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Abstract 

 

Paper materials exhibit a significant time-dependent mechanical behaviour, such as 

creep and stress-relaxation. It is known that the creep of the paper affects the 

performance of corrugated boxes. The production of a paper having a lower creep 

rate is therefore desirable. Polyelectrolytes commonly used to increase the strength 

of paper could be an alternative for improving the creep properties. The influence of 

polymeric additives on the creep properties of paper is, however, poorly described 

in the literature. Published studies have shown that polymeric additives do not 

affect the creep behaviour of fully efficiently loaded paper sheets and that the fibre 

cell walls and the fibre/fibre joints have fundamentally different effects on the creep 

behaviour. 

 

The aim of the present thesis was to examine the influence of adsorbed 

polyelectrolytes on the creep behaviour of paper sheets made from the modified 

fibres. One of the main objectives was to establish whether there is a difference in 

effect on creep properties between adsorbing a cationic polyelectrolyte – 

polyallylamine – to the fibre surfaces or throughout the fibre cell walls.  

 

A technique which includes the labelling of polyelectrolytes with a fluorescent dye 

and microscopy of single fibres provided a visual record of the localisation of the 

adsorbed polyelectrolyte. This method showed that a low ionic strength and a short 

adsorption time resulted in adsorption of the polyelectrolyte only to the external 

parts of the fibres. A high ionic strength and a long adsorption time on the other 

hand, resulted in adsorption throughout the fibre walls. This made it possible to 

study the relationship between the mechanical properties of the sheets and the 

localisation of the adsorbed polyelectrolyte. 

 

Creep testing of the sheets showed that the adsorption of polyallylamine to the 

exterior parts of fibres decreased the creep at both 50% and 90% RH. The effect 

depended, however, on the type of fibre used. Adsorption of cationic starch to the 



fibres gave no significant reduction in creep rate, despite the fact that starch and 

polyallylamine had similar effect on the paper strength.  

 

When polyallylamine was adsorbed into the fibre cell walls, the creep at 90% RH 

increased. It is suggested that this was due to a deswelling of the fibres by the 

adsorbed polyelectrolyte, which resulted in fewer fibre/fibre contact points and 

hence a less efficient distribution of stresses in the sheet. It was not, however, 

possible to draw any definitive conclusions about the mechanisms behind the 

observed differences in creep behaviour. 



Sammanfattning 

 

Papper uppvisar betydande tidsberoende mekaniska egenskaper som krypning och 

spänningsrelaxation. Det är känt att krypningen hos pappret påverkar till exempel 

en wellpapplådas förmåga att bära last under lång tid. En möjlighet att tillverka 

papper som kryper långsammare är därför önskvärd. Polyelektrolyter används ofta 

för att öka styrkan hos papper, och skulle kanske också kunna användas till att 

minska papprets krypning. Inverkan av polymera additiv på pappers 

krypegenskaper är emellertid knapphändigt beskrivet i litteraturen. Existerande 

studier har visat att polymera additiv inte påverkar krypningen hos starka papper 

och att fiberväggarna och fiber/fiber fogarna har fundamentalt olika betydelse för 

krypegenskaperna.  

 

Avsikten med denna avhandling var att undersöka hur adsorberade polyelektrolyter 

påverkar krypegenskaperna hos pappret. Ett av huvudsyftena var att studera om 

adsorptionen av en katjonisk polyelektrolyt – polyallylamin – endast till fiberytan 

eller tvärs hela fiberväggen ger olika effekt på krypningen hos papper tillverkade av 

dessa fibrer. 

 

En ny teknik där polyelektrolyten märks med en fluorescerande markör gör det 

möjligt att visualisera var i fibern de adsorberade molekylerna befinner sig. 

Resultaten visar att adsorption vid låg jonstyrka under kort tid bara ger adsorption 

till de yttre delarna av fiberväggen. Hög jonstyrka och lång adsorptions tid 

resulterar å andra sidan i adsorption tvärs hela fiberväggen. Med hjälp av denna 

teknik blev det också möjligt att klarlägga vilken inverkan polyelektrolytens läge i 

fiberväggen har på de slutgiltiga arkens mekaniska egenskaper. 

 

Krypprovning av de tillverkade arken visade tydligt att polyallylamin som endast 

adsorberat till fibrernas yttre delar minskade krypningen vid både 50 % och 90 % 

relativ luftfuktighet. Den uppnådda effekten visade sig dock bero på vilken typ av 

fibrer arken tillverkades av. Adsorption av katjoniserad stärkelse till fibrernas yta 



gav ingen nämnvärd effekt på arkens krypegenskaper, detta trots att stärkelse gav 

lika hög arkstyrka som polyallylamin.  

 

När polyallylamin adsorberades tvärs igenom fibrerväggen ökade krypningen vid 

90 % relativ luftfuktighet väsentligt. Detta föreslås bero på att den adsorberade 

polyelektrolyten avsväller fibrerna vilket ger färre fiber/fiber kontakter och därmed 

en sämre fördelning av mekanisk last i arken. Det var emellertid inte möjligt att dra 

några definitiva slutsatser angående mekanismerna bakom de observerade 

skillnaderna i krypegenskaper. 



List of Papers 

 

This thesis is a summary of the following papers. 

 

Paper I

Magnus Gimåker, Andrew Horvath and Lars Wågberg 

Influence of polymeric additives on short-time creep of paper 

Nordic Pulp and Paper Research Journal (2007) 22(2): 217-227  

 

Paper II 

Magnus Gimåker and Lars Wågberg 

Adsorption of polyallylamine to lignocellulosic fibres: Effect of adsorption 

conditions on localisation of adsorbed polyelectrolyte and mechanical properties of 

resulting paper sheets 

Manuscript 



 



Contents 

 

Objective ................................................................................................................... 1 

Background............................................................................................................... 2 

General ................................................................................................................. 2 

Paper mechanics................................................................................................... 2 

Strength additives................................................................................................. 7 

Polyelectrolyte adsorption.................................................................................. 10 

Scope of present work ........................................................................................ 11 

Experimental ........................................................................................................... 13 

Fibres.................................................................................................................. 13 

Chemicals........................................................................................................... 13 

Polyelectrolyte adsorption.................................................................................. 14 

Polyelectrolyte titration ...................................................................................... 14 

Sheet preparation................................................................................................ 14 

Sheet analysis ..................................................................................................... 15 

Confocal fluorescence imaging .......................................................................... 15 

Dynamic laser light scattering............................................................................ 16 

Paper testing ....................................................................................................... 16 

Results and Discussion............................................................................................ 17 

Polyelectrolyte adsorption.................................................................................. 17 

Kinetics for fibre wall penetration...................................................................... 19 

Mechanical properties of sheets made from fibres with PAH adsorbed to the 

exterior parts of the fibre wall ............................................................................ 21 

Mechanical properties of sheets made from fibres with PAH adsorbed 

throughout the fibre wall .................................................................................... 28 

Conclusions............................................................................................................. 31 

Future work............................................................................................................. 32 

Acknowledgments................................................................................................... 33 

References............................................................................................................... 34 

 

 



Objective 

 

Paper materials exhibit a significant time-dependent mechanical behaviour, such as 

creep and stress-relaxation. This time-dependent deformation behaviour has a great 

influence on how paper materials perform during converting and under end-use 

conditions. For strong paper qualities, it has shown to be difficult to improve the 

time-dependent mechanical properties by changing standard papermaking variables. 

The addition of strength additives is a very interesting alternative for improving 

these properties. However, there is little published literature describing the effect of 

strength additives on the deformation behaviour. The objective of the work 

described in this thesis was to examine the influence of the adsorption of cationic 

strength enhancing polyelectrolytes to cellulosic fibres on the time-dependent 

mechanical properties, especially creep at constant humidity. The fibre/fibre joints 

and the fibre walls are known to have different influences on the viscoelasticity of 

paper. Therefore, the objective was also to study whether there is a difference in the 

influence on mechanical properties depending upon whether the fibre surfaces or 

the fibre cells walls are treated with polyelectrolyte. 
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Background 

 

General 

Paper is made from a suspension of fibres in water. The fibres are usually obtained 

from wood, by either a mechanical or a chemical process. During paper production, 

the fibre suspension is dewatered by different elements such as foils, blades, suction 

boxes, suction rolls, press nips, and finally dried on steam-heated cylinders so that 

only a little water is left in the final paper.  

 

At low fibre concentrations, the fibre network is held together mainly by 

mechanical entanglement. When water is removed during the production process, 

the fibres are brought into close contact by capillary forces arising from the water 

meniscus formed between the fibres. At a high dry content, the fibres are brought 

into such close contact that strong forces acting at the molecular level can develop, 

giving the final paper its high strength. Forces that may possibly act to hold the 

fibres together in the dry paper include: mechanical entanglement of fibres and fibre 

surface fibrils, inter-diffusion of polymers across the fibre/fibre interface, covalent 

bonds, ionic bonds, hydrogen bonds, polar interactions, and van der Waals 

interactions (Lindström et al. 2005). 

 

Paper mechanics 

The complex structure of paper and its constituent fibres, in combination with the 

wide variety of possible forces acting to hold the fibres together, make paper one of 

the most complex engineering materials available. It is not therefore clear how all 

these different factors influence the mechanical properties of paper, even though a 

lot of research has been dedicated to the subject. The mechanical behaviour of 

paper is also difficult to fully characterise, since it shows a complex time-

dependence, so that its mechanical response depends on the rate of straining or 

stressing. For example, if the stress is applied rapidly, paper shows a higher strength 

and stiffness but a lower extensibility, than if the stress is applied at a lower rate. 

Paper also shows creep and stress-relaxation. Creep is the slow continuous 
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deformation of a material subjected to a constant stress, whereas stress-relaxation is 

the slow decay of stress in a material subjected to a constant strain.  

 

Both the fibres and the forces holding them together are strongly influenced by 

moisture, and water can easily disrupt the fibre/fibre joints, unless they are 

protected by chemical means. Therefore moisture has a large effect on the 

mechanical properties of paper. For example, the strength and stiffness of paper are 

reduced under high humidity conditions. Similarly, creep in paper specimens occurs 

at a faster rate at high moisture conditions (i.e. with larger amounts of adsorbed 

water). 

 

The exact nature of the different forces acting to hold the fibres together in the 

paper sheet, and the contribution of each kind of force, is not known. However, it is 

known that the fibre/fibre joints are very important for how large a load a paper can 

withstand before failure (Van den Akker 1950; Davison 1972). Davison (1972) 

found that the potential strength of paper calculated from the strength of single 

fibres is less than the strength found in practice. He also found that intact fibres are 

often pulled out in the rupture-zone, even in strong papers, and he thus concluded 

that the fibre/fibre joint is the weak link in a dry paper. Of course the fibre strength 

ultimately limits the strength that can theoretically be reached in a paper. Page 

(1969) developed a theory that describes how the paper strength increases 

asymptotically with increasing shear bond strength and relative bonded area to 

approach a maximum limited by the fibre strength. 

 

The deformation behaviour of paper prior to failure has been the subject of 

considerable research over the years. A key issue has been whether the time-

dependent deformation prior to failure depends on the properties of the fibre/fibre 

joints, on the fibres themselves or on the network structure, and also under which 

conditions the different factors are of importance. The literature contains conflicting 

data and different opinions. One view is that plastic and viscous deformation is due 

to inter-fibre effects, such as bond breakage and inter-fibre frictional effects. For 

example, Rance (1948) hypothesised that permanent deformation is due to bond 
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breaking and that additional time-dependent effects are due to inter-fibre frictional 

effects. Sanborn (1962) also found that permanent deformation includes bond-

breakage.  

 

The second view is that both plastic and viscous deformation are due to an 

irreversible deformation within the fibre wall, and that bond breakage occurs only 

close to failure. Page and Tydeman (1961) found that total bond breakage is 

infrequent and argued that it should not be considered as a primary contributor to 

the shape of the stress-strain curve of paper, which they attribute more to partial 

bond breakage at microcompressed bonding sites. Furthermore, they concluded that 

delayed elastic deformation (primary creep) is not associated with frictional effects 

but is purely an intra-fibre phenomenon. Another study supporting the view that the 

fibres themselves play an important role was that of Parker (1962), who studied the 

influence of ethylamine decrystallisation on the viscoelastic properties of paper. He 

found that wet-pressing had a large influence on creep up to a certain point, but 

that, as the sheet strength increased, differences in intra-fibre structure became 

more important. Later, Hill (1967) studied the creep of single fibres loaded in 

tension and found that the basic creep results for single fibres are similar to those 

for paper.  

 

Seth and Page (1981) examined the influence of a bonder (locust bean gum) and a 

de-bonder (surfactant) on the stress-strain curve of paper. In the case of strong 

efficiently loaded paper sheets, they found that the additives did not influence the 

shape of the stress-strain curve, only the ultimate failure strength and strain. In 

contrast, in the case of weaker not fully efficiently loaded sheets, the additives 

influenced the shape of the curve. To account for the effect of the fibre/fibre joint 

on the stress-strain curve of paper, they introduced the concept of an efficiency 

factor. This factor describes how efficiently the stress is transferred between the 

fibres in a sheet. A value of one corresponds to a fully efficiently loaded structure. 

As the strength and number of active fibre/fibre joints are increased by beating or 

wet-pressing, the efficiency factor asymptotically approaches unity. 

Simultaneously, the modulus of the paper approaches a limiting value determined 
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by the properties of the fibres (Page et al. 1979; Page, Seth 1980a; Page, Seth 

1980b). Since the scaling with efficiency factors transposes the stress-strain curves 

for incompletely efficiently loaded sheets to a single curve, Page and his colleagues 

conclude that the viscoelasticity of paper originates from within the fibre wall.  

 

DeMaio and Patterson (2005) studied the effect of similar additives on the creep 

properties of sheets made from a previously dried, bleached softwood kraft pulp. 

Creep compliance data showed that the creep curves for treated and untreated sheets 

were the same in the case of sheets wet pressed under a high press load but different 

for sheets wet pressed under a low press load. In agreement with Seth and Page, 

they concluded that for sheets wet pressed at a high load, treatment-induced 

changes in specific bond strength do not influence the creep deformation because 

fibre-fibre bonding is at a level where the sheets are efficiently loaded structures. 

They also concluded that the concept of efficiency factors can be used to account 

for the degree of bonding in incompletely efficiently loaded sheets. 

 

Clearly the general view today is that the inherent creep response of paper is 

primarily a result of intra-fibre creep, so that, in strong fully efficiently loaded 

papers, the creep is determined by the creep of the component fibres. However, in 

weaker paper with an insufficient degree of bonding, the load is not optimally 

distributed within the sheet and the stress in the individual fibres larger. In such 

sheets, changes in inter-fibre bonding influence the creep response in a manner 

equivalent to that of a shift in load or time (Coffin 2005). 

 

If the creep of strong efficiently loaded papers depends only on the creep of the 

component fibres, what are then the mechanisms responsible for creep in fibres 

composed of cellulose fibrils? Since cellulosic fibres are made up of different 

biopolymers (cellulose, hemicelluloses and lignin), it is natural that they show an 

inherent creep as do all polymeric materials. There are however few direct studies 

on the micromechanics and molecular mechanisms involved in the viscoelastic 

behaviour of pulp fibres, and the field is not yet fully explored. Hill (1967) was the 

first to study the creep of individual pulp fibres, and he found that the creep 
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behaviour of a single fibre resembles the creep behaviour of a paper sheet. Hill 

(1967) also studied the crystallinity and crystallite orientation in the fibres, before 

and after creep. He found that the crystallinity did not change but that the crystallite 

orientation increased. Thus, he concluded that there had been a movement of 

crystalline regions within the fibrils or, more probably, of the fibrils within the 

fibres during the creep. Byrd (1972a) also found that the fibril angle decreased 

(increased fibril orientation) during creep under constant humidity conditions.  

 

Molecular mechanisms involved in the creep deformation of paper have been 

studied using infrared spectroscopy (Olsson, Salmen 2001). Changes in the mid-IR 

spectra were observed which indicated an orientation of the cellulose molecules and 

a sliding between cellulose chains as a result of the creep deformation. Raman 

spectroscopy has also been used to probe molecular deformation mechanisms in 

natural cellulose fibres (Eichhorn et al. 2001). During the tensile deformation of 

fibres, the 1095 cm-1 Raman band shifts toward lower wave numbers, which is 

believed to be due to a deformation of the structural molecular backbone of 

cellulose. The Raman spectra were recorded during a constant strain rate tensile test 

and not during a creep test, but it is possible that similar molecular deformations 

take place during tensile creep deformation. 

 

The fact that considerable effort has been spent on understanding the mechanisms 

behind creep in paper materials is not surprising, since the existence of creep 

deformation has important practical implications. For example, when corrugated 

boxes are piled on top of each other and stored for extended times, they creep under 

the compressive load from the boxes above and eventually fail. It is therefore vital 

to minimise the creep rate to achieve the maximum stacking life (Koning, Stern 

1977; Leake, Wojcik 1993). However, when it comes to the performance of boxes, 

it is important to note that the rate of creep of paper is accelerated by changes in 

humidity, so that the creep during cycling between low and high humidity exceeds 

the creep observed at a constant high humidity (Byrd 1972a; Byrd 1972b). This 

phenomenon is usually referred to as mechano-sorptive creep or accelerated creep. 

Since paper packaging is often exposed to variations in humidity during use, 
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storage and transportation, it is primarily the creep rate during varying humidity 

conditions that will determine the stacking life-time. 

 

Since the discovery of mechano-sorptive creep in the 1970s, it has attracted 

considerable attention. Coffin (2005) presented an extensive review of the research 

performed within this area. Despite all the research efforts, the mechanisms behind 

the phenomenon are not yet fully elucidated, and there are two dominant models for 

describing mechano-sorptive creep in paper. Habeger and Coffin (2000) suggest 

that humidity variations give rise to moisture gradients within the sheet and hence 

stress gradients, and that these in combination with the non-linear creep of paper 

give rise to an accelerated creep. Alfthan et al. (2002) suggest that the anisotropic 

hygroexpansion of the fibres upon exposure to moisture leads to a mismatch of 

hygroexpansive strains at the fibre/fibre bonds, causing large stresses at the bond 

sites, and that these, together with the non-linear creep, give rise to an accelerated 

creep. However, both models are under debate and no conclusive evidence for their 

absolute validity exists. One important finding for the understanding of mechano-

sorptive creep in paper is that wood fibres themselves show moisture-accelerated 

creep (Olsson et al. 2007). This suggests that the mechano-sorptive creep of the 

individual fibres is one of the mechanisms behind the mechano-sorptive creep 

observed in paper. The opinion of the author is that there are probably several 

mechanisms at different structural levels that give rise to the macroscopic mechano-

sorptive creep behaviour. 

 

Strength additives 

The literature contains numerous examples of substances that have been used to 

increase both the dry strength and wet strength of paper (Lindström et al. 2005). 

The additives used to increase the dry strength are generally water-soluble 

polymeric substances. The cellulosic fibre has an anionic charge, and cationic 

polyelectrolytes are therefore often used, also in combination with anionic 

polyelectrolytes. By using charged polymers it is possible to increase the adsorption 

to the fibres and hence achieve a greater increase in the dry strength. One example 

of combining anionic and cationic polyelectrolytes is the polyelectrolyte multilayer 
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technique (Wågberg et al. 2002), in which fibre are consecutively treated with 

oppositely charged polyelectrolytes to form a multilayer. This makes it possible to 

achieve very large adsorbed amounts, and thus to dramatically increase the paper 

strength. In practice starch is the most common dry strength additive, and it is 

added both at the wet-end and in the size press. For wet-end application, a water-

soluble cationic or amphoteric starch is used. 

 

The types of interactions active in the fibre/fibre joints and the relative 

contributions of each type have long been an active area of research, but there is 

still considerable debate as to the true nature of the fibre/fibre joint. Similarly, the 

exact molecular mechanisms by which different additives increase paper strength 

are not fully known, and different polyelectrolytes probably function by different 

mechanisms. However, considerable research has lately been performed within the 

area and thus there is considerable knowledge. A recent review (Pelton 2004) 

emphasised the importance of polyelectrolyte structure for paper strength; the more 

hydrophilic the polyelectrolyte the greater is its effect on the paper strength. The 

influence of polyelectrolyte multilayers on fibre wettability and wet adhesion 

(studied by the AFM colloidal probe technique) has also been studied (Lingström et 

al. 2007). In contrast to the conclusions drawn by Pelton, it was shown by 

Lingström et al. that polyelectrolyte multilayers which present a high advancing 

contact angle to water (i.e. poor water wettability) give higher wet-adhesion and 

also higher paper strength. 

 

The structure and viscoelasticity of polyelectrolyte multilayers have been studied 

using a quartz crystal microbalance (Notley et al. 2005). The more viscous and 

water-rich the polyelectrolyte layer, the higher was the adhesion between 

multilayer-covered silica surfaces, as determined by the AFM colloidal probe 

technique. If the effect of the polyelectrolyte multilayers on the adhesion is 

compared with the effect on the paper strength (Eriksson et al. 2005), it is evident 

that the water-rich conformable multilayers give rise to a higher paper strength. 
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New methods to determine fibre/fibre joint strength and contact area have recently 

been developed (Torgnysdotter, Wågberg 2003; Torgnysdotter et al. 2007), and 

these methods have been used to study the effect of polyelectrolytes on paper 

strength. It was shown (Torgnysdotter et al. 2007) that two cationic polyelectrolytes 

PAE and pDADMAC both decrease the degree of contact, probably due to a 

deswelling of the fibre surfaces. However, in the case of PAE, the joint strength 

increased, probably because of the capability of PAE to form covalent bonds with 

the fibres. In contrast, the addition of pDADMAC actually decreased the joint 

strength, probably because of a decrease in conformability of the pDADMAC 

covered fibres. The technique has also been applied to study the effect of 

polyelectrolyte multilayers on paper strength (Eriksson et al. 2006), where it was 

shown that the multilayers increased the paper strength via an increased degree of 

contact between fibres, an increase in the number of fibre/fibre contacts and the 

introduction of covalent bonds. 

 

There is a considerable amount of literature on the effect of polymeric additives on 

paper strength, and the molecular and micromechanical mechanisms by which the 

different additives function are the subject of active research. The influence of 

polymeric additives on the time-dependent mechanical behaviour prior to failure 

(i.e. the viscoelasticity of paper) has however been less well examined. Seth and 

Page (1981) examined the influence of a bonder (locust bean gum) and a de-bonder 

(a surfactant) on the stress-strain curve of paper, and DeMaio and Patterson (2005) 

studied the effect of similar additives on creep. Both studies found that in strong 

efficiently-loaded paper sheets, the additives did not influence the time-dependent 

behaviour prior to failure. 

 

Caulfield (1994) showed that low molecular weight multifunctional carboxylic 

acids significantly decrease the mechano-sorptive creep of paper. The non-

polymeric nature of these substances allows them to diffuse throughout the fibre 

wall. In combination with a catalyst, they are also very reactive, and can thus cross-

link the fibre wall. Hence, it is probably a change in fibre properties rather than in 
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fibre/fibre joint properties that is the reason for the decreased mechano-sorptive 

creep.  

 

The available literature thus suggests that polymeric additives do not have any great 

influence on the inherent viscoelastic behaviour of paper, but the same bonding 

agent was used in the two available studies. There is a lack of any systematic data 

on how polymeric additives of different types and different molecular weights 

influence the viscoelasticity of paper. For example, low molecular weight polybrene 

accessed all the anionic charges available throughout the fibre (Wågberg et al. 

1987). Thus, low molecular weight polymeric additives can access the fibre wall 

and possibly effect the viscoelasticity of the fibre, and thus the inherent 

viscoelasticty of paper. 

 

Polyelectrolyte adsorption 

Polyelectrolytes are commonly used in the paper industry to improve the retention 

of fines and fillers, and also to increase the strength of the paper. The subject of 

polyelectrolyte adsorption to cellulosic fibres has therefore attracted considerable 

attention over the last decades. High charge density polyelectrolytes are generally 

adsorbed onto cellulosic fibres through pure electrosorption (Wågberg 2000). The 

adsorption of high charge density polyelectrolytes generally increases with 

increasing electrolyte concentration to pass a maximum at some intermediate salt 

concentration and then decrease at high salt concentrations (Lindström, Wågberg 

1983). The initial increase in electrolyte concentration acts to coil the 

polyelectrolyte. This, in combination with the porous nature of the cellulose fibres, 

means that a greater surface area is available to the polyelectrolyte, and this gives 

an increased adsorption. At very high electrolyte concentrations, however, the 

interaction between polyelectrolyte and charged fibre will diminish, resulting in a 

decrease in the amount adsorbed. The effect of polyelectrolyte molecular mass is 

that the adsorption generally increases with decreasing molecular mass. A lower 

molecular mass is associated with a lower radius of gyration, and this increases the 

number of charges accessible to the polyelectrolyte. This has been observed with 
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several different types of polyelectrolytes: C-PAM (Tanaka et al. 1990), 

polyethyleneimine (Alince 1990), and polyDADMAC (Wågberg, Hägglund 2001). 

 

To summarise, a sufficiently low polyelectrolyte molecular mass and a sufficiently 

high electrolyte concentration should lead to such a small effective hydrodynamic 

radius that the polyelectrolyte would probably access pores throughout the entire 

fibre wall, as has been shown for low molecular weight polybrene (Wågberg et al. 

1987). However, it must be stressed that too strong an electrolyte concentration 

could make the driving force for adsorption too small and result in no adsorption at 

all. 

 

Scope of present work 

In the present work, the effect of a cationic polyelectrolyte, polyallylamine (PAH), 

on the time-dependent mechanical behaviour of paper, i.e. creep at constant 

humidity, has been studied. This polymer was selected since recent studies have 

shown that polyallylamine is a very efficient dry-strength agent with interesting 

properties (Rathi, Biermann 2000).  

 

The wet-strengthening mechanisms of polymers containing primary amines have 

recently been investigated (Laleg, Pikulik 1991; DiFlavio et al. 2005). The 

conclusion drawn from these studies is that primary amines can react with 

aldehydes present in lignocellulosic fibres to form imine and aminal linkages. 

Primary amines can also form amide linkages with carboxylic groups at elevated 

temperatures, although this reaction is believed to be less important (DiFlavio et al. 

2005). The fact the polyallylamine can form covalent linkages with the fibres 

suggests that these might hinder molecular motions and relaxations, and thus 

influence the viscoelasticity of the fibre. This is one of the main reasons why 

polyallylamine was chosen as the cationic polyelectrolyte in the present study.  

 

The reactivity of polyallylamine makes it a rather special type of polyelectrolyte 

and it was of interest to compare it with a non-reactive standard polyelectrolyte. 
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Cationic starch is the most widely used industrial wet-end dry strength additive, and 

was therefore chosen for comparison. 

 

The study has also emphasised the fact that different polyelectrolytes usually have 

different strengthening effects depending on fibre type. Accordingly, two different 

pulps with different yield have been used in this study to investigate whether the 

effect of the added polyelectrolyte differs between the two.  

 

It has been established that the fibre/fibre joint and the fibre wall have 

fundamentally different effects on the viscoelasticity of paper. Therefore, it is of 

great fundamental interest to examine whether there is a difference in effect if 

polyelectrolytes are adsorbed only on the fibre surfaces or allowed to penetrate 

throughout the fibre wall. A recently developed technique, involving labelling the 

polyelectrolyte with a fluorescent dye and examination of fibres with adsorbed 

polyelectrolyte in a confocal laser scanning microscope, makes it possible to obtain 

a visual record of where the adsorbed polyelectrolyte is located (Horvath, Wågberg 

2006). This study makes use of this technique to identify the structural level at 

which the polyallylamine molecules are adsorbed under different adsorption 

conditions. By combining information as to where the adsorbed polyelectrolyte is 

located with the data for the mechanical properties of the sheets, a link could be 

established between the localisation of the polyallylamine and the mechanical 

properties.  
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Experimental 

 

Fibres 

The fibres used in Paper I were supplied by StoraEnso Skoghall Mill, Sweden, and 

were from a never-dried softwood kraft pulp that had been oxygen-delignified to a 

kappa number of 18 and slightly refined to a dewatering resistance of 22 SR. The 

total charge of the long fibre fraction of the pulp was determined by conductometric 

titration (Katz et al. 1984) and the surface charge via polyelectrolyte adsorption 

(Winter et al. 1986), using poly-DADMAC with a molecular mass of 996 kDa and a 

salt concentration of 10–5 M NaHCO3 during the adsorption. The total charge and 

surface charge were found to be 90 μeq/g and 6.4 μeq/g respectively. 

 

The fibres used in Paper II were never-dried unbleached softwood fibres with a 

kappa number of 76, delivered from Kappa Kraftliner, Piteå, Sweden. When 

received, the pulp was carefully washed with deionised water until the conductivity 

of the filtrate was below 10μS/cm, and the pulp was then beaten in an Escher-Wyss 

beater to 30 MSR (corresponding to approximately 16 SR). 

 

In order to prepare pulps that are suitable for evaluating the influence of fibre 

properties on sheet properties, it is necessary to remove most of the fines material 

from the pulp. The fines were removed from the pulp by successive spraying 

through a spray disk filter fitted with a plastic wire with 75 μm openings. The long 

fibre fraction of the pulp was washed at both high and low pH in order to remove 

most of the remaining adsorbed metal ions and dissolved and colloidal material. 

 

Chemicals 

Samples of polyallylamine hydrochloride (PAH) with molecular masses of 15 kDa 

and 70 kDa were obtained from Sigma-Aldrich, Sweden. Polyallylamine with a 

molecular mass of 150 kDa was kindly provided by Nittobo Boseki, Japan. Before 

use, the different polyallylamines were dissolved in Milli-Q water and adjusted to 

desired electrolyte concentration and pH. Cationic potato starch was supplied by 
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Lyckeby Stärkelsen, Kristianstad, Sweden and had a degree of substitution of 

cationic groups of 0.065. Potassium polyvinyl sulphate (KPVS) used for 

polyelectrolyte titration was purchased from Waco Pure Chemical Industries, Japan. 

Ortho-toulidine blue (VWR, Sweden) was used as an indicator during the titration. 

Fluorescein isothiocyanate (FITC), used for labelling PAH, was purchased from 

Sigma-Aldrich, Sweden. The hydrochloric acid, sodium hydroxide, sodium chloride 

and sodium bicarbonate were all of analytical grade. 

 
Polyelectrolyte adsorption 

It is extremely important that the pH is controlled during the adsorption of 

polyelectrolytes onto cellulose fibres, since changes in charge density influence 

both the amount adsorbed and the polyelectrolyte conformation (Wågberg 2000). 

Thus the pH was carefully controlled to 8 throughout all the adsorptions. 

 

Polyelectrolyte titration 

The polyelectrolyte charge density can be determined by titration with an 

oppositely charged polyelectrolyte in the presence of an indicator (Terayama 1952). 

By performing the titration at pH 2, the charge density of fully charged PAH is 

obtained, i.e. the charge when all the primary amines on the polymer are fully 

protonated. Potassium polyvinyl sulphate was used as the titrant with orthotoluidine 

blue as the indicator in an equipment similar to that described by Horn (1978). 

Polyelectrolyte titration was used to determine the charge density of both un-

labelled and fluorescently labelled polyallylamine. 

 

Sheet preparation 

After adsorption of polyelectrolyte (PAH or starch) to fibres, sheets were prepared 

in a Rapid-Köthen sheet preparation apparatus (Paper Testing Instruments, 

Pettenbach, Austria). Sheets were then dried under restrained conditions at 93°C 

and at a pressure of 95 kPa below that of atmospheric. Some sheets were also heat 

treated in an oven at 160°C for 15 minutes so that the influence of heat treatment 

and possible chemical reaction on the strength and creep properties of the paper 

could be investigated.  
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Sheet analysis 

The nitrogen content of the sheets was determined using an elemental analyser 

(ANTEK 7000, Model 737) in order to determine how much of the added PAH was 

adsorbed in the sheets. By testing small pieces of sheets, it was possible to 

determine the amount of nitrogen and hence the adsorbed amount of PAH from 

prepared calibration curves. The amount of starch adsorbed was determined by 

enzymatic degradation of the starch to glucose, which was subsequently quantified 

by HPLC (Wågberg, Björklund 1993). 

 

Confocal fluorescence imaging 

In order to qualitatively determine the distribution of the adsorbed polyallylamine, 

confocal scanning laser microscopy was used to obtain images of thin optical 

sections of fibres saturated with fluorescently labelled polyallylamine. PAH was 

labelled with fluorescein isothiocyanate (FITC) using a general protocol developed 

for biological macromolecules (Hermanson 1996). The charge density of the 

labelled polymers was checked by polyelectrolyte titration.  

 

Labelled PAH was adsorbed onto the pulp fibres under different conditions. The 

adsorption process was stopped by dewatering the fibre suspension in a Büchner 

funnel fitted with filter paper. The fibres were washed with a salt solution of the 

same concentration as that used during the adsorption in order to remove weakly 

bound polyelectrolyte, and were then immediately frozen using liquid nitrogen. The 

frozen fibre sample was then freeze-dried in order to dry the fibres without 

collapsing the lumen. 

 

A Bio-Rad Radiance 2000 confocal system mounted on a Nikon Eclipse 800 

microscope was used to obtain images of thin optical sections of fibres saturated 

with the fluorescently labelled polyallylamine. A Krypton Argon laser was used for 

excitation at 488 and 568 nm. Images of the fibres were taken using a 100x N.A. 

1.4 oil-immersion lens. 
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Dynamic laser light scattering 

The hydrodynamic size of polyallylamine at high ionic strength, 1 M NaCl, was 

determined by dynamic light scattering, using a Malvern Zetasizer NanoZS. The 

hydrodynamic radius was evaluated by the method of cumulants. The first cumulant 

yields the z-average diffusion coefficient, which is converted to an average apparent 

hydrodynamic radius by the software supplied with the apparatus. 

 

Reliable measurements could be obtained only at high ionic strength. At lower ionic 

strengths, the polyelectrolytes have a more rod-like conformation and the rotational 

diffusion coefficient has to be considered, resulting in a complicated dependence 

between the apparent diffusion coefficient and the scattering vector. This makes an 

unambiguous analysis of the dynamic light scattering data virtually impossible. 

 

Paper testing  

Dry tensile testing was conducted according to the SCAN P:67 standard for tensile 

testing of laboratory-made sheets. The thickness of the prepared sheets was 

measured as structural thickness (Schultz-Eklund et al. 1992) and was used together 

with the grammage of the sheets to calculate the apparent sheet density. 

 

Creep was measured under a tensile load at constant climates of 50% RH and 90% 

RH, with the temperature set to 23°C. All samples were conditioned at 50% RH or 

90% RH for at least 24 hours prior to testing in order to allow the sheets to reach 

equilibrium moisture content. The apparatus used to perform the creep 

measurements was developed at STFI-Packforsk, Stockholm, Sweden. A detailed 

description of the apparatus can be found elsewhere (Panek et al. 2004). 
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Results and Discussion 

 

Polyelectrolyte adsorption 

The technique including labelling of PAH with a fluorescent dye and examination 

of single fibres in a confocal laser scanning microscope was used to study the 

adsorption of PAH to lignocellulosic fibres. Labelled PAH had a very low degree of 

substitution of fluorophores (D.S. < 0.01). The charge density of the labelled PAH 

was determined by polyelectrolyte titration. Within the experimental uncertainty of 

the method, no difference in charge density between the original and the labelled 

polyelectrolyte could be detected. Thus the presence of the fluorophores should 

have no significant effect on the polyelectrolyte conformation or on the adsorption 

behaviour (Tanaka et al. 1990). Hence, the images obtained reflect how the 

unlabelled polyallylamine adsorbed to the fibres. Two different adsorption 

conditions were studied: short adsorption time (30 minutes) at low ionic strength 

(5·10-3 M NaHCO3) and long adsorption time (24 hours) at high ionic strength 

(5·10-3 M NaHCO3 + 10-1 M NaCl). The results for the two cases are presented and 

discussed separately below. 

 

Low ionic strength 

The idea behind using a low ionic strength and a short adsorption time (5·10-3 M 

NaHCO3 and 30 minutes) was that a low ionic strength gives the polyelectrolyte 

molecules an extended conformation. It is thus improbable that they have access to 

the porous fibre wall. Figure 1 summarises the results of the confocal laser scanning 

microscopy of fibres with a kappa number of 76, where, it is seen that the PAH 

molecules adsorbed only to the fibre surfaces of all the fibres examined. In no case 

were the molecules able to diffuse all the way to the lumen.  

 

For thin-walled earlywood fibres, however, the thickness of the adsorbed layer was 

close to the thickness of the fibre wall. Thus it was not a pure adsorption solely to 

the fibres surfaces for these fibres. Since the adsorbed layer had a considerable 

thickness, it is more appropriate to call it an adsorption to the external parts of the 

fibre wall. Only the results for the adsorption to fibres with a kappa number of 76 
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are shown here. The results for fibres with a kappa number of 18 were however 

very similar (see Paper I). 

 

 
Figure 1 CLSM micrographs of radial cross-sections of fibres (Kappa 76) with F-

PAH adsorbed at 5·10-3 M NaHCO3 for 30 minutes. The red and green pictures are 

obtained by excitation at 488 nm and 568 nm respectively. At 568 nm there is also 

auto-fluorescence from the lignin in the fibre wall, so that the thickness of the fibre 

cell wall is shown. The PAH molecules could reach only the external parts of the 

fibres. 

 

 

High ionic strength 

The idea behind using a high ionic strength (5·10-3 M NaHCO3 + 10-1 M NaCl) and 

a long adsorption time (24 hours) was that a high ionic strength gives the 

polyelectrolyte molecules a coiled conformation and reduced size, so that they are 

thus more likely to be able to access the porous fibre wall. A high ionic strength 

screens the electrostatic interaction between the charged moieties along the polymer 

backbone. The polyelectrolyte molecules thus coil up and the effective size is 

reduced compared to that at low ionic strength. High ionic strength was combined 

with a long adsorption time and, as seen in figure 2, this did in fact allow the PAH 

molecules to reach throughout the fibre wall.  

 18 



To summarise, it has been clearly demonstrated that adsorption at low ionic 

strength for a short time gave adsorption to the external parts of the fibres. 

Adsorption at high ionic strength for a long time on the other hand gave adsorption 

throughout the cell wall. Thus any impact on the mechanical properties of the fibres 

should be considerably greater in the case of adsorption at high ionic strength. 

 

 
Figure 2 CLSM micrographs of radial cross-sections of fibres (Kappa 76) with F-

PAH adsorbed at 5·10-3 M NaHCO3 + 10 -1 M NaCl for 24 hours. The red and 

green pictures are obtained by excitation at 488 nm and 568 nm respectively. The 

adsorbed PAH molecules reached throughout all the examined fibres. 

 

 

Kinetics for fibre wall penetration 

The above results established the conditions suitable for the adsorption of PAH to 

the fibre exterior or throughout the fibre wall. However, the results did not reveal 

whether it was the long adsorption time or the high ionic strength that gave fibre 

wall penetration. Nor did the experiment yield any information about the migration 

kinetics at high ionic strength.  

 

In order to achieve a better understanding of the process, the ionic strength and the 

adsorption time were varied in smaller steps. The migration of polyelectrolyte 

molecules into the fibre wall was easier to study in thick-walled latewood fibres and 

consequently only such fibres were examined in this case. Figure 3 shows that a 

combination of both high ionic strength and long adsorption time was required to 

achieve full fibre wall penetration.  
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Dynamic laser light scattering analysis of the polyelectrolyte showed that the 15 

kDa PAH had a hydrodynamic radius of approximately 6 nm at 1 M NaCl. The pore 

radius in unbleached kraft pulp fibres ranges from 13 nm to 17 nm according to 

NMR relaxation measurements (Andreasson et al. 2005). These two facts together 

indicate that the PAH molecules should be able to enter the porous fibre wall, from 

a hydrodynamic size point of view. Calculations suggested that the PAH molecules 

were small enough also at lower ionic strengths to be able to enter the fibre pores, 

but figure 3 shows that, despite the high ionic strength, penetration into the fibre 

wall did not occur at a fast rate, but was a rather slow process since an adsorption 

time between 3 and 24 hours was needed. The kinetics of the migration process did 

not seem to be controlled by polyelectrolyte size, but rather by chain flexibility and 

interaction with the anionic fibre. Chain flexibility increases with increasing ionic 

strength and the interaction with the anionic fibre decreases. An increase in chain 

flexibility and a decrease in the electrostatic interaction with the fibre wall material 

would speed up the migration. Since this type of behaviour was found in figure 3, 

this hypothesis seems probable. It should however be stressed that a sufficiently 

small effective polyelectrolyte size is a prerequisite for fibre wall penetration. 

 

In figure 3 it is also evident that, for certain adsorption conditions, adsorption to the 

fibre exterior is associated with a high average adsorbed amount as measured by 

nitrogen analysis of the fibre material. Since a high adsorbed amount suggests that 

the polyelectrolyte molecules have access to the fibre wall, the result is somewhat 

contradictory. This can, however, perhaps be explained by the fact that under these 

conditions the polyelectrolyte did have access to the fibre wall of thin- and 

medium-thick walled fibres but not to the fibre wall of thick latewood fibres (see 

Paper II). Access to the fibre wall of thin- and medium-thick fibres may account for 

the high average adsorbed amount. 
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Figure 3. Micrographs of axial cross-sections of latewood fibres saturated with F-

PAH at different ionic strengths and for different times. The images were recorded 

at an excitation wavelength of 568 nm. The figure includes the adsorbed amounts 

measured by nitrogen analysis. The 95% confidence intervals for these values are 

approximately ± 8 mg/g. 

 

 

Mechanical properties of sheets made from fibres with PAH adsorbed to the 

exterior parts of the fibre wall 

At a low ionic strength and a short adsorption time, polyallylamine molecules were 

preferentially adsorbed onto the exterior parts of the fibre wall. This fact was 

utilised to study the effect which polyallylamine present only on the exterior parts 

of the fibre wall had on the mechanical properties of the sheets. 
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Sheet strength is primarily determined by the strength of and the number of 

fibre/fibre joints (Davison 1972). As mentioned in the introduction to this thesis, 

polyelectrolytes usually increase sheet strength by strengthening the fibre/fibre 

joints. Sheet strength is thus a good estimate of the joint-strengthening ability of an 

additive. 
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Figure 4 Tensile strength of the sheets produced from the two different pulps, with 

and without additives. Initially, the two pulps had slightly different strengths. After 

addition of polyelectrolytes there was, however, no significant difference in strength 

between the sheets.  

 

The tensile strengths of the different samples are presented in figure 4, where it is 

noted that the two pulps had slightly different strengths. The paper sheets produced 

from the oxygen-delignified kappa 18 pulp were slightly weaker than the paper 

sheets produced from the high-yield unbleached kappa 76 pulp. After adsorption of 

polyelectrolytes, however, they reached the same strength, and there was no 

significant difference between starch and polyallylamine. This indicates that the 

 22 



number and strength of fibre/fibre joints in all the sheets with added polyelectrolyte 

were similar.  

 

The viscoelasticity of the sheets was evaluated by creep testing. The creep strain 

was recorded as a function of time for the different samples at different load levels 

using the specially designed creep-testing equipment. Creep deformation can be 

divided into instantaneous and delayed deformation, and the delayed part can then 

be further subdivided into delayed elastic and permanent creep. The instantaneous 

response is an idealisation, since it always takes some time for deformation to 

develop. In this study, the instantaneous response was evaluated as the deformation 

detected after one second. In figures 5 to 8, the delayed creep deformation for 

different load levels at 50% and 90% RH is shown.  
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Figure 5 Delayed creep deformation during 100 seconds at 50% RH for sheets 

from kappa 18 fibres with different polyelectrolytes adsorbed to the exterior parts 

of the fibre wall. Filled symbols indicate heat-treated and unfilled non-heat-treated 

samples. The adsorbed PAH reduced the delayed creep deformation significantly. 
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Figure 6 Delayed creep deformation during 100 seconds at 90% RH for sheets 

from kappa 18 fibres with different polyelectrolytes adsorbed to the exterior parts 

of the fibre wall. Filled symbols indicate heat-treated and unfilled non-heat-treated 

samples. The adsorbed PAH reduced the delayed creep deformation significantly. 

 

 

Earlier studies have shown that the creep of strong, i.e. efficiently loaded, paper 

sheets is not influenced by the properties of the fibre/fibre joint (Parker 1962; 

DeMaio, Patterson 2005). The sheets produced in this study have a high strength 

and a high density, and should thus be efficiently loaded structures. Nevertheless, it 

is seen in figures 5 and 6 that the creep under different loads at both 50% and 90% 

RH was significantly reduced by the addition of polyallylamine. The filled and 

unfilled symbols, used to indicate whether the samples were heat-treated at 160ºC 

for 15 minutes or not, in figures 5 and 6 intermix randomly, and it can hence be 

concluded that this extra heat-treatment had no significant affect on the creep 

behaviour of the samples. 
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Starch had a small effect on the creep at 50% RH, but at 90% RH no effect was 

seen. The sheets with adsorbed starch or polyallylamine were definitely efficiently 

loaded structures, and had a similar tensile strength and thus a similar state of 

fibre/fibre bonding, but they nevertheless showed different creep behaviour. This 

difference in viscoelastic behaviour can not therefore be explained by the concept 

of efficiency factors. The results also show that, even if different polyelectrolytes 

have the same effect on the maximum strength, they can still have different effects 

on the deformational behaviour prior to failure. The exact molecular mechanisms 

behind these differences are still not known. 

 

In figures 7 and 8, the delayed creep deformation is shown, for sheets from fibres 

with a kappa number of 76 under different loads. Here, it is seen that the added 

PAH had no significant effect on the creep at 50% RH. At 90% RH however, the 

addition of 15 kDa PAH reduced the delayed creep deformation significantly. The 

150 kDa had no significant effect however, in any of the examined climates. There 

are significant differences in effect between the kappa 76 pulp and the kappa 18 

pulp. Since for the kappa 18 pulp significant reductions in creep rate were found at 

both 50% and 90% RH and for all different molecular weights of PAH. The only 

reasonable explanation of these differences is the difference in yield between the 

two pulps. Due to the difference in yield they have different lignin content and 

porosity, and this could possibly affect how the adsorbed polyallylamine affects the 

fibre and the fibre/fibre joint properties.  
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Figure 7 Delayed creep deformation during 300 seconds at 50% RH for sheets 

made from kappa 76 fibres with PAH of two different molecular weights adsorbed 

to the exterior parts of the fibre wall. The solid lines are the model proposed by 

Panek et al. (2004) fitted to the different data sets. The dashed lines are 95% 

confidence limits for the predicted fits. Since the confidence limits overlap, there 

was no significant difference in delayed deformation between the reference and the 

treated samples. 
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Figure 8 Delayed creep deformation during 300 seconds at 90% RH for sheets 

made from kappa 76 fibres with 15 kDa PAH adsorbed to the exterior parts of the 

fibre wall. The solid lines are the model proposed by Panek et al. (2004) fitted to 

the two data sets. The dashed lines are 95% confidence limits for the predicted fits. 

The addition of 15 kDa significantly reduced the delayed deformation for stresses > 

8 kNm/kg. The addition of 150 kDa PAH, however, had no significant effect (not 

shown). 

 

To summarise, the creep testing clearly showed that polyallylamine adsorbed to the 

exterior of fibres influenced the viscoelasticy of the paper sheets. The effect 

however depended on several factors such as the type of fibre used, and the type 

and molecular weight of the polyelectrolyte. It is, however, difficult to draw any 

decisive conclusions about the mechanisms behind the reduction in the creep rate.  

 

The fact that the polyelectrolyte molecules were adsorbed to the exterior of the 

fibres, suggests that it was primarily the fibre/fibre joints that were affected by the 

adsorbed polyelectrolyte. This would indicate that the change in creep behaviour 
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was due to changes in the fibre/fibre joint properties. Prior literature on the topic 

(Parker 1962; Seth, Page 1981; DeMaio, Patterson 2005) has, however, shown the 

importance of the fibre wall for the viscoelastic behaviour of strong and fully 

efficiently loaded paper sheets. As was shown by the fluorescent labelling 

technique, the polyallylamine molecules reached a considerable part of the fibre 

wall in the case of thin earlywood fibres. Taken together, this suggests that it could 

be an alteration of the fibre wall properties in thin walled fibres that gave the 

difference in creep behaviour, but before any absolute conclusions can be drawn, it 

is necessary to measure the mechanical properties of individual fibres. 

 

Mechanical properties of sheets made from fibres with PAH adsorbed 

throughout the fibre wall 

The microscopy of the fibres with polyallylamine adsorbed at high ionic strength 

for a long time showed that polyelectrolyte molecules were present throughout the 

entire fibre wall of the examined fibres. This means that the adsorbed 

polyallylamine had a significantly greater potential to affect the properties of the 

fibre cell wall, compared to the case when polyallylamine was adsorbed to the 

exterior parts of the fibre wall. This fact was utilised to study the effect which 

polyallylamine had on the mechanical properties of the sheets when adsorbed 

throughout the fibre wall. 

 

The result of the tensile testing of the sheets is presented in table 1, where it is 

evident that the strength of the polymer treated sheets was at the same level as that 

of the reference. This is somewhat unexpected, since the results for adsorption at 

low ionic strength clearly showed that the presence of polyallylamine on the 

exterior part of the fibre wall resulted in an increase in sheet strength. The absence 

of a strength gain can however be explained by the fact that cationic 

polyelectrolytes are known to deswell cellulosic fibres (Swerin et al. 1990). Fibre 

swelling and surface flexibility are very important for sheet consolidation. Swollen 

and flexible fibres give an efficient packing and good fibre/fibre contact, which is a 

prerequisite for the formation of strong fibre/fibre joints. In the study of Swerin et 

al. (1990), it was found that a low molecular mass polyelectrolyte that has access to 
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all fibre charges gives greater deswelling than a high molecular mass 

polyelectrolyte that has access only to fibre surface charges. This implies that the 

fibre deswelling was less when polyallylamine was adsorbed to the fibre exterior 

than when it was adsorbed throughout the fibre wall. When adsorption occurred 

only to the exterior parts of the fibre wall, the loss in fibre surface flexibility was 

compensated for by the increase in fibre/fibre joint strength given by the adsorbed 

polyallylamine, and the sheet strength consequently increased. When adsorbed into 

the fibre wall, however, the loss in fibre swelling was so severe that it could not be 

fully compensated for by the strengthening effect of PAH on the fibre/fibre joints. 

Accordingly, the sheet strength did not increase when PAH was adsorbed 

throughout the cell wall of the cellulosic fibres. 

 

Table 1. The result of tensile testing of sheets made from fibres with PAH adsorbed 

at high ionic strength. The sheets were not significantly weaker or stronger than the 

reference sheets. 

 Reference PAH 15k 
(High ionic strength) 

Tensile Strength Index (kNm/kg) 74.5 ± 1.3 73.4 ± 1.8 

Strain-at-Break (%) 2.87 ± 0.13 2.69 ± 0.09 

Tensile Stiffness Index (MNm/kg) 7.54 ± 0.11 7.50 ± 0.10 

 

The effect of the adsorbed PAH on the delayed creep deformation at 90% RH is 

shown in figure 9. The creep actually increased, which refutes the initial hypothesis 

that the creep would decrease if the fibre walls were treated with polyallylamine. 

The creep at 50% RH was not however significantly affected by the adsorbed PAH. 

It is suggested that the increased creep at 90% RH is also explained by the 

deswelling and thus less effective consolidation induced by the adsorbed PAH. The 

decreased consolidation results in fewer fibre/fibre contact points and hence less 

efficient distribution of stresses in the fibre-network. The less efficient stress 

distribution implies that some fibres will be more stressed than the fibres in the 

reference sheets, and this will in turn explain the observed increase in creep. 
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The initial hypothesis was that the creep of individual fibres would be decreased if 

the fibre cell wall were treated with polyallylamine. The results presented here, 

however, provided no conclusive indication of whether the creep of the individual 

fibres was either increased or decreased by the adsorbed polyallylamine. Even if it 

is suggested that the increased creep was the result of fewer fibre/fibre contact 

points, it is still possible that the creep of the individual fibres was increased by the 

adsorbed polyelectrolyte. As mentioned earlier, measurements of the mechanical 

properties of the individual fibres are necessary before any definitive conclusions 

can be drawn regarding this. 

 

 
Figure 9 Delayed creep deformation during 300 seconds at 90% RH for sheets 

from kappa 76 fibres with 15 kDa PAH adsorbed throughout the fibre cell walls. 

The solid lines are the model proposed by Panek et al. (2004) fitted to the two 

different data sets. The dashed lines are 95% confidence limits for the predicted 

fits. The addition of PAH significantly increased the delayed deformation for 

stresses > 5 kNm/kg. 
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Conclusions 

 

The results presented in this thesis have clearly shown that the conditions during the 

adsorption of polyelectrolytes to lignocellulosic fibres can be tailored so that the 

polyelectrolyte molecules reach only the exterior parts of the fibre wall or penetrate 

into the entire fibre wall. 

 

Creep testing clearly showed that the creep was significantly reduced by the 

adsorption of polyallylamine to the exterior parts of the fibre wall. The effect 

obtained depended, however, on the type of fibres used. Polyallylamine gave a 

significantly larger reduction in creep than cationic starch, even though they gave 

the same increase in tensile strength. This shows that different polyelectrolytes can 

have different effect on the viscoelastic behaviour of paper materials. It is suggested 

that polyelectrolytes with a specifically tailored functionality could possibly have 

an even better effect on the creep than polylallylamine.  

 

The adsorption of polyallylamine into the entire fibre cell wall resulted in an 

increase in creep of the resulting sheets at high humidity conditions (90% RH). It is 

suggested that this may be due to a deswelling of the fibres by the adsorbed 

polyelectrolyte, which lead to fewer fibre/fibre contact points and hence a less 

efficient distribution of stresses in the sheets. 

 

Even though the treatment of the fibre wall, in this particular case, did not result in 

a creep reduction, the importance of the fibre wall for the viscoelasticity of paper 

materials must be emphasised. It is still possible that a treatment of the fibre wall 

with other types of polyelectrolytes could decrease the creep considerably. 

 

From the results presented in this thesis it is not possible to draw any definitive 

conclusions about the mechanisms behind the effects observed on the creep 

properties of the paper sheets. Measurements of mechanical properties of individual 

fibres are necessary to enable such conclusions to be drawn. 
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Future work 

 

This study has clearly shown that different polyelectrolytes can have different 

effects on the viscoelasticity of paper. The results also showed that there is a 

fundamental difference between adsorbing the polyelectrolyte to the exterior parts 

of the fibre wall and allowing it to penetrate into the entire fibre cell wall. However, 

from the creep testing of sheet samples, it is difficult to decide whether differences 

in viscoelastic behaviour between sheets originate from differences in fibre 

properties or fibre/fibre joint properties, since assumptions have to be made about 

the relative importance of each of these components for the viscoelasticity of the 

sheets. Thus it is suggested that future work seek to characterise the mechanical 

behaviour of individual fibres with adsorbed polyelectrolyte. From these results it 

should be possible to conclude whether the adsorbed polyelectrolytes influence the 

mechanical behaviour of individual fibres or just the fibre/fibre joints. 

 

It should also be emphasised that the work described in this thesis examined only 

creep at constant humidity. From an application perspective, it is the mechano-

sorptive creep that is most important for how paper-based boxes perform. Future 

research should thus also include measurement of the mechano-sorptive creep. It is 

also suggested that research should strive to find polyelectrolytes or other fibre 

modifications that can be used to decrease the mechano-sorptive creep. 
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