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2INTRODUCTION AND OUTLINE OF THE STUDY

This thesis presents fundamental surface chemistry studies with the aim to better
explain on a molecular level the interactions present in the wet end of the paper
machine when dissolved and colloidal substances are present together with fibrous
material.

This work was a part of an industrial project carried out in cooperation with Kemira
Oyj and Laboratory of Paper and Printing Technology. A part of the research work
was conducted in cooperation with the Norwegian Paper and Fibre Research I nstitute,
PFI.

The overall aim of the project was to enhance quality of paper produced from
peroxide bleached thermomechanical pulp (TMP) as well as to improve the
runnability of a paper machine using TMP. The main focus was decided to put on
dissolved and colloidal substances present in white water which are known to have a
major role when dealing with e.g. paper machine runnability problems and paper
quality questions.

The project was divided into two parts which were carried out at the Laboratory of
Forest Products Chemistry and Laboratory of Paper and Printing Technology. The
former laboratory performed the fundamental surface chemistry studies and the latter
the studies of sheet formation, water retention and paper properties. The latter

information is not included in this thesis.

The basis of the more complex studies of TMP white water interactions using a
relatively new surface sensitive technique (quartz crystal microbalance with
dissipation, QCM-D) was created in Paper |. This was done by choosing a fairly
more simple system to examine the usability of this sophisticated method in the
application where papermaking components and additives are used. Paper | presents
results of the system where cationic polyelectrolyte (cationic starch) was adsorbed on

the oppositely charged silica surface. Three different cationic starches with varying



charge densities and molecular weights were investigated. Hence, the goa was to
understand the structure of the adsorbed layers, its dependence on the electrolyte
concentration, polymer charge density and molecular weight distribution. The aim of
Paper | was to ensure that adsorption results adhere to the well-known theories of
polyelectrolyte adsorption.

Cationic starch layers were also modeled with theoretical simulations using a Voigt-
based viscoelastic model in order to achieve further information about the thickness,
shear elastic modulus and shear viscosity of the adsorbed film. X-ray photoelectron
spectroscopy (XPS) was used as a quantitative verification method for adsorbed
amounts detected with QCM-D. The XPS verifications indicate that QCM-D is an
excellent and reliable method to be used in the polyelectrolyte adsorption studies. The
adsorption behavior of this cationic starch on the oppositely charged silica surface
was very well in accordance with the polyelectrolyte adsorption theories. Adsorption
of cationic starch depended on the charge density, electrolyte concentration and

molecular weight as expected.

Pulp fibers cannot be used for direct surface interaction studies on a molecular level.
Therefore, substrate surfaces were to be used in the QCM-D instrument, which would
model the real main fiber components. Materials for the model surface preparation
were chosen o that they represent the main components present in thermomechanical
pulps (cellulose, lignin and extractives. Paper Il and Paper Il present the
preparation and characterization of these model surfaces. In Paper 1l the model
cellulose surfaces were prepared by employing the application of Langmuir-Blodgett
(LB) deposition technique from trimethylsilyl cellulose (TMSC). This rather
complicated technique was chosen since similar cellulose surfaces were used earlier at
our laboratory in different surface chemistry studies (Holmberg et al. 1997). The
previous procedure only needed some modifications in order to apply the deposition
technique on the QCM-D crystal surfaces.

In Paper 11l the preparation and characterization of lignin and wood extractive
surfaces using spincoating technique is described. It was found that aso these surfaces

give highly repeatable adsorption results. Based on the atomic force microscopy



(AFM) and XPS analyses all the three model surfaces were morphologically and
chemically suitable for this kind of adsorption studies conducted with QCM-D.

All the surfaces were prepared to study the affinity of dissolved hemicelluloses and
colloidal extractives towards the main fibre components. In Paper |V dissolved
hemicelluloses isolated from both unbleached and bleached TMP as well as colloidal
extractives were adsorbed at different ionic strength on cellulose, lignin and wood
extractives. The results achieved from Paper IV were applied to explain some
observations investigated in Paper V. It was found in Paper V that colloidal wood
extractives selectively adsorb on lignin rich flake-like fines. The reason for this
behavior was assumed to be due to the differences in the hemicellulose affinities
towards cellulose, lignin and extractives and due to the steric hindrance created by
loosely bound hemicellulose molecules’ loops and tails.



3 BACKGROUND

3.1 Some features of thermomechanical pulp

During thermomechanical pulping (TMP) process the fibers are separated from the
wood by refining the chips at elevated temperature and under pressure. The middle
lamella and primary wall of the cell wall are softened (mainly hemicelluloses and
lignin) during the pulping process, and the fibers are separated without being damaged
too much. At the same time a relatively high amount of fines material is produced
(10-40% of the total pulp). Contrary to chemical pulping, mechanical pulping does
not remove lignin and hemicelluloses, and all the components, cellulose,
hemicelluloses, lignin and wood extractives are present in the fibers and fines
(Sundholm 1999).

Norway spruce (Picea abies) is the most suitable soft wood species for
thermomechanical pulping due to its favorable fiber properties such as fiber cell wall
thickness and fibril structure. The bulk chemical composition of spruce fiber is the
following: cellulose content is 40-45% of the wood dry solids, hemicellulose content
is 25-30%, common lignin content is in the range of 25-30% and extractive content
varies between 0.5-2% (Alen, 2000). Together with the good fiber properties, the low
extractive content (0.5-2%) and high initial brightness of the wood give good strength,
optical and smoothness properties to the final paper product. In addition, the cellulose
rich fibrillar fines have been reported to increase the bonding properties of the paper
sheet (Luukko and Paulapuro 1999). Flake-like fines have poor bonding ability, but
they are shown to improve light-scattering and thereby opacity (Luukko and
Paulapuro, 1999).

Lignin, which content is relatively high (30%), is the main source of colored material
in thermomechanica pulp fibers (Lindholm 1999). Removal of lignin would need
harsh chemical treatments and, as a consequence, the benefits of mechanical pulping
would be lost. Thus, the desired pulp brightness increase is achieved by elimination of
colored groups of lignin instead of lignin removal. Elimination of chromophoric

structures of lignin is achieved by hydrogen peroxide or sodium dithionite bleaching.



Printing paper grades such as newsprint, uncoated SC paper and LWC magazine
paper, with good opacity and printability at low basis weight, are produced using
TMP. Use of low basis weights brings economical advantages especialy in large
volume products. On the other hand, the strength and durability of these papers are
relatively limited. Mechanical pulping does not remove lignin, so over the time UV-
radiation reacts with lignin making the paper yellow. Thus, the archiving properties
are poor and especially uncoated grades have end uses with short life cycle.

3.1.1 TMP surface properties

The chemical surface composition of TMP fibers can differ much from the bulk
composition (Wagberg and Annergren 1997). Suitable surface sensitive techniques
such as XPS, AFM and ToF-SIMS (Time-of-Flight Secondary lon Mass
Spectroscopy) have been developed and applied to analyze the surfaces of TMP fibers
and fines.

The surface chemical properties of TMP have been widely studied by XPS. Dorris
and Grey (1978a 1978b) and Grey (1978) were the first to apply the technigue to
analyze the surface properties of mechanical pulps. They interpreted the C(1s) and the
O(1s) peaks by the deconvolution method which determines the chemical shifts of the
peak. They presented a way to estimate the weight fraction of cellulose and lignin on
the fiber surface and also the influence of the extractives on the oxygen/carbon (O/C)
ratio. Many different mechanical pulps were characterized with these definitions and
they were able to show that lignin content of TMP fibers was higher when compared
to bulk content.

The XPS evaluation of the compound depth distribution of surface lignin and
extractives on TMP by Tougaard background analysis was presented by Johansson
(2002). This work showed that peroxide bleached and unbleached TMP samples have
similar surface lignin content. Thus, peroxide bleaching does not attack the surface
lignin. The work also suggested that TMP surface is at least partially covered by a

thin film of extractives.



The surface properties of TMP fine material have also been studied using XPS.
According to Luukko et al. (1999) and Mosbye et al. (2003) the extractives are
enriched on the surface of fines. Mosbye et a (2003) also showed that the bulk
composition of the fines varied in the following way: carbohydrate content increased
and the amount of klason lignin decreased as the refining proceeds. The surface of the
flake-like fines (fines produced during the first refining state) is lignin and extractive
rich while the fibrillar fines produced during later refining stages have less lignin and

extractives on the surface (and consequently a higher carbohydrate coverage).

Since the ToF-SIMS technique provides information on the chemical structure of
lignin and extractives, it completes the information achieved from XPS. The
chemistry of paper surfaces studied using SIMS was demonstrated for the first time by
Brinen et al (1991). ToF-SIMS together with XPS has recently been used to analyse
the surface distribution of extractives on TMP sheets (Kokkonen et al. 2004).
Extractive model compounds were added to an acetone extracted TMP and ToF-SIMS
studies showed that the extractives were evenly distributed on the sheet surfaces.
Kleen et al (2003) showed that both, fibers and fines fraction of TMP, contains more
extractives, lignin and pectin than bulk fibers.

Morphological properties of the fiber surface e.g different fibre wall structures and
different surface components of mechanical pulp fibres (Hanley et al. 1991, Hanley
and Grey 1994, Boras and Gatenholm 1999, Niemi et al. 2002, Gustafsson et al. 2003,
Koljonen et a 2003,) and fines (Kangas and Kleen 2004) can be identified using AFM
imaging technique. Gustafsson et al. (2003) studied the effect of refining on TMP
surface properties. AFM results revealed that independently of the process
temperature, one stage refining produced structures which were indentified as S1-S3
cell wall surfaces and after two-stage refining indications of damaged microfibrills
were found. At high temperature the refining resulted in fibrillar and granular
structures which were identified to originate from the P/S1 cell wall interface.

AFM imaging gives also valuable additional knowledge to chemical analysis of
mechanical pulp fiber and fine surfaces achieved by XPS and/or ToF-SIMS. Boras
and Gatenholm (1999) showed, using AFM and XPS, that treatments such as washing,
peroxide bleaching and extraction affect the CTMP fiber surface composition whereas



the bulk composition is not affected. Koljonen et al. (2003) showed that by
combining XPS and AFM important information about surface lignin and extractives
was achieved. They concluded that mechanical pulps were covered by lignin and
extractives from 50 up to 75% and especially extractives were enriched on the
surface. Kangas and Kleen (2004) combined XPS, ToF-SIMS and AFM in order to
study the surface properties of TMP fibers and fines (fibrillar and flake-like fines).
They found that fines contained more extractives and lignin than fibers. Moreover,
flakes had a high surface content of lignin and fibrillar surfaces were rich in

extractives.

3.1.2 Dissolved wood polymersand colloidsin TMP processwaters

When thermomechanical pulp is produced, dissolved and colloidal substances (DCS)
are released into the process water (Allen 1975, Holmbom et al. 1991, Thornton et al.
1994, Holmbom and Sundberg 2003) and they follow the pulp flow into the paper
machine system. The carry over of the dissolved and colloidal substances is even
more pronounced due to the closure of the paper machine white water systems.

The colloidal components are lipophilic extractives (wood resin) mainly consisting of
fatty and resin acids, triglycerides and sterols. The term colloidal system defines the
finely divided material (particle dimensions between ~1 nm - ~1 nm) dispersed in the
surrounded medium (Stenius 2000). In this thesis, the colloidal system is the wood
extractives in agueous medium. Thus, other materials in other surrounding media are
not further discussed here. The colloidal wood resin droplets with diameters in the
range of 0.1-2 nm have essentially the same composition as the resin in the wood raw

material.

The colloids remain stable as long as their affinity for the solvent remains stronger
than their affinity for each other (Stenius 2000). Stability is due to a balance of
atractive and repulsive interactions at interfaces. The colloidal system is
electrogatically stable if the colloids can be made to coagulate by adding the
electrolyte to the surrounding media. This kind of coagulation can be prevented by

adsorbing polymers on colloidal particles. Polymers can create a steric hindrace



around the colloids leading to very stable system due to high repulsion between
adsorbed polymer layers. Sterically stabilized dispersions remain stable also at high
electrolyte concentrations.

Dissolved substances are primarily soluble wood anionic or neutra hemicelluloses
and pectins. Some lignans and lignin related substances are also present in the
dissolved fraction.

The dominating dissolved hemicellulose in thermomechanical pulping of spruce is O-
acetylgalactoglucomannan composed of mannose, glucose and galactose units in a
ratio of 3:1:1. The acidic arabinogalactan composed of galactose, arabinose and
glucuronic acid with aratio of 4:1:1 contributes to the anionic charge in TMP waters,
whereas the third main hemicellulose in spruce, arabino-4-O-methylglucuronoxylan,
is released only in small amounts in mechanical pulping. A minor amount of pectins
which are composed of galacturonic acid and rhamnose units is also present in
unbleached TMP waters (Thornton et al. 1994).

The alkaline conditions during TMP peroxide bleaching change the amount and the
chemical composition of the dissolved material. Hydrolytic splitting of acetyl groups
in galactoglucomannan decreases the solubility of the polymer. This results in
readsorption of deacetylated galactoglucomannans on the fiber surface and a
decreased amount of glucose and mannose units in water phase. In addition, highly
charged demethylated pectins are dissolved from the TMP, which results in a higher
concentration of polyanions in waters (Holmbom et a. 1991, Thornton et al. 1994).

DCS in the process water often give rise to various problems such as deposits, growth
of fungi and bacteria. Due to the anionic charge of these substances they tend to
interact with cationic chemicals, such as retention aids, increasing the consumption of
these. It has been shown that colloidal wood resin reduces the strength properties of
paper (Brandal and Lindheim 1966, Sundberg et al. 2000, Kokkonen et al. 2002). It is
suggested that the reason for strength reduction might be the decreased amount of
hydrogen bonds between the fibers. Colloidal wood resin is adsorbing on the fiber
surfaces and as a consequence the hydrogen bonding is prevented.
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On the other hand, dissolved hemicelluloses have been found to be beneficial for
paper quality. Dissolved hemicelluloses have been shown to reduce the negative
effects of wood extractives on paper properties (Sundberg et al. 2000). Hannuksela et
al. (2002, 2003a and b, 2004a and b) have studied the sorption of mannans on pulp
fibers, how the strength properties of handsheets are improved by
galactoglucomannans and galactomannans.

The adsorption of hemicelluloses on extractive colloids and their stabilizing effect on
colloidal wood resin has been studied extensively (Johnsen et al. 2004, Sihvonen et al.
1998, Sundberg et al.1994a, Sundberg et al 1994b). Through these investigations, the
effects of electrolytes (NaCl and CaCl,) and the origin of DCS (unbleached and
peroxide bleached TMP) on the stabilization of colloids by wood polysaccharides
have been clarified. The seric stabilization of colloidal resin by dissolved
hemicelluloses, especially galactoglucomannans (Hannuksela et al. 2004, Sundberg et
al. 1996c), prevents the colloids from aggregating at the addition of salt. The stability
of resin reduces its ability to form deposits (Otero et al. 2000).

In order to deal with problems related to DCS and to better understand the colloidal
and polymeric interactions present in the wet end of the TMP process, the affinities of
dissolved carbohydrates and colloidal extractives towards different fibrous

components have been investigated in thisthesis.

3.2 Surface forces

Intermolecular forces can have different effects at short and long range. Short range
forces “work” at or very close to molecular contact (< 1nm), while long range forces
operate at larger distances and become negligible at distances over 100 nm. Three of
the most important forces between macroscopic particles and surfaces in liquids,
which, hence, can be assumed to affect in the wet-end of the paper machine, are the
van der Waals, electrogtatic and steric polymer forces (Israelachvili 1992). Other
forces, such as hydrophobic forces and Lewis acid-base interaction are not further
discussed in this thesis.
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Thetota interaction between any two surfaces combines the contributions of the short
range van der Waals attraction and long range electro-osmotic double layer
interaction. This approach is referred to as the DLV O theory, which predicts that at
large separation the interaction will be dominated by the osmotic double layer
repulsion, while at shorter distances the attractive van der Waals force becomes more
important (Derjaguin and Landau 1941, Verwey and Overbeek 1948).

van der Waals forces. The van der Waals forces refer forces arising from the
polarization of molecules into dipoles. This includes forces that arise from fixed or
angle-averaged dipoles (Keesom forces) and free or rotation dipoles (Debye forces) as
well as shiftsin electron cloud distribution (London forces). The van der Waals forces
depend on the chemical composition of the surface and ions and they are independent
of the electrolyte concentration.

The van der Waals interaction between macroscopic particles depends on the
geometry of the different bodies (Israelachvili 1992). The interaction between bodies
on the basis of pairwise additivity is calculated using the Hamaker summation
method, in which the energy of all the atoms in one body is summed with all the
atoms in the other (Hamaker 1937). A simple expression of the non-retarded van der

Waals force between the sphere and the surface is.

deW(D)__A
“R @D (31)

where D isthe distance between the sphere and the surface, R is aradius of the sphere
and A is the material dependent Hamaker constant. The assumption of pairwise
additivity ignores the influence of neighboring atoms on the interactions between any
pair of atoms. Further, it is difficult to treat the effect of the medium on the pairwise
additivity. The problem of additivity is avoided in the Lifshitz theory, where the
atomic structure is ignored and the forces between large bodies are treated as
continuous media (Lifshitz 1956). The forces are derived in terms of bulk properties
such as dielectric constants and refractive indices. The van der Waals force takes the
same functional form but the material dependent Hamaker constant function takes
account of the bulk properties. An approximate expression for the non-retarded
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Hamaker constant for phase 1 interaction with phase 2 across medium 3 can be
calculated as:

(3.2)

»§k-|-3991 e, (e -eo 3hv,(n? - nf)(nZ - n2)
4 e+

] esée +93ﬂ 8\/_(n +n3)1’2[(n +n2 )1/2+(n +n )1/2J

where k is the Boltzmann constant, T is the temperature, n; isthe refractive index, g is
the dielectric constant, ve is the main electronic absorption frequency in the UV region
and h isthe Planck’ s constant.

Electric double layer forces. The surface charge is balanced by an equal but
oppositely charged cloud of counterions (Israelachvili 1992). The part of the
counterions, which are immediately outside the surface, is called the Stern layer, in
which the short range interactions are of primary importance. The amount of counter
ions decreases exponentially with distance from the charged surface and the counter-
ions which are freely mobile but still affected electrogtatically by the surface are
forming a diffuse double layer. When two charged surfaces approach each other in an
agueous solution the double layers start to overlap, which results in an osmotic
pressure, and, hence, give rise to the double layer force. This long range interaction is
repulsive when the surfaces are of the same sign and is attractive between the surfaces

of different signs.

The thickness of the double layer can be described by the Debye length k™

RTe e
kt= |— 2 (3.3

2F |
where R is the molar gas constant, T is the temperature, g is the permittivity of the
solvent and & is permittivity in vacuum, F is the Faraday constant. | is the ionic
strength, | = 1/2S57%co;, where z is the valency of the ion and ¢ is the concentration of

the ion. Because k increases with increasing electrolyte concentration, both the
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repulsive interaction between surfaces of the same sign and the attractive interaction
between surfaces of different signs decrease when salt is added.

Seric forces. When two polymer covered surfaces approach each other, they
experience a force when the outer polymer segments begin to overlap. On approach
the chains have to adopt a more dense conformation and they loose some of their
conformational freedom. Due to the unfavorable entropy associated with compressing
the chains between the surfaces, the interacting forces are repulsive osmotic forces
(Israelachvili 1992). The other important contribution to the steric force is the change
in enthalpy associated with replacing polymer-solvent interactions with polymer-
polymer and solvent-solvent interactions. This contribution can be either attractive or

repulsive depending on polymer solubility.

3.3 Polyelectrolytes

Polyelectrolytes are polymers with ionizable groups that can dissociate in solution,
leaving ions of one sign bound to the chain and counterions in solution. The most
commonly occurring ionic groups are carboxylate (-COOY), sulphate (SO.%),
sulphonate (SOs?%), phosphate (PO,¥), ammonium (NHs") and protonated amines (-
NR;") (Jonsson et al. 1998). In papermaking polyelectrolytes are used as retention
aids, fixing agents and wet and dry strength additives. Charged wood polymers, such
as anionic hemicelluloses, are also liberated into the process waters during pulping
and papermaking giving an additional source of polyelectrolytes present in the
system. Figure 3.1 shows examples of polyelectrolytes which are widely used in
papermaking.
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Figure 3.1. Molecular formula of @) wet strength additive (cationic starch, CS), b)
retention aid (cationic polyacrylamide, C-PAM) and c) fixing agent (poly-
DADMAC).

Due to the dissociation in solution the polyelectrolyte system is electrically charged.
Charges in the system produce a strong electrostatic repulsion, the strength and range
of which depend on the linear charge density of the polymer and on the concentration

of counterions in the solution.

The charge density of polymer is determined as charge per average molecular mass
(meg/g), which is known as cationicity or anionicity depending upon the sign of the
charge. It is a ratio of the charged groups to the total number of repeat units in the
polymer (Roberts 1996). Charge of the polymer can also be described in mol-% or as
a degree of substitution (DS). DS is the ratio of the number of ionisable groups in the
polymer chain to the number of uncharged monomer units in the chain (Stenius 2000).

DSisused only for biopolymers.

The counterions are mobile but they are influenced by the electric field created by the
polyelectrolyte. Counterions form a diffuse layer, in which the ion concentration
decreases from a high value close to the polyelectrolyte to bulk ion concentration at
larger distances. In other words, the formed electrical field is screened by the
counterions, i.e. it decays rapidly with increasing distance. The characteristic length of

the decay is the so-called Debye screening length k™, see equation 3.3.

Electrostatic repulsion between the polyelectrolyte charges has two basic effects: (i)
internal repulsion which stretches the polyelectrolyte chain and (ii) intramolecular
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repulsion between the chains. The repulsion can be lowered by adding, for example,
simple electrolyte which changes the polyelectrolyte configuration into arandom coil.

The conformation of the polyelectrolyte depends mainly on the charge density and
molecular weight of the polymer, the ionic strength of the solution and the surface
charge density. At low ionic strength polyelectrolytes have a rod-like conformation
due to intramolecular repulsion between charged segments (Liu et al. 1991). When the
ionic strength is increased, the polyelectrolytes have less restricted conformations
(Granfeldt et al. 1992).

The dimensions of a polymer coil are normally given by two quantities (Fleer et al.
1993, Eisenriegler 1993); the radius of gyration, Ry, and R?, which is the mean square
end-to-end distance between the ends of the chain. Ry is the root-mean-square distance
of the segments from the centre of mass of the coil.

Real polymers are not able to rotate freely. Cy is arigidity constant that depends on
the structure of the polymer chain. It takes into account the restrictions of the
rotations, e.g. valence angles between bonds and it is defined in equation 3.4.

R2
= 3.4
¥ rlri ( )
where r is a degree of polymerization and I, is the average length of the monomer.
Expansion of the polymer chain increases with increasing R? and rigidity constant.

Persistence length g of a polyelectrolyte chain can be defined as a correlation length
over which the chain loses its orientational memory. It is a distance along the chain
over which the polymer maintains a stiff rodlike structure (Odijk 1978).

For a very flexible worm-like chain, the persistence length is slightly larger than the

average length of the monomer. In the case of tiff rods, the persisence length

convergences infinity.
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For polyelectrolytes the persistence length can be divided into one non-electrostatic
(go) and one electrostatic (ge) part:

0= Cot Ce (3.5)

Persistence length is a function of ionic strength. At high salt concentration g, is small
and the chain is flexible whereas at low salt concentration ¢ is large and the chain is

rigid.

3.3.1 Adsorption of the polyelectrolytes

An increase in concentration of the solute in the interfacial region is generally called
adsorption. When adsorption involves the formation of a chemical bond, it is called
chemisorption. The physisorption is used when only physical interactions play arole.
The reduction in solute concentration near the interface is called negative adsorption
or depletion in the case of polymers. Whether adsorption or depletion is found
depends on the difference between the free energy of segment/surface contacts and

that of solvent/surface contacts.

From a thermodynamic point of view, there are several reasons for polymersto adsorb
on the surfaces:

1) Specific interaction between the polymer and the surface such as opposite
charges.

2) Entropy that is gained when solvent molecules are released from the surface
into solution. Entropic force favors adsorption.

3) Poor and good solvent: If polymer is only slightly soluble in the solvent, the
interaction between the polymer segments and the solvent molecules is
unfavorable when compared to the segment-segment and solvent-solvent
interaction energy. Hence, polymer escapes contacts with the solvent and

adsorbs on the surface, even on a liquid/air interface.

Theoretically, the adsorption of the polymer on the surface can be modeled on the
basis of Flory-Huggins theory of phase behavior of polymer solutions (Flory 1953)
and a self-consistent-field theory (Scheutjens and Fleer 1979 and 1980, Bohmer et al.
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1990). There are two different types of interactions in the model: electrogtatic and
non-electrogtatic. The non-electrogtatic interaction between species in adjacent lattice
sites is described by Flory-Huggins c-parameter of polymers in solution. Parameter is
the free energy change in units of KT accompanying transfer of a segment from pure

polymer to pure solvents. It describes the polymer solvency into the liquid.

The adsorption mechanism of a polyelectrolyte is divided into three steps (Dijt et al.
1994): trangport from the bulk to the surface, attachment to the surface and

rearrangements in the adsorbed layer to minimize the surface energy.

Simply, the adsorption depends on the strength of the interaction between the polymer
segment and the adsorbent surface. In polyelectrolyte adsorption the electrogtatic
interactions play an important role. Adsorption depends on the charge density of the
polymer and the surface in the following way, see Figure 3.2:

1) Polyelectrolyte with a low charge density has a weaker repulsion between the
charged segments. Conformation is more coiled and when adsorbed on the
surfaces, molecules form loops and tails pointing out to the solution phase.
Adsorbed amount and layer thickness are high.

2) Polyelectrolyte with a high charge density has a strong repulsion between the
charged segments and the molecule adsorbs in a flat conformation. The
adsorbed layer is very thin and only a small amount of the polyelectrolyte is
enough to neutralize the system.

----------------------------

Figure 3.2. Schematic drawing of cationic polyelectrolytes adsorbed on oppositely
charged surface. a) low charge density and b) high charge density.
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Increase in electrolyte concentration reduces the repulsive forces between the charged
segments of the polyelectrolyte, leading to a decrease in persistence length of the
polyelectrolyte. Osmotic pressure, which makes the polyelectrolyte molecule swell,
decreases causing a decrease in the radius of the molecule. The surface can
accommodate more molecules and, thus, the adsorbed amount increases. Increased
electrolyte concentration also reduces the electrostatic attraction between
polyelectrolytes and the charged surface leading to a lower adsorption at high
electrolyte concentration. The driving force for adsorption at high electrolyte
concentration must be non-electrostatic in nature. At very high electrolyte
concentration polyelectrolyte behaves like a neutral polymer. Thus, at high electrolyte
concentration polyelectrolyte can adsorb only if there is an attractive interaction

between segments and a surface, which is not electrosatic.

When studying charged systems, the conformation of the polyelectrolyte affects the
adsorbed amount together with molecular weight. If polymer lies flat on the surface
(highly charged polyelectrolyte and/or surface at low ionic strength), there will not be
any molecular weight dependence. If polyelectrolyte adsorbs in a more coiled
conformation with loops and tails pointing out to the solution phase (low charged
polymer and/or surface at high ionic strength) the adsorbed amount is directly
proportional to the molecular weight. Increase in molecular weight increases the
adsorbed amount on a smooth surface (Kolthoff and Gutmacher 1952, Chibowski
1990).

Polydispersity has also an effect on adsorption because the rate of adsorption depends
on molecular weight. Adsorption of the polyelectrolytes to a solid-liquid interface can
be considered as diffusion controlled transport (Brownian motion) if any liquid flow
is absent (Dukhin et al. 1995, Stenius 2000). This process is determined only by
molecular movements such as rotations. If the adsorption is diffusion controlled the
smaller molecules diffuse faster to the surface. The surface layer may contain a larger
fraction of smaller molecules even if the solution contains larger molecules as well.
Small molecules reach the surface faster than bigger molecules due to the smaller
friction between the polyelectrolyte molecules and solvent molecules. As time
proceeds the smaller molecules can be exchanged to larger ones. Thus, in equilibrium

the surface will be enriched in larger molecules.
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4 EXPERIMENTAL

4.1 Materials

4.1.1 Substrate surfaces for adsorption experiments

QCM-D crystals. The sensor crystals used were AT-cut quartz crystals supplied by Q-
sense AB, Gothenburg, Sweden. They are thin (0.3 mm) with f, = 5 MHz and C =
0.177 mg m?Hz™. The crystals used in Paper | were coated with silica by means of
vapor deposition. Thus, silica was always the adsorbent surface in Paper 1. The sensor
crystals used as a substrate for model surface preparations and in the QCM-D
experiments in Papers I1-V were spin-coated with polystyrene by the supplier. The
polystyrene surface was hydrophobic i.e. the contact angle of pure water on the crystal

surface was 95° + 2°.

Cellulose. Trimethylsilyl cellulose (TMSC) was prepared by slylation of
microcrystalline cellulose powder from spruce (Fluka) with hexamethyl disilazane in
the way as first suggested by Greber and Paschinger (1981) and Cooper et al. (1981).
The details of the synthesis and purity check of the product conducted with FTIR are
reported in Paper 1I. TMSC conversion to cellulose by desilylation was carried out by
keeping the TMSC surface for at least 1 min in the atmosphere above a 10% agueous
HCI solution according to Schaub et al. (1993).

Lignin. Lignin was isolated from Norway spruce (Picea abies) at KCL Science and
Consulting, Espoo, Finland. The isolation of milled wood lignin (MWL) was
performed using a dlight modification of the Bjorkman method (Bjérkman 1956),
including an ultrasonic extraction step at 15 °C.

TMP extractives. Hexane extraction of TMP extractives with a Soxhlet apparatus was
performed using the procedure described by Sundberg et al. (1996b). The mixture of
extractives obtained after evaporation of the hexane was dissolved in acetone and
stored in a freezer. Chemical composition of the extractive mixture determined by gas
chromatography (GC) (Orsaand Holmbom 1994) is shown in Table 4.1.
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Table 4.1. Composition of the extractives derived from spruce TMP.

Extractives (%)
Fatty and resin acids 26
Triglycerides 48
Steryl esters 23
Sterols 2

Flake-like and fibrillar fines. In paper V sterically stabilized wood extractive colloids
were adsorbed on different types of fines and the adsorption was measured by means
of the turbidity reduction of the water phase. The TMP pulp was refined and the fines
were isolated using a procedure, which resulted in flake-like rich and fibrillar rich
fractions of fines (Mosbye et a. 2002). The preparation and characterization of fines
material isdescribed in detail in paper V.

4.1.2 Adsorbed materials

Cationic starch. Cationic starch (CS) was synthesized from potato starch at the
laboratories of Raisio Chemicals Oy, Raisio Finland. The details are given in Paper I.
Three starch samples were used: one with low degree of substitution (DS), charge
density of 0.5 meg/g and high molecular weight (M), one with high DS, charge
density of 1.5 meg/g and high M,, and one with high DS, charge density of 1.5 meg/g
and low M,,. Some properties of the CS samples are given in Table 4.2.
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Table 4.2. Properties of cationic starch samples.

CSu.® CSu’ CSLH°
Weight average molecular weight® (Da) 8.8 10° 8.7 10° 45 10°
Number average molecular weight® (Da) 4.3 10° 35 10° 2.0 10°
Degree of substitution (DS)® 0.20 0.75 0.75
Charge density (meg/g)’ 0.5 1.5 1.5

®High molecular weight, low DS

PHigh molecular weight, high DS

“Low molecular weight, high DS

dpy SEC (Size Exclusion Chromatography)

“as reported by the manufacturer

'determined by polyelectrolyte titration (M itek)

Dissolved hemicelluloses. Hemicelluloses were isolated from the hexane extracted
TMP by using the procedure of Thornton et a. (1994a). Dissolved hemicellulose
fractions were isolated from unbleached and peroxide bleached TMP and the

monosaccharide content of both water solutions, analysed with GC (Sundberg et al.

1996a), is listed in Table 4.3. The fractions from unbleached and bleached TMP are

anionic with a charge density of 0.51 meg/g and 1.38 meg/g, respectively, determined

by cationic polyelectrolyte titration method (Mitek, 1.0 meg/l pPDADMAC, Mw <

3 10° Da).
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Table 4.3. Composition of the dissolved hemicellulose fraction's monosaccharides
derived from spruce TMP.
Monosaccharides (%)

Unbleached Bleached

Arabinose 2.7 3.7
Xylose 3.0 8.9
Rhamnose 3.2 9.0
Mannose 47.1 14.0
Galactose 14.3 10.6
Glucose 14.6 5.7
Galacturonic acid 14.2 46.7
Glucuronic acid 0.9 0.7
4-O-Me-glucuronicacid 0 0.6

Model hemicelluloses. Galactoglucomannan (charge density of 0.09 meg/g and weight
average Mw of approximately 50 kDa with unimodal Mw distribution analysed by
SEC) was isolated from the mixture of dissolved hemicelluloses by using an
ultrafiltration technique according to Willfor et al. (2003).

Pectin samples with a desired Mw compared to pectin found in spruce were prepared
from commercial citrus fruit pectin (Sigma-Aldrich Chemie BmbH, Germany) by
alkaline hydrolysis. The reaction mixtures were cooled down to room temperature,
acidified, concentrated by vacuum rotor-evaporator and concentrates were freeze-
dried. The final product has the following properties. charge density of 2.1 meg/g and
weight average Mw of approximately 12 kDa with unimodal Mw distribution analysed
with SEC.

Colloidal wood extractives. In order to prepare the agueous dispersion of colloidal
wood extractives, the acetone dissolved extractive mixture was further treated as
described in Sundberg et al. (1996b). As aresult, a stable colloidal dispersion with an
average particle size of 200-300 nm measured with N5 Submicron Particle Size

Analyzer, Miami, USA, is achieved. Note that the chemical composition of the
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extractive model film used as a substrate surface in the QCM-D experiments is the

same, see Table4.1.

All other chemicals were of p.a. grade if not otherwise specified.

4.2 Methods

4.2.1 Adsorption experiments

Quartz Crystal Microbalance with Dissipation (QCM-D). The QCM-D technique, Q-
Sense, Gothenburg, Sweden, which was the main method of investigation, is a
relatively recently developed method for in-situ adsorption studies at the solid/liquid
interface (Rodahl et al. 1995). The instrument consists of a thin quartz disc
sandwiched between a pair of electrodes. Due to the piezoelectric properties of quartz,
it is possible to excite the crystal to oscillation by applying an AC voltage across its
electrodes. The principle of the measurement is the following: Without adsorbate the
crystal oscillates at a resonant frequency f,, which is lowered to f when material
adsorbs on the surface of the crystal. The instrument measures the shift in the
frequency of the fundamental resonance and several overtones. If the material
adsorbed is evenly distributed, rigidly attached and small compared to the mass of the
crystal, the shift in the resonant frequency is related to the adsorbed mass by the
Sauerbrey equation (HO0k et al 1998):

Dm=- ~— (4.2)

where Dmisthe adsorbed mass per unit surface, Of=f-f, isthe frequency shift, nisthe
overtone number (inthepresent casen=1, 3or 5 (D300 syssem)andn=1, 3,5, 7, 9,
11 or 13 (E4 system)) and C is a constant that describes the sensitivity of the deviceto

changes in mass.
The resonant frequency of the crystal depends on the total oscillating mass, including

water coupled to the oscillation. By measuring several frequencies and the dissipation

it becomes possible to determine whether the adsorbed film is rigid or water-rich
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(soft) which is not possible by looking only at the frequency response. If the adsorbed
material is not fully elastic, frictional losses occur that lead to a damping of the
oscillation with a decay rate of amplitude that depends on the viscoelastic properties
of the material. With the QCM-D instrument the change in the dissipation factor, £OD
= D-D,, when material is adsorbed can be measured. D, is the dissipation factor of the
pure quartz crystal immersed in the solvent and D is the dissipation factor when
material has been adsorbed. D is defined by

D=_tdis (4.2)

2PEior
where Eqiss is the tota dissipated energy during one oscillation cycle and Egor IS the

total energy stored in the oscillation.

QCM-D experiments. Two different set ups of the QCM-D instruments were used in
the experiments, Qsense D300 system and Qsense E4 system. In the D300 system the
definite volume of sample (0.5 ml) is introduced onto the crystal via temperature
control loop and the changes in frequency and dissipation at 5 MHz and its overtones
(15, 25 and 35 MHZz) are followed as a function of time. The measurement chamber of
the E4 system is specifically designed for controlled flow measurements. Samples are
pumped through the measurement cells (4 parallel cells performing concomitantly)
with the peristatic pump with a flow rate of 0.1ml/min. The changes in frequency and
dissipation are followed as a function of time at 5 MHz similarly as with the D300
system but also at higher overtones (15, 25, 35, 45, 55 and 65 MHz). It was noticed
that the adsorption experiments of the colloidal wood extractives needed to be
conducted in continuous flow due the depletion of the colloids in the solution near the
substrate/liquid interface when the flow was absent.

Figure 4.1 shows an example of the data achieved from the QCM-D instrument. The
negative frequency change i.e. positive mass change on the crystal surface and the
change in dissipation are followed as a function of time. The sample is introduced
onto the crystal surface after the zero baselines for both, frequency and dissipation
changes, are attained. In Figure 4.1, the sample is introduced onto the crystal at the

time of 30 min.
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Figure 4.1. Change in frequency and dissipation as a function of time for adsorption
of 100 ppm dissolved hemicellulose solution isolated from unbleached TMP in 10
mM NaAc/HAc buffer at pH 5.6 on lignin.

The frequency and dissipation responses also depend on the density and viscosity of
the bulk liquid. Very sharp changes in frequency and dissipation are observed when
the electrolyte concentration is changed during the measurement, see for example
Figure 9 in Paper Il. This so called bulk effect is a commonly known effect when
using QCM-D. In thiswork the baseline stabilization prior to sample addition onto the
crystal is conducted at the same ionic strength in order to avoid liquid peaks. The
following values for the frequency and dissipation changes are measured for the
quartz crystal when pure water is replaced by 100 mM NaCl: [fi5 yn; = ~-8 Hz and
[Diswhz = 1.2 7 10°. The instrument and the crystals are regarded as fully stabilized
when the detected changes in frequency and dissipation are smaller than the
maximum drift of the instrument which is2 Hzzhand 0.2~ 10%h at 15MHz (Q-Sense
2000).

Details of the QCM-D experiments of each case are described in Papers|-V.

Interpretation of viscoelastic properties. Materials, which can display either viscous
or elastic properties at the same time, are called viscoelastic. Polymers are a typical

example of viscoelastic material. The rheological properties of polymeric material
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depend on the shear rate, molecular weight, the structure of polymer molecule and
temperature (Barnes et al. 1989, Ferry 1980).

Using appropriate models, the QCM-D data, f and LD, can be interpreted in terms of
adsorbed mass and structural changes in the adsorbed layer. In this work, the so-called
Voigt based representation of a viscoelastic solid is used (Voinova et al. 1999). The
Voigt model (Figure 4.2) consists of a spring and a dashpot filled with viscous fluid
connected in parallel. The extension or strain in the spring is a all times equal to the
extension or strain in the dashpot. Thetotal stressin the Voigt element is equal to the
sum of the stresses in the spring and dashpot (Barnes et al. 1989).

S

n |_I:I_|h
'

Figure 4.2. Voigt element. mis shear modulus, A is shear viscosity and s is shear
stress (Voinova et al. 1999, Barnes et al. 1989).

Adsorbed layer, which is modeled with Voigt element, is described using a frequency
dependent complex equation when the layer is subjected to oscillating stress:

G* = complex rigidity modulus =G’ +iG"’ =y + 12pfhx (4.3

where m is the elastic shear (storage) modulus, A is the shear viscosity (loss

modulus) and f isthe oscillation frequency.

The real part of the complex modulus (storage modulus) characterizes the stored
elastic energy. It expresses the elastic behavior of the material and its ability to sore
energy. Storage modulus correlates to the stiffness or flexural modulus of the
material. At congtant stress higher strain yields lower storage modulus and lower
strain yields higher storage modulus. The imaginary part of the complex modulus
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(loss modulus) characterizes the energy which changes in to heat through relaxation.
It expresses the viscous behavior of the material and it is a measure of the material’s
ability to dissipate energy. The larger the value of the complex shear modulus, the

stronger the structure of the polyelectrolyte film is.

In this study the modeling of the viscoelastic properties of the formed polyelectrolyte
films was performed using the program QTools from Q-Sense (Paper | and Tammelin
et al. 2006). The adsorbed film is assumed to have a uniform thickness (df) and a
uniform density (rs). The adsorbed film is situated between the QCM-D electrode and

a semi-infinite Newtonian liquid under no-dlip conditions; see a schematic illustration

in Figure 4.3.

Figure 4.3. Schematic drawing of the quartz crystal covered with a viscoelastic thin
film (density r¢ and thickness dr) in contact between the sensor surface and bulk
solution. The film is represented by elastic modulus, viscosity and density. The bulk
liquid is represented by density and viscosity (Voinovaet al. 1999).

In practice, when conducting the QTools modelings the following parameters are used
and modeled:

e Known parameters:. fluid viscosity and density (A and p), Of and DD
e Estimated parameter: Density of the adsorbed layer (pr)

e Modelled parameters. Elastic modulus (), viscosity (hr) and thickness (dr) of
the adsorbed layer

The other simple linear viscoelastic model is the Maxwell (Barnes et al. 1989) model
which is not used in this study and, therefore, is not further discussed. The mechanical
models always represent linear deformations in which the stress and deformation are

proportional to their time derivatives. The idea of the mechanical models is not to
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describe polymer morphology in detail, but model the interphacial behavior in a

phenomenological manner.

4.2.2 Mode film preparation

Langmuir-Blodgett (LB) technique. In Langmuir-Blodgett technique relatively water
insoluble compounds can be made to form a monolayer at a water/air interface. This
monolayer can then be transferred onto a subsequent solid substrate. This old
technique, first introduced by Irving Langmuir (Langmuir 1917) and extensively used
and developed by Katharine Blodgett (Blodgett 1935), is mainly applied for preparing
monolayers of the amphiphilic compounds. Good textbooks, e.g. Roberts (1990) and
Petty (1996), are available related to the technique.

In this work model films of cellulose were produced using L B-equipment consisting
of a computerized minitrough with two movable barriers and a device for measuring
the surface pressure p (Paper 11). Surface pressure is the difference in the surface

tension of the pure subphase (water) and the subphase in the presence of a monolayer.

The insoluble component (trimethylsilyl cellulose, TMSC) is dissolved in a volatile
solvent (chloroform), which has to have a positive spreading coefficient when spread
on the water surface in order to achieve a full coverage to all available water surface.
After evaporating the solvent, only the known amount of insoluble component
remains at the water surface. The barriers, which are at first far apart, will then be
moved towards each other in order to reduce the surface area and to compress the
insoluble molecules to form a continuous film. During the film compression the
surface pressure is continuously recorded by means of the Wilhelmy method (Roberts
1990), and as aresult a surface pressure versus molecular area (p-A isotherm) can be

determined. An example of the cellulose film p-A isotherm is shown in Figure 4.4.
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Figure 4.4. Langmuir isotherm of TMSC on water.

From the isotherm curve the molecule arrangements at the water surface can be
estimated. Molecules start to organize a film when the surface area is decreased by the
moving barriers. The film is at its strongest and best oriented when the curve slope
has its steepest region. At higher surface pressures the slope becomes more gentle,
indicating a collapse or disruption of the film. It is more straightforward to identify
different molecular arrangement from the isotherm of the small surface active
compounds due to their more flexible structure. The stiff and large cellulose polymer
can not form as dense film on the water surface as small surfactants (a very steep rise
in the curve is not detected). From the p-A isotherm the desired surface pressure is
chosen to carry out the depositions to a solid substrate (in this case 15 mN/m). Surface
pressure is then kept constant through the entire deposition process.

Traditionally, the substrate is dipped vertically through the floating monolayer and
every time the substrate passes through the air/water interface, a monolayer is
transferred on to a solid substrate. In this work the horizontal dipping procedure, was
used due to the limitations originating from the structure of the QCM-D crystals. In
order to obtain a monolayer, the horizontal dipping technique has been used to deposit
e.g. urease (Langmuir and Schaefer 1938) and polymerized diacetylene (Day and
Lando 1980). In contrast to monolayer deposition, Lee et al. (1992) first reported the
bilayer deposition. In this horizontal dipping procedure, the substrate is pressed into
contact with the liquid interface and it never traverses the floating monolayer.
Theoretically, a bilayer of the film is formed when the substrate is withdrawn and the
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liguid and substrate are separated. Figure 4.5 schematically describes the horizontal
dipping procedure of the TM SC on the polystyrene coated QCM-D crystal.

a) Dipping
device
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Figure 4.5. A schematic drawing of the horizontal dipping procedure. The horizontal
arrows represent the barrier movements and the vertical arrows represent the
movements of the dipping device during one dipping cycle. The ovals illustrate the
TMSC molecules and black spots illustrate the hydrophobic parts of TMSC and
polystyrene.

During the deposition process the transfer ratio is also monitored in order to verify the
successful deposition. The ratio is defined as the ratio between the decrease in the
floating monolayer area during the deposition and the transferred monolayer area on
the solid substrate. In vertical dipping the optimal transfer ratio value is 1 (fully
covering monolayer is transferred onto solid substrate surface), while the value is 2

with horizontal orientation (bilayer formed during pressing and withdrawing).

Spincoating. In spincoating technique the film is deposited on the solid surface from
volatile solvent by spinning the surface with high speed. Spincoating is a ssmple and
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fast technique to prepare thin films in a repeatable manner. The equipment needed
include a chuck which spins at a desired rate (500-6000 rpm) and a pump to create
vacuum in order to adhere the substrate surface on the chuck. The film formation, its
thickness and roughness can be controlled by varying parameters such as solution
concentration, solvent properties, spinning speed, acceleration and spinning time
(Meyerhofer 1978; Sukanek 1991; Bornside et al. 1993). In this work MWL lignin
and TMP extractive films were prepared using spincoating technique (Paper 111). The
primary aim was to obtain sufficiently smooth and fully covering films of lignin and
extractives, which would work well in the QCM-D instrument. Therefore, too much
attention was not paid in this work to elucidate how film properties change by varying
the parameters mentioned above.

4.2.3 Surface characterization

Atomic Force Microscopy (AFM). In this work the atomic force microscopy (Binnig
et a. 1986) was used for imaging purposes in order to achieve information about the
surface morphology of the model adsorbent surfaces (Papers |1 and 111) and to obtain
additional information of the surface properties after adsorption experiments. In a
simplified manner, the height profile of the sample surface is measured by scanning
the surface with a sharp tip which is attached to a cantilever. The forces between the
surface and the tip affect the cantilever which acts as a spring. When a laser beam is
directed onto the cantilever, the deflection of the cantilever can be detected from the
laser beam with a photo detector. The sample itself is placed on a piezoelectric

scanner, which is used to move the sample in x-, y-, and z-direction.

The AFM measurements were performed with a Nanoscope I11a Multimode scanning
probe microscope (Digital Instruments Inc., Santa Barbara, CA, USA). The images
were scanned in tapping mode (Martin et al. 1987, Zhong et a. 1993) in air in order to
avoid the sample deformation when imaging polymeric materials such as cellulose
and lignin. The other AFM modes (e.g. non-contact and contact modes) are not
handled in this thesis since only the tapping mode was used, and the reader is referred
to e.g. Albrecht et al. (1991) and Garcia and Pérez (2002) for further details.
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The dglicon cantilever (Pointprobes, type=NCH, delivered by Nanosensors) was
oscillated near its resonance frequency (= 270-315 kHz) with the free amplitude (Ao)
of about 20 nm and a set-point ratio (rs,) between 0.4-0.6. The set-point ratio is the
ratio between the set-point amplitude (As,) and free amplitude. In tapping mode the
frequency of the oscillation is kept constant and the changes in amplitude are
monitored. During each oscillation cycle the tip is in brief contact with the sample
surface and the forces between the sample and tip affect the tip and a reduction in
amplitude is detected. When scanning the sample, the set-point amplitude, i.e. the
amplitude of the cantilever when the tip is in contact with the sample, is kept constant
by moving the sample in z-direction with the piezo. By this way it is ensured that the
tip to sample distance remains constant and that the forces exerted on the tip are also
similar all the time. By detecting the adjusted piezo movement, a high resolution
height image is recorded.

The oscillation of the cantilever is assumed to be harmonic as well as the oscillation
of the piezo, which is used to vibrate the cantilever when the tip is not in contact with

the sample. Harmonic motion is described by the following equation:

A(t) = Agcos(ot+d) (4.4)

where A is the maximum amplitude during the cycle of oscillation, w=2pf, f is the
frequency, t is time and d'is phase shift angle of the freely oscillating cantilever and
piezo. The phase angle between the two oscillating motions, tip and driving force
(piezo), is initially set to 90°. When the tip approaches the sample, the amplitude
reduces due to the tip-sample interactions and the whole standing wave of the
harmonic motion is affected. The phase angle of the harmonic waves change and this
shift is recorded when the sample is scanned with the tip. Thus, the phase shift image
is achieved and the additional information of sample properties, such as different
elasticities or e.g. adhesive properties is recorded a the same time as the height
image. In this work the energy applied to the sample is low (Ao is small and rg, is
large) indicating that the phase shift is due to the chemically different regions in the
sample surfaces. The differences in sample stiffness in phase image are achieved by
using high Aq and small rg, (Spatz et al. 1997, Bar et a.1997)
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X-Ray Photoelectron Spectroscopy (XPS). Coverage and chemical composition of the
model surfaces of cellulose, lignin and wood extractives (Papers |1 and I11) as well as
the nitrogen content of the adsorbed cationic starch films (Paper 1) were determined
using XPS, also known as Electron Spectroscopy for Chemical Analysis (ESCA).
The sample in a high vacuum is irradiated with X-rays and the kinetic energies of the
emitted photoelectrons are measured (Briggs and Seah 1990). The kinetic energy of
the photoelectrons depends on the binding energy to the relevant atom where the
photoelectron originates from:

Ex=hu-E,- F (4.5)

where hu isthe energy of the X-ray, E;, isthe binding energy of the photoelectron and
F is the spectrometer dependent work function. Any element except hydrogen can be
detected and the elemental analysis is highly sensitive. The ratio of elements on the
sample surface is detected and the detection limit is approximately 1 atomic %. Atoms
of the same element emit photoelectrons with different bonding energies depending
on the local environments of the atom. Thus, the different chemical states of the
element, e.g. oxidation states of metals or different bonding of the organic carbon, can
be determined from the X PS spectrum.

When photoelectrons pass through a solid material, they interact with the material and
can travel only a very limited distance. Thus, the intensity of escaping electrons
decreases with increasing analyzing depth. As a consequence, the XPS is a very
surface sensitive technique. The major part of the information in the spectrum is
gained from the depth of 3 nm from the surface although the maximum analysis depth
for polymeric material is reported to be 6-12 nm (Ashley and Williams 1980).

The XPS measurements were performed with a Kratos Analytical AXIS 165 electron
spectrometer using a monochromated A1 Ka X-ray source. The experiments were
carried out on dried QCM-D crystal samples, according to the standardized procedure
developed for cellulosic materials (Johansson et al. 1999; Johansson 2002; Koljonen
et al. 2003).



Figure 4.6 presents the XPS survey spectrum recorded from a layer of cationic starch
adsorbed on silica surface, showing peaks due to emission of C1s, Ols, N1s, Si2sand
Si2p electrons. The Auger electrons are electrons originated from higher energy levels
in the atoms. C1s (carbon), O1s (oxygen) and N1s (nitrogen) originate from cationic
starch film and the Si2s and Si2p (silica) originate from underlying SiO, surface. In
this work the N1s trace analysis was used to analyse the surface content of the
nitrogen in order to verify the starch adsorptions. The XPS starch investigations are
discussed in more detail in Paper I.
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Figure 4.6. XPS survey spectrum recorded on the sample of cationic starch adsorbed
on SiO,. The excerpt shows the enlargement of the N1s peak of three different
measurements in the same sample.

An example of the chemical shifts of organic carbon detected from starch film is
shown in Figure 4.7. Three distinct peaks can be resolved from high resolution C1s
XPS spectrum by curve-fitting of three symmetric Gaussian peaks. Three different
chemical environments of carbon can be detected from starch layer: saturated
hydrocarbons with bonds to other carbon or hydrogen only (C1), carbons with one
bond to oxygen (C2) and carbons with two bonds of hydrogen (C3).
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Figure 4.7. Curve resolved XPS spectrum of the Cls for the adsorbed cationic starch
layer.
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5 RESULTSAND DISCUSSION

5.1 Introduction of the QCM -D technique to paper making
applications (Paper 1)

The groundwork to this research was done by introducing the QCM-D method to
carry out the adsorption studies of the cationic starches onto the oppositely charged
silica surface. The aim of Paper | was to ensure that adsorption results of cationic
starch follow the well-known theories of the polyelectrolyte adsorption. In the
following the adsorptions of three different cationic starches with varying degrees of
substitutions and molecular weights on anionic silica surfaces were investigated. The
properties of the starch samples are shown in Table 4.2. Moreover, the viscoelastic
properties of the formed starch layers were analyzed using the Voigt-based
viscoelastic model for solid material, see Figures 4.2 and 4.3.

Adsorption of polyelectrolyte on the oppositely charged surface is mainly driven by
electrogatic interactions. Adsorption of polyelectrolyte is profoundly affected by the
charge density of the polymer and the ionic strength. At high electrolyte concentration
polyelectrolyte can adsorb only if there is an attractive interaction between segments
and a surface which is not electrostatic. At low electrolyte concentration the adsorbed
amount hardly depends on molecular weight. At high electrolyte concentration when
the electrostatic interactions are screened, the molecular weight, polydispersity and
the size of the molecule have a strong effect on the adsorption of the polymer
(Eisenriegler 1993, Fleer et al. 1993, Dukhin et al. 1995, Jonsson et al. 1998). The
adsorption of cationic starch on the anionic silica surface is a typica example of
electrogatically driven adsorption. This has already been shown by several authors
(Marton and Marton 1976, Wéagberg and Odberg 1989, van de Steeg et al. 1993).
QCM-D technique is shown to be an adequate technique to examine the effect of
electrogatics on polyelectrolyte adsorption. Plunkett et al. (2003) showed that
adsorbed amount of polyelectrolyte increases with decreasing charge density of the
polymer. At the same time the structural changes (monitored using dissipation
response) of the adsorbed layer varied as expected: highly charged polyelectrolyte
formed a flat layer with no water coupled in its structure and with decreasing charge
density of the polymer, the more extending loops and tails were formed. These results

were supported with XPS.
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5.1.1 The effect of electrostatics

To study the effect of electrostatics two starch samples with different charge densities
were used: 1) starch with a low degree of substitution (DS=0.2, charge density = 0.5
meg/g) and 2) starch with a high degree of substitution (DS=0.75, charge density =
1.5 meg/g). Both samples showed a narrow molecular weight distribution (Figure 1 in
Paper 1).

The changes in frequency and dissipation at the adsorption equilibrium for 100 ppm
starch solutions with different charge densities at different electrolyte concentrations
are shown inthe Table 5.1.

Table 5.1. The final change in frequency and dissipation at different electrolyte
concentrations for 100 ppm starch solutions. Adsorbed mass is calculated from eq.
(4.1). fo=5MHz, n=3

NaCl
mM DS=0.2, M,, = 8.8 10° Da DS=0.75, M,,= 4.5 10° Da
narrow Mw distribution narrow Mw distribution
Df [D-10° Dm O [D-10° Dm
Hz mg m? Hz mg m?
0 -10.5 0.14 0.62 -6.0 0.06 0.35
1 -24.2 0.42 143 -6.4 0.23 0.38
100 -100 5.94 -73.7 421

The maximum adsorbed amount of a polyelectrolyte should be the lower, the higher
its charge density is, because less polymer is required for charge neutralization and
the adsorbed layer is flatter. This is the case with cationic starch adsorptions when
starch samples with different charge densities are compared. Without any added

electrolyte cationic starch adsorbs on the anionic silica in a flat conformation and the
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detected amount is very small. The adsorbed layers are thin, rigid and fully elastic
(DD < 1'10°) and the adsorbed amount can be calculated using the Sauerbrey
eguation (eg. 4.1).

Addition of simple electrolyte reduces the persistence length so that more polymer fits
on the surface and adsorption increases. Addition of simple electrolyte screens
intramolecular repulsion between polymer segments (the persistence length of the
polymer decreases) and polymer/surface interactions. Hence, the conformation of the
adsorbed polymer becomes less extended and the polymer forms a thicker layer.
Finally, polymer/surface interactions become so weak that the polymer does not
adsorb at all unless there are sufficiently strong non-electrostatic interactions that
promote adsorption. The cationic starch behaves exactly in this way and the results
comply with the theory (Fleer et al. 1993 and Jonsson et a 1998).

As shown by Table 5.1, the adsorption of starch increases with increasing ionic
strength independently of the charge density of the polymer. The frequency and
dissipation changes resulting from adsorption in 100 mM NaCl are substantially
higher than those at lower ionic strength. The change in dissipation is high (46" 10°)
and non-linear (see Figure 5 in Paper 1), which indicates that the formed starch layer
is soft and less rigidly attached. Starch is adsorbed in a more coiled conformation
forming loops and tails pointing out to the solution phase. The layers are viscoelastic
and, hence, the Sauerbrey equation is no longer valid and properties of the formed
layers can be analyzed in terms of the Voigt model.

The XPS investigations of the adsorbed amounts of cationic starch support the QCM-
D results above. Two measured values of the amount of the adsorbed polymer were
extracted from XPS spectra of dried adsorbed layers on the QCM-D crystals: the
percentage of nitrogen atoms and the relative abundance of C-O bonds, see the
examples of XPS survey scans and curve resolved fittings of C1s peak of cationic
starch on silica surface in Figures 4.6 and 4.7. The relative abundance of C-O bonds
(C1) is taken as a measure of the amount of carbohydrate in the layer and the amount
of nitrogen is originated from the cationic trimethylammonium substituent of the
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starch. These measures give qualitative approximations of the adsorbed starch amount
on the silica surface.

Figure 5.1 shows the amounts (at-%) of nitrogen and the relative abundance of C-O
bonds in the adsorbed layers of cationic starch with different charge densities at
different electrolyte concentrations.
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Figure 5.1. The amounts of nitrogen and relative abundance of C-O bonds (atom %b)
in the adsorbed layers of cationic starch analyzed by XPS. The inaccuracy of the
measurements was estimated with the confidence level of 95% assuming that
measurements were normally distributed.

The nitrogen content of the starch layers without any electrolyte added is 0.18 at-%
for both polymers, while the amount of C-O bonds is about three times higher for
starch with low charge density. The XPS results for adsorption from 100 mM NaCl
solutions are also qualitatively in agreement with the QCM analysis. More starch
(mg/mP) is adsorbed on silica surface when low charge density starch is used or the
electrolyte concentration is increased. Starch film also seemsto be uniformly attached
onto the surface; the standard deviation of the resultsis fairly low.

Table 5.2 summarizes the results based on the VVoigt model. The deeper explanation of
the modeling and the drawbacks of the model used are given in Paper |I. Note that the
concentrations of the starch samples are only 1/10 of those in Table 5.1. The
modelings with QTools succeeded better due to slower adsorption process when more
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diluted samples were used since more f and £D values were recorded especially in
the beginning of the adsorption process. The more data for QTools to fit, the better
was the fitting result and no discontinuities were detected.

Table 5.2. Summary of the effects of cationic starch properties on adsorption and
viscoelastic properties of the formed starch layer. A is the shear viscosity, nmiis the
shear modulus, t; isthe relaxation time and hyis the hydrodynamic thickness.

DS=0.2, M, = 8.8 10°Da DS=0.75, My, = 4.5 10°Da

narrow Mw distribution narrow Mw distribution
DD/ (10 ppm) 36.4 48.0
C-O/% 122+0.2 9.8+09
N /% 0.46 + 0.04 0.86 + 0.09
hr | Nsm? (1.8+0.3)-10° (1.6 +0.1)-10°
ml Nm? (230 + 47)-10° (160 + 28)-10°
ti/ ns 7.8 10
hs / nm 6.9+0.2 51+01

As incorrectly stated in Paper I, the starch with low charge density does not form a
less weakly bound layer when compared to a starch layer of high charge density. Both
values, shear viscosity (/) and shear elastic modulus (), are dightly higher for
starch with low charge indicating a stronger layer formed on silica surface.
Furthermore, the relaxation time (¢f), which indicates how quickly the energy is

dissipated under the action of forces, is lower, indicating rather a packed structure.

Two explanations can be given to clarify the observations. First, at high ionic strength
the intermolecular repulsion between starch molecules is effectively screened and
starch molecules can easily pack and form a dense and thick layer when using starch
with low charge density. The repulsion between molecules is more pronounced with
highly charged starch and in 100 mM NaCl concentration all the effects from charge
density are not swamped out. As a consequence, a more mobile layer is formed. The
other explanation may be due to the differences in the molecular weights. The
network formed by long polymer molecules without any or fairly low repulsion
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between the chains is stronger when compared to a network built up by shorter chains
in the presence of strong repulsion between the chains.

The explanation of the repulsion between the starch chains is supported by the
findings achieved when starch adsorptions were conducted from very high electrolyte
concentration (500 mM), see Table 7 in Paper 1). A more mobile and weakly bound
layer is formed with the starch with low charge density seen as reduced shear
viscosity and shear elastic modulus values and increased relaxation times, while the
estimated thickness remains the same (h » 7 nm). The highly charged starch behaves
completely in the opposite way. Water is expelled from the film structure and a
stronger and better packed layer is formed due to screened intermolecular repulsion.
Because of the high charge of the starch, the electrogtatic attraction towards silica is

still predominant and the polymer is still strongly bound on the surface.

An observation that merits further investigation is that the adsorption of starch, even
with lower charge density, is not prevented at high electrolyte concentrations.
Apparently also non-electrostatic attraction is sufficiently strong to induce adsorption.
Moreover, a high ionic strength the solubility of the polyelectrolytes is decreasing
which promotes the adsorption and the total entropy of the system also increases when
the polymer adsorbs at interfaces.

5.1.2 The effect of molecular weight

To study the effect of molecular weight on the polyelectrolyte adsorption two starches
with narrow molecular weight distributions were compared: 1) the low charge density
starch had a weight average molecular weight of 8.8 10° Da and 2) the Mw of the
highly charged starch was 4.5" 10°> Da. Molecular weight distributions of the starch
samples analyzed with SEC are shown in Figure 1 in Paper I.
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Figure 5.2. Change in dissipation factor as a function of the change in frequency for
adsorption of a) 10 ppm CS (DS=0.2) solutions and b) 10 ppm CS (DS=0.75) on a
slica surface. Curves |, and |, are starch in 200 mM NaCl and curves Il and 11y, are
starch in 500 mM NaCl. f,=5MHz, n=3.

When studying charged systems, the conformation of the polyelectrolyte affects the
adsorbed amount together with molecular weight. If polymer lies flat on the surface
there will be no molecular weight dependence (Kolthoff and Gutmacher 1952,
Chibowski 1990). Since the charge densities of the cationic starched are different, the
dependency on the molecular weight is not detected. Less of the highly charged
polymer is adsorbed at low ionic strength, as shown in Table 5.1.

If polyelectrolyte adsorbs in a more coiled conformation with loops and tails pointing
out to the solution phase, the adsorbed amount is directly proportional to the
molecular weight. Increase in molecular weight increases the adsorbed amount on
smooth surface (Kolthoff and Gutmacher 1952, Chibowski 1990). Electrogtatic
interactions between cationic starch molecules and anionic silica surface are still valid
although the NaCl concentration exceeds 100 mM since differences in adsorbed
amount are still detected as seen in Figure 5.2. The attempt was made to examine the
effect of molecular weight on adsorption using low charge density starch in 500 mM
NaCl and high charge density starch in 100 mM NaCl in order to achieve more or less

similar kind of polymer conformation.
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Comparison of the adsorption of starches with low and high charge density at high
ionic strength (100 and 500 mM NaCl) shows that more is adsorbed when the starch
higher molecular weight is used. Furthermore, if curves 1, and Il, are compared
(starch with low DS and high Mw in 100 mM and starch with high DS and low Mw in
500 mM), it can be seen that the OD/F —value at the end of the adsorption for both
polymers under these conditions is ~36, which indicates layers with similar structure
and properties. The final changes in frequency for starch with high Mw (DS=0.2) in
100 mM NaCl and for starch with low Mw (DS=0.75) are ca. -100 Hz and ca. -70 Hz
respectively. Thus, the adsorbed amount increases with increasing molecular weight
but other properties of the adsorbed layer are not significantly affected by the size of
the molecule. However the interpretation of this experiment is difficult and somewhat
speculative since the charge density is varying with molecular weight and the
differences between these two effects can not be totally distinguished by these

experiments.

The effect of polydispersity. Two starch samples with the following properties were
investigated in order to clarify the effect polydispersity on the adsorption behavior: 1)
starch with the Mw of 4.5" 10° Da with clear unimodal molecular weight distribution
and 2) starch with the Mw of 8.7 10° Da with a very broad distribution. For details,
see Figure 1 in Paper |. Both starches have the same charge; the degree of substitution
is reported to be 0.75 and the charge density is 1.5 meg/g.

Unpredictably, less of the high Mw starch is adsorbed and the same trend is observed
regardless of the ionic strength, see Table 3 in Paper | and Figure 5.3. XPS fully
supported the observation, see Figure 9 in Paper |. Viscoelastic properties were
estimated by Voigt model in order to further explain the trend and the results are
summarized in Table 5.3.
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Figure 5.3. Change in dissipation factor as a function of the change in frequency for
adsorption of 10 ppm CS with high degree of substitution in 100 mM NaCl. Key: (u)
Mw = 8.7040° Da, (n) Mw = 4.5040° Da. f,= 5 MHz, n=3.

In diffusion controlled adsorption the smaller molecules migrate to the surface faster
than larger ones due to the smaller friction between the polyelectrolyte molecules and
solvent molecules (Dukhin et al. 1995, Stenius 2000). Comparison of these two
starches shows that less of the high molecular weight starch with broad distribution is
adsorbed than of the low molecular weight starch with narrow distribution. The same
trend is observed regardless of the ionic strength, Table 3 in Paper | and Figure 5.3.
XPS analysis fully supports this conclusion, see Figure 9 in Paper |. Table 5.3
summarizes the effect of molecular weight and molecular weight distribution on the
starch adsorption and on the viscoelastic properties of the formed layer. Figure 5.4
schematically illustrates the structure of the adsorbed layers.
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Table 5.3. Summary of the effects of molecular weight distribution of cationic starch
on adsorption and viscoelastic properties of the formed film.

M,= 4.5 10° Da, DS=0.75 M,= 8.8" 10° Da, DS=0.75

narrow distribution broad distribution
D/ (10 ppm solution)  48.0 72.3
C-O/% 9.8+09 7.0£16
N /% 0.86 + 0.09 0.6+02
ht/ Nsm (1.6 +0.1)-10° (1.10 + 0.03)-10°
ml Nm2 (160 + 30)-10° (94 + 6)-10°
tins" 9.2/10 12/13
hs / nm 5.1+01 48+04

1) relaxation times calculated for adsorption at 20 min/90 min, see table 4 in Paper |.
a) b)
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Figure 5.4. Schematic drawing of the structure of the layer of @) CS with narrow
molecular weight distribution b) CS with broad molecular weight distribution. v; and
Vv, represent the diffusion rates of the molecules of different size (vi>Vy)

It is clearly seen from Table 5.3 that starch which has a narrow distribution of
molecular weight forms a more compact and rigid layer (lower OD/LF, higher h; and
m) due to the better packing of the starch molecules than the broadly distributed

starch. The hydrodynamic thicknesses of the two layers do not differ much.
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5.2 Model surfaces for the QCD-D adsor ption studies (Papers |1 and
1)

As shown by the results in the previous paragraph, the QCM-D technique is an
excellent technique to perform the adsorption studies using papermaking chemicals
and the results are well in accordance with the polyelectrolyte adsorption theories.
Moreover, all the results (QCM-D data, QTools modelings and XPS results) were
repeatable. The following step was to develop substrate surfaces, which better model
the real main fiber components. Hence, in order to investigate the surface interactions
in the TMP process waters, the model surfaces for cellulose, lignin and wood
extractives were prepared. In this way the affinities of both papermaking chemicals
and the dissolved and colloidal components originating from pulp on the fibrous
material can be systematically studied.

5.2.1. Preparation of the model surfaces

Cellulose surface. Cellulose model films have been developed and investigated for
years and the very recent review article covers the preparation, characterization and
the use of cellulose model surfaces in the papermaking applications (Kontturi et al.
2006). In this work the application of Langmuir-Blodgett technique was used to
deposit the trimethylsilyl cellulose (TMSC) on the polystyrene coated hydrophobic
QCM-D crystal by using the horizontal dipping procedure (Figure 4.4). This
technique is also often called as Langmuir-Schaefer (LS) method (Langmuir and
Schaefer 1938). The dipping procedure is a slight modification to the procedure of
Holmberg et al. (1997) who used the vertical procedure to prepare TMSC films on
mica surfaces. The dipping parameters are given in Paper 1. It was essential to use
the horizontal procedure, because if the vertical procedure were used, the electrodes
of the QCM-D crystal would have been contaminated.
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The advantage of the LB- and LS-methods is definitely the possibility to control and
follow the film transferring during the deposition by measuring the transfer ratio
which is explained in the experimental section (Chapter 4.2.2). It was noticed that
transfer ratios were more or less optimal and no detachment of the film was observed.
Theoretically, a bilayer is formed during every dipping cycle (Leeet al. 1992) but iff
cellulose does not form a dense monolayer on the water surface. As a consequence,
more dipping cycles are needed, in this case 15, to form a fully covering TMSC film.
15 dipping cycles lead to about 30 layers of TMSC on the QCM-D crystal surface.
TMSC was regenerated back to cellulose by acid hydrolysis prior to the use in the
adsorption experiments (Schaub et al. 1993).

Lignin and wood extractive surfaces. To my knowledge, the model films of spruce
milled wood lignin and wood extractives from thermomechanical pulp have not
previously been prepared. Model surfaces of Honduran pine lignin (Oliveira et
1994), sugar cane bagasse lignin (Constantino et al. 1996, Pasquini et al. 2005), wheat
straw lignin, wild cherry wood lignin (Aguié-Béghin et a. 2002) and kraft lignin
(Norgren et al. 2006) have been prepared. The preparation technique used has been
the Langmuir-Blodgett technique except Norgren et a. (2006) have used spincoating.

Since the solubility of milled wood lignin is very limited to al of the easily
evaporating organic solvents, the LB-technique is very difficult to apply for preparing

lignin films from MWL. Hence, the spincoating technique was chosen.

The Langmuir-Blodgett film deposition technique to prepare fatty acid layers has been
known for decades (Langmuir 1917, Blodgett 1935, Petty 1996). However, the
spincoating method was chosen for preparing extractive model surfaces due to the
diverse composition of the TMP extractive mixture. This assured that all the wood
extractive components were present in the right quantities. The MWL lignin and TMP
extractive films were spincoated on the polystyrene coated QCM-D crystals. The
Spincoating recipes are given in Paper [11.
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5.2.2 Characterization of the model surfaces

The morphology, coverage and chemical composition of the model surfaces were
characterized using AFM and XPS. Stability studies of each type of the model film,
when used in the adsorption experiments, were conducted by using QCM-D.

Morphology and thickness of the model surfaces. Figure 5.5 shows the AFM
topography images of polystyrene, TMSC after 15 dipping cycles and cellulose
surface after 3 and 15 dipping cycles. After 15 deposition cycles of TMSC, the
structure of the surface clearly changes, as can be seen from Figure 5.5b. After three
deposition cycles the crystal surface was not fully covered by cellulose (Figure 5.5¢)
and it contained holes. After 15 deposition cycles only the cellulose structure is seen,
Figure 5.5d. A smooth and thin cellulose surface was achieved with rms roughness of
approximately 0.4 nm determined from a 1nm x 1 nm topography image. The TMSC
film is rougher (rms roughness of 0.8 nm) than the cellulose, because the three methyl
silyl groups are much larger than one hydroxyl group. The transformation from both,
arough TMSC film and an open cellulose film to finally a smooth and homogeneous
cellulose film is clearly visible when comparing the line profiles of the images in
Figures 5.5 b-d. The fina thickness of the cellulose film, estimated using the
Nanoscope image processing depth profiling tool, was calculated to be 11.5 nm,
which is in good accordance with Holmberg et al. (1997).
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Figure 5.5. AFM topography images of a) polystyrene, b) TMSC after 15 dipping
cycles and cellulose after ¢) 3 and d) 15 dipping cycles. Height profiles of the surfaces
are also shown. Theimage size is 1 m?.
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Figure 5.6 shows AFM topography and phase contrast images of a pure polystyrene
surface on the QCM-D crystal (a and d) as well as of films of milled wood lignin (b
and e) and TMP extractive mixture (c and f) spincoated on the polystyrene. Lignin
and extractive films fully covered the crystal surface and they were moderately
smooth. The rms roughness of polystyrene, lignin and extractive surface was
approximately 0.3 nm, 0.4 nm and 1.1 nm, respectively, determined from the 1 nm x
1Imm AFM topography images. The extractive surface was not chemically as
homogenous as the lignin surface (differences detected in phase image, see images e
and f) and the surface topography was slightly rougher. This is probably due to the
different extractive components (fatty and resin acids, triglycerides and sterols, see
Table 4.1) present in the TMP resin mixture. Due to the sticky nature of the extractive
film, those surfaces were difficult to image and some noise is seen in the topography
and phase contrast images (images ¢ and f). However, the surface was fully covered
with the resin. The height profile determinations gave also a coarse estimation of the
lignin and wood extractive film thicknesses. The final thickness of the lignin film
varied between 200 and 300 nm, whereas TMP extractive mixture coatings yielded in
the thickness values of 80-150 nm.
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L

Figure 5.6. AFM topography images of a) pure polystyrene, b) spincoated MWL
lignin and c) spincoated TMP extractive mixture and phase contrast images of d) pure
polystyrene, €) spincoated MWL lignin and f) spincoated TMP extractive mixture on

polystyrene surface in air. Typical height profiles are shown in the middle. The image

sizeis1 mm?.

Chemical composition of the model surfaces. Identification of polystyrene, cellulose,
lignin and extractive films deposited on the QCM-D crystal was based on the XPS
analysis using the relative abundance of C-C carbon, i.e. unoxidized carbon and the
oxygen/carbon (O/C) atomic ratio. They are the characteristic quantities for each of
the components studied (Gray 1978). Pure cellulose contains no unoxidized carbon,
whereas pure polystyrene consist only of C-C carbon with no oxygen present in its
chemical structure. In theory, the O/C ratio is 0.83 for pure cellulose and O for pure
polystyrene. Theoretical values of O/C ratio for lignin and oleic acid (fatty acid in
resin mixture) are 0.33 and 0.11, respectively. Theoretically, the relative abundance of
C-C carbon is 49 % for lignin and 94% for oleic acid. By comparing the theoretical
and measured values, it is possible to verify how successful the film deposition was
(Johansson et al. 2005).
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Theoretical and measured values for each component are shown in Figure 5.7. They
are very well in accordance with each other. For both MWL and polystyrene the
theoretical and measured values are very similar. The values for the TMP resin film
are also close to the values for pure oleic acid. The slight difference observed is due to
the fact that the extractive mixture contains also other extractive components than

oleic acid.

The largest difference in theoretical and measured values was in the case of the
cellulose model film. Pure cellulose has no C-C component of the Cls signal but
cellulose model film gives quite high percentage of these particular bonds. It is very
likely that these bonds detected from cellulose coated crystal origin from the
underlying polystyrene. The thickness of the cellulose film was estimated to be
approximately 11.5 nm. Since the cellulose film was porous the XPS analysis depth
may be higher although the analysis depth for polymeric material is 6-12 nm (Ashley
and Williams 1980). After 30 depositions the cellulose film was probably so thin that
XPS still detects the underlying polystyrene. However, full coverage of the cellulose
film was observed by AFM (Figure 5.5d) and IR results support acceptable quality of
the cellulose (see Figure 2 in Paper 11).
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Figure 5.7. Theoretical and measured values of relative abundance of C-C bondsasa
function of the oxygen/carbon ratio for polystyrene, extractives, lignin and cellulose.

Sability of the model surfaces. In dilute agueous solutions polyelectrolyte molecules
swell due to the osmotic pressure created by the counter-ions. Swelling of the
polyelectrolyte film can be a very slow process and it depends on the solution pH and
electrolyte concentration. (Flory 1953) Hence, the swelling and the stability of all the
model films were investigated with QCM-D.

Figure 5.8 shows an example of the behavior cellulose model film deposited on
polystyrene at sequentially increased ionic strength. In QCM-D stability studies a
decrease in frequency is thought to indicate water penetration into the layer structure
and/or possible swelling. Changes in dissipation describe changes in structural
properties such as layer softening and thickening during these processes. A higher
dissipation response corresponds to softer layers. From Figure 5.8 it is clear that water
penetrates into the cellulose film because the frequency decreases. The small positive
change in dissipation indicates that slight swelling of faintly negatively charged
cellulose film occurs. Y et, no considerable layer softening occurred and the film stays
rigid (0D<0.5-10°). When the electrolyte concentration was slightly increased (1 and

10 mM NaCl) the change in dissipation of the cellulose film decreases. Hence, there
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seems to be some decrease in swelling. Such deswelling was not seen with
polystyrene due to the negligible charge of the film. After electrolyte addition the
dissipation change remained more or less constant for polystyrene (Figure 9 in Paper
[1). The cellulose film was regarded as fully swelled and stabilized after 6 hours in
contact with deionized water.
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Figure 5.8. Change in frequency and dissipation as a function of time during the
swelling and stabilation of cellulose model film in water/aqueous electrolyte solutions
with increasing ionic strength. Electrolyte concentration increases sequentially. fo=5
MHz, n=3.

Some amount of water/electrolyte solutions also penetrated into the lignin structure,
but no positive change in dissipation was detected during the experiments, indicating
that no layer softening was taking place. Thus, the MWL lignin films do not swell in
agueous solution (Paper I11). The lignin film was fully stabilized after 5 hours in
contact with deionized water.

Solubility and the saponification of the fatty and resin acids in basic conditions limit
the usable pH range of the TMP extractive surface. Hence, TMP extractive surfaces
have a very pH dependent character. The TMP extractive model surface was
stabilized almost immediately after the immersion of the crystal surface into the water
when the pH was kept neutral or acidic. Figure 5.9a shows that after addition of water
(pH 7.5 and pH 5), the changes of frequency and dissipation remained constant. The
peaks at time 40 min were due to the severe solution addition on the crystal surface

55



(liquid peak). The pK, values of acids present in TMP extractive mixture vary
between 5.0 and 6.4 (Strém, G. 2000, p.140), meaning that they are insoluble in water
only in acidic conditions. It was found that the extractive films are also stable at
higher pH (pH 7-8) probably due to the neutral components (sterols) present in the
resin mixture. Neutral components have been shown to decrease the water solubility
of the fatty and resin acid mixtures (Pirttinen et a. (2004)).
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Figure 5.9. Change in frequency and dissipation as a function of time during the
stabilization of the spincoated TMP extractive film at different pH. fo=5MHz, n=3.

In acidic form the fatty and resin acids are stable and insoluble in water but in basic
conditions the acids saponify, form liquid crystal structures and, as a consequence, the
model film is no longer stable. When in contact with a basic solution the film was
very unstable, as seen in the Figure 5.9b. When the pH was adjusted to basic
conditions the frequency started to decrease rapidly with a concomitant increase in the
dissipation factor. This indicates an increase in the mass attached to the crystal and
that the extractive layer becomes softer. The detected mass change is apparently due
to changes in the extractive layer structure, i.e. the layer becomes able to bind more
water. Extractive layer containing resin and fatty acids starts to swell as the carboxylic
groups begin to ionize. When the pH is increased, the saponification of the fatty and
resin acids starts and the layer structure probably reorganizes forming a lamellar
liquid crystal-like structure with water between the bilayers. Extensive swelling of the
lamellar phase with bilayers of acids and soaps with water is a well-known
phenomenon (e.g. Jonsson et al. 1998; Stenius et al.1984). The information received
with QCM-D gives no direct answer to the structural changes, and other techniques
such as SAXS or AFM could be used to further clarify the layer structure and its pH
dependency on the TMP extractive model film.
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5.3 Adsorption of dissolved hemicelluloses and wood extractive
colloids on model surfaces (Papers |V and V)

The aim of the last part of thiswork was to better understand on a molecular level the
interactions present in the wet end of the paper machine when dissolved and colloidal
substances are present together with fibrous material. The goal of the study was to
clarify how eg. peroxide bleaching and increased ionic strength change the
interactions between dissolved hemicelluloses, colloidal extractives and different fiber
components. Model surfaces which represent fibrous material (cellulose, lignin and
wood extractives) were used to study the adsorptions of dissolved hemicelluloses and
colloidal extractives separately on each surface. Moreover, few observations of
practical experiments are explained by these fundamental surface chemistry findings.

5.3.1 Adsorption of dissolved hemicelluloses

Adsorption of dissolved hemicelluloses isolated from unbleached and peroxide
bleached thermomechanical pulp on cellulose, lignin and wood extractive surfaces are
primarily discussed with respect to the effect of electrogtatic interaction on the
affinities between hemicelluloses and substrate surfaces. The composition of the
hemicellulose fractions are shown in Table 4.3.

The charge density of the cellulose surface is anionic but very low. The lignin surface
can be regarded to be neutral and the wood extractive surface has an anionic charge

due to the dissociated carboxyl groups of fatty and resin acids.

On the basis of the charge determinations of the hemicelluloses, the fractions of
dissolved hemicelluloses could be regarded as mixtures of anionic polyelectrolytes
with different size distributions and charge densities. Dissolved hemicellulose fraction
isolated from unbleached TMP mainly consisted of neutral O-acetyl-
galactoglucomannans. The contributors to the anionic charge of this fraction are
arabinogalactans and pectins. These hemicelluloses, especially pectins, are present

only in minor amounts in this hemicellulose fraction. Thus, the fraction of
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hemicelluloses isolated from unbleached TMP has a moderately low charge density,
0.51 meg/g. Although the size distribution of the fraction is not defined, it is known
that the fraction is a mixture of small molecular weight components (pectins) and
dominating larger polymeric material (galactoglucomannans and arabinogal actans)
(Thornton et al. 1994).

The fraction of hemicelluloses isolated from peroxide bleached TMP can be referred
to a moderately highly charged polyelectrolyte mixture. The charge density of the
fraction was 1.38 meg/g. Increasing content of pectic material with concomitant
decrease of galactoglucomannan content increases the net charge anionic charge of
the mixture. It can be assumed that the size distribution is changed so that smaller
polymeric molecules are present to alarger extent. Pure galactoglucomannan and pure
pectin samples showed the unimodal molecular weight distribution, analysed by SEC
in Abo Akademi. Pure galactoglucomannan is rather large neutral polymer, whereas
pure pectin isasmall and highly charged anionic polyelectrolyte.

The effect of ionic strength and substrate. Figure 5.10 compares the adsorption
experiments of dissolved hemicelluloses isolated from unbleached TMP performed on
cellulose, lignin and extractive model surfaces at low and high ionic strength.

58



pD-10°® pD-10°

7 7 -
6 6 1
5 5
Cellulose
4 Cellulose 44 Extractives
Extractives
3 34

| Lignin Lignin

0 | | | | | : : ‘
0 : : : : : : : ‘
0 20 40 60 80 -100 -120 -140 -160 0 -20 -40 60 -80 -100 -120 -140 -160
Df | Hz Df I'Hz
a) b)

Figure 5.10. Change in dissipation as a function of the change in frequency for
adsorption of 100 ppm hemicellulose solution on cellulose, lignin and extractive
surfaces. (8) 0 mM NaCl and (b) 100 mM NaCl. Hemicelluloses are isolated from
unbleached TMP. 10 mM NaAc/HAc buffer, pH 5.6. fo =5 MHz, n =3, t = 200 min.

Comparison of Figures 5.10a and b shows that the change in both frequency and
dissipation was higher for adsorption from 100 mM NaCl solutions than for pure
buffer solution, especially when cellulose and extractive surfaces were used as
substrates. Due to electrogtatic interactions, adsorption of dissolved hemicelluloses is
expected to increase with increasing ionic strength for two reasons. First, repulsion
between the anionic surface and the anionic dissolved hemicellulose components is
effectively screened. Secondly, the charged hemicellulose chains can adopt a more
compact conformation. Adsorption of dissolved hemicelluloses on the lignin surface
was not significantly changed by the increased electrolyte concentration.

Hemicellulose adsorption on cellulose surface can be considered as adsorption of an
anionic or neutral polyelectrolyte on a very weakly anionic surface. The repulsion
between like charges (polyelectrolyte-surface) is so low that other attractive
interactions predominate and significant amounts of hemicelluloses attach to the
cellulose surface, Figure 5.10a. Increasing the ionic strength lowers the repulsion
between the anionic segments of the hemicellulose, resulting in a more coiled
conformation of the polyelectrolyte chain. As a consequence, more polymer can fit
onto the surface (Figure 5.10b). These effects are the similar but more pronounced
when extractive surface is used due to the higher anionic charge density of the

surface.
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The results do not indicate any specific tendency of the hemicelluloses to adsorb on
the lignin surface. The reason for the weak hemicellulose adsorption on lignin might
be just that polymers tend to go to surfaces instead of being in the solvent. Probably in
the process waters where the high mechanical stress affect and other more attractive
surfaces are present for hemicelluloses to adsorb, they do not adsorb on lignin at all or
at least if adsorbed they would easily desorb.

The effect of peroxide bleaching. Neutral galactoglucomannan is a major compound in
ahemicellulose fraction isolated from unbleached TMP pulp. Due to the deacetylation
of galactoglucomannans in peroxide bleaching stage, they tend to sorb back to the
fibre surface and their amount decreases significantly in water phase (Holmbom et al.
1991, Thornton et al. 1994). Release of highly anionic pectic material from the fibers
occurs simultaneously. As a consequence, the hemicellulose fraction contains more
small, highly anionic pectin acids after peroxide bleaching. In order to obtain a better
understanding of hemicellulose adsorption and the effect of bleaching (the effect of
increased charge density of the polyelectrolyte), the major/predominant components
of each hemicellulose in the mixture of unbleached or bleached fraction were
adsorbed separately on each model surface.
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Figure 5.11. The final changes in frequency and dissipation for adsorption of 100
mg/l unbleached hemicellulose fraction (Ubl TMP), O-acetyl-galactoglucomannan
(GGM), peroxide bleached hemicellulose fraction (Bleached TMP) and pectin ppm on
cellulose, lignin and extractive surfaces. 10 mM NaAc/HAc buffer, pH 5.6. fp = 5
MHz, n= 3, t =100 min.

Figure 5.11 compares the final changes in frequency and dissipation for the
adsorptions of unbleached hemicellulose fraction and pure galactoglucomannan
solution as well as the peroxide bleached hemicellulose fraction and pure pectin
solution on cellulose, lignin and wood extractive surfaces.

The adsorption behavior of unbleached hemicellulose fraction and pure
galactoglucomannan resembles very much each other. On cellulose the adsorbed
amount is significant whereas on lignin the adsorbed amount is notably smaller. The
results are in good accordance with the observations of Hannuksela et al. (2003). They
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found that galactoglucomannans did not sorb on lignin covered TMP fibers but, on the
contrary they extensively sorbed on cellulose rich kraft fibers.

Large amounts of pure galactoglucomannan adsorbed on extractives, which indicates
that galactoglucomannans play a major role in creating steric hindrance around
colloidal extractives. These results show clearly why the hemicelluloses isolated from
unbleached TMP can effectively sterically stabilize extractive colloids. The
hemicelluloses, indeed, adsorb extensively on the extractives and on cellulose forming
a layer with loops and tails pointing out the solution phase. The observation supports
the findings in the work of Hannuksela et al. (2004a) who showed that especially the
mannan affects the stabilizing ability rather than galactose side groups. The
dependence on ionic strengh isin good accordance with the polyelectrolyte adsorption
theories (Fleer et a. 1993) but the nature of the main driving force of adsorption,
which definitely is not eectrostatic, is still uncertain. On cellulose surface the
hemicelluloses probably adsorb due the similarities in the molecular structure which
could promote the formation of hydrogen bonds in analogy with those between
cellulose chains in crystalline cellulose. The adsorption is more pronounced when the
repulsion between like charges is screened.

As expected, much less of the dissolved hemicelluloses isolated from peroxide
bleached TMP is adsorbed on each surface, see Figure 5.11. The repulsion between
charged carboxylic acid segments of the hemicellulose chain is high, leading to a tiff,
rod-like conformation of the polyelectrolyte molecules. Thus, hemicelluloses isolated
from peroxide bleached TMP should tend to form aflat layer when adsorbed on wood
components. Adsorption behavior of pure pectin supports this idea. The low My,
highly charged pectin adsorbed on cellulose and on lignin forming a very thin and flat
layer. At low ionic strength the high repulsion between the extractive surface and

pectin more or less prevented adsorption.
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5.3.2 Adsorption of extractive colloids

Purely electrogtatically stabilized colloidal extractives adsorbed to all surfaces but to
the largest extent on the cellulose surface (Figure 5.12). This was not as expected,
since both the colloid and the cellulose surface are negatively charged. Clearly, non-
electrogatic interactions play an important role in this adsorption. The lowest amount
of extractive colloids adsorbed on the extractive surface. This is explained by the high
anionic charge of the extractives leading to a strong repulsion between the extractive
surface and colloid. Increase in ionic strength does not lead to screened repulsion
between the surface and colloids as expected, since colloids remain stable at thisionic
strength. Thus, any kind of attraction towards the extractive surface is not detected at

high ionic strength, see Figure 5.12b.

The increased adsorption to cellulose and lignin upon NaCl addition is explained by
screening of repulsive anionic charges of the colloids. Although the colloids are still
stable at this ionic strength (40 mM) and they do not precipitate, the stability of the
colloids is decreased to some extent. The particle size and the size distribution were
observed to slightly increase (results not shown). However, the size of the dispersion
was within the size digtribution of the colloidal material. This minor disruption of the
colloidal stability seems to lead to higher adsorbed amounts of extractives on
cellulose and on lignin probably due to dlightly larger colloids (Figure 5.12b).
Furthermore, when adding NaCl, the repulsive surface charges between the
electrogatically stabilized anionic colloids and anionic cellulose surface are screened,

allowing other surface interactions to become more prominent.
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Figure 5.12. Change in dissipation as a function of the change in frequency for
adsorption of 100 mg/L electrostatically stabilized colloidal extractives on cellulose,
lignin and extractive surfaces. (@) 0 mM NaCl and (b) 30 mM NaCl. 10 mM
NaAc/Hac buffer, pH 5.6. f = 5 MHz, n=3, t =100 min. The excerpt shows an
enlargement of the colloid adsorption on the extractive surface at high ionic strength.

The effect of dissolved hemicelluloses on the adsorption behavior of the colloidal
material is discussed more thoroughly in the following paragraph. These results were
used to illuminate some observations achieved when extractive colloids were
selectively adsorbed on fines. Colloidal interactions in process waters, how they retain
in the paper sheets and how they affect the paper surface properties are also briefly
discussed by combining results achieved from QCM-D, AFM and sheet experiments.

5.3.3 Adsorption of extractive colloids on TM P fine material

During thermomechanical pulping the fines are created by peeling of the wood fibres
(Luukko 1999). Fines enriched in flake-like material are produced in the 1% refining
state and they come from the outer part of the cell wall and middle lamella which
contains high amount of lignin and hemicelluloses. Mosbye et al. (2002) found that
flake type of fines contained more pectic material than fibrillar fines which may
explain the differences in total charge of the fine material (see Paper V, Figure 2).
Total charge of the flake-like fines was higher than that of fibrillar fines. Mosbye et
al. (2003) also found that cellulose content increased while lignin content decreased
when the fines originated from further inside of the fibre wall (fibrillar type of fines

after the 3 refining state). Flake-like fines contain also more extractives than



fibrillar fines. The chemical composition and other properties of the flake-like and
fibrillar fines used in this work were well in accordance with the findings of the other
research groups (Kleen et al. 2003, Luukko et al. 1999 and Mosbye et al. 2002 and
2003).

It was found in paper V aswell asin the work conducted by Mosbye et al. (2003) that
sterically stabilized colloidal wood resin adsorbed selectively to TMP flake-like fines.
On the other hand, in the presence of purely fibrillar fines the colloids remained in the
solution phase showing no affinity towards fibrils. Figure 5.13 shows the effect of
steric stabilization by dissolved hemicelluloses isolated from unbleached TMP on the
adsorption of colloidal resin to the different fines.
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Figure 5.13. Turbidity due to residual wood resin after adsorption in the presence of
fibrillar and flake-like fines in different chemical environments (ionic strength and
dissolved substances). DS=dissolved substances, C=colloids.

The reason for the differences in colloidal adsorption is expected to appear due to the
differences in the surface composition of the fines material. Two explanations were
suggested to clarify the observation: 1) attractive hydrophobic interactions between
extractive colloids and extractive and lignin rich flake-like fines and 2) seric
hindrance created by hemicelluloses adsorbed on surfaces and on colloids, which
prevents the colloids from adsorbing on fibrillar fines.
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Paper 1V gives some additional information to support or to disprove the hypotheses
by means of hemicellulose and colloid adsorption studies. First, it was shown in Paper
IV that if steric hindrance was created around the colloids and also on the adsorbent
surface by preadsorbing hemicelluloses, the adsorption of colloids on any surface was
more or less prevented, see Table 5.4. Attractive hydrophobic interactions between
sterically stabilized colloids and extractive surface are not strong enough to overcome
the hindrace between the hemicellulose layers. According to the QCM-D results there
must be some uncovered surface left for extractive colloids to adsorb due to the fact
that if the whole system is sterically stabilized, the colloid adsorption is more or less
prevented regardless of the substrate surface, see Table 5.4.

Table 5.4. [ for the adsorption of extractive colloids on different model surfaces at
high ionic strength. fo =5 MHz, n=3.

Electrostatically Sterically stabilized Sterically stabilized
stabilized colloids colloids system*

Cellulose -1280 -303 -70

Lignin -666 -144 -42

Extractives -42 -99 -15

*Sterically stabilized colloids adsorbed on preadsorbed hemicellulose film.

The areas on the flake-like fines which might have been left uncovered when
adsorbing the hemicelluloses could be the lignin rich areas. Some hemicelluloses
adsorb on lignin surface, see Figure 5.10, but further investigation of the layer
properties indicates that the hemicellulose film is not very strongly bound on lignin.
When compared to the film formed on cellulose the hemicellulose film is more
strongly bound. Both shear viscosity and shear elasticity values estimated using the
Voigt-based model (modeling results are shown in Figure 5.14) are significantly
lower for hemicellulose film adsorbed on lignin and the formed layer is notably
thinner, indicating rather weakly bound film, see Figures 5.15 and 5.16. It can be
assumed that in the presence of higher shear forces and other more attractive surfaces
for hemicelluloses to adsorb, the hemicellulose film easily desorb if adsorbed in the
first place. As a consequence, the sterically stabilized colloids probably adsorb on the
lignin containing areas of the flake like fines which are not covered by

hemicelluloses.
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Figure 5.14. Adsorption of hemicellulose solution in 100 mM NaCl. Hemicelluloses
were isolated from unbleached TMP. IF and [D versustimeatn=3,n=5andn=7
(lines indicate QCM-D data) and the best fit obtained using Voigt model (squares
indicate fitted values). (a) cellulose surface (b) lignin surface. 10 mM NaAc/HAC
buffer, pH 5.6. Assumed layer density = 1.2 g cm™. Tammelin et al. (2006).
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Figure 5.16. The hydrodynamic thickness of the hemicellulose film on cellulose and
on lignin in 100 mM NaCl.

The fibrillar types of fines seem to be effectively covered by hemicelluloses. As
shown by the QCM-D results in Paper 1V, the decrease in adsorption of colloids due
to steric hindrance is the most pronounced on cellulose, see Table 5.4. The frequency
change detected on cellulose surface when extractive colloids were adsorbed

decreases in the following way: -1280 Hz ® -303 Hz ® -70 Hz in the order of pure
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colloids, sterically stable colloids and sterically stable system. This supports results
observed with fibrillar fines in Paper V. No turbidity reduction due to colloid
adsorption in sterically stable colloidal suspension in the presence of fibrillar fines

was observed (Figure 5.13).

5.3.4 Indentification of wood extractives on cellulose (New results)

On the basis of the previous AFM and XPS studies conducted by Koljonen et al.
(2004) the wood extractives seem to spread as a thin film on paper surface. However,
the interpretation of the AFM images of the different structures of the heterogeneous
pulp samples is complex and additional techniques and model systems need to be used
as the verification methods. Osterberg et al. (2005) precipitated colloidal extractives
on model cellulose surfaces and detected also the thin film formation of extractives.
Fardim et al. (2005) used a combination of XPS, ToF-SIMS and AFM to study the
single resin components on different pulps. They found that stearic acid and its
calcium salts formed aggregates while oleic acid formed a uniform layer. In a very
recent study by Osterberg et al. (2006), a combination of confoca Raman
spectroscopy and AFM was used to study the wood extractives on cellulose surfaces.
For the first time, it was possible to obtan both morphological and chemical
information from the same sample location, and important chemical evidence of the

AFM phase shift images was achieved.

In order to further clarify the interpretation of the extractive morphology on cellulose
surface, the cellulose coated QCM-D crystals were measured with AFM after
colloidal resin adsorptions. The topography and phase contrast images after colloid
adsorption at low and high ionic strength are shown in Figure 5.17.
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Zrange: 13 nm Z range: 50°

Z range: 150 nm Z range: 80°

Figure5.17. AFM topography (left) and phase contrast (right) of extractives on
cellulose at low ionic strength (top) and high ionic strength (bottom). Image size is 5
m?. (unpublished results)

As shown in Figure 5.12, the electrogtatically stable extractive colloids extensively
adsorbed on cellulose surface and the adsorption increased with increasing ionic
strength. AFM images indicate the spreading of colloids and the film formation on the
cellulose surface. Small circle features detected in the height image at low ionic
strength originate from cellulose surface. These features are often detected on pure
cellulose surface when it has been kept in water. In phase contrast image the circular
features are not detected which supports the conclusion that they originate from

70



cellulose. Extractives seem to appear as a relatively thin film as light areas on
cellulose surface and the film do not fully cover the cellulose surface. The scanning of
the surfaces is carried out using light tapping, thus, the phase shift is the most
probably due to the differences in hydrophobicity between cellulose and extractives.
The extractives are interpreted as light areas in the phase contrast image since
adhesion between hydrophilic tip and hydrophobic extractive film is lower than the
adhesion between hydrophilic tip and hydrophilic cellulose. The similar conclusions
are drawn by Osterberg et al. (2005 and 2006) when thin extractive film is detected on
fibre and paper surfaces.

At high ionic strength it seems that extractives fully cover the cellulose surface. This
conclusion was supported by the QCM-D results when large frequency and
dissipation changes were detected (Figure 5.12b). The noise when scanning such a
film was relatively high due to the sticky nature of the extractives. A similar kind of
interference was detected when model films of wood extractives were scanned, see
Figure 5.6. The deposited extractives appeared also as colloids as seen in both
topography and phase contrast images in Figure 5.17. The size of the droplets detected
iswithin the size distribution of extractive colloids.

Similar kind of colloidal particles were not observed at the cellulose surface at low
ionic strength. It seems that when the surface is fully covered with the extractive film,
the additional colloids do not spread on the surface to any further extent. The QCM-D
experiments showed that extractive colloids adsorbed on extractive surface only in
minor amounts, if any, see Figure 5.12. Thus, the colloids do not have any specific
affinity towards extractive film and they retain their colloidal shape as seen in the
AFM image.

The similar kind of film formation of extractives was also detected on the paper

surfaces, when paper sheets were prepared using very extractive rich white waters, see
Figure 5.18 and especially the areas inside the black squares.
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Z range 130.0 nm Z range 40,00 °

Figure5.18. AFM topography (left) and phase contrast (right) of extractives on the
MBF sheet (Moving Belt Former). Image size is 3 mm?. The MBF sheets were
provided by Lionel Clerc, Laboratory of Paper and Printing Technology, TKK.
(unpublished results)

Light, film like areas seen in the phase contrast image inside the black box were
identified to be extractive film spread on the paper surface. The area is very smooth
(see topography image) and hence the contrast observed in the phase image is not due
to topography but interpreted to be due to a thin film of extractives almost fully
covering the fibre surface. It was shown that if an excessive amount of wood
extractives were added to the pulp, the extractives adsorbed on the fiber surface.
These results were in the scope of the other part of the project and are not further
discussed here. However, the results showed that by combining more practical sheet
experiments and detailed investigations of fundamental surface chemistry studies, an
insight into the behavior of the dissolved and colloidal substances during papermaking
could be gained.
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6 CONCLUSIONS

QCM-D technique is highly suitable for to the adsorption studies using papermaking
chemicals and other components such as wood polymers and extractive colloids. The
dependence of the structure and viscoelastic properties of the adsorbed layer on
charge density, molecular weight and electrolyte concentration does not differ from
the well-known behavior of the randomly coiled linear polyelectrolyte. This was
verified by using a fairly simple system of cationic starch which was adsorbed on the
oppositely charged silica surface. Adsorption increased with increasing electrolyte
concentration and molecular weight, and with decreasing charge density of the
polyelectrolyte. Starch with narrow molecular weight distribution formed a more
compact and rigid layer due to the better packing of the starch molecules when
compared to the starch with broad molecular weight distribution.

The substrate surfaces prepared for the QCM-D instrument, which model the real
main fiber components were developed and further characterized with AFM and XPS.
Lignin, cellulose and extractive films were rigidly attached on the polystyrene coated
QCM-D crystal. Cellulose and lignin films were stable and their physical properties
did not significantly change when the ionic strength was changed. Some swelling but
no layer softening was detected with the cellulose film in agueous solution. In the case
of lignin surface some liquid penetration but no swelling was detected and the
extractive surface was stable at neutral and acidic conditions. The proper use of the
model surface requires a sufficient stabilization time prior to the adsorption
experiments. All the surfaces were suitable for adsorption experiments with QCM-D

and repeatabl e results were obtained.

Dissolved hemicelluloses and colloidal extractives isolated from TMP were adsorbed
on each model surface. It was found that dissolved hemicelluloses adsorbed at the
largest on cellulose. They adsorbed also on extractives but towards lignin there was
no significant affinity. It was shown that the hemicellulose film formed on lignin was
not relatively strongly bound and probably in the presence of higher shear rates the
hemicellulose film easily desorbs from the lignin surface. Adsorption increased with

increasing ionic strength on cellulose and on extractives. These results show clearly
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why the hemicelluloses isolated from unbleached TMP can effectively sterically
stabilize extractive colloids. The hemicelluloses, indeed, adsorb extensively on the
extractives and also on cellulose forming a layer with loops and tails pointing out the

solution phase.

Less hemicelluloses, isolated from peroxide bleached TMP, adsorbed on each surface
due to the higher repulsion between charged carboxylic acid segments and smaller
size of the molecules. The adsorption behavior of pure model hemicelluloses, O-
acetyl-galactoglucomannan (GGM) and pectin, gave the additional evidence backing
the results. Pure pectin adsorbed forming a very thin, flat and rigid layer. GGM
adsorbed extensively on extractives, which indicates that galactoglucomannans play a

main role when creating steric hindrance around the colloidal extractives.

Colloidal extractives adsorbed the most preferentially on cellulose when only
electrogatically stabilized and the adsorption increased with increasing electrolyte
concentration. If both, the colloids and the model surfaces, were sterically stabilized
by hemicelluloses, the colloid adsorption was prevented. This finding explains the
colloidal extractive adsorption differences on flake-type and on fibrillar fines. It was
shown that sterically stabilized extractive colloids adsorb on lignin rich flakes but
remain in the solution phase in the presence of fibrillar fines. Sterically stabilized
colloids probably adsorb on lignin containing areas. These areas are left uncovered
because the hemicelluloses do not significantly attach on lignin.

Additional knowledge of spreading of extractives on cellulose surface was also gained
with AFM. It was shown that by combining practical problems and fundamental
surface chemistry studies, the behavior of the dissolved and colloidal substances
during papermaking can be further clarified.
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