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Background 
 

General 

To understand the influence of PEM treatment on paper strength, it is very important to 

understand the basic aspects of fibre–fibre joint formation, i.e., the interactions between the 

fibres in the wet stage during consolidation, and their influence on the contact area between 

the fibres. A large contact area is essential for the development of molecular adhesion across 

the interface. It is also important to understand how the dry fibre–fibre joint is influenced by 

molecular interactions.  

  

Fibres are negatively charged in water, thus introducing long-range electrostatic repulsion 

between the fibres that keeps them from making contact with each other. When water is 

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

pairs of interacting fibres, and the fibres are pulled together. When the distance between the 

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

also influence the formation of the fibre–fibre joint [1]. 

 

The strength of the dry fibre–fibre joint, i.e., the dry adhesion between the fibres, is mainly 

determined by two factors: the contact area between the fibres and the strength of the 

molecular interactions in the contact zones. Several types of interactions are discussed in the 

literature [2], i.e., covalent bonding, ionic bonding, hydrogen bonding, van der Waals forces 

(including dispersive forces), and dipole–dipole forces, but the relative importance of these 

different mechanisms is still not fully understood. It should be pointed out that van der Waals 

interactions can also exist between surfaces not in molecular contact, provided they are close 

enough together. In addition, the strength of the formed sheet is naturally also dependent on 

the number of fibre–fibre joints per unit volume of the sheet.  

  

A common way to increase the strength of fibre–fibre joints is by mechanically beating the 

fibres [3]. This traditional way of treating wood fibres makes them more flexible, so that 

when the sheet is formed, the contact area between the fibres in the fibre–fibre joint is greater. 

In addition to its positive effects on the fibre–fibre joint, however, beating creates problems, 

such as the formation of fine material that disturbs processing by increasing the time needed 

to dewater the fibre slurry. Much research has been devoted to finding new ways to improve 
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paper strength, mainly by changing the properties of the fibre surface in various ways. The 

topochemical modification of cellulose by attaching carboxymethylcellulose (CMC) [4, 5] is a 

method that results in a higher charge on the fibre surface and also an improved fibre–fibre 

joint strength. 

  

An alternate way to improve paper properties is by the adsorption of oppositely charged  

polyelectrolytes to the wood fibre surface by means of electrostatic interaction. Since wood 

fibres have a heterogeneous composition, both chemically and morphologically, and since 

they are nanoporous, polyelectrolyte adsorption on them will differ significantly from 

adsorption on smooth homogeneous solid surfaces. Most of these aspects have recently been 

reviewed [6] and will therefore not be dealt with in detail here. The physical adsorption of 

polyelectrolytes makes it possible to increase both the contact area and molecular adhesion in 

the fibre–fibre joint. Different types of polyelectrolytes, such as cationic starch [7] and 

polyallylamine [8], have been shown to influence paper strength positively. It has also been 

shown that the compatibility of the polymers used also affects the strength effect produced 

[9]. Sheets made of a mixture of fibres treated with hydrophobically modified and unmodified 

dextrans, respectively, displayed lower strength than did sheets made of fibres all treated with 

the same type of dextran. 

 

 

Formation of polyelectrolyte multilayers (PEM) 

This thesis focuses on the adsorption of polyelectrolyte multilayers (PEM) as a way to modify 

the surface properties and wettability of wood fibres, and to influence the adhesion between 

them.  

 

The technique of building polyelectrolyte multilayers was first discussed in the early 1990s by 

Decher [10], and over the past decade has been developed as a simple way to modify the 

surface properties of any solid surface. PEM treatment is already in use in several 

applications, such as sensor technology [11] and contact lens coating [12], and has also 

displayed potential as a way to improve adhesion between surfaces. 

 

A multilayer is formed by adsorbing a polyelectrolyte to an oppositely charged surface; this 

recharges the surface, so that an oppositely charged polyelectrolyte can again be adsorbed in a 

second step. Between each adsorption step the layer is washed, in order to wash away 
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unadsorbed or weakly adsorbed polyelectrolyte. By repeating these steps, a multilayer 

comprising many layers can be built up. Each adsorption step follows the fundamental 

principles of polymer adsorption [13]. It should be pointed out that the mechanisms 

underlying the recharging of the surface when forming PEMs are still not fully understood. 

One hypothesis is that the surface becomes recharged because the PEM minimises the free 

energy of the system [14]. It has also been proposed that the recharging is due to the kinetic 

locking of a structure having many loops and tails [15]. A third possibility is that the PEM 

forms a polyelectrolyte complex (PEC) on the surface [15]. 

  

Besides the formation of PEMs, uncharged polymers interacting via hydrogen bonding have 

been shown to form PEM-like, layer-by-layer structures. This concept was first introduced in 

the mid 1990s by Rubner and Stockton [16, 17], who demonstrated that such layers can build 

up 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 [18, 19]. These layered structures also 

display ionic conductivity [19], specifically at high moisture contents. 

 

PEMs displaying very different properties can be constructed using different combinations of 

polyelectrolytes, and even nanoparticles, and by controlling parameters such as electrolyte 

concentration, type of electrolyte added, temperature [20], and charge density of the 

polymers. Using weak polyelectrolytes, the charge density of the polyelectrolyte is effectively 

changed by using different pH strategies when building the layers [21]. In the first decade of 

PEM studies, most research focused on controlling the amount adsorbed and the composition 

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

PEM formation have recently been thoroughly summarised [12]. 

 

Research into the internal structure of PEMs indicates that a PEM can be described as a 

number of individual layers [22], between which there is a certain degree of interpenetration 

that can extend through several layers [23, 24]. Other investigations have also shown that the 

concentration of simple counter ions in the internal parts of a PEM is very low [23-25], 

indicating that almost all polymer charges are involved in internal salt formation, and that the 

excess charge is located in the outermost layers of the PEM. It is reasonable to divide the 

structure of a PEM into three parts: the first few layers that are influenced by the substrate, the 

interior part, and the outer part that holds the excess charge of the PEM [12, 24, 26] .  
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Several works on mechanical properties of PEMs have been published recently. Nano-

identation, using Atomic Force Microscipy (AFM) of PEMs built from poly L-lysine (PLL) 

and sodium hyaluronote [27] has shown that the modulus of the film is decreased 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. 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 [28], and that a higher salt concentration then show a 

more significant influence. This phenomena may be described by a decreased number of links 

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

and a lower stress at a certain strain. 

 

PEMs were first used on wood fibres in 1998 [29], and several investigations in recent years 

have achieved promising results using PEM treatment as a way to improve adhesion between 

fibres. Improvements in tensile strength, quantitatively comparable to those achieved by 

mechanical beating, have been found [30-32]. One interesting feature observed is that the 

tensile strength seems to be dependent on the polymer adsorbed in the outermost layer [30, 

31]. Various explanations of this have been proposed [33], and in this thesis the phenomenon 

is related to the wettability of the fibre surface. 

 

 

Wettability of PEM-treated surfaces 

Studies of the wettability of individual fibres were first conducted using dynamic contact 

angle analysis in the early 1980s [34], in order to measure the chemical properties of the fibre 

surfaces, as well as to measure the perimeter of individual fibres [34-37]. These investigations 

reported a high degree of hysteresis between the advancing and receding contact angles; the 

receding contact angle was reported to be close to 0°, despite advancing contact angles of up 

to 130°. These findings are in good agreement with commonly accepted wetting theories, 

which predict that the always-present hysteresis between the advancing and receding contact 

angles becomes more pronounced as the surface roughness increases [38]. 

 

Similar experiments have also been conducted on different types of PEMs built up on silicon 

oxide and mica surfaces [39]. These experiments indicate that certain systems demonstrate a 

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

measurements [21, 40]. 

 

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

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

experiments have furthermore been compared to results regarding the strength of papers made 

of treated fibres [31, 32]. Since a correlation between fibre wettability and paper strength was 

found, this discussion also extended to wet adhesion between PEM-covered surfaces. AFM 

adhesion, pull-off, measurements have also been conducted and compared to the results of 

similar experiment [33]. Both have shown that the wet adhesion is dependent on the 

construction of the PEM, and that a lower surface wettability is correlated with higher pull-off 

forces.  

 
 
Experimental 
 

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 [41] 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.  

 

      
Figure 1. Chemical monomer structures of polydimethyl ammonium chloride 

(PDADMAC) (left) and polystyrene sulphonate (PSS) (right). 
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Paper II deals with the formation of layer-by-layer structures built up of polyethylene oxide 

(PEO) and polyacrylic acid (PAA), held together by non-electrostatic hydrogen bonding (see 

methods, adsorption of PEO/PAA). The structures of the polymers are presented in Figure 2. 

The PEO, with a molecular weight of 5,000,000 (according to the supplier), was obtained 

from BDH Chemicals, Poole, England. The PAA, with a molecular weight of 750,000 

(according to the supplier), was obtained from Sigma-Aldrich, Stockholm. Polyallylamine 

(PAH) in its acid form, used as anchoring polymer, was obtained from Nittobo Special 

Chemicals, Japan; the molecular weight of the PAH was 150,000 according to the supplier.  

 

 

   
Figure 2. Chemical monomer structures of polyethylene oxide (PEO) (left) and  

polyacrylic acid (PAA) (right). 

 

Paper II also examines the formation of PEMs from PAH and PAA. The PAH, with a 

molecular weight of 15,000 (according to the supplier), and the PAA, with a molecular weight 

of 8,000 (according to the supplier), were both obtained from Sigma-Aldrich, Stockholm. 

These polymers where chosen to enable comparison of the present results with other recently 

published results [31]. The structures of these polymers are presented in Figure 3. 

 

   
Figure 3. Chemical monomer structures of polyallylamine (PAH) (left) and  

polyacrylic acid (PAA) (right). 
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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. 

 

Adsorption of PEM onto the fibres 

The PEMs were formed on the wood fibres by first adding the cationic polyelectrolyte to a 

fibre suspension of 5 g/L and allowing the polymer to adsorb for 10 minutes. The excess 

polymer was then filtered off, and the pulp washed. In the second step, the anionic polymer 

was added to the fibre suspension and allowed to adsorb for 10 minutes. The pulp was then 

once again rinsed. By repeating these steps, PEMs consisting of the desired number of layers 

were formed. 

 

Adsorption of layer-by-layer PEO/PAA structure 

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 then adsorption 

of PAA at the same pH. Before adsorption of PEO, the layer was rinsed at pH 2.2, in order to 

enable hydrogen bonding between PEO and PAA. The layer-by-layer structure was then 

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

low pH was chosen in order to maximise the thickness of the layer [19]. In each step, the 

polymer was adsorbed for 10 minutes. To simplify the discussion of the formation of the 

PEO/PAA layer-by-layer structures, these have also been defined as PEM. 
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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 testing was done at 23°C and 50% RH (ISO 187:1990). The grammage of the paper 

(i.e., weight per m2) was measured according to ISO 536:1995, and the thickness and density 

according to ISO 534:1988. Dry tensile testing was performed according to SCAN-P 67:93 

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

manufacturers). The paper strength is presented in terms of tensile index (TI), which is the 

maximum tensile force at paper breakage, per unit width and grammage (mass per unit area) 

of the paper. 

 

Nitrogen analysis (ANTEK) 

The amount of PDADMAC adsorbed onto the wood fibres was determined using an ANTEK 

7000 nitrogen analyser from Antek Instruments, Houston, TX, USA. The sample is burned in 

an atmosphere of oxygen at 1100°C in order to oxidise the nitrogen to NO. The nitrogen 

oxide is then mixed with ozone to form excited NO; when the excited molecules decay, light 

is emitted, which is detected by a photomultiplier tube. The amount of PDADMAC can be 

determined using a simple calibration procedure.  

 

Sulphur analysis (Schöniger burning) 

The amount of adsorbed 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. 

 

Polyelectrolyte titration (PET) 

Polyelectrolyte titration [42] 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 used when the amount of adsorbed PDADMAC was 
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determined, and hexadimethrine bromide (polybrene), Sigma-Aldrich, Stockholm, Sweden, 

was used when the amount of adsorbed PSS was determined.  

 

Stagnation Point Adsorption Reflectometry (SPAR) 

To study the formation of the multilayers of PDADMAC/PSS and PEO/PAA before fibre 

treatment, model experiments were performed with an SiO2 substrate, using a Stagnation 

Point Adsorption Reflectometer (SPAR) obtained from the University of Wageningen, the 

Netherlands. These experiments were conducted according to the method of Wågberg and 

Nygren [43].  

 

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. 

  

SiO2

The silica that provided the model surface 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 surfaces were then 

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

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

away the NaOH. Finally the surfaces 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. 
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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.  

 

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 treated with PDADMAC/PSS PEM. An ESEM 

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

This analysis was conducted at SCA Hygiene, Göteborg. 

 

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 [44].The experiment 

was conducted with the aid of to the colloidal probed technique, introduced by Ducker et. Al 

[45] 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.  
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Results and discussion of papers I–II 
 

Adsorption onto SiO2 and wood fibres 

Adsorption of polyelectrolytes onto SiO2 surfaces, using SPAR, was done in order to establish 

the formation of PEM, and, in case of PDADMAC/PSS, also to study the influence of salt 

concentration. In these experiments, the silicon oxide was consecutively treated with the 

polymers. A washing step was also included between the adsorption steps using PEO/PAA 

and PDADMAC/PSS at 0.1 M NaCl. When comparing the adsorption of PDADMAC/PSS at 

0.1 M with and without a washing step, it was found that washing had only a small impact, 

and the following experiments using this system were done without washing.  

 

As seen in Figure 4, which depict the adsorption of PEMs of PDADMAC and PSS onto 

silicon oxide using SPAR, the detected signal increased when the surface was consecutively 

treated with the cationic and anionic polymers. It was also found that the amount adsorbed 

increased with the salt concentration. Figure 5 shows a signal for a similar experiment using 

PEO/PAA. As when PDADMAC/PSS is used, the adsorption of PEO/PAA increased 

stepwise when the surface was consecutively treated. A decreased signal was detected at 

approximately 3000 s when solvent of pH 7 was replaced with solvent of pH 2.2. This could 

be explained by the desorption of polymer as the pH decreased (most likely due to decreased 

electrostatic interaction when pH was changed from 7 to 2.2) or to a change of the SiO2 layer 

as the pH changed. 
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Figure 4. Reflectometer data showing the change in the relative ∆S/S0 signal when the 

silicon oxide is consecutively treated with PDADMAC/PSS without the addition of NaCl, 

and with the addition of 0.01M,  0.05 M and 0.1 M NaCl. M  
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Figure 5. 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. 

 

The adsorption of an individual layer of PDADMAC onto wood fibres was studied using 

polyelectrolyte titration (PET), in order to determine the influence of adsorption time. Figure 

6 shows the isotherms of one layer of PDADMAC adsorbed at 0.1 M NaCl for 10 minutes 

and 30 minutes, respectively, demonstrating that there was no significant increase in the 

amount adsorbed when the adsorption time was increased from 10 to 30 minutes. From this it 

was concluded that 10 minutes was enough to obtain full adsorption. Adsorption at different 

salt concentrations (for 30 minutes) showed that the amount of adsorbed PDADMAC 

increased with salt concentration up to 0.05–0.1 M NaCl. This is also in agreement with other 

recent results [46], which showed that a maximum amount is adsorbed at salt concentrations 

of 0.1 M NaCl.  
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Figure 6. 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. 

 

Destructive analysis of the amount of PDADMAC and PSS adsorbed onto wood fibres, using 

ANTEK and Schöniger burning, respectively, indicated that the amount of adsorbed polymers 

increased linearly as a function of the number of adsorbed layers, but also that a higher 

amount of polymer is adsorbed in the first than in the subsequently adsorbed layers (figure 7). 

 

When adsorption was done at 0.1 M NaCl, the amount adsorbed 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 when 10 and 11 layers were adsorbed, respectively. Also, PET was 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 those of PET. 
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Figure 7. Amount of PDADMAC and PSS adsorbed per gram of fibres, determined by 

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

adsorbed PDADMAC were treated without the addition of NaCl and with the addition 

of 0.01, 0.05, and 0.1 M NaCl. The fibres analysed for adsorbed PSS were treated with 

the addition of 0.1 M NaCl. 
 

To be able to compare the amount adsorbed onto SiO2 to the amount adsorbed onto wood 

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

performed by assuming the dn/dc value to be an average of the dn/dc values of the individual 

layers (using 0.23 for PSS [47] and 0.1756 of PDADMAC). The thickness of the 

PDADMAC/PSS PEM adsorbed without the addition of salt was furthermore assumed to 

increase linearly by 0.3 nm per layer, a reasonable assumption according to ellipsometric 

measurements of PEMs formed on SiO2 without the addition of electrolyte, but under dry 

conditions [48]. When electrolyte was added, the thickness was assumed to increase by 0.8 

nm per layer, according to ellipsometric estimation of the first layer of a PDADMAC/PSS 

PEM, adsorbed at 0.5 M NaCl [48].  
 

In contrast to the adsorption of PEM onto wood fibres, adsorption onto SiO2 did not result in a 

greater amount in the first layer than in subsequently adsorbed layers. This difference is 

probably linked to the different charges of the two surfaces and the macroscopic structure of 

the wood fibres. The adsorption onto SiO2 increased linearly both without the addition of salt 
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and with the addition of 0.01 M NaCl. When 0.05 M NaCl was added (figure 8), however, 

deviation from linearity was apparent, which became even more significant when 0.1 M NaCl 

was added. The assumption of a linear increase in layer thickness results in the 

underestimation of the thickness, which in turn leads to the underestimation of the Q factor 

and of the amount adsorbed. However, for wood fibres this nonlinearity was not found with 

higher salt concentrations. The reason for this deviation is unclear, so obviously the extension 

of multilayer formation on flat model surfaces to porous wood fibres must be done cautiously. 

Specifically, at higher salt concentrations [46], the porous structure of the fibres [46] will start 

to be more important, as will the non-electrostatic interactions between the first layers of 

polyelectrolytes and the solid substrates. 

 

Despite these differences (Figure 9), 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 surface in predicting PEM formation on wood fibres.  

 

Simple estimates also show that the amount of polymer dried into the fibre during the single 

fibre treatment, by the evaporation of trapped solvent, accounted for approximately 1% of the 

total adsorbed polymer, assuming 5⋅106 fibres per gram. 
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Figure 8. SPAR data regarding PEMs built up of PDADMAC/PSS and recalculated to 

indicate amount of adsorbed charges. 
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Figure 9. Amount of charges adsorbed per square meter of PEM adsorbed onto wood 

fibres and onto SiO2 with the addition of 0.1 M. A specific area of 1.37 m2/g was used 

when the amount of charges adsorbed onto the fibres was recalculated in g/m2. 

 

Sheet properties 

Sheets were also prepared from fibres treated with PDADMAC/PSS and PEO/PAA in order 

to study their influence on paper strength. Figure 10 shows the tensile index (TI) and strain at 

break of sheets made of fibres treated with PDADMAC/PSS adsorbed at 0.1 M NaCl, plotted 

as a function of the number of adsorbed layers. Up to approximately 5 adsorbed layers, the 

tensile index increased slightly and continuously as a function of the number of layers 

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

rather than PSS was adsorbed in the outermost layer. Figure 11 shows the tensile index as a 

function of the amounts of PDADMAC and PSS adsorbed at 0.05 and 0.1 M NaCl, 

respectively. From this it can concluded that there was a linear increase in the tensile index 

with the adsorption of PDADMAC and PSS, and that the polyelectrolytes can significantly 

increase paper strength, despite the rather moderate amount of polymer actually adsorbed. 
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Figure 10. Tensile index and strain at break of sheets made of fibres treated with 

PDADMAC/PSS, as a function of the number of adsorbed layers. 
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Figure 11 a. Tensile index plotted as a function of the amount of adsorbed PDADMAC 

 18



2 4 6 8 10 12 14
0

5

10

15

20

25

30

35

40
Te

ns
ile

 in
de

x 
(k

N
m

/k
g)

Adsorbed amount PSS (mg/g)

 PSS 0.1M NaCl
 PSS 0.05M NaCl

 
Figure 11b. Tensile index plotted as a function of the amount of adsorbed  PSS. 

 

Also, sheets have been made of fibres treated with PEO/PAA PEMs. Figure 12 shows the 

tensile index and strain at break of fibres treated with 6–9 layers of PEO/PAA. Unlike sheets 

made of fibres treated with PDADMAC/PSS, sheets made of fibres treated with PEO/PAA do 

not differ in tensile index depending on which of the two polymers is adsorbed in the 

outermost layer.  
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Figure 12. Tensile index and strain at break of sheets made of fibres treated with 

PEO/PAA, as a function of the number of adsorbed layers. 
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Influence of PEM on the wetting of individual fibres 

Dynamic contact analysis made it possible to partially treat an individual fibre with a PEM, 

and to study its influence on fibre wettability. Between each adsorption step the fibre was 

washed, and the advancing (immersing) and receding (withdrawal) forces were monitored. 

 

Three different polymer systems have been studied, the PDADMAC/PSS and PEO/PAA 

systems discussed above, and a PAH/PAA system that has recently been extensively studied 

regarding PEM formation, adsorbed layer properties, and influence on sheet properties [31]. 

The wettability of individual fibres treated with PAH/PAA was studied under three different 

pH strategies: adsorption of both PAH and PAA at pH 5 (pH 5/5), 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. 

 

Figure 13 shows the force trace of the washing step of a fibre treated with 8 and 9 layers of 

PAH/PAH at pH 5. The fibre was treated to a depth of 0.9 mm in polyelectrolytes, but washed 

in water to 1.7 mm, in order to facilitate detection of a possible border between the treated and 

untreated parts. From the figure it can be concluded from analysis of the advancing force, that 

the fibre displays lower wettability when PAH rather than PAA is in the outermost layer. 

Also, adsorption of PAH/PAA PEMs at pH 7.5/7.5 and pH 7.5/3.5 resulted in lower fibre 

wettability, a more significant influence being evident when PAH was adsorbed in the 

outermost layer. The quantitative difference in influence between the different pH strategies is 

discussed below.  
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Figure 13. Force trace from the washing step of a fibre treated with 8 and 9 layers of 

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.  

 

 

Figure 14 shows the force trace of the washing step, of a fibre treated with 3 and 4 layers of 

PDADMAC and PSS (treated to a depth of 0.8 mm, and washed to 1.2 mm). Also, this 

polymer combination showed a certain difference in advancing wetting force depending on 

which polymer was adsorbed in the outermost layer. Figure 15 shows the force trace of a fibre 

treated to a depth of 0.7 mm with 8 and 9 layers of PEO/PAA. Compared to the results with 

the polymer combinations discussed above, no difference in advancing force was detected 

depending on which polymer was adsorbed in the outermost layer for this polymer 

combination. 
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Figure 14 Force trace from the washing step of a fibre treated with 3 and 4 layers of 

PDADMAC/PSS and washed to a depth of 1.2 mm. 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 0.8 mm.  
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Figure 15. Force trace from the washing step of a fibre treated with 8 and 9 layers of 

PEO/PAA washed to a depth of 1.2 mm. 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 0.7 mm.  
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To estimate, quantitatively, the influence of the different polymer systems on fibre wettability, 

the advancing contact angles were calculated from the DCA measurements using Eq. [2]: 

 

θγ cosPF =  [2] 

 

where F is the measured force, γ  is the surface tension of the solution, P is the perimeter of 

the fibre, and θ  is the contact angle. The receding contact angle was assumed to be 0° [34-37] 

and from this value the average perimeter was calculated between certain distances along the 

fibre. These figures were then used when the average values of the contact angle were 

calculated. 

  

The calculated advancing contact angle as a function of the number of adsorbed layers is 

shown in Figure 16. From this it can be seen that adsorption of PAH/PAA PEM at pH 7.5/3.5 

and pH 7.5/7.5 had the most significant influence on the wettability of individual fibres. When 

PAH was adsorbed in the outermost layer, the advancing contact angles were calculated to be 

greater than 100°. However, the periodic change of the advancing contact angle, depending on 

the polymer adsorbed in the outermost layer, was much lower when the PEM was formed at 

pH 7.5/7.5 than at pH 7.5/3.5. When 9 layers were adsorbed and PAH was adsorbed in the 

outermost layer, the advancing contact angle was 101° with the pH 7.5/3.5 strategy and 104° 

with the pH 7.5/7.5 strategy. The corresponding results for layer 10 (PAA in the outermost 

layer) were 44 and 95°, respectively. The individual fibre treated with PAH/PAA at pH 5 

when 3–4 layers were adsorbed displayed a periodic change of advancing contact angle of 

72–77° when PAH was adsorbed in the outermost layer, and of 44–49° when the PEM was 

capped with PAA. 
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Figure 16. The advancing contact angle as a function of the number of layers on an 

individual fibre treated with PAA/PEO and PAH/PAA (treated at pH 5, 7.5/3.5, and 

7.5/7.5). The results for the PDADMAC/PSS PEM  are also included in the figure.  

 

In summary, there was a large difference in the influence on wettability depending on the 

polymer combination used, and when using PAH/PAA, the pH strategy used also had a large 

effect. Since it is well known that the contact angle is influenced by the first nm of a polymer 

film, the advancing contact angles can be used in studying the difference in the structure of 

the PEMs formed. Small differences in contact angle then indicate thin individual layers 

and/or a high degree of interpenetration of polymer chains between the different layers. 

Comparing the PEMs formed from PAH/PAA at pH 7.5/3.5 and pH 7.5/7.5, the results 

indicate a thicker and better-defined layer when the PEMs were formed at pH 7.5/3.5. 

 

PEM influence on the structure of the fibre surface 

The treated and untreated parts of a fibre covered by 11 polymer layers were also analysed 

using ESEM in order to study the influence of PEM on the fibre surface structure (Figure 17). 

Comparing the treated and the untreated parts, the treated part obviously displays a less rough 

surface structure. The images were also analysed using a simple method, which reveals that 

PEM treatment removes small-scale roughness from the fibre surface.  
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Figure 17. ESEM images of a single fibre partially treated with an 11-layer 

PDADMAC/PSS PEM: a) treated a) untreated. 

 

Influence of surface wettability on the wet adhesion between treated surfaces 

Physical testing of paper sheets made of fibres treated with PDADMAC/PSS revealed that 

when 4–6 layers were adsorbed, there was a difference in tensile index depending on which 

polymer was adsorbed in the outermost layer, a higher tensile index being found when 

PDADMAC rather than PSS was adsorbed in the outermost layer. This was also the case in 

sheets made of fibres treated with PAH/PAA [31], higher tensile index values being found 

when PAH was adsorbed in the outermost layer of the PEM. These systems can then be 

compared to paper made with PEO/PAA-treated fibres; these display linearly increasing paper 

strength irrespective of the polymer adsorbed in the outermost layer.  

 

These results, in combination with the wettability studies, indicate that PEM treatments 

resulting in the least wettable and most hydrophobic fibres, also have the most significant 

influence on paper strength. 

 

These two findings might at first sight seem slightly contradictory, especially in the light of 

recently published results [9] suggesting that a more hydrophilic strength agent will more 

efficiently improve the strength of papers made of fibres treated with it. However, the 

formation of a strong fibre–fibre joint is a rather complex process, in which the fibres  

 

a) first have to form efficient contacts 

b) must be conformable (on the molecular and macroscopic levels) during water removal, 

whereupon capillaries are formed between the fibres  
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c) must contain surface layers that allow good mixing between the surface molecules 

when the fibre–fibre joint is drying.  

 

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 surfaces in water can be described by Eq. [3]: 

 

θγ cos2 LVSVSL WW −=  [3] 

  

where Wsl is the adhesion between two surfaces in water, Wsl is the adhesion between two 

surfaces in vacuum, and LVγ  is the surface tension. This means that the adhesion between two 

hydrophobic surfaces (i.e., with a contact angle > 90°) in water will be greater than that 

between two surfaces 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 toward each other more strongly when the contact angle is 

increased. A greater contact angle would result in a better contact between the fibres, which is 

important for the formation of strong, dry fibre–fibre joints. This hypothesis is also supported 

by AFM pull-off experiments with PEM-coated surfaces under wet conditions, using 

PAH/PAA PEMs, adsorbed at pH 7.5/3.5. In figure 18 this result is plotted, together with the 

result of the similar experiment conducted at pH 7.5/7.5. This shows that the pull-off force 

was higher when the PAH was adsorbed in the outermost layer, compared to when PAA was 

adsorbed in the outermost layer (figure 18).The absolute value of the pull-off force when PAA 

was adsorbed in the outermost layer was also lower when formed at pH 7.5/3.5, compared to 

formation at pH 7.5/7.5. When PAH was adsorbed in the outermost layer the  pull-off force 

was higher when the layer was formed at pH 7.5/3.5, compared to formation at pH 7.5/7.5, 

when 5-9 layers were adsorbed. Considering the hypothesis that the level of wettability as an 

important factor for creating a high adhesion between the fibre, these results are all in 

agreement with results of individual fibre measurements showing that there is a lower 

wettability of fibres treated at pH 7.5/3.5 compared to fibres treated at pH 7.5/7.5 strategy.  
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Figure 18. Pull off force measured using AFM of PEMs formed from PAH/PAA 

adsorbed at pH 7.5/7.5 [33] and pH 7.5/3.5 and plotted as a function of the number of 

adsorbed layers. 0.01 M of NaCl was added.  

 

 

Conclusions and work in progress 
 

The work included in this licentiate thesis research has focused on how the adsorption of 

PEMs is influenced by parameters such as salt concentration (paper I), how this treatment 

influences paper strength (papers I and II), and how the wettability of individual fibres is 

influenced by PEMs formed of different combinations of polyelectrolytes and adsorption 

strategies (papers I and II). 

 

From these results it can be concluded that, using two strong polyelectrolytes, the amount 

adsorbed can easily be increased by increasing the salt concentration. By comparing 

adsorption onto wood fibres and onto SiO2, it can also be concluded that SiO2 can be used as a 

model surface in qualitatively predicting PEM adsorption onto wood fibres. The formation of 

sheets from PEM-treated fibres shows that there are obvious differences between the 

polymers used. Sheets made of fibres treated with PDADMAC/PSS display a difference in 

tensile index when 4–6 layers have been adsorbed, depending on which polymer is adsorbed 

in the outermost layer. However, sheets made of PEO/PAA PEM-treated fibres display a 

linear increase in strength, irrespective of which polymer is adsorbed in the outermost layer.  
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The wettability measurements demonstrate that there is significant difference in wettability 

depending on the polymers used, and that when using PAH/PAA, wettability is also 

dependent on the adsorption strategy. These results, when set against the paper strength 

results, indicate that the strongest sheets are formed from fibres displaying the lowest 

wettability. This is understandable, in that higher wet adhesion leads to the formation of 

stronger fibre–fibre joints. This hypothesis is supported by AFM measurements of PEM-

treated surfaces under wet conditions [33]. 

 

Future and ongoing research will aim to build a better fundamental understanding of how the 

properties of the PEMs are related to adhesion and paper strength (i.e., to build basic 

understanding of points a–c above regarding the formation of strong fibre–fibre joints). This 

research will, among other approaches, include the physical testing of polymer films using 

AFM and examination of the viscoelastic properties of PEMs using QCM. The degree of 

interdiffusion between interacting layers will be examined using florescent labelling, together 

with surface force measurements made with a surface force apparatus (SFA). 
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