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Abstract

Abstract

Xylan is one of the most abundant biopolymers in higher plants and wood. Hard-
woods contain up to 35% of xylan. Compared to cellulose, xylans can exhibit
a highly branched structure. During delignification and the production of pulp,
lignin but also short-chained sugar polymers and part of the xylan present in the
wood is being removed, which have a strong impact on the yield. In general, pulp

and paper with a lower amount of xylan feature lower strength properties.

Xylan is able to take up water resulting in fiber swelling and an increased wet
flexibility. This enables the fibers to conform to each other more easily leading to
a higher amount fiber-fiber joints within a paper network. Due to the swelling
behavior of xylan, larger areas in molecular contact can be achieved and additional
coulomb force can be generated by the carboxylic groups present on the backbone
of xylan. Thus, it is of great importance to achieve pulps with a high yield as well

as to increase the value added chain of xylan by an enhanced material utilization.

The aim of this work was to treat various pulp samples with different xylans. In
total, six variables were investigated regarding an efficient increase in the amount
of xylan on the fibers. Moreover, the influence of additional xylan on strength prop-
erties of handsheets and individual fiber-fiber joints of the pulp samples were ana-
lyzed. Additionally, the quantitative and qualitative characterization of the distri-

bution of xylan on the fiber surface was of great interest.

The amount of xylan of the fiber samples could be significantly increased during
an adsorption step. However, an influence on strength properties of handsheets
of xylan-treated pulp could not be observed. This may be due to the fact, that
paper is a network. A network will always fail at its weakest point. Thus, xylan-
enriched bonds between fibers could be present, but they may not be predominant
to enhance strength properties. A statistical significant increase in the breaking load
of individual fiber-fiber joints was noticed. In general, a higher force was needed to
break fiber crossings of fibers with additional xylan. This is also influenced by the
distribution of xylan on the fiber surface which is heterogeneous and nonuniform.
Last but not least, the use of functionalized tips for atomic force microscopy has the
advantage of generating a higher phase contrast between cellulose and xylan and
to determine adhesive forces between the functionalized tip and the surface. Thus,

it could be a key role in quantifying the bonding mechanisms within paper as well.
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Kurzfassung

Kurzfassung

Xylan ist eines der am héufigsten vorkommenden Biopolymeren in hoher entwick-
elten Pflanzen und Holz. Laubholz kann bis zu 35% Xylan aufweisen. Im Ver-
gleich zu Cellulose konnen Xylane eine stark verzweigte Struktur aufweisen. Bei
der Delignifizierung von Holz und Herstellung von Zellstofffasern werden neben
Lignin auch anderer kurzkettige Zuckerpolymere sowie ein Teil des Xylans im Holz
herausgelost. Dies hat einen Ausbeuteverlust zur Folge. Des Weiteren weisen Zell-
stoffe mit einem geringeren Xylangehalt und daraus produzierte Papiere im Allge-

meinen verringerte Festigkeitseigenschaften auf.

Xylan kann Wasser aufnehmen, was zu einer starkeren Faserquellung und damit
zu einer hoheren Faserflexibilitit fithrt. Dadurch kénnen sich Fasern bei der Papier-
herstellung besser aneinander legen und die Anzahl von Faser-Faserbindungen
steigern. Durch die Quellfdhigkeit von Xylan konnen aber auch grofsere Flachen
im molekularen Kontakt erzielt werden. Zusétzlich konnen wegen des Vorhan-
denseins von Carboxylgruppen Coulomb-Kréfte ausgebildet werden. Das Resultat
sind stdarkere Faser-Faserbindungen. Aus diesem Grund ist es von grofiter Bedeu-
tung die Ausbeute nach der Zellstoffkochung zu erh6hen, aber auch die Wertschop-
fungskette von Xylan durch eine gesteigerte stoffliche Nutzung zu erhohen.

Ziel dieser Arbeit war es, verschiedene Zellstoffe mit unterschiedlichen Xylanen
zu behandeln. Dabei wurden insgesamt sechs Einflussparameter auf die Xylanan-
reicherung an den Faserstoffen untersucht, um einen moglichst effektiven Anstieg
der Xylanmenge zu erzielen. Dariiber hinaus wurde von diesen Zellstoffen der
Einfluss von zusatzlichem Xylan auf die Festigkeitseigenschaften von Laborblét-
tern sowie einzelnen Faser-Faserbindungen untersucht. Ein weiterer Schwerpunkt
lag in der quantitativen und qualitativen Charakterisierung der Xylanverteilung
auf der Faseroberflache.

Der Xylangehalt der Zellstoffe konnte durch einen Adsorptionsschritt deutlich
gesteigert werden. Jedoch konnte keine festigkeitssteigernde Wirkung an den her-
gestellten Laborblattern feststellt werden. Dies konnte auf das Fasernetzwerk selbst
zuriickzufiihren sein. Es gibt sicherlich Faser-Faserbindungen, in denen Xylan
eingearbeitet ist, jedoch versagt ein Netzwerk immer an der schwichsten Stelle,
so dass diese Faser-Faserbindungen nicht in das Gewicht fallen. Bei der Bestim-
mung der Bindungsstdrke von einzelnen Faser-Faserbindungen konnte hingegen
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Kurzfassung

ein statistisch signifikanter Anstieg festgestellt werden. Bei den Faserstoffen mit
einem gesteigerten Xylangehalt war tendenziell eine grofiere Kraft notig, um Faser-
Faserbindungen zu brechen. Allerdings ist dies auch von der Verteilung von ad-
sorbierten Xylan auf der Faseroberfliche abhédngig, welche sehr inhomogen und
ungleichféormig ist. Die Verwendung von funktionalisierten Spitzen bei der Raster-
kraftmikroskopie hat nicht nur den Vorteil eines hoheren Phasenkontrastes zwis-
chen Cellulose und Xylan sowie der Bestimmung der Adhé&sionskraft zwischen der
funktionalisierten Spitze und der Oberfldche, sondern konnte auch eine Schliissel-

rolle in der Quantifizierung der Bindungsmechanismen im Papier spielen.
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Introduction




1.2 CD Laboratory for paper strength

1.1 Motivation

Xylan is one of the most abundant biopolymers in higher plants and wood. During
utilization of wood for the production of pulp and paper as well as man-made
(viscose) fibers, part of the xylan present in the used wood source is removed from
the wood matrix due to dissolution. The dissolved xylan is accumulating in the
cooking liquor (chemical pulping) or in the alkaline environment before spinning
of viscose fibers. In case of pulp fibers, the dissolution of xylan has an impact on
the yield but also on the strength properties of paper which is in general decreasing
at lower yields. Moreover, the porosity is increasing and defects are introduced
within the fiber wall during chemical pulping which has an impact on single fiber

properties.

Xylan is able to take up water, thus influencing the swelling behavior and wet
flexibility of fibers. Thus, the indentation hardness is reduced (Ganser et al. 2014;
Persson et al. 2013) and higher areas in molecular contact between adjacent fibers
can be achiecht. Therefore, a suggested area of application of xylan is papermaking.
Furthermore, instead of a thermal utilization of dissolved xylan, it is of interest to

increase added value of xylan by material utilization.

Aim of this work was to add value to cellulose fibers by the addition of xylan.
Therefore, pulp fibers were treated with aqueous solutions of two different xylans.
Six variables (temperature, pH, salt concentration, pulp consistency, xylan input,
and time) were analyzed regarding an efficient increase in the amount of xylan
present on the fibers. Moreover, the influence of additional xylan on pulp and pa-
per properties, such as tensile strength and tear resistance, were studied. Due to
the fact that paper is a network of many fibers, the influence of xylan was investi-
gated regarding the breaking load of individual fiber-fiber joints and on single fiber
tensile strength to calculate the modulus of elasticity. This was done to avoid the
complication of the fiber network. Last but not least, the quantitative and qualita-
tive analysis of the distribution of adsorbed or precipitated xylan was of interest.
Therefore

1.2 Christian Doppler Laboratory for paper strength

The scientific research of this thesis was done within the "Christian Doppler (CD)
Laboratory for Surface Chemical and Physical Fundamentals of Paper Strength",
which was established in 2007. The CD Laboratory is a collaboration between the
Institute of Solid State Physics and the Institute of Paper-, Pulp- and Fiber Tech-
nology (Graz University of Technology, Austria), the Institute of Physics (Monta-

nuniversitdt Leoben, Austria) and three industry partners, i.e. Lenzing AG (Lenz-

2
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Figure 1.1 Distribution of responsibilities within the "Christian Doppler Laboratory for
Surface Chemical and Physical Fundamentals of Paper Strength".

ing, Austria), Kelheim Fibres GmbH (Kelheim, Germany), and Mondi Frantschach
GmbH (Frantschach-St. Gertraud, Austria). The individual tasks of the participat-
ing members and their joint synergy is shown in Figure 1.1.

Both, fiber and xylan samples were provided from the industry partners. The
treatments of the fibers samples with xylan as well as the investigation of the mor-
phology and strength of fiber-fiber bonds were performed at the Institute of Solid
State Physics and the Institute of Paper-, Pulp- and Fiber Technology. Surface and
bulk chemistry was determined at the Institute of Solid State Physics. The Institute
of Physics was responsible for the detection of the surface morphology via atomic

force microscopy.

The main intention of the CD Laboratory is the investigation of paper strength,
i.e. to determine the characteristics of individual fibers and fiber-fiber joints to un-
derstand the various bonding mechanisms taking place between adjacent fibers in
a paper network. It is also of interest to analyze the influence of charges and hemi-
celluloses, especially xylan, on fiber properties and their effect on bond strength.
This helps to understand a variety of factors on the strength properties of paper.

1.3 Outline

Besides the introductory chapter, this thesis is divided into the following four chap-
ters:

3



Chapter 2

Chapter 3

Chapter 4

Chapter 5

1.4 List of publications

Background gives an overview of the chemical composition and
morphology of wood fibers which are the main resource for pa-
permaking. Moreover, the behavior of xylan under pulping con-
ditions is described found in the literature...

Materials and Methods present the resources and methods used
for the investigations for this work. The adsorption step of xy-
lans on cellulosic materials, chemical composition of the sam-
ples, characterization of the surfaces, and the influence of addi-
tion xylan on fiber and paper properties are described.

Results and Discussion presents the obtained results from the dif-
ferent investigations. They are compared to other results found

in the literature and critically discussed.

In Conclusion and Outlook the most important results are briefly
discussed including examples for further work for this field of

research.
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2.1 Chemical composition of wood fibers

2.1 Chemical composition of wood fibers

Softwood (gymmnosperms or conifers) and hardwood trees (angiosperms or dicotyle-
dons), are the main resources for the production of pulp and paper. Important rep-
resentatives of softwoods are spruce and pine, and for hardwoods birch, beech,
and eucalyptus. Wood contains various cell types, which fulfill different functions
within the wood matrix, e.g. mechanical properties, conduction and storage func-
tions (Fengel and Wenger 2003). In this thesis, the term fiber is used for either soft-
wood tracheids or hardwood libriform fibers. Differences can be seen in their di-

mensions, as shown in Table 2.1.

Wood fibers are mainly built up of cellulose, hemicelluloses, and lignin. More-
over, they contain a certain amount of organic and inorganic extractives and min-
erals. Table 2.2 shows the average amount of wood components of some cellulose-

containing species.

Table 2.1 Fiber dimensions of some wood species (extract of some data adopted from
Fengel and Wenger (2003).

Species Latin name Length, mm Width, pm
German spruce Abies alba 3.4-4.6 25-65
Spruce Picea abies 1.7-3.7 2040
Pine Pinus sylvestris 1.4-4.4 10-50
Beech Fagius sylvatica 0.6-1.3 15-20
British oak Quercus robur 0.3-1.6 10-30
Poplar Populus spec. 0.7-1.6 2040

Table 2.2 Main substances of some typical cellulose-containing materials (extract of some
data adopted from Sixta (2006).

Content, %

Compound Softwoods Hardwoods Cotton
Cellulose 40-44 43-47 95
Hemicelluloses 25-29 25-35

Lignin 25-31 16-24 1

Extract 1-5 2-8 0.4

8



2.1 Chemical composition of wood fibers

OH OH oH OH
0 L o ol f—o
OH OH OH OH
OH 0 o o OH
OH OH oH OH
- -3
Nonreducing end Cellobiose unit Reducing end

Figure 2.1 Part of the structure of the cellulose chain (replotted according to Sixta 2006).

2.1.1 Cellulose

Cellulose is present in all plants and forms the basic structure of the fiber cell wall.
It is built up by glucose monomers, which are linked by 3-(1,4)-glycosidic bonds.
Due to the -position, the following glucose unit needs a rotation of 180° at the
axis between C1 and C4 forming cellobiose, the repeating unit of the molecular
chain of cellulose with a length of 1.03nm. The schematic structure of a cellulose
molecule is shown in Figure 2.1. The rotation of each glucose base unit results in
an elongated and unbranched chain of the cellulose molecule (Krdssig 1993). An
x-(1,4)-glycosidic bond would lead to a helical structure of the polymer, as it occurs
with amylose in starch (Fengel and Wenger 2003).

There exist two possible conformations for the arrangement of the glucose unit.
The chair conformation constitutes the lowest energy for bent hexagonal rings, e.g.
pyranose. Compared to the boat conformation, the energy of the chair form is
about 23.5k]/mol lower (Fengel and Wenger 2003). The hydroxyl groups may be
positioned above and below the ring plane (axial conformation) or in the plane of
the ring (equatorial conformation). The latter has the lower energy content hence it
is most stable and predominant (Michell and Higgins 1965).

As presented in Figure 2.1, glucose is linked together to long chain molecules.
The size of the chain molecule is commonly known as degree of polymerization
(DP). Since the chain length varies between species and within the species, the cel-
lulose chains exhibit a polydispersity. Cellulose in plants and woods has a DP of
7000-15000 (Fengel and Wenger 2003). However, chemical pulping or bleaching,
where cellulose is exposed to an intensive chemical treatment, leads to a marked
decrease of the DP-values (Sixta 2006).

2.1.1.1 Hydrogen bonds

The three hydroxyl groups in a glucose molecule are able to interact with each other
or with other groups (e.g. O-, N-, and S-groups), forming hydrogen bonds. The in-
teractions between the hydroxyl groups lead to stabilization and a certain stiffness
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2.1 Chemical composition of wood fibers

Figure 2.2 Inter- and intramolecular hydrogen bonds in cellulose I (left, according to
Gardner and Blackwell 1974) and cellulose II (right, according to Kolpak and
Blackwell 1976); adopted from Sixta (2006).

of the molecule. Moreover, these bonds are also responsible for the chemical and
physical properties of cellulose (Fengel and Wenger 2003).

Two types of hydrogen bonds can be found in cellulose, intermolecular and in-
tramolecular linkages (Gardner and Blackwell 1974; Kroon-Batenburg et al. 1986;
Liang and Marchessault 1959; Nishiyama et al. 2002), as can be seen in Figure 2.2.
Mainly two types of cellulose are present which is cellulose I and cellulose II. Cel-
lulose I can be found in any plant and wood where cellulose II is regenerated or
mercerized cellulose. Differences can be obtained in the orientation of the cellulose
chains and in the free energy organization. In cellulose I the intramolecular bind-
ings can takes place between the hydroxyl groups at C6 and C2’ of two adjacent
glucose units with a bond length of 2.87 A. A second hydrogen bond is formed
between the hydroxyl group at C3 and the pyranose ring oxygen O5’ of the neigh-
boring glucose molecule with a length of 2.75 A. In cellulose II, the hydrogen bond
between O3-H and O5 has a length of 2.69 A. These hydrongen bonds cause a
relative stiffness and linear conformation of the cellulose chain. Intermolecular
bonds on the other hand are linkages of hydroxyl groups between adjacent cel-
luloses. These can be found between the hydroxyl groups at C6 and C3 forming

supramolecular structures, such as crystallites or fibrils.
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2.1 Chemical composition of wood fibers

2.1.1.2 Supramolecular structure of cellulose

The hydrogen bonds between the cellulose chains provoke parallel and highly or-
ganized regions. These arrangements of crystallites and crystallite strands form the
fundamental components of the supramolecular structure of cellulose, the so-called
micelles. These regions are not accessible to water and resist the attack of diluted
acid for a certain amount of time. The degree of crystallinity, measured by X-ray
diffraction, was found for pulp fibers to be 60-70% (Thygesen et al. 2005), 68-79%
for cotton (Wakelin et al. 1959), and 45% for viscose rayon (Hindeleh and Johnson
1974).

Disordered or amorphous domains can also be found within cellulose polymers,
which are referred to as fringes. In these regions free hydroxyl groups are available,
where water can be adsorbed leading to swelling of the cellulose. Due to the length
of the cellulose chains, the molecules are involved in several crystallites by passing
through intermediate amorphous regions.

2.1.1.3 Fibrillar structure of cellulose

The arrangement of the molecules results in the formation of fibrillar elements.
Fibrils are highly organized associations of cellulose molecules, due to longitudi-
nal oriented chains (parallel or antiparallel), but also consisting of disordered re-
gions. Three basic principles are discussed in the literature, differing primarily
in the formation of the amorphous regions within the fibrillar units (Fengel and
Wenger 2003):

1) thelongitudinal arranged molecules change from one ordered region to
the subsequent one, the transition areas being the less ordered regions
(fringed micelle system);

2) the fibrillar units are individual cords consisting of longitudinally ar-

ranged molecules and sequences of ordered and disordered regions;

3) the ordered regions are packages of chains folded in a longitudinal di-
rection, the areas containing the turns between adjacent chain packages
being the less ordered regions.

The fibrillar structure of cellulose can be characterized on basis of hierarchical
levels of the fibrils. The high tendency of the cellulose chains to arrange themselves
leading to a paracrystalline state results in the formation of elementary crystals with
lengths of 10-20nm for regenerate fibers and somewhat larger for cotton (Kréssig
1968). These aggregates assemble to elementary fibrils, having lengths of 100 nm and
cross-sections of 2nm to 4 nm (Heyn 1966, 1969; Kréssig 1993). Jayme and Koburg
(1959) obtained differences in the fibrillar diameters in various pulp samples (10—
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2.1 Chemical composition of wood fibers

20nm). Sullivan (1968) detected different sizes of the thickness (1.8-3.8 nm) of the
fibrils in several pulps and holocellulose. In sulfate pulp a uniform distribution of
the width of the fibrils was determined by Heyn (1977). The elementary fibils form
microfibrils with diameters of about 10 to 25 nm (Frey-Wyssling 1954). The so-called
macrofibrils are built up of microfibrils. The microfibrils are covered with lignin and

hemicelluloses.

2.1.2 Hemicelluloses

Besides cellulose, hemicelluloses or polyoses, e.g. xylans, mannans, glucans, galac-
tans, or pectins, are one of the most common native biopolymers in higher plants
and wood. Xylans are the most frequent polyoses in wood and compose between
25% and 35% of the total mass (Ebringerova and Heinze 2000). Compared to cel-
lulose, hemicelluloses are heteropolysaccharides and consist of various anhydro-
sugar units with a much lower DP, between 50 and 200 (Sixta 2006). The main
chain (backbone) of the polymer can be made up of only one sugar unit (homopoly-
mer), e.g. xylan, or two or more units (heteropolymer), such as glucomannans
(Fengel and Wenger 2003). Different side groups are linked to the backbone at ir-
regular distances, giving the polymer a branched structure. The sugar components

of hemicelluloses can be classified into:

1) pentoses (3-D-xylose, x-L-arabinopyranose, and x-L-arabinofuranose);
2) hexoses (3-D-glucose, 3-D-mannose, and «-D-galactose);

3) hexuronic acids (B-D-glucuronic acid, «-D-4-O-methylglucuronic acid
and «-D-galacturonic acid);

4) deoxy-hexoses (x-L-rhamnose, and «-L-fucose).

2.1.2.1 Hardwood xylans

Hardwoods contain 10 to 35% of xylan (Sixta 2006). The DP of hardwood xylans
vary from 100 to 200 (Fengel and Wenger 2003). In xylan the backbone is built
up by xylose (Xyl) units, which are covalently linked by 3-(1,4)-glycosidic bonds.
Further, 4-O-methylglucuronic acid residues (MeGlIcA) are irregularly attached to
the backbone by «-(1,2)-glycosidic bonds forming the main hemicellulose compo-
nent in hardwoods, 4-O-methyl-«-D-glucorono-b-xylan. The ratio of Xyl:MeGlcA
of most of the extracted hardwood xylans is about 10:1. Native xylans also contain
O-acetyl groups with a ratio of Xyl:acetyl of 1:0.5 to 1:0.6 and exhibit small amounts
of rhamnose and galacturonic acid. Rhamnose and galacturonic acid are responsi-
ble for the alkali resistance of xylan molecules after splitting off the reducing end.
Part of the chemical structure of an O-acetyl-4-O-methylglucuronoxylan is shown
in Figure 2.3.
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Figure 2.3 Part of the chemical structure of a hardwood O-acetyl-4-O-methylglucu-
ronoxylan (replotted according to Fengel and Wenger 2003).
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Figure 2.4 Part of the chemical structure of a softwood arabino-4-O-methylglucu-
ronoxylan (replotted according to Fengel and Wenger 2003).

2.1.2.2 Hardwood mannans

Besides xylan, hardwoods also contain 3 to 5% of glucomannan. In contrast to
xylan, hardwood mannans have a heteropolymer backbone consisting of mannose
(Man) and glucose (Glu) monomers, linked by (3-(1,4)-glycosidic bonds. The ratio
of Man:Glu ranges from 1:1 to 2.3:1, depending on the type of wood. Further, the
DP is about 60-70 (Fengel and Wenger 2003). Teleman et al. (2003) found, that aspen
and birch glucomannans are slightly O-acetylated at C2 and C3 with a degree of
approximately 0.3.

2.1.2.3 Softwood xylans

Softwood xylans constitute 7 to 10% of the wood dry matter. Compared to hard-
woods, softwoods have a considerable quantity of (arabino)glucuronoxylan. The
backbone is branched by «-L-arabinofuranose residues, which might also have a
slight amount of O-acetyl groups. In addition, they are more heavily substituted
by MeGlIcA with a ratio of Xyl:MeGIcA of 5:1 to 6:1. The determination of the de-
gree of polymerization of various softwood xylans resulted in a DP from 70 to 130
(Fengel and Wenger 2003). A segment of a softwood xylan is shown in Figure 2.4.
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Figure 2.5 Schematic structure of barley husk xylan (4-O-methylglucuronoarabinoxylan)
(replotted according to Hoije et al. 2006).

2.1.2.4 Softwood mannans

Mannans are the main hemicellulose in softwoods with a content of 20 to 25%. The
heterogeneous backbone has a randomly distributed ratio of Man:Glu of about 3:1
within the molecule. Moreover, it is branched by acetyl groups and galactose (Gal)
units. Galactose is connected with the backbone by «-(1,6)-linkages. The amount of
galactose varies in mannans from a ratio of Man:Glu:Gal of 3:1:1 in water-soluble
and 3:1:0.2 in alkali-soluble galactoglucomannan (Ebringerova et al. 2005; Fengel
and Wenger 2003; Sixta 2006).

2.1.2.5 Xylans in other plants

Xylan from annual plants, e.g. wheat, corn fiber, straw, or sugarcane bagasse,
are more heterogeneous, than from wood. They are more heavily substituted by
side groups. The schematic structure of barley husk xylan is shown in Figure 2.5.
Birch wood xylan consists of 89.3% xylose, 1% arabinose, 1.4% glucose, and 8.3%
anhydro-uronic acid (Kormelink and Voragen 1993). Wheat arabinoxylan on the
other hand contains 65.8% xylose, 33.5% arabinose, 0.1% mannose, 0.1% galactose,
and 0.3% glucose (Gruppen et al. 1992). Corn fiber xylan features one of the most
complex structures containing (3-(1,4)-linked xylose residues and contains 48-54%
xylose, 33-35% arabinose, 5-11% galactose, and 3-6% glucuronic acid (Doner and
Hicks 1997; Saha and Bothast 1999).
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2.1.3 Lignin

Lignin is the third major and most abundant polymer in the cell wall of higher
plants (e.g. pteridophytes and spermatophytes), where it occurs in the vascular tis-
sue to provide liquid transport and mechanical strength properties. Lignin acts
as a glue between the fibers and holds them together. Moreover, it has a fungici-
dal character, due to its hydrophobic nature. Lignin is a highly branched polymer
with a random structure resulting from polymerization reactions of p-coumaryl (4-
hydroxy-cinnamyl), coniferyl (3-methoxy-4-hydroxy-cinnamyl), and sinapyl (3,5-
dimethoxy-4-hydroxy-cinnamyl) alcohol (Fengel and Wenger 2003).

During the polymerization of lignin in wood, it is also getting bonded on a net-
work of fibrils consisting mainly of hemicelluloses present in the cell wall layers
(Kosikova et al. 1978). The lignin is covalently linked to carbohydrates forming
network structures (Lawoko et al. 2004), also known as lignin-carbohydrate com-
plexes (LCCs). Barakat et al. (2007) proposed that the formation of supramolecular
structures of LCCs is influenced and controlled by local noncovalent interactions
between lignin and carbohydrates. The inter-lignin bonds can be of benzyl ester
type (Lundquist et al. 1980; Takahashi and Koshijima 1988a), benzyl ether type
(Leary et al. 1983; Takahashi and Koshijima 1988b), and phenyl glycosidic linkages
(Kosikova et al. 1972). The 3-O-4 bond is the predominant inter-lignin linkage (La-
woko et al. 2005), but the etherification can also take place at any hydroxy group to
form e.g. 5-O- or 6-O-benzyl ethers (Leary et al. 1983). Lawoko et al. (2006) isolated
four major LCC fractions from spruce wood: (1) galactoglucomannan LCC (~ 8%
of the wood lignin); (2) glucane LCC (~ 4% of the wood lignin); (3) xylan-lignin-
glucomannan network LCC (xylan > glucomannan; ~40% of the wood lignin);
and (4) glucomannan-lignin-xylan network LCC (glucomannan > xylan; ~48%
of the wood lignin). Lignin can also be linked to pectin or cellulose and further
cross-links various polysaccharides to each other, e.g. xylan fractions with a high
lignin content can induce self-assembly of xylan (Westbye et al. 2007). However, all
these findings are based on extraction methods, which may affect the chemical and

supramolecular structure of LCCs.

Chemical pulping (see section 2.3.1) also affects the network of LCCs resulting
in major structural changes. Precipitated compounds from cooking liquor showed
that neither lignin-free hemicellulose nor carbohydrate-free lignin was available
(Simonson 1971a,b). At an early stage of the cook lignin is predominantly linked
with xylan (birch wood) as well as xylan and glucomannan (beech wood). At the
end of the cook, but also in more delignified kraft pulps, xylan is degraded and
lignin is more linked with glucomannan (Lawoko et al. 2004). Futher, these LCCs
undergo a partial condensation to form more high molecular mass material (La-
woko et al. 2005).
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2.2 Anatomy of the cell wall structure

The three main compounds in wood are cellulose, hemicelluloses, and lignin. The
distribution and arrangement of these polymers vary within the cell wall and give
the fiber a layer construction. Regarding the chemical composition and the align-
ment of the cellulose fibrils to the longitudinal direction to the fiber, the cell wall
consists of a texture of different layers (Meier and Wilkie 1959). The variations
in the angle of microfibril orientation in the different cell wall layers provide a
mechanical locking effect, resulting in a high stiffness of the fiber. The layers are
called, middle lamella (ML), primary wall (P), secondary wall, which can be classified
into three different regions (S1, S2, and S3), and tertiary wall (T) ( Fengel and Wenger
2003). The tertiary wall layer separates the cell wall from the lumen and can be cov-
ered with a wart layer (W). A model of the cell wall structure is shown in Figure
2.6 (p. 17).

The middle lamella is a thin layer between neighboring fibers and not an inte-
gral part of the cell wall. It consists predominantly of lignin which glues the fibers
together and prevents them of swelling as well as fungal decay. The term com-
pound middle lamella can be also found in the literature, since single fibrils may
cross the ML.

The primary wall is the first formed cell wall layer and has a thickness of about
0.1 pm. The amount of cellulose is limited, which is embedded in a matrix of hemi-
celluloses and pectin. The outer surface consists of loose aggregation of microfib-
rils, which are oriented more or less transverse to the longitudinal direction of the
fiber. The arrangement of the fibrils is in thin crossing layers to allow the growth of

a cell.

The narrow S1 wall is the first formed layer of the stiff secondary wall with a
thickness from 0.12 to 0.35 um and a crossed fibrillar texture which provides com-
pression resistance. The microfibrils are helically arranged with an orientation from
50° to 70° relative to the cell axis. The S2 is the thickest layer (2-5um) and has a
lamellar structure. The microfibrils are oriented with a high degree of parallelism
and the angle varies from 10° to 30°. Up to 90% of the bulk of cell wall material
is embedded in this layer. Thus, it contributes predominantly to the physical and

mechanical properties of a fiber. The S3 wall is only present in parenchyma cells.

The tertiary wall is the last fibrillar layer of a fiber (0.1-0.14 pm) and separates
the cell wall from the lumen. The fibrils are arranged in spiral patterns along the
cell axis with an angle between 60° and 90°. This layer consists of a higher con-
centration of nonstructural substances. Sometimes, the luminal surface is covered

with warts.
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2.2 Anatomy of the cell wall structure

Figure 2.6 Model of the cell wall structure of wood fibers. ML = middle lamella, P =
primary wall, S1 = secondary wall 1, S2 = secondary wall 2, S3 = secondary
wall 3, W = wart layer (adopted from Smook 1982 labels are replotted).

The amount of the main components varies between the different cell wall lay-
ers (Luce 1964; Meier and Wilkie 1959). The ML and P wall consist mainly of
lignin, due to its function as a glue between single fibers. Nevertheless, the highest
amount of each chemical compound is located in the secondary wall, since it is the
thickest cell wall layer. Figure 2.7 shows the chemical composition in the cell wall

layers of a softwood fiber.

2.2.1 Molecular models of the cell wall ultrastructure

Looking at the internal cell wall structure of wood fibers, polyoses are connected
with cellulose (Akerholm and Salmén 2001; Atalla et al. 1993; Uhlin et al. 1995)
but also with lignin forming LCCs. Studies via polarized infrared spectroscopy or
electron microscopy observed longitudinal orientation of xylan molecules to the
cellulose fibrils (Liang et al. 1960; Meier and Welck 1965; Ruel et al. 1976) with a
lammellar arrangement (Kerr and Goring 1975). Therefore, polyoses are considered
to act as a link between celulose and lignin in the supramolecular structure (Fengel
et al. 1978). Several models are proposed in the literature to describe the molec-
ular structure and association of the components within the cell wall. Figure 2.8
represents the model proposed by Fengel (1970), which shows the fibrillar units of
cellulose enclosed by polyoses and lignin. The model from Kerr and Goring (1975)
considers, that matrices of cellulose and hemicelluloses are partly surrounded in
the radial and tangential direction by blocks of lignin and polyoses. However, both
models take a close contact of polyoses with celluloses and lignin into considera-
tion. The model proposed by Lawoko et al. (2005) depicts the association of the cell
wall components, especially lignin, glucomannan, and xylan between two cellulose
fibrils, as shown in Figure 2.9.
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2.3 Xylan

As mentioned in section 2.1.2, xylan is the second most abundant polysaccharide
in higher plants and wood. Chemical pulping is the predominant procedure to
provide fibers for the production of paper. During the chemical attack, xylan un-
dergoes several reactions, resulting in dissolution, degradation, and changes in the
chemical structure. This affects the solubility of the molecule but also its behavior
for redeposition and precipitation/adsorption on the fiber surface.

2.3.1 Reactions of xylan during chemical pulping

The main purpose of chemical pulping is the removal of the lignin-rich middle
lamella and lignin from the different cell wall layers of the fiber. The decompo-
sition of the middle lamella results in separation of the fibers from the composite
without the need of mechanical disintegration (Sixta 2006). Due to the existence
of LCCs and the nonselective removal of lignin during chemical pulping, carbohy-
drates, such as glucan, xylan, or mannan, are getting dissolved and degraded in
the cooking liquor. Chemical pulping mainly differs in the chemical environment
and the pH, alkaline or acid (Gullichsen and Paulapuro 2000; Sixta 2006).

2.3.1.1 Alkaline environment

Sulfate or kraft pulping is the most common procedure, taking place in a strong alka-
line environment. The decomposition and removal of lignin starts from the lumen
in direction to the fiber surface, resulting in a complete and intact primary layer of
the fiber (Bachner et al. 1993; Gullichsen and Paulapuro 2000). However, consider-
able reactions of hemicelluloses occur, resulting in a large loss in yield.

The dissolution rate of carbohydrates, i.e. mostly xylose, increases at elevated
temperature (above 140°C) during the heating-up period and reaches a maximum
concentration at the end of this period, usually around 160-170°C (Axelsson et al.
1962; Simonson 1963, 1965). Further carbohydrates, such as mannose as well as
small amounts of galactose and arabinose residues can be found in the warm-up
phase (Simonson 1965). Compared to xylose, the dissolution of mannose takes
place faster (Sjostrom 1977) and the rapid removal even starts at temperatures be-
low 100°C (Wigell et al. 2007). Moreover, Sjostrom (1977) detected a ratio of the
removal of lignin:nonlignin material of 1:3 for pine in this stage. In addition, a
reduction in crystallinity of cellulose as well as a loss of disordered cellulose can
be detected in the early stage of pulping (Newman et al. 1993). During the bulk
phase, where cooking proceeds at constant temperature, alkaline degradation pre-
dominates, than dissolution, resulting in a decrease in the degree of polymerization
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and chemical changes due to hydrolysis and peeling reactions (Simonson 1971a).
This can be forced by higher alkali concentration (Berggren et al. 2003; Simao et al.
2005b). Different values for the decrease in the DP of xylan can be found in liter-
ature, depending on the source and the conditions during cooking: e.g. 160 to 40
(Axelsson et al. 1962), 130 to 80-90 (Croon and Enstrom 1962), or 119 to 70 (Meier
1962). Saarnio and Gustafsson (1953) recognized a stronger resistance of dissolved
pentosans (xylan) against the chemical attack in a kraft cook, than hexosans (man-
nan) which is in conformity with the findings of Simonson (1963) and McIntosh
(1963).

Besides dissolution and lowering the DP, splitting off and converting of side
groups occur as well, changing the chemical structure of the molecule. Most of
MeGlcA side groups are removed and transformed to hexuronic acid (HexA) resi-
dues by -elimination (Buchert et al. 1995; Casebier and Hamilton 1967; Croon
and Enstrom 1961; Hansson and Hartler 1968; Johansson and Samuelson 1977; Lis-
boa et al. 2005; Meier 1962; Simonson 1971a). The incomplete removal of MeGIcA
groups is caused by the consumption of alkali, as cooking proceeds (Clayton 1963;
Croon and Enstrom 1961). Siméo et al. (2005a) found that around 87% of the dis-
solved MeGIcA was converted to HexA for Eucalyptus globulus, whereas for Scott
pine, the loss of uronic acid groups was 60-70% (Croon and Enstrom 1962). The
formation of HexA is stronger activated at higher temperatures and alkali charge
(Buchert et al. 1995; Simao et al. 2005b). However, the amount of MeGIcA and
HexA are higher for dissolved xylans than in pulp (Danielsson et al. 2006).

On the other hand, arabinose substitutes in the C3 position exhibit a resistance to
peeling reactions and make the molecule stable in an alkaline environment (Aurell
and Hartler 1965; Buchert et al. 1995). Galactose residues in cooking liquor possess
a comparatively greater resistance to peeling (Bhaskaran and von Koeppen 1970).
As hardwood xylans consist of a small portion of rhamnose and galacturonic acid,
it was found that especially the (1,2)-linkage between these substitutes show a re-
tarding effect against degradation after isomerization of the reducing xylose group
(Johansson and Samuelson 1977). At the end of cook, mostly dissolved xylan can
be detected in the liquor, due to its stability (Gellerstedt and Lindfors 1984).

Extensive modifications of dissolved xylan in the cooking liquor, changes of the
chemical composition of the fibers, and a reduction of the alkali concentration of
the cooking liquor result in resorption (or "retake") of part of the xylan on the fibers
increasing the yield (Hansson and Hartler 1968; Jansson and Brannvall 2011; Klein-
ert 1966; Meller 1965; Wikstrom 1967). The amount of resorbed xylan in birch kraft
pulps is estimated to represent 5-10% of the total xylan in pulp (Axelsson et al.
1962) or about 3% of the pulp (Clayton and Stone 1963). For pine kraft pulps, the
amount has been claimed to be much higher and half of the xylan featured in pine
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kraft pulp has been relocated (Yllner and Enstrom 1957). However, this value for
pine kraft pulps is estimated to be too high (Meller 1965).

2.3.1.2 Acidic environment

Sulfite pulping is carried out in an acidic environment. Under acidic conditions,
lignin becomes sulfonated making it hydrophilic and able to dissolve in the cook-
ing liquor (Gullichsen and Paulapuro 2000). However, the higher removal of hemi-
celluloses in an acidic environment, except for galactoglucomannan, is the main
disadvantage for this process, resulting in lower strength properties of paper as
well (Sixta 2006).

The dissolution of hemicelluloses and other organic components from spruce
starts in the early stage at temperatures around 100 °C (Eriksson and Samuelson
1962). The heterogeneous acid hydrolysis leads to a cleavage of glycosidic link-
ages, with the result that hemicelluloses and their DP are degraded more rapidly
than cellulose. Arabinofuranosidic bonds are cleaved at the beginning of the sulfite
cook, whereas glucuronic acid side groups retard hydrolysis (Meier 1962). He also
observed that uronic acid remains nearly constant in spruce pulp, but will decrease
when raising the pH, as it is the case for bisulfite pulping (Sjostrom and Enstrom
1967). The removal of birch xylan was found to be more selective at yields below
50% (Pettersson and Rydholm 1961).

2.3.2 Xylan adsorption

During delignification, lignin and a part of the xylan is simultaneously dissolved
in the cooking liquor. It is of great interest to decrease the dissolution of xylan and
other carbohydrates in order to increase the yield after pulping but also to improve
the properties of the fibers, e.g. strength characteristics (see section 2.3.5.2). YlI-
ner and Enstrom (1956) for example showed, that cotton fibers, exposed to cooking
liquor from birch sulfate, can take up part of the dissolved xylan. Under similar
conditions, compared to cooking, cotton linters take up more xylan than CTMP!
from spruce (Henriksson and Gatenholm 2002). In the following sections, the influ-
ence of several parameters on the adsorption/precipitation of xylan on the surface
of cellulose fibers will be discussed in more detail.

2.3.2.1 Influence of temperature and time

The temperature has a strong influence on adsorption which is generally enhanced
with increasing temperature (Ban and van Heiningen 2011; Clayton and Phelps

1 Chemithermomechanical pulp
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1965; Eriksson et al. 1963; Hansson 1970b; Hartler and Lund 1962; Henriksson and
Gatenholm 2001; Kohnke and Gatenholm 2007; Linder et al. 2003; Mitikka-Eklund
1996; Ribe 2010; Silva et al. 2011; Yllner and Enstrom 1957). The adsorption of xylan
onto cellulosic surfaces at room temperature was found to be very slow (Strom et al.
1982) and an eugqilibrium was not even reached after 25 hours (Eriksson et al. 1963).
At temperatures between 110-170°C, the sorption rate was highest at the beginning
(after 10 min) and slowed down after 20 min (Hansson 1970b). At those tempera-
tures, adsorption occurred more rapidly. Nevertheless, the highest amount of xy-
lan was reached at the highest temperature and longest time (Hansson 1970b; Silva
et al. 2011). The energy of activation was calculated to be 4.4 kcal/mol, meaning
that it is more a physical process than chemisorption (Hansson 1970b). Moreover,
Hansson and Hartler (1969) observed that approximately 70% of xylan adsorbed
irreversible at 170°C onto cotton fibers, when treating with 10% of sodium hydrox-
ide solution at room temperature. Surewicz (1962) and Yllner and Enstrom (1956)

obtained a lower amount of irreversible adsorption of xylan.

Many of the adsorption experiments described in the literature were performed
under alkaline conditions, which can result in degradation and chemical changes
of the xylan reducing the solubility and favoring precipitation (Hartler and Lund
1962; Mitikka-Eklund 1996) but also aggregation of xylan molecules resulting in
xylan assembly on cellulose surfaces (Linder et al. 2003). A higher temperature
can also lead to degradation (Mitikka-Eklund 1996). The most likely reason is pro-
posed, that with increasing temperature the water molecules surrounding the num-
ber of xylan molecules is decreasing (dehydration of the xylan), forcing an increase
in sorption. Hydrogen bonds between water molecules and xylan molecules could
retard a close contact between xylan and cellulose (Hartler and Lund 1962; Mitikka-
Eklund 1996), which is supported by experiments using birch xylan in dimethylsul-
foxide (DMSO) containing various amounts of water (Hansson and Hartler 1969).

2.3.2.2 Influence of the xylan composition

The interaction between xylan and cellulose and therefore the aggregation of xy-
lan on cellulosic surfaces also depends on the molecular weight, side groups of
the xylan molecule, and consequently the origin and extraction method (Hansson
and Hartler 1969; Kabel et al. 2007; Meller 1965). Side groups, especially uronic acid
residues and arabinose have an impact on sorption. A lower amount of substituents
on the xylan backbone is favorable for adsorption (Axelsson et al. 1962; Hansson
and Hartler 1969; Henriksson and Gatenholm 2001; Mitikka-Eklund 1996; Muguet
et al. 2011; Silva et al. 2011; Walker 1965). This has been explained by a lower sol-
ubility (Axelsson et al. 1962; Mitikka-Eklund 1996, Walker 1965), a reduced steric
repulsion between xylan and cellulose (Mitikka-Eklund 1996), dehydration of xy-

22



2.3 Xylan

lan (Hansson and Hartler 1969; Hartler and Lund 1962), and a higher interaction
between xylan molecules (Kabel et al. 2007; Linder et al. 2003).

Kohnke et al. (2011) observed, that not only the amount of side groups is impor-
tant, but also the substitution pattern is influencing the solubility and consequently
the hydrodynamic properties of xylan. The amount of nontilted orientations of
adsorbed short-chained xylans increased significantly with decreasing substituent
pattern (Mazeau and Charlier 2012) possibly allowing crystallization of xylan on
the surface and in the fiber (Marchessault et al. 1967; Marchessault and Sarko 1967;
Meller 1965; Yundt 1951). Moreover, a lower degree of polymerization or molecular
mass has a positive influence on adsorption of xylan (Hansson and Hartler 1969;
Kabel et al. 2007; Mitikka-Eklund 1996; Silva et al. 2011). This could be also due to a
lower amount of substituents of xylan with a low molecular weight. It is shown that
an unsubstituted backbone length of at least 15 xylose residues is needed for ad-
sorption (Kabel et al. 2007). Water soluble xylan had a higher tendency of sorption
onto cellulose with a lower molecular mass (Winter et al. 2006). However, longer
polymers feature a stronger driving force for aggregation, due to a lower reduction
in entropy per unit mass relating to adsorption (Fleer et al. 1993). The accessibility
of the surface is also of great importance for aggregation. It is also suggested, that
lignin residues linked to xylan can both, either promote (Linder et al. 2003; Winter
et al. 2006) or inhibit (Simonson 1971b) adsorption.

2.3.2.3 Influence of cellulosic surfaces

The adsorption of xylan onto cellulose fibers and surfaces greatly depends on the
morphology and nature of the substrate, i.e. surface area, porous structure, swelling
behavior, crystallinity, and chemical composition (Clayton and Stone 1963; Hans-
son 1970b; Hansson and Hartler 1969; Mitikka-Eklund 1996; Yllner and Enstrom
1956).

It was obtained, that raw cotton and purified cotton linters adsorbed twice as
much xylan as bleached and cold alkaline purified sulfite pulp from spruce (YII-
ner and Enstrom 1956). An increased surface area of cotton fibers by beating leads
to a larger adsorption, which correlates with the swelling behavior of the fibers
(Hansson and Hartler 1969). Moreover, lowering the degree of polymerization by
acid hydrolysis, which is supposed to attack in the amorphous regions and con-
sequently increase the crystallinity of the cotton fibers had a positive impact on
adsorption. This could be also a result of a more open fiber structure due to acid
hydrolysis. The effect that a higher surface area supports xylan adsorption was also
observed by Linder and Gatenholm (2004). According to Newman et al. (1993),
an increased degree of crystallinity should have a higher possibility of resorption,

since part of disordered cellulose is removed in the early stage of the cook.
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Mitikka-Eklund (1996) obtained, that aggregation of xylan occurs more exten-
sively on kraft pulp than on cotton fibers which was explained by the different ac-
cessible surfaces as well as the degree of crystallinity. Furthermore, xylan seemed
to adsorb in a lager quantity on bleached pulp than unbleached pulp, which is in
accordance with Clayton (1963). This was partly discussed by the the lower lignin
content and a lower amount of negative charges of the bleached fibers. The lignin
content but also the amount of hemicelluloses of the fibers have an influence on
adsorption. The affinity between cellulose and hemicelluloses is indicated to be
larger than between hemicelluloses and lignin. Mora et al. (1986) observed a higher
affinity to retake solubilized xylan on cellulose microfibrils which contain a certain
amount of unextracted xylan, while Hansson and Hartler (1969) noticed a lower

adsorption of xylan, when cotton fibers already contain glucomannan.

2.3.2.4 Influence of the pH and the ionic strength

A decrease of the pH from a strong alkaline level to a neutral environment pro-
motes precipitation of dissolved xylan to a certain extent (Surewicz 1962; Wikstrom
1967). During kraft cooking, the alkali is consumed to a large extent, leading to
a lowered pH at the end of the cook. This favors xylan adsorption on cellulose
fibers (Aurell 1963; Hansson and Hartler 1969; Yllner and Enstrom 1957). How-
ever, Aurell (1963) observed an undesirable redeposition of dissolved lignin onto
the pulp fibers by a reduction of the pH from 13.1 to lower than 12.5. Depending
on the effective alkali at the end of the cook a yield increase of 1-2% by xylan can
be achieved after kraft cooking (Aurell 1963, 1965). Adsorption treatments taking
place already in these conditions (pH between 2-11) resulted in the attachment of
hemicellulose/xylan only to a small extent (Eriksson et al. 1963; Henriksson and
Gatenholm 2001). Nevertheless, the adsorption behavior was stronger at lower pH
values (Eriksson et al. 1963).

The adsorption of xylan by reducing the pH is discussed as the decrease in sol-
ubility (Hansson and Hartler 1969; Mitikka-Eklund 1996; Yllner and Enstrom 1957)
and a decrease in electrostatic repulsion between the hydroxyl and carboxyl groups
(Kohnke and Gatenholm 2007; Mitikka-Eklund 1996). The pKa value of hexuronic
acid (3.03) and 4-O-methylglucuronic acid (3.14) (Teleman et al. 1995) is in gen-
eral lower than of hydroxyl groups (14 at 25°C) (Sjostrom 1989). This means that
carboxyl groups are stronger acidic groups and only protonated in a strong acidic

environment.

To compensate or diminish electrostatic repulsion between hydroxyl and car-
boxyl groups of xylan and hydroxyl groups of cellulose, the ionic strength should
be increased (Mitikka-Eklund 1996; Strom et al. 1982) resulting in a reduction in the
surrounding water layer and shielding of the charges. Thus, an intimate contact be-
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tween cellulose and xylan is possible. Moreover, a higher ionic strength results in
the formation of clusters which can adsorb on cellulose forming patches (Tammelin
et al. 2009). A higher ionic strength leads to more a coiled conformation polymer
chains, thus resulting in a higher packing of polymers. On the other hand, the
adsorption of highly cationized barley husk xylan decreased with increasing salt
concentration possessing also a nonelectrostatic cellulose surface affinity (Kohnke
et al. 2009).

2.3.2.5 Influence of the xylan concentration

Adsorption of xylan is also driven by its concentration in the liquid phase. Surewicz
(1962) noticed a stronger retake of organic substances from the cooking liquor onto
cotton at a higher concentration of these substances in the liquor. Similar obser-
vations were made by Eriksson et al. (1963) and Hansson and Hartler (1969). The
lower take up of pine xylan than birch xylan onto cotton fibers was explained by
the higher degree of substitution (Hansson and Hartler 1969). Strom et al. (1982)
recognized an increased amount of adsorbed xylan by a larger dosage of pine xy-
lan on sulfite pulp as well. Besides the xylan concentration, the ratio between the
cellulose substrate and xylan is also of great importance for a sufficient attachment
of xylan (Ban and van Heiningen 2011).

2.3.3 Mechanism(s) of xylan deposition

Xylan adsorption has been distinguished as a very slow physical process involving
Van der Waals forces and hydrogen bonds as driving forces between the hydroxyl
groups of cellulose and xylan (Clayton and Phelps 1965; Danielsson and Lindstrom
2005; Hansson 1970a; Ribe 2010; Strom et al. 1982). Russo (1959) considered four
steps, taking place during the assembly of hemicelluloses onto cellulose surfaces:
1) diffusion or transport of the polysaccharide through the solution to the fiber
surface, 2) adsorption at the fiber surface, 3) diffusion of the sorbed molecules into
the fibers, and 4) the reverse of steps 1 to 3.

The energy of activation for xylan adsorption was calculated to be 4.4 kcal/mol
onto cotton (Hansson 1970a) and 6 kcal/mol onto «-cellulose (Clayton and Phelps
1965) suggesting that it is a physical process. A as possible reason for the slow
adsorption it has been claimed that molecules are retarded from diffusion into the
fiber wall (Clayton and Phelps 1965; Hansson 1970a; Strom et al. 1982). The slow
adsorption behavior was also obtained onto smooth cellulosic surfaces (Claesson
et al. 1995; Neuman et al. 1993; Osterberg et al. 2001). This adsorption behavior
behavior has been explained to be due to the polydispersity of xylan and the surface
charges of cellulose and xylan which have the same sign. Thus, a depletion layer
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could surround the surfaces reducing the rate of adsorption. Moreover, higher
electrostatic repulsion could occur.

The role of strong hydrogen bonding as the driving force for the assembly of xy-
lan onto cellulosic microfibrils has been demonstrated by Mora et al. (1986). How-
ever, the formation of hydrogen bonds between cellulose and xylan in aqueous
solution as the main mechanism has been questioned. Paananen et al. (2004) sug-
gested that the crucial factor of xylan adsorption is a combination of the inherent
entropy increase and weak Van der Waals attraction. The entropy increase is as-
sociated with the release of solvent molecules when polymers are adsorbed. The
reason for this behavior was considered from results by QCM-D. If only hydrogen
bonding is the driving force, the adsorbed layer would be flat and not swollen.

Based on the tendency of xylan to self-associate (Blake and Richards 1971; Saake
et al. 2001) Linder et al. (2003) suggest xylan exists in aqueous solutions as dis-
solved single molecules and aggregated structures in the colloidal size range driven
by interactions between unsubstituted regions of the backbone and by hydropho-
bic attraction due to residual lignin linked to xylan. This mechanism, including
adsorption and precipitation, may be highly relevant in systems with low solubil-
ity of xylan.

Native cellulose is organized along a two-fold helical system, whereas the crys-

talline conformation of xylan possesses a three-fold helical system (Almond and

Sheehan 2003; Nieduszynski and Marchessault 1971; Rees 1977; Teleman et al. 1995).

CP/MAS BC NMR spectra confirmed that in the presence of cellulose xylan is able
to adapt itself into a conformation different from the one present in its isolated state
or in solution (Larsson et al. 1999; Liitid et al. 2003; Mitikka-Eklund 1996; Teleman
et al. 2001; Tenkanen et al. 2000). This has also been demonstrated by molecular
dynamic modeling (Leeflang et al. 2006; Mazeau and Charlier 2012). Further, the
intra- and inter-chain cooperative hydrogen bonding pattern is suppressed when
the C5 is substituted with hydrogen instead of a hydroxymethyl group as in celu-
lose. Thus, the xylan molecule is becoming more flexible and capable of forming
flat ribbon-like structures (Atkins 1992).

Xylan adsorption or precipitation on cellulose is considered to be an irreversible
process, since only small amounts are removed by washing (Eriksson et al. 1963) or
dilution (Paananen et al. 2004). Alkaline conditions on the other hand increase the
extent and rate of desorption at high temperature (Hansson and Hartler 1969). The
conditions during chemical pulping result in dissolution and degradation of xylan.
This was explained as the reason for a higher resistance of adsorbed xylan than na-
tive xylan against acidic and alkaline environment due to a more physically well-
ordered structure (Hartler and Lund 1962; Yllner and Enstrom 1957). Dahlman
et al. (2003) obtained that adsorbed xylan from black liquor onto softwood kraft

1 Quartz crystal microbalance with dissipation monitoring
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pulp even remained after oxygen delignification and ECF! bleaching. A removal of
adsorbed xylan can be performed by xylanases (Schonberg et al. 2001). Neverthe-
less, this is strongly limited by the porous structure of the fiber wall and the degree
of crystallization of adsorbed xylan (Mitikka-Eklund 1996).

2.3.4 Location of adsorbed xylan

Adsorbed or resorbed xylan from cooking liquor is located predominantly on the
cellulose surface, but small aggregates and molecules may be able to penetrate
or diffuse into the pores of the fiber wall and absorb on the internal fiber wall.
Mitikka-Eklund (1996) analyzed the chemical composition of bleached pine kraft
fibers after adsorption of xylan by X-ray photoelectron spectroscopy (or electron
spectroscopy for chemical analysis). The results indicate that the surface was en-
riched with additional xylan but adsorption could also occur throughout the fiber
wall. This is in agreement with Linder and Gatenholm (2004) who visualized glu-
curonoxylan on dissolving pulp by immunolabeling in combination with confocal
laser microscopy. These findings were explained by the fact that only part of the
adsorbed xylan could be liberated by xylanases, which acts most probably only on
the outer fiber surface. Suumakki et al. (1995) studied the distribution of xylan on
the outer surface by mechanical peeling. They obtained an increased adsorption
(or resorption) of xylan on the outer surface during birch kraft pulping, whereas
during pine kraft pulping the surface material exhibited a similar xylan content
than the whole fiber which is in in accordance with Dahlman et al. (2003). They
observed that xylan adsorbs primarily on the outer fiber surface.

Henriksson and Gatenholm (2001, 2002) observed an inhomogeneous and un-
even distribution of bump-like particles with a size of about 0.1 um on cotton lin-
ters and CTMP by scanning electron microscopy. By analyzing the contact angle of
a water droplet on the fiber surface, they concluded that adsorbed xylan is nonuni-
formly distributed. Linder et al. (2003) noticed aggregates in the colloidal size range

on bacterial cellulose after treatment with xylan, which grow with increasing time.

2.3.5 Influence of xylan and other hemicelluloses on pulp and paper
properties

Hemicelluloses have an influence on the properties of pulp and paper. By changing
the amount of xylan due to chemical pulping, bleaching, or enzymatic extraction,
characteristic fiber properties, such as swelling, specific surface area, wet flexibil-
ity, and stiffness are affected. This also has consequences and influences on the

mechanical strength performance of the paper.

1 Elemental chlorine free
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Figure 2.10 Model of the swelling process in direction A—D of the cell wall, according
to Scallan (1974) (adopted from Lindstrom and Carlsson 1982a).

2.3.5.1 Fiber swelling and hornification

The cell walls of fibers consist of amorphous regions and gel layers of carbohy-
drates and lignin. These areas are able to take up water resulting in an increased
cell wall thickness, also known as swelling. A model of the swelling process of the
cell wall is illustrated in Figure 2.10. This behavior is influenced by the chemical
composition of the fibers and by the pore volume and the pore size distribution in
the cell wall. In addition, the way the fibers have been treated during pulping and
bleaching, and in the process chain of papermaking, especially during wet pressing
and drying, and further aging is affecting the swelling behavior. Fiber swelling is
usually determined by the fiber saturation point, but most commonly by the water
retention value (WRV). Rewetting of once-dried or multiple-dried fibers (recycled
fibers) always show a lower capacity of re-taking water due to irreversible submor-
phological changes in the fiber wall, compared to the never-dried fibers (Back 1967;
Lindstrom and Carlsson 1982a; Paavilainen 1993; Weise and Paulapuro 1999). This
phenomenon is characterized as hornification and described as the loss in WRV.

Pulping has a strong influence on the porous structure of the fibers, which is
increased due to the removal of lignin and LCCs. From that point, pores and the
spaces between lamellae start to shrink and the ability of binding water in the cell
wall layers is reduced (Stone and Scallan 1967). The pulping method itself also
has an influence and by comparing pulps at similar yields the swelling behavior
of sulfite and sulfate pulp was observed to be different (Stone and Scallan 1968).
Oksanen et al. (1997) reported a loss in the total pore volume due to a selective
enzymatic removal of accessible xylan, but also glucomannan. The pore volume

correlates with the fiber saturation point (Wang et al. 2003). Pulping also leads to
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irreversible bond formation or crosslinking as cooking proceeds (Klungness and
Caulfield 1982). Since lignin and hemicelluloses are being removed during pulp-
ing and bleaching, the content of acidic groups (e.g. carboxylic acid) is decreasing
(Lindstrom and Carlsson 1982b).

Moreover, the chemical environment (e.g. pH, electrolyte concentration, and
valency of the counterion) has an impact on fiber swelling (Lindstrom and Carlsson
1982b). With increasing pH, acidic groups in the cell wall are ionized leading to
electrostatic repulsion within the cell wall and the fiber can take up more water. In
deionized water, sulfate pulp has a pronounced maximum in WRV between pH 9
and pH 10, whereas sulfite pulp shows a plateau between pH 5 and pH 9 at yields
between 52% and 65% which is related to the dissociation of the sulfonate groups.
In case of unbleached sulfate pulp, phenolic groups are also dissociated, due to the
swelling maximum at higher pH-values. Lowering the pH, acidic groups will be
protonated and the fiber shrinks by lowering repulsion effects within the cell wall.
Upon increase in the electrolyte concentration, ionized groups in the fiber wall are
shielded and the ability of taking up water is reduced. Also at higher pH-values,
sodium hydroxide acts as an electrolyte and shields the charged groups. Adding
ions with higher valency, this effect is more pronounced.

Drying is a major procedure in papermaking which also leads to irreversible
bonding between the microfibrils in cellulose molecules forming macrofibrils (Wang
et al. 2003). The result is a lower swelling behavior of the fiber affecting the sheet
density and tensile strength of the paper. Wet fiber flexibility is important for pa-
per properties to increase the area of fiber-to-fiber bonds. Haggkvist et al. (1998)
recognized a reduction in pore size and pore size distribution by decreasing the
moisture content, resulting in tighter molecular package of cellulose (Rebuzzi and
Evtuguin 2006). Fernandes Diniz et al. (2004) concluded, that hornification is due
to crosslinking of ester linkages (lacton bridges) between hydroxyl groups and car-

boxylic groups, since hornification can be reduced by alkaline solutions.

Since the (partial) removal of xylan will affect fiber swelling (Moss and Pere
2006), the addition of xylan before paper drying will influence the porosity and
fibers exhibit an increased swelling, specific surface area, and wet fiber flexibility
(Silva et al. 2011). Drying leads in fiber hornification, due to the aggregation of
microfibrils which is measured as the swelling behavior. After drying fibers with
additional xylan feature an improved re-swelling, compared to fibers without ad-
ditional xylan (Kohnke et al. 2010; Ostlund et al. 2010; Rebuzzi and Evtuguin 2006).
On the other hand, glucomannan can prevent the aggregation between microfib-
rils during drying. This leads to the conclusion, that carboxylic groups in xylan do
not have a major role in preventing hornification, these groups are not present in

glucomannan (Oksanen et al. 1997).
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2.3.5.2 Mechanical strength properties of paper

Paper is a complex network of individual fibers, which interact with each other.
The mechanical properties of paper primarily depend on the strength of single
fibers as well as the strength and the number of fiber-fiber joints (Page 1969). A
large number of experimental studies have been performed in the past to take also
the chemical composition of the fibers into account in the discussion of mechanical
strength properties of the fibers, especially the content of hemicelluloses, since they
are associated with the cellulose fibrils. Basically two different approaches can be
found in the literature: (1) the influence of xylan on the mechanical properties of
fibers by removal or extraction via pulping, bleaching, and further extracting meth-
ods; and (2) the impact of xylan on the strength properties by increasing the xylan

content of the fibers due to adsorption.

Ratcliff (1949) bleached pine kraft pulps (Pinus caribaea Morolet) of varying pulp
yields (43.0-66.4%) with acidified sodium chlorite to different yields (41.9-50.5%) to
study the influence of the content of hemicelluloses on pulp properties. The burst
factor and breaking length was higher for the pulps at higher yields, whereas the
tear factor had a maximum at a yield of ~46% at a beating time of 40 min. How-
ever, comparing the pulp samples at the same beating degree, the pulp with the
highest yield showed better strength properties. The tear factor vs. the beating de-
gree was similar for all pulps. By considering the amount of xylan and mannan vs.
the tensile strength, a correlation was not found. Nevertheless, the amount of hemi-
celluloses within the fiber has an impact on the strength properties. Since the pulps
were bleached from and to different yields, structural changes within the fiber wall
may have also an impact on the resulting tensile strength. Pettersson and Rydholm
(1961) found similar correlations as the tensile strength properties of birch kraft
pulp and birch sulfite pulp is reduced by continuing delignification to lower yields
(from 70% down to 30%) and suggest, that the location of the hemicelluloses is
also important. Alkaline extraction of loblolly pine holocellulose (springwood and
summerwood) resulted in a linear correlation between strength properties of indi-
vidual fibers and the amount of xylan (Leopold and McIntosh 1961). The amount
of glucomannan and the DP, respectively, did not show any correlation. This might
be due to the fact, that xylan is located between the fibrils, whereas glucomannan is
embedded more in the internal structure of the fibrils. Therefore, adhesion between
fibrils and further internal strength of a fiber is more affected by xylan. By treating
chips of loblolly pine (springwood and summerwood) under kraft cooking condi-
tions, no direct relationship between the chemical composition and bond strength
of the fibers was found (McIntosh 1963). Nevertheless, the amount of xylan is also
important for the wet flexibility of fibers and therefore it has a positive influence
in preserving properties after recycling, due to a lower hornification tendency (Cao
et al. 1998).
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A removal of larger quantities of hemicelluloses by alkaline extraction, how-
ever, showed a significant reduction in breaking stress of individual summerwood
fibers of longleaf pine holocellulose pulp dried under load and no load (Spiegel-
berg 1966). The modulus of elasticity! (E) was also reduced, especially by drying
under no load. As the amount of hemicelluloses is reduced, cellulose fibrils are
getting closer together forming more rigid linkages, which induce internal stress
within the fiber and lowers the strength properties. Moreover, little alkaline degra-
dation occurred, influencing the mechanical performance of the fibers. For cotton
fibers on the other hand, an increase in breaking strength and E could be found
under the same alkaline extraction conditions, probably due to alkaline swelling

reducing stress in the internal fibrillar structure.

Selective enzymatic removal of hemicelluloses from never-dried bleached soft-
wood kraft pulp suggested a minor reduction in the beatability, but the pulp prop-
erties (tear and tensile index) after refining did not change significantly (Oksanen
et al. 1997). Schonberg et al. (2001) on the other hand have seen an influence of
the xylan content on the z-strength (Scott bond) and the tensile strength. The re-
moval of xylan from mainly softwood kraft pulp before oxygen delignification by
enzymes resulted in higher fiber deformation and lower tensile strength (Rauvanto
et al. 2006). Comparing different bleaching methods, a linear relationship between
the hemicellulose content in the surface layer and the tensile index of unbeaten
long-fibers was noticed, whereas no correlation was observed for the amount of
hemicelluloses in the inner layers of the fiber wall (Sjoberg et al. 2004). However,

after beating (6000 revolutions with a PFI mill) these effects disappeared.

As discussed above (section 2.3.5.1), hemicelluloses play an important role in
the behavior of the swelling tendency of the fiber (Laine and Stenius 1997). Xylan
consist of a portion of uronic acid groups. The introduction of charges within the
fiber wall and on the fiber surface by such functional groups affects the swelling
behavior of the fiber and increases the wet fiber flexibility during sheet formation.
Therefore, a higher area in molecular contact during sheet formation is possible
resulting in higher strength properties (Walker 1965). Torgnysdotter and Wagberg
(2003) or Weber et al. (2013) found, that charges on the surface are important for
the bonding strength of viscose fibers, probably due to the softening of the fiber
surface. By increasing the surface charge of the fibers, stronger coulomb forces can
be developed by adding cations between negatively charged fibers. In addition,

the resistance against beating is reduced (e.g. Contela and Borruso 1967).

The addition of kraft and sulfite hemicelluloses, extracted from pulps, to the
beater had an influence on the strength properties of the paper. However, the
paper strength at comparable chemical composition could not be restored by ad-
sorption of hemicelluloses and is the least efficient way to increase the amount of

1 Young’s modulus
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hemicelluloses of pulp fibers (Pettersson and Rydholm 1961). Besides the role of
improving fiber swelling and changing the hydrodynamics at the beater rolls (also
Aurell 1965), they attributed a third function to hemicelluloses, which is a glueing
effect. The addition of xylan and modified galactomannans, respectively, to various
pulp samples resulted in improved strength properties of the paper, such as ten-
sile index and z-strength (Hannuksela et al. 2004; Schonberg et al. 2001; Suurnakki
etal. 2003). Similar effects were found by adding hardwood hexenuronoxylan from
black liquors to softwood kraft pulp fibers prior to and following oxygen delignifi-
cation and ECF bleachnig (Dahlman et al. 2003), leading to higher tensile and tear
strength as well as z-strength and sheet density at the same refining intensity (rev-
olution). By comparing the strength properties vs. the beating degree, the oxygen
bleached pulp had the highest values at a beating degree above 16 SR. The pulps
with a higher amount of xylan showed slightly higher values. By comparing the
tensile index vs. beating degree, the unbleached pulp had the best performance, but
a similar tensile index was reached by the pulp with a higher and a lower amount
of xylan. A likewise tendency was seen by Kohnke and Gatenholm (2007). When
the tensile strength is represented at the same refining intensity, improved physical
properties of the pulp could be noticed (Kthnke et al. 2008).

On the other hand, cationic xylan, as a retention additive was found to improve
paper strength, but also increases the refining resistance to reach the same beating
degree (Antal et al. 1997, 1991; Ren et al. 2009). The improvement is also dependent
on the degree of substitution of those xylans and on the pulp itself, as the impact
was larger for sulfate pulp, than sulfite (Schwikal et al. 2011). In addition, xyloglu-
cans increased tensile strength after more than 20 hours of adsorption (Christiernin
et al. 2003) or when added after refining as wet-end additive (Lima et al. 2003).

2.4 Bonding mechanisms within paper

As mentioned before (s. 2.3.5.2), the mechanical strength properties of paper pri-
marily depends on the strength of single fibers as well as the strength and the
number of fiber-fiber joints (McIntosh 1963; Page 1969; Torgnysdotter and Wagberg
2003). According to Lindstrom et al. (2005), five different bonding mechanisms oc-
cur within the area in molecular contact of single fibers, as shown in Figure 2.11.

Hydrogen bonding is the most known and over the last centuries most proposed
boding mechanism within paper. The surfaces of cellulose and hemicelluloses ex-
hibit hydroxyl groups, and hemicelluloses also have carboxylic acid groups. These
functional groups are able to interact with each other, forming hydrogen bonds.
The bonding energy of hydrogen bonds in carbohydrates is about 17-63 kJ /mol.
Van der Waals forces are the results of attractive or repulsive interactions between

molecules or parts of the same molecule, due to induced dipols (Askeland et al.
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Figure 2.11 Bonding mechanisms between single fibers (according to Lindstrom et al.
2005).

2011). They can be found between two permanent dipoles (Keesom force), a per-
manent dipole and a corresponding induced dipole (Debye force), and two instan-
taneously induced dipoles (London dispersion force). The binding energy of a Van
der Waals force is up to 5kJ/mol and therefore relatively weak. However, Van der
Waals interactions define a lot of properties of organic molecules, especially their
solubility or the boiling point. Mechanical interlocking is generated due to the rough
and rather soft fiber surface and the mechanical entanglement of the fibril on the
surface of the fibers. Coulomb force is caused by permanent negative and positive
charges on the fiber surface between two adjacent fibers, resulting in electrostatic
interaction. Single molecules can also migrate from one surface to the opposite in-
terface leading to the formation of linkages, which increase the adhesion between
both surfaces and is referred to as interdiffusion. Persson et al. (2013) investigated
the adhesion of cellulose fibers in paper and added a sixth bonding mechanism
between single fibers, which are capillary bridges. This is illustrated in Figure 2.12.
When producing paper, fibers are in a wet and swollen state. As the water is re-
moved from the suspension a fiber mat is formed, but the fibers are still covered by
a water film. The continuous removal of water during drying results in a continu-
ously decreasing of the thickness of the water film and the formation of capillary
bridges. The capillary adhesion can be determined by the Laplace pressure which
is defined by the air-water surface tension and the two radii of curvature in the
meniscus. When the distance between two surfaces is low and the area of a cap-
illary bridge is large, strong forces can occur. Since paper has a water content of

about 6%, this mechanism may also have an influence on the strength of paper.
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Figure 2.12 Schematic diagram of a capillary bridge between two adjacent fibers. The
fluid surface in the (xz) plane is a segment of a circle (with a radius rx) and
the surface separation (Kelvin length), where dx = dy + dy = ri(cosfy + costs)
and 67 and 6; are the water contact angles on the fibers 1 and 2, according to
Persson et al. (2013).
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3.1 Characterization of the pulp samples

Different pulp samples have been used for the adsorption/precipitation of xylan
to evaluate the impact of the xylan content on physical properties of the pulp and
paper handsheets. The pulp samples were:

e bleached, once-dried, and unrefined sulfite pulp (SPB), a mixture of
spruce and beech,

e bleached, once-dried, and unrefined softwood kraft pulp (SKPB), a mix-
ture of spruce and pine,

e two unbleached, never-dried, and unrefined softwood kraft pulps (SKPUBs)

with a Kappa number of 53 and 42, a mixture of spruce and pine, and

e viscose fibers (VFs) with a flat cross-section, a fiber length of 6 mm, and
a titer of 9 dtex.

The standard pulp for the experiments was the bleached softwood kraft pulp. This
pulp was used, to study the adsorption behavior of xylan, the distribution of aggre-
gated xylan on the fiber, and the influence of xylan on strength properties of hand-
sheets. The other pulp samples were used to compare the influence of additional
xylan on their strength properties. The pulp samples were analyzed regarding the
following characteristics:

e Chemical composition (polysaccharides) of the pulp samples
- High-pressure liquid chromatography (HPLC)

— 'H nuclear magnetic resonance (NMR) spectroscopy

Lignin content
- Acid-insoluble lignin (Klason lignin), T 222 om-11
- Acid-soluble lignin, Tappi Method UM 250, 1985
- Kappa number, ISO 302:2004

Solvent extractives, T 204 cm-07

Macromolecular chain length by measuring the solution viscosity, T 230
om-82

Metals

Carbonyl content, Copper number, T 215 m-50

3.2 Composition of the xylan samples

The influence of two different xylans were investigated on their behavior to ad-

sorb/precipitate on pulp fibers to investigate their impact on pulp and paper prop-



3.3 Adsorption experiments

Table 3.1 Molecular weight and chemical composition of the used xylans. MeGIcA =
methylglucuronic acid, Ara = arabinose, Gal = galactose, Glu = glucose,
Man = mannose, Rha = rhamnose, and Xyl = xylose.

Molecular weight, Chemical composition,
kg/mol %
Sample M1 M2 MeGlcA Ara Gal Glu Man Rha Xyl total
X1 4.6 5.6 4.8 01 00 08 04 00 906 967
X2 9.0 17.6 3.7 00 04 02 00 00 894 939

1 2

number average weight average

erties. Both samples were provided in powder form and characterized at Lenzing
AG. One xylan was extracted from a beech sulfite dissolving pulp and will be de-
noted by xylan 1 (X;). The other xylan was extracted from eucalyptus kraft pulp
and will be denoted by xylan 2 (X;). The xylan samples differed in their molecular
weight as well as their chemical composition, as presented in Table 3.1.

The molecular weight was determined by size exclusion chromatography. The
molecular weight (weight average, M) of X; (17.9kDa) was almost twice as high
as that of X; (9.0kDa). Differences were also found in their chemical composi-
tion which was analyzed by gas chromatography after depolimerization via acid
methanolysis. The amount of xylose was 90.6% for X; and 89.4% for X,. Further,
X1 had a small amount of arabinose (0.1%), glucose (0.8%), and mannose (0.4%),
whereas X, consisted of slight amounts of galactose (0.4%) and glucose (0.2%). The
small content of glucose of both xylans might be due to the alkaline treatment pro-
cessing which most likely degraded and therefore short-chained cellulose in the
liquor as well. In the following washing steps, where the pH is significantly low-
ered, these cellulose molecules are again able to precipitate and deposit with the xy-
lan. A larger difference between both xylans can be seen in their content of uronic
adic residued (MeGlcA) of about 4.8% (X;), compared to 3.7% (X2).

3.3 Adsorption experiments

For the investigation of the interaction between cellulose and xylan, six variables
(temperature, pH, ionic strength, pulp consistency, xylan input (concentration), and
time) were evaluated with regard to the adsorption/precipitation of the two xylans
onto bleached softwood kraft pulp fibers (SKPB). The variables were set to the val-
ues, as shown in Table 3.2.
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3.3 Adsorption experiments

Table 3.2 Set values of the six variables investigated regarding their influence on adsorp-

tion.
Variable Unit Value
Ionic strength I mol/L 025,1,2
pH 7.0,10.0,12.6
Pulp consistency C % 1.0,2.5,5.0,10.0
Temperature 6 °C 40, 80, 140
Time t h 05,1,2,3
Xylan input! cx mg/g 80,160,320

1 The amount of xylan in the pulp suspension dur-
ing adsorption was calculated relating to the oven-

dry pulp mass.

3.3.1 Overall process
The experimental work flow was divided into three parts:

1) preparation of the pulp and xylan samples,
2) performing the adsorption experiments at different conditions, and

3) analysis of the chemical composition before and after the treatment
with xylan.

3.3.1.1 Pulp and xylan preparation

Dry SKPB (bale form) soaked in deionized water for at least 4h and disintegrated
for 25 min, according to ISO 5263-2:2004. Afterwards, the pulp was thickened to a
dry content of about 20% and stored in a refrigerator until use.

Xylan was dissolved in 1 mol/L sodium hydroxide (NaOH) and stirred with a
magnetic stirrer for 15min (X;) and 25 min (X;) and heated to about 55°C for disso-
lution. Before use, the solution was cooled to room temperature. Due to the higher
molecular weight of X;, undissolved parts remained in the solvent which could
have an effect on the adsorption of soluble xylan molecules. Higher temperatures
(80°C and 140°C) resulted in a higher dissolution. The temperatures were chosen
to minimize possible chemical changes of the xylan during dissolution.

3.3.1.2 Experimental design

A schematic overview of the experimental design is illustrated in Figure 3.1. After
the pulp and xylans were prepared, the pulp was put into an Erlenmeyer flask (for
temperatures at 40°C and 80°C) or into lab-scale steel autoclaves (for temperature
at 140°C). The amount of sodium chloride (NaCl) was calculated to set the ionic
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Figure 3.1 The overall work flow of the adsorption experiments of the pulp samples and
the chemical analysis.

strength to the given value and was dissolved in deionized water. The amount of
NaOH for the dissolution of xylan and diluted (4% and 1%) sulfuric acid (H,SOj4) to
adjust the final pH, were taken into account in the adjustment of the ionic strength.
The water, including NaCl, was added to the pulp and the suspension was mixed,
in order to separate the fibers. Then, the xylan solution was added to the suspen-
sion and the pH was adjusted by slowly adding H,SOj4 to allow xylan precipitation
preferably on the fiber surface. The final pulp consistency was reached after the
adjustment of the pH. In case of the treatments without the addition of xylan the
same amount of NaOH was added to the pulp suspension and the pH was carefully
adjusted using H»SOj4. The flask was sealed, heated to the desired temperature and
placed in a heated water bath with respect to the heating-up period. For the trials
at 140°C, the autoclaves were sealed and a heater band was placed around them.
After the desired treatment time, the pulp was washed on a wire (100 pm) with
deionized water. This washing step was repeated until the conductivity was below
10 uS/cm to remove free and unbound xylan, but also the ions from the suspen-
sion. Between each washing step, the pulp remained in deionized for about 10 min
for a sufficient ion exchange between the liquid phase and the fiber. Finally, the

samples were dried and the chemical composition was investigated.
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3.4 Chemical analysis

3.4 Chemical analysis

The chemical composition of the pulp samples, before and after treatment with xy-
lan solution, was analyzed by high pressure liquid chromatography and 'H nuclear

magnetic resonance spectroscopy.

3.4.1 Analysis via high pressure liquid chromatography

The technique of high pressure liquid chromatography (HPLC), also known as high
performance liquid chromatography, is a powerful analytic method for separating
components in a mixture, and afterwards identifying and quantifying each con-
stituent part (Pryde and Gilbert 1979). The solvent (mobile phase) is filtered, pres-
surized, and pumped through a column which is packed with a solid adsorbent
material (stationary phase), e.g. silica gel or aluminum, as depicted in Figure A.1.
The components interact with the stationary phase causing different flow rates of
each component and resulting in a separation of the components at the end of the
column. Each solute is monitored by a detector and recorded as peaks. A detailed
and mathematical description of this method is given in Appendix A.

3.4.1.1 Procedure for analysis

The pulp samples were milled and afterwards screened (40 mesh) at Lenzing AG.
Afterwards, they were hydrolyzed to their sugar monomers in a two-stage hydro-
lysis by HySOy, according to Sixta et al. (2001). A known pulp mass equivalent to
approximately 40 mg was placed in a 10 mL centrifuge tube and 0.5 mL of 72.3%
H,SO4 was added. The slurry was stirred for 3.5h at around 25°C. Then, 8.5mL of
deionized water was added, the tubes were sealed and placed in a heatable rotator
at 110 £1.0°C for 90 min. The tubes were removed and chilled in a water bath to

room temperature.

Before the HPLC analysis, a certain amount of the hydrolyzed sample was di-
luted with 0.1% w/w of NaOH to a ratio of 1:50 w/v. This was done to set the
pH in the neutral range in order to avoid deposits in the separation column. A
further part of the hydrolyzed sample was diluted with deionized water to ana-
lyze the content of furfural and hydroxymethylfurfural, which is formed during
the dissolution and degradation of xylan and glucan, respectively. Afterwards, the
samples were transferred to a cuvette and analyzed. For the separation of the sugar
monomers a Dionex CarboPac™ Pal0 (4 x 250 mm) was used. The detection of the
monomers was accomplished with pulsed amperometric detection (Dionex ED40).

40



3.4 Chemical analysis

3.4.2 Analysis via 'H nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a method to study molecules
with the help of a strong magnetic field. Therefore, interaction of material, espe-
cially the nuclei of molecules with radiofrequency (Rf) electromagnetic radiation at
energies in the order of 10° Hz is recorded (Rahman and Choudhary 1996). The ad-
sorption of Rf can occur, when a molecule exhibits an uniform periodic motion with
a frequency that exactly matches the frequency of the adsorbed radiation. There-
fore, the nuclei are first immersed in a magnetic field, and then the frequency at
which they undergo precession with electromagnetic radiation of exactly the same
frequency where energy adsorption can take place is matched. Thus, molecules
can be differentiated due to differences in the frequencies. The principle set-up
of a NRM spectrometer is illustrated in Figure B.1. A detailed and mathematical

description of this method is given in Appendix B.

3.4.2.1 Procedure for analysis

The pulp samples were milled using a kitchen blender. Then, the samples were
hydrolyzed in a two-stage hydrolysis by H,SO4 to their sugar monomers differing
in the concentrations of H;SOy, reaction times, and temperatures compared to the
method for the analysis by HPLC. This was done according to Bose et al. (2009).
They tested different hydrolysis conditions on two softwoods and analyzed the
hydrolyzed samples, until the results appeared to be representative of the expected
carbohydrate composition. This preparation method was adapted also for time

saving reasons.

A known pulp mass equivalent to approximately 0.5g was placed in a 50 mL
glass bottle and 16 mL of 70% HSO4 was added. The slurry was stirred with
a magnetic agitator for 2h at around 25°C. Then, 21 mL of deionized water was
added and the bottles were sealed and transferred to a water bath at 80°C for 1h.
Afterwards, the bottles were allowed to cool to room temperature.

The NMR measurements were performed at 10°C with a Varian 500 spectrom-
eter (500 MHz 'H frequency). The 'H spectra were acquired with a spectral width
of 16 ppm, 90° pulse angle, 2.048 s acquisition time and the relaxation delay was
set to 2s. The data were processed in TOPSPIN v3.1 from Bruker. 600 mol/L of the
hydrolyzed sample was transferred to a NMR tube and 60 pL of a standardizing so-
lution was added. This solution contained 1.82 x 10° mol/g of trimethylamine hy-
drochloride (TMA) and 0.05% of 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid (TSP)
in D,O. The TMA conduced to calibrate the mass of each of the sugar monomers

in the sample and the TSP was needed as a chemical shift reference (adjustment to
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0.0 ppm). After the measurement, the C1-oc and C1-f3 of the sugars were integrated,
using the anomeric ratio (*/p), according to Robyt (1998).

3.5 Distribution of xylan on the fiber surface

Different spectroscopic and microscopic methods have been used to determine the
distribution of adsorbed /precipitated xylan on the cellulosic surface. Attenuated
total reflection and photoelectron spectroscopy as well as scanning electron and

atomic force microscopy have been applied.

3.5.1 Infrared spectroscopy

Infrared (IR) spectroscopy is a useful technique to determine the surface chemistry
of a substrate without destroying the sample. It is more often used in combination
with Fourier transformation (FT), due to its high wavenumber (v) accuracy as well
as the possibility for detecting all frequencies that are emitted from the IR source.
This is also called multiplex or Fellget advantage (Herres and Gronholz 1984). The
circular apertures hold a larger area, the so-called throughput or Jacquinot advantage
(Herres and Gronholz 1984). The most important and essential optical part in a
FTIR spectrometer is the Michelson interferometer which can be seen in Figure C.1

in Appendix C as an idealized scheme.

3.5.1.1 Attenuated total reflection spectroscopy

Attenuated total reflection (ATR) spectroscopy features the possibility of investi-
gating samples which contain strongly IR-adsorbing components using an optical
near field effect taking place at total internal reflection (Fahrenfort 1961; Harrick
1960). Moreover, problems can occur when a sample exhibits different reflectivities
which contribute to the transmission spectrum. This is the case for paper as the
formation of the fibers is not uniform. Just using FTIR, it is not possible to obtain
differences between changes in the reflectivity of paper or changes in the chemistry
(growth of peaks). Due to the effective path length of ATR spectroscopy which is
much smaller this problem can be eliminated (Conners and Banerjee 1995). A more

detailed description about the measurement principle is given in Appendix C.

Preparation and analysis

IR measurements were performed on 2 x 2cm sections of SKPB handsheets and
on the pure xylan samples using a Bruker IFS 66 v/S FTIR spectrometer. ATR
spectroscopy was performed, according to Gilli et al. (2009). A single reflection
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3.5 Xylan distribution on the surface

unit from Specac (MKII Golden Gate) was equipped with a diamond as ATR crystal
(n; = 2.42 for A = 589 nm (Giancoli 2010). Figure C.3 illustrates a schematic view
of the light path of the IR beam in the ATR unit. A sampling rate of 100kHz and a
recording time of 10 min was used. The incident angle was 45°. The spectra were
processed in OPUS (Bruker).

Xylan features characteristic peaks at 1250cm ™! and 1460 cm ™!, but also be-
tween wavelengths of 1650 cm ! and 1750 cm ! resulting from C=0 bond stretch-
ing vibration at the COOH group (Evans et al. 1995; Fengel 1992; Higgins et al. 1961;
Kacurdkova et al. 1999). The investigated SKPB handsheets consisted predomi-
nantly of cellulose. Therefore, a refractive index of n, = 1.47 for for A = 587.6 nm
(Kararova et al. 2007). The resulting penetration depth of the evanescent wave into
a handsheet at wavelengths of 1750 cm ! and 1650 cm ! varies between 1.0 um and
1.1pm.

3.5.2 X-ray photoelectron spectroscopy

Another method for analyzing the surface chemistry of a substrate is X-ray pho-
toelectron spectroscopy (XPS), also known as electron spectroscopy for chemical
analysis (Siegbahn et al. 1967). Compared to ATR spectroscopy, XPS is more sensi-
tive to the surface resulting in a much higher resolution. During the measurement,
the sample is exposed to monochromatic X-radiation at a constant potential and
current, superimposed on a bremsstrahlung background. When the energy of the
incident photons & v is greater than the energy of a bond, e.g. C—C, C—OH, or
C=0, electrons within such a molecular bond can be disrupted. The X-ray photons
are also able to ionize atoms, if the energy is high enough. A more detailed de-
scription of a XPS device and a mathematical background of this method is given
in Appendix D

3.5.2.1 Preparation and analysis

XPS measurements were performed to verify the results done by ATR spectroscopy
but also to investigate the chemical composition of the surface of the sample. The
analysis depth of XPS varies between 0.5nm and 10nm for paper (Conners and
Banerjee 1995), and therefore it is more sensitive regarding the surface, than ATR

spectroscopy.

The XPS data were obtained by a SPECS Phoibus 150 electron energy analyzer
and a nonmonochromated Mg K, X-ray source with a corresponding photon en-
ergy of 1253.4 eV. The resolution of this setup was 0.8eV. For the analysis a sam-
ple of (10 x 10 mm) from SKPB handsheets were fixed on carbon tape and placed

in the vacuum chamber of the measurement device for 12 hours. The vacuum in
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the chamber during the analysis was better than 3 x 10~ mbar. The data were
processed in CasaXPS from Casa Software Ltd (version 2.3.14dv38). Knowing the
chemistry of the sample three peaks were created under the Cls peak with respect
to the fit, where C1 corresponds to C—C bonding, C2 corresponds to C—OH bond-
ing, and C3 corresponds C=0 bonding. Since the chemical shift for a C—C bond is
at 285eV (Conners and Banerjee 1995) the peaks were calibrated regarding the C1
peak.

3.5.3 Scanning electron microscopy

Scanning electron microscopy (SEM) is a powerful technique to study topograph-
ical features of a sample by imaging the surface with a focused beam of electrons.
Several variations of SEM have been developed, such as conventional SEM, low
temperature SEM, environmental SEM, and Low voltage SEM (Conners and Baner-
jee 1995; Zankel et al. 2009). In this thesis SEM in the conventional and low voltage
mode was used, and thus only these two methods will be described in more detail.

3.5.3.1 Conventional SEM

A schematic illustration of the interior of an SEM chamber is depicted in Figure
3.2. Primary electrons are sent from the electron gun to the specimen where different
interactions take place leading to elastic or inelastic scattering. Elastic scattering is
the result of the collision between primary electrons and the nuclei of the atoms of
the sample. It is concluded that about 30% of the primary electrons re-emerge lead-
ing to the primary backscattered electron signal which increases with increasing
number of atoms (Bishop 1966). Inelastic scattering is caused by transferring en-
ergy from the primary electrons to the atoms of the sample leading to the ejection
of loosely bound electrons with a low energy (0..50 eV). These electrons are also
known as secondary electrons. Moreover, inelastic scattering can generate X-rays,
bremsstrahlung, or electrons from the conducting layer, in case for the conven-
tional mode (Conners and Banerjee 1995). The secondary electrons are generated
at low kinetic energies by a shallow depth of the sample close to the incident beam
giving topographic information. The depth and shape of the interaction volume is
dependent on the accelerating voltage, the atomic number of the elements in the

specimen, and the angle of tilt between the incident beam and the specimen.

Since paper is a nonconductive material and will consequently build-up charges
in a SEM, the surface needs to be coated with a conducting layer (e.g. C, Au, or
Pt) for the conventional mode where an acceleration voltage of 5-60keV is used.
However, an additional coating layer can result in a loss in information about the

surface morphology of the sample. Moreover, this layer is sputter coated under
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Figure 3.2 Schematic illustration of the interior of a SEM chamber, adopted from
http:/ /www.purdue.edu/ehps/rem/rs/sem.htm (seen on 08.08.2014).

vacuum resulting in an undefined layer thickness which can vary between 5-20 nm

(Conners and Banerjee 1995).

3.5.3.2 Low voltage SEM

Low volage SEM has been performed, since it has several advantages compared
with conventional SEM. Due to a good resolution, the intensity of the electron beam
is much lower (below 5kV). This results in a much higher surface sensitivity, since
the interaction volume of the electrons in the sample is strongly limited (Joy and Joy
1996). When the energy (usually denoted as E; and a material constant (Goldstein
et al. 2003; Joy and Joy 1996) reaches a certain value at which the incoming primary
electrons are equal to the number of emitted electrons, no charges are built up on
the surface of the sample. Therefore, nonconducting materials, such as paper, can
be detected without coating the surface with a conducting layer. This reduces the
risk of artifacts from the coating material, but also from heating during the sam-
ple preparation. For example, Fischer et al. (2014) observed a surface coating of
several glues, which were used for the fixation of individual fiber-fiber joints on
sample holders for testing the bond strength. This undesired surface coating by
the glues could not be visualized by SEM in the conventional mode. However,
the limitation of LVSEM is the magnification. At higher magnification the surface
can be destroyed by the beam, also known as beam damage, and the possibility of
drifting during scanning is increased causing fuzzy and warped pictures. Never-

theless, the risk of beam damage is lower for LVSEM, than for conventional SEM
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and environmental scanning electron microscopy (Zankel et al. 2009), due to the
lower intensities of the electron beam in LVSEM.

3.5.3.3 Preparation and analysis for conventional SEM

For the pretreatment, SKPB handsheets (with and without additional xylan) were
placed in dionized water and mixed in order to separate the fibers from each other.
Individual fibers were fixed on carbon tape and afterwards metallized for 90 s with
gold. For the scanning of the surface a HITACHI S-4000 was used at an intensity of
8kV.

3.5.3.4 Preparation and analysis for LVSEM

For the investigations via LVSEM pieces of SKPB handsheets (with and without
additional xylan) were fixed on carbon tape. The same procedure was done with
individual fibers, which were first rewetted in deionized water, separated from
the handsheets, fixed and air-dried on the carbon tape. The measurements were
performed in a Zeiss Ultra 55 at an intensity of 0.7 kV.

3.5.4 Atomic force microscopy

Atomic force microscopy (AFM) is a powerful tool to image the morphological fea-
tures of conducting and nonconducting surfaces, such as the ultrastructure of the
cell wall of fibers in the nanometer scale (Binnig et al. 1986; Niemi and Mahlberg
2002). The operating mode of AFM is depicted in Figure 3.3. An AFM tip is scan-
ning the surface which is mounted on a cantilever. The cantilever is adjustable in x,
y, and z direction, thus the topography can be scanned in three dimensions. Due to
the small distance between the tip and the surface of the sample which is only a few
Angstroms, attractive and repulsive forces start to have an impact on the deflection
of the cantilever. A laser beam is focused on the cantilever and the deflection is
recorded by a photodetector. The deflection of the cantilever Az is proportional to
the force F given by Hooke’s law (Demtroder 2013)

F=k-Az (3.1)

where k is the spring constant (its stiffness). The operating mode of an AFM can
be either in constant height (the height of the tip is fixed) or in constant force mode
(the deflection of the tip is fixed). However, the sample surface should be rather

smooth, as the maximum deflection in z direction is only of a few microns.
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Figure 3.3 Operating mode of AFM in the (xz) plane.

3.5.4.1 Contact mode

In the contact mode, the tip is in contact with the surface of the sample. Due to the
intimate contact, attractive as well as repulsive forces occur, generated by Van der
Waals interaction (range of 1-2x 10° A) and capillary forces (Niemi and Mahlberg
2002). Therefore, the risk of causing damages on the tip as well as scratches on
the surface by the tip can take place. This mode is usually performed on surfaces
harder than the tip.

3.5.4.2 Tapping mode

The tapping mode is designed to investigate fragile or softer surfaces than the tip.
Compared to the contact mode, the cantilever is oscillating near its resonance fre-
quency and the tip touches the sample periodically. The topography of the sample
is imaged by variations of the amplitude. The surface is slightly touched by the tip
without sticking, the so-called tapping. This method is nondamaging.

3.5.4.3 Roughness analysis

Atomic force microscopy has been employed to obtain nanometer scale information
on the topography of a reference SKPB sample and the samples treated with X1 and
X2 to determine quantitative surface roughness data. 5 x 5um? images containing
512 x 512 pixels have been recorded using an Asylum Research MFP-3D (Santa
Barbara, CA), operated in tapping mode.

Olympus AC 240 TS silicon tips (resonance frequency f; ~ 60kHz) and Olym-
pus AC 160 TS silicon tips (f; ~ 280kHz) were used. Both probe types feature a
tetrahedral tip, located at the very end of a cantilever with a front angle of 0°, a
back angle of 35° and a side opening angle of 15°. The radius at the tip apex is
<10nm. Using the software package Gwyddion (Necas and Klapetek 2012), the
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Figure 3.4 Schematic illustration of the set-up of a functionalized AFM tip by several OH
groups.

1D height-height correlation function has been calculated from the topography im-
ages. This function is calculated from (Teichert 2002; Zhao et al. 2001)

C(x) =< [h(xo+x)— < h(x) >] - [h(x0)— < h(x) >] > (3.2)
which is fitted with

Clx) = o2~ (#)2 (3.3)
where ¢ is the root mean square (rms) roughness, ¢ is the lateral correlation length,
and « is the Hurst parameter (Sinha et al. 1988). Here ¢ describes the standard
deviation of the height values and ¢ the lateral roughness fluctuations. The Hurst
parameter is a measure for the jaggedness of the surface, where a smooth surface
corresponds to « = 1 and a more jagged surface to « < 1. Three independent fibers
per sample were analyzed by recording three independent 5 x 5 um? topography

images on each fiber.

3.5.4.4 Analysis with functionalized tips

Besides the surface roughness of the fibers, it was of interest to gain more informa-
tion about the surface chemistry before and after adsorption/precipitation of xylan
on the cellulosic surface. Therefore, a novel AFM technique was employed for the
first time on a cellulosic surface using functionalized tips to study the adhesive
forces between the surface and the functional groups. The functionalized AFM tips
(Nanocraft) can be hydrophobic or hydrophilic by CHjz, CF3, NH,, COOH, or OH
groups, and performed under atmosphere or in liquid. The set-up of a functional-
ized AFM tip is depicted in Figure 3.4.

Pretests were performed on cellulose thin films where parts of the films were
coated with xylan and tips which had been functionalized with CH3 and OH groups
were analyzed regarding their hydrophobic and hydrophilic contrast to cellulose
and xylan. This was also done on xylan modified fibers. However, the roughness
of the fiber surface resulted in a fast brushing of the functionalized groups off the
tip which is the reason for the use of cellulose thin films with the knowledge that
the chemical composition of such a model film is different to pulp fibers.

48



3.5 Xylan distribution on the surface

Preparation of cellulose thin films

Thin cellulose model films were prepared, according to the method described by
Rohm et al. (2014). Trimethylsilyl cellulose (TMSC) with a DSg; of 2.8 was mixed
in toluene over night, and then spin-coated onto the quartz crystals. Afterwards,
the TMSC films were transformed into amorphous cellulose (Kontturi et al. 2003;
Mohan et al. 2012) with the aid of a 10% HCl-solutions vapor for 10 min. A detailed

description is given in Appendix F.

Xylan adsorption on cellulose model films studied by QCM-D

Adsorption experiments were done to investigate the adsorption behavior of X; on
those cellulose model films and to study the quantity and shape of adsorbed xylan.
The regenerated cellulose films on quartz crystals (AU-sensors) were mounted in
a flow module of a Q-Sense E4 with quartz crystal microbalance and dissipation
monitoring (QCM-D). Solutions of xylan (1.0 g/L) were prepared varying in pH (7,
8, and 9) and ionic strength (1 mmol/L and 100 mmol/L NaCl). Due to precipi-
tation of xylan during the adjustment of the pH, part of the solution was filtered
using a 5pm polytetrafluoroethylene (PTFE) filter to remove the solids from the
suspension. Both, solution and suspension have been used for the experiments.
The sensors were first equilibrated to Milli-Q (MQ) water and then to NaCl so-
lution at the appropriate pH and ionic strength for 60 min. Afterwards, the xylan
solution/suspension was pumped over the sensors at a flow rate of 0.1 mL/min for
60 min and then rinsed again with NaCl solution (30 min) followed by MQ water
(30min). The frequency and dissipation were recorded to determine the adsorbed
masses via the Voigt model (Ho0k et al. 2001; Voinova et al. 1999). A detailed de-
scription of the conditions during adsorption and some mathematical parameters
are explained in more detail in Appendix F. The resulting films were investigated
with functionalized AFM tips.

Imaging

An MFP-3D AFM (Asylum Research) was utilized which was equipped with a pla-
nar closed-loop scanner and operated in tapping mode. The tips were modified
with OH and CHj3 groups and had an estimated tip radius of 2040 nm. The spring
constants of the cantilevers were 2-3N/m. To obtain information on the adhesive
interactions between tip and sample, the surfaces were scanned in the repulsive

regime.
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Response signal (material 1)

Response signal (material 2)

Free oscillation of the AFM tip
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Figure 3.5 Principle of phase imaging. Energy of the oscillating functionalized AFM tip
is dissipated into the substrate resulting in a phase shift of the response signal
of the AFM probe. PS; is the phase shift by material 1 and PS, by material 2.

Phase imaging

Functionalized AFM tips were used to image the phase contrast of the cellulose
model films and pulp fiber treated with xylan. The reason was due to very similar
surface chemistry between xylan and cellulose, a simple phase imaging employing
silicon cantilevers does not give useful results. In general, phase imaging in AFM
refers to recording the phase shift signal in tapping mode. This phase shift ("delay")
is the difference between the excitation oscillation and reference oscillation of the
cantilever due to a difference in energy dissipation. This allows the determination
of material contrast. The principle of phase imaging is depicted in Figure 3.5.

Force mapping

During force mapping, the surface is scanned in tapping mode. Due to the topog-
raphy and geometry of the surface of the substrate, the contact area between the
functionalized tip and the surface varies (see Figure 3.3). On top of a hill or peak
on the substrate, there is less contact, whereas along the sides and the valleys the
contact area is larger. Thus, the adhesion between the surface and the tip is propor-
tional to the contact area.

The principle operating mode during force mapping is depicted in Figure 3.6.
The tip is approaching the surface in z-direction and in contact with the substrate.
By removing the tip from surface, attractive or repulsive interaction will affect the
force that is need to separate the tip from the surface. Besides the contact area, this
highly depends on the functionalization of the tip and the surface chemistry of the

substrate. The adhesive force F,4 can be extracted from this method.
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Figure 3.6 Principle of force mapping. F,q is the adhesive force that is needed to sepa-
rate a functionalized AFM tip from the surface of the substrate and z is the
displacement of the tip in z-direction.

3.6 Pulp and paper properties

Another main aspect of this thesis was the analysis of the impact of additional
xylan on pulp and paper properties, such as the swelling behavior, fiber charge,

and strength characteristics.

3.6.1 Adsorption conditions

Before pulp and paper properties were determined, the pulp samples (see section
3.1) were modified by an adsorption step to increase the xylan content, as described
in section 3.3.1.2. The SPB sample (sheet form) was soaked in deionized water and
disintegrated for 10 min, according to ISO 5263-1:2004. Afterwards, the pulp was
thickened to a dry content of about 20% and stored in a refrigerator until adsorp-
tion. The never-dried SKPUBs were already disintegrated and had a dry content
of about 20%. The VFs were first washed in a laboratory dyeing apparatus (Labo-
mat Mathis, Switzerland), with metal cuvettes in which the VFs were weighed and
the standard soap solution with a concentration of 5g/L (pre-heated to 60 °C were
added at a bath ratio of 1:50. One washing cycle was carried out for 30 min at 60 °C
and the frequency of rotation of the cuvettes was 40 min~!. This was done in order
to remove possible additives from the surface of the viscose fibers. Before adsorp-

tion, the VFs were soaked in deionized water for at least 4 h.

This adsorption step for all pulp samples was done at 80°C, pH 7, pulp consis-
tency of 2.5%, xylan input of 80 mg/g, and ionic strength of 1 mol/L (NaCl) for 1 h.
These conditions were chosen such that the amount of xylan of the fibers could be
significantly increased. In case of the SKPB fibers a second adsorption condition

was used with an increased xylan input of 320mg/g.
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3.6.2 Pulp properties

The impact of both xylans on the swelling behavior of the modified and unmod-
ified SKWP pulp samples were analyzed by measuring the water retention value.

Further, the fiber charge (surface and total charge) of these fibers was determined.

3.6.2.1 Fiber charge

The total charge was analyzed by conductometric titration, according to Katz et al.
(1984). First, the pulp was transferred to its hydrogen from by using 1 mol/L of HCl
until the pH was 2.00 & 0.01 and kept constant for 30 min, as described by Horvath
et al. (2007; 2006). Subsequently, the pulp sample was washed with deionized wa-
ter until the conductivity was below 51S/cm. The polyelectrolyte adsorption was
carried out similar to the method developed by Winter et al. (1986). Before the titra-
tion with NaOH (0.05mol/L), 10 mL of NaCl and 5mL of HCI, both 0.01mol/L,
were added to minimize the effect of a Donnan equilibrium. After the procedure,
the pulp was removed from the suspension and dried, in order to determine the
dry weight. The total charge can then be calculated from

Vi, — Veo,)
(Veq, = Vigu) - a0t 4 (3.4)
mpp

Ototal =

where 0y is the total charge (neq/g), Vig, is the volume of NaOH at the first
inflection point, Vg, is the volume of NaOH at the second inflection point, cNaoH
is the molar concentration of NaOH, and mpp is the dry mass of the pulp sample.
Viq, and VEq, are calculated from the plot of the sample via the tangent method as
depicted in Figure E.1 (Appendix E).

For the analysis of the surface charge, the pulp was first transferred from its hy-
drogen form to its sodium form by using 1 mmol/L of NaHCO; and 1mol/L of
NaOH until the pH was 9.00 - 0.01, kept constant for 30 min (Horvath et al. 2006)
and washed with deionized water until the conductivity was below 5uS/cm. A cer-
tain amount of polydiallyldimethylammonium chloride (pDADMAC) was added
and stirred for 30min. Afterwards, the fibers were separated from the suspen-
sion and dried, in order to analyze the dry weight. 200 uL of a 300 mg/L ortho-
toluidine-blue solution was added to a certain amount of the filtrate and then di-
luted to ~ 75 mL with deionized water. A 0.001 N solution of potassium polyvinyl
sulphate (KPVS) was titrated which interacts with the pPDADMAC. When the pDAD-
MAC has been consumed, KPVS changes its color and this is detected by a stan-
dard photometric probe (Mettler-Toledo), according to Terayama (1952). The sur-
face charge is calculated by the following steps

Miotal = Mpoly + Mwater + (mWP - mDP) (35)
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VEQ - €xpvs 1000

CEQ = (3.6)
epoly : Vfiltrate
Mpolv * Cpolv * Epoly — Vtotal - VEQ - €xpvs
1" — pO y pO y pO y Vflltrate (3 7)
mpp - epoly

where i) is the total mass, mpy is the mass of pPDADMAC, miyater is the mass of
water, myp is the mass of the wet pulp, cgq is the concentration at the equivalence
point, Vgq is the volume of KPVS at the EQ in the titration, expys is the charge
density of KPVS (meq/mL), €poly is the charge density of pPDADMAC (meq/g),
Viiltrate 1S the volume of the added filtrate, I is the adsorbed amount of electrolyte
(Mg/g fiber), Cpoly is the concentration of pPDADMAC solution, and Vi is the to-
tal volume. By constructing an adsorption isotherm by plotting I' versus cgg and
extrapolating the linear part of the curve back to cgq = 0, as depicted in Figure E.2
(Appendix E). The surface charge (0syrface) is given by

Usurface = Y — intercept - €poly (3.8)

3.6.2.2 Water retention value

The water retention value (WRV) of the fiber samples was analyzed according to
ISO 23714:2012 with a reduced time during the hydro-extraction of 15 min.

3.6.2.3 Beating degree

The beating degree of the pulp samples was determined according to DIN EN ISO
5263-1:2014.

3.6.3 Paper properties

The influence of xylan on physical strength properties of the fiber samples was also
studied. First, part of the samples were modified during an adsorption step (see
section 3.3.1.2 and 3.6.1). The samples were subsequently washed to remove free
and unbound xylan from the suspension. Then, part of the pulps were refined in
a PFI mill (ISO 5264-2:2011) at 1000 and 3000 revolutions. Handsheets with and
without additional xylan were made with a Rapid-Kothen sheet former (DIN EN
ISO 5269-2:2004) and conditioned (DIN EN 20187:1993) before the tensile index and
stretch at break (ISO 1924-2:2008 and ISO 1924-3:2005), but also the tear index (DIN
EN 21972:1998) were determined.
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3.7 Fiber properties

Paper is a network of fibers and a network will always break down at its weakest
point. To diminish this problem, bond strength measurements of individual fiber-

fiber joints were performed.

3.7.1 Bond strength on individual fiber-fiber joints

The micro bond tester (Fischer et al. 2012) was employed to investigate the impact
of the amount of xylan on the (specific) bond strength of individual fiber-fiber joints
(FF]). The main components of the micro bond tester are two linear tables, two load
cells, which are placed under a microscope, and a film camera, as depicted in Figure
3.7. The resolution of the load cells is 0.5 mN and can be stressed with a maximum
load of 1.5 N. The linear tables hold a displacement range of 20 um at a speed range
from 1-150 pm/s. One benefit is to simultaneously record and analyze the loading

conditions as well as the stress deformation.

LED light source

Figure 3.7 General view of the micro bond tester (Fischer et al. 2012).
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3.7.1.1 Fiber modification

Individual FFJs of different samples have been tested, such as:

A: SKPB

B: SKPB treated with X; 1 (cx =80mg/g)

C: SKPB treated with X; 1 (cx = 80mg/g)

D: SKPB treated with X; h (cx =320mg/g)

E: SKPB treated with X; h (cx =320mg/g)

F: SKPB treated with KOH for xylan extraction
G: SKPUB (x42)

H: SKPUB (k54)

The addition of xylan to the fiber sample C-E was done, as described in sec-
tion 3.3.1.2 at 80°C, pH 7, pulp consistency of 2.5%, xylan input of 80 mg/g and
320mg/g, and ionic strength of 1 mol/L (NaCl) for 1 h. The alkaline extraction was
performed using 14% of potassium hydroxide (KOH) at a liquor to pulp ratio of
20:1 at 30°C for 1 hour, according to (Janzon et al. 2008). This was done in order
to decrease the xylan content of the SKPB fibers. The chemical composition of the
fiber samples (A-H) was analyzed by HPLC.

3.7.1.2 Sample preparation

For the testing of an individual FFJ, a fiber suspension of about 0.1% was produced
of which a few droplets were given between two teflon strips and placed in a drier
of a Rapid-Kothen sheet former at around 94°C for 1 hour. Afterwards, individual
FFJs were glued on special designed acrylic sample holders (HESAGLAS® VOS,
Topacryl AG) using nail polish, as illustrated in Figure 3.8. The reason for the use
of nail polish was that cyanoacrylate glue (LOCTITE 454) forms a film on the fiber
surface. This was shown by Fischer et al. (2012) by low voltage SEM. One ad-
vantage of these sample holders is the possibility of preloading the cross fiber (see
Figure 3.8b) before testing by melting bridge iii (see Figure 3.8a). This allows the
determination of the impact of biaxial load on the fiber joint strength.

3.7.1.3 Determination of the optical bonded area

The optical bonded area was imaged via polarized light microscopy, according to
Gilli et al. (2009); Kappel et al. (2009, 2010) to calculate the specific bond strength
of each tested FFJ. The bonded region appears darker than a single fiber or adja-
cent and unbonded fibers due to the absence of reflection. In this study, the use
of a dye was omitted as the surface chemistry of the fibers will change, according
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Figure 3.8 Schematic illustration of the fixation of an individual fiber-fiber joint with nail
polish on a sample holder before testing with the micro bond tester: (a) overall
illustration, the bridged i and ii will be melted before testing and (b) detailed
illustration of a glued fiber-fiber joint.

Fischer (2013) and Weber (2014). After imaging, the bonded region was marked
and converted into a binary image and the optical bonded area was calculated via
Matlab.

3.7.1.4 Determination of the bond strength

The sample holder was mounted under the microscope on the linear tables in the
micro bond tester (see Figure 3.9). The bridges i and ii (see Figure 3.8a) were melted
and the sample holder was now divided into two parts (see Figure 3.10a). For
the measurements, the cross fiber was not preloaded, therefore bridge iii was not
melted before testing. Subsequently, part 1 of the sample holder was pulled away
from part 2 (Figure 3.10b) at a speed of 1 um/s and the force F and distance x were
recorded until the joint broke (see Figure 3.10c). The generated values were also
tested regarding possible outliers using a Dixon’s Q test. An image of an indi-
vidual FFJ during testing is presented in Figure H.1 (Appendix H). The tests were
performed under standard atmosphere according to DIN EN 20187:1993.

3.7.2 Elastic modulus of single fibers

The tensile strength of individual fibers was measured to calculate their elastic
modulus (E-modulus) or Young’s modulus. This was done in order to investigate
the influence of xylan on this fiber characteristic. The fibers exhibited the same
modifications as described for the measurement of the joint strength of individual
fiber crossings. The micro bond tester (see Figure 3.7) was used for this method.
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Figure 3.10 Sequence of preloading and breaking an individual fiber-fiber joint with the
micro bond tester: (a) part 1 and 2 are only connected via the fiber-fiber joints
after melting the bridges, (b) loading the fiber-fiber joint in x-direction until
breakage by pulling part 1 at a speed of 1um/s, and (c) recording of the force
(F) and distance (x) during testing..
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Figure 3.11 Schematic illustration of a fixed individual fiber before and after strength test-
ing with the micro bond tester: (a) a single fiber is glued on the sample holder,
(b) melting the bridges i and ii after mounting the sample holder in the micro
bond tester, and (c) loading the in x-direction until the fiber breaks by pulling
part 1 at a speed of 1 pm/min (force F and distance x are being recorded dur-
ing testing.

3.7.2.1 Sample preparation

The same procedure was performed as before described in section 3.7.1. After dry-
ing, single fibers were glued on special designed acrylic sample holders using sol-
vent free 2-component epoxy resin adhesive (UHU Plus endfest) as illustrated in
Figure 3.11a. The reason for the use of an epoxy adhesive was that nail polish is too
weak for single fiber tensile testing (Fischer 2013).

3.7.2.2 Determination of the E-modulus

After the epoxy resin was dried (12 hours), the sample holder was mounted in the
micro bond tester and the two bridges i and ii were melted and the sample holder
was now divided into two parts (see Figure 3.11b). Then, part 1 of the sample
holder was pulled away (Figure 3.11b) at a speed of 1pum/s and the force F and
distance x were recorded until the fiber broke (see Figure 3.8c). The generated
values were also tested regarding possible outliers using a Dixon’s Q test. Animage
of a single fiber during tensile testing is presented in Figure 3.12. The tests were
performed under standard atmosphere according to DIN EN 20187:1993.

After the fiber was broken into two parts, the length of the glued fiber before
testing (Ip) and right before its failure (I;) were determined from the images taken
during the measurement (see Figure 3.12). Afterwards, the elastic modulus E was
calculated by (Giancoli 2010)

E = % = const. (3.9)
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with
_ Al _h-h (3.10)
Iy Iy
and
F
o= 1 (3.11)

where 0 is the stress, ¢ is the strain of the fiber, and A is the area of the cross section
of the fiber. The value for A was estimated to be 154 um? at standard atmosphere
(DIN EN 20187:1993). This value was determined by Lorbach et al. (2014). They cal-
culated the area of 280 cross sections of unbleached softwood kraft pulp. The same
pulp was used in this thesis (G-H). It was assumed that the bleached fiber samples
(A-F) feature the same mean value. Moreover, the mean value of the fiber width
of the fiber samples was 33.7 um and the fiber thickness was 8.6 pum. The resulting
aspect ratio is 3.92:1. This was also considered in a second step. The fiber width
of the tested fibers was measured and the fiber thickness was calculated using this
aspect ratio to determine the area of the cross section. For this it was assumed that
the aspect ratio is the same for every fiber and the fibers are completely collapsed.
The fiber cross sectional area was assumed to possess a shape of an ellipse and the
areas was calculated by (Bartsch 2011)

A=rm-a-b (3.12)

where a is the half of the length of the fiber width and b is half of the length of
the fiber thickness. On each tested fiber, the fiber width was measured on three

individual place.
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(b) Single fiber before failure.

Figure 3.12 Determination of the elongation Al = I; — I of a single fiber during tensile
testing by (a) measuring the length I before testing and (b) the length [ right
before the failure of a fiber due to mechanical stress F.
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4.1 Characterization of the pulp samples

4.1 Characterization of the pulp samples

In a first step the pulp samples were analyzed regarding their chemical composition
and structure. This was done in order to determine differences in the chemistry of
the fiber samples. The results are represented in Table 4.1.

The xylan content of the bleached and unbleached softwood kraft pulps (SKPB
and SKPUB) was similar between 7.8% and 7.9%. The mannose content was about
6.0-6.2% for the pulps. The SKPUB had a slightly higher amount of arabinose
(+0.3%), galactose (+0.3%) and some rhamnose (0.1%). This is most probably due
to the bleaching of SKPB. For the bleached sulfite pulp (SPB), the amount of both,
xylose and mannose are lower. Further hemicelluloses could not be obtained for
this pulp. During sulfite pulping, the fiber is attacked by the chemicals from the
middle lamella in direction to the lumen. Thus the hemicellulose rich primary wall
is completely dissolved (Bachner et al. 1993) as well as part of the first secondary

wall resulting in a different morphology.

Further, the pulps varied in their amount of lignin. SKPUB_54 had the high-
est value for the Klason lignin (KL) with 8.04%. Due to the longer delignification of
SKPUB_42 the KL content was reduced to 6.49%. After bleaching the amount of KL
was further lowered to 0.22%. A similar trend was detected for the Kappa number
from 53.8 (SKPUB_54) to 0.5 (SKPB). The acid-soluble lignin (SL) was slightly af-
fected by bleaching. The SPB had the lowest amount of KL with 0.06% but a higher
amount of SL with 1.02%. This means that the residual lignin is becoming more
soluble due to the formation of polar groups (Lin 1992) which can lead to stronger
repulsion between adjacent fibers as well as between the fibers surface and equally
charged polymers dissolved in the cooking liquor.

The amount of extractives is higher for the unbleached pulps. Besides the re-
moval of lignin, bleaching results in a decrease in extractives. This can be seen
ia. in the ash content as well. Moreover, during the washing steps after deligni-
fication and bleaching, a certain the amount of loosely bound extractives could be
decreased. The viscosity is also reduced due to delignification and bleaching as can
be seen for the softwood kraft pulps which is lowered from 1130 + 14 (SKPUB_54)
to 568 =4 (SKPB). The bleached sulfite pulp has a higher pulp viscosity, than the
bleached sulfate pulp. This is due to the chemical attack during sulfite pulping
which starts at the middle lamella in direction to the lumen. Thus the primary wall
and part of the first secondary wall is removed which contains in general shorter

cellulose chains.

All pulps exhibited a certain amount of different metals which is presented in
Table 4.2. The amounts of different metals varied between the pulp samples and
does not follow a clear trend.
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Table 4.1 Chemical properties of the pulp samples.

Parameter Unit SPB SKPB SKPUB_42 SKPUB_54
Glucose Y% 87.5+0.5 80.5+1.2 77.7+0.4 75.2+1.0
Xylose Y% 5.340.0 7.8+0.1 7.8+£0.0 79+0.1
Mannose Y% 544+0.1 6.2+0.1 6.1+0.0 6.0+£0.0
Arabinose % 0.04+0.0 0.5+0.0 0.8+£0.0 0.8+£0.0
Rhamnose % 0.04+0.0 0.0£0.0 0.140.0 0.140.0
Galactose % 0.0£0.0 0.2+0.0 0.5+0.0 0.6 £0.0
total Y% 98.24+0.6 95.6+14 93.0+04 90.6 1.1
Klason lignin % 0.06£0.03 0.224+0.01 6.49+0.06 8.04+0.21
Acid-soluble lignin % 1.024+0.01 0224+0.01 0.17£0.01 0.18+0.01
Kappa number 5.7+0.2 0.5+0.1 42.2+0.8 53.8+0.4
Extractives % 0.049 £0.04 0.020£0.04 0.119+£0.028 0.106 4 0.025
Viscosity mL/g 892 +5 568 +4 1137 £9 1130 £ 14
Copper number g/100g 123£0.01 1114+012 1.18+£0.13 1.37 +£0.04
Ash (850°C) Y% 0.45 0.30 0.55 0.58

Table 4.2 Analysis of metals in the pulp samples.

Si Fe Ca Mg Ni Cu Mn
Sample mg kg*1 mg kg*1 mg 1<g71 mg kg’1 mg kgfl mg kg*1 mg kg’1
SPB 592 32.9 310 1100 <0.42 <0.40 1.5
SKPB 544 48.5 100 520 <047 <043 1.3
SKPUB_42 170 18.2 2800 420 <1.2 12 37
SKPUB_54 115 134 3000 370 <12 8.2 38

4.2 Chemical analysis

The xylan content of the softwood kraft pulp fibers could be increased due to ad-
sorption and precipitation. The amount of redeposited xylan onto the fibers de-
pends on the adjustment of the investigated variables. The influence of the six
variables on adsorption of the two xylans (X; and X3) are presented in the follow-
ing Figures 4.1-4.6. The xylan content was determined by HPLC. A comparison of
the results determined via HPLC and NMR is shown in Figure 4.8.

4.2.1 Factors influencing xylan adsorption

The temperature (Figure 4.1) had a significant impact on adsorption. The lowest
increase in the amount of xylan was obtained at the lowest temperature of 40°C.
The amount of X; could be continuously enhanced by raising the temperature to

80°C and further 140°C. Moreover, an adsorption maximum is almost reached after
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Figure 4.1 Impact of the temperature on the amount of adsorbed X; and X, onto SKPB
fibers at: pH =7, 1 = 0.25M (NaCl), C =2.5%, and cx = 160mg/g.

1 hour for the temperature at 40°C and 80°C. At 140°C an adsorption maximum is
not reached after 2hours. A similar trend was obtained for X; at the lower tem-
perature levels, but the adsorbed amount at 80°C was higher, compared to X;. The
reason for this is predominantly the lower molecular weight and better dissolu-
tion behavior of X; due to a higher content of MeGIcA. Longer and bigger aggre-
gates/agglomerates of xylan could force higher steric repulsion towards cellulose.
Further, stronger interactions could be induced between xylan and the fiber surface.
However, higher temperatures, especially under alkaline conditions, will affect the
chemical structure by splitting off MeGlcA. Thus, a reduction of the solubility of
xylan follows. Consequently, precipitation of xylan onto the fiber surface is pro-
moted (Mitikka-Eklund 1996). In case of X;, more dissolved xylan can adsorb and
precipitate on the surface. No difference was seen between 80°C and 140°C for X;.
This could be due to an equilibrium between adsorption and dissolution of xylan.
On the other hand, raising the temperature to 140°C resulted in a higher amount of
xylan for X;. Due to the higher molecular weight and lower amount of MeGlIcA, a
higher temperature will increase dissolution of X;. Nevertheless, the temperature
dependence of adsorption could be due to the decrease in surrounding water form-
ing hydrogen bonds by thermal vibration, allowing an intimate contact between the
hydroxyl groups of xylan and cellulose (Hansson 1970a; Hartler and Lund 1962).

The pH (Figure 4.2) is important for an efficient xylan retention and it influences
the solubility of the molecule. Lowering the pH from 12.6 to 10 resulted in an
enhancement in deposition which is about twice as large. A further reduction in
the pH level to a neutral range exhibited no further improvement. The amount of
additional xylan on the SKPB fibers was higher for X; than for X;, due to the lower
molecular weight and higher amount of MeGlcA. Hydroxyl groups have a lower
acid strength (pKa = 14 at 25°C), meaning these groups are ionized only in a strong
alkaline environment. A decrease in the pH to a neutral level leads to a lower
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Figure 4.2 Impact of the pH on the amount of adsorbed X; and X, onto SKPB fibers at: ¢
=80°C, I =0.25M (NaCl), C = 2.5%, and cx = 160mg/g.

solubility of xylan and lower electrostatic repulsion between xylan molecules and
cellulose and is favorable for precipitation onto the fiber surface (Sjostrom 1989).

The way the pH is adjusted has an influence on the amount of precipitated xylan
as well. This was confirmed for X; and X; at room temperature and a pH of 7, 10,
and 12.6. The adsorption step lasted for 10 min after the pH was carefully adjusted.
Xylan was dissolved in 1 mol/L NaOH. The pH was adjusted in two different ways:
1) the pH of the dissolved xylan was adjusted and the xylan suspension was added
to the pulp suspension (X; /X, before) and 2) the dissolved xylan was added to the
pulp suspension and the pH of the xylan-pulp suspension was adjusted as done
in the other experiments (X;/X; after). Afterwards, the samples were washed, as
described in section 3.3. The results are depicted in Figure 4.3. As can be seen,
it is favorable to adjust the pH after the addition of dissolved xylan to the pulp
suspension. This allows precipitation of xylan between single xylan molecules but
also between xylan molecules and cellulose. This effect was more pronounced for
X1 due to its solubility behavior. The amount of xylan of the reference sample
(SKPB) was not affected at a pH of 12.6. This is due to the short reaction time of
only 10 min and the temperature level. However, at elevated temperature of 80°C,
the xylan content decreased from ~ 8.4% to around 7.5% due to dissolution but was

not significantly influenced by different dwell times.

Besides the pH value, the ionic strength should be increased to enhance xylan
deposition, as shown in Figure 4.4. Cellulose and xylan feature similar surface
textures of hydroxyl groups, indicating likewise surface charges. Moreover, xylan
contains carboxyl groups. Thus, the salt concentration should be high enough to
diminish electrostatic and steric repulsion between xylan molecules, and between
xylan and cellulose. In addition, it promotes interactions and associations between
these interfaces (Linder et al. 2003; Mitikka-Eklund 1996; Strom et al. 1982). How-

ever, the solubility of xylan molecules is also dependent on the salt used to set the
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Figure 4.3

ionic strength. Ions can either promote or retard the solubility of xylan in aqueous

solution (Hofmeister series), and thus affect precipitation of xylan.

The ratio between the amount of available xylan and the available surface area
has an influence on the amount of deposited xylan. This ratio can be either influ-
enced by the amount of xylan added to the suspension or by changing the pulp
consistency. The latter showed a small impact on xylan adsorption/precipitation
(Figure 4.5). At higher pulp consistencies a stronger effort is needed for a sufficient
mixing. Thus, increasing the input of xylan seems to be an easier way to signif-
icantly increase the xylan content of the fibers, as illustrated in Figure 4.6. The

difference between a xylan input of 80 mg/g and 160 mg/g was not significant but
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Figure 4.4 Impact of the ionic strength on adsorption of X; and X; onto SKPB fibers at:
¢ =80°C,pH=7,C=25%,and c¢x =160mg/g.
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Figure 4.6 Impact of the input of xylan on adsorption of X; and X; onto SKPB fibers at:
¢ =80°C,pH=7,1=0.25M (NaCl), and C = 2.5%.

a further increase to 320mg/g resulted in a higher take up of xylan. The results
again indicate, that an adsorption maximum is reached after almost 1 hour at ele-

vated temperature and neutral environment.

When using additives for papermaking, the retention is also of huge importance.
This has to be considered for the adsorption of xylan as well and is illustrated in
Figure 4.7 for both xylans. As mentioned before, the take up of X is stronger than
of X;. Thus, the retention for X; is in general lower. At the given values for the
variables and an input of xylan of 80mg/g the retention of X; was about 52%,
whereas for X; the retention was around 37%. An increase in the amount of xylan
added to the pulp suspension resulted in an increased xylan content of the fibers,
but the retention of xylan decreased to about 28% (X;) and 24% (X3). Thus, it can
be concluded that the retention of xylan is dependent on the input and the surface
morphology and chemistry of the fibers. For a higher take up of xylan, the fiber
could be treated with cationic polymers (Galvan et al. 2012) to change the surface
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Figure 4.7 Retention of X; and X, at two different amouts of xylan input at: ¢ = 80°C,
pH=7,1=0.25M (NaCl), and C = 2.5%.

charge and reduce electrostatic repulsion between xylan and cellulose or using ad-
ditional retention additives.

4.2.2 Comparison between HPLC and NMR

As mentioned before, HPLC and NMR measurements were performed to charac-
terize the chemical composition of the SKPB samples before and after treatment
with aqueous xylan solutions. Both measurement methods exhibited a similar de-
velopment of the amount of xylan after adsorption, but the values show a slight
offset. The differences in the values could be explained by two things. Firstly, the
procedures to dissolve the pulp into their neutral sugar monomers are different re-
garding the concentrations of H,SO, and the time during the two-step hydrolysis.
This can have an effect on the amount of dissolved material. Moreover, the princi-
ple of the two measurements are different. Secondly, in HPLC the various dissolved
sugar monomers are separated into fractions which are than counted, while during
NMR the monomers are exposed to a magnetic field resulting in periodic motion.
Each sugar component possesses a different frequency at which the periodic mo-
tion occurs. This could also lead to different values for each sugar fraction. The
results by NMR are presented in Figure 4.8.
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Figure 4.8 Comparison between HPLC and NMR regarding the investigated influencing
variables on adsorption of X; and X, onto bleached softwood kraft pulp: (a)
influence of the temperature, (b) influence of the pH level, (c) influence of the
ionic strength, (d) influence of the pulp consistency, (e) influence of the ad-
sorption time, and (f) influence of the amount of added xylan with regard to

the oven-dry pulp mass. .
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4.3 Distribution of attached xylan

After studying the impact of the six variables on the adsorption of xylan onto soft-
wood kraft pulp, the distribution of the attached xylan on the fiber was of interest.
It was of interest whether xylan accumulates nonuniformly on the fiber surface
or more homogeneously. Therefore, different methods have been applied such as
attenuated total reflection (ATR) spectroscopy, X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM), and atomic force microscopy (AFM) in
order to study the arrangement in more detail.

4.3.1 Attenuated total reflection spectroscopy

This method was used to investigate whether xylan is only adsorbed /precipitated
on the surface of the SKPB fibers or also able to penetrate or diffuse into the pores of
the fibers. During the mechanical treatment of refining some xylan from the pores

might get accessible again on the surface for fiber-fiber interaction.

Handsheets of SKPB with and without precipitated xylan, unrefined (a) and re-
fined at 1000 (b) and 3000 (c) revolutions (PFI mill) were analyzed by ATR spec-
troscopy in order to determine the intensity of the infrared (IR) peaks at the wave-
lengths of 1650 cm ™! and 1750 cm ™. In this region COOH groups show character-
istic stretching vibrations. Moreover, it was to prove whether the intensity of the
IR peaks is higher for the refined samples.

Firstly, both xylans were analyzed in their powder form to determine the intensi-
ties of the characteristic IR peaks. X; shows a larger absorption of IR light between
the wavelengths of interest than X; (see Figure 4.9). This behavior is due to a higher

amount of uronic acid residues, containing carboxyl groups, in Xj.
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Figure 4.9 ATR spectra of pure xylan 1 and xylan 2.
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Figure 410 ATR spectra of SPKB handsheets with additional X; (xylan input during ad-
sorption: 8 = 80mg/g and 32 = 320mg/g) at (a) 0, (b) 1000, and (c) 3000
revolutions.
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Figure 4.11 ATR spectra of SPKB handsheets with additional X; (xylan input during ad-
sorption: 8 = 80mg/g and 32 = 320mg/g) at (a) 0, (b) 1000, and (c) 3000
revolutions.

The intensities of the IR peaks fluctuate between different refining intensities
as well as different amounts of precipitated xylan (X; and X;) on the samples of
SKPB handsheets, as presented in Figure 4.10 and 4.11. In Figure 4.10, the intensi-
ties of the unrefined (a) and refined handsheets at 1000 revolutions (b) treated with
320mg/g of X; are quite similar, whereas the peak at 1650 cm™! of the handsheet
beaten at 3000 revolutions (c32) is larger. In Figure 4.11, the intensity of (b8) is much
larger than for (a8) and (c8) as well as at a higher input of xylan. Further measure-
ments at other areas of the handsheets resulted in similar fluctuations. Sometimes
the IR peaks at an input of xylan of 80 mg/g were larger than at 320mg/g and re-
verse. The variations were also present between unrefined and refined samples.
Therefore, no clear trend in the intensities of the IR peaks at an increased amount
of adsorbed/precipitated xylan could be observed on the SKPB handsheets. This
could indicate that xylan is nonuniformly and heterogeneously distributed on the
fiber surface, even for additional xylan which is in accordance with Henriksson and
Gatenholm (2002); Linder et al. (2003).

4.3.2 X-ray photoelectron spectroscopy

XPS was performed since it is more surface sensitive than ATR spectroscopy with
an analysis depth of 0.5-10nm (Conners and Banerjee 1995). Moreover, the atomic
concentration can be calculated from the spectra allowing to quantify the chemical
composition. Handsheets with the same modification as used for ATR spectroscopy
were analyzed. Unfortunately, the resolution of the Ols peaks were too low to
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Table 4.3 Binding energies and atomic concentration of the handsheets with and without
additional xylan.

Sample Peak Binding energy, eV Atomic concentration, %
SKPB C1[C-C] 285.00 30.52 £9.88
C2[C-OH] 286.55 4276 £11.28
C3[C=0] 28741 26.07 +7.87
SKPB with X; C1[C—C] 285.00 28.77 £4.45
C2[C-OH] 286.54 44.65+7.95
C3[C=0]  287.75 25.854+9.17
SKPB with X, C1[C—C] 285.00 29.43 £0.92
C2[C-OH] 286.55 4498 +9.49
C3[C=0]  287.77 25.58 +8.84

distinguish differences between the samples. Thus, the Cls peaks were analyzed
for all investigated samples. All Cls peaks were fitted by three carbon peaks (C1,
C2, and C3). The position of a peak is equivalent to the binding energy of the
emitted electron which is characteristic for each electron. Therefore, the peak area
of each carbon peak corresponds to the atomic concentration. The most interesting
peak is the C3 peak which corresponds to C=0O bonds reflecting the amount of
COOH groups. The results are presented in Table 4.3.

The atomic concentration for all three peaks are almost the same in the untreated
and xylan-treated handsheets. The C1 peak is about 29% for all samples and the C2
peak, representing hydrogen bonds, varies from 42% to about 45%. Further, there
is no difference in the samples for the C3 peak. The atomic percentage was ob-
served to vary between 25% and 26%. It was expected, that the peak area of the C3
peak is higher for the handsheets with additional xylan, since this peak represents
C=0 bonds from carboxylic groups which are present at the backbone of xylan.
The reason may be, that hemicelluloses but also other components, such as lignin
(~0.44%), are present on the surface of the reference sample and within the fiber
cell wall. Thus, areas with higher and lower amounts of COOH groups are present
on the fiber surface. The increase in the amount of additional xylan may enhance
the fluctuation of such areas. Moreover, the diameter of the investigated surface
area was about 4-5 mm. This means, that the number of fibers investigated on each
spot was different due to flocculations. Therefore, the atomic concentration would
have to be standardized to the quantity of fibers in the investigated area. However,
this is not feasible and the outcome of XPS is just an information about the chem-
ical composition of the surface, but the amount of xylan cannot be quantitatively

analyzed in an acceptable manner.
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4.3.3 Scanning electron microscopy

The results of the analysis of the surface chemistry by ATR spectroscopy and XPS
could indicate a nonuniform distribution of xylan on the fiber surface. Moreover,
the investigated area during XPS and ATR spectroscopy is characterized by a few
square millimeters. In literature the size of additional xylan on cellulosic fibers is
reported to be in the nanometer and micrometer range. Therefore, scanning elec-
tron microscopy was employed to investigate the fiber surface in a much smaller
area. If xylan can be detected in SEM a nonuniform distribution would be expected.
The detection of the surface texture of individual SKPB fibers before and after the
treatment with xylan were done in the conventional and low voltage mode.

(c) SKPB X, at 3000x

(f) SKPB X, at 15000 x

() SKPB at 30000 (h) SKPB X at 30000 x (i) SKPB X, at 30000

Figure 4.12 Images of treated and untreated unrefined SKPB fibers generated in the con-
ventional SEM: (a) reference sample at magnification of 3000x, (b) sample
treated with X; at magnification of 3000, (c) sample treated with X, at mag-
nification of 3000, (d) reference sample at 15000, (e) sample treated with
X; at magnification of 15000x, (f) sample treated with X, at magnification
of 15000%, (g) reference sample at 30000x, (h) sample treated with X; at
magnification of 30000 x, and (i) sample treated with X, at magnification of
30000x. The size of the white bar is 10, 2, and 1 microm for 3000x, 15000,
and 30000 x magnification..
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In Figure 4.12 SEM images of individual unrefined SKPB fibers with and without
additional xylan are shown which were generated in the conventional mode at var-
ious magnifications (3000...30000x). A few particles can be observed, especially on
the reference sample. But it is not clear, whether they indicate adsorbed or precip-
itated xylan or deposits of other particles. By comparing the images no difference
between the surface structure of the untreated fiber and the fibers treated with X;
and X, were found. At higher magnification (15000...30000 x ) additional structures,
such as aggregates or agglomerates could not be observed for the xylan-modified
fibers. This was also obtained by evaluating different positions at various fibers
and at magnifications up to 60000x. The results are in accordance with Kohnke
and Gatenholm (2007).

On the other hand, Henriksson and Gatenholm (2001, 2002) adsorbed glucu-
ronoxylan on pure cotton fibers and chemi-thermomechanical pulp fibers. After-
wards, the pulps were washed with hot water and sputter coated using gold for
conventional SEM. They identified small particles on the treated fiber surfaces in
a pm size range. Looking at the images depicted by Henriksson and Gatenholm
(2002) in the literature similar particles are also visible on the reference sample, but
a lower amount. Moreover, the indication of size of the samples in the images is not
represented. Contrary to these observations, Muguet et al. (2011) and Silva et al.
(2011) investigated the adsorption of xylan from brown and white liquor during
oxygen delignification and xylan on eucalyptus kraft pulp. After sputter coating,
they detected patterns and net-like structures between the fiber surfaces. Besides
xylan adsorption, this could be a result of reprecipitated lignin during delignifica-
tion (Schmied et al., 2012). Nevertheless, comparing the images presented in these
papers, similar structures can be observed on the reference samples as well. The
results published in the literature are difficult to compare with the results in this
study, since the conditions during sample preparation (washing step and sputter
coating) and the indication of size of the samples in the images are sometimes not
clearly described. For example, it is not known if the hot water used for the wash-
ing step was deionized water or tap water. Thus, it could be possible that in case of
tape water precipitated salt is visualized in the images. Further, the electron energy
varied between 10 keV and 20 keV.

Linder et al. (2003) observed aggregates in the colloidal size range after adsorp-
tion of xylan on bacterial cellulose. This indicates, that the surface roughness of
the fibers could be too high and small aggregates are not noticeable. Further, in the
conventional mode the surface is sputter coated prior to analysis. This method is
not well defined regarding the amount and distribution of the conduction layer on
the surface. However, an additional layer on the surface results in general in a loss
in information of the surface texture which could be more pronounced for rough

surfaces, than for smoother surfaces.
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Since SEM in the conventional mode was not successful to visualize differences
between the xylan-modified and unmodified fibers, fibers were investigated in the
low voltage (LV) mode. In this mode the surface does not need to be sputter coated
with a conducting layer. Thus, a higher contrast of the surface texture can gener-
ally be achieved. In a first step, fibers in handsheets were investigated and images
are presented in Figure 4.13. In case of the handsheets (Figure 4.13a—c), additional
structures or deposits are visible on the reference sample and on the handsheets
with additional xylan (here X;). The circular hole in Figure 4.13c is related to a
bordered pit. In Figure 4.13b these deposits can be seen more clearly at a mag-
nification of 10000x. After rewetting of the handsheets in deionized water and
fixing individual fibers on carbon tape, none of the samples carried these particles
anymore. This concludes that these are loosely bound on the surface and/or water-
soluble. However, adsorbed or precipitated xylan could not be visualized by both
techniques, conventional and low voltage SEM. This could be due to the colloidal
size range (Linder et al. 2003) of additional xylan on the fiber surfaces. Moreover,
the surface roughness of the fiber may play an important role for this technique, if
the size of adsorbed or precipitated xylan is much smaller than the roughness of
the fiber surface, and therefore it might look just like the sample. The roughness
of the fibers was determined by atomic force microscopy and will be presented in
the next section (4.3.4). These methods may not be feasible to detect additional
xylan aggregates on pulp fibers with a certain roughness. However, this also de-
pends on the size of deposited xylan which can be influenced by the ionic strength
of the aqueous solution during adsorption but also by the salt used to set the ionic
strength (Hofmeister series). A lower salt concentration results in more elongated
polymers, whereas a higher charge of polyelectrolyte forces polymers to a more
coiled conformation (Dobrynin and Rubinstein 2005; Dobrynin et al. 2001). Fur-
ther, ions can either promote or retard the solubility of xylan in aqueous solution
and thus, affect precipitation of xylan.
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Figure 4.13 Images of treated and untreated SKPB handsheets and SKPB fibers generated
in the low voltage SEM: (a) SKPB handsheet at magnification of 3000x, (b)
SKPB handsheet at magnification of 10000 x, (c) SKPB handsheet treated with
Xz at magnification of 3000 x, (d) SKPB fiber at 10000, (e) SKPB fiber treated
with X; at 10000 x, and (f) SKPB fiber treated with X, at 10000 x.
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4.3.4 Atomic force microscopy

Atomic force microscopy (AFM) was performed to investigate the fiber surfaces
of the untreated and treated unrefined SKPB fibers and cellulose model films in
the nanoscale range. Three methods have been employed, topographical imaging,
phase imaging, and force mapping. For the analysis of the topography standard
commercially available silicon AFM cantilevers have been used, while for phase
imaging and force mapping functionalized AFM tips were utilized. These tech-
niques are novel especially to study the surface chemistry of cellulose surfaces and
have not yet been used for xylan. Due to the rough surface of pulp fibers, phase
imaging and force mapping was first employed on cellulose model films after the
adsorption of xylan under controlled conditions using a QCM-D technique. First
results of pulp fibers, before and after adsorption of xylan are also presented, but
still several questions have to be answered when using functionalized AFM tips on
pulp fibers. This investigation was carried out in collaboration with the Institute
of Physics (Montanuniversitdat Leoben), Institute for the Engineering and Design of
Materials (University of Maribor), and the Institute for Chemistry and Technology
of Materials (Graz University of Technology).

4.3.4.1 Topography of cellulose model films

In pretests OH- and CH3-functionalized AFM tips were employed on pulp fibers,
but the functional groups were easily brushed off during scanning. For this reason,
cellulose model films were used to study the spatial distribution of xylan after ad-
sorption with such tips. Knowing that the chemical composition of a cellulose thin
film is different, than of pulp fibers one still has a model system. In the next sections
the surface analysis of these thin films after adsorption of xylan is presented.

In Figure 4.14 the topography of xylan-treated cellulose model films at differ-
ent pH-values (7, 8, and 9) and electrolyte concentrations (1 and 100 mmol NaCl)
are shown. The topography was analyzed using AFM silicon probes. For each
adsorption condition two images are shown which will be important in the follow-
ing section for comparison reasons with the images generated with functionalized
AFM tips. For all samples, hills can be recognized corresponding to aggregated
cellulose on the surface of the QCM-sensors. The mean size of these structures
ranged between 170 £30nm and 245 £ 80nm. In addition, for the samples with
xylan spherical shaped or dot-like structures and elongated rod-like patterns are
visible on these hills. While the dot-like features preferably adsorbed on the hill
structures, the elongated structures were located along the slope of the hills and
were only visible at pH 8 and 1 mmol salt concentration. The size of these patterns
ranged from 1.6 to 4.9 nm and did not follow a clear trend in terms of adsorption
conditions. Further, the additional patterns are nonuniformly distributed on the

78



4.3 Distribution of attached xylan | 79

cellulose films. These adsorbed structures could not be obtained on the cellulose
model films treated in the same way as for the adsorption trials of xylan, except no
xylan was pumped over the model films. This leads to the conclusion, that these

features correspond to adsorbed xylan.

¥

T e | mons weie
| e -t nn e

‘ jLC] g 188

1 . o "

(a) pH7,1mM NaCl. (b) pHS8, 1mM NaClL () pH9, 1mM NaCl

W W

I : i
(d) pH7,1mM NaCl (e) pHS8, 1mM NaCl.

L e
e ’ 108

(g) pH7,100mM NaCl (h) pH S, 100mM NaCl. (i) pH9, 100mM NaCl.

(G) pH7,100mM NaCl. (k) pH 8,100 mM NaClL () pHY,100mM NaCl.

Figure 414 Images of the topography of the cellulose model films at: (a,d) pH 7 and
1mM NaCl, (b,e) pH 8 and 1 mM NaCl, (c,f) pH 9 and 1 mM NaCl, (g,j) pH7
and 100 mM NacCl, (h,)k) pH 8 and 100mM NaCl, and (i,1) pH 9 and 100 mM
NaCl. The surfaces were scanned using a silicon AFM tip. The image size is
1 x 1pm?2.
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4.3.4.2 Phase imaging and force mapping on cellulose model films

To get a better image of adsorbed xylan as well as to study the surface chemistry of
such films, functionalized AFM tips were employed to scan the surface of cellulose
thin films before and after adsorption of xylan. Compared to cellulose, xylan fea-
tures a branched structure including attached carboxylic groups to the backbone
at irregular distances. Thus, different attractive or repulsive interactions between
cellulose and xylan towards the functionalized tips were expected. Phase imaging
and force mapping was performed on these films (see section 3.5.4.4). The use of
functionalized AFM probes was also done, due to the fact that phase imaging of

cellulosic surfaces utilizing silicon cantilevers does not give useful results.

In Figure 4.15 and 4.16 images of the phase contrast of xylan-modified cellulose
thin films at different pH-values and salt concentrations are presented. The phase
images in Figure 4.15 were recorded using OH-functionalized tips and in Figure
4.16 CH;z-tips were employed. By comparing these images with the images in Fig-
ure 4.14 the surface is reproduced in more detail and higher resolution. It can be
seen that the dot-like and rod-like structures in the topography images appear as
black structures in the phase contrast images. The reason for this is a lower phase
shift between the tip and xylan, than between the tip and cellulose. Xylan features
carboxylic groups on the backbone leading to a higher negative charge density.
Thus, xylan tends to show a higher repulsion, than attraction towards functional-
ized tips. A large amount of these features is visible on all surfaces differing slightly
in size and diameter. Moreover, the elongated structures can be observed for the
samples at pH 8 and 1 mmol NaCl. From the measurements it was observed, that
the interaction of the surface is higher for the OH-functionalization leading to im-
ages with a higher resolution than with CHz-functionalized AFM tips.
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Figure 415 Images of the phase contrast of cellulose model films treated with Xj at: (a)
pH 7 and 1mM NaCl, (b) pH 8 and 1 mM NaCl, (c) pH 9 and 1 mM NaCl, (d)
pH 7 and 100 mM Na(l, (e) pH 8 and 100 mM NaCl, and (f) pH 9 and 100 mM
NaCl. The phase images were recorded using OH-functionalized tips and can
be compared with the topography images in Figure 4.14: (a—a), (b—b),
(c—>c), (d—>g), (e—>h), and (f—1). The image sizeis 1 x 1 pm?.

(d) pH?7,100mM NaCl. (e) pHS, 100mM NaCl. (f) pH9,100mM NaCl.

Figure 4.16 Images of the phase contrast of cellulose model films treated with X; at:
(@) pH 7 and 1mM NaCl, (b) pH 8 and 1mM NaCl, (c) pH 9 and 1mM
Na(Cl, (d) pH 7 and 100mM NaCl, () pH 8 and 100mM NaCl, and (f)
pH 9 and 100mM NaCl. The phase images were recorded using CHj3-
functionalized tips and can be compared with the topography images in Fig-
ure 4.14: (a—d), (b—>e), (c—f), (d—>j), (e—k), and (f—1). The image
sizeis 1 x 1pm?.
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The adhesive force between the tip and the surface was extracted from force
mapping measurements. In a first step, the phase contrast was imaged at an image
size of 500 x 500nm?, and afterwards force mapping was performed in the same
area. Images from experiments at pH 8 and an electrolyte concentration of 1 and
100 mM NaCl are presented in Figure 4.17 for both functionalized tips. The blue
marked areas in the phase contrast images correspond to areas with lower phase
shift. The same areas can be found in the force mapping images which are marked

in green. They also exhibit the same size as in the phase contrast images.

The adhesive force between pure cellulose and the OH-functionalized AFM probes

was around 19nN and for the CH3 probes about 12.9nN. The additional dot-like
and rod-like patterns exhibited much lower adhesive forces of around 8 nN. These
values were detected for all surfaces treated at different conditions. The lower ad-
hesive force for xylan was expected as it possesses carboxylic groups on the back-
bone resulting in stronger repulsive interaction towards the functionalized tips.
The results suggest that the adsorbed structures on the cellulose model films corre-
spond to xylan.
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Figure 417 Images of the phase contrast (left) and the corresponding force map (right) of
cellulose model films treated with Xj at: (a,b,e,f) pH 8 and 1 mM NaCl and
(c,d,gh) pH 8 and 100mM NaCl. The images (a,b,c,d) were employed with
OH-functionalized tips and (e f,g,h) with CHs-functionalized tips. The image
size is 500 x 500 nm?.
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Figure 418 Relative surface coverage of xylan on cellulose model films determined by
AFM phase imaging in dependence on the adsorption conditions. The values
are averaged over four different measurements.

When comparing the mean size of the aggregates on the surfaces between the
topography images (Figure 4.14 and the images from phase imaging (Figures 4.15,
the functionalized tips yield larger sizes of the aggregates which seem to be influ-
enced by the electrolyte concentration. At a salt concentration of 1 mmol the mean
size of xylan was about 20 nm, whereas at a higher salt concentration of 100 mmol
yields smaller particles of around 15 nm. However, the differences are rather small
but significant. From phase imaging and force mapping the relative surface cover-
age can be calculated as well. The relative surface coverage of xylan on the surfaces
is shown in Figure 4.18. The surface coverage varied between 0.75% and 3.2%. De-
spite the variations, a trend in the series at an electrolyte concentration of 1 mmol
can be seen, whereas at 100 mmol the surface coverage at the different pH levels

are within the standard deviation.

4.3.4.3 Roughness analysis of fiber samples

After the cellulose model films have been analyzed, OH- and CH3-functionalized
AFM probes were employed to pulp fibers. This work is yet not fully completed,
but first results will be presented in this section. In a first step, the topography and
surface roughness of the fiber samples was analyzed using silicon AFM probes.
The xylan concentration during the adsorption step varied between 80mg/g (1)
and 320mg/g (h) to investigate possible changes in the roughness values due to
adsorption. However, no difference could be analyzed between the surface rough-
ness of the unmodified and modified SKPB fibers. The values for the rms roughness

(0), the lateral correlation length (¢), and the Hurst parameter («) are presented in
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Table 4.4 Roughness analysis of the reference sample (SKPB) and SKPB treated with X;
and X; at two different xylan concentrations (1 =80mg/g and h = 320mg/g).

5x%x5 pmz o, nm ¢, nm o

SKPB 120+ 35 535 + 200 0.60 +0.05
SKPB X; 1 150 £ 80 545 4 225 0.70£0.10
SKPB X; 1 130 £45 500 + 240 0.65+0.10
SKPB X; h 180 + 140 500 4+ 225 0.75+0.10
SKPB X5 h 150 £ 75 590 £ 200 0.60+0.10

Table 4.4. The mean values are within the range of the variations. The reason could
be a heterogeneous and nonuniform distribution of adsorbed/precipitated xylan
on the fiber surface (Henriksson and Gatenholm 2001, 2002; Linder et al. 2003).
Moreover, the size of xylan aggregates on cellulosic surfaces is observed to be more
in the colloidal size range and grows from 95nm to 155 nm at high temperatures
(Linder et al. 2003). The size of adsorbed xylan aggregates on cellulose model films
under room temperature was noticed to be in the range between 15nm and 20 nm.
Therefore, small xylan particles may not be detectable by rms measurements as the

surface roughness of the pulp fibers is much larger.
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4.3.4.4 Topography of the pulp fibers
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(a) Fiber without X;. (b) Fiber with X;.

(c) Fiber without Xj. (d) Fiber with Xj.

Figure 419 Images of the topography of: (a,c) SKPB without additional xylan and em-
ployed by a silicon probe and (b,d) SKPB with additional X; and employed
by a silicon probe. The image size is 2 x 2 um?.

Softwood kraft pulp fibers, treated with X; at a concentration of 80 mg/g and un-
treated fibers were analyzed so far. In Figure 4.19 the topography images of the
fibers are presented. The images do not give a sufficient resolution regarding ad-
ditional structures on the fibers surface and no clear difference between the fiber
with and without additional xylan can be obtained.

4.3.4.5 Phase imaging and force mapping on pulp fibers

Phase imaging and force mapping was performed on the same fiber samples as for
the topography measurements. The images analyzed by AFM phase imaging are
yielding a higher resolution and the surfaces appear in more detail as depicted in
Figure 4.20. The blue marked areas correspond to areas with a significant lower
phase shift, thus higher repulsion occurs between the functionalized tips and the
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surface. These areas were larger for the fibers with additional xylan for both, the
OH- and the CH3-functionalization. Due to the higher interaction between the fiber
surface and the OH groups at the AFM tip, these tips yield larger areas with a lower

phase shift.

65.0 deg

65.0 deg

63.0 63.0

62.0 62.0

61.0 61.0

55.0 deg

53.0
52.0
51.0

(c) Fiber without X; (OH probe). (d) Fiber with X; (OH probe).

Figure 4.20 Phase imaging: (a) SKPB without additional xylan and employed by a CHs
probe, (b) SKPB with additional X; and employed by a CHj3 probe, (c) SKPB
without additional X; and employed by a OH probe, and (d) SKPB with ad-
ditional X; and employed by a OH probe. The blue marked areas correspond
to areas with a lower phase shift. The image size is 500 x 500 nm?.

Force mapping yielded different adhesive forces regarding the used function-
alization and different areas on the substrate. The adhesive force was around
11.3 £ 6.0nN between the OH-functionalization and cellulose, whereas for the CHs-
functionalization it was obtained to be lower at 5.2+ 1.1nN. In the areas with a
lower phase shift lower adhesive forces were found between 4.2 + 0.6 nN (OH tip)
and 2.5 £ 0.3nN (CHj3 tip). The values indicate, that the attraction of bleached soft-
wood fibers is higher towards OH groups, than CH3 groups. By comparing the
surface coverage of the samples, the marked areas in Figure 4.20 (phase imaging)
and 4.21 (force mapping)are different. Phase imaging yielded higher values for the
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surface coverage of the fibers, than force mapping which is presented in Figure
4.22. Moreover, it can be seen that in phase imaging the surface coverage is en-
hancing with increasing the amount of xylan for both functionalizations. In case
of force mapping, the surface coverage is increasing for the OH-functionalized tips
and decreasing using AFM tips with CH3 groups.

(c) Fiber without X; (OH probe). (d) Fiber with X; (OH probe).

Figure 4.21 Images of force mapping of: (a) SKPB without additional xylan and employed
by a CHj3 probe, (b) SKPB with additional X; and employed by a CHj probe,
(c) SKPB without additional X; and employed by a OH probe, and (d) SKPB
with additional X; and employed by a OH probe. The blue marked areas cor-
respond to areas with a lower adhesive force. The image size is 500 x 500 nm?.

Moreover, the areas with a lower adhesive force and phase shift are nonuniform-
ly and heterogeneously distributed on the fibers surface. However, since these ar-
eas are present on the untreated fibers and the xylan-treated fibers it is not clear, if
these areas correspond to additional xylan on the fiber surface. The chemical com-
position of pulp fibers is more complex, than that of a cellulose model film which
consists of cellulose only. Thus, it could be possible that the detected areas with
a lower phase shift and adhesive force correspond to other hemicelluloses, lignin,
or remaining metals, as presented in Table 4.2. Therefore, more investigation on
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Figure 4.22 Relative surface coverage on pulp fibers determined by AFM phase imaging
and force mapping. The values are averaged over three different measure-
ments.

pulp fibers and other chemical constituents of pulp fibers need to be analyzed with
this method. Further questions have to be answered like the stability of functional-
ized AFM tips. However, with this novel technique it is possible to investigate not
only the distribution of xylan on cellulosic surfaces, but also to study the adhesion
forces of cellulose and xylan of various resources and other chemical components
(e.g. lignin and further hemicelluloses) on cellulosic surfaces. A more practical
application would be the investigation of swollen fibers in water with such tips.
This would allow to use COOH-functionalized tips, which would be protonated
under papermaking conditions, to study the distribution of charges on pulp fibers

in aqueous solutions.

4.3.5 Summary

The detection and localization of adsorbed or precipitated xylan on cellulosic sur-
faces is of great interest also with respect to the bonding mechanism of paper which
will be discussed in the next section. The results determined by attenuated total
reflectance spectroscopy, X-ray photoelectron spectroscopy, and scanning electron
microscopy are in accordance with results presented in literature (Henriksson and
Gatenholm 2001, 2002; Kohnke and Gatenholm 2007; Linder et al. 2003). Addi-
tional xylan on cellulosic surfaces seems to be nonuniformly and heterogeneously
attached. This was observed by ATR spectroscopy and XPS which yields informa-
tion about the chemical composition of a surface. However, no quantitative analy-
sis was possible. Thus, SEM was used to visualize the fiber surface. No additional

patterns or structures on the fibers with adsorbed or precipitated xylan could be ob-
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tained which may be due to the small sizes of aggregated xylan (Kohnke and Gaten-
holm 2007; Linder et al. 2003) and the surface roughness of pulp fibers. Atomic
force microscopy concluded a nonuniform and heterogeneous distribution as well
and yielded mean sizes of xylan aggregates between 15nm and 20 nm on cellulose
model films. Further investigations are required to clearly identify additional xylan
on pulp fibers by functionalized AFM tips. This novel technique presented in this
work could be a useful method and could play a key role to localize xylan on cellu-
losic surfaces. Another advantage is the determination of adhesive forces between
the surface and the different functionalized tips. Using different tips the hydropho-
bic and hydrophilic character of cellulosic surfaces can be obtained and the charge
distribution can be analyzed. This also may be helpful to get a better understand-
ing and gain a closer insight into the different bonding mechanisms within a paper
network (Figure 2.11).

4.4 Influence of xylan on pulp and paper properties

After the distribution and location of adsorbed and/or precipitated xylan onto cel-
lulosic surfaces was characterized, the influence of xylan on pulp and paper prop-

erties was investigated.

4.4.1 Fiber charge

Pulp fibers feature weak acid groups which dissociate under neutral and weakly
acidic conditions. This introduces anionic charges to the fibers. Under alkaline
delignification conditions, kraft lignin is oxidized, introducing carboxyl groups
in the cell wall (Eklund and Lindstrom 1991). Further groups, such as phenolic
and catecholic groups are generated in the cell during delginification (Sjostrom
1993). However, hemicelluloses, i.e. arabinoglucuronoxylan (softwood) and glu-
curonoxylan (hardwood) (Buchert et al. 1995) feature the main contribution to the
anionic charge of pulp fibers. Due to the simultaneous removal of large quanti-
ties of hemicelluloses and lignin during delignification, the anionic charge, or ion
exchange capacity, of a pulp fiber decreases (Lindstrom 1989).

The addition of xylan to the fiber by adsorption or precipitation (~50mg/g
fiber) introduces further acidic groups (i.e. MeGluA), thus increasing the anionic
charge, both total and surface charge. The impact of additional xylan is illustrated
in Figure 4.23. Both, X; and X; increased the total charge of the pulp by ~20%
from 37.6 peq/g to 45.8 neq/g (X1) and 44.7 peq/g (X2). The slightly higher mean
value for the fibers with additional X; could be due to a higher content in uronic
acid residues. However, there is no significant difference between both samples.
The heat-treatment in deionized water and the treatment under the same condi-
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Figure 4.23 Trend of the total charge of the unrefined samples: (a) SKPB = untreated ref-
erence sample, SKPB X; = softwood kraft pulp treated with X;, SKPB X, =
softwood kraft pulp treated with X,, (b) SKPB = untreated reference sam-
ple, SKPB ht = heat-treatment of softwood kraft pulp in deionized water, and
SKPB ht Xg = softwood kraft pulp treated under the same conditions for ad-
sorption without additional xylan.

tions for the adsorption step without the addition of xylan to NaOH did not have
an influence on the anionic charge of the SKPB fibers. This may not be surprising
due to the fact that no additional weak acid groups were introduced. These tests
were done to prove, whether the conditions during the adsorption step could also
have an influence on the fiber charge, since the temperature was elevated and con-
stituents could be removed by the addition of NaOH. The values obtained for these
samples are a little lower. Between these measurements was a certain lapse of time.
Thus, the chemical needed for these measurements were freshly prepared. This is

most probably the reason for the lower values.

The surface charge of the SKPB fibers in its hydrogen form were determined
by the adsorption of cationic pPDADMAC. In theory, the polyelectrolyte will com-
pletely adsorb until the fiber reaches saturation. However, the adsorbed amount
of polyelectrolyte increases with the amount dosed, due to a kinetic blocking that
prevents the polyelectrolyte from reconforming to an equilibrium state. Thus, the
amount of polyelectrolyte needed to saturate the fiber surface was determined by
extrapolating the adsorbed amount I' of pPDADMAC at different equilibrium con-
centrations which gives a charge ratio (Horvath 2003). The adsorption isotherms of
pPDADMAC are illustrated in Figure 4.24.

The surface charge of the treated and untreated SKPB fiber samples is repre-
sented in Figure 4.25. The modification with xylans also resulted in an approxi-
mately 60% higher surface charge from 2.72 peq/g to 4.38 peq/g (X;) and 4.59 peq/g
(X2). The surface charge was not affected by the heat-treatment in deionized water
and the treatment under the same conditions for the adsorption step without the
addition of xylan to NaOH as well.
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Figure 4.24 Adsorption isotherms of pPDADMAC on: (a) and (b) untreated SKPB fibers,
(c) heat-treated SKPB fibers, (d) SKPB fibers treated under the same condi-
tions for adsorption without additional xylan, (e) SKPB fibers treated with X,
and (f) SKPB fibers treated with X;. The pDADMAC had a My, =9.2 x 10° Da
and ¢ = 6.19 x 103 ekv/g.
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Figure 4.25 Trend of the surface charge of the unrefined samples: (a) SKPB = untreated
reference sample, SKPB X1 = softwood kraft pulp treated with X;, SKPB X2 =
softwood kraft pulp treated with X5, (b) SKPB ht = heat-treatment of softwood
kraft pulp in deionized water, and SKPB ht X = softwood kraft pulp treated
under the same conditions for adsorption without additional xylan.

Anionic charges cause the fiber to swell, due to the formation of a Donnan equi-
librium. Dissociated cations (e.g. Na*t, Ca?", Mg?", and AI*") diffuse in to the cell
wall to shield the anionic charges. This leads to a higher concentration of cations in
the fiber wall and the fiber takes up more water to dilute the concentration which
is similar to an osmotic pressure. Thus, a higher anionic charge of a fiber results in
a stronger swelling behavior (Laine et al. 2003). Moreover, swelling makes the fiber
more flexible and brings also a jellylike character to the xylan (hydrogel). These
parts are softer on the fiber surface (Persson et al. 2013) and within the cell wall.
Therefore, higher and homogeneous areas in molecular contact can be achieved
between adjacent fibers and additional Van der Waals forces as well as hydrogen
bonds can be generated. In addition, a higher surface charge implies that stronger
coulomb forces can be generated by the addition of cations between two negatively
charged fibers (Laine et al. 2003; Persson et al. 2013; Torgnysdotter et al. 2007). In
the end, swelling has an impact on the refining process. The softer and more flexible
fibers feature a lower refining resistance, thus strength properties can be achieved

with a lower energy demand for refining.

4.4.2 Water retention value

The water retention value (WRV) gives information about the ability of pulp to take
up water and the swelling behavior. In a first step, two different xylan conditions
were chosen to analyze the impact on the swelling behavior which were: 1) I =
1mol/L, ¢x = 8% and h) I =2mol/L, ¢x = 32%. The other variables during adsorp-
tion were kept constant at 80°C, pH 7, and 2.5% pulp consistency for 1h. The two
conditions were performed to investigate different amounts of xylan on the SKPB
fiber as presented in section 4.2. Part of the pulp was refined with a PFI mill at
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1000 and 3000 revolutions. The WRV was determined from these pulp samples.
Handsheets were made and strength properties were analyzed as well, but will be
discussed later in section 4.4.3.

A higher surface charge and charge density of the surface of SKPB leads to a
stronger swelling behavior. This can be seen in the trend of the water retention
value in Figure 4.26. The WRV of the pulp samples with additional X, increased
faster with refining, compared to the reference sample and to the pulp with addi-
tional X;. The influence of X; was quite low or rather the opposite way. Since the
surface charge was increased for the pulp with additional Xj, an increased swelling

behavior would be expected.
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Figure 4.26 Trend of the water retention value of: SKPB = untreated reference sample,
SKPB X; = softwood kraft pulp treated with X;, SKPB X, = softwood kraft
pulp treated with X, at two different conditions for xylan adsorption: 1) I =
1mol/L, cx =8%; h) I =2mol/L, cx = 32 %.

The influence of the two xylans on the WRV of the other pulp samples (sul-
fite pulp, unbleached softwood kraft pulp, and viscose fibers) was measured and
compared with the bleached softwood kraft pulp. For all pulps one adsorption
condition was chosen (80°C, pH 7, I = 1mol/L, 2.5% pulp consistency, and 1h).
Additionally, the same procedure was performed with the reference sample, ex-
cept no xylan was added. As before mentioned, part of the pulp samples were
treated with a PFI mill at 1000 and 3000 revolutions and handsheets were made.

The results of the WRV of the different pulp samples is presented in Table 4.5
as well as the beating degree which is an important value for papermaking as it
gives information about the drainage behavior of a pulp. The beating degree is
increasing for the pulp samples with additional xylan. At the areas when xylan
is present, swelling is enhanced and makes it more flexible. Thus, the resistance

against mechanical treatment, such as beating, is reduced and consequently the
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beating degree increases, also due to the increase in fines concentration and fiber
cutting. The beating degree of the unbleached fiber samples is not affected by addi-
tional xylan when comparing with the reference sample. This is most probably due
to the higher resistance against mechanical treatment. A longer treatment should
result in a similar tendency of the beating degree as for the bleached kraft pulp sam-
ples. Comparing kraft and sulfite pulps, the refining resistance of sulfite fibers is in
generally lower. The chemical decomposition of lignin in the sulfite process starts
from the fiber surface in direction to the lumen, whereas in the kraft process it takes
place the opposite way. This leads to a completely dissolved primary cell wall and
a strongly affected secondary (S1) cell wall in sulfite fibers (Sixta 2006). Therefore,

the fiber surfaces from these pulping methods have different characteristics.

In case of the viscose fibers the beating degree and the WRV was not affected
by additional xylan. Adsorption of xylan on the VF fibers could not be detected
by HPLC (see Table 4.7). In case of the pulp samples, no clear trend regarding an
increased WRYV for the pulps treated with xylan could be observed. The values
varied within a range of 10%. A higher swelling behavior, determined by the WRYV,
was expected. This could be a result of the amount of xylan. The xylan content
may not have been enriched enough to determine a significant increase in the water
retention values. The chemical composition of the pulp samples and viscose fibers
are presented in Table 4.6 and 4.7.
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Table 4.5 Development of the beating degree and the water retention value (WRV) of the
different fiber samples. 0 PFI = 0 revolutions; 1000 PFI = 1000 revolutions; and

4.4 Influence of xylan on pulp and paper properties

3000 PFI = 3000 revolutions.

Beating degree, SR WRV, g/g

Sample OPFI 1000 PFI 3000 PFI 0 PFI 1000 PFI 3000 PFI
SPB 12.8 14.5 24.8 0.908 £0.001 1.2714+0.005 1.605+0.033
SPB ht Xg 13.0 15.5 27.3 0.890+0.001 1.272+£0.003 1.56040.017
SPB X; 13.0 16.0 31.0 0.862+0.002 1.260+£0.007 1.599 +0.004
SPB X, 12.0 15.5 30.0 0.895+0.001 1.269+0.003 1.7054-0.042
SKPB 13.2 14.8 17.8 0.834+0.013 1.130£0.002 1.3964-0.006
SKPB ht X, 12.8 13.3 17.6 0.870£0.003 1.160£0.009 1.377+0.026
SKPB X; 12.8 14.0 20.0 0.890+0.020 1.161+£0.036 1.479 +0.047
SKPB X; 12.5 13.6 18.8 0.856+£0.012 1.114+£0.005 1.37040.033
SKPUB k42 13.3 14.0 14.8 1.418+£0.004 1.3814+0.092 1.541£0.010
SKPUB k42 ht X, 13.7 138 15.3 1.454+£0.003 1.481+0.002 1.596 £0.005
SKPUB k42 X; 14.2 14.0 15.5 1.4324+0.008 1.466+0.004 1.611+0.001
SKPUB k54 13.4 14.6 14.8 1.477+£0.144 1.411+0.029 1.624£0.135
SKPUB k54 ht Xg  13.6 14.1 15.0 1.444+£0.014 1.488+0.001 1.595=£0.002
SKPUB k54 X3 13.3 13.8 15.0 1.413+£0.010 1.473+0.004 1.609£0.003
VF 102 — — 0.712+£0.002 — —

VF ht 109 — — 0.728+0.009 — —

VF ht X, 115 — — 0.720+£0.005 — —

VF X3 112 — — 0.705+£0.006 — —

VF Xp 113 — — 0.721£0.012 — —

96



Table 4.6 Chemical composition of the fiber samples before and after adsorption of xylan by HPLC: Glu = glucose, Xyl = xylose, Man = mannose, Ara =
arabinose, Rha = rhamnose, Gal = galactose, KL = Klason lignin, SL = acid-soluble lignin .

Sample Glu, % Xyl, % Man, %  Ara, % Rha,% Gal, % KL, % SL, %

SPB 875+05 53+£00 54+01 00+00 00+00 0.04+0.0 0.064+0.03 1.024+0.01
SPB ht X 86.6+10 52+00 544+01 0.04+00 00£00 0.0+0.0

SPB X; 84.34+0.1 77+01 53+£01 004+00 00+£00 0.0£0.0

SPB X, 86.2+02 6.6£00 53+00 0.04+00 00+£00 0.040.0

SKPB 805+12 78+01 62+01 054+00 00£00 02+00 022+0.01 0.22+0.01
SKPB ht X, 793+10 78401 62401 05+00 00+00 0.24+0.0

SKPB X; 771+12 111402 59400 05+00 004+00 02400

SKPB X, 770+16 94401 6.0+01 04+00 00+00 0.24+0.0

SKPUB k42 777+04 784+00 6.14+00 08+£00 01+£00 05+00 6.49+006 0.174+0.01

SKPUB k42 ht X, 779£0.6 77+01 62+00 08+00 01£00 05+00
SKPUB k42 X; 76.1+£08 95£01 6.0+£00 07X£00 01+£00 05=%00

SKPUB k54 752+10 79£01 6.0x+£00 08*£00 01+£00 06+£00 8.04£021 0.18=£0.01
SKPUB k54 ht X, 75.6£09 78+0.1 60+£01 08+00 01£00 0.6+00
SKPUB k54 X 734+14 97+£01 58+00 08+£00 01+£00 0.6=£00

saiuiadoud uaded pue dind uo uejAx jo sousnjyu| ¢y
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Table 4.7 Chemical composition of the viscose fiber samples before and after adsorption
of xylan by HPLC: Glu = glucose, Xyl = xylose, Man = mannose, Ara = arabi-
nose, Rha = rhamnose, Gal = galactose.

Sample Glu, % Xyl, % Man, % Ara, % Rha,% Gal, %

VE 936+04 12+00 06£00 0000 00x£00 0.0x£00
VF ht 95.0+06 13+00 06£00 0000 0.0£00 0.0+00
VFhtXg 953+04 12£+00 06+00 00£00 0.0£0.0 0.0£0.0
VE X3 959+04 124+00 06£00 0000 0.0£00 0.0x£00
VE X3 959+12 12£00 06+00 00£00 0.0£00 0.0+0.0

4.4.3 Strength properties

Xylans represent an abundant and sustainable source for tailored materials. They

are proposed for a use in pharmaceuticals, in wound dressings, and in immunomod-
ulating agents (Daus and Heinze 2010; Kumar and Negi 2012; Petzold-Welcke et al.

2014). However, one of the main suggested areas of applications of xylan is pa-

permaking. Thus, it was of interest , whether xylan does have an impact on the

strength properties of paper. Therefore, bleached softwood kraft pulp was modi-

fied and tested and compared with other modified pulp samples, such as bleached

sulfite pulp and unbleached softwood kraft pulp.

4.4.3.1 Softwood kraft pulp (SKPB)

SKPB pulp was treated with xylan at two different conditions as described earlier
in section 4.4.2. After refining at 1000 and 3000 revolutions with a PFI mill, hand-
sheets were made and the tensile and the tear index as well as the breaking strain
were evaluated. The results of the strength parameters vs. the PFI revolutions are
depicted in Figure 4.27.
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Figure 4.27 Trend of the tensile index (a), tear index (b), and (c) breaking strain vs. the
refining intensity (revolution with a PFI mill) of xylan-modified and unmod-
ified SKPB handsheets at two different adsorption conditions: 1) I = 1mol/L,
cx =80mg/g; h) [ =2mol/L, cx =320mg/g.

For the unrefined samples, SKPB with additional X; at the higher xylan concen-
tration (320 mg/g) possessed an about 13% higher tensile index. The values of the
other fiber samples were all in the same range. After refining, the tensile index
is stronger increasing for the samples treated with xylan and is further increasing
for the samples with a higher xylan content (Figure 4.27a). Upon refining at 3000
revolutions with the PFI mill, the maximum increase in tensile index was 28 % (X1)
and 38 % (Xz), compared to the reference sample. The higher effect of X, is most
probably due to the higher molecular weight (Hansson and Hartler 1969; Kabel
et al. 2007; Meller 1965). However, the mechanical treatment of pulp leads to more
flexible and softer fibers, due to internal and external fibrillation. Fibers with a
stronger swelling behavior by e.g. a higher xylan content are treated even stronger
during refining. Moreover, refining results in the production of fines and cut fibers
resulting in shorter fiber lengths (Kerekes 2005). The result is a fiber suspension
with a longer drainage behavior. The beating degree is a measure to characterize

the drainage behavior of pulp suspension and it is increasing with more intense or
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longer mechanical treatment. Additional xylan on the fiber surface could have an
influence on the strength properties and contribute to the mechanisms of bonding
within the fiber network. The stronger effect on the tensile index could be also the
result of more fiber-fiber bonds within the network, due to a higher degree of fib-
rillation and flexibility of the fibers resulting in higher areas in molecular contact.
The latter may be the main effect. By comparing the tear index (Figure 4.27b), the
handsheets with additional xylan is decreasing faster. This is most probably the
result of a more pronounced fiber cutting during refining, than for the reference
sample. The values of the breaking strain (Figure 4.27c) were also higher for the
handsheets with additional xylan which may be the result of more fiber-fiber in-
teractions within the network as well. A network with more interactions points
(fiber-fiber bonds) can compensate mechanical stress more easily, than a network
with fewer fiber-fiber bonds.

4.4.3.2 Comparison between the different pulp samples

Since, the development of the beating degree was more pronounced for the fibers
with additional xylan (Table 4.5), the strength properties are related to the beating
degree and compared with the other pulp samples in Figure 4.28. The results indi-
cate, that at a similar beating degree, the effect of a higher tensile index is negligible.
This is the case for all tested pulp samples.

Comparing kraft and sulfite pulps, the refining resistance of sulfite fibers is gen-
erally lower. The chemical decomposition of lignin in the sulfite process starts from
the fiber surface in direction to the lumen, whereas in the kraft process it takes
place the opposite way. This leads to a completely dissolved primary cell wall and
a strongly affected first layer of the secondary cell wall (S1) in sulfite fibers (Sixta
2006). Therefore, the fiber surfaces from these pulping methods have different char-
acteristics. The result of beating is a faster increase in fiber flexibility, but also in
fines concentration and fiber cutting. This may be a reason for the lower effect of
xylan on paper strength of the sulfite handsheets, as more fines may be generated
at a given refining energy. On the other hand, the amount of xylan increased from
5.2% to 6.6% (see Table 4.6). This shows, that the resulting amount of xylan of
the sulfite fibers is significantly lower than for the softwood kraft pulps which in-
creased from 7.8% up to 11.1% for the bleached sample. A result could be a harder
or stiffer sulfite fiber, by reason of a reduced swelling behavior. Consequently, the
surface may have a lower penetration hardness. This will affect the area in molec-
ular contact between adjacent fibers (Persson et al. 2013). Furthermore, the proper-
ties and conditions of the fiber surface are different between sulfate and sulfite pulp
and could affect the conditions for the precipitation of xylan onto the fibers. These
factors will have an influence on the resulting tensile strength of paper. The lower
xylan content of sulfite fibers also implies that a lower amount of xylan, due to the
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Figure 4.28 Trend of the tensile index vs. the beating degree of: top left = xylan-modified
and unmodified bleached softwood kraft handsheets; top right = xylan-
modified and unmodified bleached sulfite handsheets; bottom left = xylan-
modified and unmodified unbleached softwood kraft handsheets (Kappa 42);
and bottom right = xylan-modified and unmodified unbleached softwood

kraft handsheets (Kappa 54).
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Figure 4.29 Trend of the tear index vs. the beating degree of: top left = xylan-modified
and unmodified bleached softwood kraft handsheets; top right = xylan-
modified and unmodified bleached sulfite handsheets; bottom left = xylan-
modified and unmodified unbleached softwood kraft handsheets (Kappa 42);
and bottom right = xylan-modified and unmodified unbleached softwood
kraft handsheets (Kappa 54).

missing primary wall, is involved in the bonding mechanisms. The development
of the beating degree of the bleached softwood fibers is more pronounced, than for
the unbleached fibers. The unbleached fibers still contain a higher amount of lignin

(see Table 4.6) which is more resistant against mechanical stress.

A similar trend was obtained by comparing the beating degree vs. the tear index
(Figure 4.29) or the strain at break. No significant influence of additional xylan on
the pulp fibers was noticeable. The same can be obtained by comparing the tensile
index with the sheet density (see Figure G.1 and G.2, Appendix G).

Viscose fibers were investigated whether they could be used as model fibers, as
they consist predominantly of cellulose. However, no adsorption or precipitation
of xylan onto the VFs could be detected by high pressure liquid chromatography—
the xylan content was 1.2% for all samples. On the other hand, xylan did adsorb on
the cellulose model films which are built up by cellulose II as well. A reason could
be the detection limit of the measurement of the HPLC technique. Although there
might be small amounts of xylan present on the surface of VFs, this amount may
be too low to have a significant influence on the strength properties of handsheets
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made of these fibers as shown in Figure 4.30. The values of the tensile index and the
tear index are all in the same range for the xylan-modified VFs and the reference
VFs.

24 n
s VF AVF ht
AVF ht XomVF Xy
L mVE X, |
20
&
2
5§ 201 .
"c -
=
E) , S
E 15| ' * B
= b i
16 - . . N

jiﬁ 12 13 14 15 16 17 18 19 20

Tear index, mN m?/g

Figure 4.30 Trend of the tensile index vs. tear index of xylan-modified and unmodified
VF handsheets.

Rohm et al. (2014) investigated the influence of xylan on the strength of cellu-
lose model films. A set of two films swollen in water were bonded together like
a sandwich. After drying, the films were torn apart and the force to separate the
films was measured. A higher force was needed when xylan was incorporated be-
tween the films and even increased by a higher electrolyte concentration (NaCl).
Due to the ability of xylan to take up water, the surface becomes softer and a higher
area in molecular contact can be achieved when xylan is incorporated in a bond.
Further, the addition of electrolyte suggests that Coulomb forces play a role for the

interaction between these surfaces.

Therefore, handsheets of unrefined SKPB fibers were made with an increased
salt concentration. This was performed by using a salt concentration equivalent to
the salt concentration used during the adsorption step for the washing step. Part of
the pulp was treated the same way as for the adsorption of xylan, except no xylan
was added. The amount of added xylan during the adsorption step was 80mg/g.
Before handsheet preparation, the conductivity of all pulp suspension was set to
1900 uS/cm. The results are presented in Figure 4.31. The tensile indeces of the
four different fiber samples are within the same range. However, the the mean

value of the index is the lowest for the heat-treated pulp without additional xylan.
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Figure 431 Trend of the tensile index vs. tear index of xylan-modified and un-
modified SKPB handsheets at a higher salt concentration (conductivity of
1900 uS/cm?).

4.4.3.3 Summary

The results presented here are in accordance with the other results in literature. A
significant effect of xylan was obtained by comparing the strength properties with
the refining intensity (Kohnke et al. 2008). indicating a fiber-bonding enhancing
effect (Mobarak et al. 1973; Pettersson and Rydholm 1961; Rydholm 1965). How-
ever, comparing strength properties with the beating degree no significant differ-
ence could be recognized (Kohnke and Gatenholm 2007; Silva et al. 2011). Xylan
is able to bind water, thus becoming a hydrogel which make it softer. When xy-
lan is incorporated in a fiber-fiber joint a higher area in molecular contact could
be achieved. Moreover, Coulomb forces can be generated due to the existence of
carboxylic groups on the backbone. The reason for the negligible effect on strength
properties of handsheets could be the result of a nonuniform and heterogeneous
distribution of rather small xylan aggregates on the fiber surface (Henriksson and
Gatenholm 2001, 2002; Linder et al. 2003). Moreover, a network will always fail at
its weakest point. Stronger bonds with incorporated xylan may be present within
a fiber network, but weaker bonds will fail first. Thus, xylan-enriched bonds be-
tween adjacent fibers may not have a significant influence on the resulting strength
properties of handsheets. For this reason, the bond strength of individual fiber-fiber

joints was determined and is presented in the next section.
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4.5 Influence of xylan on properties of individual fibers

The breaking load of individual fiber-fiber joints and single fiber tensile strength of
individual fibers were determined. The chemical composition of the investigated
fiber samples is presented in Table 4.8. For the modifications of the fiber samples

see section 3.7.1.1.

Table 4.8 Chemical composition (determined by high pressure liquid chromatography)
of the fiber samples.

Sugar amount; % Lignin? %

Sample Name Glucose Xylose Mannose

A Ref 80.5 7.8 6.2 1.08
B Xp1 77.1 11.1 5.9
C Xy 1 77.0 9.5 6.0
D X1 h 77.1 16.1 6.2
E X2 h 779 14.6 6.1
F KOH 881 1.9 6.1
G k42 77.7 7.8 6.1 6.66
H k54 752 79 6.0 8.22

! Determined by high pressure liquid chromatography
2 The lignin content is the sum of Klason lignin and acid-soluble

lignin

4.5.1 Individual fiber-fiber joints

Individual fiber-fiber joints were tested to investigate the influence of xylan on the

bond strength. This was done to avoid the complication for the fiber network.

The mean values of the breaking load of individual fiber-fiber joints obtained for
pulp A and H correspond to values generated in other studies using direct meth-
ods. Schniewind et al. (1964) determined a value of 2.26 mN (here 2.85 mN) for
once-dried, unrefined, and bleached sulfate pulp (mixture of spruce and pine) at a
higher testing speed of 2.54 mm /min. For unbeaten and unbleached softwood kraft
pulp the following values were obtained: 6.102 mN (Mayhood et al. 1962), 4.98 mN
(Saketi and Kallio 2011), and 6.58 mN (Fischer 2013). In this study, a mean break-
ing load of 6.01 mN of fiber crossings from unbleached, unbeaten, and never-dried

softwood kraft pulp (mixture of spruce and pine) with k54 was determined.

The results of the force that is needed to break the individual fiber crossings are
presented in Figure 4.32. With increasing xylan content of the fibers (pulps B-E), the
mean value of the breaking load is generally higher compared to the reference sam-
ple (A). At a confidence level of 95%, the mean value of pulp E (X; h) is statistically
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Table 4.9 P-values of breaking load of the fiber-fiber joints obtained by a t-test against

null hyphothesis.

Sample A B C D E F G H

A — 0.708 0.062 0.090 0.036 0.558 0.353 0.013
B 0.708 — 0274 0.305 0.188 0.859 0.321 0.091
C 0.062 0274 — 0.878 0.735 0.409 0.075 0.098
D 0.090 0.305 0.878 — 0.889 0.424 0.094 0.262
E 0.036 0.188 0.735 0.889 — 0.292 0.035 0.251
F 0.558 0.859 0409 0424 0292 — 0.267 0.414
G 0.353 0.321 0.075 0.094 0.035 0267 — 0.071
H 0.013 0.091 0.098 0.262 0.251 0414 0.071 —

different compared to the reference sample A which means a strong presumption
against null hypothesis (see Table 4.9). This is also evident for the unbleached sam-
ple H at the same confidence interval of « = 0.05. At a confidence level of & = 0.1,
the mean values of the breaking load of the xylan-treated pulps C (X; h) and D (X3
1) are of low presumption against null hypothesis. The results indicate a strength
improving effect of additional xylan on individual fiber-fiber joints. During the
adsorption step, xylan adsorbs or precipitates predominantly on the fiber surface.
Xylan is able to take up water resulting in a reduced surface hardness and a higher
area in molecular contact can be achieved as well as coulomb forces due to the ex-
istence of carboxylic groups on the backbone. The results indicate, that xylan could
improve joint strength of fiber crossings, but the amount of additional xylan, the
chemical and physical properties (e.g. molecular weight), and the distribution on
the fiber surface may play the key role in a strength enhancing effect. This may be
the reason why no effect was obtained for the fibers with additional X; at a lower

concentration.

The reduction of the xylan content (pulp F) resulted in a larger variance of the
values, but no difference compared to pulp A was found. Alkaline extraction re-
sulted in a reduction in the crystallinity of the fibers from about 50% to 30%. Thus,
the surface of the fibers could get softer, resulting in a higher area in molecular
contact between adjacent fibers. On the other hand, a significant difference could
be noticed for the two unbleached samples, 1.91 mN (pulp G) and 6.01 mN (pulp
H) which was confirmed with a t-test. Pulping proceeded longer for pulp G, lead-
ing to a lower lignin content, changing the structure of lignin (solubility) and the
fiber surface and cell wall itself (e.g. surface area, surface charge, porosity, pore size
distribution, and crystallinity). The amount of hemicelluloses was not remarkably

affected for the two unbleached fiber sources, as shown in Table 4.8.
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Figure 4.32 Breaking load of individual fiber-fiber joints (n = number of tested crossings)
of the fiber samples: (A) Ref (n=12), (B) X;1(n=7), (C) Xp 1 (n=23), (D) X; h
(n=9), (E) X3 h (n =10), (F) KOH (n =7), (G) k42 (n =5), and (H) k54 (n = 7).

The specific bond strength was calculated for each bond by measuring the OBA
before testing (section 3.7.1.3). The results are illustrated in Figure 4.33. The values
for the samples with additional xylan at higher concentration (pulps D and E), after
xylan extraction (pulp F), and the unbleached sample H seem to exhibit a higher
specific bond strength, than the other samples. However, the variations are too
large for a significant difference. By comparing the OBA of the fiber-fiber joints
and its bonding force, no relation was noticed. Only pulps B and C show a higher
R? of 0.88 (pulp B) and 0.98 (pulp C), as presented in Table 4.10. The reason for this
behavior could be, that the OBA gives no information about the area in molecular
contact, meaning that the actual contact area is smaller. Besides, the specific bond
strength, further joint and fiber parameters are important, such as fiber width, fiber
wall thickness, fiber diameter, fibril angle, or crossing angle (Fischer 2013). Thus, it
is difficult to obtain a relationship between the bond strength and contact zone of
individual fiber-fiber joints. The necessary handling of the samples could also have
a certain influence on the bond strength.
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Table 4.10 Coefficient of determination (R?) of linear regression between the bond
strength and the optical bonded area of the tested fiber-fiber joints (n = num-
ber of tested crossings) of the different pulp samples: (A) Ref (n = 3), (B) X; 1
n=6), (C)X;1(n=3), (D) X; h(n=9), (E) Xz h (n=9), (F) KOH (n =7), (G)
k42 (n =5), and (H) k54 (n = 6).

Sample A B C D E F G H

R? 0.564 0.883 0981 0.013 0.013 0.251 0.267 0.004

—_
N

emean value

—_

o

|
|

Secific bond strength, MPa
(o)}
T
|
|

4 B
Jl 394 [ )
795
2.16 ° 247
2, |
S e e N o
| | |

0 A B C D E F G H

Figure 4.33 Specific bond strength of individual fiber-fiber joints (n = number of tested
crossings) of the fiber samples: (A) Ref (n=3), (B) X1 1 (n=6), (C) Xz 1 (n=3),
(D) X1 h(n=9),(E) X h(n=9), (F) KOH (n =7), (G) k42 (n =5), and (H) «54
(n=06).

Nevertheless, the size of the bonded area between adjacent fibers is of funda-
mental importance for the resulting paper strength. This area is influenced by the
contact zone or area in molecular contact which is depending on the fiber morphol-
ogy. A rougher fiber surface leads to a smaller area in molecular contact while a
smoother surface results in a larger contact zone, allowing stronger bonds by hy-
drogen bonding, Van der Waals linkage, Coulomb forces, interdiffusion, and cap-
illary bridges. Xylan is able to bind water and acts as a hydrogel. Thus, swelling
is enhanced in areas where xylan is present. This makes the fiber softer and more
flexible, resulting in a lower penetration hardness in these areas (Ganser et al. 2014;
Persson et al. 2013). When areas with a lower penetration hardness are getting
in close interaction a larger area in molecular contact can be achieved making the
bond stronger. To achieve an impact on the bond strength, the distribution of xylan
is of great importance. Xylan is most probably heterogeneously and nonuniformly
distributed on the fiber surface resulting in these large variations of the breaking
load. Moreover, this could be affected by the amount of additional xylan on the

fiber surface and by the fiber roughness leading to a lower area in molecular con-
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tact. Especially, the surface roughness may have a strong impact on the resulting
area in molecular contact, since Rohm et al. (2014) observed higher tensile strength

values between two smooth cellulose thin films when xylan was incorporated.

4.5.2 Elastic modulus of individual fibers

Due to the importance of hemicelluloses for the tensile strength of individual fibers
(Kersavage 1973; Spiegelberg 1966), the influence of xylan on the tensile strength of
single pulp fibers was tested by either adsorption or extraction. The E-modulus of
single fibers was calculated by measuring the breaking force and the corresponding
strain of individual fibers (see section 3.7.2).

The results at constant cross sectional area of the tested fibers are depicted in
Figure 4.34a. The mean values are a little bit lower compared to the values from
literature but still in the range obtained by Groom et al. (2002) (6.55-27.5 GPa).
A strong influence was found between the mean values of the unbleached and
bleached fibers which is decreasing from 31.15 GPa (pulp H) to 7.69 GPa (pulp A).
The addition of xylan most probably on the fiber surface did not have a significant
influence on the E-modulus of individual bleached softwood kraft fibers. Only the
fiber sample with additional X, at the higher concentration (pulp E) exhibited a
statistical higher mean value at a confidence level of « = 0.05 (see Table 4.12). No
significant impact could be observed by alkaline extraction of xylan (pulp F), al-
though the crystallinity was reduced from about 50% to around 30%. Thus, the
fibers become less brittle and are less sensitive against to the formation of defects
(Kersavage 1973). However, due to the removal of xylan from the fiber wall, defects
are induced which may compensate the effect of larger regions with an amorphous
character (Spiegelberg 1966).

When calculating the cross sectional area of each tested fiber (shape of an el-
lipse), the resulting area is two to three times larger (see Table 4.11). Thus, the
E-modulus is reduced as depicted in Figure 4.34b. However, the trend is similar
when comparing with Figure 4.34a, but no significant difference could be observed
for the reference sample A and the sample treated with X; at the higher concentra-
tion (pulp E).

The elasticity of a fiber is dependent on the morphology of the fiber which is
changing from fiber to fiber. The most important factors for the E-modulus of a
fiber are the fibril angle, especially in the secondary (S2) fiber cell wall (Page et al.
1977) which is increasing with decreasing angle as well as the fiber width, cell wall
thickness, and fiber thickness. Due to the incorporation of xylan within the fiber
cell wall and its amorphous character, it has an impact on the elastic modulus.
Chemical puling and bleaching leads to a higher porosity and the introduction of
defects within the fiber cell wall. It could be possible, that adsorbed or precipitated
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Table 4.11 Mean values of the cross sectional areas of the tested fibers (n = number of
tested fibers) for calculating the E-modulii. The cross section was assumed
to be an ellipse, the fiber width was measured from the images, and the fiber
thickness was determined with an aspect ratio of 3.92:1 (Lorbach et al. 2014).
(A)Ref(n=7), D)X h(n=6), (E) X h (n=4), (F) KOH (n=5), (G) k42 (n =
8), and (H) k54 (n = 5).

Fiber source Ly} pm 12 pm A3 pmz

A 376.6 = 5.99 9.38+1.53 276.9+90.0
C 41.61+£8.34 10.61+2.13 358.5+1384
D 45394950 11584242 426.4+160.5
E 37124292 947 +0.74 277.5+£45.3
F 43.03£893 1098+228 385.0+142.2
G 4894+548 12484+1.40 484.6+109.5

Lfiber width 2 fiber thickness

3

Table 4.12 P-values of the elastic modulus of individual fibers (n = number of tested
fibers) obtained by a t-test against null hyphothesis. (A) Ref (n =7), (D) X;
h (n =6), (E) X h (n =4), (F) KOH (n = 5), (G) k42 (n = 8), and (H) k54 (n = 5).

cross sectional area (shape of an ellipse)

Sample A D E F G H

A — 0.791 0.041 0958 0.014 0.0004
D 0791 — 0.116 0.873 0.027 0.001
E 0.041 0116 — 0.128 0.144 0.016
F 0958 0.873 0.128 — 0.040 0.003
G 0.014 0.027 0.144 0.040 — 0.477
H 0.0004 0.001 0.016 0.003 0477 —
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4.5 Influence of xylan on properties of individual fibers

Table 4.13 Mean values of the E-modulus obtained for different fiber samples in different

studies.

Fiber source mean value, GPa Literature

loblolly pine earlywood 14.8 Mott et al. (2002)

loblolly pine latewood 19.7 Groom et al. (2002)

white spruce, cypress, Douglas-fir early- 252 Jayne (1959)

wood

white spruce, cypress, Douglas-fir late- 35.1 Jayne (1959)

wood

Norway spruce (unbleached) 20.8/26.7 Ehrnrooth and
Kolseth (1984)

softwood kraft pulp (unbleached) 20.2/16.8 Lorbach et al.
(2014)

unbleached kraft pulp (western Canadian 17.3 Kallmes and Perez

spruce and pine 5:5) (1966)

delignified Douglas-fir summerwood 28.9 Kersavage (1973)

xylan can reduce the porosity and compensate defects. However, the addition of
xylan did not show any effect on the elasticity of the bleached fibers compared
with the reference sample. Alkaline extraction did not have an effect on the elastic
modulus as well. The results suggest that additional xylan does not have an impact
on the tensile strength properties of individual fibers. This is most probably due to
the fact that xylan adsorbs or precipitates predominantly on the fiber surface. This
also depends on the quantity of additional xylan on the fiber. A fiber which is
completely covered with a film or aggregates of xylan could possess a different
tensile strength. Nevertheless, it seems that xylan may have an effect when it is
incorporated in the fiber cell wall to support the distribution of stress, especially in
the 52 wall.

Large fluctuations of the E-modulus could be obtained within one fiber sample.
This can be explained by several things. First, the method for testing a fiber may
have an influence. During fixation and testing, stresses may occur influencing the
tensile strength. Second, as before mentioned pulp fibers exhibit fluctuations in
their morphology, due to environmental impacts during growth as well as influ-
ences during preparation and production of the fibers. Moreover, the fiber samples
were mixtures of spruce and pine (7:3). Therefore, no clear separation between
both sources could be achieved resulting in high variations as the tensile strength
of spruce fibers may be different, than that of pine fibers. In addition, the samples
could be mixtures of earlywood and latewood from each fiber resource. Latewood
exhibits in general a higher tensile strength, than earlywood.
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Figure 4.34 E-modulii of individual fibers (n = number of tested fibers) calculated from
single fiber tensile testing: (A) Ref (n =7), (D) X; h (n =6), (E) X h (n =4),
(F) KOH (n =5), (G) x42 (n = 8), and (H) k54 (n = 5). Figure a) on the left side
represent the values with a constant cross sectional area and Figure b) on the
right side, the cross sectional area was calculated for each tested fiber. Note
that the values of the y-axes are different..

Table 4.14

Mean values of the area of the cross sections of the tested fibers (n = number

of tested fibers) for the E-modulii. The cross section was assumed to be an
ellipse, the fiber width was measured from the images, and the fiber thickness
was determined with an aspect ratio of 3.92:1 (Lorbach et al. 2014). (A) Ref (n
=7), (D) Xy h(n=6), (E) X; h (n =4), (F) KOH (n = 5), (G) k42 (n = 8), and (H)

k54 (n =5).

Fiber source Lyl pm lZam Adum?

A 376.6 +=5.99 9.38 £1.53 276.9 +90.0
C 41.61 £8.34 10.61 £2.13 358.51+138.4
D 45.39 +9.50 11.58 £2.42 426.4 +160.5
E 37124292 947 +£0.74 27754+ 45.3
F 43.03 +8.93 10.98 £2.28 385.04+142.2
G 48.94 +£5.48 12.48 £1.40 484.6 £109.5

! fiber width 2 fiber thickness 3 cross sectional area (ellipse)
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4.5 Influence of xylan on properties of individual fibers

4.5.3 Summary

The breaking load of individual fiber-fiber joints was statistically affected by addi-
tional xylan at a confidence level of « = 0.1. The distribution of additional xylan
could be a main reason for high variations of the values. Furthermore, the chem-
ical structure of lignin and the distribution of charged groups on the fiber surface
as well as the morphology could have an influence on the resulting joint strength
of individual fibers. No clear trend between the breaking load and the OBA was
obtained which is most probably due to the fact, that the OBA gives no information
about the area in molecular contact.

The calculated elastic modulus from single fiber tensile strength measurements
of individual fibers was not affected by the addition or extraction of xylan. Thus,
it seems that xylan could have an influence on the tensile strength when it is incor-
porated within the fiber wall, especially in the secondary S2 wall, to support the
distribution of stresses more homogeneously. However, this highly depends on the

morphology, porosity, and the composition of the fiber cell wall.
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5.1 Conclusion

5.1 Conclusion

The amount of xylan on sulfate and sulfite pulp fibers could be increased by an
adsorption step. The temperature and pH had a significant effect on the increase
in xylan content. Further, a high ionic strength, pulp consistency, and xylan con-
centration is favorable to enrich pulp fibers with xylan. However, when increasing
the pulp consistency, a sufficient mixing is necessary. An accumulation of xylan on
viscose fibers was not observed which could be due to the detection limit of the
measurement of the high pressure liquid chromatography technique.

The pulp samples with additional xylan exhibited a stronger increase in the beat-
ing degree. Xylan is able to take up water resulting in a stronger fiber swelling and
consequently in a higher wet flexibility. Such a fiber features a lower resistance
towards mechanical stress as it occurs during refining. This could imply, that less
energy is needed in an industrial refining stage to reach a similar beating degree
when comparing untreated and xylan-treated pulps. However, the PFI mill (lab-
oratory refiner) holds in general a low impact on the fiber treatment and a high

energy demand.

The strength properties of handsheets of the different pulp samples was not af-
fected by additional xylan. An increase in tensile strength was only observed by
comparing against the refining input (revolution) during refining. Contrary, the
tear index dropped down faster for the xylan-modified samples at longer refin-
ing time. However, the reason why the influence of xylan on paper properties is
controversially discussed in literature may be due to the fact that paper is a fiber
network. A network will always fail at its weakest point. Thus, xylan-enriched
bonds between fibers could be present, but they may not be predominant to en-
hance strength properties.

The investigation of the breaking load of individual fiber-fiber joints exhibited
that higher forces are needed to break fiber crossings of xylan-treated fibers. This
underlines, that xylan can have an impact on the joint strength. The elastic modulus
of the fibers was not affected by additional xylan. The modulus of elasticity is more

influenced by the morphology of the fiber wall, especially the secondary S2 wall.

Nevertheless, the distribution of xylan on the fiber surface may have a large
impact on the breaking load of individual fiber-fiber-joints. Adsorbed or precip-
itated xylan is located more heterogeneously and nonuniformly on the fiber sur-
face, determined by attenuated total reflection spectroscopy, X-ray photoelectron
spectroscopy, and atomic force microscopy (AFM). The use of OH- and CH3-func-
tionalized AFM tips is helpful to visualize a clear phase contrast by phase imag-
ing between cellulose and xylan and to determine adhesive forces via force map-
ping between a functionalized AFM tip and cellulose or xylan. These differences
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were expected due to the presence of carboxylic groups on the backbone of xylan
which exhibit stronger repulsion (higher negative charge density) than hydroxyl
groups. These methods were successfully accomplished on smooth cellulose thin
films treated with aqueous solutions of xylan. On untreated and xylan-treated pulp
fibers it was not possible to unambiguously verify additional xylan on the fiber
surface, although the surface coverage was increased. Untreated fibers featured al-
ready areas with a lower adhesive force. Thus, it could not be concluded, if these
areas on the fiber samples with additional xylan consist already of xylan or other
hemicelluloses. Moreover, lignin which is present on the fiber surface could have
an influence on the phase imaging and force mapping. However, this technique

could play a key role in analyzing and quantifying the bonding mechanism within

paper.

5.2 Outlook

An effect of additional xylan on strength properties of handsheets was not ob-
served. By comparing xylan and Carboxymethyl cellulose (CMC) which features
a strength-enhancing effect in paper, CMC possesses a higher molecular weight
and charge density. Thus, it would be of interest to further chemically modify xy-
lan regarding a higher amount of charged groups, e.g. carboxylic groups, on the
backbone.

Moreover, due to the branched structure of xylans and the size of the polymers,
their dissolution behavior can vary between different sources. Therefore, different
solvents should be tested on the dissolution behavior and size distribution of xy-
lan. This can be also studied regarding the temperature, pH, and other influencing
parameters. Further, the impact of different solvents on the crystallinity and pore
size distribution as well as further structural changes of cellulosic fibers need to be

investigated.

The size distribution of xylan in aqueous solution has a large influence on the
dissolution and precipitation behavior. This should be considered to analyze the
self-assembly of xylan on cellulosic surfaces. Moreover, the adjustment of the size
distribution of xylan could be investigated by various techniques, such as mechan-
ical, chemical, and physical methods like ultrasound.

Another key aspect is related to the distribution of xylan on cellulosic fibers.
Xylan had an strength-enhancing effect on the breaking load of individual fiber-
fiber joints. This is most probably influenced by the arrangement of xylan on the
fiber surface. Fibers which feature a complete film of xylan on the surface should
have different strength properties. Thus, it needs to be investigated, how xylan can
be forced to adsorb or precipitate as a film on cellulosic surfaces.
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5.2 Outlook

Last but not least, further investigations are necessary concerning the adsorp-
tion of xylan by AFM using functionalized tips. Therefore, possible compounds
in wood and pulp, i.e. cellulose, hemicelluloses, and lignin should be analyzed
with such tips. A higher variety of functionalizations are favorable to study the
hydrophilic and hydrophobic character as well as the distribution of charges on
cellulosic materials. This AFM technique could have a particularly key role to ana-
lyze and quantify the bonding mechanisms within paper. Therefore, phase imaging
and force mapping should be performed at different temperatures and relative hu-
midity and in the wet state to determine adhesive forces between functionalized
tips and the fiber surface. Additionally, this could allow to investigate the impact
of different bonding mechanisms during sheet forming.
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Figure A.1 Components of a HPLC (adopted from Pryde and Gilbert 1979).

The components of a HPLC are depicted in Figure A.1. The column capacity ratio
k', indicating the solute retention, is measuring the ratio of the time spent by the
solute in the stationary phase to the time spent in the mobile phase and can be
calculated from (Pryde and Gilbert 1979)

t, — to
to

K =

(A.1)

where ¢, is the retention time of the given peak and f is the retention time of the

unretained (or solvent) peak at constant flow rates.

The number of theoretical plates N to which the column is equivalent is identi-
fying the efficiency of a chromatography by measuring the amount of spreading of
a solute as it travels down the column and given by (Pryde and Gilbert 1979)

¢ 2
N =16 (w) (A.2)
or
¢ 2
N = 5.54 (WHH> (A.2)

where W is the base width of the peak which is extrapolated of the tangents at the
points of inflection to the baseline and Wy is the width of the peak at half height.

A high value of N characterizes an efficient system.

134



A High pressure liquid chromatography

The plate height H or the height equivalent to a theoretical plate is calculated

from (Pryde and Gilbert 1979)
L
H=— A.
= (A3)
where L is the length of the column. Further, H depends on the mean particle size

dp and varies with the linear velocity of the eluent u (Pryde and Gilbert 1979)
M (A4)
to
To reduce the plate height and fluid velocity as well as to overcome the dependence

of H on d, it is favorable to calculate the dimensionless parameter & and v (Pryde
and Gilbert 1979), where

H
h = % (A4)
and
udp

with the diffusion coefficient of the solute in the mobile phase Dy, which is esti-
mated form the Wilke-Chang equation (Wilke and Chang 1955). The value of h
gives a ratio of the plate height to the particle size and the v value measures the ra-
tio of the rate of diffusion of the solute within the particle to the rate of flow outside
the particle. An improved relation between h and v is given by (Knox and Pryde
1975)

h:§+Aw$+Cv (A.5)

where the term A represents the goodness of packing of the column, with A < 1in
the best case, B reflects axial diffusion geometry, with B ~ 2, and C determines the

efficiency of mass transfer, with typical values between 0.05...0.1.

The column resistance parameter ¢’ measures the resistance to the eluent flow
which is caused by the column and can be calculated from (Pryde and Gilbert 1979)

2
_ APd;

¢ = (A.6)

unL
where AP is the pressure drop down the column and 7 is the eluent viscosity.

Finally, the separation is determined by the resolution Rs of two chromato-
graphic peaks and calculated from (Pryde and Gilbert 1979)

th — 1

=-2_= - A7
s Wi+ W, (A7)
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where t; and t, are the distances of retention and W; and W, the peak base widths
of peaks 1 and 2. By putting Equation A.1 and A.2 into A.7 a general equation may
be derived which relates to the column selectivity & = k% /k} by (Pryde and Gilbert
1979)

(-1 & 5 (A.8)

1
Rs = - -
T4 q 1+Kk)

The three factors can be optimized by changing the temperature, the nature of
the stationary and mobile phases, by increasing the column length, decreasing the
mean particle size or working closer to the minimum in the plate height curve
(Huber 1974; Pryde and Gilbert 1979).
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B Nuclear magnetic resonance spectroscopy

Certain nuclei, such as 'H, 2H, 13C, 1°N, and YF, feature a spin angular momen-
tum, a corresponding magnetic momentum y is given by (Rahman and Choudhary

1996)
YhII(I+1)]1/2
27

H= (B.1)
where h is Planck’s constant, -y is the magnetogyric ratio, and I is the spin quantum.
In a magnetic field By along the z-axis, the nuclei adopt one of (2I 4 1) quantized
orientations which corresponds to a certain energy level (Rahman and Choudhary

1996)
myyh By

E=—pBo= 27

(B.2)
where 1 is the magnetic quantum number of the nucleus. 'H and *C nuclei have
the advantage, that they have an I of 1/2 and only two quantized orientations are
allowed. The alignment can be either parallel (lower energy orientation) or antipar-
allel (higher energy orientation) to the external By. Adsorption of Rf radiation of
the correct frequency can result in transitions from the lower energy level to the
higher energy level. This energy difference AE is proportional to By and defined by
(Rahman and Choudhary 1996)

_ YhBy
AE= 1% (B.3)
and corresponds to (Rahman and Choudhary 1996)
_ 1B
v =5 . (B:4)

Without applying a magnetic field, the nucleus is spinning on its axis. An ex-
ternal magnetic field provokes a characteristic wobbling motion (precession) of the
nucleus. When applying a Rf field in a direction perpendicular to the external By
and at a frequency that exactly matches the precessional frequency (Larmor fre-
quency) of the nucleus, adsorption of energy will occur. This forces the nucleus
suddenly to go to the higher energy state, where the magnetic moment is aligned
in the opposite direction of the external magnetic field. Afterwards, it can relax
back to the lower energy level through spin-lattice relaxation, or by spin—spin relax-
ation. In the first case, the energy is transferred to the assembly of surrounding
molecules (lattice), while the latter involves transfer of energy to the neighboring
nucleus. The relaxation causes a change in the impedance of the oscillator coils.
The transition between excitation and relaxation establishes an equilibrium state

after a certain amount of time. This is measured as a signal (free induction decay)
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Figure B.1 Illustration of the principle set-up of a NMR spectrometer, adopted from
Stothers (1972).

and converted into the frequency domain by Fourier transformation to the conven-
tional NMR spectrum. No NMR signal would be measured, if the amount of nuclei
in the upper and lower energy level were equal, since no energy difference between
the two magnetogyric states of the nucleus would exist. However, at equilibrium
a slight difference in the populations (Boltzmann excess) between the lower energy
state and the upper energy state is causing a NMR signal. The principle set-up of a
NRM spectrometer is illustrated in Figure B.1.
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Figure C.1 Schematic diagramm of a Michelson interferometer. M; = fixed mirror, M, =
translation mirror.

The interferometer consists mainly of a beam splitter, some fixed mirrors (M;), a
movable mirror (M»), and is placed in a vacuum chamber at a pressure of about
2mbar during operation. Half of the IR beam, from a SiC-globar, is getting re-
flected at the beam splitter (KBr coated with Ge) and the other half is able to pass
through. The reflected light is getting again reflected at M; in direction to the beam
splitter. The light which could pass through the beam splitter is getting reflected at
M. Since the position of M, is not fixed, the distances [; between the beam splitter
and M; as well as between the beam splitter and M, (1) are different. This re-
sults in spatially coherent and interfering beams, when recombined. In the sample
compartment, the partial beams being adsorbed by the substrate, resulting in char-
acteristic vibrational excitations of the bonds in the sample, e.g. C—C, C—OH, or
C=0. Then, the beam is focused on the mercury cadmium telluride (Hg;_,)Cd.Te)
detector. In the mid-wave IR only a very small amount of excitation energy is neces-
sary. In order to sense this small amount of energy, the detector needs to be cooled
with liquid nitrogen (T = 77 K). Otherwise, electrons can be lifted to a higher en-
ergy level by thermal agitation of the solid resulting in a larger noise ratio of the
signal (Griffiths and de Haseth 1986).

During the measurement of a FTIR spectrum, an interferogram of a reference
sample is measured and transformed by FT to the so-called single channel refer-
ence spectrum R(v). In a next step, the same procedure is done with the sample
obtaining the so-called single channel sample spectrum S(v). The final transmit-
tance spectrum T (v) can be calculated from (Herres and Gronholz 1984)

T(v) = . (C.1)
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Figure C.2 Principle of ATR measurement: (a) Reflection of a light beam at an interface,
replotted from (Bergman and Schaefer 2004); (b) The path of the IR beam.

Attenuated total reflection spectroscopy

Figure C.2a depicts the reflection and transmission of a light beam impinging with

the angle a at an interface between two media with different optic densities.

When a light beam is impinging from a medium with a refractive index n; en-
tering into a medium with a lower refractive index n,, the following equation holds
(Demtroder 2013)

sina = Z—j -sin (C.2)
due to the Snell’s law for the angle a. Because sin  cannot be > 1, the following
expression has to be valid for the angle « to enter into medium 2 (Demtroder 2013)

sina < "2 (C.3)
ni

All of the light beam will be reflected at the interface, when sina > n,/n;. The
so-called critical angle of the total reflection is given by (Demtréder 2013)

sina, = Z—j (C.4)
for « > a. and n; > np. When the light beam is approaching the interface of a
medium with a lower refractive index (17 > ny), the amplitude does not immedi-
ately decline down to zero, due to the &jncigent > Xcritical- This is illustrated in Figure
C.2b. The light wave is rather entering into the medium and exponentially declin-
ing, also known as evanescent wave, while the energy of the wave travels parallel
to the surface of the medium until the evanescent wave is reflected and entering
again into the medium with the higher refractive index. This results in a lateral dis-
placement in wave direction, the so-called Goos-Hiinchen shift (Goos and Hanchen
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Figure C.3 Schematic view of the direction of the IR beam in the Specac MKII Golden
Gate Single Reflection ATR unit. M;_4 = mirrors and L;_» = lenses.

1947). The reversal point of the evanescent wave is also the penetration depth 4
of the wave into the medium and can be calculated from (Griffiths and de Haseth

1986)

d = A s (C5)
27ty (sin® @ — n3;)

where A is the wavelength, n; is the refractive index of the ATR crystal, « is the
incident angle of the IR beam, and 1,1 = n,/n; where n; is the refractive index of
the sample. A schematic view of the direction of the IR beam in the ATR unit is
shown in Figure C.3
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Figure D.1 Schematic arrangement of a XPS system (Ertl and Kiippers 1974).

D X-ray photoelectron spectroscopy

The main components of a XPS device are the X-ray source, the electron energy ana-
lyzer, and a system for the detection of the electron energy. A schematic diagram is
illustrated in Figure D.1 (Ertl and Kiippers 1974). X-ray tubes are most commonly
used as a light source, which are vacuum tubes that use a high voltage to accel-
erate the electrons and emit monochromatic X-ray photons at a high velocity. The
characteristic radiation is provided by a Al or Mg anode which can be also com-
bined (switchable twin-anode) to separate fixed energies of photoemitted electrons
or Auger electrons. A main disadvantage of such sources is the limited resolution
in energy due to the inherent energy width of the lines. Thus, the excitation en-
ergy has to be narrowed by a monochromator. As a consequence, the intensity is
reduced, and therefore a multichannel detection system is necessary.

The kinetic energy (Eyin) of an expelled electron from a molecular bond by a
photon can be calculated from (Conners and Banerjee 1995)

Ekin =hv— Eb (Dl)

where h v is the energy of the incident photon and Ey, the bond energy of the elec-
tron in its orbital. The binding energy can be obtained by the existence of the work
function ¢, of the detector since the electrons are extracted with respect to the vac-
uum level as illustrated in Figure D.2 for a metal surface. An electron absorbs the
energy of the incident photon hv at an energy level Ey, below the total chemical po-
tential for electrons Eg (Fermi level). By measuring Eyg, the bond energy E}, is given
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Figure D.2 Energy level diagram for XPS (Ertl and Kiippers 1974).

by (Ertl and Kiippers 1974)

E, = hv — Exjn — ¢sp - (D.2)

Figure D.2 represents the energy level diagram for a metal surface, where the
sample and the spectrometer are electrically connected, Fermi energies are at the
same level for both of them. The value of Er can be easily obtained by the onset
of the electron emission at the highest Ey;,. In case of semicunductors the elec-
tron emission takes place at the valence band edge and not at Eg. This results in
building-up charges in paper and other insulating materials, thus shifting the en-
ergy scale, and the spectra needs to be calibrated.

The penetration depth is set by the mean free path of the emitted electrons which
ranges between 0.5-10nm for paper (Conners and Banerjee 1995). For the investi-
gation, a high vacuum is necessary due to the low Ey;, (0...1500 eV) of the ejected
electron. Further, scattering on air molecules needs to be prevented by a clean
vacuum since scattered electrons comprise the background. Hence, photoelectrons
originated from the sample without a loss in Ey;, can contribute to a peak (Conners
and Banerjee 1995).

The surface analysis by XPS is based on the ionization probability of a core level
which is nearly independent of the investigated element in the valence status (Ertl
and Kiippers 1974). Thus, the number of atoms in the obtained area is proportional
to the integrated area below a certain peak (C 1s or O 1s).
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Figure E.1 Determination of the two inflections points EQ; and EQ, by the tangent
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Figure E.2 Determination of the inflection points EQ by the tangent method: untreated
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F QCM-D measurements

Substrate cleaning

The film preparation is was performed in accordance with Kontturi et al. (2003);
Mohan et al. (2012). Before spin coating, the QCM-D Au sensors (QSX303 from
LOT-Oriel, Germany) were soaked into a mixture of HyO/H>O, (30 wt%)/NH4OH
(5:1:1; v/v/v) for 10min at 70°C. Afterwards, the sensors were immersed in a
(piranha) solution containing H,O, (30 wt%)/H2SOy4 (1:3; v/v) for 40s, and then
rinsed with MQ-water from a Millipore water purification system (Millipore, USA,

resistivity of 18.2 () 'em 1) and finally blow dried with N, gas.

Film production

A solution of TMSC (1 wt%) was obtained by first dissolution in toluene by heating
to 60°C, followed by cooling down to room temperature, and afterwards filtered
through a 5pm PTFE filter. 50 uL of the TMSC solution was deposited onto the
QCM sensors and rotated for 60s at a spinning speed of 4000 rpm and an acceler-
ation of 2500 rpm/s. The TMSC films were then transferred into pure amorphous
cellulose by placing the films in a polystyrene petri-dish (5 cm in diameter) contain-
ing 3mL of 10 wt% hydrochloric acid (HCl). The dish was covered with its cap and
the TMSC films were exposed to the vapors of HCI for 15 min. The regeneration of
cellulose from TMSC coated films was verified by water contact angle, and ATR-IR

measurements as reported elsewhere (Kontturi et al. (2003); Mohan et al. (2012)).

QCM-D measurements

For the measurements a QCM-D device (model E4) from Q-Sense (Gothenburg,
Sweden) was utilized. The resonance frequency Af and the energy dissipation AD
are simultaneously detected and recorded when the mass of an oscillating piezo-
electric crystal changes. Changes in the mass occur due to increase/decrease in the
mass of the crystal surface as a result of the addition/reduction of mass. Dissipa-
tion also refers to the frictional losses leading to damping in the oscillation depend-
ing on the viscoelastic properties of the adsorbent. For a rigid adsorbed layer which
is fully coupled to the oscillating crystal, the change in the mass Am of the crystal
due to the adsorbed layer is given by the Sauerbrey equation (Sauerbrey 1959)

C
Am = —Afy (F.1)

where Af is the observed frequency shift, C is the Sauerbrey constant which is
—17.7ng/Hzcm? for a 5MHz crystal, and n is the overtone number. For a soft
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or viscoelastic film the Sauerbrey relation is not valid since the film is not fully
coupled to the oscillation and energy is dissipated in the film during oscillation.
The dissipation of damping D is calculated from (Dixon 2008)

o Ediss
27TEstor

(F2)

where Eiqs is the dissipated energy and Egyor is the total energy stored in the oscil-
lator during one cycle.

The values of Af and AD were used for the calculation of the adsorbed mass
by viscoelastic modelling, according to the Voigt model (H66k et al. 2001; Voinova
et al. 1999). The adsorbed layer was treated as a viscoelastic layer between the
crystal and a semi-infinite Newtonian liquid layer. The different overtones were
used to determine the adsorbed mass I'gcy which is given by (Sauerbrey 1959)

Tocm =dp (E3)

where d is the film thickness and p is the density. The latter values varied between
1000-1400 kg/m?3. Moreover, the viscosity 77 and the elastic shear modulus y can be
calculated. The model was fitted with 7 =1 x 107%-1 x 107! N's/m?, u=1x 10%-
1x108N/m?, and d =1 x 10719-1 x 107 m. The calculations were done with the
software QTools 3.0.12 (Q-Sense).
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Figure G.1 Trend of the tensile index vs. the sheet density of: top left = xylan-modified
and unmodified bleached softwood kraft handsheets; top right = xylan-
modified and unmodified bleached sulfite handsheets; bottom left = xylan-
modified and unmodified unbleached softwood kraft handsheets (Kappa 42);
and bottom right = xylan-modified and unmodified unbleached softwood
kraft handsheets (Kappa 54).
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(a) FFJ during testing. (b) FFJ after testing.

Figure H.1 Images of an individual fiber-fiber joint (a) during testing and (b) after the
rupture of the bond.
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