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ABSTRACT 

Graphic paper is experiencing severe competition from other materials and, most of all, from 

other media. This means there is a great need to improve paper quality while reducing raw 

material and production costs. Polyelectrolyte multilayer (PEM) treatment (i.e., consecutively 

adding cationic and anionic polyelectrolytes to the charged surface of wood fibres and fines, 

to form layers of these polyelectrolytes on the fibres/fines) has in recent years been found to 

offer great potential both to introduce new properties and to improve the mechanical 

properties of papers made of the treated fibres.  

The main objective of this thesis was to develop a strategy for the PEM treatment of cationic 

and anionic starch to improve the mechanical properties of paper made of thermomechanical 

pulp (TMP), since PEM treatment of fibres has displayed great potential to improve the 

mechanical properties of sheets made of chemical pulp. Mechanical pulp, however, has a 

large fine material content. Since the fine material is highly charged, polyelectrolyte 

consumption would be unacceptably high if the entire pulp were PEM treated, so we applied 

PEM treatment only to a fibre fraction of the pulps in most trials in the present work. The 

polyelectrolytes used for PEMs have so far mostly been well-defined, expensive ones 

unsuitable for use in standard paper grades; to develop a more economically realistic 

alternative, we used cationic and anionic starches.  

PEM formation on SiO2 surfaces from three differently charged cationic and anionic starches 

was first evaluated at three different salt levels using quartz crystal microbalance with 

dissipation (QCM-D) and stagnation point adsorption reflectometry (SPAR). The starch 

combinations displaying the highest potential for stable PEM formation at higher salt 

concentrations were then evaluated on an entire TMP pulp, as well as on a fraction of the pulp 

to reduce the amount of starch needed for PEM formation. 

The results indicate that it is possible to form PEMs from cationic and anionic starch on a 

SiO2 surface. The charge density, salt concentration, and combination of starches all 

influenced PEM formation. PEM formation on mechanical fibres produced large 

improvements in the mechanical properties of the sheets made of the treated fibres, and the 

tensile index, stretch-at-break, Z-strength, and Scott bond values all increased. Fractionating 

the pulp and PEM treating only a fraction of the pulp, the long fibre and middle fraction, 

produced large decreases in the amount of starch needed and large improvements in the 

mechanical properties of the sheets when no fine material was subsequently added. As 

untreated fine material was subsequently added, the improvement in mechanical properties 

decreased. PEM formation produced almost no reduction in formation and only a slight 

increase in sheet density. 

Lisa Lundström, Örnsköldsvik, 2009 



  

SAMMANFATTNING 

Grafiskt papper är under hård konkurrens från andra material och, framför allt, andra media.  

På grund av detta finns det ett stort behov av att förbättra papperskvalitén samtidigt som 

råmaterial- och produktionskostnader sänks. Polyelektrolyt-multiskikt (multiskikt) på massa 

(dvs. växelvis adsorption av katjoniska och anjoniska polyelektrolyter till träfibrer och 

finmaterial) har på senare år visat sig ha bra potential både för att ge nya egenskaper och för 

att förbättra de mekaniska egenskaperna hos papper gjorda av behandlad fiber. 

Huvudsyftet med denna avhandling var att utveckla en strategi för multiskiktsbehandling med 

katjonisk och anjonisk stärkelse för att förbättra de mekaniska egenskaperna hos papper gjort 

av behandlad termomekanisk massa (TMP). Multiskiktsbehandling av fiber har visat stor 

potential för att ge förbättrade mekaniska egenskaper till ark gjorda av behandlad kemisk 

massa. Mekanisk massa innehåller dock en stor andel högladdat finmaterial som kan öka 

mängden polyelektrolyt som krävs för multiskiktsbehandling, därför multiskiktsbehandlas 

bara en fraktion av massan i de flesta experiment i detta arbete. De polyelektrolyter som 

använts för multiskikt har hittills mest varit väldefinierade och dyra, och därmed opassande 

för användning i vanliga papperskvalitéer. För att utveckla ett mer realistiskt alternativ så 

användes katjonisk och anjonisk stärkelse i detta arbete. 

Multiskiktsuppbyggnad på SiO2-ytor av tre katjoniska och tre anjoniska stärkelser med olika 

laddningsdensitet utvärderades först vid tre olika saltnivåer genom att använda 

kvartskristal-mikrogravimetri (QCM-D) och reflektometri (SPAR). Stärkelsekombinationerna 

som uppvisade störst potential för en stabil multiskiktsuppbyggnad på högre 

saltkoncentrationer blev sedan utvärderade på en hel TMP-massa, men även på en fraktion av 

massan för att minska mängden stärkelse som krävdes för multiskiktsuppbyggnad. 

Resultaten visar på att det är möjligt att bygga upp multiskikt av katjonisk och anjonisk 

stärkelse på en SiO2-yta. Laddningsdensiteten, saltkoncentrationen och kombinationen av 

stärkelser var faktorer som påverkade multiskiktsuppbyggnaden. Multiskiktsuppbyggnad på 

mekaniska fibrer gav stora förbättringar av de mekaniska egenskaperna hos ark gjorda av 

behandlad fiber, och dragindex, töjning, Z-styrka och Scott bond-värde ökade. Fraktionering 

av massan och multiskiktsbehandling av endast en del av massan, långfiber- och 

mellanfraktion, innebar att mycket mindre stärkelse behövdes och gav stora förbättringar av 

de mekaniska egenskaperna hos arken om inget obehandlat finmaterial tillsattes efteråt. Då 

obehandlat finmaterial tillsattes så blev förbättringarna hos de mekaniska egenskaperna 

mindre. Multiskitsuppbyggnad gav nästan ingen reduktion av formationen och endast en liten 

ökning i arkdensitet. 

Lisa Lundström, Örnsköldsvik, 2009 
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Objective 

The main objective of this thesis was to develop a strategy for the polyelectrolyte 

multilayer (PEM) treatment of mechanical pulp with cationic and anionic starch to 

improve the mechanical properties of the resulting papers. The formation of starch PEMs 

on SiO2 surfaces was first studied using stagnation point adsorption reflectometry (SPAR) 

and quartz crystal microbalance with dissipation (QCM-D); the conditions displaying the 

best potential for stable PEM formation at higher salt concentrations were then evaluated 

for PEM formation on mechanical pulps. The objective of the PEM treatment of 

mechanical pulp is to improve the mechanical properties of sheets made of the treated 

pulp. We also sought to minimize the amount of starch needed for PEM formation by 

treating only the fraction of the pulp with low joint forming ability, i.e., the long fibre and 

middle fraction. The hypothesis was that this would give the same improvement of 

mechanical properties as would treating the entire pulp, but consuming considerably less 

starch.  

Introduction 

Graphic papers, used for printing, writing, and copying, are facing increasing competition 

from other materials and, most of all, from other media. The newsprint segment has to 

compete with computers, the Internet, and new emerging products such as thin, foldable 

reading displays. For papers used in packaging products, so-called recyclable plastic-

based solutions are also posing tough competition. This has increased the need for new 

techniques to improve paper quality and/or reduce the raw material and production costs 

while maintaining paper quality. Therefore, new techniques, making it possible to 

maintain the same paper quality at lower production cost, are definitely needed for the 

future. Paper must adapt to compete with other materials in the graphic paper, packaging 
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paper, and hygiene product segments. One way to adapt is by introducing new 

technology, and one promising new technique for improving the mechanical properties of 

paper is to modify the pulp fibres using PEM technology, which will be evaluated in this 

thesis.  
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Background 

Mechanical pulping 

Today pulp is made using two different methods, chemical and mechanical pulping; this 

thesis examines a mechanical pulp. Mechanical pulping means that the fibres are 

separated from each other using mechanical energy and heat. In mechanical pulping, 

different techniques are used to achieve this separation, for example, SGW, PGW, RMP, 

TMP, and CTMP/CMP. In stone groundwood pulping, SGW, the pulp is made by 

grinding debarked logs against a pulp stone at atmospheric pressure. In pressurized 

groundwood pulping, PGW, this log grinding is done under pressurized (2.5 bar) 

conditions. In refiner mechanical pulping, RMP, the logs are not just debarked as in SGW 

and PGW, but also made into chips, which are then refined using a disc refiner. 

Thermomechanical pulping, TMP, begins by steam preheating the chips, after which the 

chips are refined under pressure. Chemithermomechanical pulping, CTMP, represents a 

further development of TMP in which the chips are pretreated both chemically (with 

sulphite) and with steam before the pressurized refining [1]. 

In wood, the cellulose forms a skeleton surrounded by hemicellulose and encrusting 

lignin materials, i.e., the fibres are embedded in the lignin-rich middle lamella (ML). The 

fibre has a cell wall comprising many layers, a primary wall (P) and three secondary walls 

(S1, S2, and S3) [2]. The chemical composition of each layer differs, and a fibre consists 

mainly of three polymers (i.e., hemicellulose, lignin, and cellulose) and of small amounts 

of extractives and other materials. Due to the carboxylic groups on the hemicellulose, a 

mechanical pulp fibre is negatively charged when dispersed in water [3].  

How the fibres are separated influences where the fracturing between the fibres in the 
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wood/wood chips occurs. Lignin, the content of which is the highest in the outer parts of 

the fibre, can be softened by pretreating with chemicals, heat, or both. This pretreatment 

can shift the fracturing to the outer parts of the fibre, where the lignin content is high. 

Figure 1a shows the fracture zones in softwood as affected by different mechanical 

processes. In RMP, where there is no pretreatment, the fracture occurs uncontrollably, 

compared with in TMP, where the lignin in the outer parts of the fibre is softened through 

heating and the fracture therefore appears in the S1 or S2 walls. Because of the more 

controlled fibre separation, the amount of broken fibre is lower in TMP than in RMP. The 

small pieces of broken fibre, fibrils, pores, middle lamella fragments, etc., are called fine 

material or fines and usually defined as material smaller than 76 μm, i.e., the fraction of 

the pulp that passes through a 200 mesh wire during screening [4].  

Mechanically treating the fibres not only leads to fibre separation and increases the 

amount of fine material, but also promotes fibre development. Fibre development means 

that the fibres become flexible and their outer surface rougher, often through peeling off 

parts of the cell wall from the surface. The influence of this mechanical treatment on the 

fibre is presented in figure 1b, where the fibre development and fine material creation is 

depicted schematically. 

Comparing mechanical with chemical pulp reveals three main advantages to mechanical 

pulp: yield, bulk, and light scattering ability [5]. The yield of thermomechanical pulping 

is approximately 95–96%, since the logs are only debarked, chipped, and then refined, 

versus 45–50% for chemical pulp after bleaching [1]. With mechanical pulp, the bulk is 

generally high for a given strength, a quality utilized in adsorption products, thin printing 

paper, and paperboard: in adsorption products, the high bulk enhances the adsorption 

capacity, in thin printing papers, the bulk enables sufficient bending stiffness at low 
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grammage and adsorption rate, and, as a middle layer in paperboard, the high bulk of the 

mechanical pulp gives the paperboard a high bending stiffness provided that the 

mechanical pulp is sandwiched between layers of chemical pulp of high tensile stiffness. 

The light scattering of mechanical pulp is high for a given tensile index, due to the high 

fine material content and stiffness of the fibre. A high light scattering coefficient in 

combination with a rather high light absorption coefficient, due to the high lignin content, 

results in opacity, which is a desired property of thin printing paper.  

a) b)
Figure 1. Schematic of fibre separation and fibre development: a) shows where between the fibres the 
fracturing take place for three different mechanical pulps, refiner mechanical pulp (RMP), 
thermomechanical pulp (TMP), and chemithermomechanical pulp (CTMP) (image source: Franzén [6]). 
b) shows the fibre development and fine material creation during mechanical treatment through refining 
(image source: Sundholm [7]).  

 

Mechanical properties 

The in-plane and out-of-plane mechanical properties of the paper are important. The 

tensile index of sheets made of mechanical pulps, however, is generally lower than that of 

sheets made of chemical pulps (see figure 2). The general difference in tensile strength 

between the different mechanical pulps is also shown in this figure: CTMP possesses the 

highest tensile index, followed, in descending order, by TMP, RMP, and GWD.  
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Traditionally the strength of mechanical pulp is increased through increased refining 

energy. Refining makes the fibres more flexible and more fibrillated, which increases the 

contact area and number of contact points between the fibres. Refining also increases the 

fine material content of the pulp, increasing the light scattering ability of the paper. An 

increase in the amount of fines in a sheet also improves the tensile strength, assuming that 

the fines are of the same quality as the larger fibre fraction [4]. Refining also reduces the 

fibre length, an undesired effect, since fibre length is an important factor for the tear 

strength of the paper. 

Figure 2. Tensile index plotted against the light scattering 
coefficient of various mechanical pulps and chemical pulps 
(i.e., kraft pulps) (image source: Wood and Karnis [8]). 

 

Additives 

To improve or achieve desired sheet properties, reduce production cost, and avoid 

undesired sheet properties, etc., various additives are added to the pulp at different points 

in the paper making process. Additive use is not as usual in paper making from 

mechanical pulps as it is in paper making from chemical pulps, in which approximately 

25% filler is used, for example, in fine paper production [9]. 
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For newsprint, i.e., thin printing paper from mechanical pulps, fixing chemicals, retention 

agents, fillers, and, in some cases, cationic starch are added to the furnish. Fixing 

chemicals are added to control wood resins, etc. Retention aids, for example, anionic 

silica and cationic polyacrylamide (C-PAM) or a combination of C-PAM and bentonite, 

are added to enhance the retention of fine material and fillers in the sheets formed and to 

reduce the amount of fillers/fines in the white water. Fillers, usually clay or chalk, are 

added to mechanical pulp to reduce the production cost and increase the paper brightness. 

In some cases, cationic starch is added to the furnish to bind fine material and filler to the 

fibre, i.e., to reduce paper linting in printing operations.  

Starch 

One of the most common additives is starch. Starch is used as furnish addition, sprayed 

adhesive between paperboard layers, surface sizing, and coating. In newsprint, starch is 

used only as a furnish addition. 

Starch is a natural material found in cereals and root vegetables. Most commercial starch 

is made from corn, but it can also be made from potato, wheat, and tapioca. Starch 

consists of amylose and amylopectin. The amylose/amylopectin ratio differs between 

starches; for example, in potato starch, the ratio is 20/80. Both amylose and amylopectin 

comprise glucose molecules, amylose having a linear structure with α-1,4 bonding, 

amylopectin a branched structure with α-1,4 and α-1,6 bonding. The molecular structures 

of amylose and amylopectin are shown in figure 3. 

In nature, starch molecules are found in starch granules, which must be gelatinized 

through heating before use to make the amylose and amylopectin soluble. The swelling 

process of the starch is shown in figure 4. The swelling process begins with gelatinization 
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of the starch as the granule swells and the amylose and amylopectin become soluble. If 

the starch is cooked too long, it begins to break down; this indicates that there is a subtle 

balance between starch solubilization and starch break-down when cooking the starch. A 

dissolved starch can also undergo retrogradation, which means that the starch molecules, 

mostly amylose, coagulate and precipitate, which is why a starch solution should not be 

stored for a long time. 

A study of the adsorption of starch on chemical pulps has demonstrated that only 10% of 

the fibre charge is accessible to the starch [10]. In mechanical pulp, the fine material and 

dissolved and colloidal substances also strongly influence the starch adsorption, since 

these fractions have higher charges and specific surface areas than does the fibre and can 

therefore adsorb more starch [11]. The quality of fine material has also been found to 

influence the adsorbed amount [12].  

a) amylose b) amylopectin 
Figure 3. The basic chemical structure of a) amylose with a linear structure with α-1,4 bonding and  
b) amylopectin with a branched structure with α-1,4 and α-1,6 bonding. 
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Figure 4. Schematic of the swelling process of starch (image source: Lyckeby Industrial, 
Kristianstad, Sweden). 

 

Polyelectrolyte adsorption 

The adsorption of polymer to a surface can be influenced by electrostatic and/or non-ionic 

interactions, for example, van der Waal forces and hydrogen bonding. An adsorption 

solely driven by electrostatic interactions is called electrosorption and is entropic in 

nature, since the process is driven by the entropy gain upon release of counterions from 

the fibre surface and the polyelectrolyte. Earlier investigations have demonstrated that the 

behaviour of a polyelectrolyte adsorbed on a charged surface, in this case cationic starch 

on a fibre, can be explained by the Scheutjens–Fleer theory [13], which is a mean-field 

theory describing the organization of the polyelectrolyte at the solid–liquid interface. The 

electrostatic interactions depend, according to the theory, on three main factors: the 

surface charge density, σ0, polymer charge, qm, and ionic strength, cs. As mentioned 

earlier, polyelectrolyte adsorption is also influenced by non-ionic interactions between the 

surface and the polyelectrolyte, which are summarized in the two interaction parameters. 

One of these two parameters is the adsorption energy parameter, χs. It is also necessary to 
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consider the interaction between the polymer and the solvent to fully describe the 

distribution of the polymer between the dissolved and adsorbed states, and this is done 

with the χ parameter, i.e., the solvency parameter. Figure 5 presents a schematic of the 

adsorption behaviour of a polyelectrolyte on a solid surface according to the Scheutjens–

Fleer theory, where the saturation adsorbed amount, θex, is plotted against the salt 

concentration, cs. Curve 3 in the figure shows pure electrosorption, in which the polymer 

and surface have opposite charges and there is no “chemical” affinity, i.e., non-ionic 

interactions, between the two (χs = 0). In a salt-free solution, the polyelectrolyte charges 

will replace all the counterions in the double layer and “neutralize” all charges in the 

interface. At this low salt concentration, the adsorbed amount of this polyelectrolyte, in 

mg/m2, is influenced by the charge density of the polyelectrolyte. Polyelectrolytes with a 

higher charge density are adsorbed in smaller amounts than are polyelectrolytes with a 

low charge density. This is because different amounts are needed to recharge the surface, 

as is schematically depicted in figure 6. As the salt concentration increases in the case of 

pure electrosorption, the number of small counterions also increases while the 

polyelectrolyte adsorption decreases, since the entropy gain from the polyelectrolyte 

adsorption significantly decreases. When there is “chemical” affinity (χs > 0), the 

polymer also adsorbs at high ionic strengths, at which the electrostatic contributions are 

screened, due to its chemical affinity. Curve 2 in figure 5 shows the case in which –σ0/qm 

is small, meaning that the polymer adsorption is completely dominated by electrostatic 

interactions at low salt concentrations. In this situation, an increase in salt concentration 

promotes adsorption. In the opposite case, in which –σ0/qm is high, as in curve 1, the 

saturation adsorption at low salt concentrations is affected by both charge interactions and 

non-ionic interactions. In this situation, an increased salt concentration cancels out the 

contribution of charge interaction between the surface and the polyelectrolyte and only 
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the non-ionic interactions remain. A schematic comparison of curves 1 and 2 at a high salt 

concentration is presented in figure 7; in both cases, the adsorbed amount is the same, 

since the non-ionic interactions are the same for these two polyelectrolytes with different 

charge densities. Curve 2 indicates an increase in adsorption and curve 1 a decrease 

following salt addition, and in both cases the charges on the polyelectrolyte are screened 

by counterions. Curve 2 also has two dashed curves, indicating two special cases that are 

valid for some polyelectrolytes. Dashed curve 2’ shows the case in which the counterions 

are adsorbed specifically and therefore displace the polyelectrolyte if their concentration 

is high enough. Dashed curve 2’’ shows the case in which the solvency of the 

polyelectrolyte is poor. At a low salt level, the electrostatic contribution makes the 

polymer soluble but, as the salt level increases, the electrostatic contribution is screened, 

the polymer is no longer soluble, the surface acts as a nucleus for phase separation, and 

adsorption increases.  

 

Figure 5. Schematic of adsorption behaviour according to the Scheutjens–Fleer theory. The adsorbed 
amount is plotted against the salt level for three different cases. σ0 is the surface charge density, qm, the 
polymer charge, and l the length (image source: adapted from [13]). 
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a) low charge density b) high charge density 
Figure 6. The influence of the charge density of the polyelectrolyte on amounts adsorbed on oppositely 
charged surfaces at a low salt concentration. (image source: adapted from [13]). 

 

a) curve 2 at high cs b) curve 1 at high cs

Figure 7. Schematics drawings of the two cases, curves 1 and 2, from the Scheutjens-–Fleer theory presented 
in figure 5 at a high salt level, cs. (image source: adapted from [13]). 

 

In the case of starch adsorption, van de Ven et al. [14] have studied the adsorption of 

cationic starch and hydroxyethylether-modified starch on porous glass and found that 

even the non-ionic starch could be adsorbed on the glass surfaces. This indicates the 

presence of a non-ionic interaction between the starch and the SiO2 surface that 

contributes to the adsorbed amount. When studying the adsorption of starch on fibres 

from mechanical pulps, no significant non-ionic contribution has been found, i.e., only 

electrostatic interactions influence the adsorbed amount [11]. The adsorption of starch on 

fibre has been reviewed by Wågberg [15].  
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Polyelectrolyte multilayer 

The polyelectrolyte multilayering technique, introduced by Decher in 1997 [16], offers an 

alternative route to increasing paper strength. In this technique, an oppositely charged 

polyelectrolyte adsorbs on a charged surface, in this case a negatively charged fibre 

surface. The substrate is recharged and then, as a second oppositely charged 

polyelectrolyte is added, the surface is again recharged. The process can be repeated and a 

large number of layers formed. This multilayer build-up is schematically depicted in 

figure 8. A rinsing step can be inserted after layer addition to remove excess 

polyelectrolyte, if the amount of polyelectrolyte added has not been optimized.  

The application of PEM in papermaking was introduced by Wågberg et al. in 2002 [17]. 

With this technique, it is possible to increase the amount of polyelectrolyte adsorbed on 

the fibre while avoiding a high concentration of non-adsorbed polyelectrolytes and 

polyelectrolyte complexes in the water phase, which will degrade the runnability of the 

paper machine. No single theory describes polyelectrolyte formation, but it is well 

established that the multilayer interfaces have different zones [18]. In this zone model, the 

polyelectrolyte multilayer is subdivided into three distinct zones. Zone I consists of one or 

a few polyelectrolyte layers close to the substrates where the surface still has a large 

influence on the properties of the formed layers. Zone III consists of one or a few layers 

close to the external surface of the film and zone II, the bulk of the PEM, is the region 

between zones I and III. The borders to zone II are gradual and a sufficient number of 

layers is needed to be form before zone II appears. In zone I, the multilayer is influenced 

by the substrates, while in zone III the multilayer is influenced by the surrounding 

solution. The properties of zone II are dominated by the interactions between the two 

polyelectrolytes constituting the multilayer (see figure 9). The three zones differ in 
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chemical composition and structure; in simplified terms, it can be said that zone I is 

influenced by the solid surface and zone III carries the charges of the multilayer, while 

zone II is neutral. The zone model is only valid once a sufficient number of layers have 

been adsorbed.  

PEM formation has produced significant improved mechanical properties of papers made 

of the various kinds of modified pulps. In a study using multilayers of cationic starch and 

anionic carboxymethylated cellulose (CMC) and in which PEM-treated chemical pulp 

was added in different amounts (0–80%) to an untreated mechanical or chemimechanical 

pulp, it was found that a large improvement in out-of-plane properties could be achieved 

without densification or a large tensile index increase [19]. In another study, starch 

multilayers, all with a degree of substitution (DS) of approximately 0.065, were evaluated 

for application in bleached unbeaten softwood chemical pulp [20]. Three starch layers 

significantly improved both the in-plane and out-of-plane properties. It was also found 

that cationic amylose starch had a more positive effect on the tensile strength properties 

than did cationic amylopectin or potato starch in combination with an anionic starch [20]. 

Multilayers of polyallylamine hydrochloride (PAH)/polyacrylic acid (PAA) have also 

been found to increase the strength of papers made of PEM-treated fibres; the reason for 

this improvement was an increased number of fibre–fibre joints, which increased the 

degree of contact in fibre–fibre joints and the covalent bonding in the fibre–fibre contact 

[21]. It should also be noted that the polyelectrolytes constituting the PEMs have to be 

carefully selected, since not all polyelectrolyte multilayers produce a strength increase. It 

has been found that PEMs formed of cationic polyvinylamine (PVAm) and CMC actually 

reduce the tensile index [22].  
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Figure 8. Schematic of polyelectrolyte multilayer build-up. The polyelectrolytes adsorb to a negative 
substrate in two steps (image source: adapted from Decher [16]). 

 

 

Figure 9. The zone model of polyelectrolyte multilayers. The arrow indicates the layer build-up and zone 
development. As the three zones are established, only zone II grows. On the far right is an illustration of 
how the layers, though distinct, strongly overlap (image source: adapted from [18]). 
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Model surface studies of polyelectrolyte multilayer formation 

A pulp fibre, a mechanical pulp fibre in particular, has a rough surface, which makes it 

difficult to study the build-up of polyelectrolyte multilayers at the fibre level. A model 

surface, such as silica, can therefore be used to provide a smooth surface on which to 

study the layer build-up. Stagnation point adsorption reflectometry (SPAR) and quartz 

microbalance with dissipation (QCM-D) are two methods commonly used for such 

studies.  

Earlier studies have demonstrated that SPAR and QCM-D, together with the testing of 

papers made of PEM-treated fibres, can be used to investigate interactions within PEMs 

and between PEMs and fibre surfaces at different length scales [23]. 
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Materials  

Silicon wafers 

The silicon wafers (150mm diameter, boron-doped p-type silicon) were purchased from 

MEMC Electronics Materials (Novara, Italy). The wafers were washed with ethanol, 

blown dry with nitrogen, and allowed to oxidize for 3 h at 1000°C; the oxidation creates a 

SiO2 surface layer on the wafers. Before use, the wafers were washed consecutively with 

Milli-Q water (Milli-Q ultrapure water), ethanol, and Milli-Q water. The oxidized wafers 

were then hydroxylated in 10% NaOH for 30 s, washed with Milli-Q water, and blown 

dry with nitrogen; just before use, the wafers were placed in a PDC-002 plasma cleaner 

(Harrick Scientific, Ossining, NY, USA) for 30 s. The hydroxylation creates a fully 

wetted surface (SiOH) on the wafers. The thickness of the oxidation layer was measured 

using a type 43702-200E thin film ellipsometer (Rudolph Research, Flanders NJ, US). 

The SiO2 layers used in this study were 80–100 nm thick. 

QCM-D crystals  

The quartz crystal microbalance with dissipation (QCM-D) crystals with a silicon dioxide 

surface were purchased from Q-Sense (Göteborg, Sweden). The crystals were cleaned 

immediately before use, first by rinsing with a Milli-Q water/ethanol/Milli-Q water 

sequence and then by treating for 2 min in a plasma oven (PDC-002; Harrick Scientific, 

Ossining, NY, USA) at 30 W under reduced air pressure. 

Starches and other chemicals  

The starches used in this work were supplied by Lyckeby Industrial (Kristianstad, 

Sweden), and the ones used in the model surface experiments and for fibre modification 
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are presented in table 1. The cationic starch is cationically modified with a quaternized 

ammonium group and the anionic starch is an anionic aldehyde starch. The anionic charge 

come from carboxylic groups formed during oxidation. The refractive index increment 

(dn/dc) value used for all the starches is 0.146 and is taken from Bello-Pérez et al. [24]. 

Table 1. Summary of starches used in the model surface experiments and for fibre surface experiments. 
DS = degree of substitution of anionic and cationic groups in the starches.  

Types of starch DS [µeq./g] 
Experiment 

Model surface Fibre surface 

Cationic potato starch (DS 0.04) 0.039 339 ×  

Cationic potato starch (DS 0.06) 0.065 525 × × 

Cationic potato starch (DS 0.09) 0.093 710 ×  

Anionic potato starch (DS 0.04) 0.037 226 ×  

Anionic potato starch (DS 0.06) 0.065 400 ×  

Anionic potato starch (DS 0.09) 0.094 578 ×  

Cationic potato starch (DS 0.09) 0.091 696  × 

Anionic potato starch (DS 0.04) 0.04 226  × 

 

The sodium chloride, hydrochloric acid, and sodium hydroxide were all of analytic grade, 

supplied by Merck (Stockholm, Sweden). Deionized water was used in the fibre treatment 

part of the work. 

Pulp and pulp fractionation 

The pulp used was a spruce thermomechanical pulp (TMP) from the Hallsta Mill 

(Holmen Paper, Hallstavik, Sweden). The pulp collected at the mill had a concentration of 

6.2% and had the following pulp properties: conductivity, 4.58 mS/cm; COD, 4247 mg/L; 

cationic demand, 2.3 μeq./g dry pulp; and Canadian standard freeness, 104. Biocides were 

added before transportation. The pulp was then centrifuged and later also washed in the 
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centrifuge with 1 L of deionized water per 10 g of pulp, equivalent to 100 m3/ton pulp. 

The filtrate from the centrifuged sample was recirculated to minimize the fine material 

loss; the pulp was then fluffed and frozen. The washed TMP pulp was characterized using 

the Bauer McNett classifier [25]; the results of this characterization are presented in table 

2. The following pulp properties – acetone extractives (SCAN-CM 49:03), fibre charge 

(SCAN-CM 65:02), and surface charge (MoRe 10.223) – are summarized in table 3. The 

pulp was hot disintegrated according to ISO 5263-3:2004 before use in the present 

experiments. 

Table 2. The spruce thermomechanical pulp (TMP) fractionated in the Bauer McNett classifier. 

Fractions [mesh] +30 30/50 50/100 100/200 <200 

Content [%] 57.5 6.3 6.4 4.7 25.1 

 

Table 3. Properties of the spruce thermomechanical pulp (TMP) used in the present 
investigation. 

 Fibre fraction* washed Fines fraction* washed 

Acetone extractives [%] 0.15 0.45 

Fibre charge [µeq./g] 137 219 

Surface fibre charge [µeq./g] 9.4 47.2 

*according to the Britt Jar pulp fractionation method described herein 

 
Ten litres of pulp with a concentration of 5 g/L was fractionated using a device similar to, 

but larger than, a standard Britt Dynamic Drainage Jar [26], fitted with a 50 mesh metallic 

wire to prepare fibres and fines for PEM treatment and sheet preparation. The pulp was 

washed with 50 L of water, added continuously to the 10-L screen under stirring, and was 

then considered fines free. The first 20 L leaving the equipment was collected and was 

considered to contain essentially all the fine material of the pulp; these 20 litres are 

referred to as fine material/fines, while the long fibre and middle fraction left in the large 
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Britt Jar is called the fibre fraction. After fractionation, both the fibre and fines fractions 

were pH adjusted (pH 6.3) and salt was added (a salt level of 0.010 M NaCl was used). 

The fractions were used on the day of preparation. 
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Methods 

Gelatinization of starch 

Starch is usually stored as a powder, in the form of granules that are insoluble in water. 

The starch therefore must be gelatinized before use, i.e., the granule structure is broken 

down and the constituent amylose and amylopectin are released from the granule.  

The starches used in the model surface experiments were diluted with water and heated to 

120°C under pressure to gelatinize. The starch was heated in 5-mL vials using a 

ReactiTherm 18971 heating module (Pierce, Rockford, IL, USA). The concentration was 

1.67 g/L for the cationic and 4.00 g/L for the anionic starch solutions. The solutions were 

filtered to remove any small granule residues that would significantly disturb the SPAR 

and QCM-D measurements, using a 1.2-μm filter (Pall Life Science, East Hills, NY). All 

starch solutions were adjusted to a pH of 6.3 using analytical grade sodium chloride and 

sodium hydroxide (Merck, Stockholm, Sweden). The degree of gelatinizing was 

determined using a microscope with phase contrast and differential interference contrast 

(DIC) and a 10 objective, giving 100 magnification. Figure 10 depicts the swelling 

process, starting from swollen starch granules until cooking had dissolved all but a few 

remaining granules. The starches used in this work were cooked until the granules had 

dissolved and only a few not totally dissolved granules remained. This was made to 

ensure that the starch granules had dissolved into the molecules amylose and amylopectin, 

but not yet started to break the molecular weight to a considerable extent. To prevent 

bacterial starch break-down, the gelatinized starches were kept cold and only stored for a 

maximum of two days after gelatinization. 
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For the fibre modification experiments, the starch was cooked with feeding steam at a 1–

2% concentration for 20 min using 1000-rpm propeller stirring. The degree of gelatinizing 

was determined using a microscope in a way similar to that used for the model 

experiments. These starch solutions were also adjusted to a pH of 6.3 using sodium 

chloride and sodium hydroxide; the concentration of added salt was 0.010 M NaCl. 

 
a) 

 
 b) 

 
c) 

 
 d) 

 
e) 

 
 f) 

Figure 10. Microscopy images showing the starch swelling process: a) and b) show swollen, non-
gelatinized cationic starch with a DS of 0.065, c) and d) granules of anionic starch with a DS of 0.04, and e) 
and f) gelatinized anionic starch with a DS of 0.04, displaying some granule remains. The images were 
acquired using a microscope with phase contrast and differential interference contrast (DIC) and a 10 
objective, giving 100 magnification (MoRe Research, Örnsköldsvik, Sweden). 



 
25

Stagnation point adsorption reflectometry (SPAR)  

The stagnation point adsorption reflectometer used was from Wageningen University 

(Wageningen, the Netherlands). The instrument and method are thoroughly described by 

Dijt [27] and its application for characterizing the adsorption of typical additives used in 

papermaking has also earlier been described by Wågberg and Nygren [28]. 

The light source was a linear polarized HeNe laser operating at 632.8 nm and reflecting 

on a silicon oxide surface at the stagnation point at a 71○ angle. The output signal of the 

instrument is the ratio of the reflected intensity of the parallel and perpendicular 

components of the polarized laser light, i.e., Ip and Is, respectively. This ratio changes as 

the polymer adsorbs at the solid–liquid interface and the adsorbed amount, Г, can be 

calculated using Equation 1: 

0

1

S

S

AS


   (Equation 1) 

where As is the sensitivity factor proportional to the refractive index increment, dn/dc, of 

the studied polyelectrolytes and S/S0 is the relative change of the reflectometer signal. 

The sensitivity factors used in this study were calculated using “Prof. Huygens” software 

(Dullware, the Netherlands). Since it is difficult to determine the dn/dc of a layer of two 

or more polymers, all layers were assumed to have the same dn/dc value. 

In the method used, the polyelectrolytes were introduced into the reflectometer’s 

measuring cell after a stable baseline had been established, and every addition was 

followed by a rinsing step. The flow into the chamber was 1.5 mL/min and the rinsing 

solution had the same pH and salt content as the polyelectrolyte solution.  
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Quartz crystal microbalance with dissipation (QCM-D) 

The quartz crystal microbalance used was a QCM D300 from Q-Sense (Göteborg, 

Sweden), thoroughly described earlier [29]. The polyelectrolyte adsorbs to the 

piezoelectric crystal, which oscillates due to an applied alternating voltage. The 

polyelectrolyte adsorption is sensed as a decrease in resonant frequency; if the adsorbed 

layer is flat, uniform, and rigidly attached, the change in resonant frequency is 

proportional to the added mass. The Sauerbrey relationship (Equation 2) can then be used 

to calculate the adsorbed mass: 

f
n

c
m qcm   (Equation 2) 

where Cqcm is the sensitivity constant, 17.7 ng/cm2, n is the overtone number, and Δf is the 

change in resonant frequency of the crystal.  

The energy dissipated by the adsorbed layer can also be identified using the QCM by 

determining the decay constant of the frequency as the driving current is turned off. The 

viscoelastic properties of the layer can be calculated from this decay constant. The 

dissipation factor, D, is defined using equation 3: 

stored

dissipated

E

E
D

2
  (Equation 3) 

where Estored is the energy stored in the oscillating system and Edissipated is the energy 

dissipated during one oscillating period. A change in dissipation indicates a change in the 

viscoelastic properties of the layer, no change in dissipation during adsorption indicating 

that the adsorbed polyelectrolyte is rigidly attached. A high dissipation indicates the 

presence of a water-rich layer, so combining the results of the SPAR and QCM 
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experiments allows the water content of the adsorbed layer to be determined. 

Adsorption isotherms  

The adsorption isotherms of the starch on the fibre fractions were measured at a fibre 

concentration of 5 g/L. For the mixture of fibre fraction and 17% fine material, the 

concentration during adsorption isotherm measurement was 1.6 g/L. All adsorption 

isotherms were measured at pH 6.3 and at a NaCl concentration of 0.010 M NaCl. The 

titration method used is outlined in Wågberg et al. [30] and is based on a back-titration of 

excess polyelectrolyte in solution using a polyelectrolyte titrator (Mütek PCD 03, 

Herrsching, Germany). The cationic starch solutions were titrated with PES-Na (sodium 

polyethylene sulphate) and the anionic starch solutions with polyDADMAC 

(polydiallyldimethylammonium chloride), both obtained from PTE AB (Spånga, Sweden) 

as 0.001 N water solutions. 

Different amounts of starch were added to approximately 200-mL volumes of fibre 

suspension. At least five different added amounts were tested per layer. The samples were 

stirred for 10 min and then the fibres were filtered using a Büchner funnel fitted with a 

no. 3 filter (Munktell Filter, Falun, Sweden). The clear filtrate was collected and the 

remaining starch amount was tested using polyelectrolyte titration. For two or more 

layers, each starch addition was allowed to adsorb for 10 min under stirring before the 

next addition; there was no filtration or washing stage between starch additions. For some 

of the samples, the Z-potential was measured, in addition to the titration measurements. 

Polyelectrolyte multilayer treatment 

The polyelectrolyte multilayer treatment was conducted using the same concentrations as 

used when measuring the adsorption isotherms, i.e., fibre fractions of 5 g/L and a fibre–
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fine material mixture of 1.6 g/L. PEM treatment was done at a pH of 6.3 and at a NaCl 

concentration of 0.010 M NaCl (corresponding to a conductivity of 1.2 mS/cm). The 

starch was added to the pulp during stirring and then allowed to react for 10 min of 

stirring before the next addition. This process was repeated for all subsequent starch 

layers, with no filtration or washing stage between additions. When fine material was 

subsequently added, the mixture was stirred.  

Sheet forming 

The Rapid Köthen RK3-KWT sheet former (PTI, Vorchdorf, Austria) with white water 

recirculation was used to prepare hand sheets, according to ISO 5269/2-1980, except that 

the sheet grammage was 80 g/m2. A retention aid, a cationic polyacrylamide (Percol 292; 

Ciba, Basel, Switzerland) with a charge density of 1.0 meq./g, was used in preparing all 

sheets; 250 mg/kg of this was added to each sheet, except for the sheets with 0% fine 

material addition without PEM treatment. The retention aid was added to the sheet former 

during the aeration of the furnish. The first eight sheets were used to build up the white 

water and were discarded. A drying time of 10 min and a drying pressure of 90–94 kPa 

were used. 

Paper testing 

The Rapid Köthen hand sheets were tested using the following methods: grammage 

(g/m²), ISO 536; sheet density (kg/m³), ISO 534; tensile index (Nm/g) and stretch-at-

break (%), ISO 1924-3; tear index (mNm²/g), EN 21974; Z-directional tensile strength 

(kPa), SCAN-P 80:98; Scott bond (J/m²), T 833 om-94; light scattering coefficient 

(m²/kg), ISO 9416; formation (3-30) (large scale beta-formation using the imaging plate 

radiogram method); and Bendtsen roughness (ISO 5636-3). 
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Scanning electron microscope (SEM) 

A JSM-5800LV low vacuum scanning electron microscope (Jeol, Tokyo, Japan) was used 

to analyse the PEM-treated pulp sheets with different fine material contents. A conductive 

carbon layer was added. The analysis was conducted at MoRe Research (Örnsköldsvik, 

Sweden). 
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Results and discussion  

This section summarizes the results presented in papers I–III. In papers I and II, 

polyelectrolyte multilayer (PEM) formation on a SiO2 surface was evaluated using 

stagnation point adsorption reflectometry (SPAR) and quartz crystal microbalance with 

dissipation (QCM-D), while in paper III, PEM formation on thermomechanical fibres was 

evaluated by measuring the mechanical properties of sheets made of PEM-treated pulp.  

Adsorption of starch in a single layer and PEM formation: evaluated on a SiO2 

surface and on fibres 

The amount of cationic starch adsorbed in a first layer has been evaluated using both 

SPAR and QCM-D for SiO2 surfaces (papers I and II) and for fibres (paper III). For the 

SiO2 surface, three different cationic starches (with DS values of 0.04, 0.06, and 0.09) at 

three different NaCl concentrations (0.001, 0.010, and 0.100 M) were evaluated (see 

figure 11). As can be seen in this figure, similar saturation adsorption levels were found 

for all three starches at 0.001 and 0.010 M NaCl. As the salt concentration increased from 

0.001 to 0.010 M NaCl, there was a general increase in the saturation adsorption level 

from approximately 1 mg/m2 to 1.5 mg/m2. As the salt concentration increased further to 

0.100 M NaCl, a decrease in starch adsorption was seen for the starch with the lowest DS. 

For the starch with a DS of 0.06, there was a further increase in adsorbed amount to 2 

mg/m2, though for the starch with the highest DS the adsorption remained at 

approximately 1.5 mg/m2. To establish the limiting factors for starch adsorption, the 

amount of starch needed to cover the SiO2 surface in a single layer was calculated. 

Cationic potato starch comprises 20% amylose and 80% amylopectin [31], so the 

characteristics of amylopectin were used, i.e., radius of gyration of 180 nm and molecular 

mass of 10  107 [21]. From these assumptions the following adsorbed amount could be 
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22329

7

2
6.1

100223.6*)10180(*

1010

**
.

m
mg

Nr

M
amountAds

Ag

w 



 

 (Equation 4) 

Considering this and the adsorption levels determined using SPAR experiments, the 

calculated saturation adsorption is in excellent agreement with the experimental results. 

This suggests that the amylopectin is such a large molecule that it will block the surface 

of the SiO2, preventing any further adsorption of cationic starch on the surface, even 

though the surface might have a higher adsorption capacity from a charge point of view. 

This explanation is supported by the increased adsorption with increased salt 

concentration, since this reduces the molecule size by shielding the charges in the 

polyelectrolyte chain, allowing more starch molecules to adsorb to the surface. The starch 

adsorption in single layers to the SiO2 surface is thus likely controlled both by 

electrostatic interactions, non-ionic interactions, detected as a rather high adsorption at 

high ionic strengths and by pure steric restrictions at the surface due to the size and highly 

branched structure of the molecules and the relatively low charge of the starch. 

When comparing the adsorption of two starch combinations (cationic starch with DS 

values of 0.09 and 0.06, both combined with anionic starch with a DS of 0.04) on a SiO2 

surface and on fibres, some similarities can be seen. The amount of starch saturation 

adsorbed on fibres is determined by adsorption isotherms, as shown in figure 12. 

According to the SPAR experiments, at a salt concentration of 0.010 M NaCl, 1.5 mg/m2 

was adsorbed in the first layer on the smooth SiO2 surface for the starch combination 

containing a cationic starch with a DS of 0.06 and 1.7 mg/m2 for the cationic starch with a 

DS of 0.09 (see table 4). 
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Figure 11. The amounts of cationic starch saturation adsorbed to SiO2 surfaces as calculated from 
experimental results using the SPAR equipment. The values shown were acquired at the end of the rinsing 
cycle for each layer. The DS values for the cationic starch were 0.04, 0.06, and 0.09 and the experiments 
were conducted at three different NaCl levels, (■) 0.001 M, (▲) 0.010 M, and (○) 0.100 M NaCl. 
 

A fibre has a rougher surface than does the SiO2 surface, and was assumed to have a 

surface of approximately 5 m2/g [32]. This gives expected fibre adsorption, calculated 

from the SPAR measurements, of 8.5 mg/g and 7.5 mg/g for the two starch combinations, 

respectively. This is in fairly good agreement with the 8 mg/g estimated for both cationic 

starches from the adsorption isotherms of the fibres. This indicates that steric resistance 

also affects the adsorption of cationic starch on fibres, which explains why more starch 

was not adsorbed on the fibres. 

For the third, cationic layer, the expected absorbed amounts, calculated from the SPAR 

measurements, are 7.0 and 6.5 mg/g (for starches with DS values of 0.06 and 0.09, 

respectively), which are in agreement with the amounts indicated by the isotherms of 7.5 

and 6 mg/g, respectively. 
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Figure 12. Adsorption isotherms of different starch combinations for the TMP fibre fraction: a) cationic 
starch with a DS of 0.06 in combination with anionic starch with a DS of 0.04 at 0.010 M NaCl at pH 6.3; 
b) cationic starch with a DS of 0.09 in combination with anionic starch with a DS of 0.04 at 0.010 M NaCl 
at pH 6.3. Layer 1 (○), Layer 2 (◊), Layer 3 (▲), and Layer 4 (□). The dotted lines indicate the saturation 
adsorption as estimated from the adsorption isotherms for each layer.  
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However, for the second, anionic layer, the SPAR measurements and adsorption isotherm 

results are not in agreement. As calculated from the SPAR measurements, 0.25 and 2.5 

mg/g of anionic starch was adsorbed on fibres on preadsorbed layers of cationic starch 

with DS values of 0.06 and 0.09, respectively. The adsorption isotherms, however, 

indicate that the adsorbed amounts should be 18 and 19 mg/g, respectively. In the model 

surface experiments, a signal decrease was seen for the anionic layers after an initial 

signal increase. If this signal decrease is not in fact a signal decrease, but rather an 

artefact due to a change in the refractive index increment causing a signal decrease in the 

measurements, this could explain the poor agreement between the model surface studies 

and the adsorption isotherms. Further investigation is needed before any conclusion can 

be drawn as to the reason for this poor agreement for the anionic starch layer. 

Table 4. Adsorbed amount of starch in each layer as a function of layer number as calculated from the 
SPAR experiments.  

Cationic starch DS 0.06 0.06 0.09 0.09 

Anionic starch DS 0.04 0.04 0.04 0.04 

Salt [M] 0.010 0.001 0.010 0.001 

Layer 
number 
[mg/m2] 

1 1.7 1.0 1.5 0.9 

2 1.7 1.0 2.0 0.9 

3 3.1 1.7 3.3 1.3 

 

The limits to PEM formation for the different starches at different salt concentrations 

could be identified from the SPAR and QCM-D measurements. Table 5 presents an 

overview of PEM formation, based on SPAR measurements, a matter that is more 

thoroughly discussed in papers I and II. The SPAR measurements reveal the impact of 

salt concentration: an excessive high salt concentration, 0.100 M NaCl, limits PEM 

formation and only the starch combinations with a high DS are able to form PEMs. At the 

medium salt concentration, 0.010 M NaCl, almost all evaluated starch combinations can 



 
36

form PEMs, except the combination in which both starches had a DS of 0.04. At 0.001 M 

NaCl, all examined starch combinations were able to form stable PEMs. 

Table 5. Summary of all measurements used to determine the limits of polyelectrolyte multilayer formation 
as function of starch DS and salt concentration. The areas shaded with horizontal hatching indicate that no 
multilayer was recorded, the black areas indicate multilayer formation, while the white areas indicate 
uninvestigated combinations. 

[DS] 0.100 M [DS] 0.010 M [DS] 0.001 M 

AS\CS 0.04 0.06 0.09 AS\CS 0.04 0.06 0.09 AS\CS 0.04 0.06 0.09 

0.04       0.04       0.04       

0.06       0.06       0.06       

0.09       0.09       0.09       

 

It also seems to be more favourable to have a highly charged cationic starch in the 

cationic–anionic starch combination, and a combination of starches with the same DS 

produced a more linear layer build-up after the first layer (paper I). As mentioned above, 

a steric restriction also seems to be present. 

Influence of PEM formation on fibres on sheet properties 

Based on the results of the model surfaces described above and in papers I and II, two 

starch combinations were chosen for further evaluation with the TMP, cationic starches 

with DS values of 0.06 and 0.09, both combined with anionic starch with a DS of 0.04. 

PEM formation was initially evaluated for the fibre fraction of the TMP (i.e., the long 

fibre and middle fraction) without fine material. The increase in tensile index with the 

formation of four layers of starch, i.e., two bilayers, for the combination of cationic starch 

with a DS of 0.06 and an anionic starch with a DS of 0.04 was 62% (44.2 to 71.7 Nm/g) 

(see figure 13a). The sheet density increased only slightly with the PEM formation, as 
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seen in figure 13b, where the tensile index is plotted against sheet density.  

The out-of-plane properties of the fibre sheets also improved with PEM formation on the 

fibres. As seen in figure 14, the Scott bond values increased by 291%, from 134 to 525 

J/m2; 525 J/m2 is the maximum value detectable with the Scott bond method, so the actual 

value could well be even larger. The Z-strength also increased considerably, by 77% 

(from 400 to 707), with the starch combination containing a cationic starch with a DS of 

0.06. 

The four starch layers introduced with PEM formation reduced the light scattering 

coefficient of the sheet and also reduced the tear index, whereas the stretch-at-break value 

increased. Sheet making apparently has no great effect on PEM formation, a matter 

further discussed in paper III. 

The tensile index, Scott bond, and Z-strength values improved greatly with each 

additional PEM layer for layers 1, 2, and 4. No large increase could be detected for the 

cationic addition in layer 3. 
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Figure 13. Tensile index for the Rapid Köthen hand sheets made of the fibre fraction treated with PEMs 
as a function of a) layer number and b) sheet density. In a), (○) represents the starch combination 
containing cationic starch with a DS of 0.06 and (●) represents layers 1–4 for the starch combination 
containing cationic starch with a DS of 0.09. In b), (○), (Δ), (□), and (◊) represent layers 1–4 for the starch 
combination containing cationic starch with a DS of 0.06 and (●), (▲), (■), and (♦) represent layers 1–4 
for the starch combination containing cationic starch with a DS of 0.09.  represents the untreated pulp. 
Both cationic starches are combined with an anionic starch with a DS of 0.04. The added lines merely 
serve to guide the eye. The pH used was 6.3 in all experiments. 
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Figure 14. Out-of-plane mechanical properties for the 80 g/m3 Rapid Köthen hand sheets: a) Z-strength-
values as a function of layer number and b) Scott bond values as a function of sheet density. (○), (Δ), (□), 
and (◊) represent layers 1–4 for the starch combinations containing cationic starch with a DS of 0.06 and 
(●), (▲), (■), and (♦) represent layers 1–4 for the starch combinations containing cationic starch with a DS 
of 0.09.  represents the untreated pulp. Both cationic starches are combined with an anionic starch with a 
DS of 0.04. The added lines merely serve to guide the eye. The pH used was 6.3 in all experiments. 
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Influence of a subsequent fine material addition 

The TMP pulp consists of both fibres (the long fibre and middle fraction) and fine 

material. The results discussed above concern PEM formation on the fibre fraction 

evaluated; this section examines the formation of PEMs of the two different starch 

combinations on the fibre fraction of pulp to which untreated fine material is added before 

sheet forming. Four different fine material levels were used in these experiments, 0, 10, 

17, and 30% fine material by weight, a fines level of 30% corresponding to the fines level 

of the original pulp. The subsequent additions of untreated fine material reduced the 

tensile index; see figure 15a for the combination containing cationic starch with a DS of 

0.06. For the other combination with a DS of 0.09, the reader is referred to paper III. With 

four PEMs of the combination containing cationic starch with a DS of 0.06, the tensile 

index increased by 13% from 50.5 to 56.9 Nm/g at a fines level of 30%, compared with a 

62% increase from 44.2 to 71.7 Nm/g with no fines addition. Figure 15b shows that the 

increase in fines content from 0 to 30% in sheets with four starch layers (of the 

combination containing cationic starch with a DS of 0.06) on the fibre fraction, increased 

the light scattering coefficient by 63% from 32 to 52 m²/kg; at the same time, the tensile 

index decreased from 71.1 to 56.9 Nm/g. The PEM treatment also has a negative effect on 

the light scattering ability. For the fibre fraction containing 0% fine material, the PEM 

layers containing cationic starch with a DS of 0.06 and anionic starch with a DS of 0.04 

reduced the light scattering coefficient by 13% from 36 to 32.  
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Figure 15. a) Tensile index for the Rapid Köthen hand sheets as a function of subsequently added 
untreated fine material content. (○), (Δ), (□), and (◊) represent layers 1–4 for the starch combination 
containing cationic starch with a DS of 0.06 in combination with anionic starch with a DS of 0.04.  
represents the untreated pulp. b) The tensile index for the untreated and PEM-treated (1–4 layers) long 
fibre and middle fraction for the starch combinations with DS values of 0.06/0.4 presented as a function of 
light scattering coefficient. The figure has been separated into four different fine material levels, which are 
marked 0% (x), 10% (○), 17% (●), and 30% (Δ). The lines are merely included as a guide for the eye. The 
pH used was 6.3 in all experiments. 
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The improvement in the out-of-plane mechanical properties of the sheet decreased as the 

addition of untreated fine material increased. Figure 16 presents the Z-strength as a 

function of the fine material content of the sheet. An increase of the added amount of fine 

material, from 0 to 30%, increases the Z-strength by 48% (from 400 to 592 kPa) in the 

untreated sheet. For the treated sheet with four PEM layers, the increase at a 30% fines 

level is small, only 15%, from 592 to 682 kPa, which can be compared with a fines level 

of 0% where the increase is 77%, from 400 to 707 kPa. 
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Figure 16. Z-strength-values for the 80 g/m3 Rapid Köthen hand sheets as a function of the different 
amounts of subsequently added untreated fine material content. (○), (Δ), (□), and (◊) represent layers 1–4 
for the starch combinations containing cationic starch with a DS of 0.06 in combination with anionic starch 
with a DS of 0.04.  represents the untreated pulp. The pH used was 6.3 in all experiments. 

 

Looking at the similarities in tensile index and Z-strength development in sheets with 

different degrees of PEM treatment (i.e., different numbers of starch layers) for the starch 

combination containing a cationic starch with a DS of 0.06 and a subsequent fines 

addition of 0–10%, both the first and fourth layers produced a value increase with both 
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methods. With a subsequent fine material addition of 17%, both the first and third layers 

produced large value increases, but at the highest added fines content, 30%, no agreement 

between the tensile index and Z-strength could be seen. For the other combination 

evaluated (Paper III); cationic starch with a DS of 0.09 in combination with an anionic 

starch with a DS of 0.04 the similarities in tensile index and Z-strength development in 

sheets with different degrees of PEM treatment were somewhat different. No conclusive 

explanations to this difference in value improvements in tensile index and Z-strength 

between the layers could be identified in the present work. 

The decrease in tensile index and Scott bond value as untreated fine material was 

introduced was probably due to the blocking of PEM interactions between two fibres 

lying close together. The untreated fine material added after PEM treatment will be 

adsorbed to the outer parts of the treated fibre, blocking any possible interlocking 

between pairs of treated fibres and therefore reducing the strength-enhancing effect of the 

PEMs. This is schematically depicted in figure 17. 

  

a) b) 
Figure 17. Schematic of two interacting PEM-treated fibres lying close together. In a) no fine material was 
added and in b) untreated fine material was subsequently added.  

 

A general conclusion that can be drawn from the performed PEM experiments is that the 

addition of untreated fine material reduced the improvement in paper strength properties 
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following PEM treatment. A PEM-treated fibre sheet without fine material had better in-

plane and out-of-plane properties than did a sheet containing added untreated fine 

material. A sheet without fines has two drawbacks, i.e., a lower light scattering ability and 

a rougher surface, both of which produce inferior printing properties. This is shown in the 

SEM images of the sheet surfaces presented in figure 18.  

  

a) 0% fine material b) 10% fine material 

  

c) 17% fine material d) 30% fine material 
Figure 18. Scanning electron microscope/energy dispersive X-ray (SEM/EDX) images of the surfaces of 
sheets made of PEM-treated fibre containing different amounts of added fine material, i.e., a) 0%, b) 10%, c) 
17%, and d) 30%. The images were acquired in backscattering mode, shadow mode. Images were acquired at 
MoRe Research (Örnsköldsvik, Sweden). 
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Bendtsen roughness measurements were also made for the Rapid Köthen hand sheets (see 

figure 19); these measurements indicated that PEM formation produced a somewhat 

rougher surface at each fine material level than that found in sheets made of untreated 

pulp. For example, at a 17% fine material content, the sheet with four PEM layers 

(cationic starch with a DS of 0.06) had an 11% rougher surface than did the untreated 

sheet (398 to 442 mL/min). The difference in roughness between 17 and 30% fines 

content is small, as seen in the SEM images, but with no fine material the surface was 

clearly rougher. 
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Figure 19. Bendtsen roughness of the Rapid Köthen hand sheets as a function of the content of 
subsequently added untreated fine material. (○), (Δ), (□), and (◊) represent layers 1–4 for the starch 
combination containing cationic starch with a DS of 0.06 combined with an anionic starch with a DS of 
0.04.  represents the untreated pulp. The pH used was 6.3 in all experiments.  

 

Influence of fractionation on adsorbed amount and sheet properties 

To evaluate the influence of fractionation and of treating only part of the pulp, versus 

PEM treatment of the entire pulp, a mixture of 17% fines and fibres was also PEM treated 
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with the same two starch combinations as described earlier. The amount of starch needed 

in each layer was evaluated using adsorption isotherms; the determined saturation 

adsorptions are shown in table 6, where the amount of starch needed for only the fibre 

fraction is also shown. The amounts of starch needed to PEM treat the entire pulp are 

much larger than those needed to treat only the fibre fraction. 

Table 6. Saturation adsorption of starch (in mg/g) in each step according to adsorption isotherms for the 
TMP fibre fractions and for the entire pulp (with a 17% fine material addition) for the two starch 
combinations, i.e., cationic starch with DS values of 0.06 and 0.09, both combined with an anionic starch 
with a DS of 0.04. 

PEM-treated 
Fraction 

Fibre fraction* 
Pulp of fibre fraction containing 

17% fine material 

Layer number DS 0.06 DS 0.09 DS 0.06 DS 0.09 

1 8 8 30 22 

2 8+18 8+19 30+20 22+11 

3 8+18+7.5 8+19+6 30+20+16 22+11+17 

4 8+18+7.5+16 8+19+6+14 30+20+16+17 22+11+17+18 

* according to the Britt Jar pulp fractionation method described herein.  

 

Comparing the Scott bond values for the two different PEM treatments (see figure 20) 

indicates that the sheets comprising entire PEM-treated pulp have higher Scott bond 

values than do those in which only the long fibre and middle fraction of the pulp was 

treated. The Scott bond values for the combination containing cationic starch with a DS of 

0.06 and four PEMs were 414 J/m2 when the entire pulp was treated compared with 519 

J/m2 when only the fibre fraction was PEM treated. The tear index of the sheet for which 

the entire pulp was PEM treated, on the other hand, was lower than that of sheets for 

which only the fibre fraction was PEM treated (see figure 21). 
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Figure 20. a) Scott bond values and b) tear index for Rapid Köthen hand sheets made of a PEM-treated 
fibre mixture containing 17% fine material and a PEM-treated fibre fraction with a subsequent fines 
addition, both presented as a function of sheet density. (○) and (●) represent PEM formation on the mixed 
fibre/fines fraction, while (Δ) and (▲) represent a 17% fine material addition after PEM formation on the 
fibre fraction only. The unfilled symbols indicate combinations containing cationic starch with a DS of 
0.06 and the filled symbols the starch combination containing cationic starch with a DS of 0.09.  
represents the untreated pulp and the arrow indicates the direction of PEM formation (i.e., increased 
number of layers). Both cationic starches are combined with an anionic starch with a DS of 0.04. The pH 
was 6.3 in all experiments. 
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Figure 21. Tear index for the Rapid Köthen hand sheets made of a PEM-treated fibre mixture containing 
17% fine material and a PEM-treated fibre fraction with a subsequent fines addition, both presented as a 
function of sheet density. (○) and (●) represent PEM formation on the mixed fibre/fines fraction, while 
(Δ) and (▲) represent a 17% fine material addition after PEM formation on the fibre fraction. The unfilled 
symbols indicate the combinations containing cationic starch with a DS of 0.06 and the filled symbols the 
starch combination containing cationic starch with a DS of 0.09. × represents the untreated pulp and the 
arrow indicates the direction of PEM formation (i.e., increased number of layers). Both cationic starches 
are combined with an anionic starch with a DS of 0.04. The pH used was 6.3 in all experiments. 
 

PEM treating the entire pulp resulted in a tensile index increase, but also significantly 

increased the amount of starch needed for PEM formation. Figure 22 presents the tensile 

index as a function of adsorbed amount. The sheets made from the PEM-treated fibre 

fraction with the combination of cationic starch with a DS of 0.06 and anionic starch with 

a DS of 0.04 had a tensile index of 59.2 Nm/g compared with 62.3 Nm/g for the sheet 

where the entire pulp had been PEM treated. However, PEM treating the entire pulp with 

the starch combination with a DS of 0.06 required almost twice as much starch. It should 

also be noted that the highest tensile index values were found in sheets made of PEM-

treated fibres with no subsequent fines addition. 
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Figure 22. Tensile index plotted against adsorbed amount as determined from the adsorption isotherms for 
the pulps without fines (Δ, ▲), containing 17% fines (■, □), and containing 17% fine material in which both 
fibre and fine material has been PEM treated (●, ○). The filled symbols represent the cationic starch with a 
DS of 0.09 and the unfilled the cationic starch with a DS of 0.06. Both cationic starches are combined with 
an anionic starch with a DS of 0.04. The pH used was 6.3 in all experiments. 

 

Comparing PEM treatment with refining  

For PEM formation to be an attractive alternative for paper makers, PEM treatment must 

be effective, in terms of both cost and of improving the mechanical properties of the 

sheets, compared with other techniques. 

Refining improves the paper properties by mechanically treating the pulp; the fibres 

become fibrillated and flexible through adding mechanical energy to the pulp. In figure 

23, the tensile index is plotted as a function of sheet density for sheets refined at different 

energy levels and with PEM additions to the fibre fraction. The refiner sheets tested were 

prepared using the Rapid Köthen sheet former, but with no white water recirculation. In 

the figure, the reference pulp from the PEM experiments has somewhat higher values 
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than expected, probably due to the thorough washing of the fine materials used in the 

present work. Direct comparison between refining and PEM treatment is therefore 

somewhat limited, but the slope of the two curves can definitely be compared. The PEM 

curve is steeper than the curve for the different levels of refining, indicating that PEM 

addition produces a greater increase in tensile index than does an increase in refining 

energy.  

The choice of strategy for improving the mechanical properties of the paper also depends, 

as already mentioned, on cost effectiveness. The cost effectiveness of the two techniques, 

PEM and refining, depends on the cost of the chemicals versus the cost of the refiner 

energy. This will not be further discussed here, but is of course an important question. 
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Figure 23. Tensile index plotted against sheet density for PEM-treated fibres, 1–4 layers (■), and for 
pulps with different refining levels (◊).  indicates untreated pulps with fines levels of 0, 10, 17, and 30%. 
The added lines merely serve to guide the eye. The data for the untreated fibres with different fines 
additions are fairly high, probably due to the thorough washing of the materials used in the present work; 
this should not, however, affect comparison of the slopes of the curves. 
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Conclusions 

The SPAR and QCM-D measurements indicate that it is possible to form polyelectrolyte 

multilayers on SiO2 surfaces using oppositely charged starches. The adsorption in the first 

layer is found to be controlled both by electrostatic, non-ionic interactions and by pure 

steric restrictions at the surface. The starch adsorption, according to the adsorption 

isotherms, in layers 1 and 3 on fibres is in agreement with the model surface experiments; 

however, in layer 2, consisting of anionic starch, the isotherms and model surface 

experiments do not display similarly good agreement.  

The SPAR measurements indicate that the charge density of the starch must exceed a 

lower critical value in order to recharge the surface to a sufficient extent that a subsequent 

layer can be formed on top of the preceding layer. The magnitude of charge density 

needed varies with salt level. The results indicate that the combination of charge densities 

of the cationic/anionic starches influences the adsorption behaviour and properties of the 

adsorbed layers.  

Four-layer PEM treatment of the long fibre and middle fraction of the TMP with cationic 

and anionic starch significantly improves the in-plane and out-of-plane properties of 

sheets prepared from this fraction. The tensile index, stretch-at-break, Z-strength, and 

Scott bond values all increase, but the tear index and light scattering coefficient decrease 

as PEM treatment is introduced. PEM treatment leads to almost no reduction in formation 

and only a slight sheet density increase. 

Adding untreated fine material to the treated long fibre and middle fraction reduces the 

effect of the PEMs. The improvement in the in-plane and out-of-plane properties of the 
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sheets is less than when no fine material is added subsequent to PEM treatment.  

PEM treatment of the entire pulp improves both in-plane and out-of-plane properties. 

These improvements are larger than when only the long fibre and middle fraction of the 

pulp is treated and untreated fines are subsequently added. The amount of starch needed 

for PEM treatment of the entire pulp, however, is much larger than when only the long 

fibre and middle fraction is treated, according to the adsorption isotherms. The increase in 

tensile index of the sheets made of PEM-treated entire pulp (i.e., long fibre and middle 

fraction and 17% fines), however, is smaller than for the sheets made of the PEM-treated 

long fibre and middle fraction without subsequent fines addition. 
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Future work 

This study has clearly demonstrated that polyelectrolyte multilayers of cationic and 

anionic starch adsorbed on thermomechanical pulp fibres can improve both the in-plane 

and out-of-plane strength properties of a sheet. The amount of starch needed for PEM 

formation, however, is large when the entire pulp is treated. However, a sheet containing 

no fine material has inferior printing properties and is therefore undesired. One way to 

reduce the amount of starch consumed in PEM treating the fine material fraction would 

be to treat the fine material with only a single layer or one bi-layer of starch, while 

treating the fibre fraction with three or four PEM layers. This could reduce both the 

negative impact of subsequent fine material addition and the amount of starch needed for 

PEM formation. 

Reducing the fine material content of the pulp might also be of interest, and for this 

purpose, mechanical high-temperature chemithermomechanical pulp (HT-CTMP), with 

its low fine material content, could be an attractive option for PEM treatment. 
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