guinier, 1994, pp. 322 – 324)

Psph(q, Rn) =
9(sin qRn − qRn cos qRn)2

(qRn)6
. (8)

A volume distribution function is defined as D(R) = ν(R)Vp(R), where Vp(R) is the volume
of the sphere with the radius R.

Equation 7 can be applied also to particles of any shape. Either the size distribution of
particles of known shape can be resolved or the particle shape can be resolved if the size
distribution is known for example from gel permeation chromatography measurements. The
latter case was put into practise in Paper V where the ellipsoidal shape of lignosulfonate
particles was solved while the former case was used in Papers II and III to obtain the size
distribution of nanoparticles.

The form factor of a scalene ellipsoid with three unequal semiaxes a, b and c cannot be
calculated analytically but must be numerically integrated (Pedersen, 1997):

P (q, a, b, c) =
2

π

∫ π/2

0

∫ π/2

0

P 2
sph(q, r(a, b, c, α, β)) sinα dα dβ. (9)

Here r(a, b, c, α, β) = [(a2 sin2 β + b2 cos2 β) sin2 α + c2 cos2 α]1/2. If two of the axes are
equal, the ellipsoid is called a spheroid. If the axis of symmetry is longer than the two
others, the spheroid is prolate (like a cigar), and if it is shorter, the spheroid is oblate (like
a pancake).

The object of SAXS studies of colloidal dispersions is typically the determination of
the shape of the colloids. In this case dilute dispersions are measured in order to have
the structure factor S(q) as close to 1 as possible. In order for the determination of
the particle shape to succeed the particles are usually made as monodisperse as possible.
Usually the monodispersity or polydispersity of the particles in solution cannot be solved
from the scattered intensity. It must be measured with some independent method. Often
the particles are assumed to be monodisperse if the Guinier approximation applies in the
very beginning of the scattering curve. However, this is not an evidence of monodispersity
because it could be caused by only the largest observed particle. In fact, there is no
way to know if the sample is monodisperse or not from the scattering intensity unless the
scattering is clearly that of some well known particle shape such as a sphere because the
form factor of a sphere (Eq. 8) has a very distinct shape. However, a mistake can be made
for example if the solution contains monodisperse rods because in this case the scattering
intensity looks the same as in the case of a very polydisperse set of spheres.

Electron microscopy techniques would seem to have advantages over scattering tech-
niques because they give the particle size distribution and the shapes of the particles at the
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same time. However, in order to get an image, the sample must be prepared in a special
manner which essentially modifies the sample. Often one says that x-ray scattering is a
non-destructive method and that makes it superior to microscopy techniques. This is not
entirely true since the synchrotron radiation commonly used today is so intense that it
usually causes radiation damage to biological samples The damage is typically seen either
as a burnt spot on the sample or as aggregation in solution samples. The preparation of
the samples for electron microscopy, on the other hand, causes artifacts to the sample even
before it is measured. The good thing about the scattering methods is that they give a
statistical mean of the structure of the sample. Microscopy techniques can probe only a
very small part of the sample at a time and that makes them very selective.

Usually SAXS from particles gives one-dimensional data from which a three-dimensional
particle is obtained. How is it possible to get a three-dimensional particle from one-
dimensional data? Clearly, this demands for assumptions that will affect the resulting
particle shape tremendously or we have to know a great deal about the particle before
hand by doing other measurements such as electron microscopy, x-ray crystallography or
gel permeation chromatography. You have to make certain assumptions about your sample
in order to interpret the result. This applies in all areas of small-angle scattering and it
should be kept in mind when designing an experiment. SAXS can give a confirmation
to a theory or reject it. Many structures can cause a similar looking curve and therefore
without any understanding of physics or chemistry the results one may obtain can be very
speculative.

4.4.2 Scattering from particles with interparticle interactions taken into ac-
count

The scattering intensity from an interacting colloidal system typically has a maximum
at some q-value which we shall mark q∗. The maximum is called the correlation peak
because it originates from the correlations between the colloids. From the position of the
correlation peak a Bragg distance 2π/q∗ can be calculated. The Bragg distance is not
exactly the average particle spacing but it is a good approximation to it. (Shen et al.,
1988)

Some uncertainties regarding the interpretation of the position of the correlation peak
need to be understood. The structure factor in Figure 7 has been calculated using the
Debye formula for a system of seven particles. The particles were oblate spheroids with
axial ratio 5. The scattering intensity is drawn for two particle sizes while the distances
between the particles are the same. This means that the structure factor S(q) is the same
in both systems (Eq. 3). The position of the correlation peak in the scattering intensity
will be different in these two cases because the shape of the form factor P (q) affects the
position even if the structure factor S(q) remains the same. This creates uncertainty in
the determination of the average particle spacing. When the Porod constant gets smaller
the determined average particle spacing will become larger than it truly is. This problem
was faced in the analysis of the Porod constant and the average particle spacing in Paper
V. The two determined parameters were drawn in the same figure (Fig. 9 in Paper V)
to observe if there is a systematic correlation between them. The changes in the average
particle spacing as a function of temperature seem to be caused by real changes in this
case because the changes in the position of the correlation peak and in the Porod constant
occur at different temperatures. For the concentration series of lignosulfonate, however,
it is difficult to say whether the power law observed for the average particle spacing as
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a function of concentration is slightly affected by this. In any case, the size of the effect
depends on the system.

Even though the position of the peak already tells something about the correlations
in the system a more sophisticated analysis is possible if the system is fairly simple. An
integral equation that describes the correlations in many body systems was published in
1914 by Leonard S. Ornstein and Frits Zernike. The equation was named the Ornstein-
Zernike equation and it can be solved by imposing different closure relations (Hunter, 1992,
pp. 703).
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Figure 7: Simulation on how the particle size affects the position of the correlation peak
in the scattering intensity curve. Here a is the length of the ellipsoid semiaxis along
the symmetry axis. The vertical lines correspond to the determined positions q∗ of the
correlation peaks. The peak is shifted to smaller values of q when the particle size is
increased.

In the study of uncharged polymers which may be approximated as hard spheres it is
possible to calculate the structure factor S(q) of such a system by solving the Ornstein-
Zernike equation using the Percus-Yevick closure relation (Kinning and Thomas, 1984).
The Percus-Yevick structure factor depends only on the distance of closest approach be-
tween the hard spheres and on their volume fraction of the total scattering volume. If the
structure factor can be solved from the experimental intensity, it will therefore be possible
to determine the distance of closest approach between two macromolecules. The limits
of the theory are the spherical shape of the particle and the monodispersity although the
Ornstein-Zernike equation may also be solved for a polydisperse set of hard spheres (Vrij,
1979).

For charged colloidal systems the Ornstein-Zernike equation can be solved in the mean
spherical approximation (MSA) or in the rescaled MSA (Hansen and Hayter, 1982; Hayter
and Penfold, 1981). For the charged particles the restriction of the spherical shape is
less strict because they do not approach very close to each other due to the electrostatic
repulsion. Therefore, this approach can be used for globular particles such as micelles that
are not spheres. (Hayter and Penfold, 1983) The solution of the Ornstein-Zernike equation
with the mean spherical approximation is semi analytical and complicated, but the solution
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has been implemented into at least the small-angle neutron scattering (SANS) package for
IGOR Pro (Kline, 2006), which is publicly available (NIST, 2006).

The experimental structure factors of monodisperse systems can be solved from the
measured intensities using equation 3 if the form factor of the particle is known (Ottewill
et al., 2003). In Paper V interacting lignosulfonate macromolecules were studied. However,
the effective structure factors could not be correctly computed because the particle size
and/or shape changed with concentration. We could therefore present only some very
qualitative analysis based on the simple PY model.

4.4.3 Power-law scattering

Many experimental results in physics and chemistry can be analysed by using power laws.
The small-angle scattering intensity at least at some q-range typically follows a power law
(Schmidt, 1991)

I(q) ∝ q−α. (10)

The power-law exponent α is directly linked to the shape of the particle (see Fig. 6).
Sometimes particles and structures can be described by using a fractal model. In the case
of fractals one observes power laws with fractional exponents. In real life the statistical
fractals are always composed of units of finite size. If the power law is observed between
qmin and qmax, the size of the fractal is about π/qmin and the size of the smallest unit in
the fractal about 1/qmax. (Schmidt, 1989) See Table 1 for examples of different power-law
exponents and the structures they correspond to.

If the power-law region does not extend over many orders of magnitude, the structure
cannot necessarily be described with the fractal model. It has been pointed out by Avnir
et al. (1998) that in almost all publications where the studied system has been claimed to
be described by the fractal model the power-law region does not extend over many orders
of magnitude. The pitfalls which can cause the fractal interpretation to go wrong are
many. For example, polydispersity may cause a power law with a fractional exponent in
the scattering intensity (Martin and Hurd, 1987) and the scattering intensity of chain-like
polymers in solution will follow a power law that may easily be confused to be arising from
platelets (Glatter and Kratky, 1982, chapter 12).

Scattering object d Dm Ds α Comment
Thin rod 1 1
Platelet 2 2
Mass fractal D D D D < 3
Surface fractal 3 3 D 6 − D 2 < D < 3
Globular 3 3 2 4 Porod law

Table 1: Some particle shapes that give a I(q) ∝ q−α law at the small-angle scattering
region. Here d is the Euclidean dimension of the particle, Dm is the mass fractal dimension
and Ds is the surface fractal dimension. The globular object may be a sphere or an ellipsoid
for example. (Schmidt, 1991)
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Figure 8: Anomalous scattering intensities of sample 6 near the Cu K-edge (Paper II).
The sample contained copper oxide nanoparticles and microcrystalline cellulose (MCC).
The scattering from pure microcrystalline cellulose is shown for comparison. Only the
scattering intensity from copper depends on the energy of the radiation (E1, E2 or E3, see
Figure 10 for their values). Notice how the background caused by inelastic processes rises
with energy.

4.5 Anomalous small-angle x-ray scattering

Anomalous scattering refers to the situation where the energy of the used radiation is close
to an absorption edge of one of the elements present in the studied sample. The scattering
factor f changes rapidly near the edge and this makes contrast variation possible. The term
resonant x-ray scattering is usually used when experiments are done at the absorption edge.

Although the atomic scattering factor f may usually be approximated in the small-
angle x-ray scattering region as the atomic number Z, this approximation is not valid near
the absorption edges. Near the edge a complex anomalous dispersion correction term is
needed (e.g. Als-Nielsen (1993), pp. 20, Elliott (1984), pp. 73)

f(q, E) = f0(q) + f ′(q, E) + if ′′(q, E). (11)

Here f0(q) is the Fourier transform of the electron density of the atom, f ′(q, E) is the real
part of the dispersion correction, f ′′(q, E) is the imaginary part and i is the imaginary
unit. At small values of q we may approximate f0(q) ≈ Z, f ′(q, E) ≈ f ′(E) and f ′′(q, E) ≈
f ′′(E). The imaginary part of the dispersion correction is related to the absorption of
x rays. The change in the scattering factor causes a change in the scattering intensity as
seen in Figure 8 for a sample containing copper and microcrystalline cellulose (Paper II).
See section 4.6 for the details on the determination of the anomalous scattering factors.

Basics of ASAXS have been described in Simon and Lyon (1994) and Haubold et al.
(1994). After its invention by Stuhrmann in 1981 (Feigin and Svergun, 1987, pp. 140
– 144) the ASAXS technique has not gained as wide user community as for example
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the multiwavelength anomalous diffraction (MAD) which is widely used in the studies
of structural biology (Hendrickson, 1991). ASAXS has been typically used to study metal
alloys and porous catalysts (Goudeau et al., 1986; Goerigk et al., 2003) and recently also
to get the distribution of ions around a polyelectrolyte in solution (Dingenouts et al., 2003;
Das et al., 2003; Horkay et al., 2006). Whether this is a start of a new era for ASAXS is
to be seen in the near future.

In order to describe a system that has many components we need to introduce the so
called partial structure factors (PSF) which will be denoted with the symbol Sxy(q), where
x and y are phases with different electron densities. In a two-component system we have
components 1 and 2. To describe such a system we need three PSFs, namely S11(q), S22(q),
and S12(q). In a three-component system we have six PSFs and the intensities from systems
with even more components become increasingly more difficult to interpret. In practise
the two-component model is the most commonly used. The separation between two and
three-component systems is not necessarily easy. For example, consider a dilute system
with two phases: a macromolecule (phase 1) in a solvent (phase 2). Does it transform into
a three-phase system when we add bubbles into the solution? No. The bubbles do not
have a scattering factor f (the bubbles are assumed to be nearly vacuum like here) and
their contribution vanishes as can be seen in the equation below. However, it does affect
the partial structure factors. In the first case the problem can be solved by regular SAXS
and ASAXS can only be used to enhance the contrast between the elements. In the second
case the PSFs are different from each other because there exists three types of interfaces
between the solvent, the macromolecule and the vacuum. For the systems studied in this
thesis the two-component analysis was sufficient. Even an alloy of three metals can be
analysed as a two-component system (Simon and Lyon, 1994).

For a two-component system consisting of atoms of phase 1 and atoms of phase 2 the
x-ray scattering intensity I(q) can then be written as (Ludwig Jr., 1986; Simon and Lyon,
1994)

I(q) = x1|f1|
2S11(q) + x2f1f

∗

2 S12(q) + x2f
∗

1 f2S21(q) + x2|f2|
2S22(q), (12)

where S12(q) = S21(q) which causes the imaginary parts to cancel. Here it has been
assumed that the atomic fraction x2 of phase 2 is less than that of phase 1, which causes
the coefficient x2 in front of the cross terms. In the ASAXS analysis the atomic fractions
are not necessarily needed because they can be merged into the structure factors without
loss of information unless absolute scattering intensities are needed for the PSFs.

Equation 12 can be presented in a matrix form. For example, for intensities from the
same sample at three different energies near the absorption edge of phase 2 the equations
are





I(q, E1)
I(q, E2)
I(q, E3)



 =





α β(E1) γ(E1)
α β(E2) γ(E2)
α β(E3) γ(E3)









S11(q)
S12(q)
S22(q)



 , (13)

where α = x1Z
2
1 , β(E) = 2x2Z1[Z2 + f ′

2(E)], and γ(E) = x2[(Z2 + f ′

2(E))2 + f ′′

2 (E)2]. Here
it has been assumed that f1 has only a small anomalous dispersion correction which can
be ignored and that f0 is Z at the small-angle scattering region. For the materials studied
in this thesis these are good approximations. In principle the partial structure factors can
be solved from the set of equations. In practise the solution is extremely sensitive to errors
in the original intensities (Papers II and III). One way to simulate the effect of the error
is to calculate the partial structure factors using the Debye formula so that instead of
adding the sum over all points with different atomic scattering factors one simply adds the
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contributions from one species with the same f to get the S11(q) and respectively S22(q),
and all the contributions where the points have different f to get S12(q). Using such a
simulation it was observed that a small error in the f ′ or in the level of the intensity
can cause dramatic effects on the solved PSFs. These effects are due to the sensitivity
of the solution to even the smallest errors in the coefficient matrix or in the experimental
intensities. Example of such an effect is shown schematically in Figure 9. By measuring the
scattering intensities at more than three energies and especially by measuring the intensity
from the sample at another absorption edge relevant to the other phase, the problem can
be made less ill conditioned. The statistical accuracy of the intensities must be excellent
and the energy dependent background needs to be removed in order for the method to be
successful.

S12

q q

S22

S11

Correct PSFs Incorrectly solved PSFs

In
te

ns
ity

I(q,E1)

I(q,E3)

I(q,E2)

Figure 9: A schematic picture of what the solutions of the PSFs of the two-component
system can look like if at one of the energies E1, E2 or E3 the f ′ has a wrong value when
solving the PSFs from the three intensities using equation 13. For example, about 10 %
error compared to the correct value of f ′ could cause this effect. In the incorrect solution
all the PSFs have the same shape as the initial intensities from which they were solved and
one of them is negative.

Equation 13 can be solved by different means. In Paper II we used a derivative method,
where the intensities were differentiated with respect to f ′ in order to get rid of the term
that does not change with energy, in this case the PSF of MCC. The S22(q) can then be
obtained by fitting a line at each q to (Z2 + f ′

2, dI/df ′

2). The slope of the line is proportional
to the S22(q). This method of extracting the PSF is very useful because it allows for the
monitoring of the goodness of the data. For example, it is possible to notice if one of the
energies is wrongly calibrated. Then one of the points in the graph systematically deviates
from the line that fits well to the other points.

Because of the uncertainties in the calculations of the PSFs, differential structure factors
(DSF) may be used instead. DSFs are computed by subtracting the intensity obtained at
one energy by another intensity obtained at another energy. In this subtraction the PSF
that does not change with energy will be subtracted and only the S12(q) and S22(q) terms
remain. If the S12(q) can be assumed to be zero this method gives the partial structure
factor S22(q).

One of the problems in the data processing of ASAXS is the subtraction of an energy
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dependent background from the data. Below the absorption edge, resonant Raman scat-
tering becomes more and more dominant. It gives a constant background which cannot be
eliminated by using a 2D detector with a poor energy resolution. Fluorescence gives also
a constant background and especially above the edge the contribution from fluorescence is
high. (Wilson, 1995, pp. 570 – 578) The energy dependent background can be subtracted
for example by fitting a power law and a constant to the tail of the scattering curve and
by subtracting the constant. This is how it was done in Papers II and III.

Another way to deal with systems that require contrast variation is to measure small-
angle neutron scattering where different isotopes of the same elements have different scat-
tering factors. One can also introduce a different scattering contrast to one of the phases
and do regular SAXS. In the case of cellulose embedded nanoparticles the scattering from
pores may be suppressed by filling them with some liquid that has electron density close to
that of cellulose. In such a way the metallic nanoparticles are the only source of contrast.
With this approach only the incoherently scattered background needs to be subtracted.
Water could act as a contrast remover of cellulose in the cellulose metal nanoparticle sys-
tems. This is presently being tested in the laboratory by K. Pirkkalainen. Since the
nanoparticles studied in Papers II and III were made in aqueous solution, the adding of
water to the samples should not present any dramatic chemical changes in the nanoparti-
cles.

4.6 X-ray absorption

Even though the absorption of x rays by gas is a relatively simple phenomenon, the ab-
sorption of x rays by condensed matter is very complex. The structure of the absorption
curve near the edge is called x-ray absorption near edge structure (XANES) or near-edge
x-ray absorption fine structure (NEXAFS) and the oscillations far from the edge above the
threshold energy go by the name extended x-ray absorption fine structure (EXAFS). The
first observations of the complicated structures of the absorption edges were done in the
beginning of 1920s while the first theories explaining the EXAFS structure were published
in the beginning of 1930s. The Fourier transform analysis of EXAFS, however, was not
adopted until the beginning of 1970s. (Lyttle, 1999)

Ab initio theories explaining the absorption of x rays by bound electrons are being
improved constantly and currently they can already explain the fine structure of the ab-
sorption edge both near and far from the edge (Rehr, 2006). The near-edge structure gives
information on the bonding of atoms. By XANES measurements metallic and oxidised
metals can be distinguished. In Paper II for example the crystalline phases in the samples
containing the least amount of copper were difficult to identify using XRD because the
signal from the copper compared to the cellulose was so weak. From XANES, however, it
was clearly seen that the copper was in oxidised state. In fact, in the case of mixed phases
XANES data can be used to evaluate the amount of each phase by comparing the XANES
curve of the sample to those of standards. In Papers II and III XANES data was used to
determine accurately the amount of metal in the samples and qualitatively the chemical
state of the metal atoms.

Chantler et al. (2005) give an extensive tabulation of the theoretical absorption coef-
ficients of non-interacting atoms. Figure 10 illustrates the differences between the experi-
mental and the theoretical anomalous scattering factors of free Cu atoms. Due to the fine
structure of the absorption edge, the theoretical values of the anomalous dispersion correc-
tions may not be good enough for the purposes of ASAXS. Furthermore, the determination
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Figure 10: Anomalous scattering factors f ′ and f ′′ of the same sample as in Figure 8 and
theoretical ones (Merritt, 2003). The energies used in the ASAXS experiment are indicated
by vertical lines.

of the absolute position of the energy scale is not trivial. Therefore the absorption curves
extending to the EXAFS region were used to determine the anomalous scattering factors
of the metal atoms in Papers II and III. The imaginary part f ′′ is directly related to the
absorption and the real part f ′ is obtained through the Kramers-Kronig relation for exam-
ple by using the program CHOOCH (Evans and Pettifer, 2001). In an ASAXS experiment
a rather large energy region needs to be accessible to be able to have sufficiently large
variation in f ′ without any change in the position of the beam on the sample. Not only
must the region be wide but it needs to be covered with an excellent energy resolution.

5 Results and discussion

5.1 Cellulose-based materials

In the study of cellulose-based materials the first step is to identify the structure of the cel-
lulose in the samples. The scattering intensities of cellulose Iα and Iβ were calculated from
atomic coordinates obtained from Nishiyama et al. (2003) and Nishiyama et al. (2002) by
using the Mercury software (Bruno et al., 2002). The calculated intensities are presented in
Figure 11 together with experimental intensities from cellulose- and lignin-based materials.
The full width at half maximum (FWHM) of the reflections in the calculated intensities
were set to 1.5 degrees for comparison.

The microcrystalline cellulose in the samples containing copper and nickel (Papers II
and III) is more precisely described by the cellulose Iβ-allomorph than the Iα-allomorph
according to Figure 11. For the cellulose in Sitka spruce it is impossible to say from the
diffraction pattern whether it is cellulose Iα or Iβ. It is generally accepted though that
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Figure 11: Calculated scattering intensities of cellulose Iα and Iβ-allomorphs, theoretical
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and measured scattering intensities from microcrystalline cellulose from cotton (MCC,
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Björkman lignin and Sitka spruce sample from Washington provenance (Paper I). The
curves are moved vertically for clarity.
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Figure 12: Calculated scattering intensities of cellulose II (Langan et al., 2005) and IIII
(Wada et al., 2004a) compared to that of cellulose Iβ.

higher plants like wood mostly contain cellulose Iβ. With this in mind we assume all of
the cellulose presented in this thesis to contain mostly cellulose Iβ and therefore the reflec-
tions in the diffraction patterns are indexed as in Iβ. The crystallite size in the direction
normal to the plane (200) was calculated for the Sitka spruce samples to be about 3.0 nm
using the Scherrer formula (Paper I) while for the microcrystalline cellulose obtained from
cotton by mild acid hydrolysis the crystallite size in the same direction was about 7.3 nm
(Papers II and III). For all the measured samples the reflection 200 is shifted to smaller
angles compared to the theoretical position. This could be explained by lattice expansion.
For smaller crystallites of Sitka spruce the expansion is more pronounced than for the
larger crystallites of MCC. This sort of lattice expansion or contraction in nanometre sized
crystallites is also typical for inorganic compounds. The expansion in only the direction
perpendicular to the plane (200) is explained by the fact that the cellulose chains are kept
together in the direction normal to plane (200) only through weak electrostatic bonds and
van der Waals interaction. In the direction normal to plane (004), where the forces are
covalent along the chain, lattice expansion is not observed or the effect is very small as
expected for large crystallites.

5.1.1 Coordination of metal ions onto cellulose

The chemical reduction of transition metal ions within a cellulose support might have
some effect on the crystalline structure of cellulose. From the scattering intensities of the
samples this seems not to be the case because the scattering intensities of pure MCC and
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the samples containing nickel and copper are practically the same as is shown in Figure
11 except for the contributions from the metal compounds. The calculated scattering
intensities of the modified celluloses are very different from the Iβ-allomorph (see Figure
12), so we may safely say that the structure of cellulose is not changed in the chemical
process.

When transition metal ions were reduced in the solid cellulose support in aqueous
solutions, a size distribution of nanoparticles containing the metal was observed (Papers
II and III). The size distributions of the nanoparticles were studied using anomalous
small-angle x-ray scattering and the crystallinity by wide-angle x-ray scattering. It was
observed that the size distribution of copper oxide nanoparticles correlated with the sizes
of the copper oxide crystallites. The nickel containing nanoparticles were amorphous, so
a similar comparison with the crystallite sizes could not be done. When the reduction of
nickel ions was done in water, there were only large nanoparticles. When the reduction
was done in ammonium hydrate medium, the samples contained a large amount of very
small metal nanoparticles in addition to larger ones. Nickel and copper are known to form
coordination complexes with ammonium and this may be the key into the understanding
of the formation of the small nanoparticles.

Cupric hydroxide in aqueous ammonia is known to dissolve cellulose. It breaks some
of the hydrogen bonds in native cellulose and the copper ions bind coordinatively to the
deprotonated hydroxyl groups of cellulose. (Saalwächter et al., 2000) Even though the
crystalline structure and crystallinity of cellulose is not changed (to a notable degree)
in the chemical processes in Papers II and III, the possibility that the copper-ammine
or nickel-ammine complexes would diffuse into the cellulose matrix cannot be completely
excluded. The cellulose fibres are very porous, so another explanation is that some of the
ions are stuck in very small pores which would restrict their growth. The nanoreactor
model proposed by He et al. (2003) would explain the different particle sizes if without the
ammonium, the metal ions do not form a coordination complex with the cellulose as easily.
This is supported by the finding in Paper II that the less ammonium was used the less of
the copper was retained in the samples after the reduction and washing.

5.1.2 Thermal expansion of cellulose

Microcrystalline cellulose is of significant importance to the pharmaceutical industries. The
good dispersion of drug molecules is necessary. Despite the name microcrystalline cellulose
(MCC), the crystallinities of commercial microcrystalline celluloses have been determined
to be typically about 60 – 70 % and the amorphous content can be increased by ball milling
(Suzuki and Nakagami (1999) and references therein). In addition, cellulose fibres are used
in the textile industry in natural (e.g. cotton) and regenerated forms. The regenerated fibre
materials are called viscose in Europe and rayon in USA. In this respect, such properties of
cellulose as the glass transition and the coefficient of thermal expansion have been studied
surprisingly little until recently.

The thermal expansion of cellulose in wood has been studied recently by Hori and
Wada (2005) and the thermal decomposition of cellulose by Kim et al. (2001). Thermal
expansion of the lattice parameter a of the cellulose Iβ unit cell is shown in Figure 13.
The data was obtained from the scattering intensities of the composites consisting of nickel
nanoparticles and microcrystalline cellulose (Paper III). The thermal expansion coefficient
α of the lattice parameter a was calculated from reflection 200 and by using the same
definition as Hori and Wada (2005) and Müller et al. (2006)
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α =
da

dT
/a(T = 0 ◦C). (14)

At ambient temperature the lattice parameter a is 0.7784 ± 0.0008 nm (Nishiyama
et al., 2002), which is close to the value obtained here: 0.781 ± 0.005 nm. The lattice
parameter as well as many other properties of crystalline materials are known to depend
on the crystallite size (Ayyub et al., 1995), but in our study the absolute error of the q-scale
calibration is too large to allow for any solid conclusions.

A transition region in the thermal expansion, typical for materials with a glass transition
temperature, is observed at about 170 ◦C. Due to the uncertainty of the temperature inside
the sample, the real temperature of the transition can deviate from the observed one even
as much as 10 ◦C. Hori and Wada (2005) observed that in tension wood sample of poplar
(Populus maximowiczii A. Henry) the transition temperature was 180 ◦C, while for a same
kind of wood sample the transition was observed previously to be around 200 ◦C from less
precise measurements (Kim et al., 2001).

The temperature scale could have been calibrated accurately by dispersing for example
annealed gold crystals to the sample so that the well known thermal expansion coefficient
of gold could have been used to get the accurate temperature inside the sample (Seitsonen
and Mikkonen, 1973). However, such calibration was not used in the measurements. The
relative error of the temperature within the sample based on the degradation temperature
of cellulose, between 300 and 350 ◦C (Kim et al., 2001), is about 5 %. The crystallisation
of the nickel compounds within the MCC matrix occurs on the same relative temperature
scale and we can observe if there is a correlation between the crystallisation of the nickel
compounds and the thermal expansion or degradation of the MCC matrix.

Hori and Wada (2005) reported a coefficient of thermal expansion α = 13.6 · 10−5 1/K
for the lattice parameter a before the transition temperature while we observe α = 9.3 ·
10−5 1/K. In a more recent study of poplar tension wood α = (9.9 ± 0.4) · 10−5 1/K for a
was obtained from measurements in the temperature range from -73 to 22 ◦C (Müller et al.,
2006). Seitsonen and Mikkonen (1973) studied the thermal expansion of cotton cellulose
and their results coincide very well with the values observed here for the microcrystalline
cellulose, which is prepared from cotton using mild acid hydrolysis. In that study they
did not report an exact transition temperature but showed that the change is continuous
and occurs around 150 and 200 ◦C. Similar results on cotton have also been published by
Takahashi and Takenaka (1982). None of these publications give an explanation for the
transition. The comparably weak C−H· · ·O bonds and van der Waals interactions in the
direction normal to plane (200) compared to the strong hydrogen bonds and covalent bonds
in other directions do not explain the more rapid expansion in the direction perpendicular
to the hydrogen bonded sheets. This is because cellulose II and cellulose IIIII, which
both have hydrogen bonds also between sheets, show a similar expansion in the direction
perpendicular to the glucose rings (Hori and Wada, 2006).

The glass transition of dry microcrystalline cellulose has been determined by using
modulated temperature differential scanning calorimetry to be a three step process with
steps at 132, 159, and 184 ◦C (Picker and Hoag, 2002). The transition temperatures did
not depend on the source of cellulose (softwood or hardwood). The strongest transition
was at 159 ◦C, the next strongest transition at 184 ◦C, while transition at 132 ◦C was very
weak. This data was just recently correlated to the changes in the strength of intrachain
hydrogen bonding by Watanabe et al. (2006). Indeed, the transition temperatures could
be correlated with changes in the Iβ inter- or intrachain bonding and more accurately to
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Figure 13: The thermal expansion of the lattice parameter a of the cellulose Iβ unit cell
in one of the nickel containing samples (Paper III). The dots are the experimental points
obtained for sample 1 and the lines are fits to the experimental points obtained for all the
samples. The thermal expansion coefficient α relative to T = 0 ◦C and the statistical 1σ
error limits are shown. The figure is in the same scale as in Hori and Wada (2005) for
comparison.

Crystalline phase
Sample m. fcc Ni hcp Ni Ni3P NiO
Ni1 - 300 ◦C 300 ◦C - 350 ◦C
Ni2 250 ◦C 400 ◦C - 250 ◦C -
Ni3 - 300 − 350 ◦C - 300 − 350 ◦C -
Ni4 300 − 350 ◦C 400 ◦C - 350 ◦C -

Table 2: The crystalline phases of Ni nanoparticles supported on microcrystalline cellulose
were identified from the diffraction patterns upon heating. Symbol m. refers to metastable
phases composed of Ni and P. The details of the synthesis of the samples are explained in
Paper III.

intrachain bonding O3−H3· · ·O5. If the intrachain bonding is weakened, one would expect
the cellulose chains to lose their stiffness.

Apparently, the transition in the thermal expansion of the microcrystalline cellulose
crystallites is not connected to the crystallisation of the amorphous nickel nanoparticles.
The temperatures at which for each sample the reflections arising from the crystalline nickel
compounds were observed for the first time upon heating are listed in Table 2. For sample
2 the first measurement above 50 ◦C was done at 250 ◦C and thus the crystallisation might
have begun at even lower temperatures. (Paper III)

The degradation of cellulose occurs between 300 and 350 ◦C. The crystallisation of nickel
compounds in the samples begins just before the cellulose is fully degraded. However, there
is at least one other factor that determines the crystallisation temperature of nanoparticles
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and that is their size. The size distribution of the nanoparticles could be determined using
ASAXS assuming a spherical particle shape and no inter-particle correlations. According
to Paper III in samples 3 and 4 made in ammonium hydrate solution there is a much
larger fraction of particles with size less than about 20 nm than in samples 1 and 2 made
in aqueous solution. In sample 3 the number of these small particles is far greater than
in any of the other samples. Against expectations, the samples in which smaller particles
are observed start to crystallise at higher temperatures than the samples where there are
larger particles. The question whether the cellulose matrix affects the temperature where
the crystallisation starts cannot be answered by these measurements. However, the thermal
expansion coefficient and the degradation temperature of cellulose did not vary from sample
to sample (including pure MCC), which means that at least the cellulose is not affected by
the crystallisation of the nanoparticles.

5.1.3 Cellulose in wood

In Paper I the mean microfibril angle in Sitka spruce near the pith was observed to be high
and it was shown that as a function of the annual ring the MFA decreased in a fashion
characteristic to each provenance. Recently the MFA of Norway spruce and Scots pine
grown in Northern Europe have been characterised in detail with x-ray diffraction (Sarén,
2006; Andersson, 2007). The MFA distributions in single cell walls of Norway spruce fibres
could be measured using a very narrow synchrotron radiation beam that was directed
through a bordered pit in the fibre (Peura et al., 2005). The results obtained for the MFA
in Paper I were obtained for samples with a thickness of about 1 mm. For such samples
the distribution will also be affected by the different orientations of single wood fibres in
the sample. However, the method has proved to be successful in determining the mean
MFA.

In the case of Sitka spruce there were significant differences in the MFA between trees
grown from seeds that were collected from different provenances. The mean MFA near
the pith was observed to remain large even at about 10 to 14 rings from the pith. The
thickness of the cellulose crystallites in the direction perpendicular to the crystallographic
plane (200) was observed to be about 3.0 nm which is smaller than that observed previously
for Norway spruce (Andersson et al., 2003) and for Sitka spruce (Hori et al., 2002). The
thickness of the cellulose crystallites can differ even within one species and it is known that
the thickness does not systematically depend on the MFA (Andersson et al., 2003).

Previously the MFA of Sitka spruce has been studied as a function of the year ring by
Philips (1941). He reported that the MFA of Sitka spruce decreases very rapidly from a
large value near the pith to a small stable value at about six to nine rings from the pith.
This is in contradiction to the results that were obtained in Paper I. Cowdrey and Preston
(1966) measured the helical angle in two disks of Sitka spruce as a function of the annual
ring and obtained for one of the disks a similar trend as we observed for the trees from
Washington and Oregon provenances. Hori et al. (2002) determined the MFA of three
samples of Sitka spruce, but they did not specify the annual rings studied nor the growth
conditions or the origin of the trees from which the samples were taken. They found the
MFA of their samples to be rather small (6 – 12◦) and the width of the cellulose crystallites
to be about 3.4 – 3.8 nm.

The heritability of MFA in Pinus radiata has been studied with clones using a polarised
light microscopy technique. Significant variations were found among the clones, but also
within and between trees for each clone. (Donaldson and Burdon, 1995) It is a ques-
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tion whether the large differences between the Sitka spruce trees originally from different
provenances can be evened by silviculture.

5.2 Lignin-based materials

Langmuir-Blodgett (LB) films of lignins have been studied with microscopy techniques, and
based on those studies lignins are considered to be flat particles (Pasquini et al., 2002).
Nevertheless, due to the polydisperse nature and other interesting phenomena that occur
in aqueous solutions of lignins, there exists confusion whether the molecules after all are
spherical in solution due to the amazing amount of different results (Paper IV). Observing
of soft branched polymers on a surface does not necessarily reveal what is the shape of the
particles in solution. For example dendrimers that have a globular shape in solution may
deform on a surface to a flat shape (Mecke et al., 2004)

Pasquini et al. (2002) studied LB films of ethanol lignin and saccharification lignin
with atomic force microscopy and infrared spectroscopy. They found ellipsoidal aggregates
perpendicular and parallel to the surface. They did not specify any dimensions for those
ellipsoids nor whether they were oblate or prolate. In Paper IV we demonstrated with
SAXS measurements from kraft lignin solutions that on the average an elongated flat
shape described the kraft lignin particles in saline and NaOH solutions. In this study the
polydispersity of kraft lignin was 2.1, in which case the polydispersity already starts to
affect the particle shape determination. However, the lignin particles are not all of the
same shape so the obtained shape may be regarded as a sort of an average shape. In
Paper V an attempt was made to take the polydispersity into account by using the gel
permeation chromatography data to get the number size distribution of the particles and
by fitting the shape of the particle. Oblate spheroids with an axial ratio of about 3.5 were
found to describe well the shape of the lignosulfonate particles.

The shape of the lignin particles is of interest both because it plays an important role
in the cell walls but also from applications point of view. Composite films have been made
from lignosulfonate–starch (Baumberger et al., 1997) and kraft lignin–starch (Baumberger
et al., 1998) blends with lignin content up to 30%. The strength of the lignosulfonate–starch
films was higher and the elongation was smaller than that of pure starch. The kraft lignin–
starch films were inhomogeneous and in different humidities the strength of the films either
increased or decreased as a function of lignin content. Whether these composite materials
and their related applications will become popular remains to be seen. Lignin derivatives
are usually brown and that can cause some limitations.

In Paper V the association of lignosulfonate particles was observed as a function of
lignosulfonate concentration. During industrial processes the dispersion of lignin into the
mass of other polymers is affected by the association tendency of the lignin macromolecules.
The strength of lignin–polymer complexes is determined by the physical and chemical
interactions of the lignin macromolecules with the other polymers.

Lignosulfonates were observed in Paper V to associate fairly minimally even at high
temperatures and concentrations of lignosulfonate. Kraft lignin which is less soluble in
water is more prone to association. Figure 14 shows the distance distribution functions
(see Equation 6) of kraft lignin and lignosulfonate (Papers IV and V). The conditions
of the solutions were nearly similar but the molar masses of the fractions are different.
However, the maximum size of the molecules is about the same and this indicates much
stronger association of the kraft lignin particles.
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Figure 14: Distance distribution functions p(R) of 5 g/l kraft lignin (Kraft, Mw =
5800 g/mol, Paper IV) in 0.1 M NaCl aqueous solution and of an infinitely dilute solution
of lignosulfonate (LS, Mw = 18 000 g/mol, Paper V) in 0.2 M NaCl aqueous solution. R is
the distance between two points in the particle. Both lignins have polydispersity 2.1. The
distributions were calculated either by a direct Fourier transform or by indirecct Fourier
transform using the program GNOM.

Figure 14 shows also another interesting feature. Because these lignin dispersions are
polydisperse, the distance distribution function p(R) does not correspond to the p(R)-
function of a single particle but it is an average over many particle sizes. This means that
the maximum size given by the largest R for which the distribution is non-zero corresponds
to the largest dimension of the largest particles. However, for lignosulfonate the figure
shows two distributions which were obtained by different methods. One was determined
by direct Fourier transform of the scattering intensity (Eq. 6). The GNOM program
package (Svergun, 1991), however, solves the p(R)-function by indirect Fourier transform
and regularisation. The maximum diameter is given to the program as an input parameter,
but by testing several diameters it is possible to find which diameter gives the best fit and
to use that one. The difference in the maximum diameter between the indirect and direct
results represents the uncertainty of this determination, but also other factors may affect
the results of the GNOM program which assumes that the scattering is from a monodisperse
particle.

Because of the strong self-association of the kraft lignin particles, the shape of the
associated kraft lignin macromolecules may be different from that of lignosulfonate macro-
molecules. It is also clear that the association may affect the shape of the molar mass
distribution in different solvents because the distribution is typically determined under
conditions where association is avoided. A simple shifting of the distribution to larger mo-
lar masses like done in Paper V may not be enough to correct for the difference. However,
because it is not possible to fit both the shape of the distribution and the shape of the
particle, one always needs to assume either a shape for the distribution or a shape for the
particle. Therefore, the use of the approximately log-normal shape of the size distribution
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determined by gel permeation chromatography is justified.
Radius of gyration of the particles could be determined by using the Guinier approxima-

tion. The radius of gyration is also a measure of the association because associated particle
complexes will have a larger radius of gyration. It is interesting to note how differently
kraft lignin and lignosulfonate behave in saline solutions. The radius of gyration of kraft
lignin was observed to be larger in 0.025 M NaCl solution than in 0.1 M NaCl solution.
An opposite phenomenon is observed for lignosulfonate in which case the salt contributes
to the association. As a function of the increasing concentration of lignin the association
of kraft lignin in 0.1 M NaCl is observed to be much more stronger than the association
of lignosulfonate in water or in 0.2 M NaCl solution. These differences are mostly due to
the differences in the chemical structure of the lignin derivatives. However, based on just
these two studies it is not possible to say whether the molar mass of the fraction plays a
role in the association behaviour.

The association and the aggregation of kraft lignin has been studied extensively by vis-
cosity (Lindström, 1979), turbidity and quasi-elastic light scattering measurements (Nor-
gren et al., 2001, 2002). It is inevitable that the association will be somehow connected
to the final structure of the aggregates and that the structure of the aggregates will tell
about the association.

One of the indicators of the compactness of the aggregate or a macromolecule is the
density. The density of the aggregate depends on how tightly the macromolecules can be
packed. In the studies carried out in Papers IV and V the density of lignin macromolecule
was assumed to be 1.4 g/cm3. The value of the density is crucial in the determination
of the volume fraction and the electron density of lignin. The value was taken from the
publication by Stamm and Hansen (1937). Nearly the same fairly high density, 1.35 g/cm3,
was used for lignin in a study where a fractal model was used in the interpretation of the
morphology of modelled lignin (Jurasek, 1996).

Several studies have tried to explain the hydrodynamic properties of lignins by using
the concept of fractals (Karmanov and Monakov, 1996). The fractal model has been
tested with other methods such as light scattering (Merkle et al., 1992; Norgren et al.,
2002) and by microscopy techniques (Radotić et al., 2000, 2005). A fractal ordering of the
macromolecules has been observed both in solution and in the solid state for different types
of lignins.

In Paper IV it was shown that the fractal idea does not apply to the released suspension
culture lignin which is considered to be in more natural state than the lignins separated
chemically or mechanically from the cell walls. For kraft lignin the fractal approach was
successful, but the other studied lignins had compact structures. In another study the
SAXS intensities of several lignins were measured while heating the lignins in a nitrogen
atmosphere (Vainio et al., 2002). The scattering intensity of lignosulfonic acid had two
short power-law regions with exponents −3.3 and −1.5, but these exponents were observed
to be different in different samples of lignosulfonic acid. In addition, the scattering intensity
of lignosulfonic acid was observed to increase with temperature on the contrary to other
lignins. The SAXS intensity of kraft lignin remained constant up to 220 ◦C where a slight
decrease in the intensity was observed. This indicates that the softening temperature of
kraft lignin is very high in the dry state. The intensity of milled wood lignin decreased
dramatically above 180 ◦C, while the intensity was observed to decrease above 160 ◦C in
the case of steam explosion lignin and already above 80 ◦C in the case of Alcell organosolv
lignin. This shows how dramatic changes the different separation methods can have on the
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chemical and physical properties of lignins. The decrease in the intensity may be assigned
either to softening of the lignin derivatives at glass transition or even to degradation.

Goring (1963) has determined the softening temperatures of several lignin derivatives
in dry and moist states by using a system where the sample powder was compressed under
a constant load in a glass capillary. It was shown that the moisture content and the molar
mass of the lignin fraction as well as the separation method played a crucial role. The
highest softening temperature was found for softwood sodium lignosulfonate at 235 ◦C in
the dry state, and when the mass fraction of water in the sample was 0.17 the softening
temperature was also one of the highest for lignins, namely 118 ◦C. The lowest softening
temperature was found for aspen dioxane lignin for which the softening temperature was
134 ◦C in the dry state and 78 ◦C in the moisturised state. The softening temperature
depended also on the molecular mass of the lignin macromolecules in such a way that the
lignins with smaller molecular mass had a lower softening temperature.

The softening might be of meaning when we study the morphology of solutions with
different concentrations of lignosulfonate or kraft lignin. Goring (1963) studied the effect
of water content on the softening temperature of periodate lignin and found that the
softening temperature decreased with increasing moisture content, reaching a plateau at
about 30 % water content. The softening temperature of periodate lignin from spruce at
that moisture content was about 90 ◦C. Because the softening temperatures of lignins in the
moist state were fairly high, there is reason to believe that also in more dilute solutions the
molecules will be in the glassy state in room temperature. In Paper V the lignosulfonate
solutions were heated up to 50 ◦C and this temperature is still smaller than the softening
temperatures reported above. This would support the interpretation that the decrease in
the surface-to-volume ratio is caused by association of the stiff oblate particles rather than
changes in the conformations of the molecules in the particles.

In the study of Goring (1963) the thermal softening of cellulose was not observed before
the degradation of cellulose. This means that he did not observe the transition at about
170 ◦C that was observed by x-ray diffraction (see section 5.1.2). It is questionable whether
the softening temperatures of lignins are then correctly determined. However, as he stated
in his study, thermal degradation was not usually observed in the case of the lignins at
the softening temperature and therefore the temperatures reported for lignins should be
reliable. In addition, Irvine (1984) has reported the glass transition of water saturated
milled wood lignins to be 45 – 75 ◦C depending on the origin of the lignin.

6 Future aspects

The demand for sustainable materials and sustainable development continues to grow.
Even though the sustainability of lignin has been questioned (Scott and Wiles, 2001), it
is believed that in the future the pulp mills will be modified into biorefineries producing
not only pulp and energy but also a variety of chemical feedstocks for biomaterials. In
this scenario kraft lignin would serve as a resource for new polymers, composites and fuels.
(Chakar and Ragauskas, 2004)

It has been shown in this thesis that the interactions of lignin macromolecules in aqueous
solvents are of interest by themselves as there exists both attractive and repulsive forces
between the lignin particles. Because the morphology of the lignin particles obtained from a
pulping process vary from one particle to another, lignin probably will not serve as a perfect
model compound for studies of these sort of interactions even though the average shape
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of the particles is known. Nevertheless, lignosulfonate has been considered as a kind of a
model compound to mimic proteins (Mafé et al., 1995). Unlike proteins lignin is branched
and therefore it cannot ”unfold” like proteins under any conditions. Furthermore, from
the industrial side the benefits of understanding the interactions of lignin include better
understanding of the reasons why problems may occur in the processes in certain conditions.

In the future it may be interesting to study the distribution of counterions around the
lignosulfonate macromolecules by anomalous small-angle x-ray scattering. Studies as a
function of temperature would be particularly interesting because the association of the
counterions onto the macromolecule could be studied in more detail. Also the behaviour
of the lignosulfonate solutions at the high concentrations might be understood better.

Cellulose has been studied for long and the challenges are in using the cellulose as a
starting material for new materials. Recently it was noticed that ionic liquids can be used
to dissolve cellulose (Zhu et al., 2006). This will open up new interesting ways to use
cellulose. X-ray scattering methods will once again play a key role in the characterisation
of those materials.

The characterisation of the structure of Sitka spruce revealed interesting trends in the
mean microfibril angle as a function of the annual ring. These trends were different in
the trees whose seeds were imported from different locations from North America. The
heritability of MFA and the effect of silviculture on the mean MFA of Sitka spruce should
be studied in more detail because the MFA was so strongly affected by the location of
the provenance. This would require controlled sample conditions and a large amount of
samples in order to be able to make biologically relevant conclusions. The project would
last at least a few decades, perhaps an unrealistic duration for a scientific project in todays
world.
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