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Abstract 

The adsorption of polyelectrolytes, both as monolayers and as multilayers, was 

investigated as an easy and non-expensive way of producing lignocellulosic fibrous 

materials with enhanced mechanical properties. 

In the first part of the work described in this thesis, the adsorption of a 

polyelectrolyte monolayer onto the surface of unbleached and unbeaten kraft pulp 

fibres with different kappa numbers was investigated. Adsorption isotherms were 

obtained in order to determine the amounts of polymer that could be adsorbed by 

the different pulps. Handsheets were made from the treated fibres and the 

mechanical properties were studied. The results showed that the use of only 2 mg/g 

of a polymeric amine such as polyallylamine or polyvinylamine could under certain 

conditions increase the tensile strength index by up to 50 %. 

In a second investigation, the Layer-by-Layer deposition technique was used to build 

up polyelectrolyte multilayers on the surfaces of bleached kraft pulp fibres. Two 

systems were studied and the presence of added salt in the systems was also 

investigated. The results showed that the system composed of polyallylamine 

hydrochloride and hyaluronic acid provided a dramatic increase in both strength 

(from 20 Nm/g to 70 Nm/g) and strain at break (from 2.0 % to 6.5 %) with only five 

deposited bilayers. Such a stretchability could make this material very suitable for 

3D-forming of packaging materials.  

The behaviour of this polyallylamine/hyaluronic acid system was then studied from 

a more fundamental point of view in a third study in order to determine the 

mechanisms on the nano-scale behind the large improvements observed on the 

macroscopic paper scale. A quartz crystal microbalance equipment was used to 

study the adsorption onto model surfaces and show the superlinear trend of the 

build-up. Atomic force microscopy was also used to study the structural changes 

occurring upon adsorption of each polymeric layer as well as the adhesive properties 

of the system. 
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Sammanfattning 

Adsorptionen av polyelektrolyter på fibrer, endera som monolager eller multilager, 

har undersökts som ett enkel och billigt alternativ att tillverka fibrösa lignocellulosa 

material med förbättrade mekaniska egenskaper. 

I det första arbetet i avhandlingen undersöktes adsorption av ett monolager av 

polymer på ytan av oblekta sulfatmassafibrer med olika kappatal. Utgående ifrån 

adsorptionsisotermerna för de olika polymerna bestämdes mängden av polymer som 

kunde adsorberas av de olika massorna. Ark tillverkades av de modifierade fibrerna 

och de mekaniska egenskaperna undersöktes. Resultaten visade att användningen av 

endast 2 mg/g polyallylamin eller polyvinylamin kunde öka drag index upp till 50 %. 

I den andra delen av undersökningen användes Layer-by-Layer (LbL) tekniken för 

att bygga upp multilager av polyelektrolyter på ytan av blekta sulfatmassafibrer. Två 

olika polymer system och inverkan av tillsats av salt i systemet studerades. 

Resultaten visade att systemet med polyallylamin (PAH) och hyaluronsyra (HA) 

resulterade i en kraftlig ökning av både dragstyrka (från 20 Nm/g till 70 Nm/g) och 

töjning (från 2,0 % till 6,5 %) efter fem bilager av PAH/HA. En sådan töjbarhet skulle 

vara utmärkt att använda i 3D-tillverkning av förpackningar.  

PAH/HA systemet studerades sedan i detalj, dels för att klarlägga mekanismerna 

bakom de stora förbättringarna som observerats på den makroskopisk nätverks nivå. 

En kvartskristallmikrovag användes för att studera adsorption av både 

polyelektrolyterna på modellytor och resultaten visade en superlinjär uppbyggnad i 

adsorberad mängd som funktion av antalet skikt vid en jonstyrka av 10 mM NaCl. 

Atomkraftsmikroskopi användes vidare för att klarlägga de strukturella förändringar 

som uppträder vid adsorption av varje polymerskikt samt att studera de adhesiva 

egenskaperna hos systemet. 
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1. Objectives 

 

The aim of the work presented in this thesis was to enhance the mechanical 

properties of paper sheets made from polyelectrolyte-modified fibres. This was done 

by chemically modifying the surface of pulp fibres by means of polyelectrolyte 

adsorption in order to modify both the fibre-fibre joints at the molecular level and the 

macroscopic network properties of the paper made from the modified fibres.  

In Paper I, the objective was to treat unbleached kraft pulp fibres of different kappa 

numbers with a monolayer of cationic polyelectrolyte (either polyallylamine 

hydrochloride PAH or polyvinylamine hydrochloride PVAm) to prepare strength-

enhanced paper materials. The aim was also to increase the paper strength without 

increasing the density of the material. In Paper II, the goal was to achieve a highly 

strainable paper by using the Layer-by-Layer deposition technique to build up a 

polyelectrolyte multilayer on the fibres. Two systems were studied: 

polyethyleneimine (PEI)/nanofibrillated cellulose (NFC) and PAH/hyaluronic acid 

(HA). If a significantly increased strain at break of the paper could be achieved, it 

would be possible to improve its 3D-shaping abilities and thereby increase its use in 

the packaging industry, especially as a substitute for oil-based plastics. In Paper III, a 

more fundamental study was performed for the PAH/HA system used in Paper II in 

order to identify the molecular mechanisms governing the behaviour observed on 

the macroscale of papers made from treated fibres. 
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2. Background 

 

2.1. Context 

Both ecological and economic crises have recently dramatically increased the need 

for a more sustainable society. Industries are therefore forced to respond to new 

demands from both customers and authorities regarding the production costs as well 

as the use of green, renewable raw materials. In this perspective, one of the most 

challenging objectives in the papermaking and packaging industry is to decrease the 

weight of packaging materials without decreasing the number of packages 

transported every day. In order to maintain the properties of packaging materials, 

the strength of their components must be increased. This can be done by changing 

the chemical composition of the fibres, by mechanical beating or by using additives. 

Little can however be gained by changing the chemical composition of the fibres, and 

mechanical beating will negatively affect the processing conditions and is highly 

energy-consuming. Therefore the use of strength-enhancing additives is becoming 

increasingly interesting and important. Traditionally, cationic starch1 and 

polyacrylamide resins2 have been widely used for decades as dry-strength additives. 

More recently, other polyelectrolytes have been investigated as an easy and 

inexpensive way to improve the mechanical properties of paper3-6. Another challenge 

is to replace petroleum-based plastics by materials from renewable resources, and 

paper can be a potential candidate under certain conditions. However, although it is 

already used in packaging materials to a large extent, paper cannot be shaped as well 

as a plastic, since one requirement for a product to be 3D-shaped or thermoformed is 

its stretchability and also softening upon heating. Therefore it is no doubt necessary 

to make paper more strainable to compete with plastics in the packaging industry. 

 

2.2. Paper 

2.2.1. From wood to paper 

Paper is a 3D-structured and wood-based material composed of wood lignocellulosic 

fibres, as shown in Figure 1. These fibres consist of three main components, cellulose 

(about 50 %), hemicelluloses (about 25%) and lignin (about 25%) and they are 

extracted from wood chips by either mechanical or chemical treatment. During the 

papermaking process, they are formed into a three dimensional fibrous network with 
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properties that are dependent on the structure, on the individual fibre properties, 

and on the properties of the fibre/fibre joints. Only chemical pulp fibres were used in 

this study, and they were produced using a kraft cooking process. In this process, the 

wood chips are reacted in an alkaline medium (sodium hydroxide and sodium 

sulphide) at elevated temperature and pressure (typically around 150 °C for several 

hours). Under such cooking conditions, the lignin is dissolved to an extent that 

allows the fibres to be extracted from the wood matrix. The wood is cooked until a 

desired yield (the ratio of mass of pulp/initial mass of wood) is reached. The kappa 

number can also be used to follow the cooking process and characterize the pulp. 

This number can be directly related to the lignin content (in the case of softwoods). 

During the papermaking process, the initial fibre suspension is first dewatered, 

forming a wet web that is then pressed and dried. As the water is removed, the fibres 

are brought into intimate contact (due to mainly capillary forces) where van der 

Waals forces and possibly also hydrogen bonds can form7, which is crucial for the 

development of the paper strength.  

   

Figure 1. SEM images of a paper sample: top-view (left) and thickness-direction view (right) 

2.2.2. Mechanical properties 

The mechanical properties of paper materials are governed by three main 

parameters: the individual fibre strength, the fibre-fibre joint strength, and the 

number of efficient fibre/fibre joints per volume unit8-10. The endless need for 

materials with higher performances has led to the development of techniques aiming 

to increase the mechanical properties of paper. One of the most common methods is 

to beat (or refine) the fibres. The shear forces together with the presence of water 

produce hydrated fibres (which increases their flexibility) and promote the internal 

and external fibrillation (which increases the mechanical entanglements) as well as 
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the presence of fines (increasing the specific surface area and hence favouring the 

contact between fibres). This allows for the production of a paper material with 

increased strength11, 12. However, beating also increases the density of the network 

and slows down the dewatering and thus decreases the productivity on the paper 

machine, not to mention that beating is very energy-consuming. A further drawback 

with beating is the shrinkage of the fibres during drying which induces a shrinkage 

of the entire web during drying, and this is negative both for the productivity and for 

the mechanical properties of the paper. Another possible way to modify the 

properties of cellulosic networks is to use chemical additives in order to modify the 

interfacial interactions between the fibres. This type of surface chemical modification 

can be used to modify the fibre/fibre joint properties. By choosing appropriate 

chemical system, the joints can be tailored and provided with elasticity or stiffness, 

for example, giving the final fibrous network high ductility or high stiffness 

depending on the modification chosen.  

 

2.3. Polyelectrolytes 

2.3.1. Generalities 

A polyelectrolyte is by definition a polymer containing one (or more) potentially 

charged group in its repeating unit. Polyelectrolytes play a major role in our lives: 

from our body (e.g. DNA) to the food we eat everyday (e.g. carboxymethyl cellulose, 

used as a thickener) and they are ubiquitous. Polyelectrolytes may be either strong or 

weak. The former are not affected by the pH whereas the charge density of the latter 

is directly linked to the pH. Due to the presence of charges, polyelectrolytes are 

soluble in water, which can be explained from a thermodynamic point of view, since 

the release of counter-ions into the bulk solution increases the entropy of the system. 

Polyelectrolytes can be used as monolayers, as multilayers or as complexes to modify 

the surface properties of the material onto which they are adsorbed13, 14. 

2.3.2. Adsorption of polyelectrolytes onto lignocellulosic fibres 

Since pulp fibres are negatively charged due to the carboxylic groups on the 

hemicelluloses and oxidized lignin15, it is possible for a cationic polymer to be 

adsorbed onto their surfaces. The adsorption of polyelectrolytes onto oppositely 

charged surfaces has been extensively investigated over the past decades16-20 and the 

driving force for this phenomenon is the gain in entropy following the release of 
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counter-ions upon adsorption. The following parameters are crucial to the 

understanding of the behaviour of the polyelectrolyte/substrate system: 

- The pH, which controls the degree of dissociation and thereby the charge 

density of the polymer (in the case of weak polyelectrolytes) and substrate (in 

the case of fibres) 

- The surface charge of the substrate, since there is a 1:1 ratio between the 

amount of adsorbed charge and the surface charge of the substrate (pure 

electropsorption)20 

- The salt concentration and salt type, since salt shields the charge, which 

decreases the adsorption, but also reduces the intramolecular repulsion, 

making the polymer coil-up and increasing the amount adsorbed in the case of 

a porous substrate 

- The porosity of the surface (or the molecular mass of the polymer), which 

determines whether the polyelectrolyte is adsorbed exclusively onto the 

surface or whether it penetrates into the substrate 

- The solvent: in a so-called good solvent or poor solvent, the polymer chains 

have respectively a strong or weak affinity for the solvent and a tendency to 

adopt an extended or coiled conformation. The quality of the solvent may also 

influence the adsorption if there is a considerable non-ionic contribution to the 

adsorption 

Polyelectrolytes are a key part of the papermaking process since they are used to 

tailor the properties of paper from the wet state (e.g. retention, flocculation) to the 

dry final material (e.g. wet and dry strength)21-24. Nowadays, polyelectrolytes are 

used in the production of almost all paper qualities. 

2.3.3. Polyelectrolyte multilayers 

The Layer-by-Layer (LbL) technique involves the build-up of a polymeric film by 

deposition of alternating cationic and anionic polyelectrolytes onto a charged 

substrate, as depicted in Figure 2. It was first introduced for colloids in the 1960’s25 

and was then developed and extended to a broad range of polymers and particles by 

Decher in the 1990’s14, 26, 27. This work was a breakthrough in physical surface 

modification and interest in this technique has continuously increased since then. 

The method is nowadays used in a broad range of applications including the surface 

treatment of components from optics to biomedical devices28-32. As with monolayer 

systems, the build-up of polyelectrolyte multilayers depends on the pH and on the 

salt concentration. Together with the intrinsic properties of the polymers (such as 
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molecular weight and charge), these parameters control the growth of the multilayer 

structure, which can be either linear or superlinear (also called exponential growth in 

the literature)33-36. Among the systems that have been extensively investigated so far 

are PAH/Polyacrylic acid (PAA) and PEI/NFC37. 

 

Figure 2. Simplified scheme of the Layer-by-Layer technique, starting from a negatively charged 

substrate and depositing consecutively cationic (P+) and anionic polymers (P-), forming the first 

bilayer 

The LbL technique has already been used on wood fibres as a way to functionalize 

(e.g. making them hydrophobic) or to increase the strength of fibrous materials38-40, 

typically using PAH and PAA41-43, or cationic and anionic starch44. The deposition of 

polyelectrolyte multilayers onto the surface of ligno-cellulosic fibres has been shown 

to have a strong impact on the fibre-fibre joints, which are the molecular/microscopic 

reason why differences can be seen on the macroscopic paper scale45.  

Hyaluronic acid, or hyaluronan (HA) is an anionic biopolymer well known for its 

unique properties (rheological, chemical and physical), and is used a lot in 

biomedical applications due to its biocompatibility46-48. So far, few investigations have 

been conducted on multilayer systems containing hyaluronic acid49-51. The study of 

this polymer combined with PAH was one of the purposes of the work reported in 

the present thesis. 



- 7 - 

 

3. Experimental 

 

In this section, the key steps of the procedures and chemicals used in the different 

studies are described. For more information, the reader is referred to the relevant 

section in the corresponding paper. 

 

3.1. Materials 

3.1.1. Substrates 

The fibres used in Paper I were from specially prepared, laboratory-cooked kraft 

pulps (SCA Research AB, Sundsvall, Sweden). They were never-dried, unbleached 

and unbeaten softwood fibres (pure spruce) with three different kappa numbers: 34, 

75 and 107 (denoted K34, K75 and K107 respectively). The fibres were washed and 

converted to the sodium form prior to use, following a procedure described earlier52. 

In Paper II, a totally chlorine-free bleached kraft pulp from softwood was used (SCA 

Forest Products, Östrand Mill, Sundsvall, Sweden). The pulp was received in dry 

sheets and these were disintegrated and washed before use. 

The silicon wafers (p-type, MEMC Electronics Materials, Inc., Novara, Italy) used in 

Paper III as substrates for the LbL deposition were first rinsed with Milli-Q water, 

ethanol and Milli-Q water, and then blown dry with N2. They were then plasma-

treated (Model PDC 002, Harrick Scientific Corporation, NY, USA) for 2 min at 30 W. 

3.1.2. Chemicals 

PAH (with molecular masses 15 kDa and 56 kDa) and HA (molecular mass 1.6 MDa) 

were provided by Sigma Aldrich as powders and used without further treatment. 

PVAm with molecular masses 45 kDa and 340 kDa and a rate of hydrolysis greater 

than 90% was provided by BASF (Ludwigshafen, Germany) under the commercial 

names Lupamin 5095 and Lupamin 9095 respectively. These commercial products 

were first dialysed against Milli-Q water and freeze-dried prior to use. PEI (60 kDa) 

was provided as a 50 wt% aqueous solution by Acros Organics (U.S) and was used as 

received. NFC suspensions (2 wt%) were prepared at Innventia AB, Stockholm, 

Sweden, according to a procedure described earlier53. 
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3.2. Methods 

3.2.1. Polyelectrolyte titration 

The polyelectrolyte titration (PET) method was used in Paper I to determine the 

surface charge of the fibres and the charge density of the cationic polymers, and to 

determine the adsorption isotherms of polyelectrolytes on the fibres. In this method, 

a solution is titrated by potassium polyvinyl sulphate (KPVS) in the presence of a 

cationic indicator, ortho-toluidine blue (OTB). Since KPVS is negatively charged, it 

neutralizes the cationic charges present in the solution. When all the cationic charges 

have been neutralized, KPVS accumulates and forms a coloured complex with OTB. 

By recording the absorbance of the solution throughout the measurement, it is 

possible to detect the equivalent point and thereby to determine the amount of 

charges initially present in the solution54, 55. 

3.2.2. Adsorption of polyelectrolytes 

The adsorption of a polyelectrolyte monolayer in Paper I was carried out according 

to the following procedure: the desired amount of polymer was poured into a 5 g/L 

fibre suspension under stirring and with a background salt concentration of 5·10-4 M 

of NaHCO3. The pH for all measurements was close to 8 and the adsorption time was 

10 min. 

The LbL build-up on the pulp fibres in Paper II was carried out on a larger scale 

since a sheet was made after each deposited layer. Adsorption isotherms were first 

determined in order to evaluate the amount of polyelectrolyte to be added as the first 

layer. To predict the amount of polymer to be added in the next layer, dual 

polarization interferometry was used (see section 3.2.4). The cationic polymer (i.e. the 

first layer) was added to a 3.6 g/L fibre suspension under mechanical stirring. The 

adsorption time was 10 min and, for the systems with added salt, the salt 

concentration was set to 10 mM of NaCl. After the adsorption, 1L of the suspension 

was taken out and used to prepare a sheet. The remaining suspension was dewatered 

in a Büchner funnel in order to remove the excess polymer. Water was thereafter 

added to form a 3.6 g/L suspension to which the next polymer was added. This 

sequence was repeated until the desired number of layers (i.e. 10 in this study) was 

achieved, as depicted in Figure 3. 

The LbL deposition of the PAH/HA system onto silicon wafers in Paper III was 

performed by dipping the samples consecutively in PAH and HA solutions, with a 
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rinsing step in Milli-Q water after each polymer deposition. The dipping times were 

10 min in the polyelectrolyte solutions and 5 min in the rinsing bath. 

 

Figure 3. Simplified scheme of the LbL deposition procedure onto pulp fibres 

3.2.3. Handsheet preparation and evaluation 

A Rapid Köthen instrument (PTI, Vorchdorf, Austria) was used to prepare the 

handsheets. Each sheet was dried under restrained conditions at 93 °C under a 

reduced pressure of 95 kPa for 15 min. In Paper I, half of each sheet was submitted to 

a separate heat treatment (160 °C for 15 min) to evaluate the effect of heating on the 

properties of the treated paper sheets. All the sheets were then conditioned at 23 °C 

and 50 % RH before further testing. 

Uniaxial tensile testing was conducted according to the SCAN-P 67:93 Standard 

using a horizontal tensile tester (PTI, Vorchdorf, Austria). The tensile index, as well 

as the stress and strain at break, were used to evaluate the mechanical properties of 

the paper. In Paper II, the tensile strength in the thickness direction (or z-direction) 

was measured following a method developed at Innventia AB, Stockholm, Sweden56. 

The values presented are the ZDTS (z-direction tensile strength) and these 

correspond to the stress (in kPa) at break for a 10 cm2 sample. 

Nitrogen analysis was used to determine the nitrogen content of paper samples, and 

thus to assess the amount of polymer adsorbed. This technique consists in burning 

the sample at 1050 °C in an oxygen-poor medium. All the nitrogen-containing groups 

are then converted to nitrogen oxides, which in turn react with ozone to form excited 

molecules. As these excited molecules decay, light is emitted. A photomultiplier 

detects the light and the instrument returns a number of counts, corresponding to the 

amount of light and thus to the amount of nitrogen. For each polymer, a calibration 

curve was established in order to link the number of counts to the amount of 
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polymer. The tests were performed with the aid of an ANTEK MultiTek (by PAC, 

Houston, Texas, USA).  

3.2.4. Dual polarization interferometry 

Dual polarization interferometry (DPI) is an optical method which can be used to 

study the build-up of a polymer film onto a substrate. A laser light beam is passed 

through waveguides composed of a reference and the substrate to be modified. 

Depending on the amount of material deposited onto the substrate, the output from 

the two waveguides generates interference fringes that can be traced back to the 

thickness of the adsorbed film57. A Dual Polarization Interferometer Analight Bio200 

from Farfield Sensors Ltd (Manchester, UK) was used to study the PAH/HA and 

PEI/NFC assemblies with a continuous flow of 100 µL/min. All the samples had a 

concentration of 100 mg/L during the adsorption step. Nitrogen-doped silica chips 

were used as deposition substrates. The salt concentration in the systems with added 

salt was 10 mM of NaCl. The outpout from this measurement is the thickness and 

refractive index of the adsorbed layer, assuming solid polymer layers at the interface. 

3.2.5. Quartz-crystal microbalance 

The quartz-crystal microbalance (QCM) is a technique used to record the real time 

adsorption of a polymeric compound to a surface in terms of both mass and 

viscoelastic properties. A crystal is subjected to an oscillation and the change in 

frequency due to the adsorption of a polymer can be recorded and related to the 

mass of adsorbed material, whereas the energy dissipation provides information on 

the viscoelasticity of the adsorbed layers58. A QCM E4 (Q-Sense AB, Västra Frölunda, 

Sweden) was used to study the multilayer build-up with a continuous flow of 100 

µL/min. The substrates were silicon oxide crystals with an active surface of sputtered 

silica which were prepared in the same way as the silicon oxide wafers, described 

earlier. AT-cut quartz crystals with a 5 MHz resonant frequency were used. The 

change in frequency is equivalent to a change in adsorbed mass according to the 

Sauerbrey model59. This model assumes rigidly attached layers and the adsorbed 

amount determined contains both polymer and water coupled to the adsorbed layer. 

3.2.6. Atomic force microscopy 

Atomic force microscopy (AFM) is a technique providing information about the 

topography of the surface of a material on a nanometric scale. The method is based 

on a tip mounted on a cantilever, which scans the surface of the sample and records 

the topography, or more accurately the force between the tip and the surface. The 
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method can also be used to measure forces and molecular adhesion, using a colloidal 

probe technique. An AFM MultiMode IIIa (Veeco Instruments Inc. Santa Barbara, 

CA) was used both for imaging and adhesion measurements. For tapping mode 

imaging in air, an EV scanner was employed using standard non-contact mode 

silicon cantilevers with a spring constant in the range of 32 to 70 N/m (TAP150, 

Bruker, Camarillo, CA). The force measurements were performed by capturing 

normal force curves in water. A silica particle (Thermo scientific, CA) with a 

diameter of approximately 10 µm was attached, with the aid of a manual 

micromanipulator and a Olympus reflection microscope, to the end of the tipless 

cantilever, using a small amount of a two-component epoxy adhesive (Strong epoxy 

rapid, Casco). For each probe, the exact diameter of the probe was determined. 
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4. Results and discussion 

 

4.1. Adsorption of a polymeric monolayer of PAH or PVAm on pulp 

fibres 

4.1.1. Adsorption isotherms and actual adsorbed amounts 

The adsorption of a monolayer of PAH or PVAm was performed with unbleached 

kraft pulp fibres, and the characteristics of these fibres are shown in Table 1. The 

pulp yield has a strong influence on the surface and total charges of the fibres, since 

charged species such as oxidized lignin and charged hemicelluloses are removed 

during the cooking process. A maximum in the surface charge is observed due to a 

competition between the accessibility of charges within the fibres (which increases 

during cooking) and the charge of the fibres (which decreases during cooking)60. 

Table 1. Surface charge, total charge, lignin content and average pore size of the fibres from the K34, 

K75 and K107 pulps. 

Pulp Yield 

(%) 

Surface chargea 

(µeq/g) 

Total chargeb 

(µeq/g) 

Lignin 

contentc (w%) 

Pore radiusd 

(nm)  

K34 49.7 5.6 74 3.3 17 

K75 56.4 9.3 137 10.0 11 

K107 60.4 8.5 177 15.1 10 

aDetermined by polyelectrolyte titration. bDetermined by conductometric titration. 
cDetermined by chemical analysis. dFrom Andreasson et al. (2003)60 

 

A typical set of adsorption isotherms is shown in Figure 4 for the K75 pulp. The 

results show that lower molecular mass polymers adsorb more than higher 

molecular mass polymers. The reason for this is that the porous structure of the fibre 

wall allows partial penetration of low molecular mass fractions of the 

polyelectrolytes into the fibres. As shown in Table 1, the pore radius of an 

unbleached pulp with a yield of about 55 % (corresponding to the K75 pulp) is 11 

nm. According to earlier studies61, the radius of gyration for the low molecular mass 

PAH (i.e. 15 kDa) is slightly lower than this (about 10 nm). The penetration of 

polymer chains into the fibre wall is even more pronounced since the average pore 

radius is greater in pulp fibres with lower yield. This can be seen in Table 2, which 
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shows the adsorption of the different polymers onto the different pulps according to 

different methods. In this table, the amounts of adsorbed polymer are given for the 

largest amounts of added polymer (where saturation is reached). The adsorbed 

amounts obtained by nitrogen analysis and by adsorption isotherms are very similar, 

except in the case of the high molecular weight PVAm.  

 

Table 2. Adsorbed amount of polymer (determined by nitrogen analysis) for the highest added 

amounts of polymer compared with the adsorption saturation levels from the adsorption isotherms, 

obtained by polyelectrolyte titration, for pulps K107, K75 and K34. 

Pulp Polyelectrolyte Added 

amount  

(mg/g fibre) 

Adsorbed 

amounta 

(mg/g fibre) 

Adsorption 

saturationb 

(mg/g fibre) 

K107 PAH 15 kDa 3.3 2.3 2.5 

PAH 56 kDa 2.5 1.9 2.1 

PVAm 45 kDa 4.6 3.4 3.2 

PVAm 340 kDa 3.8 3.3 2.5 

K75 PAH 15 kDa 4.5 4.1 3.1 

PAH 56 kDa 4.0 2.4 2.2 

PVAm 45 kDa 4.0 3.2 2.7 

PVAm 340 kDa 3.8 2.9 2.0 

K34 PAH 15 kDa 2.9 2.6 3.0 

PAH 56 kDa 2.1 1.5 2.5 

PVAm 45 kDa 4.1 2.9 2.1 

PVAm 340 kDa 4.2 2.8 1.6 

  
a 

Determined by nitrogen analysis.  
b
 Determined from adsorption isotherms obtained by 

polyelectrolyte titration. 
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Figure 4. Adsorption isotherms for PAH and PVAm with different molecular masses, for pulp K75, 

measured under 5·10-4 M NaHCO3. 

4.1.2. Mechanical properties of the treated sheets 

The sheets studied in this investigation had the same density, regardless of the 

amount of adsorbed polymer. This makes it easier to compare the different cases, 

since the mechanical properties of a fibrous material are usually related to its density, 

which in turn is related to the number of active fibre/fibre contacts per sheet volume 

and also to some extent on the molecular contact in the fibre/fibre joints. 

   

Figure 5. (Left) Tensile index as a function of the adsorbed amount of polyelectrolyte (determined by 

nitrogen analysis) for pulp K75, and (right) tensile index for the K34, K75 and K107 pulps as a 

function of the adsorbed amount of polyelectrolyte for PVAm 45 kDa. 

 

The tensile indices of the different sheets were measured and the results are 

presented in Figure 5 as a function of the amount of adsorbed polyelectrolyte. A 
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significant increase in the tensile index was observed, increasing from 80 Nm/g to 120 

Nm/g in the best case (pulp K75 treated with PAH 56 kDa). The high molecular mass 

polymers resulted in a paper with a higher tensile index than that with the lower 

molecular mass polyelectrolyte, although the results are relatively close for the 

different polymers. The best relative improvement was obtained with the K75 pulp, 

whereas the tensile indices of the sheets made from the K107 and K34 pulps were not 

significantly affected by the treatment. The stress vs. strain curves for the sheets 

made from the K75 pulp in Figure 6 show that PAH 56 kDa was the most efficient 

polymer, and that the others resulted in a slightly smaller increase in the stress at 

break. The strain at break of the paper was not significantly changed.  

One of the plausible reasons why the K75 pulp gave the greatest improvement 

following this surface treatment is the swelling of the fibres from this pulp. This pulp 

showed the greatest swelling of fibres62 of all the unbleached pulps and this means 

that the fibres were more flexible, which increases the probability for a fibre to create 

an intimate contact with another fibre, forming a strong fibre/fibre joint, which is 

even stronger after the deposition of a monolayer of either PAH or PVAm. 

 

 

Figure 6. Tensile stress-strain curves of the sheets made of unmodified and modified fibres (with an 

adsorbed amount of 2.4 mg/g of PAH 56 kDa, 4.1 mg/g of PAH 15 kDa, 2.9 mg/g of PVAm 340 kDa, 

and 3.2 mg/g of PVAm 45 kDa) from pulp K75. 
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4.1.3. Effect of heating 

Paper samples (both non-modified and modified) were subjected to a heat treatment 

(160 °C for 15 min) to evaluate the consequences on the mechanical properties of 

heating, since earlier works indicated that covalent bonds could be created after 

heating a polyelectrolyte-treated paper63. The tensile indices of the sheets are 

presented as a function of the adsorbed amount for both unheated and heated 

samples of pulps K34 and K75 in Figure 7. As can be seen, heating the low kappa 

number pulp had no effect on the strength of the sample, whereas a slight 

improvement (of the order of 10 %) was achieved by heating sheets made from a 

higher kappa number pulp, regardless of the amount of adsorbed polymer. 

 

Figure 7. Tensile strength index as a function of the adsorbed amount of PVAm 45 kDa for heated 

and non-heated paper sheets made from (left) pulp K34 and (right) pulp K75. 

 

In order to better understand the reason why heating the paper resulted in an 

increase in the tensile index, infrared spectroscopy was used. On the paper samples, 

no detectable changes were observed, probably due to the low surface-to-volume 

ratio of the fibres and assuming that the changes occur at the surface of the fibres. For 

this reason, nanofibrils were made from the K75 pulp and the resulting nanopapers 

were heated and analyzed. As a result of the greater specific surface area, the 

covalent bonds created upon heating were easier to detect, and a peak in the ester 

region was observed at 1740 cm-1, as shown in Figure 8. This peak may correspond to 

the reaction between hydroxyl and carboxylic groups, both present at the surface of 

the fibres64. This would explain why heat treatment has an impact on high kappa 

number pulps, which have a higher carboxylic content, but not on the lower kappa 

number pulps. It is suggested that the formation of ester bonds between fibres has a 

cross-linking effect, giving rise to stronger fibre/fibre joints and hence a stronger 
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fibrous network. No influence on the ester formation due to the presence of the 

polyelectrolytes could be detected. 

 

Figure 8. FTIR spectra of sheets made of nanofibres from pulp K75, before and after heat treatment, 

with an enlargement showing the region in the vicinity of 1740 cm-1. 

 

4.2. Deposition of polyelectrolyte multilayers on pulp fibres 

The LbL treatment of bleached kraft pulp fibres was carried out with two different 

systems: PEI/NFC and PAH/HA. In each case, the effect of added salt (10 mM NaCl) 

was also investigated. 

4.2.1. Effect of added salt on the film build-up and on the amount of polymer 

adsorbed 

The salt concentration is a fundamental parameter when considering polyelectrolyte 

systems. In this study, systems containing 10 mM of NaCl were compared with 

systems without any added salt.  

The DPI measurements presented in Figure 9 show that the build-up of the LbL films 

depends both on the type of system used and on the presence of salt. With the 

PEI/NFC system, the film thickness increased linearly with increasing number of 

layers, and the addition of salt did not affect this behaviour. However, with the 

PAH/HA system, the addition of 10 mM NaCl made the film thickness follow a 

superlinear growth. There also appears to be an odd-even effect with the multilayer 
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development, the thickness increase being greater for structures with HA as the 

outermost layer. The superlinear behaviour as well as the odd-even effect are 

discussed in greater detail in section 4.3.1. 

     

Figure 9. Results of the DPI measurements showing the film thickness for (left) PEI/NFC and (right) 

PAH/HA, with and without added salt. 

The amount of polymer adsorbed onto the fibres is shown in Figure 10 as a function 

of the number of layers. For the systems without salt, whether PEI/NFC or PAH/HA, 

the amounts adsorbed were low and there was no significant increase in the amount 

adsorbed with increasing layer number.  

 

Figure 10. Total amounts of polymer adsorbed, determined by nitrogen analysis, as a function of the 

layer number for the PEI/NFC and PAH/HA systems, both with and without added salt. 

However, in the case of the systems with 10 mM NaCl, different responses could be 

seen. In the case of PEI/NFC, a large amount of polymer was adsorbed during the 

deposition of the first layer. After this first layer, the amount adsorbed increased very 
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slowly, probably due to the high aspect ratio of the NFC, which prevents the 

polymer chain from intermixing within the multilayer26. A further explanation of this 

is that the NFC cannot reach all the polymer chains inside the fibre wall due to 

geometric restrictions which prevent a high adsorption of the PEI in the following 

layer. In the case of the PAH/HA system with added salt, there was a steady increase 

in the amount of polyelectrolyte adsorbed with increasing number of layers.  

4.2.2. Mechanical properties of the treated sheets 

Paper sheets were prepared from the LbL-treated fibres and the mechanical 

properties of these sheets were tested. 

The presence of added salt was previously shown to be a key parameter in the 

amount of polymer that could be adsorbed onto the fibres (see Figure 10). This also 

affected the mechanical properties of the sheets, as shown in Figure 11, which 

summarizes the tensile index and the strain at break for the sheets made from the 

fibres treated with the different systems. As can be seen, the sheets made from LbL-

treated fibres without added salt did not show any increase in either tensile index or 

strain at break with increasing number of deposited layers. The system with added 

salt showed however two different patterns of behaviour regarding the mechanical 

properties (both tensile index and strain at break). With the PAH/HA system, a 

steady and very large improvement was observed, the tensile index increasing from 

25 Nm/g to 70 Nm/g and the strain at break from 2.0 % to 6.5 %. With the PEI/NFC 

system, however, less improvement in the mechanical properties was seen, with a 

zig-zag pattern with higher values when PEI was in the outermost layer.  

    

Figure 11. Tensile index (left) and strain at break (right) as a function of layer number for PEI/NFC 

and PAH/HA systems with and without added salt. 
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The tensile indices of the sheets are shown as a function of the adsorbed amount of 

polymer in Figure 12. It can be seen that an amount of adsorbed PAH/HA as low as 

15 mg/g was sufficient to provide a handsheet in which the tensile index and strain at 

break were increased by a factor of three. However, the PEI/NFC system was not as 

efficient, since a similar adsorbed amount (of only PEI) on the fibres resulted in an 

increase to only 40 Nm/g, in contrast to a value of 70 Nm/g in the case of PAH/HA. 

This shows that the PAH/HA system is very efficient in enhancing both the strength 

and the strain at break of paper materials. 

 

 

Figure 12. Tensile index as a function of the amount of adsorbed polyelectrolyte for the PAH/HA and 

PEI/NFC systems, with and without added salt. 

In order to understand the influence of the multilayers on the mechanical properties 

of the paper, the molecular organisation in the fibre-fibre joints must be considered. 

Two features are crucial in order to form a fibre-fibre joint with properties providing 

both strength and stretchability to the paper. These are (a) a solid anchoring of the 

polymers at the surface of the fibre, and (b) the LbL film must have ductile 

properties, which means that the film has a yield point lower than that of the fibre 

wall, and that the different layers in the formed film must interpenetrate to create a 

film with a thickness of 10-20 nm. The diagram in Figure 13 shows schematically 

these two aspects. 

A solid anchoring of the first polymeric layer to the fibre surface can be achieved 

both by charge interactions and by partial penetration of the polymer chains into the 
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fibre wall. In this work, PAH and PEI with relatively low molecular masses (15 kDa 

and 60 kDa respectively) were used as a first layer. In the case of PAH, the radius of 

gyration of the polymer chains in a 10 mM NaCl medium was calculated to be 7 

nm61, and the pore radius of a bleached kraft pulp fibre is of the order of 10 nm60. It is 

thus possible for these polymer chains to penetrate the outer layers of the fibre wall, 

ensuring a good anchoring of the layer, from which the build-up of the structure is 

initiated. In the PEI/NFC system, however, the very high aspect ratio of the fibrils 

may prevent the penetration of the polymer into the fibre wall, and this could be the 

reason why the adsorbed amount of PEI is much higher in the first layer (for which 

PEI can penetrate the fibre wall to a certain extent) than in the subsequent layers 

(where the stiff and large nanofibrils have blocked the pores). This was also 

discussed previously in connection with the adsorption results. 

 

Figure 13. Diagram of a fibre-fibre joint between two LbL-treated fibres with an enlargement of the 

fibre/LbL film interface, showing the anchoring of the polymer at the fibre surface, and the intermixing 

within the LbL film. 

The LbL treatment was also carried out on the unbleached K75 pulp fibres, but only 

the PAH/HA system with added salt was used since this had been shown to be the 

most efficient for the bleached fibres. The tensile index, the strain at break and the z-

direction tensile strength of the sheets made from these treated unbleached fibres are 

shown in Figure 14. The treatment was not as efficient as with the bleached fibres. 

The tensile index increased from 80 Nm/g to 120 Nm/g, but the strain at break was 

only slightly increased, and both of these characteristics levelled-off after two 

bilayers. The increase in strength in the thickness direction was however very 

significant, increasing from 750 kPa (reference sheet) to 2250 kPa (sheet treated with 

5 bilayers). Such a difference between bleached and unbleached fibres could be 

partly explained by the morphology of the fibres. Bleached fibres are more open and 

have larger pores than unbleached fibres, and this may enhance the anchoring of the 

multilayer structure on the surface of the fibres, and facilitate larger areas of contact 

between two fibres. On the other hand, the z-strength measurements indicate a 

continued improvement in joint strength between the fibres. This may indicate 

anisotropic properties of the LbLs but more experiments are needed to clarify this. 
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Figure 14. (Left) Tensile index and strain at break, and (right) z-strength as functions of the layer 

number for sheets made from unbleached kraft pulp fibres treated with the PAH/HA system with 10 

mM NaCl. 

 

4.3. A detailed study of the PAH/HA system 

4.3.1. Build-up of the PAH/HA film in model experiments 

AFM images of dry LbL-treated silicon wafers are shown in Figure 15. The results 

show a clear difference in structure between the systems with and without added 

salt. In the system without added salt, an increasing amount of nano-particles (i.e. 

multiple molecules adsorbed and aggregated on the surface) was observed with 

increasing number of deposition steps. The images also show the existence of nano-

particles of different sizes. Assuming that this is due to the surface-induced 

structuring of the multilayers, it may be suggested that these particles contain 

different amounts of polymers. After the addition of 10 mM NaCl, the first two layers 

showed a behaviour similar to that without added salt. However, with three layers, a 

structure appeared that was probably due to complexation between PAH and HA on 

the surface, similar to that observed by Kovacevic et al.65. These authors suggested 

that the multilayers can be in a glassy state at low ionic strengths and that an increase 

in ionic strength would lead to a liquid state where the molecules are more free to 

diffuse in the layer to reach an equilibrium conformation. With four layers, 

significantly more nano-particles appeared on the surface, probably because more 

complexes can form as the amount of polyelectrolyte at the interface increases. With 

five layers, there was a rather dramatic change of structure due to coalescence of the 

nano-particles on the surface. With a greater number of layers, this type of coalesced 

structure was more clearly observed, indicating a change in adsorption behaviour 

compared to the case without added salt. An odd-even effect was also observed, with 
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a more flattened surface (lower surface roughness) with PAH in the outermost layer, 

while structures with HA in the outermost layer had a surface structure with greater 

height differences across the sample and thus a higher surface roughness. This may 

be due to some kind of structural change during the build-up under wet conditions, 

which was also observed after drying.  
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Figure 15. AFM imaging of up to 10 layers, as indicated by numbers, without (upper 10 images) and 

with (lower 10 images) added salt. The images are 2x2 µm2 and the z-range is 30 nm. The imaging 

was performed in air under ambient conditions. 

Further information about the properties of the adsorbed layers can be achieved by 

QCM tests. The results of these measurements are shown in Figure 16. In the case of 

PAH/HA without added salt, a relatively low and linear decrease in frequency with 

increasing number of layers was observed. The dissipation was relatively stable at a 

low value after the rinsing steps throughout the build-up, indicating a rigid film with 

low viscous losses. However, for the system with added salt, the change in frequency 

showed a superlinear trend with much larger values. An odd-even effect was also 
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observed, the decrease in frequency being lower when PAH was in the outermost 

layer and higher when HA was in the outermost layer. With added salt there was 

also tendency for the dissipation to increase with increasing layer number, and the 

odd-even effect was again observed. The addition of salt leads to more coiled 

structures, less repulsion between charged polymers of the same species and a 

greater mobility of the polymers in the surface layer65. This may lead to the structural 

behaviour of the multilayers observed in AFM and hence the superlinear trend 

observed in both the DPI and QCM data. The molecular explanation of the 

superlinear growth has been debated and in a recent work it was suggested that the 

increase in surface roughness accompanying the LbL assembly can explain the 

superlinear growth, since the increase in surface roughness leads to an increase in the 

specific surface area of the layer in each consecutive step66.  

 

Figure 16. QCM data showing (left) change in frequency and (right) dissipation for 5 bi-layers of 

PAH/HA with and without added salt. 

These results, in combination with the AFM results, indicate that the PAH has an 

evening out effect, whereas the HA induces a roughening of the surface which 

increases with increasing layer number. This would explain the odd-even saw-tooth 

pattern observed in both DPI and QCM, and this also means that this odd-even effect 

is probably due not to adsorption and desorption, since there is a continuous build-

up of the multilayer with increasing layer number, but rather to a structural change 

during the build-up. These detected differences are too large to be attributed solely to 

something occurring in the outermost layer but seems rather to be a result of 

something happening within the entire multilayer.  
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4.3.2. Adhesive properties of the film 

The adhesive properties (both work of adhesion and pull-off force) of the PAH/HA 

films are presented in Figure 17, where the pull-off force is the minimum force 

needed to separate two surfaces, and the work of adhesion is calculated as the area 

enclosed by the force-separation curves.  

    

    

Figure 17. (Left) Pull-off force and (right) work of adhesion as a function of layer number for a 

contact time of 10 s (top) and as a function of contact time for 5 (2.5 bilayers) and 6 (3 bilayers) layers 

(bottom) with and without added salt. 

The multilayers assembled without added salt showed a low adhesion which only 

slightly increased with increasing layer number and increasing contact time, which is 

consistent with the idea of a glassy LbL structure and immobile polyelectrolytes 

suggested previously. The adhesion increased significantly with increasing number 

of deposited layers with added salt at a contact time of 10 s. The adhesion was close 

to zero when only PAH was adsorbed but it clearly increased when the first HA 

layer was deposited in a way not observed without added salt. When the layer 

number was further increased to 5 or 6 layers, both the pull-off force and the work of 
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adhesion increased significantly, which was probably due to a much more extensive 

interdiffusion between the multilayers leading to much stronger and tougher joints. 

When the layer number was further increased to 9 or 10 layers the pull-off force 

increased slightly, but the work of adhesion continued to increase significantly, 

probably as a result of even more extensive entanglements leading to a significantly 

tougher joint. There was also a clear relationship between adhesion and contact time 

for the system with added salt. When 1 layer of PAH was adsorbed the pull-off force 

increased slightly from 0 s to 1 s but was then stable up to 10 s. However, when HA 

was added, the pull-off force increased by an order of magnitude from 0 s to 10 s. 

This clearly shows that HA is involved in a dynamic process leading to greater 

adhesion between the surfaces with increasing contact time. The major reason for this 

is probably the suggested transition from a glassy to a liquid state due to the addition 

of salt, which allows the polymers to interdiffuse across the interface between the 

two surfaces to a much greater extent, and thus leads to a greater adhesion between 

the surfaces67, provided the initial layers are firmly anchored to the respective 

surfaces. Both the pull-off force and the work of adhesion continued to increase in a 

similar manner up to 10 s contact time for both 5 layers and 6 layers. This again 

clearly shows the importance of contact time between the surfaces for the 

development of a strong adhesive joint, probably both due to reorganization of the 

multilayers to maximize contact area and to allow interdiffusion between the layers. 

For 9 and 10 layers, there was a significant increase in adhesion with increasing 

contact time, of the order of one magnitude for the pull-off force and close to two 

orders of magnitude for the work of adhesion, when going from 0 s to 10 s in contact 

time. 

It is suggested that the high work of adhesion for the 10 layer PAH/HA LbL system 

is due to an interaction on two structural levels. First, the nanoscopic rough surfaces 

must be compressed towards each other in order to achieve a good contact between 

the two surfaces. When this has been achieved, there is a large contact zone between 

the two surfaces over which the polymers can diffuse to create an interpenetrating 

network. This contact between two opposing surfaces on two structural levels is 

probably the reason why the work of adhesion increases so much without a 

concomitant increase in the pull-off force between the surfaces. A schematic 

description of the two structural levels of the LbL-treated surfaces is shown in Figure 

18. A comparison of the work of adhesion achieved with these nanometer thin layers 

with earlier published data regarding sacrificial bonds in structures resembling 

human bone tissue68 shows that the data in the present work is more than three 

orders of magnitude higher. This shows the outstanding properties of the PAH/HA 
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and indicates that this system could be used for many other purposes than increasing 

the adhesive joints between fibres. 

 

Figure 18. Schematic description of the ordering on two structural levels of a multilayer from 

PAH/HA formed with 10 mM added NaCl. This structure is probably an important explanation of the 

high work of adhesion between two LbL-treated surfaces. 
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5. Conclusions 

In the present work, different types of polyelectrolyte-based systems were 

successfully adsorbed onto lignocellulosic fibres to tailor the properties of the fibres 

and paper materials made from these fibres.  

A monolayer of PAH or PVAm was first deposited on unbleached fibres and an 

adsorbed amount as low as 2 mg/g was sufficient to increase the tensile index of the 

resulting sheets by 50 % in the best case. The intermediate kappa number pulp fibres 

were shown to be the most sensitive to these chemical additives and the swelling 

(and flexibility) was suggested to be one of the main reasons for this. The use of 

PVAm (available on an industrial scale) as a dry strength additive could be an easy 

and non-expensive way to respond to the increasing demand for lighter packaging 

raw materials. 

Multilayers were formed on bleached fibres using the LbL technique and the 

mechanical properties of the sheets made from these treated fibres were significantly 

increased. Both tensile index and strain at break were increased by a factor of three 

after the deposition of 5 bilayers of PAH/HA. The addition of salt (10 mM NaCl) was 

shown to be crucial for the build-up of the LbL films and hence for the mechanical 

properties of the sheets. Another system involving PEI and NFC was attempted, but 

the results were not as successful and it was suggested that the presence of large and 

stiff fibrils prevented the anchoring and intermixing of the components in the 

multilayer. This LbL modification appeared to have a great impact on the fibre/fibre 

joint strength, giving rise to a stronger fibrous network. Such a treatment could pave 

the way for new paper-based 3D packaging materials and thereby replace some of 

the traditional oil-based polymers that are currently being used. 

Finally, a fundamental study was carried out on the PAH/HA system to better 

understand the mechanisms governing the properties earlier observed on the paper 

scale. The formation of the film was shown to follow a superlinear behaviour and 

AFM images revealed the presence of nano-sized complexes suggesting that this 

system forms 3D structures on the substrate onto which it is adsorbed, resulting in a 

certain nano-scale roughness. The adhesion properties were shown to be very high in 

the presence of added salt and with an extended contact time of around 10 s. To 

explain this behaviour, an interaction mechanism at two structural levels was 

suggested, involving the nanoscopic roughness, giving rise to a large contact area 

between two similar surfaces, and the resulting large molecular interdiffusion 

allowing an interpenetration of polymer chains within the film. 
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6. Future work 

In this thesis, the adsorption of polyelectrolytes is shown to significantly improve the 

mechanical properties of paper materials in terms of both strength and strain at 

break. However, the molecular mechanisms governing this great enhancement at the 

fibre/fibre joint level is still unclear. To bring up new elements explaining the results 

established in the present thesis at the molecular level, more efforts will be focused 

on the study of the fibre/fibre joints.  

In order to do this, tensile testing of individual fibre/fibre crosses can be performed 

to determine the influence of the chemical treatment used in this investigation on the 

fibre/fibre joint and thereby determine whether this treatment strengthens the 

fibre/fibre joints or whether it creates more fibre/fibre joints in the fibrous network.  

Another important aspect is to perform adhesion measurements where the influence 

of the drying can be established. This can be tested with a micro-adhesion 

measurement apparatus (MAMA) which will allow further characterization of the 

LbL films, especially a quantification of the influence of drying on such structures. In 

this respect, tests will also be carried out to see whether smooth films made from 

polyelectrolyte-treated and non-treated cellulose fibrils can be used in peel-tests to 

critically test the results achieved with the MAMA equipment 

Finally, a labelling study could be carried out in order to quantify the migration of 

polymers within the LbL films, since interpenetration or intermixing was one of the 

arguments explaining the mechanical behaviour of the PAH/HA films.   

   

 

 

 



- 30 - 

 

7. Acknowledgements 

First and foremost I would like to thank my supervisor Lars Wågberg for giving me 

the opportunity to work in his group, and for his endless optimism, enthusiasm and 

support regarding both the results and the life in the group. 

BiMaC Innovation is acknowledged for financial support. 

I would also like to thank my co-authors, Simon, Emil and Torbjörn, for their 

assistance and cooperation in the different steps of the project. 

My office-mates, Caroline, Simon and Rebecca, are acknowledged for valuable 

scientific discussions, for ensuring a very nice atmosphere at work, and last but not 

least for helping me to improve my Swedish! 

All the colleagues at Fibre Technology are also acknowledged for all the good times 

spent together, from the laboratory to the innebandy field! 

I wish to thank the administrative and technical staff at the Department of Fibre and 

Polymer Technology, Mia, Inga and Mona. Thank you for answering questions and 

for making administrative procedures so fast and simple. 

I would also like to address special thanks to Myriam and Thomas for sharing their 

Swedish experience as PhD students. Thank you for your support and for all the 

discussions on science, politics and sports! 

Finally, I would like to thank my best friends, Florian, Frédéric, Julien, Karine, 

Margot, Michaël, Nathalie, Noémie, Tommy (non-exhaustive liszt!) for your support, 

for all the nice times spent together, and for being so close after so many years. 

My last thanks go to my parents as well as my brother and sisters, for their support 

despite the distance.  

 



- 31 - 

 

8. References 

1. Wågberg, L.; Björklund, M., Adsorption of cationic potato starch on cellulosic 

fibres. Nordic Pulp and Paper Research Journal 1993, 8, (4), 399-404. 

2. Lindström, T.; Söremark, C., Adsorption of cationic polyacrylamides on 

cellulose. Journal of colloid and interface science 1976, 55, (2), 305-312. 

3. Miao, C.; Leduc, M.; Pelton, R., The influence of polyvinylamine microgels on 

paper strength. J. Pulp Paper Sci 2008, 34, (1), 69-75. 

4. Mocchiutti, P.; Galvan, M. V.; Inalbon, M. C.; Zanuttini, M. A., Improvement 

of paper properties of recycled unbleached softwood kraft pulps by poly 

(allylamine hydrochloride). BioResources 2011, 6, (1), 570-583. 

5. Pelton, R., On the design of polymers for increased paper dry strength: A 

review. Appita J 2004, 57, (3), 181-190. 

6. Rathi, M. S.; Biermann, C. J., Application of polyallylamine as a dry strength 

agent for paper. Tappi J 2000, 83, (12). 

7. Lindström, T.; Wågberg, L.; Larsson, T., On the nature of joint strength in 

paper: a review of dry and wet strength resins used in paper manufacturing. 

13th Fundamental research symposium 2005, 457–562. 

8. Davison, R. W., The weak link in paper dry strength. Tappi 1972, 55, (4), 567. 

9. Davison, R. W., Theory of dry strength development. Dry Strength Additives, 

TAPPI Press, Atlanta 1980, 1-31. 

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

681. 

11. Dasgupta, S., Mechanism of paper tensile-strength development due to pulp 

beating. Tappi J 1994, 77. 

12. Mohlin, U. B., Cellulose fibre bonding. Part 3. The effect of beating and drying 

on interfibre bonding. Sven. Papperstidn 1975, 78, (9), 338-341. 

13. Ankerfors, C.; Lingström, R.; Wågberg, L.; Ödberg, L., A comparison of 

polyelectrolyte complexes and multilayers: Their adsorption behaviour and 



- 32 - 

 

use for enhancing tensile strength of paper. Nordic Pulp & Paper Research 

Journal 2009, 24, (1), 77-86. 

14. Decher, G.; Schlenoff, J. B., Multilayer Thin Films. 2nd ed.; Wiley-VCH: 2012. 

15. Wågberg, L.; Annergren, G., Physico-chemical characterisation of 

papermaking fibres. The Fundamentals of Papermaking Materials 1997, 1, 1-82. 

16. Wågberg, L., Polyelectrolyte adsorption onto cellulose fibres-A review. Nordic 

Pulp and Paper Research Journal 2000, 15, (5), 586-597. 

17. Wågberg, L.; Hägglund, R., Kinetics of polyelectrolyte adsorption on cellulosic 

fibers. Langmuir 2001, 17, (4), 1096-1103. 

18. Wågberg, L.; Ödberg, L.; Lindström, T.; Aksberg, R., Kinetics of adsorption 

and ion-exchange reactions during adsorption of cationic polyelectrolytes onto 

cellulosic fibers. Journal of colloid and interface science 1988, 123, (1), 287-295. 

19. Van de Steeg, H. G. M.; Cohen Stuart, M. A.; De Keizer, A.; Bijsterbosch, B. H., 

Polyelectrolyte adsorption: a subtle balance of forces. Langmuir 1992, 8, (10), 

2538-2546. 

20. Winter, L.; Wågberg, L.; Ödberg, L.; Lindström, T., Polyelectrolytes adsorbed 

on the surface of cellulosic materials. Journal of colloid and interface science 1986, 

111, (2), 537-543. 

21. Bates, R.; Beijer, P.; Podd, B., Wet strengthening of paper. In Papermaking 

science and technology, chapter 13, Papermaking Chemistry Eds. Gullichen J, P. 

H., Neimo L, Ed. Helsinki, Finland, 1999; Vol. 4, pp 288-301. 

22. Gimåker, M.; Horvath, A.; Wågberg, L., Influence of polymeric additives on 

short-time creep of paper. Nord Pulp Pap Res J 2007, 22, (2), 217. 

23. Lindström, T.; Söderberg, G., On the Mechanism of Sizing with Alkylketene 

Dimers - Part I. Studies on the Amount of Alkylketene Dimer Required for 

Sizing of Different Pulps. Nordic Pulp and Paper Research Journal 1986, 1, (1), 26-

33. 

24. Moeller, H. W., Cationic starch as a wet-end strength additive. Tappi 1966, 49, 

(5), 211. 



- 33 - 

 

25. Iler, R. K., Multilayers of colloidal particles. Journal of Colloid and Interface 

Science 1966, 21, (6), 569-594. 

26. Decher, G., Fuzzy nanoassemblies: Toward layered polymeric 

multicomposites. Science 1997, 277, (5330), 1232-1237. 

27. Decher, G.; Hong, J. D., Buildup of Ultrathin Multilayer Films by a Self-

Assembly Process .2. Consecutive Adsorption of Anionic and Cationic Bipolar 

Amphiphiles and Polyelectrolytes on Charged Surfaces. Berichte Der Bunsen-

Gesellschaft-Physical Chemistry Chemical Physics 1991, 95, (11), 1430-1434. 

28. Boudou, T.; Crouzier, T.; Ren, K.; Blin, G.; Picart, C., Multiple functionalities of 

polyelectrolyte multilayer films: new biomedical applications. Advanced 

Materials 2010, 22, (4), 441-467. 

29. Hammond, P. T., Form and function in multilayer assembly: New applications 

at the nanoscale. Advanced Materials 2004, 16, (15), 1271-1293. 

30. Mamedov, A. A.; Kotov, N. A.; Prato, M.; Guldi, D. M.; Wicksted, J. P.; Hirsch, 

A., Molecular design of strong single-wall carbon nanotube/polyelectrolyte 

multilayer composites. Nature Materials 2002, 1, (3), 190-194. 

31. Yoo, P. J.; Nam, K. T.; Qi, J.; Lee, S. K.; Park, J.; Belcher, A. M.; Hammond, P. 

T., Spontaneous assembly of viruses on multilayered polymer surfaces. Nature 

materials 2006, 5, (3), 234-240. 

32. Zhai, L.; Cebeci, F. C.; Cohen, R. E.; Rubner, M. F., Stable superhydrophobic 

coatings from polyelectrolyte multilayers. Nano Letters 2004, 4, (7), 1349-1353. 

33. Dubas, S. T.; Schlenoff, J. B., Factors controlling the growth of polyelectrolyte 

multilayers. Macromolecules 1999, 32, (24), 8153-8160. 

34. Picart, C.; Mutterer, J.; Richert, L.; Luo, Y.; Prestwich, G. D.; Schaaf, P.; Voegel, 

J. C.; Lavalle, P., Molecular basis for the explanation of the exponential growth 

of polyelectrolyte multilayers. Proceedings of the National Academy of Sciences of 

the United States of America 2002, 99, (20), 12531-12535. 



- 34 - 

 

35. Porcel, C.; Lavalle, P.; Ball, V.; Decher, G.; Senger, B.; Voegel, J. C.; Schaaf, P., 

From exponential to linear growth in polyelectrolyte multilayers. Langmuir 

2006, 22, (9), 4376-4383. 

36. Porcel, C.; Lavalle, P.; Decher, G.; Senger, B.; Voegel, J. C.; Schaaf, P., Influence 

of the polyelectrolyte molecular weight on exponentially growing multilayer 

films in the linear regime. Langmuir 2007, 23, (4), 1898-1904. 

37. Aulin, C.; Varga, I.; Claesson, P. M.; Wågberg, L.; Lindström, T., Buildup of 

polyelectrolyte multilayers of polyethyleneimine and microfibrillated cellulose 

studied by in situ dual-polarization interferometry and quartz crystal 

microbalance with dissipation. Langmuir 2008, 24, (6), 2509-2518. 

38. Agarwal, M.; Lvov, Y.; Varahramyan, K., Conductive wood microfibres for 

smart paper through layer-by-layer nanocoating. Nanotechnology 2006, 17, 

5319-5325. 

39. Lvov, Y. M.; Grozdits, G. A.; Eadula, S.; Zheng, Z.; Lu, Z., Layer-by-layer 

nanocoating of mill broken fibers for improved paper. Nordic Pulp and Paper 

Research Journal 2006, 21, (5), 552-557. 

40. Renneckar, S.; Zhou, Y., Nanoscale coatings on wood: Polyelectrolyte 

adsorption and layer-by-layer assembled film formation. ACS Applied 

Materials & Interfaces 2009, 1, (3), 559-566. 

41. Eriksson, M.; Notley, S. M.; Wågberg, L., The influence on paper strength 

properties when building multilayers of weak polyelectrolytes onto wood 

fibres. Journal of Colloid and Interface Science 2005, 292, (1), 38-45. 

42. Lingström, R.; Wågberg, L., Polyelectrolyte multilayers on wood fibers: 

Influence of molecular weight on layer properties and mechanical properties 

of papers from treated fibers. Journal of colloid and interface science 2008, 328, (2), 

233-242. 

43. Wågberg, L.; Forsberg, S.; Johansson, A.; Juntti, P., Engineering of fibre surface 

properties by application of the polyelectrolyte multilayer concept. Part I: 



- 35 - 

 

Modification of paper strength. Journal of pulp and paper science 2002, 28, (7), 

222-228. 

44. Lundström, L.; Lindgren, J.; Svensson-Rundlöf, E.; Sennerfors, T.; Wågberg, L., 

The adsorption of polyelectrolyte multilayers (PEM) of starch on mechanical 

pulps for improved mechanical paper properties. Nordic Pulp & Paper Research 

Journal 2009, 24, (4), 459-468. 

45. Eriksson, M.; Torgnysdotter, A.; Wågberg, L., Surface Modification of Wood 

Fibers Using the Polyelectrolyte Multilayer Technique: Effects on Fiber Joint 

and Paper Strength Properties. Industrial & Engineering Chemistry Research 

2006, 45, (15), 5279-5286. 

46. Buhler, E.; Boue, F., Chain persistence length and structure in hyaluronan 

solutions: Ionic strength dependence for a model semirigid polyelectrolyte. 

Macromolecules 2004, 37, (4), 1600-1610. 

47. Lapcik, L.; De Smedt, S.; Demeester, J.; Chabrecek, P., Hyaluronan: 

preparation, structure, properties, and applications. Chemical reviews 1998, 98, 

(8), 2663-2684. 

48. Laurent, T. C.; Fraser, J. R., Hyaluronan. The FASEB Journal 1992, 6, (7), 2397-

2404. 

49. Picart, C.; Lavalle, P.; Hubert, P.; Cuisinier, F. J. G.; Decher, G.; Schaaf, P.; 

Voegel, J. C., Buildup mechanism for poly (L-lysine)/hyaluronic acid films 

onto a solid surface. Langmuir 2001, 17, (23), 7414-7424. 

50. Schneider, A.; Picart, C.; Senger, B.; Schaaf, P.; Voegel, J. C.; Frisch, B., Layer-

by-layer films from hyaluronan and amine-modified hyaluronan. Langmuir 

2007, 23, (5), 2655-2662. 

51. Mertz, D.; Hemmerlé, J.; Boulmedais, F.; Voegel, J. C.; Lavalle, P.; Schaaf, P., 

Polyelectrolyte multilayer films under mechanical stretch. Soft Matter 2007, 3, 

(11), 1413-1420. 



- 36 - 

 

52. Marais, A.; Wågberg, L., The use of polymeric amines to enhance the 

mechanical properties of lignocellulosic fibrous networks. Cellulose 2012, 19, 

(4), 1437-1447. 

53. Wågberg, L.; Decher, G.; Norgren, M.; Lindström, T.; Ankerfors, M.; Axnas, K., 

The build-up of polyelectrolyte multilayers of microfibrillated cellulose and 

cationic polyelectrolytes. Langmuir 2008, 24, (3), 784-795. 

54. Terayama, H., Method of colloid titration (a new titration between polymer 

ions). J Polym Sci 1952, 8, (2), 243-253. 

55. Mocchiutti, P.; Zanuttini, M. A., Key considerations in the determination of 

polyelectrolyte concentration by the colloidal titration method. BioResources 

2007, 2, (3). 

56. Andersson, C.; Fellers, C., Evaluation of the stress-strain properties in the 

thickness direction - particularly for thin and strong papers. Progress in Paper 

Physics Seminar, FPInnovation, Montreal 2010. 

57. Swann, M. J.; Peel, L. L.; Carrington, S.; Freeman, N. J., Dual-polarization 

interferometry: an analytical technique to measure changes in protein 

structure in real time, to determine the stoichiometry of binding events, and to 

differentiate between specific and nonspecific interactions. Analytical 

Biochemistry 2004, 329, (2), 190-198. 

58. Marx, K. A., Quartz crystal microbalance: A useful tool for studying thin 

polymer films and complex biomolecular systems at the solution-surface 

interface. Biomacromolecules 2003, 4, (5), 1099-1120. 

59. Sauerbrey, G., The use of quartz oscillators for weighing thin layers and for 

microweighing. Zeitschrift fuer Physik 1959, 155, 206-22. 

60. Andreasson, B.; Forsström, J.; Wågberg, L., The porous structure of pulp fibres 

with different yields and its influence on paper strength. Cellulose 2003, 10, (2), 

111-123. 

61. Gimåker, M.; Wågberg, L., Adsorption of polyallylamine to lignocellulosic 

fibres: effect of adsorption conditions on localisation of adsorbed 



- 37 - 

 

polyelectrolyte and mechanical properties of resulting paper sheets. Cellulose 

2009, 16, (1), 87-101. 

62. Scallan, A. M.; Tigerström, A. C., Swelling and elasticity of the cell walls of 

pulp fibres. J Pulp Pap Sci 1992, 18, (5), J188-J193. 

63. Torgnysdotter, A.; Wågberg, L., Tailoring of fibre/fibre joints in order to avoid 

the negative impacts of drying on paper properties. Nordic Pulp & Paper 

Research Journal 2006, 21, (3), 411-418. 

64. Pantze, A.; Karlsson, O.; Westermark, U., Esterification of carboxylic acids on 

cellulosic material: Solid state reactions. Holzforschung 2007, 62, (2), 136-141. 

65. Kovacevic, D.; van der Burgh, S.; de Keizer, A.; Stuart, M. A. C., Kinetics of 

formation and dissolution of weak polyelectrolyte multilayers: Role of salt and 

free polyions. Langmuir 2002, 18, (14), 5607-5612. 

66. Haynie, D. T.; Cho, E. H.; Waduge, P., "In and Out Diffusion" Hypothesis of 

Exponential Multilayer Film Buildup Revisited. Langmuir 2011, 27, (9), 5700-

5704. 

67. Creton, C.; Kramer, E. J.; Hui, C. Y.; Brown, H. R., Failure Mechanisms of 

Polymer Interfaces Reinforced with Block Copolymers. Macromolecules 1992, 

25, (12), 3075-3088. 

68. Thompson, J. B.; Kindt, J. H.; Drake, B.; Hansma, H. G.; Morse, D. E.; Hansma, 

P. K., Bone indentation recovery time correlates with bond reforming time. 

Nature 2001, 414, (6865), 773-776. 

 

 


