
ABSTRACT 

 
This thesis examines the formation of Polyelectrolyte Multilayers (PEM) on cellulose fibres as a new 

way of influencing the fibre surface and the adhesion between wood fibres. The aim of the study was 

to enhance the fundamental understanding of the adsorption mechanisms behind the formation of 

Polyelectrolyte Multilayers on cellulose fibres; to study how the properties of the layers can be 

influenced and to show how the properties of the layers influence the adhesion between the fibres 

and the strength of paper sheets made from the PEM treated fibres. 
 

Different polyelectrolyte systems are known to form PEMs with different properties, and in this work 

two different polymer systems were extensively studied: poly(dimethyldiallylammonium chloride) 

(PDADMAC) / poly(styrene sulphonate) (PSS), which are both strong polylectrolytes (i.e. are highly 

charged over a wide range of pH) and poly allylaminehydrochloride (PAH) /poly acrylic acid (PAA), 

which are both weak polyelectorlytes (i.e. sensitive to pH changes). PEMs were also formed from 

PAH/ poly(3,4-ethylenedioxythiophene):PSS (PEDOT:PSS), in order to form electrically conducting 

PEMs on fibres and PEM-like structures were formed from polyethylene oxide (PEO) and polyacrylic 

acid (PAA). 
 

In order to study the influence of the PEM on adhesion and paper strength, fibres were treated and 

used to form sheets which were physically tested according to determine the tensile index and strain at 

break. Both these systems were studied using different molecular mass fractions. High molecular mass 

PDADMAC/PSS (>500k/1000k) had a significantly greater influence as a function of the number of 

layers than low molecular mass PDADMAC/PSS (30k/80k). In contrast, sheets made from high 

molecular mass PAH/PAA (70k/240k) showed a significantly lower increase in strength than sheets 

made from low molecular PAH/PAA investigated earlier. Both these systems had a greater influence 

on paper strength when the cationic polyelectrolyte was adsorbed in the outermost layer. The amount 

of  polyelectrolytes adsorbed on the fibres was determined using polylectrolyte titration (PET) and 

destructive analytical methods. Adsorption to model surfaces of silicon oxide was studied before the 

adsorption on fibres, in order to understand the influence on PEM properties of parameters such as 

salt concentration and adsorption time. 
 

Adhesion studies of surfaces coated with PAH/PAA using AFM, showed an increase in adhesion as a 

function of the number of adsorbed layers. The adhesion was higher when PAH was adsorbed in the 

outermost layers. Individual fibres were also partly treated using a Dynamic Contact Angle analyser 

(DCA) and were studied with regard to their wettability. In general, the wettability was lower when the 

cationic polymer was outermost. The level of adhesion and paper strength are discussed in terms of 

rigidity and wettability and the PEMs demonstrating a large number of free chain ends, a large chain 

mobility  and a low wettability was found to have the greatest influence to adhesion and paper 

strength. 
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SAMMANFATTNING 

 
Denna avhandling behandlar adsorption av polyelektrolytmultiskikt (multiskikt) på cellulosafibrer som 

ett nytt sätt att påverka en fibers ytegenskaper och adhesionen mellan fibrer.  Målsättningen med 

denna studie var att öka den grundläggande kunskapen om adsorptionsmekanismerna för 

polyelektorlytmultskikts uppbyggnad på cellulosafibrer. Detta för att öka kunskapen om hur skiktens 

egenskaper kan påverkas, och hur dessa egenskaper sedan påverkar adhesion mellan fibrerna.  

 

Genom att använda olika kombinationer av polyelektrolyter kan multiskikt som uppvisar mycket olika 

egenskaper skapas. I denna avhandling har två olika polylelktrolytsystem studerats ingående; 

polydimethyldiallylammoniumklorid (PDADMAC) / polystyren sulfonat (PSS), vilka båda är starka 

polylelktorlyter (d.v.s. fullt laddade over ett brett pH intervall) och poly allylaminhydroklorid (PAH) 

/polyakrylsyra (PAA), vilka båda är svaga polyelektrolyter (d.v.s. känsliga för pH förändringar). 

Multiskikt byggdes också från PAH/poly(3,4-etylendioxythiofen):PSS (PEDOT:PSS), detta för att 

forma elektriskt ledande multiskikt på fibrer, och multiskiktsliknande strukturer adsorberades från 

polyetylenoxid (PEO) och PAA. 

 

För att studera multiskiktets påverkan på adhesion och pappersstyrka tillverkades papper av 

multiskiktsbehandlade fibrer, vilka testades fysikaliskt med avseende på dragindex och brottöjning. 

För båda dessa system användes olika molekylviktskombinationer; högmolekylär PDADMAC/PSS 

(>500k/1000k) visade tydligt större påverkan på dragindex och brottöjning som en funktion av 

antalet adsorberade lager än lågmolekylär PDADMAC/PSS (30k/80k). I motsats till detta visade 

högmolekylär PAH/PAA (70k/240k) en lägre påverkan än lågmolekylär PAH/PAA, vilken studerats i 

tidigare undersökningar [1]. För båda systemen var påverkan större då den kationiska polyelektrolyten 

var adsorberad i det yttersta skiktet. Den adsorberade mängden polyelektrolyt bestämdes med hjälp av 

polylelktrolyttitrering och genom kväve- respektive svavelanalys. Multiskikt adsorberades också på 

modellytor av kiseloxid, detta för att studera inverkan av t ex saltkoncentration och adsorptionstid 

innan multiksikten adsorberades på fibrer. 

 

Adhesionen mellan ytor behandlade med PAH /PAA-multiskikt bestämdes också med hjälp av 

atomkraftsmikroskopi  (AFM). Dessa mätningar visade att adhesionen ökade med antalet adsorberade 

lager, liksom att adhesionen var högre då PAH var adsorberad i det yttersta lagret. Enstaka fibrer 

behandlades också med hjälp av en utrustning för enkelfibervätning, en s.k. dynamisk 

kontaktvinkelmätare, och visade i allmänhet en lägre grad av vätbarhet då den katjoniska 

polylelektrolyten adsorberats i det yttersta lagret. Pappersstyrka och adhesion diskuterades också i 

termer av skiktegenskaper och vätbarhet. Multiskikt där polymererna visade ett högre antal fria kedjor, 

en högre kedjerörlighet och en lägre grad av vätbarhet visade den största inverkan på pappersstyrka 

och adhesion. 
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PREFACE 

 
Paper consists of cellulose fibres forming a three dimensional network. To obtain a strong fibre 

network, a large contact area between the fibres is needed, as well as strong molecular interactions 

between the fibres and a large number of fibre-fibre contact points (fibre-fibre joints). In the work 

described in this thesis, a novel method of improving paper strength has been further developed. This 

method, Polyelectrolyte Multilayer (PEM) treatment, is based on a consecutive treatment of the 

cellulose fibres by anionic and cationic polymers (polyelectrolytes). 

 

The aim of this study was a better fundamental understanding of the adsorption mechanisms behind 

the formation of polyelectrolyte multilayers on the fibres; how the properties of the layers can be 

influenced and how the properties of the layers will influence the adhesion between fibres and 

consequently the strength of paper sheets made from the PEM-treated fibres. 

 

Different combinations of polymers were used. In paper I the formation of PEMs from a high 

molecular mass combination of two strong polylelectrolytes (i.e. charged over a wide pH interval), 

poly (dimethyldiallylammoniumchloride) (PDADMAC) and poly (styrene sulphonate) (PSS), was 

thoroughly studied; the influence on the formation (adsorbed amount) of parameters such as 

adsorption time and electrolyte concentration was studied for adsorption onto wood fibres as well as 

onto model substrates of silicon oxide. A method for PEM treatment of individual wood fibres was 

introduced, also used for wettability measurements those fibres, and sheets made from PEM-treated 

fibres were made and physically tested. In paper II, the wettability of PEM-treated individual fibres 

was further studied with fibres treated by poly (allylamine hydrochloride) (PAH)/ poly (acrylic acid) 

PAA and poly (ethylene oxide) (PEO)/PAA. Both polymers in the first pair are weakly charged 

polyelectrolytes (i.e. sensitive to pH changes) and form multilayer-like structures held together by 

non-electrostatic hydrogen bonding. AFM pull off (adhesion) experiments were also conducted on 

PAH/PAA, and the adhesion was discussed in relation to the change in wettability.  

 

In paper III PEMs from low molecular PDADMAC/PSS and high molecular mass PAH/PAA were 

formed onto silicon oxide and wood fibres. Sheets from treated fibres were made and tested, and 

individual fibres were treated and analysed. The results for the low molecular mass PDADMAC/PSS 

were then compared to the results presented in paper I and the results for high molecular mass 

PAH/PAA were compared with those previously reported for low molecular PAH/PAA, in order to 

study the influence of the molecular mass on the PEM properties and on the fibre wettability and 

paper strength. In paper IV the adhesion between PEM covered model substrates from PAH/PAA 
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was further studied using the AFM and the Surface Force Apparatus (SFA), in order to obtain a better 

understanding of the mechanisms behind what was found in paper I-III 

 

In paper V, polyelectrolyte complexes (PEC) formed by mixing the anionic and cationic polymers 

before the adsorption, were adsorbed to wood fibres and model substrates, to compare the PEC and 

the PEM method and to discuss the advantages and disadvantages of the different methods.  

 

The link between PEM-properties, fibre wettability, adhesion and paper strength is the main subject 

of this thesis. However, the use of PEM treatment in the pulp and paper field may not be limited to 

the influence on the mechanical properties of papers. It may also open new fields of applications for 

paper. In Paper VI the electrical conductivity of sheets made from PEM-treated fibres was studied.  

 

 

Stockholm, April 2008 

 

 

 
Rikard Lingström 
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BACKGROUND 

GENERAL 

 
Paper is formed from individual cellulose fibres interacting in a three-dimensional network. The 

strength of the individual fibres and the strength of the interactions between the fibres together 

determine the final strength of the paper that is formed. In order to influence the properties of a 

paper formed from a given type of wood fibres, an understanding of the forming process and the 

mechanisms behind the fibre/fibre interaction, is of fundamental importance. 

 

Fibre-fibre joints are formed in the consolidation process occurring late in the pressing operation of 

paper and early in the drying of the paper in the drying section of a paper machine. When water is 

removed during the consolidation stage, a meniscus is formed in the contact zone between pairs of 

interacting fibres, and the negatively charged fibres are pulled together. Since the capillary force is 

dependent on the contact angle of the water on the fibre surface, the wettability of the fibre surface 

also influences the strength of the force bringing the fibres into contact [2].  When the distance 

between the fibres is decreased to a certain level, the attractive and short-range van der Waals forces 

may also influence the formation of the fibre–fibre joint [2].  

 

The interactions between the fibres during the consolidation process influence the molecular contact 

area between the fibres in the individual fibre-fibre joints being formed and also the total number of 

joints per unit volume of the sheet. These parameters, essential for paper strength, are also influenced 

by the softness of the fibre wall and the fibre surface [3] determined by the fibre charge. Recent 

measurements of the strength of individual fibre-fibre joints [4], conducted using individual fibre 

crosses, have shown that a soft fibre surface is essential for improved paper strength. These results 

together with earlier results [5], may possibly be explained by a higher degree of mixing of molecules 

in the surface layer between the fibres. 

 

The strength of the interaction between two fibres, i.e. the dry adhesion, is determined by the contact 

area between the fibres and the strength of the molecular interactions in the contact zone. According 

to the literature [3], several types of molecular interaction are present; covalent bonding, ionic 

bonding, hydrogen bonding, van der Waals forces and dipole-dipole forces, but the relative influence 

of the different interactions is still to be investigated.  

 

The traditional way of increasing the strength of a sheet is by mechanical treatment of the fibres to 

make the fibres more flexible and creating fibrillar fines, which both will results in a larger contact 

area between the fibres when the sheet is formed. The negative aspects of using this method of 

increasing paper strength are however significant, since fine material disturbs the process by 

increasing the time for dewatering the fibre slurry during sheet forming in the wire section. A higher 
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fibre swelling will also lead to a larger dimensional movement of the fibres and the paper, which in 

turn is bad for paper quality. Also beating of the fibres increases the density of the sheet that is 

formed.  Apart from this the beating process also consumes large amounts of energy depending on 

paper quality. All this has led to a need for finding new ways to improve paper strength.  

 

Modification of cellulose by attaching carboxymethylcellulose (CMC) increaes the charge of the fibre 

[3, 6, 7]. When the charge of the fibre is increased, the structure of the fibre swells, and the contact 

area between the fibres during the consolidation process is increased giving stronger interactions. 

Stronger interactions are not necessary involving a change of the fibre charge, and it has been shown 

that tensile index can be improved by addition of hemicellulose, which is a rest product from the 

pulping [8] 

  

Paper properties may also be improved by treatment of the wood fibre with oppositely charged 

polymers. Since wood fibres are chemically and morphologically heterogeneous, with a nanoporous 

structure, the adsorption properties differs significantly from those involved in adsorption to model 

substrates such as silica or mica. These aspects have recently been reviewed [9] and will therefore not 

be dealt with in detail here. 

 

Adsorption of polyelectrolyte to the fibre surfaces demonstrates the ability of improving the 

molecular adhesion between the substrates, as well as increasing the contact area between the wood 

fibres in the fibre-fibre joint. The prevailing chemistry in today’s papermaking is cationic starch due to 

its price performance [3]. However, if the paper industry wants to stay profitable in an ever increasing 

competitive market in the areas of printing papers, packaging papers and hygiene papers, it is essential 

that new ways of modifying fibres to improve processability of the fibres and product quality of 

products from fibres are developed. 

 

POLYELECTROLYTE MULTILAYERS 

 
The method of forming Polyelectrolyte Multilayers (PEM) was introduced as a general method in the 

early 1990s by Decher, but the principle was discussed already in the 1960’s by Iler [10, 11]. During 

the last decade it has been developed as a general and simple way to modify the properties of any solid 

substrate. PEM treatment is already in use in several applications, such as sensor technology [12] and 

contact lens coating [12], and has also shown potential to improve adhesion between substrates[3].  

 

Since the PEM influences substrate properties, PEM treatment can be used as a way of improving the 

adhesion between solid substrates. Investigations during the last decade have shown promising results 

for PEM treatment as a way of improving paper properties [1, 13, 14]. Improvements in tensile 
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strength, quantitatively comparable to those achieved by mechanical beating, have been found [1, 13, 

14]. One interesting feature observed is that the tensile strength seems to be dependent on the 

polymer adsorbed in the outermost layer of the PEM [1, 14]. In this work PEMs have been formed on 

cellulose fibres as a way of modifying the substrate properties and wettability of wood fibres, and thus 

influencing the adhesion between the fibres.  

 

 

ADORPTION MECHANISMS 
 

A multilayer is formed by adsorbing an oppositely charged polyelectrolyte to a charged substrate. The 

substrate is recharged and in a second step, an oppositely charged polyelectrolyte can be adsorbed. By 

repeating this process, layers consisting of a large number of individual layers can be adsorbed. 

Between each adsorption step, the multilayer is washed, to wash away non-adsorbed, or weakly 

adsorbed polyelelectrolyte. Each adorption step follows the fundamentals of polyelectrolyte 

adsorption, but the mechanism behind the recharging of the substrate are still not fully understood. In 

the literature both equilibrium and non-equilibrium models are discussed. Dobrynin et al [15] have 

proposed a mechanism based on PEM as a thermodynamically favourable state, i.e. the structure that 

is formed and the overcharging of the substrate it induces minimises the free energy of the system. An 

alternative to this model is discussed by [16], arguing that the recharging is due to kinetic locking of a 

structure consisting of loops and tails.  

 

Early publications on the mechanism of formation of PEMs suggested that charge inversion was a 

prerequisite for their formation [17]. The surface potential was determined for different 

polyelectrolyte systems  by electrokinetic measurements [18, 19], and these showed a change in sign 

when the multilayers were consecutively formed. For PEMs formed from PAH/PSS on positively 

charged particles, a potential shift from -40 mV to +30 mV was detected when the cationic polymer 

was adsorbed [18]. Similar experiments with PAH/PSS adsorbed on negatively charged latex particles 

[19] showed a potential of +50 mV when PAH was adsorbed in the outermost layer and -40 mV 

when PSS was adsorbed in the outermost layer. Electrokinetic measurements on PDADMAC/PSS 

showed similar trends. Recent investigations have however shown that a change in surface potential is 

not needed for a PEM to be formed [20]. This indicates that the electrostatic attraction itself is not the 

main driving force for the PEM formation, but that the most important driving force is the entropic 

gain due to the release of counter ions and immobilised solvent molecules when the polyelectrolyte is 

adsorbed [21].   

 
Uncharged polymers interacting via hydrogen bonding have been shown to form PEM-like, layer-by-

layer structures. These layers were first studied in the mid 1990s by Rubner and Stockton [22, 23], 
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who showed that such layers could be formed on a base of poly(aniline), paired with different non-

ionic polymers. More recently, layer-by-layer structures of polyethylene oxide (PEO) and polyacrylic 

acid (PAA) or polymethacrylic acid (PMMA) have been studied [24, 25]. These layered structures also 

display ionic conductivity [25], especially at high moisture contents.  

 

PARAMETERS INFLUENCING PEM PROPERTIES 
 
PEMs demonstrating very different properties can be formed using different combinations of 

polyelectrolytes [17] and nanoparticles, and also by varying parameters [17] such as salt concentration 

[26], type of salt, temperature [27],  molecular mass [28], type of counterions of the polylectrolytes [21, 

29] and the charge on the added polyelectrolytes that are forming PEM. Using weak polylelectrolytes 

the charge of the polymers can be effectively changed by adsorbing the polyelectrolytes according to 

different pH strategies [17, 30-32]. Shiratori and Rubner [31] showed that by controlling the pH it was 

possible to form very thin PEMs (less than 10 Å in bilayer thickness(dry)) and very thick PEMs 

(>120Å(dry)) from a combination of PAH and PAA but with different pH strategies during 

formation of the PEM.  

 

When the salt concentration is increased the thickness as well as the roughness of the adsorbed 

multilayer is often increased [17, 26]. The reason for this is not fully understood, but when the salt 

concentration is increased [26] the polymers are probably adsorbed with a larger number of loops and 

tails, as in the adsorption of a single polyelectrolyte layer. It has also been shown for PEMs formed 

from PDADMAC/PSS adsorbed under moderate salt concentrations that the layer has a smoother 

substrate if it is exposed to an electrolyte solution of high concentration , i.e. if it is “annealed” [33].  

 
Sue et al [28] have shown for PEMs formed from PSS in the range from 7,200 to 801,100 and 

methylated poly(vinylpyridine) in the range from 5,060 to 46,700, that high molecular combinations 

formed thicker PEMs than combinations consisting of one low molecular polyelectrolyte and one 

high molecular polyelectrolye.  

 
 
 

STRUCTURE 
 

In the first decade of PEM studies, most research focused on controlling the adsorbed amount and 

the composition of the layers, rather than on the internal structure of the layers. Developments in the 

field of PEM formation have also recently been thoroughly summarised [12] and there is no need to 

repeat this review in the present work.  
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Studies of the internal structure of the PEM indicate that it can be described as a number of individual 

layers [34] between which there is a certain degree of interpenetration that can extend over several 

layers [35, 36]. This finding is supported by contact angle measurements on PEM-treated substrates, 

dependent on the first nanometer of the PEM, showing that the wettability is usually dependent on 

which polymer is adsorbed in the outermost layer [37]. This shows that despite an interpenetration the 

polymer in the outermost layer will dominate the properties of this layer.It has also been shown that  

it is reasonable to divide the structure of a PEM into three parts: the first few layers that are 

influenced by the substrate, the internal part, and the outer part that holds the excess charge of the 

PEM [12, 36, 38] 

 

Xie and Granick [39] also interestingly found that the dissociation of a weak polyelectrolyte within a 

multilayered structure is dependent on the polymer in the outermost layer. It was shown that the 

ionisation of a polymethacrylic acid oscillated depending on the polymer  adsorbed in the outermost 

layer, over at least 10 layers. The degree of ionisation was significantly higher when the cationic 

polymer was adsorbed in the outermost layer, than when the anionic polymer was adsorbed in the 

outermost layer. The result was similarly independent of the salt concentration, and the influence was 

observed over a distance significantly greater than the Debye lengths of the solutions. These results 

are in agreement with the finding that the particular polymer adsorbed in the outermost layer has a 

great influence on the internal PEM structure [40], and also that the concentration of counterions in 

the interior of a multilayer is very low [41].  

 

MECHANICAL PROPERTIES  
 
Several works on the mechanical properties of PEMs have recently been published. Nano-identation, 

using Atomic Force Microscopy (AFM) on PEMs built from poly L-lysine (PLL) and sodium 

hyaluronote [42], has shown that the modulus of the film  decreases when the thickness of the film is 

increased, i.e. the elasticity of the film is increased. It is also shown that the modulus can be increased 

by chemical crosslinking.  

 

Using nano-indentation it has also been shown for PEMs formed from PAH/PAA [43], which are 

both weak polyelectrolytes (i.e. the charge is sensitive to the pH of the solution), that thin PEMs 

formed at intermediate pH demonstrate, significantly higher hardness and modulus values than 

thicker layers adsorbed from PAH at pH 7.5 and PAA at pH 3.5. This indicates a much less compact 

layer for the PEMs formed at pH 7.5/3.5, which is also in agreement with data for QCM-D [40] 

showing that the energy dissipation, a measure of the rigid ness of the layer, is lower for PEMs 

formed at pH 7.5/3.5 than for PEMs formed at pH 7.5/7.5. 
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Lately it has also been demonstrated, using PEMs built from PDADMAC and PSS, that the stress of 

a PEM film can decreased by annealing in a salt solution [44], and that a higher salt concentration 

then has a greater influence. This phenomenon may be described by a decreased number of links 

between the polymer chains when the film is annealed, giving a greater freedom of the chains, and a 

lower stress at a given strain. 

 

When considering the mechanical properties of the PEM it is essential to separate the wet properties 

from the dry properties of the PEM. The wet properties of the PEM determines the interaction 

between substrates under wet conditions and the wet elastic modulus of the layers has been shown to 

be of the order of kPa to MPa [42]. It can be argued that a soft and compliant PEM would be ideal 

for creating a large contact when PEM covered substrates come together, this if the aim is to form a 

strong adhesive joint. Once the substrates are in contact it is important that there is a good 

compatibility between the PEMs, this for a strong interaction to be developed. 

 

For the dry PEM the demands can be quite different if the action of the PEM is to form a strong joint 

between the PEM covered substrates. To form a stiff joint the PEM should have a high elastic 

modulus and as shown by Nolte [45] the modulus of dry PAH/PAA multilayers is of the order of 

GPa. This is comparable to dry fibre substrates [46]. If a compliant and ductile joint is to be formed, a 

different polymer combination has to be selected. The PEM technology makes it possible to tailor 

both the wet and dry properties by selecting the “right” type of polyelectrolyte combinations. 

 
 

FIBRE WETTABILITY, ADHESION AND PAPER STRENGTH 

 
The adhesion between substrates treated with individual layers of polyelectrolytes has been widely 

studied during the last decades, but the number of publications regarding adhesion forces between 

PEM-treated substrates is still rather limited. Most of these reports have concerned PEMs formed 

from one strong and one weak polylelctorlyte, usually PAH and PSS, but recently force measurements 

using Atomic Force Microscopy (AFM) have been reported for weak polyelectrolytes (PAH/PAA) 

[40] using the colloidal probe technique [47]. These experiments showed a significant increase in the 

pull-off force (adhesion force) when PEM was formed on the silica substrates under wet conditions, 

and this increase was also greater when PAH was adsorbed in the outermost layer than when the 

anionic PAA was adsorbed in the outermost layer. In a recent investigation [48] a similar set-up was 

used to study the pull-off force between a bare glass sphere and a substrate treated with PEMs 

formed from PAH/PSS and PAH/DNA respectively, and the results also showed high pull off force 

when the cationic polymers were adsorbed in the outermost layers. This effect, however, could be 

attributed to a more direct type of bridging of polymer chains from the PEM to the bare glass surface, 

and was greatest for PAH/DNA. 
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The Surface Force Apparatus (SFA) has also been used to study the adhesion between PEM-treated 

substrates.  Measurements of substrates treated with two [49] and four layers [50] of PAH/PSS 

showed a greater adhesion between the layers, that was attributed to bridging of polymer chains 

between the substrates. Bridging is not however a general explanation of the improvement in the 

adhesion between substrates treated with PEMs with a large number of layers, since it has been 

shown that the influence of the substrate does not extend further than about 6 layers [51]. 

 

The adhesion mechanism between PEM-treated substrates is still not fully understood with regard to 

how different properties of the PEMs influence the adhesion, but Creton et al [52] have shown ,for 

diblock polymers A-B added to the interface of blocks of A and B polymers, that the fracture 

toughness of the joint between A and B is increased due to entangling of polymers on both sides of 

the interface, and that the improvement is influenced by the number of chains and also by the degree 

of polymerisation. Translated to the interaction between PEMs, this implies that entanglement 

between the polymer chains is an important mechanism to get a strong adhesion. More recently 

experiments have been conducted using SFA [53] to analyse the adhesion between individual layers of 

polyelectrolytes of different mass and it has been shown that the number of chain ends is significantly 

more important to a create strong adhesion  than the number of chain loops [53].    

 
Recently PEMs from PAH/PAA were studied using Quartz Crystal Micro Balance (QCM) [40] and 

the results show a high energy dissipation, a measure of the rigidity of a PEM, when PAH was 

adsorbed in the outermost layer, than  when PAA was outermost. Investigations have also shown that 

sheets made from fibres treated with PAH/PAA influence paper strength more when PAH was 

adsorbed in the outermost layer than when PAA was outermost. This indicates that a less rigid layer 

affects the adhesion the most and also the paper strength. This is in agreement with earlier findings 

[53] showing that a large number of chain ends has the greatest effect on the adhesion.  

 
The wettability of individual fibres measured by a so called dynamic contact angle analyser was first 

discussed in the early 1980s [54], to measure the chemical properties of non-treated fibre surfaces, as 

well as to measure the perimeter of individual fibres [54-57]. These studies showed a large hysteresis 

between the advancing and receding contact angles; the receding contact angle was reported to be 

close to 0°, despite an advancing contact angle of up to 130°. These findings are in good agreement 

with commonly accepted wetting theories, which predict that the hysteresis between the advancing 

and receding contact angles becomes more pronounced with increasing surface roughness [58]. 

 

Similar experiments have been conducted on PEMs built up on silicon oxide and mica substrates [59]. 

Certain systems demonstrate a large difference in contact angle, depending on which polymer is 
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adsorbed in the outermost layer. Similar observations have also been made using conventional static 

contact angle measurements [30, 60]. 

 

The influence of PEM on the wettability of individual wood fibres has also been studied in the 

present thesis, using the individual fibre wetting method referred to above. The results of these 

experiments have been compared with the strength of papers made of treated fibres [1, 13]. Since a 

correlation between fibre wettability and paper strength was found, this discussion also extended to 

wet adhesion between PEM-covered substrates. AFM adhesion and pull-off, measurements have also 

been conducted and the results have been compared with similar experiments [40]. Both have shown 

that the wet adhesion is dependent on the construction of the PEM, and that a lower substrate 

wettability is correlated with higher pull-off forces.  

 
 

ELECTRICAL CONDUCTIVITY 

 
Conjugated conducting polymers have been studied since the mid 1970´s. For the discovery that 

polyacetylene, if oxidised (doped) with halogens, could be made highly electrically conductive, H. 

Shirakawa was awarded the 2000 Nobel Price together with A.G. MacDiarmid and A.J. Heeger. Most 

of these polymers are very difficult to dissolve in water, but one polymer within the latter group is 

poly(3,4-ethylenedioxythiophene) (PEDOT) , which in complex with poly(styrenesulponate) is soluble 

in water (PEDOT:PSS) 

 

Lvov et al have [61] recently shown that PEMs including PEDOT:PSS adsorbed on wood fibres 

influenced the conductivity of individual fibres. In the work described in this thesis, sheets made from 

fibres treated with PEDOT:PSS have been examined with regard to conductivity.  
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EXPERIMENTAL 

MATERIALS 

POLYELECTROLYTES 
 

The research presented in paper I examined the formation of polyelectrolyte multilayers from cationic 

polydimethyl ammonium chloride (PDADMAC) and anionic polystyrene sulphonate (PSS). Both are 

strong polyelectrolytes, which means that they are fully charged over a wide pH range. The 

PDADMAC, Alcofix 109, was obtained from CDM Chemicals, Göteborg, Sweden. To remove low-

molecular-weight material, the polymer was ultrafiltered [62] using a filter with a cut-off of 500,000. 

This was done to ensure that the polymers were adsorbed onto the fibre surface. The PSS, with a 

molecular weight of 1,000,000, was obtained from Sigma-Aldrich, Stockholm, Sweden. The molecular 

structure of the polymers is presented in Figure 1. To investigate the influence of the molecular 

weight PDADMAC with a molecular weight of 30,000 and PSS with a molecular weight of 80,000 was 

used in paper III. The PDADMAC was supplied by Christine Wandrey at the Swiss Federal Institute 

of Technology (Lausanne) and PSS was supplied by Sigma Aldrich. 

      
Figure 1. Chemical monomer structures of polydimethyl ammonium chloride (PDADMAC) 

(left) and polystyrene sulphonate (PSS) (right). 

 

The PEMs formed from poly (allylamine hydrochloride) (PAH)/ poly (acrylic acid) (PAA on 

individual fibres presented in paper II were formed from PAA with a molecular weight of 5,000 

[according to the supplier], and PAH with a molecular weight of 15,000 [according to the supplier]. 

These polymers were also used for the PEMs analysed by Atomic Force Microscopy (AFM) and the 

Surface Force apparatus (SFA), discussed in paper IV, and for the formation of polylectrolyte 

complexes (PEC) that were discussed in paper V. The PAH/PAA used for PEM treatment in paper 

III was molecular mass 70,000 and 240,000 respectively. All PAH/PAA were delivered from Sigma 

Aldrich and were used without further purification. Using SPAR, PEMs were also formed from PAH 

with a molecular weight of 150,000, supplied by Nittobo, Speciality Chemicals, Japan and PAA with a 

molecular weight of 750,000 supplied by Aldrich.  
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Figure 2. Chemical monomer structures of polyallylamine (PAH) (left) and  

polyacrylic acid (PAA) (right). 

 

The PEM-like structures formed from poly(ethylene oxide) (PEO) and PAA was formed from a PEO 

with a molecular weight of 5,000,000, supplied by BDH Chemicals Ltd, Poole, England, and a PAA 

with a molecular weight of 750,000 supplied by Aldrich. Poly allylamine in acid form, with a molecular 

weight of 150,000, supplied by Nittobo, Speciality Chemicals, Japan, was used as an anchoring 

polymer. 

 

   
Figure 3. Chemical monomer structures of polyethylene oxide (PEO)  

 

The anionic polyelectrolyte used in paper VI to form PEMs in combination with PAH s was 

BAYTRON® PH . This is a complex between PEDOT and poly(styrene sulfonate) (PSS) that forms a 

stable aqueous dispersion of 1.2-1.4% solids content consisting of PEDOT:PSS particles with a mean 

particle size of 30 nm according to the supplier. The ratio between PEDOT and PSS for the product 

used is 1:2.5; the compound is manufactured by Bayer AG and supplied by H.C. Starck GmbH. The 

cationic polymer poly(allyl amine) (PAH) was purchased from Polysciences (Mw 60,000, according to 

the supplier) and used as received. 
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Figure 4. Chemical structure of PEDOT:PSS.  
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PULP 
 

The same type of fibres, totally chlorine-free (TCF), bleached, chemical softwood fibres, from SCA 

Forest Products, Östrand Pulp Mill, Sundsvall, Sweden, were used in all experiments involving wood 

fibres were used. The pulp was delivered in dry lap form and disintegrated according to ISO 

5263:1995 in deionised water, in order to fully liberate all the fibres.  

 

The pulp was diluted in deionised water, and its pH was adjusted to pH 2 using HCl; it was kept at 

this pH for 30 min in order to remove adsorbed metal ions. The pulp was then washed several times, 

until a pH of 4.5–5 was achieved. In the second step, the fibres were washed in 10–2 NaHCO3, and 

the pH was increased to 9 using NaOH, in order to convert the charges into sodium form and to 

dissolve unwanted dissolved colloidal material. Finally, the pulp was washed several times, until the 

pH was decreased to 7.5. 

 

SILICON OXIDE 
 

The silica that provided the model substrate for AFM and SPAR was in the form of silicon wafers 

delivered from MEMC, Electronic Materials SpA, Novara, Italy. The wafers were rinsed with ethanol 

and dried with nitrogen before oxidation at 1000ºC for 3 hours. The SiO2 substrates were then 

washed with milli-Q water, ethanol, and again with milli-Q water. The substrates were then 

hydroxylated in 10 wt% NaOH (aq) for 30 seconds, and washed in milli-Q water to wash away the 

NaOH. Finally the substrates were treated in plasma cleaner in air for 30 seconds to remove possible 

contaminants. The oxide layer thickness was determined using a thin film ellipsometer from Rudolph 

Research, USA. 

 

Silica coated piezo-electric quartz crystals used for QCM-D measurements were purchased from Q-

Sense AB, Västra Frölunda, Sweden. The AT-cut crystals were thoroughly rinsed with MilliQ water, 

ethanol and MilliQ water in sequence, blown dry with nitrogen gas and finally treated in a plasma 

cleaner for 30 s prior to use.  

 

MICA 
 

The muscovite mica used in the substrate force measurements was obtained from Axim Enterprises 

Inc, USA.  
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EXPERIMENTAL PROCEDURES

ADSORPTION OF POLYELECTROLYTE MULTILAYERS ON WOOD FIBRES 
 

Wood fibres were treated with polyelectrolyte multilayers by first adding the cationic polymer to the 

fibre suspension, the polymer being allowed to adsorb for 10-30 minutes. The excess polymer was 

then filtered off and the fibres were rinsed in order to wash away weakly attached polymer. In the 

second step, anionic polymer was added to the fibre suspension and allowed to adsorb for the same 

time as the first layer. The pulp was then again filtered and rinsed. This procedure was then repeated 

until the desired number of layers had been adsorbed.  

 

  ADSORPTION OF LAYER-BY-LAYER OF PEO/PAA  
 

Layer-by-layer structures formed from PEO/PAA, and claimed to be held together by non-

electrostatic hydrogen bonding [22, 23], were formed at pH 2.2. The very low pH was used in order to 

enable hydrogen bonding [22, 23]to form between PEO and PAA, and to maximise the thickness of 

the layer.  

 

To attach the uncharged polymers to a charged fibre surface, PAH was first adsorbed as an anchor 

polymer at pH 7. This first step was followed by rinsing at pH 7, and PAA was then adsorbed at the 

same pH. Before adsorption of PEO, the layer was rinsed at pH 2.2. The layer-by-layer structure was 

then formed by consecutive treatment with PEO and PAA, until 7–9 layers had been adsorbed. To 

simplify the discussion of the formation of the PEO/PAA layer-by-layer structure, these have also 

been defined as PEM. 

 

SHEET PREPARATION AND PAPER TESTING 
 

Sheets were made using a Rapid Köthen sheet former from Paper Testing Instruments, Pettenbach, 

Austria, according to ISO 5269-2:1998. The sheets were formed from a dispersion (3 g/L) of fibres 

that was vigorously stirred by air agitation just before sheet preparation; the sheet was then pressed at 

100 kPa and dried at 93°C. 

 

Paper sheets were tested at 23°C and 50% RH (ISO 187:1990). The grammage of the paper (i.e., mass 

per m2) was measured according to ISO 536:1995, and the thickness and density according to ISO 

534:1988. Dry tensile testing was in papers I, II and VI performed according to SCAN-P 67:93 

(Scandinavian Pulp, Paper & Board Testing Committee standards for pulp and paper manufacturers) 

and in paper III and V according to ISO 1924-3. The paper strength is presented as the tensile index 
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(TI), which is the maximum tensile force at paper breakage per unit width and unit grammage (mass 

per unit area) of the paper. 

MEASUREMENT TECHNIQUES  

 

STAGNATION POINT ADSORPTION REFLECTOMETRY (SPAR) 
 

The formation of the PEM were studied by model experiments performed with an SiO2 substrate, 

using a Stagnation Point Adsorption Reflectometry (SPAR) obtained from the University of 

Wageningen, the Netherlands. These experiments were conducted according to the method of 

Wågberg and Nygren [ref]  

 

In this equipment, a linearly polarised laser is reflected onto the stagnation point of the flow, and the 

intensities of the parallel (Ip) and perpendicular (Is) parts of the intensity are measured. When polymer 

is adsorbed, the ratio Ip/Is (S) is changed; the amount of adsorbed polymer (Γ)  in the PEM is 

proportional to ∆S/S0 (S0 is the initial signal of S) according to Eq. [1]: 

0S
SQ ∆

=Γ  [1] 

where Q is a constant dependent on the thickness of the oxide layer, on the refractive index of the Si, 

on the Si02, on the solvent, and on the refractive index increment (dn/dc) of the multilayer. Since the 

model is based on the adsorption of a single layer and the dn/dc of a specific polymer, it is difficult to 

convert ∆S/S0 to amount adsorbed in mg/m2. Therefore, the adsorption results are presented as 

∆S/S0. 

QUARTZ CRYSTAL MICROBALANCE (QCM) 
 

A Quartz Crystal Microbalance, QCM D300, from Q-sense AB, Sweden was used in order to study 

the formation of PEMs and its viscoelastic properties. When polyelecotrlyte is adsorbed the frequency 

decreases and is monitored continuously. Assuming a flat and uniform conformation of the adsorbed 

film, the adsorbed mass, ∆m, can be calculated from the frequency shift using the Sauerbrey relation, 

 

To achieve a measure of the visco-elastic properties of the adsorbed layer, the change in energy 

dissipation can be determined. The crystal is oscillated by an alternating current and when the current 

is switched off, the decay in amplitude of the crystal resonance is a measure of the viscoelastic 

properties of the adsorbed layer.  
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NITROGEN ANALYSIS (ANTEK) 
 

The nitrogen analyser ANTEK 7000, Antek Instruments, USA, was used to determine the adsorbed 

amount of PDADMAC and PAH adsorbed on the wood fibres. The sample is burned in an oxygen-

lean atmosphere so as to oxidise the nitrogen at high temperature (1100ºC) to NO. The nitrogen 

oxide is mixed with ozone to form excited nitrogen dioxide. Light is emitted when the excited 

molecules decay, and this is detected by a photomultiplier tube. The amount of polyelectrolyte in the 

sheets can then be determined using a simple calibration procedure. 

 

SULPHUR ANALYSIS (SCHÖNIGER BURNING) 
 

The amount of adsorbed high molecular PSS was analysed using Schöniger burning. The sample is 

burned in oxygen to form sulphate, and is then analysed using ion chromatography. The sheets 

prepared at 0.05 M were analysed by STFI-Packforsk, Stockholm, and the sheets prepared at 0.1 M by 

MoRe Research, Örsnköldsvik, Sweden. 

 

DYNAMIC CONTACT ANGLE ANALYSER (DCA) 
 

A Dynamic Contact Angle Analyser (DCA 322) from Cahn Instruments, USA, was used to study the 

formation of PEMs on individual fibres and their influence on the wettability of individual fibres. The 

wood fibre to be treated was mounted between two pieces of tape, which was glued to a holder. The 

angle between the fibre and the solution was close to 90°. 

 

In each adsorption step, the fibre was immersed to a certain level of the fibre, and between each 

adsorption step, the fibre was washed to slightly above the immersion level. This washing level was 

chosen to enable the study of the difference in wettability between the treated and untreated parts of 

the fibre. In each step, the fibre was immersed and withdrawn at a rate of 20 µm/s. The 

concentration of the polymer solutions was 30 mg/L, and the ionic strength was 0.01 M NaCl. Using 

this procedure, it was possible to study the formation of PEMs on fibres without much influence 

from fibre morphology, since a treated and an untreated part of the same fibre could be analysed 

using microscopy.  

 

POLYELECTROLYTE TITRATION (PET) 
 

Polyelectrolyte titration [63] was used to determine the amounts of PDADMAC and PSS adsorbed on 

wood fibres, and the results were compared with those determined by nitrogen and sulphur analysis, 

respectively. Analytical grade potassium polyvinyl sulphate (KPVS) from Wako Pure Chemicals, was 
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used when the amount of adsorbed PDADMAC was determined, and hexadimethrine bromide 

(polybrene), Sigma-Aldrich, Stockholm, Sweden, was used when the amount of adsorbed PSS was 

determined.  

 

ATOMIC FORCE MICROSCOPY (AFM) 
 

The adhesive force under wet condition between two silica surfaces, treated by PEM, was measured 

using Atomic Force Microscopy (AFM). A Picoforce Scanning Probe Microscope (Veeco, Ltd, Santa 

Barbara, USA), was used in the experiment. Details for these force measurement have been given else 

where and will not be repeated here [64].The experiment was conducted with the aid of to the 

colloidal probed technique, introduced by Ducker et. Al [47] and the pull off force was measured in 

the rinsing step of the PEM formation.  

 

Silica spheres, with a diameter of 10 µm, composed of borosilicate, were used in the study. Standard, 

contact Si3O4, cantilevers (Veeco, Ltd, Santa Barbara, USA) were used, with a spring constant of 0.095 

N/m. Spring constants were calibrated in the equipment before use.  

 

SURFACE FORCE APPARATUS (SFA) 
 
The thickness of the multilayers and the adhesion between identical multilayer coatings were 

measured by the interferometric SFA (Mark IV) [65]. The substrates were mounted inside the 

measuring chamber of a SFA in a crossed cylindrical geometry. The separation between the substrates 

was controlled by a motor or by applying voltage to a piezoelectric crystal to which the upper 

substrate was attached. The layer thickness was determined interferometrically by using fringes of 

equal chromatic order (FECO) [66], and from which the absolute substrate separation can be 

determined to within an interval of 0.1–0.2 nm 

 
 

ENVIROMENTAL SCANNING ELECTRON MICROSCOPE (ESEM) 
 

An XL30 TMP environmental scanning microscope, from Philips/FEI was used to analyse the 

treated and untreated parts of individual fibres and sheets made from treated fibres. ESEM was 

chosen as it allows the analysis of a sample without the addition of a conductive layer. The analysis 

discussed in paper I was conducted at SCA Hygiene, Göteborg and the analysis discussed in paper V 

and VI was conducted at Stockholm University 
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RESULTS AND DISCUSSION 
 

 ADSORPTION OF POLYELECTROLYTE MULTILAYERS (PEM) 

 
Polyelectrolyte multilayers (PEM) were in this work adsorbed on wood fibres in order to study its 

influence on paper strength, and how the properties of the layers influence the paper strength. In this 

chapter the results of adsorption studies on wood fibres and models substrates are discussed and 

compared.  

 

The adsorption onto model substrates of silicon oxide, using Stagnation Point Reflecotmetry (SPAR) 

and Quartz Crystal Microbalance (QCM), was done in order to establish the formation for the 

different polymer combinations at certain conditions (using SPAR, papers I, II, III and VI) and also 

to study the viscoelastic properties of the layers (using QCM, paper III), which are difficult to 

measure with wood fibres as the substrate.  

 

The adsorption of PEMs on wood fibres was studied using polyelectrolyte titration (PET) and by 

nitrogen analysis of prepared sheets. PET was used for PDADMAC/PSS (paper I) and nitrogen and 

sulfur analysis was conducted for PDADMAC and PSS respectively in PEMs formed from 

PDADMAC/PSS (papers I and III) and for PAH for PEMs formed from PAH/PAA (papers III and 

VI). In paper I the differences between the substrates were discussed, this in order to judge the 

suitability of silicon oxide as a substrate for prediction of the adsorption on wood fibres. 

 

ADSORPTION ONTO SILICON OXIDE USING SPAR 
 

Adsorption on silicon oxide using Stagnation Point Adsorption Reflectometry (SPAR) was utilised in 

order to establish the formation of the polyelectrolyte multilayers from PDADMAC/PSS (paper I and 

III), PAH/PAH (paper III) and PEDOT:PSS (paper VI). For PEMs formed from PDADMAC/PSS 

and PAH/PAA (paper I and III), SPAR was also used in order study the influence of the molecular 

mass of the PEMs forming the multilayer. In paper I the influence of the salt concentration on PEMs 

formed from high molecular PDADMAC/PSS was studied. In paper II SPAR was also used in order 

to establish the formation of PEM-like layer-by-layer structures formed from poly (ethylene oxide) 

and PAA. 

 

Silicon oxide was consecutively treated by the cationic and anionic polymers. Since experiments using 

high molecular PDADMAC/PSS and 0.1M NaCl, with and without a rinsing step between the 

adsorption steps (paper I), showed a small and insignificant change in signal. The subsequent 

experiments using high molecular PDADMAC/PSS at different salt concentrations were performed 

without this rinsing step.  
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As can be seen from figure 5, the signal increased when the substrate was consecutively treated with 

25 mg/l high molecular mass PDADMAC and PSS. Comparing the ∆S/S0 levels using different 

addition of NaCl, it can be concluded that the signal, proportional to the adsorbed amount, was 

increased when the salt concentration was increased. This was expected since previous investigations 

have shown that the adsorbed amount most often is increased when the salt concentration is 

increased. Probably this is due to adsorption of the polymers with a larger number of loops and tails 

when the salt concentration is increased. 
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Figure 5. ∆S/S0 from SPAR adsorption measurements of PEMs using PDADMAC/PSS of 

high molecular weight adsorbed without addition of salt, and with the addition of 0.01M 

NaCl, 0.05 M NaCl and 0.1 M NaCl. No rinsing step was conducted between each 

adsorption. The measurements were conducted with out any adjustment of the pH which was 

determined to 5.5-6. 

 

Figure 6 shows the adsorption of PEMs formed from low molecular mass PDADMAC (30k) and PSS 

(80k) added with a concentration of 25 mg/l, together with data for PEM formed from the high 

molecular mass combination. Between each adsorption step the adsorption cell was rinsed; without 

the addition of NaCl for the high molecular combination, and with the addition of 0.1M NaCl using 

the low molecular combination. As can be concluded from the figure, the ∆S/S0 levels were almost 

independent of the molecular mass. For both PDADMAC/PSS combinations, it was difficult to 

adsorb more for the 9th and the 10th layer, but at the 11th layer there was a high increase in signal.  
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b. 

 

Figure 6. Reflectometer data showing the relative change in the reflected signal (∆S/S ) when 

a PEM was stepwise adsorbed onto SiO  by consecutively adding PDADMAC and PSS of 

molecular weight 30

0

2

k/80k and >500k/1000k adsorbed at 0.1 M NaCl. Figure 2a shows the 

signal plotted versus the time and figure 2b shows the saturation signal for each adsorbed 

layer, when the added polyelctrolyte had been adsorbed for 30 s. The measurement was 

conducted with out any adjustment of the pH which was determined to 5.5-6.
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Figure 7. Reflectometer data showing the relative change in the reflected signal (∆S/S0) when 

a PEM was stepwise adsorbed onto SiO2 by consecutively adding PAH at pH 7.5 and 

PEDOT:PSS at pH 3.5 and adsorbed at 0.1 M NaCl..  

 

Figure 3 shows the result of a similar experiment using poly(3,4-ethylenedioxythiophene-

:poly(styrenesulphonate)(PEDOT:PSS) (paper VI) as the anionic polymer and PAH as the cationic 

polymer. PAH was adsorbed at pH 7.5 and PEDOT:PSS at pH 3.5, and with addition of 25 mg/l. 

Each adsorption step was followed by rinsing at the pH of the foregoing adsorption step. The result 

showed a stepwise increase in the signal when the SiO2 was consecutively treated, i.e. a PEM can 

evidently also be formed from PAH/PEDOT:PSS.  For the 7th and 8th layers it was difficult to adsorb 

more polymer, whereas there was a large increase in the subsequent layers.  

 

PEM:s from PAH/PAA (paper III) were adsorbed using the same pH strategy as for 

PAH/PDOT:PSS, and were formed using combinations of different molecular mass, 70k/240k and 

150k/750k, with the aim of studying the influence on the adsorbed amount due to the molecular 

mass. For both combinations the adsorption was conducted at 0.01M NaCl and the polymer 

concentration was 30 mg/l. From Figure 8 it can be concluded that the step-wise increase gave 

significantly higher levels, i.e. higher adsorbed amount, when the higher molecular combination was 

used. This trend is also in agreement with SPAR-results from Eriksson et. al. [1] using PAH/PAA 

15k/5k and the similar conditions which showed lower signal levels than 70k/240k and 150k/750k. 
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Figure 8. Reflectometer data showing the relative change in the reflected signal (∆S/S0) when 

a PEM was stepwise adsorbed onto SiO2 by consecutively adding PAH/PAA 150k/750k and 

PAH/PAA 70k/240k adsorbed at pH 7.5/3.5 and with the addition of 0.01M NaCl.  
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Figure 9. Reflectometer data showing the change in the relative ∆S/S0 signal when the silicon 

oxide was consecutively treated with PEO and PAA at pH 2.2. One layer of PAH was 

adsorbed as an anchoring layer. This layer and the first layer of PAA were adsorbed at pH 7; 

0.01 M NaCl was added. 

 

Figure 9 shows the results of a similar experiment using PEO/PAA (paper II). As was shown using 

PDADMAC/PSS and PAH/PAA, PEO/PAA also demonstrated a stepwise increase in signal when 

the silicon oxide substrate was consecutively treated.  

 

Obviously PEMs were formed from these polymer systems. The highest signal was achieved using 

PAH/PAA 150k/240k, but also PEMs formed from PAH/PAA 60k/240k demonstrated higher 
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signals than PEMs formed from PAH/PDOT:PSS or PDADMAC/PSS adsorbed at 0.1 M NaCl. 

This is in agreement to what has been shown by Sue et al [28] for PEMs formed from PSS in the 

range from 7,200 to 801,100 and methylated poly(vinylpyridine) in the range from 5,060 to 46,700, 

that high molecular combinations formed thicker PEMs than combinations consisting of one low 

molecular polyelectrolyte and one high molecular polyelectrolye.  

 

ADSORPTION ON SILICON OXIDE USING  QCM-D 
 

In paper III, PEMs from high molecular mass PDADMAC/PSS were formed and studied using 

QCM-D (figure 10), under the same conditions as using SPAR. Since this instrument makes it 

possible to measure both the frequency change, which is proportional to the adsorbed amount, and 

simultaneously the energy dissipation due to the adsorbed layer, a measure of the rigidity of the film,  

it was possible to achieve a better fundamental understanding of the structure of the layer. For the 

first layer it will also be possible to directly separately determine the adsorbed amount of polymer and 

the immobilised amount of liquid in the adsorbed layer. This combination of SPAR and QCM-D was 

done to make it possible to discuss the results according to paper strength data in paper I, in terms of 

PEM properties, and also to compare  previous results were PEMs were formed from PAH/PAA 

using QCM-D [40].  

 

When PDADMAC was adsorbed at similar conditions as using SPAR, a significant decrease in 

frequency was measured, indicating an adsorption to the anionic silica substrate. The PEM formation 

was then monitored by the step wise decrease in frequency when the substrate was consecutively 

treated. In each adsorption step, the polymer was allowed to adsorb for 10 minutes, and after each 

adsorption the substrate was washed for 5 minutes. 

 

When 6 layers and more were adsorbed, the dissipation was higher when PDADMAC was adsorbed 

in the outermost layer, than when PSS was outermost. This indicates a change in structure of the 

PEM depending on which polymer was adsorbed in the outermost layer; the structure being more 

rigid when PSS was outermost layer than when PDADMAC was outermost. The adsorption of PEMs 

from PAH/PAA at pH 7.5/3.5 also showed a higher dissipation when the cationic polymer was 

adsorbed in the outermost layer [67], but at significantly higher levels than the high molecular 

PDADMAC/PSS. When 7 layers of PDADMAC/PSS were adsorbed, there was an increase of about 

1.5 unit compared to about 4 units with PAH/PAA showing that the PAH/PAA forms layers with 

lower elasticity and viscosity. 

 

This indicates that the structure of the PDADMAC/PSS PEMs have a more rigid structure than 

PEMs formed from PAH/PAA under these conditions. The experiment was not repeated using the 
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low Mw combination of PDADMAC/PSS, since it is reasonable to assume that this PEM would be 

thinner and  demonstrate an even lower dissipation than the high molecular mass combination.  
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Figure 10. QCM-D data of the 3rd overtone (15 MHz) showing the change in frequency (∆F, 

proportional to the adsorbed amount) and energy dissipation (∆D) of PEMs formed from 

PDADMAC (>500k) and PSS (1000k). The measurement was conducted with solutions of 25 

mg/l without any adjustment of the pH which was determined to 5.5-6. 

 
 

 ADSORPTION ON CELLULOSE FIBRES 
 

In paper I and III the adsorbed amount of PDADMAC was determined using polyelectrolyte titration 

(PET) and destructive analysis using ANTEK. ANTEK was also used to study the adsorbed amount 

of PAH (paper III and VI). 

 

In paper I, the adsorbed amount in one layer of PDADMAC was studied using Polyelectrolyte 

Titration (PET) in order to determine the influence of the adsorption time and the influence of the 

amount of added salt.  Figure 11 shows isotherms for the adsorption of high molecular PDADMAC 

at 10 and 30 minutes with different amounts of added NaCl. The adsorbed amount increased when 

the salt concentration was increased up to 0.05 M NaCl, but a further increase to 0.1 M did not seem 

to further increase the adsorbed amount. This was in agreement with recent results that showing that 

a maximum amount of PDADMAC is adsorbed at 0.1M NaCl [68]. As can also be seen in the figures, 

no significant increase could be detected when the time of adsorption was increased.  

 22



0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

0 5 10 15 20

Equilibrium Polyelectrolyte Concentration (mg/L)

A
ds

or
be

d 
am

ou
nt

 (m
g/

g 
fib

re
)

0M NaCl, 30 min

0.001M NaCl, 30 min

0.05M NaCl, 10 min

0.05M NaCl, 30 min

 
Figure 11. Adsorption isotherms of PDADMAC adsorbed onto wood fibres, treated for 30 min 

without the addition of NaCl and with the addition of 0.001 M and 0.05 M NaCl, and treated 

for 10 min with the addition of 0.05 M and 0.1 M NaCl. The measurement was conducted 

with out any adjustment of the pH which was determined to 5.5-6. 

 

In Paper III, the adsorbed amount was determined using PET in order to determine the influence of 

the molecular weight on the adsorbed amount. Figure 12 shows isotherms for the adsorption of high 

and low molecular PDADMAC, both adsorbed for 10 minutes with the addition of 0.1 M NaCl. It 

can be concluded that the amount of low molecular PDADMAC was higher than the high molecular. 

The plateau of the adsorption of the high molecular PDADMAC was about 4 mg/g fibre, which was 

about 30 % higher than the level for the high molecular PDADMAC. 
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Figure 12. Adsorption isotherms of high molecular mass PDADMAC (>500k) and low 

molecular mass PDADMAC (30k) onto wood fibres with the addition of 0.1M NaCl. The 

duration of adsorption was 10 minutes. The adsorbed amount was determined using 

polyelectrolyte titration. The measurement was conducted without any adjustment of the pH 

which was determined to 5.5-6. 
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Figure 13. Amount of PDADMAC and PSS adsorbed per gram of fibres, determined by 

elemental nitrogen and sulphur analysis, respectively. The fibres analysed for the amount of 

adsorbed PDADMAC were treated without NaCl and 0.01, 0.05, and 0.1 M NaCl. The fibres 

analysed for adsorbed PSS were treated with 0.1 M NaCl. The measurement was conducted 

with out any adjustment of the pH which was determined to 5.5-6. 
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Figure 14. Adsorbed amount of PDADMAC (30k) on wood fibres, determined using nitrogen 

analysis (ANTEK) plotted as a function of the number of layers. The fibres were treated with 

0.1M NaCl. The measurement was conducted with out any adjustment of the pH which was 

determined to 5.5-6. 
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Figure 13 shows the increase in adsorbed amount as a function of the number of adsorbed layers, of 

high molecular PDADMAC and PSS (10 mg/g was added in each adsorption step), determined by 

nitrogen analysis (ANTEK) and Schöniger burning respectively. The adsorbed amount of 

PDADMAC is plotted for different amounts of added electrolyte, showing higher adsorbed amounts 

for higher amount of NaCl. This is consistent to what was shown for the adsorption of one layer of 

high molecular mass PDADMAC using PET and also to the formation of high molecular 

PDADMAC/PSS on SiO2 using SPAR. Most probably the increased amount is due to different 

conformations of the polymers adsorbing with a larger number of loops and tails when the salt 

concentration is increased.  

 

At all electrolyte levels, the increase was linear as a function of the number of adsorbed layers, with a 

higher amount of adsorbed polymer in the first adsorbed layer than in the subsequent layers. The 

higher amount of polymer adsorbed to the first layer than in the subsequent layers is probably due to 

adsorption of polyelectrolyte into the interior of the fibre wall. Since the low molecular mass polymer 

to a higher degree interpenetrates into interior of the fibre wall, this also explains the higher adsorbed 

amount of the low molecular mass PDADMAC determined using PET which was shown in figure 12. 

This difference was however smaller for the determination using destructive nitrogen analysis.  

 

When adsorption was carried out 0.1 M NaCl, the adsorbed amount increased from 4.3 mg/g 

PDADMAC and 2.5 mg/g PSS in the first and second layers, to 13.6 mg/g PSS and 13.5 mg/g 

PDADMAC in the 10th and 11th layers, respectively. PET was also used to study the build-up of 

PEM on wood fibres. Three single layers of PDADMAC and PSS were adsorbed. At similar polymer 

concentrations, and with the addition of 0.05 M NaCl, there was good agreement between the results 

of the destructive methods and the PET results.  

 

Figure 14 shows the adsorbed amount of high and low molecular mass PDADMAC adsorbed with 

the addition of 0.1M NaCl, also determined using ANTEK. As can be seen, the amount of adsorbed 

polymer increased linearly from the first to the 11th layer, with an interruption at layer 8 and 9, 

showing lower values, and it is worth noting that this was independent of the molecular mass of the 

polymer. It can also be noted that the adsorbed amount seemed to be independent of the molecular 

mass of the polymers. This can be compared with the SPAR result, which also shows a dip in the 

adsorbed amounts at layers 8 and 9, and higher amounts at layer 10-11.  

 

Figure 15 shows the adsorbed amount of PAH (30 mg/g was added in each adsorption step) as a 

function of the number of adsorbed layers (paper III), determined with the aid of nitrogen analysis 

(ANTEK), where a total amount of 19 mg/g was adsorbed when 8 layers were adsorbed. This 

amount was significantly lower than that determined for 15 k PAH [1], This agrees with what has 

recently been shown by Gimåker et al.[69], studying the adsorption of PAH to wood fibres, using 
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fluorescently labelled PAH of different molecular weights. This was however in contrast to what was 

found for PDADMAC/PSS, which showed equal amounts independent on the molecular mass of the 

polymers. For high molecular, as has already been stated, there was a maximum of the adsorbed 

amount when 0.1 M NaCl was added. It is reasonable to assume that this maximum, caused by 

screening of the charges of the polyelectrolyte, is lower for the low molecular mass combination 

which may explain why the adsorbed amount wasn’t greater for the low molecular combination of 

PDADMAC/PSS, than for high for the high molecular combination. Probably the radius of gyration 

of the low molecular mass PDADMAC still too high to allow for any penetration into the fibre wall at 

all. 
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Figure 15. Adsobed amount of PAH (70k) in PEM on wood fibres, determined using nitrogen 

analysis (ANTEK) and plotted as a function of the number of layers. PAH was adsorbed at 

pH 7.5 and PAA was adsorbed at pH 3.5. The fibres were treated at 0.005M NaCl. The 

corresponding result for low Mw PAH (15k), adsorbed using the same pH strategy and at 

0.01M NaCl, taken from Eriksson et al [1], is also included in the figure.  

 
 

COMPARISON WOOD FIBRES – SILICON OXIDE 
 

The results of the adsorption of high molecular PDADMAC/PSS on wood fibres in paper I was also 

compared to the adsorption on SiO2.  

 

To be able to compare the adsorption of PEMs on SiO2 to the amount of polymer adsorbed on wood 

fibres, the SPAR ∆S/S0 signal was converted to the amount of adsorbed polymer.  This was 

conducted by assuming the dn/dc value to be an average for the individual layers (using 0.23 for PSS 

[70] and 0.1756 for PDADMAC). The thickness of the PEM without salt addition was assumed to 

increase linearly by 0.3 nm per layer, an assumption based on ellipsometric measurements of PEMs 
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formed without the addition of salt, but under dry conditions [26].  With the addition of salt, the 

thickness was assumed to increase linearly by 0.8 nm per layer, according to ellipsometric 

measurement of the first layer of PDADMAC/PSS PEM adsorbed at 0.5 M NaCl [26].  

 

In contrast to what was found when the amount adsorbed on wood fibres was determined, the 

adsorbed amount on SiO2 did not demonstrate a higher amount in the first layer than in the following 

layers. This difference may be explained by the macroscopic structure of the wood fibre, and the 

different charges of the surfaces. 

 

The adsorbed amount on SiO2 increased linearly as a function of the number of adsorbed layers 

without the addition of salt, and with the addition of 0.01 M NaCl (figure 16). A deviation from 

linearity was apparent from 0.05M and this became more significant when the electrolyte 

concentration was increased to 0.1M NaCl.  The assumption of a linear increase is thus an 

underestimation of the Q-factor, used to calculate the adsorbed amount. Since this is dependent on 

the thickness of the layer, it also gives an underestimation of the adsorbed amount.  It should 

however also be noticed that the assumption of the increase in thickness of 0.8 nm per layer is 

probably an overestimation.  
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Figure 16. Amount of PDADMAC and PSS adsorbed per gram of fibres, determined by 

nitrogen and sulphur analysis, respectively. The fibres analysed with respect to the amount of 

adsorbed PDADMAC were treated without NaCl and with 0.01, 0.05, and 0.1 M NaCl. The 

fibres analysed with respect to adsorbed PSS were treated with 0.1 M NaCl. 

 

As has been shown, the amount adsorbed on wood fibres did not show any deviation from linearity as 

the salt concentration was increased. The reasons for the difference between wood fibres and SiO2 are 

not obvious, and the conclusion is that the extension of data for multilayer formation on flat 

 27



substrates to that on porous wood fibres must be done cautiously, especially at high salt concentration 

[71] when the porous structure of the fibres is more important and the non-electrostatic interactions 

have a significant influence.  

 

Despite these differences (Figure 17), it must be concluded that wood fibres and SiO2 display very 

similar trends in terms of PEM formation, and that SiO2 can be used as a convenient model substrate 

for screening measurements to predict also PEM formation on wood fibres.  
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Figure 17. Amount of charges adsorbed per square meter of PEM formed from high 

molecular PDADMAC/PSS adsorbed onto wood fibres and onto SiO2 with the addition of 0.1 

M NaCl. A specific area of 1.37 m2/g was used when the amount of charges adsorbed onto 

the fibres was recalculated in g/m2. The measurement was conducted without any 

adjustment of the pH which was determined to 5.5-6. 

 

ADSORPTION OF  POLYELECTROLYTE COMPLEX (PEC) 

ADSORPTION ON SILICON OXIDE  
 

In paper V, in order to study the adsorption of polyelectrolyte complexes formed from low molecular 

mass PAH/PAA and in order to allow for a comparison between PEC and PEM, the PEC adsorption 

was conducted using SiO2 as the substrate, and the level of adsorption and immobilised water was 

monitored using SPAR and QCM-D. Figure 18 shows the SPAR signal for the adsorption conducted 

using a solution of 30 mg/l and with the addition of 0.01 M NaCl. The figure shows that the PEC was 

evidently adsorbed, but that the adsorbed amount was significantly lower than the amount shown for 

PEM adsorption. Figure 19 shows the frequency shift for PEC-adsorption to SiO2 monitored using 

QCM. The measurement also includes a rinsing step (at approx 23 min). The shift in energy 
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dissipation due to the adsorption was very small; about 0.1 units, which can be compared to about 1 

for PEMs consisting of 8 layers and formed from PDADMAC/PSS.  
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Figure 18. . Reflectometer data showing the change in the relative ∆S/S0 signal when the silicon 

oxide was treated by PEC formed from PAH/PAA (15k/5k) and adsorbed at pH 7 and with the 

addition of 0.01 M NaCl.   
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Figure 19. The frequency shift upon adsorption using QCM-D of PEC formed from 

PAH/PAA (15k/5k) at pH 7 and adsorbed at pH 7 with the addition of 0.01 M NaCl.  
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ADSORPTION ON CELLULOSE FIBRES 
 

The destructive analysis using ANTEK burning showed an increase in the adsorbed amount of PAH 

from 5.6 mg/g when 15 mg/g polymer complex was added to 7.6 mg when 45 mg/g was added.  This 

is to be compared to 1-2 layers of PAH when PEMs were formed.  

 

A full surface coverage of PECs hindering further PEC adsorption is not likely to be the explanation 

of this. If assumed that the PECs investigated in this study was of approximately the same molecular 

weight as the complexes in the study by Gärdlund et al. [72], the amount of adsorbed mass from the 

SPAR measurements, 0.95 mg/m2, can be converted into a number of moles per square metre, and 

from that we obtain that the distance from the centre of one PEC to the next, if evenly distributed 

over the surface, would be 225 nm. For the PECs in this work, determined 96 nm, the distance from 

one PEC to the next would be approximately 130 nm, i.e. the template surface is not completely 

covered with complexes and a higher PEC adsorption level should therefore be geometrically 

possible. 

 

One explanation can be that the size of the complexes, approximately 96 nm, is significantly larger 

than the Debye length at the specific ionic concentration of 0.01, which is approximately 3 nm. This 

implies that only a small part of the PEC is of a distance to the surface closer than the Debye length. 

Only a small part of the PEC then interacts electrostatically with the surface, contributing to the gain 

in entropy from the release of counter ions from the adsorbing surface and from the complexes.  

 

 

OPTICAL PROPERTIES OF HAND SHEETS 

 

The change in optical properties of sheets formed from the treated fibres can be used as an indication 

that PEMs have been adsorbed and can also to some extent be used when the interaction between the 

polyelectrolytes in the PEM is considered.  

 

Sheets made from fibres treated with the high molecular mass PDADMAC/PSS with the addition of 

0.05 M NaCl were studied with respect to light absorption and light scattering at 457 nm. As is shown 

in the still unpublished result presented in figure 20 the light absorption coefficient (k) depends on the 

polymer adsorbed in the outermost layer, giving a higher k-value when PDADMAC was adsorbed in 

the outermost layer, than when PSS was outermost. The results also indicate a lower light scattering 

coefficient (s) when PDADMAC was adsorbed in the outermost layer, indicating that the adsorption 

of PDADMAC in the outermost layer result in a somewhat higher optically bonded fibre area.  
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Figure 20. Light absorption coefficient (k) and light scattering coefficient (s) at 457 nm of 

sheets made from fibres treated by PEMs consisting of high molecular PDADMAC and PSS 

with the addition of 0.05 M NaCl without any adjustment of the pH which was determined to 

5.5-6, plotted as a function of the number of adsorbed layers.  

 
The sheets prepared in paper VI from fibres treated with PAH/PEDOT:PSS demonstrated a 

significant change in colour as a function of the number of layers of PEDOT:PSS adsorbed. Figure 21 

illustrates this, and also shows that the effect was greater for the sheets made from carboxymethylated 

fibres, to which a higher amount of polymer had been adsorbed. This can also be concluded by 

studying the CIELAB b* value, which decreased when PEDOT:PSS was adsorbed in the outermost 

layer and even more when the sheets were made from carboxymethylated fibres.  

 

 
 

Figure 21.  Image of samples of sheets made from fibres treated by PAH/PEDOT:PSS. From 

left to right: sheets made from fibres treated with 5 layers (non pre-treated), 9 layers (non pre-

treated), reference, 5 layers (carboxymethylated) and 9 layers (carboxymethylated). 
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The reason to the systematic changes in light absorption coefficient depending on the polymer in the 

outermost layer is not clear but it is suggested that it is the nitrogen on the charged polymers that is 

interacting with conjugated systems to change their light absorption properties. This is an 

auxochromic [73] interaction and from the figures it is clear that the changes are small but consistent. 

Further investigations are needed to establish whether these effects can have a negative impact on the 

application of PEM or whether it can be used to induce new, desired properties by combining 

different types of polymeric systems.  

 
 

SHEET PROPERTIES 

 

Sheets were made from fibres treated with PDADMAC/PSS, using two different combinations of 

polymers; in paper I the influence of treating fibres by the high molecular mass PDADMAC/PSS 

(>500k/1000k) is presented and discussed and in paper III the corresponding results for the low-

medium molecular mass combination (30k/80k) is presented and discussed in relation to the results 

regarding the high molecular combination in paper I.  

 

Figure 22 shows the increase in tensile index of sheets made from fibres treated by the high molecular 

and the low molecular mass combinations of PDADMAC/PSS respectively. The improvement in 

tensile index due to the PEM treatment of the wood fibre was significantly greater using the high 

molecular combination. From the first layer up to five layers, the tensile index and strain at break of 

sheets made from the high molecular combination showed a continuous increase as a function of the 

number of adsorbed layers. When more layers were adsorbed, the tensile index was higher when 

PDADMAC was adsorbed in the outermost layer than when PSS was outermost. In figure 23 the 

tensile index is plotted as a function of the amounts of adsorbed high molecular mass PDADMAC 

and PSS adsorbed at 0.05M NaCl and 0.1M NaCl respectively. This shows that there was a linear 

increase in the tensile index as a function of the adsorbed amount of polymer, and that there was a 

significant increase in tensile strength although the amount of adsorbed polymer was low. When 11 

layers were adsorbed, the increase in tensile index was about 80 % compared with sheets made from 

non-treated fibres. 

 

Sheets made from fibres treated with low molecular mass PDADMAC/PSS demonstrated an increase 

in tensile index of about 25 %. From the 1st to the 8th layer, the increase in tensile index was about 

10 %; which is close to the resolution of the tensile testing method. 9-11 layers were needed to 

achieve a significant increase in paper strength. From layer 8 and up wards a small difference in tensile 

index could also be detected depending on which polymer was adsorbed in the outermost layer.  
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Figure 22. Tensile index and strain at break of sheets made from fibres treated by 1-11 layers 

of high molecular mass PDADMAC/PSS(>500k/1000k) and low molecular mass 

PDADMAC/PSS (30k/80k), plotted as a function of the number of adsorbed layers. The 

measurement was conducted for sheets made at 0.1 M NaCl and without any adjustment of 

the pH, which was determined to 5.5-6. 

 

In paper III, sheets were formed from fibres treated with 0-8 layers of PAH/PAA 70k/240k. As 

could be seen in figure 24, sheets made from fibres treated with this molecular combination showed a 

significant increase in both tensile index and strain at break for the first three layers. The increase was 

greatest when PAH rather when PAA was adsorbed in the outermost layer. Compared to sheets made 

from non-treated fibres, the increase in tensile index was about 75% and the corresponding increase 

in strain at break 60% when three layers were adsorbed. From the fourth layer and upwards, no 

further increase in these properties was detected. 
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Figure 23a. Tensile index of sheets made from fibres treated by high molecular 

PDADMAC/PSS (>500k/1000k) plotted as a function of the amount of adsorbed PDADMAC 

determined using destructive nitrogen analysis. The adsorption was done at 0.1M NaCl and 

without further adjustment of pH (pH 5.5-6). 
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Figure 23b. Tensile index of sheets made from fibres treated by high molecular 

PDADMAC/PSS (>500k/1000k) plotted as a function of the amount of adsorbed PSS 

determined using schöniger burning. The adsorption was done at 0.1M NaCl and without 

further adjustment of pH (pH 5.5-6). 
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Figure 24 Tensile index and strain at break of sheets made from fibres treated with PEMs 

formed from PAH 70k and PAA 240k, plotted as functions of the number of layers in the 

PEM. The corresponding result for PAH/PAA 15k/5k, adapted from Eriksson et al [1], is 

also included in the figure for comparison. PAH was adsorbed at pH 7.5 and PAA at pH 3.5, 

and the adsorption was done at 0.01M NaCl. 

 

These results can be compared to the data recently been presented by Eriksson et al [1], in strength 

demonstrating an increase of about 2.5 time for sheets made from fibres treated with 8 layers 

compared to sheets made from non-treated fibres, were the effect was also greater when PAH was 

adsorbed in the outermost layer.  
 

In paper V the properties of sheets made from low molecular mass PAH/PAA were compared to 

sheets made from fibres treated by polymer complex formed from the same type of polymers as those 

used by Eriksson et al [1]. Figure 25 shows the tensile index and strain at break plotted versus the 

amount of added complex: The influence on tensile index and strain at break was greatest when the 

amount of added complex was increased. Sheets made from fibres treated with 45 mg complex per 

gram fibres showed a tensile index of 41 kNm/kg. The increase in tensile index, compared to that of 

sheets made from non- treated fibres was about 100 %. 
 

Compared with the results of Eriksson et al, a lower amount of PAH was needed per unit increase in 

tensile index for the PEC. Sheets made from fibres modified by 8 layers of PEM showed a tensile 

index of about 55 kNm/kg when 36 mg/g PAH was adsorbed. Recalculated to an increase in tensile 

index per adsorbed amount of PAH, this gives an increase of about 0.9 kNm/kg per mg adsorbed 

PAH. The corresponding value of the PAH/PAA complexes adsorbed at 45 mg/g was 2.7 kNm/kg 
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per adsorbed mg of PAH. Measured as the increase in paper strength per adsorbed amount, the fibre 

modification using PEC was obviously more efficient. 
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Figure 25. Tensile index and strain at break of sheets made from fibres treated with 

PAH/PAA polyelectrolyte complexes made from low molecular PAH/PAA (15k/5k) and 

plotted as a function of the amount of added polymer complex. The complexes were made 

and adsorbed at pH 7 and with addition of 0.01M NaCl. 

 

Compared with the results of Eriksson et al, a lower amount of PAH was needed per unit increase in 

tensile index for the PEC. Sheets made from fibres modified by 8 layers of PEM showed a TI of 

about 55 kNm/kg when 36 mg/g PAH was adsorbed. Recalculated to an increase in TI per adsorbed 

amount of PAH, this gives an increase of about 0.9 kNm/kg per mg adsorbed PAH. The 

corresponding value of the PAH/PAA complexes adsorbed at 45 mg/g was 2.7 kNm/kg per 

adsorbed mg of PAH. Measured as the increase in paper strength per adsorbed amount, the fibre 

modification using PEC was obviously more efficient. 
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Figure 26. Tensile index and strain at break of sheets made of fibres treated with PEO/ PAA 

(5000k/240k) with a first adsorbed layer of PAH (150k) plotted as a function of the number of 

adsorbed layers. The first layer (PAH) was adsorbed at pH 7 and the following layers were 

adsorbed at pH 2.2 The adsorption was done at 0.01M NaCl. 

 

Sheets were also made from fibres treated with PEO/PAA. As can be seen in figure 26, which show 

the increase in tensile index of sheets made form fibres treated by 6-9 layers, the increase in tensile 

index was a linear a function of the number of adsorbed layers, independent of the polymer that was 

adsorbed in the outermost layer. This is in contrast to what was found for sheets made from fibres 

treated with PAH/PAA and PDADMAC/PSS. It can be noted that none of the systems used, caused 

densification of the sheets. 

 

From all these measurements of paper tensile strength from PEM/PEC treated fibres it is clear that 

for strong polyelectrolytes the best improvement is achieved for high molecular mass combinations of 

PDADMAC and PSS. For the weak polyelectrolytes the opposite is found, i.e. the best improvement 

is achieved for the low molecular mass combination of PAH/PAA. There might naturally be several 

explanations to this and these results will be further discussed in conjunction with the force 

measurements between PEM covered substrates with AFM. 

 

INDIVIDUAL FIBRE TREATMENT 

 
The use of a Dynamic Contact Analyser (DCA) for individual fibres made it possible to partially treat 

an individual fibre and to compare the influence on surface structure and the wettability by the PEM 

treatment. This method was introduced in paper I in this present thesis. The fibre was washed 
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between each adsorption step and the advancing (immersing) and receding (withdrawal) forces were 

measured and analysed. 

 

Five different polymer systems were studied; PDADMAC/PSS (paper I and paper III), PAH/PAA 

(paper II and III), PEO/PAA (paper II), PAH/carboxymethyl cellulose (CMC) and 

PAH/PEDOT:PSS (paper VI). The individual fibre treatment with PAH/PAA in paper II was carried 

out using the low molecular combination 15k/5k. This molecular combination, also studied by 

Eriksson et al [1] regarding adsorption properties and influence on paper strength, was studied 

according to three different pH strategies: adsorption of both PAH and PAA at pH 5, adsorption of 

both polymers at pH 7.5, and adsorption of PAH at pH 7.5 and PAA at pH 3.5 in a background 

electrolyte concentration of 0.01 M NaCl. In paper III, the corresponding measurements for the 

PAH/PAA of 70k/240k , was conducted according to adsorption of PAH at pH 7.5 and PAA at 3.5. 

Individual fibres were also treated using polyelectrolyte complexes formed from the low molecular 

mass combination of PAH/PAA.  

 

Figure 27 shows the force trace of an individual fibre coated with 3 and 4 layers of the high molecular 

combination of PDADMAC/PSS. The fibre treated with polymer solution to a depth of 0.8 mm and 

then washed in water to 1.2 mm. From the figure it can be seen that the fibre showed a certain 

difference in advancing wetting force depending on which polymer was adsorbed in the outermost 

layer, with a lower force, i.e. a lower wettability, when PDADMAC rather than when PSS was 

adsorbed in the outermost layer. 
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Figure 27.  Force trace from the washing step of a fibre treated with 3 and 4 layers of high 

molecular PDADMAC/PSS to a depth of 0.8 mm and then washed to a depth of 1.2 mm 

(paper I). The lower curves show the force trace when the fibre was immersed (advancing) 

and the upper curves show the force trace when the fibre was withdrawn (receding). The 

adsorption was done at 0.1M NaCl and without further adjustment of pH (pH 5.5-6). 
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Figure 28 shows the force trace of an individual fibre treated with 8 and 9 layers of low molecular 

mass PAH/PAA at pH 5 and a background electrolyte concentration of 0.01 M NaCl (treated to a 

depth of 0.9 mm and washed to 1.7 mm). This combination of polymers also showed a difference 

depending on which polymer that was adsorbed in the outermost layers, a trend that was similar to 

that when the fibre was treated at pH 7.5/3.5 or pH 7.5/7.5. 

0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6
0

1

2

3

4

5

6

7

8

F 
(µ

N
)

Fibre distance (mm)

 Layer 9 (PAH)
 Layer 8 (PAA)

 
Figure 28. Force trace from the washing step of a fibre treated with 8 and 9 layers of low 

molecular mass PAH/PAA adsorbed at pH 5, with the addition of 0.01 M NaCl, and washed 

under the same conditions. The lower curves show the force trace when the fibre was 

immersed (advancing), and the upper curves show the force trace when the fibre was 

withdrawn (receding). The fibre was treated with PEM to a depth of 0.9 mm and washed to a 

depth of 1.7 mm.  

 

The calculated contact angles calculated are presented in figure 29 (high and low molecular 

PAH/PAA), figure 30 (high and low molecular PDADMAC/PSS) and figure 31 (PEO/PAA, 

PAH/CMC and PAH/PEDOT:PSS). PDADMAC/PSS (paper I and III), PAH/PAA (paper II and 

III), PAH/PEDOT:PSS (paper VI) and PAH/CMC (not published). All, except PEO/PAA, 

demonstrated a difference in contact angle depending on the polymer adsorbed in the outermost 

layer, showing a higher contact angle when the individual fibre was capped with the cationic polymer. 

 

From figure 29 it can also be seen that the PAH/PAA had the greatest influence on wettability when 

the PEM was formed using either the pH 7.5/3.5 or the pH 7.5/7.5 strategy. The low molecular mass 

combination also seemed to have a slightly greater influence than the high molecular combination. 

When 9 layers of LMw PAH/PAA were adsorbed and PAH was adsorbed in the outermost layer, the 

advancing contact angle was 101 degrees when the 7.5/7.5 strategy was used and 104 degrees with the 
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7.5/3.5 strategy. The corresponding results for the 10th layer (PAA) were 44 degrees and 95 degrees 

respectively. With the pH 5/5 strategy the advancing contact angle displayed an oscillating behaviour 

with an angle of 44-49 degrees when the fibre was capped with PAA, and 72-77 degrees when PAH 

was adsorbed in the outermost layer, when four layers or more were adsorbed.  
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Figure 29. The advancing contact angle as a function of the number of layers on an individual 

fibre treated with PAH/PAA 15k/70k (LMw, treated at pH 5, 7.5/3.5, and 7.5/7.5) and 

PAH/PAA 70k/240k (HM , treated at pH 7.5/3.5w ). The adsorption was done at 0.01M NaCl. 

 

Since it is well known that the contact angle is influenced by the first nm of a polymer film, the 

advancing contact angle can be used to study the difference in structure of the PEMs formed. Small 

differences in contact angle indicate thin individual layers and/or a high degree of interpenetration of 

polymer chains between the different layers. The results for the PEMs formed from low molecular 

PAH/PAA at pH 7.5/3.5 and pH 7.5/7.5 indicate a thicker and better-defined layer when the PEMs 

were formed at pH 7.5/3.5. 

 

 40



-2 0 2 4 6 8 10 12 14 16
0

10

20

30

40

50

60

70

80

90

A
dv

an
ci

ng
 c

on
ta

ct
 a

ng
le

Number of layers

 PDADMAC/PSS, 30k/80k
 PDADMAC/PSS, >500k/1000k

  

Figure 30. The advancing contact angle as a function of the number of layers of an individual 

fibre treated with high molecular PDADMAC/PSS and low molecular PDADMAC/PSS 

respectively. The adsorption was done at 0.1M NaCl and without further adjustment of pH 

(pH 5.5-6). 

0 2 4 6 8 10
10
20
30
40
50
60
70
80
90

100
110
120

A
dv

an
cin

g 
co

nt
ac

t a
ng

le

Number of layers

 PEO/PAA
 PAH/PDOT:PSS
 PAH/CMC

  
Figure 31. The advancing contact angle as a function of the number of layers of an individual 

fibres treated with PEO/PAA, PAH/PEDOT:PSS and PAH/CMC respectively.  

PAH/PEDOT:PSS and PAH/CMC were both adsorbed using the pH 7.5/3.5 strategy. 

PEO/PAA was adsorbed at pH 2.2 with a first layer of PAH adsorbed at pH 7. The 

experiment was conducted at 0.01M NaCl. 

 
Figures 30 and 31 show that individual fibres treated by PEMs formed from PDADMAC/PSS, 

PAH/PEDOT:PSS and PAH/CMC also demonstrated higher contact angles when capped with 

cationic polymer. Of these systems, PAH/CMC showed the greatest influence on the wettability. 
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When 5-9 layers were adsorbed, the advancing contact angle was calculated to be 110-115 degrees 

when capped with PAH and about 40 degrees when CMC was adsorbed in the outermost layer. For 

PDADMAC/PSS, the difference depended on the molecular mass of the polymers.  For treatments 

using the high molecular mass combination (paper I) the advancing contact angle was between 80-90 

degrees when PDADMAC was in the outermost layer and more than three layers were adsorbed, and 

50-60 degrees when PSS was in the outermost layer. The corresponding values when the treatment 

was conducted with the low molecular combination (paper III) were 38-50 degrees when PDADMAC 

was adsorbed in the outermost layer and 25-30 degrees when PSS was adsorbed in the outermost 

layer. 

 

In summary, there was a great difference in the influence on wettability depending on the polymer 

combination used, and when PAH/PAA was used the pH strategy used also had a large effect. With 

PDADMAC/PSS, the molecular mass was important. It has recently been shown [74] that it is not 

the cationic or anionic nature of the polyelectrolyte that determines the wettability of a polyelectrolyte, 

rather the intrinsic hydrophobicity of the polymer chain determines the wettability. The hydrophobic 

character of the PAH may explain why the combinations with PAH in the outer layer creates a 

significantly decrease in wetting. 
 

THE INFLUENCE OF PEM AND PEC ON THE STRUCTURE OF THE FIBRE SURFACE 
 

The treated and untreated parts of individual fibres in paper I were also analysed using ESEM in order 

to study the influence of PAM on the fibre surface structure. Figure 32 shows the different parts of a 

fibre partly treated by 11 layers of high molecular PDADMAC/PSS. The treated part (left) obviously 

displays a less rough surface structure. The images were also analysed using a simple image analysis 

method which reveals that PEM treatment removes small-scale roughness from the fibre surface.  

 

  
 

Figure 32. ESEM images of a single fibre partially treated with an 11-layer high molecular 

(>500k/1000k) PDADMAC/PSS PEM: a) treated b) untreated. The adsorption was done at 

0.1M NaCl and without further adjustment of pH (pH 5.5-6)  
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A similar influence can be seen in the case of an individual fibre treated withLMw PAH/PAA;  

adsorbed at pH 7.5/3.5 and discussed in paper V. Figure 33 shows the treated part (left) and the 

untreated part (right), showing a less rough surface of the treated part than on the untreated part.  

 

                   
 

Figure 33. ESEM images of a single fibre partially treated with an 7-layer low molecular 

PAH/PAA (15k/5k) PEM: a) treated b) untreated. PAH was adsorbed at pH 7.5 and PAA at 

pH 3.5, and with addition of 0.01M NaCl. 

 

In paper VI sheets from fibres treated with 8 and 9 layers of PAH/PEDOT:PSS was studied using 

ESEM. In figure 34 it is clear that the PEM treatment leads to alteration of the fibre surface. It is also 

obvious that PEMs formed from these polymers also had a smoother than non-treated fibres. This 

was evident regardless of which polymer that was in the outermost layer. 

 
 

              

Figure 34. ESEM images of reference fibre (top left), fibres with nine PEM layers with PAH 

as the outermost layer (top right) and fibres with ten PEM layers with PEDOT:PSS as the 

outermost layer (bottom). PAH was adsorbed at pH 7.5 and PAA at pH 3.5 with the addition 

of 0.01 M NaCl 

 
In paper V the individual fibres treated by polyelectrolyte complexes, formed from LMw PAH, were 

also studied using the ESEM technology, in order study to the influence of the complexes on the 
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structure of the fibre surface and to compare this structure with the influences of the PEM treatment. 

As can be seen in figure 35, showing the treated part to the left and the non-treated part to the right, 

the effect was significantly different for that seen for PEM-treated fibres. The treated part was 

covered by white dots, showing a diameter of about 150-200 nm, which was about the twice the 

average size of the polyelectrolyte complexes determined using nanoZ. The maximum resolution of 

the instrument was probably too low to recognise particles smaller than about 150 nm, and the 

particles shown in the figure were the largest polyelectrolyte complexes that were adsorbed. 

 

  

      
 

Figure 35. ESEM images of a single fibre partially treated with polyelectrolyte complexes, 

formed from LMw PAH/PAA.  To the left the treated part and to the right the non-treated 

part. The complexes were formed and adsorbed at pH 7 at 0.01M NaCl.  The particles on the 

picture was recognised as polyelectrolyte complexes with a size larger than 150 nm. Smaller 

complexes were most probably not recognised to limitation of the resolution of the 

instrument.  

 

FORCE MEASUREMENTS 

 
In paper II and IV force measurements by Atomic Force Microscope (AFM) and the Surface Force 

Apparatus (SFA) were made to increase the understanding of the mechanisms governing the 

interactions between PEM-treated substrates.  

 

In paper II AFM measurements were used under wet conditions to study the pull of force between 

substrates treated by PEMs formed by up to 12 layers of low molecular mass PAH/PAA. These 

PEMs were constructed in situ in the AFM liquid cell from polyelectrolyte solutions at pH 7.5 for the 

adsorption of PAH and at pH 3.5 for the adsorption of PAA. The adsorption was conducted with the 

addition of 0.01 M NaCl. Between each adsorption step, the cell was rinsed with electrolyte solution 
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of the same ionic strength and pH as the preceding adsorption step, in order to wash away weakly 

attached polyelectrolyte. The pull of forces from these experiments are plotted in figure 36 versus the 

number of adsorbed layers.  

 

From this it is obvious that there was a higher adhesion force between the substrates when PAH was 

adsorbed in the outermost layer than when PAA was outermost. Compared to an earlier investigation 

[40], using the same set-up, and same the combination of polymers but both adsorbed at pH 7.5, this 

difference between the polymer in the outermost layer was greater. 
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Figure 36. Pull off force measured using AFM of PEMs formed from low molecular mass 

PAH/PAA (15k/5k) adsorbed at pH 7.5/7.5  [40] and pH 7.5/3.5 and plotted as a function of 

the number of adsorbed layers. 0.01 M of NaCl was added.  

 

In paper IV, these experiments were complemented by measurements on PEMs formed from the 

higher molecular weight combination of PAH/PAA, as in paper III was studied regarding the 

forming procedure and its influence on paper strength. The influence of time in contact between the 

substrates before they were separated and the pull off force was measured was also studied. All AFM 

force measurements in paper IV were conducted according to the pH 7.5/7.5 strategy, i.e. both PAH 

and PAA were adsorbed at pH 7.5.  

 

Figure 37a and b show the normalised force versus the separation distance when substrates treated by 

PEMs formed from low and high molecular mass PAH/PAA respectively were separated without any 

delay (0 seconds). All plots are from measurements when PAH was adsorbed as the outermost layer. 

From this it is obvious that the adhesion increased with increasing number of layers, and also that 

improvement was greater for the low molecular mass combination than for the high molecular 

combination.  
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b. 

Figure 37. Normalised force versus apparent separation upon retraction for PEM covered 

silica substrates. (a) Low molecular mass PAH/PAA and (b) high molecular mass PAH/PAA 

were adsorbed at pH 7.5/7.5 in a background electrolyte concentration of 0.01 M NaCl. The 

force curves shown were performed with PAH in the outermost layer and without any delay in 

contact time at maximum load. (PAH/PAA)n-1-PAH, n=1 (□), n=2 (∆), n=3 (◊), n=4 (■), n=5 

(▲), n=6 (♦). 
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Figure 38b shows the pull-off forces for PEMs formed from high molecular mass PAH/PAA plotted 

as a function of the number of adsorbed layers, without any delay before retraction of the interacting 

substrates, and with delays of 1 second and 5 seconds. As could be concluded for PEMs formed from 

low molecular mass PAH/PAA in paper II and by Notley et. al [40], the pull-off force was higher 

when PAH was adsorbed in the outermost layer than when PAA was outermost. However, the 

absolute levels were, without delay in contact time, lower than for PEMs formed from low molecular 

polymers under the same conditions; when 12 layers were adsorbed, the pull-off force was almost 4 

mN/m for the low molecular mass combination, but only 2.2 for the high molecular combination. 

Both the PEMs formed from low molecular mass and from the high molecular mass PAH/PAA 

demonstrated an increase in pull-off force when the contact time was increased to 1 second and 5 

seconds, but the increase was greater for the low molecular mass combination (figure 34a and b).  
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b. 

Figure 38. Normalised pull-off force as a function of layer number and contact time at 

maximum load for PEM covered silica substrates. (a) Low molecular weight PAH and PAA 

and (b) high molecular PAH/PAA were adsorbed at pH 7.5/7.5 in a background electrolyte 

concentration of 0.01 M NaCl. Contact time at maximum load: 0 seconds (■), 1 second (∆), 5 

seconds (♦). 
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Paper IV also includes adhesion measurements made using the Surface Force Apparatus (SFA) of 

PEMs formed from 4 and 5 layers of PAH/PAA, and adsorbed at pH 7.5/3.5 with the addition of 

0.01 M NaCl. The measurements were conducted in dry air, at 100 % RH and in a wet condition and 

showed a significant difference depending on the ambient and also on the polymer that was adsorbed 

in the outermost layer.   

 

In figure 39 it is evident that the PEM adsorption resulted in a lower pull-off force, compared to the 

adhesion between non-treated mica substrates and analysed under dry conditions, and also showed a 

lower adhesion when PAH was adsorbed in the outermost layer than when PAA was outermost. The 

adhesion was however higher when measured in 100 % RH, but this increase probably originated 

from a capillary force that was caused by condensed water on the substrates.   
 

When the SFA-measurement was conducted in the wet condition, a small pull-off force was detected. 

This adhesion, 42.6 mN/m when PAA was adsorbed in the outermost layer and 1.9 mN/m when 

PAH was outermost, must have originated from an interaction between the polyelectrolyte 

multilayers, since the pull-off force between bare mica in 0.01M NaCl is zero due to a short-range 

repulsive hydration force, which originates from the adsorption of hydrated Na-ions at the mica 

substrate. However, considering the large difference in wetting of the PAH capped layer and the PAA 

capped layer it is possible that the wetting of the layers could influence the interaction between the 

substrates. 
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Figure 39. The pull-off forced measured using SFA and normalised with respect to the 

geometric mean radius. The force was measured for bare mica, and mica treated with PEMs 

formed from 4 and 5 layers of PAH/PAA respectively. The experiments were conducted in 

dry air (0 % RH), humid air (100 % RH) and wet Under wet condition aa drop was added at 

the pH of the preceding adsorption step, i.e. 7.5 when PAH was adsorbed outermost, and pH 

3.5 when PAA was adsorbed outermost and at 0.01 M NaCl. 
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THICKNESS MEASUREMENTS 

 

In paper IV, PEMs formed from low molecular mass PAH/PAA were also studied with respect to 

thickness using the Surface Force Apparatus (SFA). Mica substrates were treated by 4 and 5 layers 

using the pH 7.5/3.5 adsorption strategy and with the addition 0.01 M of NaCl.  

 

Figure 40 shows the total thickness of PEMs analysed under dry condition, at 100 % RH and in a wet 

condition, where there is a significant influence of both the ambient conditions and on which of the 

polyelectrolytes adsorbed in the outermost layer. It should be noted that the thickness presented in 

the figure is the thickness of two multilayers, i.e. 8 and 10 layers respectively, since one PEM was 

adsorbed on each substrate. 
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Figure 40. Total thickness of PEMs formed from PAH/PAA, adsorbed on mica and 

determined using SFA in dry air, at 100 % RH and in the wet condition for 4 and 5 adsorbed 

layers respectively. The thickness is the total thickness of the PEMs adsorbed on the two 

substrates.  

 

For the PEM formed from 4 layers, with PAA adsorbed in the outermost layer, there was an increase 

from about 11Å in the dry condition to about 14Å and 17Å, at 100 RH% and in the wet condition 

respectively.  When PAH was adsorbed in the outermost layer, the layers swelled from about 15Å in 

dry condition, to about 26Å at 100% RH and 35Å in the wet condition. Comparing the average 

thicknesses, there was no increase from 4 to 5 layers in the dry condition, but the swelling at 100 % 

RH and in the wet condition was obviously greater when PAH was adsorbed in the outermost layer 

than when PAA was outermost. The thickness of the PAH-covered PEM was increased by 79 % and 
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138 % in 100 % RH and in wet condition respectively and the corresponding increase for the PAA-

covered PEM was 23 % and 49 % respectively.  

 

These results can be compared to those recently published by Pavoor et al [43] for PEMs formed 

from PAH (70,000) and PAA (90,000) on glass slides under the same conditions, and determined in 

the dry condition using nanoindentation. These measurements showed an incremental bilayer 

thickness of about 80Å for a PEM consisting of 8 bilayers, which is similar to that found by Itano et. 

al [75] using ellipsometric measurements of PEMs formed from PAH/PAA of similar molecular 

weights under the same conditions. Nolte et al, showed, using nanoindentation [45] for PEMs formed 

from similar polymers under similar conditions as Pavoor, an increase of 157 Å/bilayer. The 

difference from the PEM measurements discussed in paper IV, showing an increase of about 30 Å 

per bilayer, may be explained by the much higher molecular mass of the polyelectrolytes used in the 

previous investigation. This is a reasonable explanation, since it has been shown that PEMs formed 

from higher molecular mass polylelectroytes have greater thicknesses [28].  The incremental bilayer 

thickness determined by Itano et. al [75], Nolte et al [45], and by Paavor et al [43], was also measured 

for PEMs consisting of a larger number of layers. Since it is reasonable to assume that there could be 

an influence of the substrate on the results of the PEMs discussed in paper IV, this may also be an 

explanation of the difference between these results.  

 

The difference in thickness depending on which polymer was adsorbed in the outermost layer, that 

was observed in paper IV under wet condition and at 100 % RH is in agreement with the results of 

recent QCM- measurements [40] showing that the energy dissipation was higher when PAH was 

adsorbed in the outermost layer than when PAH was outermost. Since the energy dissipation is a 

measure of the rigidness of the PEM, this indicates a more rigid layer when PAA was in the 

outermost layer.  

 

 

ADEHSION, WETTABILITY AND PAPER STRENGHT 

 

In the mechanical testing of sheets made from fibres treated with different combinations of PEMs it 

was obvious that the choice of polymer in the outermost layer, as well as the molecular weight of the 

polymers forming the PEM, had a great influence on the development of paper strength. Papers made 

from fibres treated with high molecular mass PAH/PAA, studied in paper III, showed a significantly 

lower tensile index and strain at break than had previously been shown by Eriksson et al and, from a 

comparison between high molecular mass PDADMAC/PSS (paper I) and low molecular mass 

PDADMAC/PSS (paper III), it was also evident that the high molecular mass combination had a 

greater effect. These measurements have also shown that there was a difference depending on which 
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polymer was in the outermost layer. The wettability measurements on individual fibres also showed a 

difference depending on the polyelectrolyte system and on the polyelectrolyte adsorbed in the 

outermost layer. Obviously there is, for PEMs formed on fibres, a certain difference in the surface 

properties depending on the polymer system and on the polymer adsorbed in the outermost layer. 

This may also influence the fibre-fibre interaction in the fibre/fibre joints. In order to obtain a better 

fundamental understanding of the layers, the creation of PEMs onto model substrates of silicon oxide 

and mica was also studied.  

 

Earlier investigations have shown that for a diblock co-polymer A-B added to the interface of blocks 

of A and B there will be a reinforcement by the block co-polymer via a mechanical entangling on both 

sides of the surfaces by the co-polymer.  It has then been shown that the number of chains 

interacting, as well as the length of the chains influences the fracture toughness. When discussed in 

terms of interacting PEMs, this suggests that the number of chains interacting, and the length of the 

chains, would determine the strength of the interaction.  

 

Strong polyelectrolytes such as PDADMAC and PSS are, due to their strong electrostatic interactions, 

known to form thin PEM layers. Schelnoff et al [76] have shown that a single layer of PDADMAC, 

adsorbed in the presence of 0.5 M NaCl, and determined in the dry state by ellipsomtery, is less than 1 

nm. The energy dissipation measurements using QCM-D for high molecular PDADMAC/PSS, 

discussed in paper III, also indicated a very rigid layer in wet state for this polyelecytrolyte 

combination, with a low number of tails and loops that may interact to form strong fibre-fibre 

interactions. The energy dissipation was also higher when the cationic PDADMAC was adsorbed in 

the outermost layer, when PSS was outermost, indicating a less compact structure. This probably 

means that there is a larger number of chains that may entangle for the high molecular mass 

PDADMAC/PSS combination, which would explain the greater strength when PDADMAC was 

adsorbed in the outermost layer.  Since it is has been shown that high molecular mass polyelectrolytes 

tend to form thicker PEMs than low molecular combinations, it is reasonable that the low molecular 

mass PDADMAC/PSS would give fewer interacting chains, explaining the very low improvement in 

paper strength for the low molecular mass PDADMAC/PSS, compared to the influence of the high 

molecular combination.  

 

As has already been discussed, the QCM-D measurements for PEMs formed from low molecular 

mass PAH/PAA, conducted by Notley et al [40] showed significantly higher values for the energy 

dissipation than for PDADMAC/PSS PEM, indicating a less rigid layer with a greater number of 

chains that may entangle to give strong adhesion. This conclusion is also in agreement with what has 

previously been determined, showing thicker bilayers for PEMs formed from PAH/PAA and 

adsorbed at pH 7.5/3.5 than in those from PDADMAC/PSS. Altogether this provides a reasonable 
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explanation of the general difference in improvement in paper strength that has been shown for 

sheets made from fibres treated with the respective PEM systems.   

 

As has already been observed, the AFM-force measurements discussed in papers II and IV for low 

and high molecular PAH and PAA showed higher adhesion forces when the number of layers was 

increased. A significant difference depending on which polymer was adsorbed in the outermost layer; 

showing a higher adhesion when PAH outermost layer was also detected. This was also in agreement 

with the QCM measurements conducted by Notley et al [40], which showed higher energy dissipation 

when PAH was adsorbed in the outermost layer.  The less rigid layer for the PAH capped PEM would 

then give more chains of interacting by entangling, giving better adhesion.  

 

In contrast to sheets made from fibres treated with PDADMAC/PSS, sheets made from fibres 

treated with PAH/PAA demonstrated a lower adhesive force for the high molecular mass 

combination than for the low molecular mass combination.  This was also in agreement with the 

adhesion measurements discussed in paper IV, which showed a higher adhesion for the low molecular 

combination than for the high molecular combination.  

 

The adhesion measurements using SFA and surfaces coated with polystyrene [53] of different 

molecular mass, showed that the adhesion was dependent on the number of free chain ends rather 

than on the number of loops. Since the number of free chain ends tends to decrease when the 

molecular weight of the interacting chains is decreased, higher molecular polymers would tend to give 

a less significant contribution to the adhesion. Since low molecular polymers are supposed to 

demonstrate a greater mobility and a higher rate of interpenetration than the high molecular fractions, 

they can also be supposed to contribute to a more significant improvement in adhesion.  This may 

also explain why there was a more significant increase in adhesion with contact time for the low 

molecular PAH/PAA than for the high molecular combination.  

 

The less significant improvement in paper strength with fibres treated by high molecular mass 

PAH/PAA than for  low molecular mass PAH/PAA may  thus be explained by three main factors;  

1. Fewer free chain ends of the high molecular polyelectrolyte 

2. Less polyelectrolyte adsorbed due less interpenetration into the fibre wall 

3. A lower mobility and a lower rate of interpenetration of the higher molecular polyelectrolyte.  

 

To this may be added that the less efficient anchoring of the PEM to the fibre wall containing pores 

with dimensions between 5 and 100 nm [2]. The low molecular mass of the PAH would allow the 

polyelectrolyte to penetrate the outer layers of the fibre wall [69] resulting in a better fixation of the 

PEM to the fibre wall.  
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In order to understand the mechanisms behind the adhesion in the fibre/fibre joint and the formation 

of a strong fire-fibre joint it is necessary to also understand the mechanisms behind formation of the 

fibre joint. In addition to a strong interaction due to entanglement between the layers of the fibre 

surfaces, a high contact area between the fibres is also highly important. 

 

The results reported in this thesis have indicated that the PEM treatment resulting in the least 

wettable and most hydrophobic fibres also has the most significant influence on paper strength. 

 

These two findings may at first sight seem to be slightly contradictory, especially in the light of 

recently published results [77] suggesting that a more hydrophilic agent will more efficiently improve the 

strength of papers made of treated fibres . However, the formation of a strong fibre–fibre joint is a 

rather complex process, and to form strong joints it is important that:  

 
1. Efficient contacts are formed 

2. The fibres are conformable (on the molecular and macroscopic levels) during water removal, 

whereupon capillaries are created between the fibres  

3. The fibres contain surface layers that allow a high degree of entanglement 

 

To form efficient joints between the fibres when they are totally immersed in water, the fibres must 

have high wet adhesion, and this is definitively determined by the wettability of the fibres.  

 
The work of adhesion between substrates in water can be described by the equation: 

 

θγ cos2 LVSVSL WW −=  [3] 

  

where Wsl is the work of adhesion between two substrates in water, Wsl is the work of adhesion 

between two substrates in vacuum, and LVγ  is the surface tension of the liquid. This means that the 

adhesion between two hydrophobic surfaces (i.e., with a contact angle > 90°) in water will be larger 

than that between two substrates that are more hydrophilic. A simple calculation using Eq. [3] shows 

that increasing the contact angle from 40 to 100° increases the wet adhesion by approximately 30%. 

 

Thus, fibres in water are forced towards each other more strongly when the contact angle is increased. 

A greater contact angle results in a better contact between the fibres, which is important for the 

formation of strong, dry fibre–fibre joints. Considering the hypothesis that the level of wettability is 

an important factor for creating strong adhesion between the fibre, these results are in agreement with 

results of individual fibre measurements showing that fibres treated at pH 7.5/3.5 have a lower 

wettability than fibres treated at pH 7.5/7.5. This hypothesis is also consistent with the results for 
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high molecular PDADMAC/PSS showing a greater paper strength and a lower wettability when 

PDADMAC was outermost. 

 
The wettability of individual fibres treated with low Mw PDADMAC/PSS was significantly less than 

that of these treated with the high molecular combination. PEMs formed from high Mw PAH/PAA 

also demonstrated a slightly lower wettability than those made with low Mw PAH/PAA. This agreed 

with a lower improvement in paper strength. 

 

The influence of fibre wettability on the formation of the fibre-fibre joint and of the PEM structure 

on adhesion and paper strength are not in opposition, but rather reflecting different mechanisms for 

the development of a strong interaction between PEM covered substrates. A low wettability of the 

fibres leads to a better contact between the fibres even under wet conditions and a higher mobility of 

the molecules leads to a more efficient joint formation between the fibres once they are in contact and 

when the water is slowly removed.  

 

The difference in wettability between PEMs formed from different polyelectrolytes and the 

importance of the polymer adsorbed in the outermost layer are still not fully understood, but it has 

recently been shown [74] that the wettability is independent of the sign of the charge of the polymer, 

and that a complicated interaction between the hydrophobic backbone and the charge density of the 

polymer  determines the wettability.  

 

The correlation between a high adhesion force and a low wettability may thus also be discussed in 

terms of how the mobility of the polymer chains influences the exposure of hydrophobic groups to 

the water. The difference in wettability between the high molecular mass and the low molecular mass 

PDADMAC/PSS, which shows a low wettability with the high molecular combination, supports the 

hypothesis that that the degree of free chains and loops influences the adhesion.  

 
 

ELECTRICAL CONDUCTIVITY 

 
The dielectric spectrometry measurements on sheets made from fibres treated with PEMs formed 

from PAH/PEDOT:PSS, paper VI, showed that the PEDOT:PSS PEM modification of the fibres 

made the sheets electrically conductive. The results showed however that the effect of increasing 

conductivity levelled off with each additional PEDOT:PSS layer adsorbed after the first PEDOT:PSS 

layer. This is reasonable, since the adsorption of PAH reduced the conductivity. PAH is not 

electrically conductive and thus each addition of PAH created an insulating layer between the 

PEDOT:PSS layers. Each additional PEDOT:PSS layer adsorbed to the PEM structure is insulated by 

the previously adsorbed PAH and no net effect can be seen after a few double layers. 
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The highest conductivity measured on the sheets was 3.0 × 10-7 S/cm, which can be compared to 3.5 

(± 0.2) × 10-6 S/cm for individual fibres, determined by Lvov et al [61] on fibres treated with the same 

polymer system. This difference may be explained by the fact that the conductivity in paper VI was 

measured on sheets, which may give a higher loss and a lower value than corresponding 

measurements on individual fibres. This experiment shows however the potential of PEM as a way of  

giving papers new properties, and  opening up new fields for the application of paper. 
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CONCLUSIONS 

 
The work included in this thesis has focused on how Polyelectrolyte Multilayers (PEMs) can be used 

as a way of improving paper strength. The aim was to get a better fundamental understanding of the 

mechanisms behind adsorption of PEM on cellulose fibres, how the properties of the layers can be 

influenced, and how this influence the adhesion and paper strength. Adsorption has also been made 

onto model substrates of SiO2, from which it can also be concluded that SiO2 can be used as a model 

substrate in qualitatively predicting PEM adsorption onto wood fibres. 

 

This thesis have shown that different polyelectrolyte systems can be used in order to achieve a 

stronger adhesion between substrates, but also that there is a great difference depending on factors 

such as charge of the polyelectrolytes and the molecular mass. Sheets made from fibres treated 

PDADMAC/PSS, which are fully charged over a wide range of pH, showed an increase in tensile 

index (paper strength) by about 80 % when formed from high molecular mass polymers 

(>500k/1000k), but a significantly lower improvement for low  molecular fractions (30k/80k).. 

 

This result was in contrast to what was shown for PAH/PAA, which are highly sensitive to pH 

changes regarding the charge. PEMs formed from high molecular mass polymers (70k/240k), 

adsorbed at pH 7.5/3.5, showed less improvement in tensile index than what has recently been shown 

for PAH/PAA of lower molecular mass. This work has also shown that the adsorption of 

polyelectrolyte complexes can be used as an efficient way of improving paper strength a lower amount 

of polymer was needed to give a certain increase in paper strength using PAH/PAA. 

 

A novel method of partly treating individual fibres by using a Dynamic Contact Angle analysis (DCA) 

was introduced in this work. By this method it was shown that there was great influence in wettability 

from PEM treatment and that this was most significant for fibres treated by the cationic polyelectolyte 

outermost. Individual fibres treated by PDADMAC or PAH in the outermost layer showed contact 

angles in the range of above 80 degrees and 100 degrees respectively.  

 

The adhesion was also studied using Atomic Force Microscopy (AFM) and the Surface Force 

Apparatuss (SFA). AFM measurements of PEMs formed from PAH/PAA at pH 7.5 for the high and 

the low molecular combination. This showed an increase due to the PEM-treatment that was most 

significant when PAH was adsorbed in the outermost layer. Also the improvement in adhesion was 

greater for the low molecular mass combination. This is reasonable since it has been shown that the 

number of chain ends is important to a high adhesion and that the number of chain ends is decreased 

for high molecular polymers.  
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The results have also indicated that the PEM treatment resulting in the least wettable and most 

hydrophobic fibres also has the most significant influence on paper strength. To form a strong fibre-

fibre joint a strong adhesion in the wet state is needed, and a high contact angle is then giving a 

stronger wet adhesion.  The influence of fibre wettability on the formation of the fibre-fibre joint and 

of the PEM structure on adhesion and paper strength are not in opposition, but rather reflecting 

different mechanisms for the development of a strong interaction between PEM covered substrates. 

 

ACKNOWLEDGEMENTS 

 
Ja, detta får bli på svenska, och inte så långt: 
 
BiMaC, Biomaterialcenter vid KTH, tack för finansieringen! 

 
Lars Wågberg. Du har varit en mycket inspirerande handledare. Din entusiasm för forskning i 
allmänhet och ämnet i synnerhet har varit till stor hjälp.  
 
Per Claesson. Stort tack för att du inspirerade mig till att börja doktorera och för att du introducerade 
mig för Lars. Utan detta hade jag aldrig påbörjat forskarstudierna.  
 
Magnus Bergström. Stort tack för att du inspirerade mig till att börja doktorera. 
 
Lars Ödberg. Tack för all hjälp med forskning, manuskript och avhandling. Har varit till stor hjälp! 
 
Tack till alla medförfattare; Ingemar Wistrand, Per Tomas Larsson, Erik Johansson, Eva Blomberg 
och Caroline Ankerfors.  
 
Tack alla kollegor och, och inte minst till alla rumskompisar. Peter: Vi löste det mesta! 
 
Tack till alla kompisar i SACO på KTH,  doktorandsektionen, SULF, Sveriges Doktorandförening, 
SDok och SFS. Vi har lyft upp doktorandfrågorna på agendan! 
 
Per-Åke, John och Jakob. Tack för trevliga luncher! (snarare än en tjock plånbok) 
 
Pappa. Tack för allt stöd, och för att du alltid uppmuntrar mig. Köttbullar och makaroner är mycket 
bra middagsmat. Du ställer alltid upp! 
 
Frida. En bättre syster kan man inte ha!  
 
Mormor och morfar. Ni var ett enormt stöd, saknar er så. 
 
Mamma. Du trodde alltid på mig och uppmuntrade mig. Jag saknar dig så makalöst. Därför är den här 
boken till Dig. 
 
Lotta. Tack för din närhet och din kärlek. Du har tillfört en ny dimension.  
 
 
 
 
 

 

 57



REFERENCES 

 
 
1. M. Eriksson, S. M. Notley, L. Wågberg, J. Colloid Interface Sci. 292 (2005), 38  

2. L. Wågberg, G. Annergren, in Fundamentals of Papermaking Materials, Transactions of 

the Fundamental Research Symposium, 11th, Cambridge, UK, Sept. 1997. 1997. p. 1. 

3. L. Wågberg, P. T. Larsson, T. Lindström, On the nature of joint strength in paper - A 

review of dry and wet resins used in paper manufacturing, in Advances in Paper Science and 

Technology, Transactions of the 13th Fundamental Research Symposium; S.J., I. A.; Editor. The 

Pulp and Paper Fundamental Res. Soc.: Bury, 2005. p. 457. 

4. A.-S. Torgnysdotter, L. Wågberg, Nord. Pulp Pap Res. J. 18 (2003), 455  

5. D. Barzyk, D. H. Page, A. Ragauskas, J, Pulp and Paper Sci. 23 (1997),  

6. J. Laine, T. Lindström, G. Glad-Nordmark, G. Riesenger, Nord. Pulp Pap Res. J. 15 

(2000), 520  

7. J. Laine, T. Lindström, G. Glad-Nordmark, G. Riesenger, Nord. Pulp Pap Res. J. 17 

(2002), 57  

8. S. Danielsson, M. Lindström, Nord. Pulp Pap Res. J. 20 (2005), 436  

9. L. Wågberg, Nord. Pulp Pap Res. J. 15 (2000), 586  

10. G. Decher, J. D. Hong, Buildup of ultrathin multilayer films by a self-assembly process. 

Makromol. Chem. Macromol. Symp. Vol. 46. 1991, Mainz. 321. 

11. R. K. Iller, J. Colloid Interface Sci. 21 (1966), 569  

12. Mulitlayer Thin Films. Decher, G.,Schlenoff, J. B., (Eds). 2003; Wiley-VCH: New 

York/Weinhem, p 524. 

13. M. Eriksson, G. Pettersson, L. Wågberg, Nord. Pulp Pap Res. J. 20 (2005), 270  

14. L. Wågberg, S. Forsberg, A. Johansson, P. Juntti, J. Pulp Paper Sci. 28 (2002), 222  

15. A. V. Dobrynin, A. Deshkovski, M. Rubinstein, Macromolecules 34 (2001), 3421  

16. M. A. Cohen Stuart, C. W. Hoogendam, A. de Keizer, J. Phys.: Condens Matter 9 (1997), 

7767  

17. P. Bertrand, A. Jonas, A. Laschewsky, R. Legras, Macromol. Rapid. Commun. 21 (1999), 

319  

18. F. Caruso, E. Donath, H. Möhvald, J. Phys. Chem. B 102 (1998), 2011  

19. F. Caruso, E. Lichtenfeld, E. Donath, H. Möhvald, Macromolecules 32 (1999), 2317  

20. P. A. Neff, A. Naji, C. Ecker, R. Nickel, R. v Klitzing, A. R. Bausch, Macromolecules 39 

(2006), 463  

21. R. v Klitzing, Phys. Chem. Chem. Phys 8 (2006), 5012  

 58



22. W. B. Stockton, M. F. Rubner, Mat. Res. Soc. Symp. Proc, 369 (1995), 587  

23. W. B. Stockton, M. F. Rubner, Macromolecules 30 (1997), 2717  

24. S. A. Sukhishvili, S. Granick, Macromolecules 35 (2002), 301  

25. D. M. DeLongchamp, P. T. Hammond, Langmuir 20 (2004), 5403  

26. S. T. Dubas, J. B. Schlenoff, Macromolecules 32 (1999), 8153  

27. M. Salomäki, I. A. Vinikurov, J. Kankare, Langmuir 21 (2005), 11232  

28. Z. Sue, D. Selloum, J. B. Schlenoff, Langmuir 19 (2003), 2491  

29. M. Salomäki, P. Tervasmäki, S. Areva, J. Kankare, Langmuir 20 (2004), 3679  

30. D. Yoo, S. S. Shiratori, M. F. Rubner, Macromolecules 31 (1998), 4309  

31. S. S. Shiratori, M. F. Rubner, Macromolecules 33 (2000), 4213  

32. M. Ferreira, M. F. Rubner, Macromolecules 28 (1995), 7107  

33. S. T. Dubas, J. B. Schlenoff, 2001),  

34. J. Schmitt, T. Grunewald, G. Decher, P. S. Pershan, K. Kjaer, M. Lösche, 

Macromolecules 26 (1993), 7058  

35. G. Decher, Science 277 (1997), 1232  

36. D. Laurant, J. B. Schlenoff, Langmuir 13 (1997), 1552  

37. J. E. Wong, F. Rehfeldt, P. Hänni, M. Tanaka, R. v. Klitzing, Macromolecules 37 (2004), 

7285  

38. G. Ladam, P. Schaad, J. C. Vogel, P. Schaaf, G. Decher, F. Cuisinier, Langmuir 16 (2000), 

1249  

39. A. F. Xie, S. Granick, Macromolecules 35 (2002), 1805  

40. S. M. Notley, M. Eriksson, L. Wågberg, J. Colloid Interface Sci. 292 (2005), 29  

41. J. B. Schlenoff, H. Ly, M. LI, J. Am. Chem Soc. 120 (1998), 7626  

42. L. Richert, A. J. Engler, D. E. Disher, C. Picart, Biomacromolecules 5 (2004), 1908  

43. P. V. Paavor, A. Bellare, A. Strom, Y. Dehua, R. E. Cohen, Macromolecules 37 (2004), 

4865  

44. J. B. Schlenoff, J. A. Jaber, J. Am. Chem Soc. 2005),  

45. A. J. Nolte, R. E. Cohen, M. F. Rubner, Macromolecules 39 (2006), 4841  

46. B. Nilsson, L. Wågberg, D. Gray, Conformabiltiy of wet pulp fibres at short length scales, 

in The science of papermaking, Trans 12th Fund. Res. Symp; Baker, C. F.; Editor: Oxford, 2001. 

p. 211. 

47. W. A. Ducker, T. J. Senden, R. M. Pashley, Nature 353 (1991), 239  

48. H. Gong, J. Garcia-Turiel, K. Vasilev, O. I. Vinogradova, Langmuir 21 (2005), 7545  

49. K. Lowack, C. A. Helm, Macromolecules 31 (1998), 823  

 59



50. E. Blomberg, E. Poptoshev, P. M. Claesson, F. Caruso, Langmuir 20 (2004), 5432  

51. A. Kulcsar, J. C. Vogel, P. Schaaf, P. Kekicheff, Langmuir 21 (2005), 1166  

52. C. Creton, E. J. Cramer, C.-Y. Hui, B. R. Brown, Macromolecules 25 (1992), 3075  

53. N. Chen, N. Maeda, M. Tirrel, J. Israelachvili, Macromolecules 38 (2005), 3491  

54. J. H. Klungness, Tappi J 64 (1981), 65  

55. K. T. Hodgson, J. C. Berg, Wood Fiber Sci. 20 (1988), 3  

56. W. a. f. s. Deng, M. Abazeri, Wood Fibre Sci. 30 (1998), 155  

57. J. J. Kreuger, K. T. Hodgson, Tappi J 77 (1994), 83  

58. K. L. Mittal, (eds.) Contact angle, wettability, and adhesion. (Eds). 1993; VSP: Utrecht, p. 

59. J. Chen, G. Luo, W. Cao, J. Colloid Interface Sci. 238 (2001), 62  

60. M. Kolasinska, P. Warszynski, Applied Surface Science 252 (2005), 259  

61. M. Agarwal, Y. Lvov, K. Varahrmayan, J Nanosci Nanotechnol 6 (2006), 624  

62. L. Wågberg, L. Ödberg, G. Glad-Nordmark, Nord. Pulp Pap Res. J. 4 (1989), 71  

63. H. Terayama, J. Polym. Sci. 8 (1952), 243  

64. T. J. Senden, Curr. Opin. Colloid Interface Sci. 6 (2001), 95  

65. J. L. Parker, H. K. Christenson, Rev. Sci. Instr. 1989), 3135  

66. J. N. Israelachvili, J. of Colloid and Interface Sci. 44 (1973), 259  

67. S. M. Notley, M. Eriksson, L. Wågberg, Journal of Colloid and Interface Science 292 

(2005), 29  

68. A. E. Horvath, Langmuir 22 (2005), 824  

69. M. Gimåker, A. Horwath, L. Wågberg, Nord. Pulp Pap Res. J. 22 (2007), 217  

70. M. Sedlak, in Institute of Experimental Physics. 1997, Slovak Academy of Sciences: 

Kosice. 

71. A. E. Horvath, in Fibre- and Polymer Technology. 2003, Royal Institute of Technology: 

Stockholm. p. 89. 

72. L. Gärdlund, L. Wågberg, M. Norgren, Journal of Colloid and Interface Science 312 

(2007), 237  

73. D. A. Skoog, F. J. Holler, T. A. Nieman, Principle of Instrumental Analysis, Fifth edition. 

1998: Saunders College Publishing. 

74. K. Hänni-Ciunel, G. H. Findenegg, R. von Klitzing, Soft Materials 5 (2007), 61  

75. K. Itano, J. Choi, M. F. Rubner, Macromolecules 38 (2005), 3450  

76. J. B. Schlenoff, S. T. Dubas, Macromolecules 34 (2001), 592  

77. R. Pelton, J. Zhang, L. Wågberg, M. Rundlöf, Nord. Pulp Pap Res. J. 15 (2000), 400  

 

 60


	ABSTRACT
	SAMMANFATTNING
	PREFACE
	LIST OF PAPERS
	CONTRIBUTIONS BY THE AUTHOR
	BACKGROUND
	General
	Polyelectrolyte Multilayers
	Adorption Mechanisms
	Parameters influencing PEM properties
	structure
	Mechanical properties

	Fibre wettability, Adhesion and Paper strength
	Electrical Conductivity

	EXPERIMENTAL
	Materials
	Polyelectrolytes
	Pulp
	Silicon oxide
	Mica

	Experimental procedures
	Adsorption of Polyelectrolyte Multilayers on Wood Fibres
	Adsorption of layer-by-layer of PEO/PAA
	Sheet preparation and paper testing

	Measurement techniques
	Stagnation Point Adsorption Reflectometry (SPAR)
	Quartz Crystal Microbalance (QCM)
	Nitrogen analysis (ANTEK)
	Sulphur analysis (Schöniger burning)
	Dynamic Contact Angle Analyser (DCA)
	Polyelectrolyte titration (PET)
	Atomic force Microscopy (AFM)
	Surface Force Apparatus (SFA)
	Enviromental Scanning Electron Microscope (ESEM)


	RESULTS AND DISCUSSION
	Adsorption of polyelectrolyte multilayers (PEM)
	Adsorption onto Silicon Oxide using SPAR
	Adsorption on Silicon Oxide using  QCM-D
	Adsorption on cellulose fibres
	Comparison wood fibres – silicon oxide

	Adsorption of  polyelectrolyte complex (PEC)
	Adsorption on Silicon Oxide
	Adsorption on cellulose fibres

	Optical properties of hand sheets
	Sheet properties
	Individual fibre treatment
	The influence of PEM and PEC on the structure of the fibre s
	Force measurements
	Thickness measurements
	Adehsion, wettability and Paper strenght
	Electrical conductivity

	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

