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Abstract

Paper is a network material composed of a great number of fibers that inter-
act with each other through fiber joints. In order to make a clear statement
regarding observed changes being made in paper, it is vital to determine the
structural level of paper that is being affected by chemical modifications.
Polyelectrolytes having a wide range in molecular properties have been syn-
thesized to investigate the adsorption behavior of cationic polyelectrolytes
to cellulosic fibers. The interaction with the porous cell wall of cellulosic
fibers is governed by the molecular properties of the polyelectrolyte. More
specifically, polyelectrolytes having a low charge density are able to pene-
trate into the fiber cell wall, while high charge density polyelectrolytes are
restricted to the exterior fiber surface. The molecular mass also influences
the extent to which adsorption occurs within the cell wall, although this
is typically only pronounced for low charge density polyelectrolytes. High
charge density polyelectrolytes are generally restricted to the fiber surface
due to strong Coulombic interactions between charged groups along the
molecular backbone, which create a stiff molecular conformation.

These results were confirmed by fluorescent labeling techniques, which
allow the polyelectrolytes to be tracked inside the cell wall by confocal laser
scanning microscopy. This approach was also used to demonstrate the effect
of an electrolyte, which screens the Coulombic interactions and facilitates
penetration into the cell wall. However, a considerable difference in the ad-
sorption behavior of polyelectrolytes having similar molecular mass is still
observed at high electrolyte concentration, where the electrostatic contri-
butions are negligible. These differences are a consequence of a diffusion
process that occurs on a longer times scale. Although polyelectrolyte ad-
sorption to cellulosic fibers reaches a pseudo-equilibrium at short times, a
driving force into the cell wall exists due to the bulk charge of the fiber. The
time scale of this diffusion process depends on the polyelectrolyte properties,
and was observed to persist for over 3 months.

As the extent to which these polyelectrolytes penetrate into the cell wall
has been ascertained, and the fibers can be crosslinked to different degrees
in the cell wall or at the surface. Cationic acetal dextran was prepared
as a model crosslinking agent, as the molecular mass, charge density and
degree of acetal substitution can readily be controlled during synthesis.
A considerable effect on the tensile properties and fracture toughness was
observed for crosslinked paper, which could be attributed to either the fibers
or the fiber joints. Crosslinking acted to stiffen the fibers and the fiber
joints, which influenced the transfer of applied stresses through the paper
structure. Changes in the material behavior at high relative humidity could
be improved by crosslinking the fibers at the correct the structural level.





Sammanfattning

Papper är ett nätverksmaterial, sammansatt av ett stort antal fibrer
som växelverkar med varandra genom fiberfogar. För att ge en förklaring
till observerade förändringar i ett pappers egenskaper är det nödvändigt
att bestämma den strukturella niv̊an p̊a vilken pappret p̊averkas av kemisk
modifiering. Polyelektrolyter med stora variationer i molekylära egenskaper
har syntetiserats för att undersöka hur polyelektrolyter adsorberas till cel-
lulosafibrer. Interaktionenen med cellulosafiberns porösa cellvägg styrs av
polyelektrolytens molekylära egenskaper. Närmare bestämt, polyelektrolyter
med l̊ag laddningtäthet kan penetrera in i fiberväggen, medans polyelek-
trolyter med hög laddningstäthet är begränsade till fiberytan. Molekylmas-
san p̊averkar ocks̊a i vilken utsträckning adsorption sker inne i cellväggen,
fast vanligtvis har den endsat p̊ataglig effekt för l̊agladdade polyelektrolyter.
Högladdade polyelektrolyter är generellt begraänsade till fiberytan p̊a grund
av starka Coulombiska interaktioner mellan laddade grupper, vilka ger en
stel moekylär konformation.

Dessa resultat bekräftades med hjälp av flourescensmärkning, varid polyelek-
trolyterna kunde sp̊aras inne i cellväggen med konfokalmikroskopi. Detta
tillvägag̊angssätt användes ocks̊a för att undersöka effekten av bakgrundse-
lektrolyt, vilken skärmar de Coulombiska interaktionerna och underlättar
penetrering in i cellväggen. Alltjämt observeras stora olikheter i adsorption-
segenskaper för polelektrolyter med med liknande molekylmassa vid höga
elektrolytkoncentrationer, där det elektrostatiska bidraget är försumbart.
Dessa skilnader är orsakade av en diffusionsprocess som sker över längre
tidsskala. Även fast polyelektrolytadsorption till cellulosafibrer n̊ar en pseudo-
jämnvikt vid korta tider, finns en drivande kraft för diffusion in i cellväggen
p̊a grund av fiberns bulkladdningar. Tidsskalan för denna diffusionspro-
cess beror p̊a polyelektrolytens egenskaper och obesrverades best̊a i över 3
månader.

Katjonisk acetaldextran användes som ett modelltvärbindningsregens,
eftersom molekylmassa, laddningstäthet och substitutionsgraden av acetal
kunde kontrolleras under syntesen. Hur l̊angt dessa polyelektrolyter pen-
etrerar in i cellväggen har fastställts och fibrerna kunde sedan tvärbindas
till olika grad inne i cellväggen eller p̊a fiberytan. Tvarbindningen hade
stor effekt p̊a papprets dragegenskaper och brottseghet, vilket kan tillskri-
vas antingen fibrerna eller fiberfogarna. Tvarbindningen gjorde fibrerna och
fiberfogarna styvare, vilket p̊averkade överföringen av p̊alagda spänningar
genom pappersstrukturen. Förändringar i materialets egenskaper vid hög
relativ fuktighet kunde förbättras genom att tvärbinda fibrerna vid den
rätta strukturella niv̊an.



Preface

Despite considerable attention, the interaction of cationic polyelectrolytes
with cellulosic fibers is a topic that still remains unclear. Cellulosic fibers
are porous in nature and possess an anionic charge due to the dissociation
of carboxylic acid groups at typical papermaking conditions. These anionic
charges are distributed throughout the fiber cell wall, such that a substantial
driving force exists for electrosorption into the fiber bulk. However, it is
difficult to establish how cationic polyelectrolytes interact with the fiber
cell wall due to a lack of direct measurement techniques. Moreover, the
conditions and mechanism for which a cationic polyelectrolyte penetrates
into the cell wall have yet to be determined.

Fluorescent labeling and imaging techniques have been applied to inves-
tigate the conditions for which cationic polyelectrolytes penetrate into the
cell wall. These approaches were first applied in Article I to determine the
extent to which a low molecular mass polyallylamine hydrochloride (PAH)
penetrated into the cell wall. Increases in the creep resistance of paper were
observed at 50% and 90% relative humidity, which is generally attributed
to the properties of the cell wall. It was therefore unexpected that the ad-
sorption of PAH was restricted to the outermost surface, suggesting that
the fiber joints contributed to the creep properties.

An approach has been taken to determine how the molecular proper-
ties of cationic polyelectrolytes influence the adsorption to cellulosic fibers,
specifically in regards to adsorption into the cell wall. Copolymers of acry-
lamide and diallyldimethylammonium chloride, poly(AM-co-DADMAC), have
been synthesized to serve as a model high charge density polyelectrolyte.
Cationic dextran was also prepared as a model low charge density poly-
electrolyte. Each polyelectrolyte was prepared to have a range in molecular
mass and charge density, and were also fluorescent labeled so that the extent
to which they adsorbed into the cell wall in various electrolyte concentra-
tions could be determined by confocal laser scanning microscopy (CLSM).
The images from CLSM were used to complement traditional polyelectrolyte
titration techniques. Articles II and III present how the molecular con-
formation of the polyelectrolyte dictates the extent of penetration into the
cell wall at short times, as well as how the electrostatic interactions govern
the adsorption behavior.

Although some cationic polyelectrolytes reach a pseudo-equilibrium dur-
ing the adsorption process, polyelectrolyte adsorption to cellulosic fibers is a
kinetic process that persists on longer time scales. Cationic polyelectrolytes
adsorb rather quickly to the outermost fiber surface, but continue to diffuse
and adsorb in order to compensate the anionic charges located within the



cell wall. The time scales for this process are expected to be strongly in-
fluenced by the molecular conformation of the polyelectrolyte. Article IV
investigates the time scales for this process at several electrolyte concentra-
tions using polyelectrolytes having different molecular properties.

Cationic polyelectrolytes are commonly used for topochemical modifi-
cation of cellulosic fibers. Whereas the tensile strength of paper often in-
creases, the effect of cationic polyelectrolytes on the fracture behavior of
paper is relatively unknown. Cationic acetal dextran has been prepared as
a model crosslinking agent in Article V, as the degree of acetal substitu-
tion can be varied during synthesis. The cationic acetal dextran can first
be adsorbed to the fiber surface and then hydrolyzed to convert the acetal
groups into highly reactive aldehyde groups. The aldehyde groups react
with available hydroxyl groups through a dehydration reaction as the paper
web is dried, in effect crosslinking the fiber surface and the fiber joints. This
approach was taken to investigate how the degree of crosslinking affects the
tensile and fracture behavior of paper at 50% and 90% relative humidity.

The fiber cell wall is also expected to play a role in the development of
the tensile and fracture properties. The crosslinking approach developed in
Article V can also be adapted to the fiber cell wall by using lower molec-
ular mass fractions of cationic acetal dextran. Furthermore, a method has
been developed using cationic polyelectrolytes to modify the fiber surface
selectively from the cell wall. This has been performed in Article VI to
determine how crosslinking paper at different structural levels affects both
the tensile and fracture properties. The tensile and fracture properties were
also investigated at 50% and 90% relative humidity to establish the relative
importance of the fiber cell wall and how it is affected by changes in the
relative humidity.
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Horvath, A.T. and Wågberg, L. (2006), Progress in Paper Physics
Seminar, Oxford, OH, USA.

3. Design and Application of Reactive Polyelectrolytes to Crosslink the
Fiber Wall for Improving Dry and Wet Strength.
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Horvath, A.T. and Wågberg, L. (2006), ACS Spring 2006 National
Meeting, Atlanta, GA, USA.

5. Fiber Wall Crosslinking.
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Chemical Methods for Improving the Fracture Toughness of Paper

1 Introduction

If one considers that the origin of paper produced from wood pulp can be
traced back to the Han Dynasty in China around 105 AD (Needham, 1999),
it may appear that pulp and paper should be a mature field that is well-
understood. Although sizable advances have been made in papermaking
techniques, questions can still be raised concerning how well the structure
and material behavior of paper is really understood. How does the surface
of a fiber contribute to the strength development in the fiber joints? How
large are the pores inside the fiber cell wall, and is the distribution through-
out the cell wall uniform? The mechanical properties of paper change with
moisture content, but is this a consequence of the paper structure or the
individual fibers? These are just a few of the many questions whose answers
remain unclear. While it might seem comical that only a limited knowledge
has been gained after almost 2000 years, it must be realized that paper is
a heterogeneous network of cellulosic fibers, which themselves are complex
structures due to heterogeneities in their physical structure and chemical
composition. Questions regarding paper do not usually have simple an-
swers, and therefore even minor findings can lead to significant increases in
the knowledge surrounding paper. Considerable knowledge has been both
gained and forgotten since paper was first made 2000 years ago, and it is
therefore necessary to establish how new results fit into current knowledge.

The forthcoming chapters present an abridged overview concerning how
chemical modifications of cellulosic fibers manifest themselves on the mate-
rial behavior of paper, while incorporating how the main results from this
thesis support and advance existing knowledge. Considering how complex
the structure of paper is, it is perhaps logical to begin examining the indi-
vidual fibers and building up to the paper structure. Chapter 2 takes a close
look at the physical and chemical structure of cellulosic fibers. Pulping pro-
cesses destroy much of the original wood tracheid, leaving behind a porous
fiber that behaves as a polyelectrolyte gel. Although the pore structure of
the cell wall is not fully understood, the merits of several quantitative mea-
surement techniques will be reviewed and discussed. The anionic charge
possessed by cellulosic fibers is critical to the behavior as a polyelectrolyte
gel, as it influences the swelling behavior and promotes the interaction with
cationic polyelectrolytes. These interactions are known to be important for
several papermaking operations.
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A reoccurring theme throughout this thesis is that the molecular prop-
erties of the cationic polyelectrolytes have considerable influence on the in-
teractions with cellulosic fibers. Polyelectrolytes contain ionic groups along
their chain backbone, and the molecular conformation is highly dependent
on the Coulombic repulsions between chain segments. Chapter 3 accordingly
presents a brief introduction to the relevant parameters that contribute to
the solution behavior of polyelectrolytes. Several methods for characterizing
the molecular properties will further be introduced, and compared to the
predictions made from theoretical models used to calculate the persistence
length and molecular size of the polyelectrolyte.

The interaction between cellulosic fibers and cationic polyelectrolytes is
further discussed in Chapter 4. Due to the porous and anionic nature of cel-
lulosic fibers, a substantial driving force exists for cationic polyelectrolytes
to adsorb and diffuse into cell wall. Despite the considerable attention given
to polyelectrolyte adsorption, it remains unclear to which extent cationic
polyelectrolytes penetrate into the cell wall. Fluorescent labeling techniques
have recently been applied to detect a polyelectrolyte in the cell wall, and
information from these techniques will be used to complement traditional
methods for quantifying adsorption. Together these techniques give a more
complete picture on how the molecular structure of the polyelectrolyte dic-
tates the adsorption and diffusion behavior. The kinetic behavior is of par-
ticular interest, as recent results indicate that the polyelectrolytes do not
reach equilibrium until the bulk charge of the fiber has been compensated,
which gives rise to a diffusion process in which the kinetics are governed by
the properties of the polyelectrolyte.

Although often modeled as a continuum, paper is a network structure
composed of individual cellulosic fibers. The mechanical and physical prop-
erties of the fibers are not easily established, as natural differences exist in
the shape, geometry and composition. Furthermore, the fiber dimensions
and mechanical properties are sensitive to moisture. Chemical methods for
modifying the fiber wall will be presented in Chapter 5, with the intent of
understanding how the fiber cell wall affects the tensile and fracture prop-
erties of paper. Aside from the fibers themselves, the paper network is also
reliant on the ability of the individual fibers to form fiber joints during con-
solidation. Chapter 5 also presents an overview on how the joint strength
is developed. Particular attention is given to understanding how cationic
polyelectrolytes influence the fiber joints, and how this affects the tensile
and fracture behavior of paper at various relative humidities.

2
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2 Cellulosic Fibers

The most basic unit of paper is the individual fiber, which therefore serves
as an appropriate starting point for discussing the mechanical behavior of
paper. Cellulosic fibers are extremely heterogeneous in nature and com-
monly differ between tree species (hardwood vs. softwood), growth rings
(earlywood vs. latewood) and pulping conditions. To limit the scope of the
forthcoming text, only softwood kraft pulps from spruce and pine will be
considered. It should nonetheless be realized that a wide range in the chem-
ical and physical properties still exists even within this class of fibers. The
knowledge surrounding cellulosic fibers is therefore very much an account
of the average properties, as a wide deviation exists between the properties
of individual fibers.

2.1 Structure and Composition

Although the pulping process partly destroys the native wood tracheid,
enough of the original structure survives to comprise the basis of cellulosic
fibers. Similar to wood fibers, cellulosic fibers have an excellent ability to
withstand tensile and compressive stress in the longitudinal and transverse
direction (Kolseth and de Ruvo, 1986). The mechanical properties can be
attributed to the fibril-reinforced composite structure. Fibers are built from
fibril aggregates, which are themselves composed from fibrillar bundles em-
bedded in a matrix of wood polymers. Aside from the individual molecules,
these fibrils are considered as the most basic structure in a cellulosic fiber,
and form the laminate-like layers that ultimately compose the cell wall. The
fibrils are believed to be 25-45 Å in diameter and on the order of 100 Å in
length (Boylston and Herbert, 1988), and are almost entirely composed of
cellulose chains oriented parallel to the length direction. This anisotropy
ultimately leads to a high tensile strength and stiffness in the length direc-
tion.

The cellulose fibrils are arranged into fibrilar aggregates that are below
30 nm in diameter and several micrometers in length (Zimmermann et al.,
2006). These aggregates are held together by an amorphous matrix pri-
marily consisting of lignin and hemicelluloses. Lignin is a relatively highly

3
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crosslinked polymer based on phenylpropane units (Sarkanen and Ludwig,
1971) that acts to support the fibril aggregates from buckling. The role
of the hemicelluloses has still not been fully resolved, although it appears
to couple the cellulose and lignin (Page, 1976). The fibril aggregates are
themselves bound in a matrix of lignin and hemicellulose and arranged into
several layers that comprise the fiber cell wall, which is illustrated in Fig-
ure 1.

Figure 1: Representation of a cell wall consisting of fibrils in a matrix of
wood polymers (Kerr and Goring, 1975).

The cell wall consists of three main layers: the middle lamella (M), the
primary wall (P) and the secondary wall (S). The secondary wall is built up
of three sub-layers, denoted as the outer layer (S1), the middle layer (S2) and
the inner layer (S3). A cartoon for the arrangement of each layer in the cell
wall is presented in Figure 2. Although each layer wraps around the cell axis,
the different layers can be distinguished by the orientation of the fibrils and
the chemical composition. The middle lamella exists between the tracheid
cells and can vary from 0.1 µm to 1 µm in thickness. Lignin and pectic
substances are the main components, and act to cement the fibers together
in the wood. The lignin content in conifers is typically between 55 and
60%, although younger cells contain mainly pectin (Eklund and Lindström,
1991). It should be noted that the middle lamella is almost completely
destroyed during delignification in the pulping process, such that the fibers
can be separated. The primary wall is a thin layer consisting of cellulose,

4
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hemicellulose, carbohydrates and pectin in a lignin matrix. The orientation
of the cellulose fibrils differs within the primary wall.

Figure 2: Schematic representation of the structure and relative dimensions
of a softwood tracheid. L = lumen, S3 = inner layer of the secondary wall,
S2 = middle layer of the secondary wall, S1 = outer layer of the secondary
wall, P = primary wall and M = middle lamella (Eklund and Lindström,
1991).

The sub-layers of the secondary wall are formed by layers of parallel
fibrils held together by lignin and hemicelluloses. The thin S1 layer is com-
posed of several lamellae where the fibrils are alternately oriented in a S- or
Z-helix at an angle typically between 55 and 70o to the fiber axis (Sjöström,
1993). The middle S2 layer is the primary component of the cell wall and of-
ten contains >30 lamellae. The microfibrillar angle and thickness of largely
depend on the growth season. The S2 layer of latewood fibers tends to be
thicker (∼1 − 5 µm) and has a characteristic microfibrillar angle of 5–10o.
Earlywood fibers have a thinner S2 layer (∼1 µm) and possess a microfibril-
lar angle of 20–50o (Salmén, 1986). The several lamellae comprising the thin
S3 layer have helical structure with a fibril angle between 50–90o (Sjöström,
1993). The total thickness of the tracheid is normally between 2–4 µm for
earlywood and 4–8 µm for latewood. A typical Scandinavian softwood tra-
cheid is 2–4 mm in average length and 20–40 µm in width. Figure 3 presents
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the distribution of the fiber length for the pulp used in the experiments made
throughout this thesis.

Figure 3: Distribution of the fiber length for a semi-bleached kraft pulp
prepared from spruce and pine that was oxygen delignified to Kappa 18
and refined to 22 oSR. Measurements were made on a FiberMaster system
(Lorentzen Wettre AB, Sweden) (Article I) .

2.2 Effect of Delignification on the Fiber Wall

Numerous pulping processes have been developed to produce papermaking
fibers from the wood tracheid. This can be accomplished either chemically,
mechanically or by a combination of these treatments. Chemical pulping
processes (e.g. sulfite and kraft) separate the fibers by removing lignin. The
middle lamella is almost completely removed and the fibers can be separated
within the digester under the mildest of mechanical treatments. Mechanical
methods (e.g. groundwood and thermomechanical processes) physically rip
the wood tracheid apart through grinding or refining, in principle destroying
the tracheid. As the name suggests, the chemithermomechanical pulping
(CTMP) process combines both types of treatments. Regardless of the
pulping process, the primary aim is to destroy the wood tracheid in order
to liberate the individual fibers.

If kraft pulping separates fibers from the wood tracheid through the
removal of lignin, it should not come as a surprise that kraft pulping also
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has a pronounced effect on the cell wall of the individual fibers. Lignin is
present inside the cell wall, serving as the matrix that binds both the fibrils
and fibril aggregates. As the lignin is degraded and released from the cell
wall during pulping, voids are effectively created that lead to a number of
pores throughout the cell wall. Water can sorb into these pores, causing the
fiber cell wall to swell. Scallan (1977) proposed a ”honeycomb” structure,
where both tangential and radial cleavage of lamellae may occur during
swelling, as can be seen in Figure 4.

Figure 4: Progressive swelling of the cell wall leading to internal fibrillation
(Scallan, 1974).

Further work has been made on the swelling behavior of the fiber cell
wall during the pulping process. Fergus and Goring (1969) showed that the
fiber perimeter does not change significantly as the fiber swells, rather the
dimensional changes due to swelling can be linked to the lumen diameter.
The pore width of kraft pulps is known to increase during the early stages
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of delignification, followed by a decrease at the later stages (Lindström,
1986a). The removal of lignin and hemicelluloses allows for the expansion
of the cell wall, in effect creating considerable growth stresses (Boyd, 1972;
Boyd and Foster, 1975). The residual lignin and hemicelluloses in the cell
wall lead to swelling forces through their interaction with water and their
polyelectrolyte nature. However, the further degradation of lignin and hemi-
celluloses eventually leads to a release of the growth stresses and an eventual
contraction of the cell wall. Whereas the nature of the swelling behavior
has become quite clear, the pore structure (e.g. connectivity, pore size and
pore size distribution) still remains unclear.

2.3 Fiber Wall Porosity

Although many questions regarding the pore structure of the cell wall re-
main unanswered, quantitative techniques have gradually improved in re-
cent years. Optical microscopy offered the first qualitative method for in-
vestigating the pore structure (McIntosh, 1967; Page and de Grâce, 1967).
As seen in Figure 5, images taken of the swollen fibers could show the pore
structure created by the thicker lamellae, although no information could be
gathered on pores smaller than the resolution of the microscope.

Figure 5: Pore structure of a swollen fiber (McIntosh, 1967).
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The development of quantitative measurements concerning the pore
structure has proven difficult. Methods such as nitrogen sorption on solvent
exchanged pulps (Stone and Scallan, 1965) and methacrylate embedding
(Scallan, 1977) have been applied to measure the cumulative pore volume.
Unfortunately, these methods do not preserve the swollen structure or may
introduce artifacts into the cell wall. Modern techniques have therefore
attempted to investigate the pore structure while the fiber is in a swollen
state.

The degree of swelling, defined as the amount of water imbibed per
dry fiber mass, has historically been linked to the pore size. The earli-
est applications of fiber swelling towards pore size measurements was the
concept of the fiber saturation point (FSP), defined by Tiemann (1906) as
the moisture content when the cell walls are saturated and no moisture re-
mains in the capillary voids. The FSP was often determined from moisture
sorption isotherms, although it should be noted that even today little is
known regarding the mechanism for the hydration of cellulose (Lindström,
1986b). Extrapolations of moisture sorption isotherms led to values of the
FSP ∼0.3 g/g at a vapor activity of unity, which correlated well with a range
of cellulosic materials (Rance, 1980). It was not until later that methods
such as the pressure plate (Stone and Scallan, 1967) and solute exclusion
(Stone and Scallan, 1968a) determined values of the FSP to be on the order
of 1 − 2 g/g. These techniques ultimately proved to give more realistic val-
ues of the FSP, and eventually led to a quantitative assessment of the pore
structure.

2.3.1 Size Exclusion Methods

The solute exclusion method has contributed greatly to the modern view of
the pore structure of swollen fibers. Pressing methods (Carlsson et al., 1977)
and inverse size exclusion chromatography (ISEC) (Berthold and Salmén,
1997) are similar in nature, and therefore can be discussed concurrently.
These methods are based on the partitioning of non-interacting macro-
molecules throughout the cell wall. Stone and Scallan (1968b) adapted the
size exclusion method for papermaking fibers using a series of uncharged
dextran, as opposed to polyethylene glycol which had been previously used
for cotton fibers (Aggebrandt and Samuelson, 1964). Swollen fibers are
mixed with a polymer solution of known concentration. The partitioning
of the aqueous polymer creates a driving force for diffusion into the swollen
cell wall, which leads to a dilution of the aqueous polymer. The dilution
depends on the amount of water in the cell wall that is accessible to the
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polymer. Repeating the measurements with different molecular mass poly-
mers, which differ in molecular size, allows the inaccessible water in the cell
wall to be calculated in relation to the molecular size of the polymer. Fig-
ure 6 presents typical data from size exclusion methods for a spruce kraft
pulp. Stone et al. (1968) rationalized that the FSP can be taken as the in-
accessible water from the adsorption of a dextran having a molecular mass
of 2 · 106 Da (molecular diameter = 560 Å).

Figure 6: Cumulative pore volume of a spruce kraft pulp obtained from
size exclusion methods using a series of dextran varying in molecular mass
(Stone and Scallan, 1968a).

While the size exclusion method represented a break-through on quanti-
fying the pore structure of the swollen cell wall, the information obtained can
only be regarded as an apparent pore size distribution. Lindström (1986b)
noted that it is not possible to determine the true pore size distribution
without knowing the geometry of the pores, the conformational statistics of
the polymer and the effect of osmotic pressure due to the ionic nature of
the cell wall. Determining the true pore size is therefore difficult, and size
exclusion generally underestimates pore sizes. However, the maximum pore
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size appears to reflect the approximate size of the cavities in the cell wall
and the size exclusion method can clearly detect smaller pores (2-20 nm)
than those detected by microscopy.

A tacit assumption that comes under scrutiny is whether the molecular
size of the polymer is enough to completely restrict diffusion into the pores.
Whereas this could be true for a rigid three-dimensional macromolecule, the
validity of this assumption can be questioned for flexible, linear polymer
chains. A Fickian driving force exists due to polymer concentration gradi-
ents, which may overcome the loss of entropy (i.e. conformational freedom)
associated with the polymer entering the pore. Although the molecular
conformation of the polymer will certainly hinder diffusion into the smaller
pores, it has been established that polymer chains will indeed alter their
molecular conformation to diffuse into porous materials (de Gennes, 1979).
The essential outcome is that the effect of the molecular conformation on
size exclusion may only be kinetic, as opposed to completely restricting dif-
fusion under ”equilibrium” conditions. A minor outcome from Articles II
and III would support this conclusion, and it was suggested and finally
shown in Article IV that the adsorption of cationic polyelectrolytes does
not reach equilibrium, rather it is a kinetic process (albeit a slow process
in certain cases). In respect to flexible polymers such as dextran, it can be
seen in Figure 7 that the molecular size does not completely restrict even
the high molecular mass dextran from penetrating into the cell wall.

(a) (b)

Figure 7: Fluorescent CLSM images for the adsorption of dextran labeled
with fluorescein isothiocyanate. The adsorptions were made in deionized
water at pH ∼ 7.2 for 30 min. The molecular mass of the dextran was: (a)
Mw= 1 · 104 Da and (b) Mw= 2 · 106 Da (Article IV).
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An immediate conclusion from Image (b) of Figure 7 is that defining the
FSP as the inaccessible water to a dextran having Mw = 2 · 106 Da may
not be entirely appropriate. Although the high molecular mass dextran did
not access all parts of the fiber cell wall, it clearly was not limited to the
outermost surface as previously believed. Another conflicting point that
has not been resolved is whether the diffusion process is at equilibrium. If
equilibrium has indeed been reached, then information regarding the pore
size distribution throughout the cell wall can be inferred from the images
in Figure 7. If equilibrium has not been reached, as will later be suggested,
then great care must be taken in assessing the data from size exclusion
methods. The results may be an artifact caused by kinetic differences in
the diffusion process, which can be attributed to the molecular mass.

2.3.2 Interacting Probe Methods

Alince and van de Ven (1997) have more recently used interacting macro-
molecular probes to estimate the average pore size and the size distribution
within the cell wall. Highly charged cationic polyethyleneimine (PEI) was
chosen as the adsorption to cellulosic fibers is electrostatically driven. Fur-
thermore, the PEI has been claimed to maintain its shape upon adsorption
because it is highly branched. The specific adsorption of the PEI was calcu-
lated from the total adsorption on porous glass, which can then be applied
to study the internal surface of the cell wall accessible to the PEI. Adsorb-
ing PEI of different molecular mass (i.e. molecular size) can be used to
estimate the maximum pore size that can be fully penetrated. This method
was applied to both cellulosic fibers and nonporous microcrystalline cellu-
lose (MCC), and the results can be seen in Figure 8.

By plotting the adsorbed amount as a function of the size of the adsorb-
ing molecules, a certain size existed where the adsorbed amount decreases
for the porous fibers as the PEI cannot access as much of the internal parts
of the cell wall. It was found that this decrease in the adsorbed amount oc-
curred at a molecular size of 13 nm. Based on the model experiments with
porous glass, it was argued that the average pore size would be 40-65 nm.
Thus the pore sizes determined from PEI adsorption are approximately an
order of magnitude larger that those measured by size exclusion methods
(Stone and Scallan, 1968b). In fact, Alince and van de Ven (1997) con-
cluded that pores below 40 nm were not found in the cell wall. While this
reasoning could be applicable if the largest pores exist at the fiber surface,
the validity of such an assumption breaks down if smaller pores exist on the
external parts of the fiber wall. The smaller pores would act as a screening
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barrier, preventing access to larger pores that may exist between the lamel-
lae in the cell wall. This would also explain the differences with the pore
sizes measured by size exclusion.

Figure 8: Adsorption capacity and specific adsorption of PEI onto pulp
fibers and microcrystalline cellulose at pH 10 (Alince and van de Ven, 1997).

An underlying theme throughout this text revolves around what infor-
mation should be inferred from the adsorption of macromolecules to cellu-
losic fibers. Refractometry and indirect titration techniques, which are often
used to quantify adsorption, only give implicit information concerning the
unadsorbed macromolecule remaining in solution. Assumptions must there-
fore be made regarding the behavior of the macromolecule in the cell wall
and the geometry of the pores. Article IV has shown that the kinetics of
adsorption need to be considered for cationic polyelectrolytes, as the molec-
ular properties have a significant effect on the rate of diffusion into the cell
wall. This would imply that the concept of size exclusion might possibly
be an artifact caused by differences in the adsorption kinetics. This can
be seen in Figure 9 for the adsorption kinetics of a high molecular mass
cationic dextran labeled with fluorescein isothiocyanate (FITC).

Measuring the adsorbed amount at 30 min would appear to agree with
the principle assumptions behind the size exclusion and interacting probe
methods, namely that larger molecules are excluded from adsorbing into
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the cell wall. This assumption clearly breaks down at times >30 min, as
the cationic dextran penetrates into the cell wall despite possessing a high
molecular mass. Although the adsorption behavior of PEI is expected to be
different than cationic dextran due to its molecular structure, it currently
remains unclear if the results obtained from the interacting probe method
are indeed affected by the kinetics of adsorption. However, this could ex-
plain why the interacting probe method does not detect pores ≤40 nm. A
further discussion of the adsorption kinetics will be made in Chapter 4.2.

(a) 30 min (b) 60 min (c) 120 min (d) 240 min

Distance ( m)0 37

I/
o

0

1

Distance ( m)0 20

I/
I o

0

1

0 38

I/
I o

0

1

Distance ( m) 0 29

I/
I o

0

1

Distance ( m)

Figure 9: CLSM images showing the adsorption kinetics of a cationic dex-
tran having Mw= 5 · 105 Da and a charge density of 0.53 meq/g. The
adsorptions were made in 10−5M NaHCO3 at pH ∼7.2 (Article IV).

2.3.3 NMR Relaxation Methods

Nuclear magnetic resonance (NMR) relaxation methods have more recently
been applied for determining pore size distributions and the average pore
radius of cellulosic fibers (Li, 1991; Andreasson et al., 2003). The molecu-
lar dynamics of liquid molecules near surfaces differs from that of the bulk
liquid, such that measurements of the relaxation times, T1 and T2, can
be related to the pore size. A two-fraction fast exchange model had been
applied under the assumption that the exchange of probe liquid molecules
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between bound sites and free sites is fast, leading to an exponential relax-
ation profile. The distribution in pore sizes in the swollen cell wall therefore
leads to a distribution in relaxation times. However, the distribution of
pore sizes can only be determined by assigning a geometrical model to the
pores (Li et al., 1993). Although the geometrical model influences the re-
sults, a great deal of information can be gathered regarding the pore size
distribution. Forsström (2004) recently applied both ISEC and NMR re-
laxation methods to study the pore size distribution of an unbleached kraft
pulp having a kappa number of 60. The comparison of the two techniques,
seen in Figure 10, reveals that the pore sizes measured by NMR (∼10 nm)
are generally larger than those measured by ISEC (2 − 5 nm). The values
from both measurements also contradict the view of Alince and van de Ven
(1997). This is not to imply that either method is more or less correct, but
rather to point out that a complete model for the swollen cell wall does not
yet exist.

Figure 10: Cumulative pore volume as determined by ISEC and NMR for
an unbleached and unbeaten kraft pulp with kappa number 60 at various
salt concentrations and pH (Forsström, 2004).

2.4 Fiber Topography

While optical microscopy has proven incapable of observing the smaller
pores in the cell wall, information can still be gained regarding the fiber
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topography. Until now only smaller pores located in the cell wall have
been discussed, but it has been established that softwood fibers, particularly
latewood spruce, also contain large macropores and pits. These larger pores
are required for liquid transport in the wood tracheid, but can also be
present after kraft pulping, as can be seen in Figure 11. Pits are natural
irregularities in the cell wall and have been observed to vary greatly in
dimension (Sirviö and Käreniampi, 1998).

Figure 11: CLSM Image of an unbleached kraft fiber treated with fluorescein
isothiocyanate (Horvath, 2007).

More sophisticated techniques have proven more adept at providing a
clearer understanding of the smaller details of the fiber surface. Duchesne
and Daniel (1999) imaged the fibrillar structure of cellulosic fibers using
several techniques. In particular, Cryo-Field Emission-Scanning Electron
Microscopy (Cryo-FE-SEM) revealed an open structure of the outermost
cell wall where the fibrillar network creates pores 10 − 50 nm in size. These
values are greater than those estimated for the pores located in the cell
wall by size exclusion methods and NMR relaxation methods. The larger
pore size observed at the fiber surface compared to the fiber bulk have led
to speculation regarding the pore size distribution throughout the fiber cell
wall. A model has recently been proposed that a continuous network of very
small pores exists below the more open fiber surface (Hubbe et al., 2007). It
is currently unclear whether enough data supports such a model, although
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it appears as the distribution of pore sizes throughout the cell wall will be
an interesting research topic in the near future.

Figure 12: High resolution Cryo-FE-SEM micrograph showing the surface
of a spruce kraft pulp fiber. The bar in the figure corresponds to 100 nm.
(Duchesne and Daniel, 1999).

2.5 Charge Content

Softwood generally contains ∼40% cellulose, with wood polymers such as
lignin, hemicelluloses and extractive substances making up the remaining
composition. Delignification in the kraft process removes some cellulose,
but removes much of the hemicelluloses and lignin such that the pulp yield
is roughly 45-95% of the original wood. Although the residual lignin and
hemicelluloses are greatly reduced, these substances play a great role in the
swelling behavior of cellulosic fibers. Lignin and hemicelluloses act as the
matrix material holding the cellulose fibrils and fibril aggregates together.
Removing these compounds lessens the restraint that prevents the cell wall
from swelling.

The charge content of cellulosic fibers primarily comes from acidic groups
that dissociate under typical papermaking conditions (i.e. neutral and
weakly acidic), which give the fibers an anionic charge. The acidic groups
are mainly contained within the lignin and hemicelluloses in kraft pulps.
Therefore the anionic charge, or ion exchange capacity, of the fiber decreases
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as the kappa number decreases, as can be seen in Figure 13. Kraft lignin is
oxidized in alkaline conditions to further introduce carboxyl groups, which
represents a sizeable portion of the total carboxyl groups in the cell wall
(Eklund and Lindström, 1991). Phenolic and catecholic groups are also
created in delignification reactions, although basic conditions are needed
to dissociate the phenolic and alcoholic hydroxyl groups in the cell wall
(Sjöström, 1993). The main contribution to the anionic charge of cellulosic
fibers comes from hemicelluloses, such as arabinoglucuronoxylan (softwood)
and glucuronoxylan (hardwood) (Buchert et al., 1995b).

Figure 13: Ion exchange capacity of a kraft pulp over a range of kappa
numbers (Lindström, 1989).

2.5.1 Surface Charge

Horn (1978) developed an indirect polyelectrolyte titration technique to
determine the mass of a polyelectrolyte adsorbed onto a surface. This tech-
nique was later adapted by Winter et al. (1986) to measure the surface
charge of cellulosic fibers. In principle, the surface charge can be determined
from the pure electrosorption of a cationic polyelectrolyte. A 1:1 charge sto-
ichiometry, i.e. one cationic charge adsorbs for one fiber surface charge, oc-
curs in low electrolyte concentrations (Winter et al., 1986; Wågberg et al.,
1988, 1989) when the cationic polyelectrolyte has a high molecular mass
(Horvath et al., 2006). Low molecular mass polyelectrolytes will also main-
tain a 1:1 charge stoichiometry, but may have access to the fiber cell wall,
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which would not accurately represent the surface charge. Although Horn
(1978) argued that a high charge density is also required, it has more re-
cently been shown that a 1:1 stoichiometry occurs as long as the Debye
length is larger than the distance between the charges on the fiber surface
(Wågberg et al., 1987). The effect of an electrolyte has been well established,
but it has previously been unclear how differences in the adsorption behavior
occur due to changes in the molecular properties of the cationic polyelec-
trolyte. These topics were investigated in Article II using high charge
density copolymers prepared from acyrlamide (AM) and diallyldimethy-
lammonium chloride (DADMAC) as model cationic polyelectrolytes. The
charge density and molecular mass of the poly(AM-co-DADMAC) can read-
ily be controlled during synthesis, which allows the effect of the molecular
properties on the adsorption behavior to be investigated. The effect of the
polyelectrolyte charge density on the adsorption behavior can be seen in
Figure 14.
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Figure 14: Comparison of the adsorbed mass and adsorbed number of
charges for highly charged poly(AM-co-DADMAC) having Mw∼ 4 · 105 Da
but varying in charge density. The adsorptions were made in electrolyte-free
conditions at pH ∼7.2 for 30 min (Article II).

Although a greater mass of the lower charge density poly(AM-co-DADMAC)
adsorbed, the amount of adsorbed polyelectrolyte charges remained con-
stant. This value also corresponded to the fiber surface charge measured
at ideal conditions, and established a range in the charge density for which
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a 1:1 charge stoichiometry exists (Article II). One limitation of polyelec-
trolyte titration techniques is that they alone cannot resolve how much of
the cell wall is accessible to the adsorbing polyelectrolyte. Having shown
that the fiber surface is porous in Chapter 2.4, it becomes clearer that the
term ”surface” really implies the accessible part of the cell wall to the poly-
electrolyte. Therefore it is also unclear whether increases in the adsorbed
mass can be attributed to a change in the charge stoichiometry at the out-
ermost fiber surface or to the cationic polyelectrolyte penetrating into the
cell wall.
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Figure 15: Fluorescent CLSM images for the adsorption of poly(AM-co-
DADMAC) having a charge density of ∼3.4 meq/g but different molecular
mass: (a) MW = 4 · 105 Da, (b) MW = 1.1 · 105 Da and (c) MW = 8 · 103 Da.
The adsorptions were made for 30 min in electrolyte-free conditions at pH
∼7.2 (Article II).

Fluorescent labeling techniques were therefore applied in Article II
to complement traditional titration techniques in order to resolve this is-
sue. The poly(AM-co-DADMAC) has the advantage that fluorescent labels
can be covalently attached to the acrylamide in order to image the extent
the polyelectrolyte adsorbs into the cell wall with confocal laser scanning
microscopy (CLSM). The images presented in Figure 15 show that the ad-
sorption of poly(AM-co-DADMAC) having a charge density of ∼3.4 meq/g
was generally restricted to the outermost surface of the fiber, except for low
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molecular mass fractions. Thus the surface charge measured by polyelec-
trolyte titration is actually quite realistic in electrolyte-free conditions as
long as the molecular mass is kept sufficiently high. Horvath (2006) recently
measured the surface charge of several pulp types at different stages in the
papermaking process. Hardwood chemical pulps tend to have a greater sur-
face charge than softwood chemical pulps, although it was concluded that
this was simply due to a higher bulk charge and that the charge ratio (i.e.
surface charge to bulk charge) is roughly the same. Refining cellulosic fibers
is known to increase the surface charge. Although additional charges are
not created, the refining process partially destroys the fiber surface so that
the adsorbing polyelectrolytes have more accessible surface.

2.5.2 Total Charge Measurement

The total charge of cellulosic fibers can be measured by conductometric
titration, similar to that of soluble acids (Katz et al., 1984). Pulp sus-
pensions set to acidic conditions, in order to fully protonate the weak acid
groups in the cell wall, are then titrated with a basic solution to deprotonate
the acid groups. Changes in the conductance are associated with changes in
the concentration of the hydrogen and hydroxyl ions, the two most highly
conductive ions. Performing the titration in the presence of a neutral salt
minimizes the effect of a Donnan equilibrium, thus limiting an unequal dis-
tribution of the mobile ions (Grignon and Scallan, 1980). Figure 16 contains
data from the conductometric titration of a never-dried spruce kraft pulp.

Figure 16: Conductometric titration of a never-dried spruce kraft pulp (Katz
et al., 1984).

The initial decrease in the conductance is caused by the neutralization
of the hydrogen ions used to create the initial acidic conditions. The first
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inflection point in the curve is due to the initial deprotonation of carboxylic
acid groups in the cell wall. Further addition of base progressively neutral-
izes the weak acid groups in the cell wall. The conductance remains nearly
constant because there are few hydrogen ions in equilibrium with the acid
groups during the titration. The conductance eventually increases once the
base is in excess. The total charge of the cellulosic fibers is determined from
the base consumed during the plateau in the conductance.

The total charge of chemical pulps tends to range between 50 and 160
µeq/g (Horvath, 2006). Hardwood pulps have a higher charge content as
they possess a great amount of hemicelluloses. Bleaching sequences gener-
ally decrease the total charge content, as the hexenuronic acids are degraded
(Buchert et al., 1995a; Laine and Stenius, 1995; Laine, 1997). Although re-
fining has no effect on the total charge content, the surface charge increases
due to more accessible surface being created.

2.5.3 Swelling Behavior

The swelling behavior of cell wall is highly dependent on the anionic charges,
and therefore cellulosic fibers are often described as behaving like polyelec-
trolyte gels (Lindström and Carlsson, 1978; Scallan and Grignon, 1979).
The anionic charges are caused by the dissociation of weak acidic groups
and therefore the pH has an effect on the swelling behavior in the absence
of an electrolyte, which can be seen in Figure 17.

Figure 17: The influence of pH and electrolyte concentration on the swelling
behavior of an unbleached kraft pulp (Lindström, 1980).
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The acidic groups are fully protonated at low pH and the electrostatic
contribution to swelling is minimal. The fiber still swells in acidic condi-
tions as the hydrophilic components in the cell wall still interact with water.
Increasing the pH causes the acidic groups to deprotonate, thereby increas-
ing the anionic charge in the cell wall. The ionic charges in effect lead to
a Donnan equilibrium that contributes to the swelling behavior. Counter-
ions (e.g. Na+, Ca+2, Al+3) present in solution due to dissociated inorganic
salts diffuse into the fiber cell wall to compensate the dissociated weak acid
groups, ultimately maintaining electroneutral conditions within the fiber.
A Donnan equilibrium is created by the imbalance in the counter-ion con-
centration. In an attempt to reduce the imbalance, the fiber swells in order
to take-up more water and dilute the concentration of the counter-ions.
The electrostatic contribution to the swelling eventually reaches a maxi-
mum at pH ∼9, at which the amount of base needed to reach pH values
>9 is sufficient to act as an electrolyte, reducing the imbalance of counter-
ions. Adding sodium chloride (NaCl) as an additional electrolyte further
suppresses the increase in swelling in neutral and weakly basic conditions.

Figure 18: Swelling behavior of a acid-chlorite treated spruce pulp deligni-
fied to various extents (Carlsson et al., 1983).

The swelling of the cell wall is eventually counteracted by the remaining
lignin and hemicelluloses, which hold the fibrillar network together. As
seen in Figure 18, the amount of delignification has a considerable effect
on the swelling behavior. The fiber swells at low delignification, although
the presence of the residual lignin and hemicelluloses has a more significant
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effect on the swelling than the effects of pH and electrolyte concentration.
Delignification removes residual lignin and hemicelluloses, allowing the fiber
network to be constrained less and swell more. Most cellulosic fibers are
delignified to a greater extent where the electrostatic contributions dominate
the swelling behavior.

Drying leads to an irreversible closure of the cell wall, called hornifica-
tion, that reduces the swelling ability (Lindström, 1980). Hornification is
believed to occur due to the formation of new contact zones between fibrils
as a result of hydrogen bonding. It has been shown that larger pores re-
main irreversibly closed after hornified pulps are rewet (Stone and Scallan,
1966; Scallan, 1977). A similar effect has also been observed during the
wet pressing of swollen fibers, where pore closure occurs as the fiber mats
are pressed to a greater solids content (Carlsson and Lindström, 1984).
Chemical crosslinking also restrains the swelling ability of once-dried fibers.
Autocrosslinking of cellulose at high temperatures was shown to reduce the
swelling, which led to increases in the wet strength (Back and Klinga, 1963;
Back et al., 1967). The crosslinking of cotton fibers with formaldehyde is
also known to be sensitive to the swollen conditions of the fibers at the time
of crosslinking (Rowland et al., 1965). Although these factors do not affect
the swelling of never-dried cellulosic fibers, a connection can often be made
between the swelling ability and the final paper properties.

2.6 Charge Distribution and its Importance

While it has been established that bulk charges located within the fiber
cell wall result in swelling, the charges located on the outermost fiber sur-
face also greatly influence papermaking processes. Horvath and Lindström
(2007) recently measured both the surface and total charge of several differ-
ent types of chemical pulp, finding that the surface charge typically consti-
tuted only 3-5% of the total charge. One of the most important functions of
the surface charges is to promote the adsorption of cationic polyelectrolytes,
which papermakers have traditionally used as retention aids, sizing agents
as well as dry- and wet-strength additives. However, it must be realized
that ∼95% of the total charge resides within the cell wall. This bulk charge
represents a strong driving force for the adsorption and diffusion of cationic
polyelectrolytes into the cell wall. Chapter 4 will detail the adsorption and
interaction of cationic polyelectrolytes with cellulosic fibers, and in partic-
ular discuss how the molecular properties of the cationic polyelectrolyte
govern the interactions with the fiber bulk.
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3 Polyelectrolyte Properties

Polyelectrolytes are a unique class of polymers that contain ionizable func-
tional groups along their molecular backbone. Coulombic repulsions oc-
curring between the ionized groups significantly influence the molecular
conformation and size of the polyelectrolyte. The ionized groups further
lead to electrostatic interactions between polyelectrolyte chains, which are
known to affect the solution properties (Dautzenberg et al., 1994). Another
interesting facet of polyelectrolytes is that their electrostatic nature causes
them to be highly susceptible to changes in the linear charge density, the
presence of an electrolyte and in some cases the pH. Whereas this leads to
a complex solution behavior, the molecular properties of the polyelectrolyte
can be controlled by adjusting the solution properties.

Polyelectrolytes have been extensively used in numerous industrial ap-
plications, particularly as they represent a limited number of water soluble
polymers. This water solubility is partially due to their ionic nature, which
creates a polar contribution that allows even high molecular mass chains to
remain soluble. The molecular conformation of the polyelectrolyte chain is
highly influenced by intra-chain Coulombic repulsions between the charged
monomers (Netz and Andelman, 2003). In fact, much of the behavior ex-
hibited by polyelectrolytes can be attributed to their ionic nature. The im-
portance of steric contributions become more apparent in conditions where
the Coulombic repulsions are either relatively weak or effectively screened.
Steric interactions are also governed by the solvent, which is characterized
by the solubility parameter, χ. When χ= 0.5 , the interactions between the
chain segments are equivalent to the interactions with the solvent. Values of
χ<0.5 represent good polymer-solvent interactions, for which the polymer
swells to maximize the solvent interactions. Values of χ>0.5 represent poor
polymer-solvent interactions, which cause the chain to collapse in order to
minimize the interactions with the solvent.

3.1 Charge Density

The ionic nature of polyelectrolytes is traditionally characterized by the
fraction of charged monomers, f . Polyelectrolytes having values of f close
to zero are considered to have a low charge density, while values closer to
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unity are typical for highly charged polyelectrolytes. There are two common
ways to control the value of f (Barrat and Joanny, 1996). The first method
is to synthesize a polyelectrolyte from a weakly acidic or basic monomer,
such that the effective value of f is governed by the pKa of the acid group
and the pH. Polyelectrolytes possessing a charge density that depends on pH
are referred to as ”weak”. The second method to control the value of f is to
synthesize a polyelectrolyte from either a strongly acidic or basic monomer,
which maintains a permanent charge, along with a neutral monomer. Poly-
electrolytes having a permanent charge density are referred to as being
”strong”. The value of f can be altered by changing the composition of
the polyelectrolyte, such that a greater amount of neutral monomers will
lower the value of f . This approach has been used to prepare copolymers
of acrylamide (AM) and diallyldimethylammonium chloride (DADMAC),
which will appear throughout the the next few chapters. The neutral acry-
lamide content of the poly(AM-co-DADMAC) is used to control the charge
density. Several established methods exist for measuring the polyelectrolyte
charge density. Two such methods will be further discussed.

The polyelectrolyte titration technique was first developed by Terayama
(1952) to measure the concentration of an aqueous cationic polyelectrolyte.
An oppositely charged polyelectrolyte having a known charge density is used
as the titrant, such that a polyelectrolyte complex forms between the two
polyelectrolytes. The polyelectrolyte complex has been shown to form inde-
pendent of molecular mass (Horn, 1978) and the polyelectrolyte complex is
stoichiometric with respect to charge if the charge density of the polyelec-
trolytes are sufficiently high (Horn, 1979) or the ionic strength is sufficiently
low (Tanaka, 1983a,b; Sjödin and Ödberg, 1996; Kam and Gregory, 1999).
If the complex maintains a 1:1 charge stoichiometry (i.e. one cationic charge
complexes with one anionic charge), the charge density can be calculated
from the titrant consumed by a polyelectrolyte solution having a known
concentration. The consumed amount of charges is commonly scaled by the
amount of polyelectrolyte, such that the charge density is given on a basis
of equivalent charges per gram polyelectrolyte.

The equivalence point from the titration can be detected by various
methods. Horn (1978) developed a method to complex the polyelectrolytes
in the presence of an indicator, typically orthotoluidine blue (OTB). The
color of the uncomplexed OTB indicator is blue, but changes color to pink
when it complexes with the excess anionic polyelectrolyte used as the titrant.
The change in color can be measured optically due to the wavelength dis-
placement, referred to as metachromasy. This method works well provided
the cationic polyelectrolyte complexes with the titrant faster than the in-
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dicator. However, this is often not the case for low charge density poly-
electrolytes. The equivalence point of the titration can also be measured
by streaming potential measurements. In this method, a flowing polyelec-
trolyte solution is placed between two electrodes, from which a streaming
potential builds up. The equivalence point can be detected by titrating
with an oppositely charged polyelectrolyte to zero potential, at which the
amount of anionic and cationic polyelectrolyte charges are equivalent.

An unambiguous measure of f for strong polyelectrolytes can be ob-
tained from Nuclear Magnetic Resonance (NMR), as the composition of the
individual monomers or substituents can give rise to unique peaks within
the spectrum. For example, 1H NMR has been used to characterize the
charge density of cationic dextran, where the hydrogen atoms contained in
quaternary ammonium groups can be detected separately from the hydro-
gen atoms attached to the dextran monomer unit. The ratio of the areas
under the peaks associated to each type of hydrogen atom can therefore
quantify the fraction of charged monomers. An example of such a spectrum
can be seen in Figure 19. These methods were found to be in agreement
for determining the charge density of cationic dextran and poly(AM-co-
DADMAC) (Article V), which also indicated that the complexes formed
in the polyelectrolyte titration method were stoichiometric with respect to
charge.

ppm

1234

(b)

(a)

Figure 19: 1H NMR spectra of (a) native dextran and (b) cationic dextran.
The charge density can be determined from the area of the peak associated
with the quaternary ammonium groups (3.19 ppm) and the area of the
peaks associated with the repeat unit of the native dextran (∼3.5 – 4.0
ppm) (Article V).
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3.2 Persistence Length

Coulombic repulsions occurring between charged groups along the polyelec-
trolyte backbone have a major consequence on the molecular conformation.
These repulsions can be screened by the presence of an electrolyte, resulting
in significant changes in the molecular conformation. The internal electro-
static behavior of an individual polyelectrolyte chain can be represented by
the persistence length, which is a property for quantifying the stiffness of a
long macromolecular chain. Segments of the polymer chain that are shorter
than the persistence length behave like a stiff rod. Segments of the chain
that are much longer than the persistence length can only be described sta-
tistically, like a three-dimensional random walk. In other words, segments
of the chain remain stiff despite long chains being able to take a more coiled
conformation. For a polyelectrolyte, the persistence length is a comprised of
an intrinsic persistence length, LPo , and an electrostatic persistence length,
LPe (Dautzenberg et al., 1994):

LP = LPo + LPe (1)

Odijk (1977), and Skolnick and Fixman (1977) developed a theory to
calculate the electrostatic contribution to the persistence length based on
so-called equivalent parameters:

LPe =
λBλ2

D

4b2ε2
M

(2)

where λB is the Bjerrum length, λD is the Debye length, b is the dis-
tance between the charges along the polyelectrolyte backbone and εM=1
for b>λB. At low electrolyte concentrations the counter-ions contained by
the polyelectrolyte must be considered, such that the Debye length can be
described as:

λD =

√
8πλB · (NS +

NP

2
) (3)

where NS is the number concentration of ions from the electrolyte and
NP is the number concentration of counter-ions associated with the poly-
electrolyte charges. The counter-ions become negligible at high electrolyte
concentrations, and the Debye length for a 1:1 electrolyte at 25oC becomes
a simple function of the electrolyte concentration, Cel:
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λD =
0.304√

Cel

(4)

This theory has been used to calculate the total persistence length for
high molecular mass poly(AM-co-DADMAC) having different charge densi-
ties (Article II). The results are presented in Figure 20 as a function of the
electrolyte concentration. Perhaps the most startling feature of Figure 20
is the relative magnitude of LPe and LPo at low electrolyte concentrations.
Due to the short distance between electrostatic charges along the poly-
electrolyte backbone, the Coulombic repulsions are sufficiently strong to
force a rigid conformation. Increasing the electrolyte concentration begins
to screen the Coulombic repulsions, although they remain quite strong up
to an electrolyte concentration of ∼10−2M, at which LPe and LPo are on
the same order. Higher electrolyte concentrations are able to sufficiently
screen the Coulombic repulsions, allowing the copolymers to collapse into
a preferred conformation. These electrostatic effects also have implications
on the molecular size of the polyelectrolyte in solution as well as on the
molecular dynamics.

Electrolyte Concentration [M]
10-6 10-5 10-4 10-3 10-2 10-1 100

Lp [nm]

0
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Copolymer C (390/5.04) 
Copolymer B (400/3.40)
Copolymer A (420/1.95)
LP,o

Figure 20: Calculated persistence length for poly(AM-co-DADMAC) in var-
ious electrolyte concentrations. The poly(AM-co-DADMAC) had Mw ∼
4 · 105 Da and a charge density of: (a) 1.95 meq/g (b) 3.40 meq/g and
(c) 5.04 meq/g. The intrinsic persistence length was taken to be 2.7 nm
(Mattison et al., 1998) and the polyelectrolyte concentration to be 0.2 g/L
(Article II).
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3.3 Molecular Size

Parameters such as the radius of gyration (RG) and hydrodynamic diameter
(DH) have been defined to describe the dimensions of a polymer chain in
solution. However, defining the molecular size of linear polymers in solution
is somewhat counterintuitive as the chains themselves generally have a rel-
atively small volume. Excluded volume effects and self-avoidance principles
force the polymer chain to a more expanded conformation, for which the
volume that encompasses the polymer chain contains mostly solvent. Fur-
thermore, the chain can alter its conformation within the volume as it does
not possess an exact shape. Comparing the molecular size to more rigid
pore volumes is therefore difficult as linear, semi-flexible chains can adapt
to a given confinement when energetically favorable (i.e. when the driving
force exceeds the loss of conformational energy). Nonetheless, RG and DH

offer convenient measures of the molecular size and can be determined by
either static or dynamic light scattering.

The general dimensions of a linear polyelectrolyte chain in a dilute so-
lution are generally bounded by two limits, a semi-flexible limit and a
Gaussian-persistent region. The Gaussian-persistent limit takes into ac-
count the effect of the Coulombic repulsions, and is therefore more appli-
cable to highly charged polyelectrolytes in electrolyte-free conditions. The
classic Flory (1953) theory can be modified to account for the elongated,
persistent segments (LP�κ−1), such that the end-to-end radius scales as
(Netz and Andelman, 2003):

R ∼ (LPo + LPe)
1
2 L

1
2 (5)

The semi-flexible limit occurs in the absence of charges, which at first
might not seem suitable for polyelectrolytes. However, this limit can be
reached at a low charge density or at a high electrolyte concentration, which
effectively screens the Coulombic repulsions. Compared to freely jointed
and freely rotating chain models, semi-flexible models are better suited for
describing more complex structures at the molecular level, specifically for
biopolymers, as they tend to be stiffer than simple synthetic polymers (Netz
and Andelman, 2003). By describing the bending rigidity using a continuum
model that neglects the discrete nature of the monomers, the end-to-end
radius of a semi-flexible chain can be calculated as (Grosberg and Khokhlov,
1994):

R2 = 2LPoL + 2L2
Po

(
e
− L

LPo − 1
)

(6)
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where L is the total contour length of the chain. Polyelectrolytes having
a moderate molecular mass reach a limit of a long chain, where L�LPo .
The polyelectrolyte behaves as a flexible chain and the end-to-end radius
can be described as:

R � (2LPoL)
1
2 (7)

It can quickly be realized that despite the differences in the models,
Equation 5 and Equation 7 essentially have a similar form. What is most
important is that changes in the molecular size of the polyelectrolyte chain
scale with changes in the electrostatic persistence length. This can be seen in
Figure 21 using DH as a measure of the molecular size, as the polyelectrolyte
chains collapse as the increasing electrolyte concentration more effectively
screens the Coulombic repulsions. This collapse is dependent on the charge
density, as changes in DH of the cationic dextran occur at approximately
one order of magnitude lower electrolyte concentration.
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Figure 21: Hydrodynamic diameter of (a) highly charged poly(AM-co-
DADMAC) (Article II) and (b) low charge density cationic dextran (Ar-
ticle III) as a function of electrolyte concentration. Measurements were
made using dynamic light scattering on dilute polyelectrolyte solutions us-
ing NaHCO3 as the electrolyte.

The trends experimentally observed in the DH are in agreement with the
calculated changes in LP . This supports the molecular models, although
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this is not surprising considering that the purpose of the models is to ac-
curately depict the behavior. What is powerful is that both the molecular
size and the chain flexibility can be characterized by a single parameter.
It will be shown in Chapter 4.1 that the molecular size has an effect on
the initial adsorption to cellulosic fibers, while the chain flexibility will be
shown in Chapter 4.2 to affect the kinetics. Therefore it is both important
and necessary to have an appropriate measure for the molecular properties.

Until now the effect of the chain length, which is determined by the
molecular mass, on the molecular size has not been considered. Equation 5
indicates that the chain length is also expected to contribute to the end-
to-end radius. This fact can also be seen Figure 22, which plots the hydro-
dynamic radius for cationic dextran at 10−1M as a function of the number
of monomers, N . Measurements were made at high electrolyte concentra-
tion to screen any contribution from the Coulombic repulsions. Thus the
changes in the molecular size are only due to changes in the molecular mass.

N = L/b
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Figure 22: Hydrodynamic radius of cationic dextran measured by dynamic
light scattering in 10−1 M NaHCO3. The data was calculated from the
polyelectrolyte properties presented in Article III.
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The dependence on the chain length qualitatively fits the semi-flexible
chain model (Equation 5), as the exponent obtained from the power-law fit
to the data is ∼0.5. In more practical terms, a wide range of molecular
sizes can be obtained by changing the molecular mass. More importantly,
this does not alter the electrostatic behavior of the polyelectrolyte chain.
Conversely, different molecular mass polyelectrolytes could have the same
molecular size due to differences in their electrostatic behavior. These prin-
ciples are difficult to separate, but the molecular size and electrostatic be-
havior each have a unique influence on how a polyelectrolyte interacts with
an oppositely charged surface.

3.4 Molecular Mass Distributions

A brief point must also be made concerning the molecular mass distribu-
tion of a polyelectrolyte. The synthesis of any macromolecule results in
chains having a distribution of molecular mass. Depending on the synthe-
sis method, this distribution can be quite wide and an average value may
not accurately represent the molecular size. This could, for example, be
detrimental for the size exclusion techniques previously discussed in Chap-
ter 2.3. It has also been shown that polydispersity leads to deviations in
the adsorption behavior of non-ionic polymers (Cohen Stuart et al., 1980).
The polydispersity of a polyelectrolyte sample can be minimized by tech-
niques such as ultrafiltration, but it is nonetheless important to determine
the actual distribution. Unfortunately, the light scattering techniques used
to measure the molecular size of a polyelectrolyte do not necessarily offer a
well-defined distribution of the molecular size.

Size exclusion chromatography (SEC) has traditionally been used to
measure the molecular mass distribution of soluble macromolecules. A
polyelectrolyte solution is pumped through a column packed with a non-
interacting material, typically a crosslinked polystyrene. Due to the electro-
static contribution to the molecular size and in order to eliminate possible
electrostatic interactions with the packing material in the column, poly-
electrolytes should be measured at high electrolyte concentrations. The
polyelectrolyte chains separate based on their size, such that larger chains
are excluded from smaller pores in the column and pass through the column
faster than smaller chains. The amount of polyelectrolyte in the eluent is
measured, and the molecular mass distribution can be determined from a
calibration procedure using standard polymers (Swerin and Wågberg, 1994).
An accurate depiction of the distribution can be obtained, although abso-
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lute values of the molecular mass cannot be obtained by SEC unless light
scattering or viscometry are used in conjunction.

3.5 Effect of the Molecular Architecture

It is important to realize that the molecular architecture of a polyelectrolyte
will affect the solution behavior. The models presented in Chapter 3.2 as-
sume that the fraction of charged monomers, f , is uniformly distributed.
A non-uniform distribution of the charged monomer could lead to prob-
lems in describing the molecular properties of block copolymers. This is of
particular interest for poly(AM-co-DADMAC), which will serve as a model
high charge density polyelectrolyte in Chapter 4. Brand et al. (1997) re-
ported that a large difference exists between the reactivity ratios of DAD-
MAC (r1=0.35) and AM (r1=5.02), such that the formation of acrylamide
blocks would be favored for conventional batch copolymerization. Coulom-
bic repulsions do not occur within the acrylamide blocks, which creates a
more flexible region in the polyelectrolyte chain. The length of the acry-
lamide block length also separates the charged DADMAC blocks, which
reduces the secondary repulsions between charged segments. These factors
become significant when the copolymer contains a high acrylamide compo-
sition (i.e. low charge density) and at low electrolyte concentrations, where
the electrostatic repulsions are known to dominate the molecular conforma-
tion. While the block structure was not determined for the poly(AM-co-
DADMAC), the general trends exhibited in the DH and LP indicate that
changes in the molecular conformation occur at similar electrolyte concen-
trations. This suggests the idealized calculations are rather reasonable for
the poly(AM-co-DADMAC), although this may not be universally true for
other copolymers.

Covalently linking a fluorescent label to the polyelectrolyte backbone,
which has been used to track polyelectrolytes in porous materials, will also
lead to changes in the molecular properties. Fluorescent labels possess a
rather large molecular mass and generally have an ionic contribution (Her-
manson, 1996), as is the case for the fluorescein isothiocyanate and sul-
forhodamine B acid chloride, which have been used to study polyelectrolyte
adsorption. The electrostatic and steric contributions of the fluorescent la-
bel can be limited by maintaining a low degree of substitution, which was
shown in Articles I-IV to not upset the molecular conformation. These
factors can both still affect the adsorption behavior, especially if the la-
bels exhibit van der Waals interactions with the cellulosic fibers. This is
considered further in Chapter 4.
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It has also been well-established that branched globular polymers be-
have quite differently from linear polyelectrolytes. Steric effects restrict the
molecular conformation both in solution and when adsorbed (Akari et al.,
1996; van de Ven, 2000; Pfau et al., 1999). Linear high molecular mass
polyelectrolytes can be difficult to prepare, as some degree of branching is
inherent during synthesis. The length and the degree of branching alters
the general architecture of the polyelectrolyte. As shown by Table 1, this
can be applied to the acetal groups that were used to modify the cationic
dextran in Articles V and VI.

Table 1: Properties of a cationic acetal dextran having MW = 2 · 106 Da
(adapted from Article V).

Charge Acetal Hydrodynamic
Dextran Density d.s. Diameter

(meq/g)† (%)‡ (nm)∗

Native 0 0 76.3

Cationic 0.331 0 77.3

Cat. Acetal Dextran 0.336 2.0 78.2

0.317 9.6 81.1

0.312 21.0 84.7

†Measured by polyelectrolyte titration

‡Measured by 1H NMR

* Measured by dynamic light scattering in 10−1M NaHCO3

Although the acetal groups are attached to relatively short chains, the
DH of the polyelectrolyte becomes larger as the degree of substitution is
increased. This most likely limits the flexibility of the chain as well, al-
though calculations of the persistence length do not account for branching.
However, it is sufficient to realize that even small changes to the polyelec-
trolyte chain can alter the molecular architecture. Changes in the molecular
properties can consequently change the adsorption behavior.
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4 Polyelectrolyte Adsorption

Polyelectrolyte adsorption onto an oppositely charged surface is a complex
phenomenon described as being governed by a delicate balance of electro-
static interactions (van de Steeg et al., 1992). The adsorption behavior
depends on the surface charge density (σ0), polyelectrolyte charge density
(ε) and ionic strength. Cohen Stuart et al. (1991) noted that the influ-
ence of the polyelectrolyte charge density on adsorption is rather complex
in nature. Besides indirectly contributing to the entropic driving force,
the polyelectrolyte charge density also introduces Coulombic repulsions be-
tween adsorbed chains as well as between charges along the polyelectrolyte
backbone that act to expand, or stiffen, the molecular conformation of the
chain in solution (Dautzenberg et al., 1994). The conformation of the poly-
electrolyte in solution ultimately determines the initial conformation of the
adsorbed polyelectrolyte chain.

Cationic polyelectrolytes are commonly used by papermakers because
they exhibit a preferential adsorption to the anionic cellulosic fibers. Al-
though it was discussed in Chapter 2.5 that the anionic charge strongly
influences the swelling behavior, the driving force for polyelectrolyte ad-
sorption is another consequence of the ionized groups both in the fiber cell
wall and along the polyelectrolyte backbone. Cations present in solution,
typically from dissociated inorganic salts, are attracted into the cell wall
by long-range Coulomb interactions. The counter-ions are electrostatically
attracted to the dissociated acid groups, and have even been proposed to
condense above a limiting amount of charged groups (Manning, 1969). This
establishes an imbalance of counter-ions at the fiber surface as well as within
the cell wall, leading to the Donnan equilibrium that contributes to swelling.
Adsorption occurs such that the cationic charges of the polyelectrolyte com-
pensate the anionic charges, which is driven by the entropic gain from the
release of counter-ions (Fleer et al., 1993). The adsorption behavior is fur-
ther dependent on the electrostatic interactions that occur both within the
polyelectrolyte chain and between neighboring polyelectrolyte chains.

The kinetics of polyelectrolyte adsorption is quite complex. Although
the initial adsorption is fast and reaches a pseudo-equilibrium (Solberg and
Wågberg, 2003), a slower diffusion process also occurs that depends on the
molecular properties of the polyelectrolyte. In particular, the flexibility of
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the polyelectrolyte chain impacts the kinetics, as diffusion into the pore
structure depends on the ability of the chain to move within the pore vol-
ume (Teraoka et al., 1992; Bishop et al., 1986, 1989; Guo et al., 1990). A
substantial driving force for adsorption and diffusion into the pores exists
due to the bulk charge of the porous substrate. Diffusion requires a loss of
conformational entropy for the polyelectrolytes due to the confinement of
the pore volume, although this loss of conformational entropy can be over-
come by the driving force. The charges along the polyelectrolyte also have
specific ionic interactions with the oppositely charged pore wall, which may
hinder diffusion or fix the polyelectrolyte. In short, the molecular properties
appear to dictate the mechanism and time scale at which diffusion occurs.
This relation between the adsorption kinetics and the molecular properties
of the cationic polyelectrolyte is covered in Chapter 4.2.

4.1 Polyelectrolyte Adsorption to Cellulosic Fibers

Although the adsorption of cationic polyelectrolytes to cellulosic fibers is
a complex process, when properly understood it can be exploited for sev-
eral important papermaking functions. In its most basic application, the
electrostatic interaction with the cellulosic fiber primarily determines the
amount of cationic polyelectrolyte that can be adsorbed. This is particu-
larly relevant to dry-strength additives, for which a greater adsorbed amount
typically leads to greater tensile strength (Lindström et al., 2005). More
complex applications not only depend on the adsorbed amount, but also on
the conformation of the adsorbed polyelectrolyte. Retention and floccula-
tion aids are effective when the cationic polyelectrolytes interact moderately
with an anionic surface (e.g. fibers, fines and filler), allowing them to ini-
tially take an extended conformation and further interact with other anionic
colloidal materials. When the porous fiber surface and the kinetic behavior
(i.e. adsorption, reconformation and diffusion) also are taken into account,
it becomes clear just how challenging the process can be.

It has been shown that the adsorption of high (Wågberg and Hägglund,
2001; Horvath et al., 2006) and low (Tanaka et al., 1990) charge density
polyelectrolytes onto cellulose fibers is dependent on molecular mass. Lower
molecular mass fractions generally adsorb in greater amounts, and it is often
concluded that this adsorption is due to the lower molecular mass fractions
penetrating into the fiber wall. Shirazi et al. (2003a,b) later studied the
adsorption of low charge density cationic starch onto both porous glass and
pulp fibers, finding that the corresponding amylose fraction (MW = 1.4 · 105

37



Andrew T. Horvath

Da) could penetrate into the pores, whereas the higher molecular mass
amylopectin fraction (MW = 3 · 108 Da) was restricted to the exterior of the
surface. Although Alince and van de Ven (1997) suggested that the radius
of the fiber pores ultimately determines if an adsorbing polyelectrolyte can
pass freely into the fiber wall, a wide range of polyelectrolytes have nonethe-
less been proposed to penetrate into the fiber cell wall, making it difficult
to postulate a mechanism for the process. van de Ven (2000) also noted
this and recently proposed a ”sticky-sieve” model to explain the adsorption
behavior of several polyelectrolytes, concluding that the size, structure and
charge density determine whether the polyelectrolyte can penetrate into the
cell wall. However, the model was based on indirect adsorption measure-
ment techniques, and therefore more direct measurements would help to
validate the model. Nonetheless, this was the first comprehensive study on
how the molecular properties influence the adsorption behavior.

Several publications (Tanaka et al., 1979; Lindström and Wågberg, 1983;
van de Steeg et al., 1993; Horvath et al., 2006) have discussed the effect
of the electrolyte concentration on polyelectrolyte adsorption to cellulosic
fibers. At moderate electrolyte concentrations, the adsorption was found
to increase as the electrostatic interactions within and between the poly-
electrolyte chains became partially screened. The entropic driving force for
adsorption also decreases at high electrolyte concentrations, as the concen-
tration gradient between the counter-ions inside and outside the fiber cell
wall is diminished. Furthermore, the electrostatic interactions with the fiber
charges become effectively screened and adsorption deceases to zero unless
there is, as some authors have claimed, a substantial non-electrostatic inter-
action with the fiber (Rojas et al., 2000). It is unclear whether the changes
in the adsorption behavior can be attributed to the polyelectrolyte pene-
trating into the cell wall or to a change in the structure of the adsorbed
layer on the outermost fiber surface.

The measurement techniques currently available are the greatest limita-
tion for investigating polyelectrolyte adsorption to cellulosic fibers. This is
not to suggest that techniques do not exist for accurately quantifying the
adsorbed mass, which is quite the contrary. Rather the techniques are often
restricted to measuring the outermost surface or are indirect methods from
which information regarding the adsorption behavior can only be inferred.
Little direct experimental results exist to suggest the extent to which the
polyelectrolytes penetrate into the cell wall during adsorption, and therefore
it is difficult to resolve whether changes in the adsorption behavior can be
attributed to the outermost fiber surface or within the cell wall. It is also
difficult to establish from these techniques how the molecular properties of
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the polyelectrolyte affect the adsorption behavior (Wågberg et al., 1987).

Fluorescent labeling techniques have been applied to determine the ex-
tent to which a polyelectrolyte penetrates into the porous cell wall. Flu-
orescent labeling of the polyelectrolytes allows them to be detected inside
the cell wall by confocal laser scanning microscopy (CLSM). These labeling
techniques can therefore be used to complement the traditional adsorption
measurements to determine how the adsorption behavior correlates with the
polyelectrolyte penetrating into the cell wall. The presence of the fluorescent
label is expected to alter the molecular properties of the polyelectrolyte, ei-
ther through steric or electrostatic interactions, which could therefore affect
the adsorption behavior. However, it has been shown that this is not sig-
nificant when the degree of fluorescent labeling is kept low (<1%) (Article
II). Using fluorescent CLSM as a complement to traditional adsorption
techniques has allowed for a more fundamental investigation of how the
molecular properties of the polyelectrolyte affect the adsorption behavior.

4.1.1 Effect of the Charge Density in Electrolyte-free Conditions

Adsorption of cationic polyelectrolytes to cellulosic fibers is considered to
be an electrosorptive process. The charge density is therefore the most log-
ical starting point for a discussion on how the molecular properties affect
polyelectrolyte adsorption to cellulosic fibers. As mentioned in Chapter
3.1, the charge density of a polyelectrolyte can be controlled during syn-
thesis. The adsorption of two model polyelectrolytes will hereafter be con-
sidered. Poly(AM-co-DADMAC) represents highly charged polyelectrolytes
and cationic dextran will serve as a low charge density polyelectrolyte. The
charge density of both polyelectrolytes can be controlled by the degree of
substitution of the charged group, a substituent having a quaternary am-
monium group for the cationic dextran and the DADMAC monomer com-
position for the poly(AM-co-DADMAC). Comparing polyelectrolytes over a
wide-range in charge density is not straightforward, as the charge stoichiom-
etry during adsorption will deviate from 1:1 when Debye length is shorter
than the distance between charged groups. This occurs in the presence of
an electrolyte (Horvath, 2006) and possibly for low charge density polyelec-
trolytes. Therefore the adsorption behavior of the two polyelectrolytes must
be separated to some degree.

The adsorption of highly charged polyelectrolytes is dominated by intra-
and inter-chain Coulombic repulsions. The intra-chain repulsions create an
expanded chain conformation that ultimately leads to a larger molecular
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size, which is important for simple size exclusion principles. The electro-
static contribution to the persistence length also favors a flat conformation
on the fiber surface. The strong repulsion between chains limits excess ad-
sorption, leading to a 1:1 charge stoichiometry during adsorption. Typical
isotherms for the adsorption of poly(AM-co-DADMAC) in electrolyte-free
conditions are presented in Figure 23.
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Figure 23: Adsorption isotherms in electrolyte-free conditions for high
molecular mass poly(AM-co-DADMAC) having different charge densities.
The adsorptions were made at pH∼7.2 for 30 min. The legend refers to the
molecular mass in kDa and the charge density in meq/g (Article II).

Reducing the change density leads to increases in the adsorbed mass.
The polyelectrolyte will still maintain a 1:1 charge stoichiometry, i.e. one
polyelectrolyte charge adsorbs for one accessible fiber charge, if the charge
density remains sufficiently high. The mass increase simply accounts for the
charges necessary to compensate the accessible fiber charges. This rationale
is suitable for when a 1:1 charge stoichiometry prevails, but deviates when
the Debye length is shorter than the distance between the charged groups
on the fiber surface. Under certain circumstances, a low charge density
polyelectrolyte can be regarded as possessing a charge stoichiometry greater
than 1:1, i.e. more that one polyelectrolyte adsorbs for one accessible fiber
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charge. However, lower charge density polyelectrolytes may also penetrate
into the fiber cell wall, such that greater adsorbed amounts are needed to
compensate the larger number of accessible fiber charges, which can be seen
in Figure 24.
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Figure 24: Saturation adsorption evaluated from adsorption isotherms for
two molecular mass fractions of cation dextran as a function of the charge
density. Adsorptions were made for 30 min at pH ∼7.2 under electrolyte-free
conditions (Article III).

In comparing the high molecular mass cationic dextran with the poly(AM-
co-DADMAC), a deviation from the 1:1 charge stoichiometry may occur for
the lower charge density cationic dextran would be facilitated by two pri-
mary electrostatic effects. The lower charge density results in weaker repul-
sions between charged segments of the polyelectrolyte chain, creating a more
globular conformation that allows more charges to adsorb without being as-
sociated to a fiber charge, i.e. a more loop-and-tail structure. Secondly,
the repulsion between polyelectrolyte chains would also be greatly reduced
and the chains can pack more efficiently on the available surface, leading
to kinetic trapping effects. However, inferring that a deviation occurs in
the charge stoichiometry assumes that the polyelectrolyte does not access
more fiber charges by adsorbing into the cell wall. If one considers only the
high molecular cationic dextran, the relatively constant adsorption at the
lowest charge density could indicate that this may very well be the case.
This claim is further validated by the substantially higher adsorbed amount
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of the low molecular mass fraction. The charge stoichiometry should not
be affected by the molecular mass, and the increase in the adsorbed mass
can be attributed to more surface area being accessible. Chapter 4.1.2 will
discuss this in greater detail.

Focusing again on the charge density, the low molecular mass cationic
dextran indicates that a significant change occurs as the charge density is
increased. Above a critical charge density, the adsorbed mass becomes more
similar to the high molecular mass fraction. While changes in the charge
stoichiometry would similarly occur for both molecular mass factions, it
would appear that both partially lose access to the inner parts of the cell
wall. This is rather profound, especially considering the large difference
in the molecular mass. But as can be seen in Figure 25, the charge den-
sity can be sufficient to restrict the adsorption of even low molecular mass
polyelectrolytes to the outermost fiber surface.
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Figure 25: CLSM images and the corresponding intensity profiles for a fiber
cross-section depicting the adsorption of a cationic dextran having Mw=
1.0 · 104 Da and charge density: (a) ε = 0.29 meq/g, (b) ε = 0.56 meq/g and
(c) ε = 0.83 meq/g. Adsorptions were made in electrolyte-free conditions
at pH ∼7.2 (Article III).
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4.1.2 Effect of the Molecular Mass in Electrolyte-free Conditions

The molecular mass of a polyelectrolyte can be controlled during synthesis
in order to prepare chains varying in length. A distribution in the molecular
mass is unavoidable, as mentioned in Chapter 3.4, which has been shown to
complicate the interpretation of the adsorption behavior of uncharged poly-
mers (Cohen Stuart et al., 1991). Techniques such as ultrafiltration can be
used to separate out discrete molecular mass fractions, allowing for a more
rigorous analysis in which polydispersity effects can be minimized. This
approach has recently been applied to Articles II-IV to prepare polyelec-
trolytes with well-defined molecular properties. However, difficulties still
exist in decoupling the electrostatic and steric contributions to the molecu-
lar size, even for well-defined polyelectrolytes.
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Figure 26: Adsorption isotherms made in electrolyte-free conditions at
pH∼7.2 for various molecular mass fractions of: (a) highly charged
poly(AM-co-DADMAC) (Article II) and (b) low charge density cationic
dextran (Article III). The notation in the legend refers to Mw in kDa
and the charge density in meq/g. The adsorptions were made onto an un-
bleached kraft pulp having a total charge of 91 µeq/g.

The electrostatic nature of the polyelectrolyte inevitably dictates the
adsorption phenomenon, but that does not suggest that the molecular mass
of the polyelectrolyte does not influence the adsorption process. In fact
it clearly does, but its influence only becomes apparent when the electro-
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static contributions are not as dominant. This can be seen in the adsorption
isotherms presented in Figure 26, where each isotherm is plotted as the ad-
sorbed number of charges to account for differences in the charge density.
Above a critical molecular mass, the isotherms for the various molecular
mass fractions of poly(AM-co-DADMAC) fall onto a similar curve. This
presumably occurs as each fraction is restricted to the outermost fiber sur-
face due to the high charge density. Wågberg and Hägglund (2001) have
previously demonstrated that low molecular mass fractions of polyDAD-
MAC adsorb to a much greater amount, showing that this was related to
the polyelectrolyte having access to the internal fiber charges. A similar be-
havior was observed in the adsorption isotherms of the low molecular mass
poly(AM-co-DADMAC), which adsorbs in a much greater mass. However,
the molecular mass cannot be considered the sole reason for the increase
in adsorption, and it can be seen in Figure 26a that the poly(AM-co-
DADMAC) having a similarly low molecular mass but higher charge den-
sity, denoted as Copolymer D, did not adsorb in a greater mass. This
suggests that the importance of the molecular mass is only expressed at a
sufficiently low charge density. This fact is further corroborated by Figure
26b, which indicates that each molecular mass fraction of the low charge

density cationic dextran falls onto separate curves, with the lower molecu-
lar mass fractions adsorbing in greater amounts than the higher molecular
mass fractions.

The low charge density of the cationic dextran induces weaker inter- and
intra-chain Coulombic repulsions, leading to a completely unique adsorption
behavior. A simple comparison between the relative amounts of adsorbed
charges for each polyelectrolyte indicates that a reduction in Coulombic re-
pulsions allows the cationic dextran to adsorb in much greater amounts.
Although this is partially due to the cationic dextran adsorbing in a more
globular conformation with weaker lateral correlation effects between the ad-
sorbed chains, the increase in the adsorbed mass can primarily be attributed
to the cationic dextran having more access to the internal parts of the fiber.
This also demonstrates the implicit danger in trying to resolve whether a
polyelectrolyte adsorbs into the cell wall from adsorption isotherms. If one
considers that the low molecular mass poly(AM-co-DADMAC) adsorbs into
the cell wall due to its molecular mass, what then must that imply for the
cationic dextran where significantly more charges are adsorbed? A differ-
ence in charge stoichiometry between the polyelectrolytes would obviously
complicate this type of analysis, but it is still important to distinguish why
changes in the adsorbed amount occur. Fluorescent labeling can again be
used to give a clearer indication of how far the polyelectrolytes are pene-
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trating into the cell wall. It can be seen in Figure 27 that the general trends
for the adsorption of the cationic dextran (Figure 26b) correlate reasonably
well with the extent to which the cationic dextran penetrates into the cell
wall. This is not necessarily the case for the poly(AM-co-DADMAC), as
Figure 27d indicates that the poly(AM-co-DADMAC) still does not have
access to the entire cell wall. This allows for an interesting comparison
between the lowest molecular mass poly(AM-co-DADMAC) and the high-
est molecular mass cationic dextran, as both polyelectrolytes adsorb to the
same extent into the cell wall despite vast differences in their molecular
properties. Caution must therefore be taken is assessing the adsorption
behavior using only the molecular mass of a polyelectrolyte. The charge
density still governs much of the adsorption process.
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Figure 27: CLSM images and intensity profiles for the adsorption of cationic
dextran having a charge density ∼0.35 meq/g and molecular mass: (a) Mw=
2.0 · 106 Da, (b) Mw= 2.5 · 105 Da, (c) Mw=1.0 · 104 Da (Article III) and
(d) poly(AM-co-DADMAC) having Mw= 8 · 103 Da and a charge density of
3.34 meq/g (Article II). Adsorptions were made for 30 min at pH ∼7.2 in
electrolyte-free conditions.

4.1.3 Effect of the Electrolyte Concentration

The electrostatic interactions that dominate polyelectrolyte adsorption are
highly susceptible to changes in the electrolyte concentration. These in-
teractions consist of intra-chain repulsions between charged segments that
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dictate the molecular conformation, lateral correlation effects between ad-
sorbing chains (Dobrynin et al., 2001) and finally interactions between the
polyelectrolyte and fiber charges. The balance of these electrostatic inter-
actions governs the adsorption process, but will be upset by changes in
the electrolyte concentration. The charge density is a common factor be-
hind the individual electrostatic interactions, and the electrostatic balance
is therefore highly coupled. An analysis of the adsorption behavior is further
convoluted by the fact that the interactions counteract each other to some
extent. For example, increasing the electrolyte concentration promotes ad-
sorption by weakening the Coulombic repulsions both within and between
the polyelectrolyte chains, but the increase in the counter-ion concentration
ultimately reduces the driving force for adsorption. The presence of an elec-
trolyte therefore leads to a complex adsorption behavior. It was previously
shown in Chapter 4.1.1 that the adsorption behavior of high and low charge
density polyelectrolytes differs in electrolyte-free conditions, and it should
not come as a surprise that the electrolyte concentration also has a unique
effect on each type of polyelectrolyte. This can be seen in Figure 28.
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Figure 28: The effect of the electrolyte concentration on the saturation
adsorption of a high molecular mass cationic dextran and poly(AM-co-
DADMAC) (adapted from Articles II and III).
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The adsorption of highly charged polyelectrolytes has been suggested
to follow a 1:1 charge stoichiometry in electrolyte-free conditions (Wågberg
et al., 1987). The adsorption is relatively insensitive to low electrolyte
concentrations, which do not effectively screen the Coulombic repulsions
associated to the high charge density. However, these repulsions become
partially screened at moderate electrolyte concentrations and the poly(AM-
co-DADMAC) adsorbs in greater amounts. It is no coincidence that this
transition occurs at a similar electrolyte concentration at which the molecu-
lar conformation of the polyelectrolyte begins to collapse (see Figure 21a).
Increasing the electrolyte concentration leads to a further increase in the
adsorbed amount due to a more effective screening of the Coulombic re-
pulsions. van de Steeg et al. (1992) denoted this as a screening enhanced
region, showing that the adsorbed mass on a non-porous substrate depends
on a deviation from a 1:1 charge stoichiometry provided there is a non-ionic
contribution to adsorption. Netz and Joanny (1999) and Dobrynin et al.
(2001) later used scaling approaches to show that the screening enhanced
region occurs without the need for non-ionic interactions, as long as the lat-
eral correlation effects between polyelectrolyte chains are considered. This
reduction of the lateral correlation effect between adsorbed chains could
lead to a more efficient packing on the surface. The changes in the molec-
ular size associated with the increasing electrolyte concentration must now
be considered as cellulosic fibers are indeed porous. While a deviation from
a 1:1 charge stoichiometry might occur at high electrolyte concentrations
(Horvath, 2006), it cannot be ascertained from Figure 28 if the poly(AM-
co-DADMAC) also has access to more internal surface area. This question
cannot be answered from adsorption isotherms alone, and the CLSM images
presented in Figure 29 offer a qualitative view of the adsorption behavior
at high electrolyte concentrations.

Despite the molecular size being reduced in the so-called screening en-
hanced region, an electrostatic contribution still persists at electrolyte con-
centrations <10−1 M and remains sufficient in limiting the adsorption to
the outermost fiber surface. At 10−1 M, the Coulombic repulsions are ef-
fectively screened, but not removed, and the poly(AM-co-DADMAC) can
penetrate into the cell wall to a further extent. This may also be attributed
to the interactions with the fiber charges also being screened, which might
otherwise serve to fix the poly(AM-co-DADMAC) to the pore walls as the
driving force for adsorption still exists. Above 10−1 M the molecular size
cannot be reduced any further, and the additional electrolyte eventually
evens out the imbalance of counter-ions until the driving force for adsorp-
tion no longer exists in the absence of non-ionic interactions. Alternatively,
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Figure 29: Fluorescent CLSM images for the adsorption of poly(AM-co-
DADMAC) at various electrolyte concentrations: (a) 10−5M, (b) 10−3M,
(c) 10−2M and (d) 10−1M. The poly(AM-co-DADMAC) has Mw= 1.1 · 105

Da and a charge density of 3.37 meq/g. The adsorptions were made at
pH∼7.2 for 30 min (Article III).

the polyelectrolyte may sorb into the fiber wall due to partitioning effects.

The concept of size exclusion is a useful means of rationalizing whether
the polyelectrolyte penetrates into the cell wall. However, the changes in
the poly(AM-co-DADMAC) adsorption occurs at the fiber surface in the
screening enhanced region, making size exclusion somewhat irrelevant. In
fact, the increase in the adsorbed mass must be attributed to both a reduc-
tion in the molecular size and a reduction in the lateral correlation effects.
These principles are highly coupled, and it is difficult to assess the im-
portance of each from the adsorption of just the poly(AM-co-DADMAC).
However, the adsorption behavior of the cationic dextran offers some in-
sight. A screening enhanced region is not observed for the cationic dextran.
The low charge density creates weak Coulombic repulsions that lead to a
globular conformation and weak lateral correlation effects between chains.
Although the molecular size of the cationic dextran is also reduced as the
electrolyte concentration increases (see Figure 21b), a corresponding in-
crease in the adsorbed mass does not occur. This behavior was also noted
for other low charge density polyelectrolytes (Pelton, 1986; Shirazi et al.,
2003b). It might be suggested then that the lateral correlation effects be-
tween neighboring chains is in fact quite important, particularly for high
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charge density polyelectrolytes in the screening enhanced region. However,
this is somewhat speculative and more experimental results would be needed
to prove this.

The effect of adding electrolyte is not straightforward in regard to the
adsorption behavior of the cationic dextran. Although Figure 25 estab-
lished that low charge density polyelectrolytes can penetrate into the cell
wall, Figure 24 suggests that a high molecular mass cationic dextran is
likely restricted to the fiber exterior in electrolyte-free conditions. While
the cationic dextran becomes more globular at higher electrolyte concen-
trations, a relevant question is whether penetration into the cell wall can
occur if the cationic dextran does not exhibit an increase in the adsorbed
mass? The answer to this question is perplexing, as the deviation in the
charge stoichiometry cannot be known if the cationic dextran adsorbs into
the cell wall. Using the adsorbed mass as an indicator would suggest that
the cationic dextran does not penetrate into the cell wall, although the
concept of size exclusion would contradict that notion.
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Figure 30: CLSM images for the adsorption of a cationic dextran at various
electrolyte concentrations at pH ∼7.2 for 30 min. The cationic dextran had
Mw= 2 · 106 Da and a charge density of 0.35 meq/g (Article III).

The cationic dextran penetrates into the pores as the electrolyte con-
centration increases, as can be seen in Figure 30. This relationship is not
so simple. The cationic dextran penetrates into the cell wall at 10−3 M, but
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further increasing the electrolyte concentration no longer facilitates adsorp-
tion into the pores. Instead the adsorption again becomes restricted to the
fiber exterior. This is an effect of the relative importance of the driving force
compared to the molecular properties. This relation shifts above a certain
electrolyte concentration, such that the cationic dextran no longer adsorbs
into the pore structure. It is therefore necessary to rationalize the specific
electrostatic interactions that govern polyelectrolyte adsorption. The ex-
tent that the cationic dextran can adsorb into the fiber cell wall depends on
(1) molecular properties of the cationic dextran and (2) the driving force
needed to promote adsorption, which are both dependent on the electrolyte
concentration.

4.2 Kinetics of Adsorption

Whereas polyelectrolyte adsorption is often assumed to reach equilibrium,
the adsorption phenomenon is actually comprised of several kinetic pro-
cesses that occur on very different time scales. Adsorption can generally be
broken down into the following processes: (a) mass transport of the poly-
electrolyte from solution to the fiber surface, (b) an initial attachment to
the fiber surface, (c) a reconformation of the chain on the fiber surface and
(d) diffusion into the fiber bulk. While the kinetics at long time scales have
only been established recently, the individual processes have been shown to
contribute to the adsorption behavior at short time scales. This can be seen
in the isotherms presented in Figure 31.

Figure 31: Kinetics for the adsorption of high charge density
polyethyleneimine having Mw= 6 · 105 Da. The adsorptions were made at
pH 6 at a pulp consistency of 0.2% (Petlicki and van de Ven, 1994).
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When dosed in excess, the polyelectrolytes are quickly transported to
the fiber surface where the initial attachment occurs rapidly. As can be
seen in Figure 31, almost all of the adsorption occurs within the first 30 s.
The polyelectrolyte chains first adsorb similar to their solution conforma-
tion, and thereafter undergo a reconformation process in which the poly-
electrolyte adopts a flat conformation to maximize the interactions between
the chain and the surface (Cohen Stuart and Tamai, 1988; Wågberg et al.,
1988). A recent review reported that the reconformation times on cellulosic
fibers are on the order of 5 − 30 s, although a wide range of times have been
suggested (Enarsson, 2008).

The reconformation process is nevertheless important, and can be used
to explain the differences in the adsorbed amount associated with the isotherms
presented in Figure 31. At high dosages, a greater number of polyelectrolyte
chains have access to the fiber surface. The rate of transport to the fiber
surface is fast, allowing the chains to adsorb to available sites before the
neighboring chains can reconform. The adsorbed chains become kinetically
locked in a non-equilibrium conformation that requires less surface area,
such that the adsorbed mass is increased for higher dosages. This is re-
flected in the classical adsorption isotherm depicted in Figure 32, as the
adsorption kinetics manifest themselves in terms of a layer swelling that is
observed at high equilibrium concentrations.

Figure 32: An adsorption isotherm showing the principle of extrapolating
back to zero equilibrium concentration in order to determine the adsorbed
mass needed to saturate the fiber surface (Lindström, 1989).

An underlying assumption in polyelectrolyte adsorption is that equilib-
rium has been reached. In fact the adsorbed mass is plotted in Figure 32
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against an equilibrium concentration. In truth this assumption is not un-
reasonable, as it is clear from Figure 31 that a plateau in the adsorbed
mass occurs within 100 s. Tanaka et al. (1990) investigated the adsorption
process at longer times scales, concluding that a desorption/exchange pro-
cess between polyelectrolytes at equilibrium occurred from hours to days,
depending on the molecular mass of the polyelectrolytes. Although equi-
librium has been repeatedly assumed, thermodynamics and electrostatics
suggest that equilibrium should not be reached until the polyelectrolyte ad-
sorbs to eliminate the imbalance of counter-ions within the fiber wall. This
is not necessarily true for cationic polyelectrolytes adsorbing to cellulosic
fibers, and Figure 33 indicates that a diffusion process occurs on a time
scale much longer than usually considered for traditional adsorption mea-
surements. Similar to the adsorption process, the molecular properties of
the polyelectrolyte are expected to influence the diffusion into the cell wall.
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Figure 33: Kinetics for the adsorption of pDADMAC onto a bleached kraft
pulp. The adsorbed mass is presented as the saturation adsorption in both
deionized water and in 0.1 M NaHCO3 at pH 7.2. The pDADMAC had
Mw= 9.2 · 105 Da and was dosed at 5.3 mg/g (Article IV).

4.2.1 Diffusion Mechanism

In truth very little has been critically tested regarding the mechanism for
polyelectrolyte diffusion into an oppositely charged porous material. There-
fore, the diffusion of polymers in porous media serves as a useful introduc-
tion for investigating the behavior of polyelectrolytes. The original scaling
approach of de Gennes (1971) proposed that macromolecules move through
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disordered media via a reptation mechanism, where wriggling motions are
confined by the pore wall. In the absence of specific interactions with cel-
lulose, the native dextran does not physically adsorb to the pore wall. If a
reptation mechanism is considered, the native dextran would be expected
to simply diffuse from the outermost surface into the pore structure as a
propagating wave to even out the concentration gradient that exists between
the solution and the cell wall. This behavior has been tested by ”blocking”
the surface of the fiber with a pre-adsorbed layer of high molecular mass
cationic dextran, which has been shown in Chapter 4.1.1 to be restricted
to the fiber surface at short times. The layer of cationic dextran acts as
a localized concentration barrier at the outermost surface, eliminating any
driving force for Fickian diffusion. Figure 34 shows that this is indeed the
case, as the native dextran can no longer access the inner portion of the
cell wall. This also strengthens the hypothesis that the native dextran must
first have access to the outermost surface in order to reptate into the pores.

(a) (b)

Figure 34: Fluorescent CLSM images for the partitioning of low molecular
mass native dextran onto (a) an untreated unbleached kraft pulp and (b)
the same unbleached kraft pulp treated with a high molecular mass cationic
dextran. The adsorptions were made for 30 minutes in deionized water
adjusted to pH 7.2 (Article IV).

One could imagine that this mechanism is plausible for polyelectrolytes,
only that electrostatic interactions with the pore wall should also be con-
sidered. Kabanov et al. (1989) did just that, and first proposed that two
possible mechanisms could exist. The first mechanism assumed that the in-
teractions with the pore wall are strong enough to adsorb or fix the polyelec-
trolyte from diffusing further. The polyelectrolyte would therefore diffuse
through a previously adsorbed layer to the first available charge and be-
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come fixed. The second proposed mechanism that polyelectrolytes diffuse
through a so-called ”relay race” mechanism, in which the polyelectrolyte
diffuses between charges from the periphery into the pore structure. Thus
the first polyelectrolytes to reach the surface are driven into the bulk by
other chains also trying to access the surface. It was concluded the latter
mechanism existed for the diffusion of oppositely charged polyelectrolytes
in swollen polyelectrolyte gel networks, although it is not known if other
systems behave in a similar fashion.

Similar to what was shown in Figure 34b, the mechanism for polyelec-
trolyte adsorption can be investigated in the presence of a pre-adsorbed
polyelectrolyte layer, which acts to block the surface sites. If the so-called
relay race mechanism observed by Kabanov et al. (1989) holds true, one
would expect that a pre-adsorbed layer would be pushed further into the
cell wall by a second polyelectrolyte. The proposed mechanisms were tested
by using polyelectrolytes labeled with two distinguishable fluorescent tags,
such that the adsorption of each polyelectrolyte can be investigated sepa-
rately. The effects of a blocked surface on the diffusion of a low molecular
mass cationic dextran can be seen in Figure 35, where the pre-adsorbed layer
was labeled to fluoresce green and the second polyelectrolyte was labeled to
fluoresce red.

(a) (b) (c)

Figure 35: Fluorescent CLSM images for the diffusion of low molecular mass
cationic dextran, labeled to fluoresce red, after 30 minutes in deionized wa-
ter at pH ∼7.2 onto fibers pre-treated with various polyelectrolytes labeled
to fluoresce green: (a) low molecular mass cationic dextran, (b) high molec-
ular mass cationic dextran and (c) poly(AM-co-DADMAC) having a high
molecular mass and charge density (Article IV).

Unlike the partitioning of the low molecular mass native dextran, the low
molecular mass cationic dextran is able to diffuse through the pre-adsorbed
layer and into the pore structure. Already the importance of the driving
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force is apparent, which is rather substantial when considering the addi-
tional barrier caused by the pre-adsorbed layer. The pre-adsorbed layer
still serves as a high concentration barrier, which eliminates the Fickian
driving force needed for the diffusion of uncharged polymers. Therefore the
entropic driving force must be sufficient to overcome the concentration gra-
dient. Unlike for polymer diffusion, the pre-adsorbed layer also creates an
additional electrostatic barrier that would be expected to hinder polyelec-
trolyte diffusion. As was discussed in Chapter 4.1.1, polyelectrolytes strive
to compensate the accessible fiber charges. High charge density polyelec-
trolytes adsorb under electrolyte-free conditions to compensate the acces-
sible surface charges, and therefore would not lead to a significant electro-
static barrier. On the other hand, the low charge density cationic dextran
pre-adsorbed in Figure 35a and 35b have been shown to overcharge the
outermost surface. The adsorbing polyelectrolyte must also overcome the
similar cationic charge at the outermost surface.

Beside indicating that the relay race mechanism is not valid for poly-
electrolyte diffusion into cellulosic fibers, Figure 35 further supports the
first mechanism proposed by Kabanov et al. (1989). Although it is difficult
to determine if the diffusing polyelectrolyte becomes permanently fixed,
the pre-adsorbed layer does not penetrate further in to the cell wall dur-
ing the diffusion process. This assessment, however, is complicated by the
argument of whether the pre-adsorbed polyelectrolyte is fixed or just dif-
fusing slowly. This applied to Figure 35b and 35c, where the pre-adsorbed
polyelectrolytes are known to diffuse at a slower rate compared to the low
molecular mass cationic dextran due to their high molecular mass or charge
density. However, a clearer understanding can be found in Figure 35a, as
the same polyelectrolyte is used in the pre-adsorbed layer. It would be as-
sumed that a sharp boundary would not exist between the polyelectrolytes
if the pre-adsorbed layer was not fixed, due to the polyelectrolytes having
the same diffusion rate. Therefore the distinct boundary between the two
polyelectrolytes suggests that the pre-adsorb layer indeed remained fixed,
further supporting the first proposed mechanism.

4.2.2 Time Scale for Diffusion

The kinetics for polyelectrolyte diffusion is very much dependent on the
accessibility of the polyelectrolyte to the pore structure of the cell wall. In
order for diffusion to occur, the entropy gain from the release of counter-
ions in the fiber cell wall must overcome the entropic loss associated with
the polyelectrolyte conformation being confined in the pore volume. While
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polyelectrolytes have already been shown to penetrate into the cell wall, the
kinetics of the diffusion process is determined by the molecular properties
of the polyelectrolyte. In this respect, it would not be surprising that low
charge density polyelectrolytes penetrate into porous materials on a different
time scale than high charge density polyelectrolytes.

The diffusion of a poly(AM-co-DADMAC) at high electrolyte concentra-
tion can be seen in Figure 36. It was previously shown in Chapter 4.1.3 that
the adsorption of highly charged polyelectrolytes is generally restricted to
the outermost fiber surface at adsorption times of 30 min, even at high elec-
trolyte concentrations. Although this remains true at relatively long times,
∼24 days, the poly(AM-co-DADMAC) eventually starts to penetrate into
the cell wall towards the fiber lumen. When one considers that polyelec-
trolyte adsorption is typically studied on the order of hours, it becomes
readily apparent that the effects of the diffusion process were easy to miss.

(a) 7 days (b) 24 days (c) 59 days (d) 96 days
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Figure 36: Fluorescent CLSM images showing the adsorption behavior of a
poly(AM-co-DADMAC) having Mw= 1.1 · 105 Da and a charge density of
3.37 meq/g. Adsorption measurements were made in 10−1M NaHCO3 at
pH ∼7.2 onto an unbleached kraft pulp (Article IV).

The slow diffusion process is a consequence of the high charge density,
which is expected to have several influences. Regarding only the molecular
properties, highly charged polyelectrolytes are less flexible, seen as large
electrostatic contribution to the persistence length, and typically take a
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more extended conformation. While this reasoning is plausible at low elec-
trolyte concentrations, the electrostatic contribution is no longer dominant
at high electrolyte concentrations. Therefore the molecular properties alone
cannot explain the images in Figure 36, as 10−1M is sufficient to screen the
Coulombic repulsions within the chain. In fact it should be more likely that
the electrostatic interactions with the pore wall should limit the diffusion
process. At high electrolyte concentrations the polyelectrolyte must still
enter the small pores, where the distance from the pore wall is similar to
the Debye length. The interactions with the fiber charges would then not
be screened, allowing the polyelectrolyte to become fixed to the pore wall.
As the molecular properties of the polyelectrolyte and the interactions with
the fiber charges influence the diffusion process, low charge density poly-
electrolytes would be expected to diffuse on a much faster time scale. This
is indeed the case, and Figure 37 shows that the diffusion process for low
charge density polyelectrolytes occurs on the order of hours even at low
electrolyte concentrations. To say the least, this is a dramatic difference.
Considering the time scales for traditional adsorption measurements, it is
quite possible that the diffusion process is incorporated into the swelling ob-
served in the traditional adsorption isotherms seen presented in Figure 32.

(a) 30 min (b) 60 min (c) 120 min (d) 240 min
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Figure 37: CLSM images for the diffusion of a cationic dextran in 10−5M
NaHCO3 as a function of time. The cationic dextran had Mw= 5 · 105 Da
and a charge density of 0.53 meq/g and was adsorbed onto an unbleached
kraft fibers at pH ∼7.2 (Article IV).
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4.2.3 Quantifying Diffusion

One benefit of fluorescent labeling techniques is that the intensity profile
from the polyelectrolyte can be used to determine the extent of penetration
into the cell wall. This offers a convenient method for quantifying the dif-
fusion process. An analytic expression for the concentration profile in the
cellulosic fibers can be obtained by modeling the process as one-dimensional
unsteady diffusion. As the labeled polyelectrolytes are not initially present
inside the fiber cell wall, the conditions c(x, t = 0) = co for x = 0 and
c(x, t = 0) = 0 for x > 0 can be applied. Taking into account that the
fluorescent intensity I is proportional to the concentration of the polyelec-
trolyte, c(x, t), the solution to the diffusion problem can thus be written as
(Nazaran et al., 2007):

I(x, t)

Io

= erfc

(
x√

2〈∆x2〉

)
(8)

where Io is the intensity on the fiber surface, x is the spatial coordinate
through the fiber cell wall and 〈∆x2〉 is the mean square displacement. A
value for 〈∆x2〉 can therefore be obtained by fitting Equation 8 to the in-
tensity profile for a particular CLSM image, which can be seen in Figure 38.
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Figure 38: Fluorescent intensity profiles for the diffusion of a poly(AM-co-
DADMAC) having Mw= 1.1 · 105 Da and a charge density of 3.37 meq/g.
The adsorptions were made in 10−1M NaHCO3 for 7 days and 108 days.
The profiles have been normalized to the intensity at the fiber surface and
the lines correspond to fits made using Equation 8 (Article IV).
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Defining an exact diffusion length is of course difficult, as the concentra-
tion profile of the polyelectrolyte decays within the cell wall. Although the
electrostatic nature of polyelectrolyte diffusion makes pure Fickian diffusion
unlikely, the analytic solution to the unsteady diffusion equation nonethe-
less provides an accurate description of the concentration profile in the cell
wall. Values for 〈∆x2〉 can thus be obtained at different times in order to
quantify the kinetics of the diffusion process, which is presented in Figure 39
for a highly charged poly(AM-co-DADMAC).
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Figure 39: The mean square displacement as a function of time for the dif-
fusion by a poly(AM-co-DADMAC) having Mw= 1.1 · 105 Da and a charge
density of 3.37 meq/g. The adsorption measurements were made on an un-
bleached kraft pulp at pH ∼7.2 in several electrolyte concentrations (Arti-
cle IV).

The charge gradient in the cell wall causes the polyelectrolyte to move
into the fiber bulk, although the diffusion is expected to be hindered by
steric and electrostatic forces between the polyelectrolyte and the pore wall.
Therefore it is not surprising that the diffusion process is clearly influenced
by the electrolyte concentration. Quantifying the rate of diffusion is aided
by the fact that the diffusion process is rather steady. An effective diffusion
coefficient, Deff , can be determined from the mean square displacement
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using the simple relationship:

〈∆x2〉 = (2Deff )t (9)

Compared to the diffusion of simple molecules, macromolecular diffusion
has been shown to follow a complex reptation mechanism (de Gennes, 1971;
Doi and Edwards, 1978a,b,c). For polyelectrolyte diffusion into cellulosic
fibers, the diffusing chain can be described as sliding or reptating through
a tube whose contours are defined by the pore walls. However, the chain
is also expected to electrostatically interact with the pore walls and hinder
any movement. Therefore the diffusion coefficient calculated in Equation 9
is considered as an effective measure, but it is an acceptable measure that
can be correlated to the molecular properties of the polyelectrolyte.

4.2.4 Correlating Diffusion to Molecular Properties

The lack of knowledge surrounding the distribution of pore sizes in the cell
wall and the interaction of the polyelectrolyte with the pore walls make a
reptation model difficult to apply to polyelectrolyte diffusion into cellulosic
fibers. Although it is plausible that a reptation-like mechanism indeed oc-
curs, it is more reasonable to apply simpler models that account for the
molecular properties of the polyelectrolyte. Chapter 3.2 demonstrated that
the persistence length (LP ) can be used an as accurate depiction of the
molecular properties of a polyelectrolyte over a range of electrolyte concen-
trations. Although LP does not account for the molecular mass, Figure 40
demonstrates that LP can be used to describe the diffusion of several dis-
tinctly different polyelectrolytes over a range of electrolyte concentration.

The flexibility of the polyelectrolyte chain has a great influence on the
diffusion process, causing stiff polyelectrolytes to diffuse extremely slow.
This result agrees with what has been shown for the diffusion of semirigid
polymers if LP is comparable or larger than the pore size (Langley et al.,
1993). Once the chain becomes sufficiently flexible, either at a lower charge
density or higher electrolyte concentration, the diffusion process occurs sig-
nificantly faster. It is clear that the lower charge density cationic dextran
diffuses much faster that the poly(AM-co-DADMAC), and the diffusion
coefficient is several orders of magnitude higher. However, the transition
in the diffusion coefficient caused by the electrolyte concentration is most
evident for Copolymer 1. The persistence length is significantly reduced
from ∼100 to ∼7 as the electrolyte concentration increases from 10−5M to
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Figure 40: The effect of the persistence length on the effective diffusion
coefficient for several polyelectrolytes. Measurements were made in various
electrolyte concentrations at pH 7.2 during a period of 30 min to 96 days
(Article IV).

10−2M. However, LP still exceeds the critical value and the chain stiffness
continues to limit the diffusion process. Further increasing the electrolyte
concentration to 10−1M only reduces LP slightly, but this change is enough
to allow the chain to diffuse significantly faster. The interaction with the
pore walls is also reduced, which also will allow for faster diffusion. In this
respect, the electrolyte concentration has a twofold importance for increas-
ing the polyelectrolyte diffusion as long as there still is an entropy gain for
polyelectrolyte adsorption.

Although it is not surprising that the electrostatic contribution to the
molecular conformation dominates the diffusion process, steric interactions
occur with the confining pore that slow down the diffusion process. There-
fore, further restrictions to the diffusion process should occur when the
length of the diffusing polyelectrolyte becomes on the order of the pore
length. These steric effects are not evident in Figure 40, as the persis-
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tence length is a measure of flexibility rather than the overall size. In order
to account for the overall length of the polyelectrolyte chain, LP can be
scaled by the contour length (LC) of the polyelectrolyte to account for dif-
ferences in the molecular mass. Figure 41 indicates that the importance of
the molecular mass is observed when the diffusion coefficient is replotted
against LP /LC .
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Figure 41: The effective diffusion coefficient for various polyelectrolytes as
a function of the persistence length scaled by the contour length (Article
IV).

Steric effects due to the molecular mass are negligible for the diffusion
of stiff molecules, presumably as the large persistence length restricts the
wriggling motion within the confinement of the pore structure. More flexible
chains are able to move more freely within the pores, such that they diffuse
at a faster rate. Steric effects become predominant as the overall length of
the chain restricts the motion in the bends of the tortuous pores in the cell
wall. The diffusion coefficient is therefore lower for the higher molecular
mass cationic dextran, which agrees with classic reptation theory. However,
the flexibility of the diffusing chain has the overall largest influence on the
diffusion process.
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5 Paper as a Network Material

Although it clearly is a network material, paper has traditionally been mod-
eled as a continuum. While this is convenient for describing the mechanical
behavior of paper in engineering terms, it is difficult to infer the underlying
physics and mechanics of the paper network. New approaches are being
developed to describe the mechanical properties of paper through network
models (Heyden, 2000), which consider the mechanical properties of both
the individual fibers and the fiber joints. This is a novel concept, as the
physical and chemical changes that fibers undergo can eventually be re-
lated to the final paper properties. It is therefore important to review the
mechanical behavior of both the fibers and the fiber joints.

The role that the individual fibers play in developing the mechanical
properties of paper is often overshadowed by the importance of fiber bond-
ing. This is somewhat of a misconception that can be traced back to the
Page (1969) theory for the tensile strength of paper. While it is correct
that the tensile strength of paper is in fact determined by the efficiency of
the fiber joints (Davison, 1972), the modulus of paper actually approaches
the modulus of the cellulosic fibers for very efficient fiber joints (Page et al.,
1979; Page and Seth, 1980a,b). A similar issue has developed over the
mechano-sorptive creep of paper, which has been shown to occur both in
the fibers (Olsson et al., 2007) and the fiber joints (Alfthan et al., 2002).
Thus the role of the individual fibers and the fiber joints is not easily es-
tablished, and both likely play a role in the mechanical behavior of paper.
This will further be considered in Chapters 5.3 and 5.4 for the tensile and
fracture behavior of paper.

5.1 Fiber Properties

The inherent heterogeneities between individual cellulosic fibers complicate
any discussion on fiber properties. Testing methods developed for single
fibers are generally tedious, as the small dimensions and forces make accu-
rate measurements difficult. The heterogeneous nature of cellulosic fibers
also requires measurements on a large number of fibers, which is time con-
suming. Thus the literature does not contain a large amount of experimental
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data for single fibers. The subsequent sections therefore only give a brief
introduction to the relevant topics affecting the fiber properties.

5.1.1 Fiber Strength

The S2 layer represents a majority of the cell wall, and its properties also
have a profound effect on the mechanical properties. The most classical
example of this can be seen in the fibril angle, which was stated in Chapter
2.1 to generally be between 5− 50o. From pure geometrical considerations,
the fibril angle affects the uniaxial strength of the fiber, which can be seen
in Figure 42 in terms of the elastic modulus of single kraft fibers prepared
from black spruce.

Figure 42: Effect of the fibril angle on the elastic modulus of single fibers.
The data refers to measurements made by Page et al. (1979) and the curve
is calculated from a model presented by Salmén (1986).

A pronounced decrease in the elastic modulus occurs at high fibril angles.
It should, however, be kept in mind that the fibril angle changes within
a growth ring in a tree (Donaldson, 1998), and paper will invariably be
composed from cellulosic fibers that have a range in mechanical properties.
The variability of the individual fiber properties also leads to significant
scatter, which may also be attributed to the delicate nature and sensitivity
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of single fiber testing. This has led to the development of zero-span testing
(Cowan and Balint, 1999) to describe the strength of single fibers. However,
the zero-span method does not measure the individual fiber properties as
many fibers are contained in the region of the span.

(a) (b)

(c)

Figure 43: Common fiber defects affecting the strength of single fibers: (a)
twisting and collapse, (b) micro-compressions and (c) delamination of the
cell wall (Mark, 2002).

The pulping process inherently changes the fiber structure, often making
cellulosic fibers more flexible and allowing them to collapse during consol-
idation and drying. Dislocations in the fiber cell wall give rise to kinks
and micro-compressions, while other irregularities can lead to twisting and
delamination of the cell wall, which can be seen in Figure 43. Page and
El-Hosseiny (1974) noted that failure tended to occur within these defects,
which greatly reduced the individual fiber strength. However, the effect of
these defects may be positive for the paper properties. Kinks, for example,
are known to increase the strength of sack paper while the other defects can
increase the ductility (Hartler, 1995; Sjöberg and Höglund, 2005). Refining
operations can also be used to enhance or create new defects, although this
will not be treated further. Defects and dislocations also make the fiber
more flexible (Paavalainen, 1993), which improves joint formation.
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5.1.2 Effect of Moisture Content

The physical and mechanical properties of cellulosic fibers are highly influ-
enced by the moisture content. Dried cellulosic fibers are hygroscopic, such
that the relative humidity affects the moisture content within the fiber.
Sorption continues until equilibrium is reached, although the moisture con-
tent ultimately depends on how equilibrium is reached, i.e. adsorbing or
desorbing water. A hysteresis therefore exists that depends on the chemical
composition of the fiber (Cousins, 1976, 1978), the drying history (Eklund
and Lindström, 1991) and the pores structure of the cell wall. The hys-
teresis, seen in Figure 44, causes fibers to have a higher moisture content
at a certain relative humidity during desorption than during adsorption.
Although the first desorption is irreversible, subsequent relative humidity
cycles are more reversible.

Figure 44: Sorption hysteresis of a fiber over several relative humidity cycles
(Eklund and Lindström, 1991).

Two explanations can be used to describe the hysteresis of moisture
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sorption. Hydrogen bonds have been proposed to form during the initial
drying process, and these bonds are sufficiently strong to resist the swelling
forces created during adsorption. Therefore there are less active hydroxyl
groups and less moisture is adsorbed in successive cycles, leading to an in-
complete rehydration that causes the subsequent desorption to differ. This
process can also be described by capillary condensation in the fiber pores,
a so-called ink-bottle effect. A water layer formed in the pores during ad-
sorption will not desorb at the same partial pressure if the pore radius is
greater than the neck of the pore. Although this ink-bottle effect explains
the differences in the moisture content between adsorption and desorption,
this concept makes assumptions on the pore geometry that have not been
verified. Nevertheless, the ink-bottle effect provides a good explanation to
moisture sorption.

On a molecular level, moisture is adsorbed to different components in
the cellulosic fibers at different rates. The residual lignin has a lower disper-
sive energy than cellulose (Wågberg and Annergren, 1997). The lignin can
also be less polar depending on the delignification method, consequently
exhibiting a lower interaction with moisture. Hemicelluloses are quite hy-
drophilic, and their amorphous structure allows them to adsorb relatively
high amounts of water. Cellulose is of course the main component, although
both crystalline and amorphous regions exist. Crystalline cellulose has a
high dispersive surface energy and also a considerable polar contribution to
the total surface energy (Wågberg and Annergren, 1997), but water can-
not penetrate the tightly bound crystal structure and only adsorbs to the
surface of the crystalline regions. Water can penetrate into the amorphous
regions, and the quantity of adsorbed water is generally determined by the
degree of crystallinity.

Dimensional changes in cellulosic fibers consequently occur with the ad-
sorption of water. The crystalline regions are oriented with the fiber axis
and have high aspect ratios, i.e. longer than they are wide. The water
adsorbed to the surface of the crystalline regions therefore leads to greater
swelling in the radial direction than in the the length direction. While these
structural changes within the fiber are expected to influence the mechanical
properties, the fibers also become less rigid due to a softening effect that
also occurs with water adsorption. The adsorbed water is thought to dis-
rupt the hydrogen bonds between cellulose chains, removing the restraint
for deformation in the amorphous region. The water is also thought to lu-
bricate the fibrils, allowing them to slip past each other to redistribute an
applied stress more evenly. This softening behavior results in a lower elastic
modulus and greater strain at a given load (Kersavage, 1973). The moisture
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also affects the torsional rigidity of the fiber, which can be seen in Figure 45
to be reduced by more than 50% as the moisture content increases. Cousins
(1978) proposed that softening of the hemicelluloses also contributes to the
overall softening behavior.

Figure 45: The influence of the moisture content on the torsional stiffness
of a kraft fiber. (Adapted from Kolseth, 1983).

5.1.3 Modifying Fiber Properties

Much of the efforts made to modify cellulosic fibers stems from attempts
to improve the efficiency of the fiber joints. Perhaps it is not surprising, as
the fiber properties only influence the tensile strength when the paper has
strong fiber joints. Therefore mechanical and chemical treatments made
on cellulosic fibers typically focus on improving the joint strength. The
refining process is one such example. Although the mechanical treatment
reduces the strength of the individual fibers, refining is still a staple of the
paper industry as it improves the fiber joints. Creep, on the other hand,
has been shown to partially occur in the fiber cell wall, and the properties
of the fibers may very well play a large role in other paper properties such
as fracture toughness and dimensional stability. A conundrum thus exists
for how to improve both the mechanical properties of the fiber joints and
the fibers themselves.

Advances in the field of paper chemistry have been used to further im-
prove the fiber joints, and Lindström et al. (2005) recently made a thorough
review of current chemical techniques that demonstrate this fact. However,
there is a lack of experimental results showing how chemical modifications
affect the properties of the individual fibers. There are two primary factors
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5.2 Fiber Joints

The fiber contacts needed for sheet formation are first developed in the
wet-end of a paper machine, through collisions between fibers in the flowing
pulp suspension. The interaction between fibers before the forming sec-
tion can lead to efficient fiber contacts that result in the formation of fiber
flocs. Once formed, these flocs can be difficult to disperse and ultimately
lead to poor sheet formation. This creates a tricky situation for the pa-
permaker, as the same fiber contact that leads to undesired floc formation
later becomes important for sheet formation. A brief aside shall therefore
be given regarding the knowledge surrounding the forces responsible for floc
formation, which are illustrated in Figure 47.

(a) Mechanical linking (b) Elastic fiber bending

-
+

-
+

(c) Colloidal interactions

Figure 47: Forces acting on fiber flocculation (Kerekes et al., 1985).

Mechanical linking is a classic approach for describing floc formation,
where the kinks, curl and fibrils of the fibers cause entanglements upon
collision (Mason, 1954). The forces associated with mechanical linking pri-
marily depend on the fiber geometry and surface characteristics. Elastic
fiber bending, shown in Figure 47b, results from fibers coming into contact
in a strained position. Normal forces are thereby transferred into the fiber
network, which increase the frictional forces that constrain the fibers from
sliding (Meyer and Wahren, 1964). Although the number of fiber contacts
strongly influences fiber bending, the frictional properties of the fiber surface
also contribute to the mechanism. Kerekes et al. (1985) further concluded
that mechanical linking and elastic fiber bending are more important at
higher fiber consistencies, as fibers should have at least three contacts for
floc formation.

Colloidal forces occurring between fibers become more pronounced at
lower fiber consistencies. The interaction between untreated cellulosic fibers
is a combination of long range attractive van der Waals forces and short
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range Coulombic repulsions, which occur due to the fibers having a similar
anionic charge. The DLVO-theory (Derjaguin and Landau, 1941; Verwey
and Overbeek, 1948) can be used for describing the colloidal interactions
between two approaching fibers. Due to the fiber charge, a diffuse electric
double layer is formed at the fiber surface from counter-ions present in
solution. The thickness of the double layer, denoted as the Debye length
(Equation 4) , depends on the concentration and valency of these counter-
ions.

Coulombic repulsions occur between approaching fibers when the sepa-
ration distance is less than the Debye length, for which it is important to re-
alize depends only on the properties of the liquid. Increasing the electrolyte
concentration thereby allows the fibers to come closer during approach,
which will improve the fiber contact during consolidation (Wågberg and
Annergren, 1997). This was demonstrated for carboxymethylated rayon
fibers, where the overall sheet strength increases from a better fiber contact
despite the high electrolyte concentration leading to weaker fiber joints by
reducing fiber swelling (Torgnysdotter and Wågberg, 2004).

Steric and hydration forces are also important at short distances, which
is often the case when a macromolecule is adsorbed to the fiber surface.
Polymers have been shown to adopt a dense conformation on the surface
that introduces steric repulsion (Napper, 1983). Both steric and electro-
static interactions, referred to as an electrosteric force, are inherent for
adsorbed polyelectrolytes. This phenomenon affects floc formation, and
wet-end chemicals have been shown to alter the the molecular contact in
the fiber contact zone (Swerin and Ödberg, 1997).

5.2.1 Consolidation

The colloidal forces that affect floc formation play a much larger role during
consolidation of a wet paper network. A meniscus forms between fibers
during water removal during pressing and drying operations. This gives
rise to capillary forces that along with van der Waals forces attract the
fibers into molecular contact. The capillary forces give rise to a pressure in
the water meniscus, which can be written in terms of the Laplace equation:

�P =
2γcos(θ)

r
(10)
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where ∆P is the pressure difference between the meniscus and the sur-
rounding air, r is the capillary radius, γ is the surface energy of water and
θ is the contact angle between water and the cellulosic fiber.

When the distance between fibers becomes sufficiently short, the electro-
static and steric colloidal forces counter-act the capillary and van der Waals
forces. However, the capillary radius is reduced by continual water removal,
effectively increasing the capillary forces until they dominate the consoli-
dation process. Furthermore, the wet fiber wall possesses a low transverse
modulus, reported to be on the order of 1 MPa (Scallan and Tigerström,
1992), which causes the fibers to deform from the capillary pressure, as illus-
trated in Figure 48. The local deformation is considerable, and Lindström
et al. (2005) have calculated that the local deformation can easily reach
approximately 1-10%.

� �

� �

� �

� �

� 	

�
Figure 48: Illustration of fiber wall deformation caused by capillary pressure
in the water meniscus in the fiber contact zone. The local deformation, ε,
can be calculated using E, the transverse modulus of the wet fiber (Lind-
ström et al., 2005).
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5.2.2 Bonded Area vs. Molecular Contact

A rather large debate is currently on-going over the bonded area contained
within a fiber joint, and unfortunately there is no clear answer. From pure
geometrical considerations, the contact area between two fibers is approxi-
mately 2000 µm2. However, Figure 49 illustrates that the area of molecular
contact is much less due to the rough fibrilar surface. It currently is uncer-
tain how much of the contact zone can be considered as being in molecular
contact.

� 	
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Figure 49: Cartoon representing a microscope image showing the degree of
molecular contact within the total contact area of a fiber joint (Torgnysdot-
ter, 2006).

Page et al. (1962) used polarized light microscopy to show that the
molecular contact area constitutes 22–75% of the optically bonded contact
area for a bleached spruce sulphite pulp. Jayme and Hunger (1961) con-
cluded from electron micrographs of broken fiber joints that the molecular
contact area, as measured from loosened fibrils, only constituted 10–20%
of the optical contact area. Earlier measurements also made using electron
microscopy found that the molecular contact area for Norway spruce kraft
pulp fibers was as large as 100 µm2 (Asunmaa and Steenberg, 1958). The
lack of agreement between these values is evident, and has been attributed
to the difficult sample preparation and data collection methodology (Thom-
son, 2007).

Indirect light scattering measurements of paper is more commonly ap-
plied to detect the relative bonded area in paper (Ingmanson and Thode,
1959). In fact, Page (1969) incorporated the relative bonded area into his
equation for calculating the tensile strength of paper. These measurements
were based on the earlier work of Haselton (1953), which showed a correla-
tion between nitrogen adsorption and light scattering. However, there are a
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number of concerns with the fundamentals of both nitrogen adsorption (Di-
etrich, 1970) and light scattering measurements. For example, small-angle
X-ray scattering of paper has also been shown to correlate to light scatter-
ing (Caulfield, 1973), although the values of the specific surface area were
vastly different. It has also been argued that the wavelength of light is much
too large to detect the dimensions of relevance for interactions between the
fibers (Lindström et al., 2005). In truth, it is difficult to conclude if any
of the mentioned techniques are more or less appropriate for measuring the
area of molecular contact. Each measurement technique may very well be
valid for only one set of fibers and hard to transfer to others. Torgnysdotter
(2006) recently reported that the molecular contact area and the number of
nodes in contact are highly dependent on the fiber charge, as seen in Fig-
ure 50. Moreover, the number of contact nodes was found to decrease as the
degree of contact increase. Thus it appears that there is no simple answer
for determining a suitable technique for measuring the true contact area.
However, more recent results have indicated that BET analysis of nitrogen
(Eriksson et al., 2006) and krypton adsorption (Duker and Lindström, 2008)
might be better suited for measuring the bonded area.
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Figure 50: The degree of molecular contact and number of nodes of contact
within the total contact area for rayon fibers having different charge. The
effect of two polyelectrolytes on the highest charged fiber is also presented
(Torgnysdotter, 2006).

5.2.3 Joint Strength

A number of physical and chemical interactions occur in the contact area
that develop the joint strength. While it can be agreed that the joint

74



Chemical Methods for Improving the Fracture Toughness of Paper

strength is often related to paper strength, no clear understanding exists of
which interactions are more or less important. Therefore a brief description
will be given of several of the more prominent interactions, which are shown
in Figure 51.

�

�

�

� �

� �

Figure 51: Schematic depictions of the various types of interactions that
determine the specific joint strength in the contact zone between the fibers
(Lindström et al., 2005).

Whereas roughness is classically known to reduce the molecular adhe-
sion between smooth surfaces (Kendall, 2001; Israelachvili, 2005), adhesion
hysteresis occurs for cellulosic fibers as the soft viscoelastic fiber surface can
deform under an applied load. In this case the surface roughness creates
an interlocking mechanism that increases the adhesion and helps the fiber
to resist shear forces. Clark (1985) proposed that entanglements of fibrils
extend from the fiber surface, suggesting that molecular contact would not
necessarily be needed for interlocking to contribute to the joint strength.

Hydrogen bonding, ionic interactions and van der Waals forces are sev-
eral molecular interactions described as promoting the adhesion in fiber
joints. Of the three, hydrogen bonding has been given the most attention
due to the high concentration of hydroxyl groups contained in the carbo-
hydrates at the fiber surface. This eventually led to the development of
a model to describe how the elastic modulus of the paper was affected by
hydrogen bonding in the fiber joint (Nissan, 1962; Nissan and Sternstein,
1962). McKenzie and Higgins (1967) later demonstrated the effect of hy-
drogen bonding by showing that the strength of sheets decreased when the
degree of acetylation was increased. However, hydrogen bonds occur over a
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distance of ∼3 Å (Steiner, 2002; Parthasarathi et al., 2006). Although the
capillary forces may deform the soft fiber surface into molecular contact,
it is hard to imagine that hydrogen bonding is the main contribution to
the joint strength when the surface roughness and the separation between
fibers is considered. Hydrogen bonding theory is further limited by a lack
of quantitative measurements and co-operative theories.

While hydrogen bonding theories break down at short distance, van der
Waals interactions are known to be non-specific and long range. van der
Waals forces occur as a result from three separate interactions: London
forces between two instantaneously induced dipoles, Keesom forces between
two permanent dipoles and Debye forces between a permanent dipole and
an induced dipole. Although these individual forces occur for molecules
separated by less that 1 nm, macroscopic bodies such as cellulosic fibers
can be treated as a continuum, such that a cooperative interaction occurs
at longer distances (Tabor, 1969; Bergstrom, 1997). Notley et al. (2004)
recently found that van der Waals forces are significant between cellulose
surfaces at distances up to 40 nm provided the electrostatic interactions are
negligible, which is true at low pH or high electrolyte concentrations. De-
bye forces, contribute to the joint strength, although care should be taken
to separate the bulk fiber properties from interactions at the fiber surface
(Laine et al., 1997). Laine et al. (2002) circumvented this problem by us-
ing high molecular weight carboxymethylcellulose to selectively increase the
surface charge. The relative bonded area, as measured by light scattering,
remained constant as the fiber swelling is not influence by the surface charge.
An increase in the tensile strength was concluded to correlate to an increase
in the specific bond strength. Similar results have been observed on single
fiber crosses (Stratton and Colson, 1990; Torgnysdotter, 2006), supporting
the notion that electrostatic interactions are important on the molecular
level.

5.2.4 Interdiffusion of Polyelectrolyte Layers

Polyelectrolytes offer the possibility to expand the property space of paper
by additionally contributing to the molecular adhesion in the fiber joint.
An additional adhesion is believed to be caused by the interdiffusion of
polyelectrolyte chains across the molecular interface, effectively increasing
the molecular contact area and the van der Waals forces. This mechanism
has even been suggested to occur for cellulosic fibers in the absence of a
polyelectrolyte layer, by which molecules from the fiber surface migrates
across the interface to an adjacent fiber surface (McKenzie, 1984). Similar
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theories have been proposed for polymer adhesion, where polymer diffusion
(Voyutskii, 1963) and interdigitation (Luengo et al., 1998) have both been
considered. This process, shown in Figure 52, is expected to depend on the
self-diffusion and molecular mass of the chain, the contact time, pressure,
temperature, and layer thickness.
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Figure 52: Schematic representation of how polymer molecules might mi-
grate across the molecular interface to influence adhesion (Adapted from
(Luengo et al., 1998)).

The interdiffusion mechanism has also been applied to fiber joints by
comparing paper made from cellulosic fibers treated with compatible and
incompatible polyelectrolytes. Pelton et al. (2000) adjusted the compati-
bility of cationic dextran by adding a hydrophonic substituent, and paper
was made by varying the percentage of fibers saturated with each poly-
electrolyte. The results were interpreted in terms of either a good mixing,
i.e. polyelectrolyte interdiffusion, or a phase separation when the polyelec-
trolytes were incompatible with each other. Pelton (2004) later suggested
that more hydrophilic molecules would exhibit better mixing through in-
terdiffusion. A similar phenomenon was also observed for multilayers of
polyallylamine hydrochloride (PAH) and polyacrylic acid (PAA), where it
was concluded that the outermost polyelectrolyte layer contributed greatly
to the tensile strength of paper (Eriksson et al., 2005). However, it was
found that having a more hydrophobic polyelectrolyte in the outer layer led
to stronger paper.
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5.3 Tensile Behavior of Paper

Tensile strength is probably the most commonly measured mechanical prop-
erty of paper. Paper is subjected to relatively high tension in both paper-
making and converting, so there should be no doubt as to its importance.
Understanding the development of tensile strength in paper has therefore
received considerable attention. This is a challenging task, as the tensile
strength of paper is dependent on the sheet formation, the distribution of
residual stresses created during drying, the fiber joint properties and the
fiber properties. Sheet formation has a strong and well-known effect on
strength (Hallgren and Lindström, 1989; Horn and Linhart, 1991; Norman,
1965), such that poor formation reduces the tensile strength. The stress
development during drying is also important because it influences the ma-
terial properties of the paper (Östlund, 2005). The tensile properties of
restrain-dried paper are therefore different from freely-dried paper. Per-
haps the biggest contribution of the papermaking process to the tensile
properties is the anisotropy that exists within machine-made paper, shown
in Figure 53. Fibers are strongly aligned in the machine direction (MD)
of paper, such that the tensile properties in the cross-direction (CD) are
substantially different.

Figure 53: Stress strain curves for paper taken in the machine-direction
(MD) and cross-direction (CD) (Bronkhorst and Bennett, 2002).

From a network perspective, it has become clear that the fiber joint
strength limits the tensile strength of paper. Stratton and Colson (1993)
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determined that the fiber joint strength correlated to the failure in the
contact zone. Whereas weak fiber joints fail at the interface between fibers,
the failure of strong fiber joints causes a transfer of fibrils between the fiber
surfaces. The strongest fiber joints create a cohesive failure in the fiber cell
wall, which leads to a substantial tearing of the S1 layer. Thus the strength
of the fibers is not efficiently utilized unless the fiber joints are sufficiently
strong. Attempts have been made to apply this concept to the stress-strain
curve obtained from tensile testing, seen in Figure 54.

Figure 54: A typical stress-strain curve for paper (Bronkhorst and Bennett,
2002).

The typical stress-strain curve for paper consists of an elastic region
and a plastic region. Nordman (1958) first offered that the elastic behavior
of paper is attributed to the fiber properties, while the plastic behavior
was determined by rupture of the fiber joints. This interpretation has since
been debated, as stress-strain curves from single fibers show similar behavior
to paper (Seth and Page, 1983). It has also been argued that the stress-
strain behavior of paper is controlled by the elastic-plastic nature of the
fibers, and rupture of the joints is controlled by the fiber deformation (Page,
2002). Thus it has not been fully established how the fibers and fiber joints
contribute to the stress-strain curve of paper, although several models have
been proposed to describe the tensile behavior of paper.
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5.3.1 Effect of Moisture

Considering that the mechanical and physical properties of cellulosic fibers
are highly influenced by moisture, it should come as no surprise that the
tensile strength of paper is likewise influenced by the moisture content.
This effect can be seen in Figure 55 for a kraft liner. Moisture makes the
individual fibers more compliant, i.e. lower modulus and higher stretch. A
similar behavior is also observed for the kraft liner, as increasing the relative
humidity leads to a decrease in the elastic modulus and an increase in the
strain-at-break. The physical properties of the fiber also change due to
hygroexpansion, and the associated deformations in the fiber may disrupt
the fiber joints.

Figure 55: The effect of moisture content on the stress-strain curve of a kraft
liner board in the machine- and cross-directions (Bronkhorst and Bennett,
2002).

5.3.2 Tensile Strength Theory

The Page (1969) equation is perhaps the most well-known semi-empirical
model to describe the tensile behavior of paper. While far from perfect, in
fact there are numerous detractors to the equation, the model still persists
as better models have not been established. Therefore, it is worthwhile to
review the basic principles that have been incorporated. A main premise
behind the Page (1969) equation is that the stress at failure is distributed
between fibers that break along the rupture zone and fibers that are pulled
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out. When the rupture zone is smaller than the length of a fiber, the force
required for rupture is governed by the strength of the individual fibers,
which is represented by the zero-span tensile strength. If the rupture zone
is larger than the length of the fibers, the tensile strength is assumed to
be proportional to number of fibers pulled out from the rupture zone. A
shear-lag model has been applied to describe the force needed for fiber pull-
out, such that the shear strength and geometry of the bond are required.
These considerations are combined to give the Page equation for the tensile
strength of paper:

1

T
=

9

8Z
+

12A

bPL(RBA)
; (11)

where T is the tensile strength, Z is the zero-span tensile strength, A
is the cross-sectional area of the fiber, b is the specific bond shear strength
per unit area, P is the perimeter of the fiber, L is the length of the fiber
and RBA is the relative bonded area.

The use of the zero-span tensile strength as the fiber strength (Chap-
ter 5.1.1), the measurement of the relative bonded area (Chapter 5.2.2)
and the shear-lag analysis (de Ruvo et al., 1986) have all been scrutinized.
Nonetheless, the Page equation does formulate an expression that explains
the tensile strength in terms of the properties of both the fibers and the
fiber joints. Seth and Page (1983) later proposed a model to describe the
elastic modulus of paper, again based on the concept of the relative bonded
area:
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)]
; (12)

where Ep is the elastic modulus of paper, Ef is the elastic modulus of
the fibers, w is the fiber width, L is the fiber length, RBA is the relative
bonded area and Gf is the shear modulus.

Network models have more recently been developed using finite element
calculations to describe the mechanical properties of paper. Heyden (2000)
showed that the mechanical behavior of paper can be investigated using
models of both two- and three-dimensional fiber networks. This approach
requires considerable knowledge surrounding the properties of the fibers
and the fiber bonds, which unfortunately is still lacking. However, these
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models show considerable promise once experimental results can provide
the necessary material properties.

5.3.3 Polyelectrolytes as Dry-Strength Agents

Many limitations still exist in the papermaking process for improving the
tensile properties of paper. Refining continues to be an effective method,
but rising energy costs and production increases limit the amount of refining
that the fibers can be subjected to. As processing techniques are limited,
other methods are required for affecting the actual material properties of
the constituent elements that make up the paper network, namely the fibers
and the fiber joints. Cationic polyelectrolytes have traditionally been used
by papermakers to fulfil this role.

A number of chemical adjuvants have been shown to effectively increase
the tensile properties of paper, for which a thorough review has recently
been made by Lindström et al. (2005). Cationic starches, acrylamide based
polyelectrolytes and gums are all common to the papermaking process, al-
though various synthetic polyelectrolytes and biopolymers are also being
used. These additives have been shown to improve the tensile proper-
ties through three mechanisms: improving consolidation (Lyne and Gallay,
1954), reducing stress concentrations (Lindström et al., 1985) and increas-
ing the fiber joint strength (Yamauchi et al., 2002; Torgnysdotter, 2006). It
should be pointed out that these mechanisms all affect the fiber joint prop-
erties, and not the fiber properties. The properties of the polyelectrolytes
are therefore quite important, and it has been observed that polyelectrolytes
having a high molecular mass (Zhang et al., 2001; Pelton, 2004) and low
charge density (Park and Tanaka, 1998) enhance the tensile strength best.
However, the efficiency of polyelectrolytes can be improved by new tech-
niques such as polyelectrolyte multilayering (Eriksson et al., 2005; Enarsson,
2008) and the formation of polyelectrolyte complexes.

5.3.4 Crosslinking of cellulose

Aside from often leading to poorer formation, dry strength agents generally
do not improve the tensile strength much in moist or wet conditions (Laleg
et al., 1990). The most effective wet-strength additives have been shown
to form covalent bonds with the cellulose fibers (Fahey, 1962; Espy and
Terence, 1988; Laleg and Pikulik, 1991, 1992, 1993; Chan, 1994; Xu et al.,
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2004). Furthermore, wet-strength agents also typically act as effective dry-
strength agents (Lindström et al., 2005). Crosslinking chemicals develop
strength through two mechanisms. A protection mechanism occurs if the
wet-strength agent homo-crosslinks at the fiber surface and possibly inside
the fiber cell wall. Crosslinks occurring in the cell wall are thought to influ-
ence the fiber properties and have a significant effect in moist conditions.
The second mechanism involves forming covalent bonds with components
in the cellulosic fibers, either at the fiber surface or in the cell wall. Cova-
lent bonding at the fiber surface influences the fiber joint strength and may
also limit the fiber swelling in moist conditions, which would be expected
to improve the tensile properties. Crosslinking of the fiber cell wall should
then also alter the mechanical properties of the single fibers.

The effect of crosslinking paper at different structural levels has re-
cently been investigated using cationic acetal dextran as a model compound
(Articles V and VI). Unlike traditional crosslinking compounds, the ad-
sorption to the fiber surface and into the cell wall has been well-characterized
(Chapter 4). The structural level (i.e. the fiber surface or the fiber cell wall)
where the crosslinking occurs can be controlled during adsorption by select-
ing appropriate molecular mass fractions. For example, crosslinking can be
performed at the fiber surface by selecting a high molecular mass fraction.
The effect on the tensile strength can be seen in Table 2. The degree of
crosslinking is related to the degree of acetal substitution, such that poly-
mers with a higher degree of substitution (d.s.) would presumably lead to
a higher crosslink density.

Table 2: Tensile properties at 50% relative humidity of paper crosslinked
at the fiber surface. The adsorbed mass of each dextran was ∼95 mg/g
(adapted from Article V).

Tensile Strain Tensile Tensile Energy
Strength at Stiffness Adsorption

Treatment Index Break Index Index
(kN · m/kg) (%) (MN · m/kg) (J/kg)

Reference 67.3±2.2 2.57±0.01 8.29±0.12 1.24±0.13

Cationic Dextran 96.3±1.2 3.07±0.08 9.45±0.16 2.01±0.07

CAD (d.s.=0.02)† 105.3±1.8 2.75±0.07 10.17±0.12 1.92±0.08

CAD (d.s.=0.096)† 101.7±2.1 2.81±0.08 9.83±0.14 1.88±0.09

CAD (d.s.=0.21)† 91.8±1.8 2.61±0.07 10.50±0.12 1.69±0.08

†CAD= Cationic Acetal Dextran
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The high molecular mass cationic dextran improves the fiber joint strength,
which consequently leads to a higher tensile strength. The strong joints also
allow a more efficient use of the fiber properties, such that the tensile stiff-
ness of the sheet increases as well. Crosslinking the cationic acetal dextran
at the fiber surface appears to stiffen the fiber joints. At low crosslink den-
sity, the fiber joints are further strengthened and both the tensile strength
and stiffness of the sheet increase. However, increasing the crosslink den-
sity can lead to brittle fiber joints. Although the stiff joints would still
transfer stress to the fibers, the joints would be less compliant and fail at
lower deformations. This may be an explanation to the reduction of the
tensile properties seen in Table 2 at the highest crosslink density. There-
fore tough fiber joints (i.e. strong and ductile) are preferred to stiff joints.
This statement also remains true at higher moisture contents, for which the
mechanical properties of the fibers are known to be poorer (Chapter 5.1.2).
The cationic dextran still has the ability to create strong fiber joints, and
the tensile properties of the paper treated with cationic dextran can be seen
in Table 3 to be fairly insensitive to the high relative humidity.

Table 3: Tensile properties at 90% relative humidity of paper crosslinked
at the fiber surface. The adsorbed mass of each dextran was ∼95 mg/g
(adapted from Article V).

Tensile Strain Tensile Tensile Energy
Strength at Stiffness Adsorption

Treatment Index Break Index Index
(kN · m/kg) (%) (MN · m/kg) (J/kg)

Reference 59.6±2.2 2.86±0.01 7.37±0.12 1.18±0.13

Cationic Dextran 92.0±1.2 3.74±0.08 8.15±0.16 2.18±0.07

CAD (d.s.=0.21)† 64.7±1.8 3.67±0.07 6.50±0.12 1.54±0.08

†CAD= Cationic Acetal Dextran

As the fiber properties are important for sheets having strong fiber joints,
the higher strain-at-break and lower tensile stiffness would appear to be
partially related to changes in the fiber properties. The ductility of the
bond may also allow the joints to comply with dimensional charges in the
fibers caused by swelling, allowing the fiber joint to contribute to the tensile
properties. This may not be true for the stiff fiber joints associated with a
high crosslink density, which are not ductile enough to sufficiently deform.
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The high stiffness of the joint transfers the stress of an applied load better
to the fibers, such that the softening of the individual fibers manifest itself
more on the tensile properties of the sheet.

If the fiber properties are indeed responsible for the reduction of the
tensile properties at high relative humidity, improving the fiber properties
should have a positive impact on the tensile properties of the paper. It is
plausible that this can be accomplished by adsorbing low molecular mass
cationic acetal dextran into the fiber wall, where it forms covalent bonds
with the fiber cell wall. Furthermore, it can be seen in Figure 35 that the
low molecular mass cationic acetal dextran can be adsorbed through a pre-
adsorbed polyelectrolyte layer, such that the crosslinks will not occur on the
fiber surface. Thus the fiber joints are not disturbed. The tensile properties
presented in Table 4 for paper containing crosslinks in the fiber cell wall
serve as an apt comparison to the data presented in Table 3.

Table 4: Tensile properties at 90% relative humidity of paper crosslinked in
the cell wall. The adsorbed mass of each dextran was ∼95 mg/g (adapted
from Articles V and VI).

Tensile Strain Tensile Tensile Energy
Strength at Stiffness Adsorption

Treatment Index Break Index Index
(kN · m/kg) (%) (MN · m/kg) (J/kg)

Reference 59.6±1.8 2.86±0.09 7.37±0.14 1.18±0.07

Cationic Dextran 92.0±1.7 3.74±0.12 8.15±0.17 2.18±0.08

Cationic Dextran + 90.7±2.2 3.29±0.13 8.71±0.22 1.93±0.10
LMW CAD (d.s.=0.06)

Cationic Dextran + 37.3±1.4 3.84±0.11 3.34±0.08 0.89±0.05
LMW CAD (d.s.=0.158)

CAD (d.s.=0.21) + 75.9±1.0 3.07±0.10 8.17±0.18 1.55±0.08
LMW CAD (d.s.=0.158)

†LMW CAD= Low Mw Cationic Acetal Dextran

Crosslinks occurring inside the fiber cell wall have a similar effect as on
the surface. Low amounts of crosslinking create a tough fiber joint, and
similarly strengthen the fiber without causing it to become brittle. The
tough joints created by the cationic dextran activate the fibers more, and
the crosslinked fibers contribution can be seen in the increase of the tensile
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stiffness. A completely different phenomenon occurs when there is a high
crosslink density in the fiber cell wall. The stiff fibers transfer the applied
stress to the fiber joints, causing the sheet to fail at the fiber joints. Thus the
stiffness and strength are greatly reduced while the deformation is controlled
by the ductile joints. However, this failure can be avoided if the fiber joints
are sufficiently stiff, which occurs for paper crosslinked both in the fiber cell
wall and at the fiber surface. This also exemplifies the network structure of
paper, as selective modification of the fibers and the fiber joints can have
profoundly different effects on the tensile properties of paper.

5.4 Fracture Properties of Paper

Fracture mechanics deals with the strength of materials containing defects,
and is finding more applications to paper due to reductions in basis weight.
The failure of paper due to defects can occur on the paper machine, during
converting operations and may even be applicable for the end-use of specific
grades such as sack and tissue. The most common application has been pre-
venting web breaks in newsprint, for which shives are a common problem
(Sears et al., 1965). In order to predict and prevent fracture, mathemati-
cal expressions have been developed to describe the continuum behavior of
paper. Once the fracture and material properties of the paper have been
determined, it is possible to predict the fracture behavior for a prescribed
geometry and loading conditions, which will be outlined in Chapter 5.4.2.
This approach has been applied to paper treated with polyelectrolytes at
various structural levels. Chapter 5.4.3 presents new information concern-
ing the effects of modifying the fiber cell wall and the fiber joints on the
fracture behavior of paper.

5.4.1 Fracture Mechanics

Whereas tensile testing assumes paper to be uniform and to distribute the
applied stress evenly, fracture testing is dominated by defects that lead to an
uneven stress distribution. Although papermakers do not like to admit that
defects exist in their paper, shives, wrinkling and small holes nevertheless
occur and can lead to failure. Failure occurs through stress concentrations
at the edge of a defect, which is illustrated in Figure 56.

For non-linear materials such as paper, the stress fields at the crack tip
can be characterized by the J-integral (Rice and Rosengren, 1968). The
J-integral expresses the energy release rate at crack growth, and the crack
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propagates once a critical value of the J-integral has been reached . This
critical value, Jc is commonly referred to as the fracture toughness and
serves as a criterion for crack growth. A common misconception is that the
fracture toughness can be used to rank the fracture properties of non-linear
materials such as paper. However, the fracture toughness can be used to
predict the critical stress (σc) and critical strain (εc) of non-linear materials,
which can be used to rank the fracture properties of non-linear materials.

Figure 56: Illustration for the stress profile existing near an elliptical defect.
A stress concentration occurs on the edge of the defect and decays further
into the material (Bronkhorst and Bennett, 2002).

5.4.2 Predicting Fracture Behavior

Paper materials generally exhibit non-linear material behavior with a mono-
tonically decreasing tangential stiffness. Such materials are commonly mod-
eled using the Ramberg-Osgood model in fracture mechanics application.
The Ramberg-Osgood model may be expressed uniaxially by (Ramberg and
Osgood, 1943):

ε =
σ

E
+

(
σ

Eo

)n

(13)

where ε is the strain, σ is the stress, and the three parameters E, Eo and
n denote the Young’s modulus, the strain-hardening modulus and the strain-
hardening exponent respectively. The material parameters were obtained
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by fitting the Ramberg-Osgood model to the average tensile stress-strain
curve for each of the investigated paper materials.

Hutchinson (1968) and Rice and Rosengren (1968) showed that the crack
tip of a non-linear elastic material can be characterized by the J-integral,
which expresses the energy release rate at crack growth. A semi-analytic ex-
pression for the J-integral may be evaluated based on the Ramberg-Osgood
material model, dimensional analysis and the assumption that contributions
from the linear and non-linear contributions to the material behavior are
additive. This expression for the J-integral, which relates J to the remotely
applied stress (σ) in a rectangular sheet with a symmetrically located mode
I crack, is given by:
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where E, Eo and n are the material parameters of the Ramberg-Osgood
model, a is the crack length, W is the paper width and h is the paper length.

The associated semi-analytic expression for the constitutive behavior of
the notched structure is given by:
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The linear elastic geometry function (fel and gel) and the non-linear
geometry function (fpl and gpl) in Equation 14 and Equation 15 can be
evaluated for different geometries and different strain-hardening exponents
using numerical methods, such as finite element analysis. Thereafter, these
expressions can be used to evaluate the fracture toughness of materials
(the critical value of J corresponding to the ultimate strength of a notched
structure) based on tensile testing of notched test pieces as well as to predict
failure, i.e. the critical stress and critical strain, of full-scale structures.

5.4.3 Effect of Polyelectrolytes

Very little research has been made on the effect of polyelectrolytes on the
fracture properties of paper, which makes it somewhat difficult to assess
recent results. Chemical methods can nevertheless be used to improve the
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fracture properties of paper. However, it is difficult to predict how the net-
work structure of paper influence the fracture behavior, which is currently
modeled as a continuum. Therefore, it is convenient to apply the same
crosslinking approaches referred to in Chapter 5.3.4 to investigate the role
of the fibers and the fiber joints. The effect of crosslinks occurring at the
fiber surface on the fracture properties can be seen in Figure 57, where
the predicted critical stress (σc) and strain (εc) at failure are plotted as a
function of the length of an edge crack.
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Figure 57: The fracture behavior at 50% relative humidity for paper
crosslinked on the fiber surface. Calculations were made using the ma-
terial properties presented in Article V for a sheet 1 m in length, 0.5 m in
width and having a basis weight of 100 g/m2.

Fracture occurs through the propagation of a crack or flaw in paper,
and therefore the mechanism is quite different from that which controls the
tensile behavior. The ability of the paper to absorb energy helps to prevent
the crack growth that ultimately leads to failure. Crosslinks made at the
fiber surface act to stiffen the fiber joints, which could create a situation
where the fracture energy can be partially transferred to the fibers. It can be
noted in Figure 57a that σc generally increases at a given crack length as the
crosslink density increases, which could be a consequence of the stiffer fiber
joints making more efficient use of the fiber toughness. As the properties
of the fibers remain constant for each treatment, the similar curves for εc

suggest that the fibers contribute most to the deformation behavior during
fracture.
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The mechanism for fracture appears to differ at high relative humidity,
as suggested by the higher values of εc. The different mechanism is most
evident in the fracture behavior of the cationic dextran, which as can be
seen in Figure 58 is completely opposite at high humidity. In fact, the
fracture properties at high relative humidity are superior to those observed
at low relative humidity! A possible explanation for this behavior involves
the relative stiffness of the fibers and the fiber joints. As the fibers are more
compliant at high relative humidity, the ductile joints created by the cationic
dextran appear to distribute the fracture energy more efficiently to resist
crack growth. The opposite would then be true for the stiff joints created
by the crosslinks on the fiber surface. Although the stiff joints activate the
fibers, the compliant fibers offer less strength and deform more. This is
reflected in the higher values of εc and low values of σc. This would also
describe the behavior at 50% relative humidity.
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Figure 58: The fracture behavior at 90% relative humidity for paper
crosslinked on the fiber surface. Calculations were made using the ma-
terial properties presented in Article V for a sheet 1 m in length, 0.5 m in
width and having a basis weight of 100 g/m2.

If the relative stiffness of the fibers and the fiber joints influence the
fracture properties, crosslinking the fiber cell wall would make for an inter-
esting comparison. The crosslinks in the cell wall would reduce the softening
behavior of the fibers at high relative humidity. The stiffness of the fiber
joints would then limit the fracture properties. The effect of the fiber joint
can in fact be observed in Figure 59 when the fiber cell wall is crosslinked.
The ductile joint associated with the cationic dextran become the limiting
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factor and the paper fails at low σc. This problem is circumvented by the
stiff fiber joints created by the crosslinks at the fiber surface, which activate
the crosslinked fibers. The toughness of the stiff fibers again contributes
to the fracture resistance, ultimately seen as the increase in σc. The high
values of εc in both cases are associated to the mechanism at high relative
humidity. While enough data does not exist to propose a mechanism at
either high or low relative humidity, it appears that the relative stiffness of
the fibers and the fiber joints offers a reasonable explanation.
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Figure 59: The fracture behavior at 90% relative humidity for paper
crosslinked in the fiber wall. Calculations were made using the material
properties presented in Article VI for a sheet 1 m in length, 0.5 m in
width and having a basis weight of 100 g/m2.
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5.5 Comments on Polyelectrolyte Effects on Paper
Strength

Currently the effectiveness of a polyelectrolyte, or any process change for
that matter, is not typically tested by several methods. A great deal of
information surrounding the material behavior of paper remains unclear,
as a positive effect on the tensile properties may not reflect a similar effect
of the fracture properties. Should this come as a surprise? Probably not.
Each strength property is in fact a measure of a different property. Ten-
sile strength generally depends on the fiber joints, the fracture properties
are related to the toughness of the network and creep is a measure of de-
formation. The effect of moisture further convolutes any relation between
strength properties, which is particularly evident in the fracture behavior at
90% relative humidity. Different mechanisms for failure may become dom-
inant due to the hygroexpansion and mechanical softening of the fibers. It
becomes clear from the data presented in Chapters 5.3.4 and 5.4.3 that it
is important to define an appropriate measure of paper strength, and that
a fair assessment concerning the effect of polyelectrolytes cannot be made
at one relative humidity.
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6 Conclusions

Chemical methods are a viable method for improving the mechanical prop-
erties of paper. However, it is important to define an appropriate measure
for the mechanical properties. Tensile and fracture testing are governed
by different material properties, and improvements in the tensile properties
may not be reflected in the fracture properties. This is particularly true
for chemical modifications, as the ranking of a particular modification may
be different for each mechanical test. Care must also be taken in assessing
the effectiveness of a particular chemical method, as the mechanical proper-
ties of paper are highly influenced by the relative humidity. This has been
shown to be true for both the tensile and fracture properties of paper. Cel-
lulosic fibers undergo a mechanical softening at high relative humidity. The
network structure of paper is therefore important, as the properties of the
fiber joints can be chemically modified to balance the changes in the fiber
properties. This is, for example, highly relevant to the fracture properties.

Crosslinking the fiber surface creates stiff joints, which are effective at
transferring applied stresses throughout the paper network. This is par-
ticularly advantageous at low relative humidity, as the stiff fibers become
activated and help to strengthen and stiffen the paper. The stiff joints no
longer improve the fracture behavior at high relative humidity, as the ac-
tivated fibers are soft and more compliant. The relative stiffness between
the fibers and the fiber joints appears to dictate the fracture behavior, and
therefore chemical treatments that are effective at 50% relative humidity
may not be at 90% relative humidity. In fact, more ductile bonds are favored
at high relative humidity as they allow the network to deform. Crosslinking
the fiber joints is most effective when the fibers are also stiff. However,
crosslinking the fiber wall allows the fibers to remain stiff at high humidity,
such that the structural level being crosslinked is important to the fracture
behavior.

In order to selectively modify the different structural levels of paper,
one must have a good understanding of how chemicals interact with cel-
lulosic fibers. Cellulosic fibers are anionic, and cationic polyelectrolytes
adsorb through an electrosorptive process that is driven by the release of
counter-ions. Because cellulosic fibers are porous and have a considerable
bulk charge, a strong driving force exists for adsorption and diffusion into
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the cell wall. However, the molecular properties of the polyelectrolyte play a
large role in determining whether the polyelectrolyte adsorbs to the surface
or penetrates into the cell wall. At short times, the molecular conformation
restricts the polyelectrolyte from penetrating into the pores by simple size
exclusion. Higher molecular mass polyelectrolytes therefore have less ac-
cess to the fiber cell wall than lower molecular mass fractions. However, the
polyelectrolyte charge density alone can restrict adsorption to the outermost
surface, due to Coulombic repulsions that expand the molecular conforma-
tion. These Coulombic repulsions can be screened by an electrolyte, which
allows the cationic polyelectrolyte to access more of the cell wall.

The molecular properties of the cationic polyelectrolyte also influence
diffusion into the cell wall. While the concept of size exclusion is valid at
short times, linear polyelectrolytes diffuse into the pore structure of the
fiber wall. The time scale for this diffusion process is highly dependent
on the molecular properties of the polyelectrolyte. Specifically, the diffu-
sion coefficient correlates well with the persistence length, which is taken
as a measure of the chain flexibility. High charge density polyelectrolytes
have a large electrostatic contribution the persistence length, making them
stiff in low and moderate electrolyte concentrations. Therefore the diffusion
process is quite slow, and has been observed that the diffusion of poly(AM-
co-DADMAC) occurs on the order of months. Low charge density polyelec-
trolytes are more flexible because the ionic groups are spaced further apart
along the backbone of the chain, leading to weaker Coulombic repulsions.
The diffusion process occurs much faster, and cationic dextran can pene-
trate throughout the entire fiber wall in a matter of hours. Therefore it is
necessary to have well-defined polyelectrolytes as the adsorption behavior
can be quite different.
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Östlund, M. (2005). Residual stresses in paperboard and the influence of
drying conditions. PhD thesis, KTH.

Paavalainen, L. (1993). Conformability - flexibility and collapsibility - of
sulphate pulp fibers. Pap. Puu., 75(9–10):689–702.

Page, D. H. (1969). A theory for the tensile strength of paper. Tappi,
52(4):674–681.

Page, D. H. (1976). A note on the cell wall structure of softwood tracheids.
Wood Fiber, 7(4):246–248.

Page, D. H. (2002). The meaning of Nordman bond strength. Nordic Pulp
and Paper Research Journal, 17(1):39–44.
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Page, D. H., Seth, R. S., and de Grâce, J. A. (1979). The elastic modulus
of paper. I. The controlling mechanisms. Tappi, 62(9):99–102.

Page, D. H., Tydeman, P. A., and Hunt, M. (1962). A study of fibre-to-
fibre bonding by direct observation. In Formation and Structure of Paper:
Technical Section of the British Paper and Board Makers’ Assoc., pages
171–193.

Park, S. B. and Tanaka, H. (1998). Effects of charge densities of cationic
polyacrylamides on strength properties of handsheet. Mokuzai Gakkaishi,
44(3):199–204.

Parthasarathi, R., Subramanian, V., and Sathyamurthy, N. (2006). Hy-
drogen bonding without borders: An atoms-in-molecules perspective. J.
Phys. Chem. A, 10(2):3349–3351.

Pelton, R. H. (1986). Electrolyte effects in the adsorption and desorption
of a cationic polyacrylamide on cellulose fibers. Journal of Colloid and
Interface Science, 111(2):475–485.

Pelton, R. H. (2004). On the design of polymers for increased paper dry
strength- a review. Appita J., 57(3):181–190.
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Wågberg, L. and Hägglund, R. (2001). Kinetics of polyelectrolyte adsorp-
tion on cellulosic fibers. Langmuir, 17(4):1096–1103.

Weatherwax, R. C. and Caulfield, D. F. (1978). The pore structure of papers
wet stiffened by formaldehyde crosslinking. J. Coll. Int. Sci., 67(3):498–
505.
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