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ABSTRACT 

The versatile layer-by-layer (LbL) technique, for consecutive adsorption of polyelectrolytes 

and charged nanoparticles onto a substrate, was used to modify cellulose fibres and model 

surfaces for improved mechanical and wetting properties. In addition to being used to modify 

cellulose substrates, the LbL technique was also used to create cellulose surfaces suitable for 

high resolution adhesion measurements. LbL assembly of cellulose nanofibrils and 

polyethylenimine was used to prepare cellulose model surfaces on polydimethylsiloxane 

hemispheres which allowed for the first known Johnson-Kendall-Roberts (JKR) adhesion 

measurements between cellulose and smooth, well-defined model surfaces of cellulose, lignin 

and glucomannan. The work of adhesion on loading and the adhesion hysteresis were 

comparable for all three systems which suggest that adhesion between wood constituents is 

similar. The LbL technique was also used to decrease the hydrophilicity of paper, while 

improving the dry strength, by coating cellulose fibres with a polylallylamine hydrochloride 

(PAH) and polyacrylic acid (PAA) LbL film, followed by adsorption of anionic wax particles. 

Paper sheets made from the modified fibres were highly hydrophobic with a contact angle of 

150°, while retaining, and in some cases improving, the tensile index of the paper. It was also 

observed that PAH/PAA modified sheets without the addition of wax became hydrophobic 

when heat treated. The mechanism behind the increased hydrophobicity was studied by the 

interface sensitive technique, vibrational sum frequency spectroscopy, which indicated that 

the increased hydrophobicity is a result of the reorientation of polymer chains to expose more 

hydrophobic CH2 and CH groups at the polymer-air interface. Paper sheets prepared from 

LbL-modified bleached softwood fibres using PAH and the biopolymer hyaluronic acid (HA) 

exhibited a 6.5% strain at break and a tensile index which was increased 3-fold compared to 

unmodified fibres. The wet adhesive properties of the PAH/HA system were studied by 

colloidal probe atomic force microscopy and correlated to film growth and viscoelastic 

behavior. The presence of background salt was a crucial parameter for achieving high 

adhesion but time in contact and LbL film thickness also strongly affected the adhesion. 

Finally, the wet adhesive properties of carboxymethylcellulose (CMC), which had been 

irreversibly adsorbed to regenerated cellulose, and polyvinylamine (PVAm) were evaluated 

by means of 90° peel tests. Strong wet adhesion was achieved for dried rewetted samples 

without any obvious chemical crosslinking, which was attributed to interdigitation and 

complex formation in PVAm-CMC films. This system also gave significant wet adhesion for 

non-dried systems at water contents around 45%. 
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SAMMANFATTNING 

Ytegenskaperna hos fasta material kan effektivt modifieras genom växelvis adsorption av 

polyelektrolyter och/eller nanopartiklar genom att använda den så kallade multilagertekniken 

(eng. Layer-by-Layer, LbL). Här har tekniken primärt använts för att förändra ytegenskaperna 

hos cellulosafibrer och cellulosamodellytor med målet att förbättra materialets vätnings- och 

adhesionsegenskaper, men även för att tillverka släta och homogena cellulosamodellytor på 

halvsfärer av polydimetylsiloxan och dessa ytor användes sedan för adhesionsmätningarna 

mellan cellulosa, lignin och glukomannan med JKR-(Johnson-Kendall-Roberts)-metoden, 

vilket är första gången metoden används för att studera dessa biopolymerer. Adhesionen och 

adhesionshysteresen var likartad för alla tre systemen, vilket tyder på att det inte finns någon 

signifikant skillnad i växelverkan mellan de olika vedpolymererna.  

För att kontrollera vätningegenskaperna hos papper, med bibehållen pappersstyrka, användes 

LbL-tekniken för att växelvis adsorbera polyallylamin hydroklorid (PAH) och polyakrylsyra 

följt av adsorption av ett lager vaxpartiklar. Papper modifierade på detta vis var 

vattenavstötande med en kontaktvinkel mot vatten på upp till 150°. Samtidigt hade arken 

bibehållna, och vissa fall bättre, mekaniska egenskaper än ark gjorda av omodifierade fibrer. 

Även ark gjorda av LbL-modifierade fibrer utan avslutande tillsats av vaxpartiklar blev 

hydrofoba om de utsattes för en extra värmebehandling. Den underliggande mekanismen 

bakom detta fenomen studerades men hjälp av ytkänslig ”vibrational sum frequency 

spectroscopy” och denna studie indikerade att orsaken till den ökade hydrofobiciteten var 

omorientering av polymerkedjor där mer hydrofoba delar av kedjan orienterades mot 

luftgränsskiktet.  

För att signifikant ändra adhesionen och stykeegenskaperna hos papper så tillverkades ark av 

fibrer som LbL-modifierats med PAH och biopolymeren hyaluronsyra (HA). Denna 

modifiering gav ark med en brottöjning på 6.5% och med än tre gånger högre brottstyrka än 

referensark gjorda av omodifierade fibrer. Den adhesiva växelverkan mellan PAH/HA-filmer 

som funktion av filmegenskaper och tid studerades sedan med atomkraftsmikroskopi. 

Adsorption i närvaro av salt visade sig vara en nyckelparameter för att uppnå hög adhesion, 

men även kontakttid och filmtjocklek hade inverkan.  

Slutligen studerades 90° delamineringstest av cellulosamembran för att utvärdera adhesionen 

mellan karboxymethylcellulosa, som adsorberats på cellulosamembranen, och polyvinylamin. 

Hög adhesion uppnåddes för substrat som fått torka innan de vättes igen. Den föreslagna 

mekanismen är intrassling av polymerkedjor i polymergränsskiktet och komplexbildning 

mellan de två polymererna. Detta system gav även märkbar våt adhesion för prov som aldrig 

torkats innan mätning.  
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1 INTRODUCTION 

The layer-by-layer (LbL) technique to consecutively treat a solid substrate with 

oppositely charged polyelectrolytes and/or nanoparticles, has over the past 20 

years emerged as a new and effective way to assemble thin films and tailor the 

interface of solid materials[1].  

Both synthetic and natural polyelectrolytes are frequently used as additives in the 

paper making industry, and surface modification of cellulose fibres, the main 

constituent of paper, is thus a natural application for the LbL technique. Paper 

consists of a three dimensional network of individual cellulose-rich fibres. The 

adhesive properties of the fibre-fibre joints that connect the fibres are 

fundamental for the overall properties of the material. The possibility to tailor the 

joint by assembly of highly controllable LbL films opens up possibilities for new 

applications for fibre based materials [2]. 

One of the biggest disadvantages of paper-based materials when compared to, for 

example, plastics are their sensitivity to both liquid water and moist air. The two 

main routes to assess this challenge are to either make the paper hydrophobic, to 

prevent water to reach and disrupt the fibre-fibre joints, or to improve the wet 

resiliency of the fibre-fibre joint by adsorption of reactive polymers that 

crosslink the fibre-fibre joint. The versatility of the LbL technique opens 

possibilities for development of new approaches in this area as well.  

The key for identifying, developing and importantly understanding new systems 

for improved adhesion and wetting is well defined, highly controllable model 

studies. Fibrous networks and their constituent cellulose fibres are rough and 

complex, and thus not suitable for such studies and hence other well-

characterized cellulose model surfaces are needed. An interesting development in 

this area is the preparation of nano-scale components of the cellulose fibre, i.e. 

cellulose nanofibrils (CNF) and cellulose nanocrystals (CNC), which can be used 

to assemble cellulose model surfaces using LbL. High resolution measurements 

using well-defined model surfaces can help to establish mechanisms which then 

can be applied to more complex model systems and eventually to engineer 

improved material properties for real-life materials.  
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2 OBJECTIVES 

The overall objective of this thesis was to develop new routes to tailor the 

wetting and adhesive properties of cellulose fibres using the LbL technique and 

to clarify the underlying molecular mechanisms behind this behavior. In order to 

correlate molecular mechanisms with macroscopic effects, cellulose fibres and 

model surfaces of cellulose, lignin and hemicellulose were used. An 

understanding of the interactions between fibres, as well as within the fibre wall, 

is important for both fundamental understanding of the material itself and for 

effective surface modification using synthetic and natural polymers. Therefore 

the aim of paper I was to develop well-defined model surfaces of the main wood 

components for adhesion measurements using the Johnson-Kendall-Roberts 

(JKR) approach.  

In paper II the aim was to use the LbL technique to modify fibre surfaces using 

polyelectrolytes and wax colloids to create highly hydrophobic paper without 

deteriorating the mechanical properties. In paper III the molecular mechanism 

of the heat-induced hydrophobization observed in paper II was explored using 

well-defined model surfaces and the highly surface sensitive technique, 

vibrational sum frequency spectroscopy (VSFS). 

Paper IV investigated the correlation between wet and dry LbL systems 

exhibiting both linear and exponential film growth. Specifically, water-rich 

viscoelastic LbL films were studied by dual polarization interferometry (DPI) 

and quartz crystal microbalance with dissipation (QCM-D) and compared to dry 

sheets made from LbL-modified fibres. In Paper V the wet adhesive properties 

were studied for one of these systems, namely poly(allylamine hydrochloride) 

(PAH) and hyaluronic acid (HA). Colloid probe AFM was used to explore 

adhesion as a function of salt concentration, film thickness and contact time to 

understand how viscoelastic properties of the film relate to the mechanical 

properties of a dry adhesive between LbL-coated fibres. 

Paper VI aimed to clarify how the migration of polyelectrolytes across the 

interface of LbL-treated macroscopic surfaces could be utilized to improve the 

adhesion between wet cellulose membranes. The studied polymer system was 

irreversibly adsorbed carboxymethylcellulose (CMC) followed by adsorption of 

polyvinylamine (PVAm). 
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3 BACKGROUND 

3.1 Adhesion 

Adhesion science is the science describing how two materials adhere. 

Theoretically the thermodynamic work of adhesion upon separation of two 

surfaces depends solely on the interfacial energies of the separated surfaces and 

can be described by the Dupré equation [3]. In real systems however, phenomena 

such as surface roughness, plastic deformation and molecular rearrangement 

cause adhesion hysteresis and give rise to real non-equilibrium adhesive energy 

that can be orders of magnitude larger than the thermodynamic work of adhesion 

[3, 4]. It is challenging to measure and decouple these contributions but if the 

influence of the non-equilibrium effects can be understood, they can provide a 

powerful tool to understand and tailor the adhesion between surfaces. 

3.1.1 Adhesion in paper and fibrous networks 

Paper consists of a three dimensional network of individual cellulose-rich fibres. 

The overall properties of the material depend on the mechanical properties of the 

individual fibres, the properties of the adhesive fibre-fibre joints that connect the 

fibres and the number of effective fibre joints per unit volume of the network. 

Depending on the type of paper, the importance of the individual factors differs. 

It has been suggested by a theoretical analysis that the maximum strength of 

paper ultimately depends on the strength of the individual fibres [5] but it has 

also been suggested that the adhesion between the fibres is always the limiting 

factor [6]. The dry adhesion between two fibres, i.e. the strength of the fibre-

fibre joint, depends on the contact area between the fibres and the molecular 

interactions across that contact area. Traditionally the adhesion between pulp 

fibres is improved by beating, a mechanical treatment of the fibres that makes the 

fibres more flexible and fibrillates the surface, both of which contribute to an 

enlarged contact area in the fibre-fibre joint [7]. This method has several 

drawbacks however, including impaired dewatering on the paper machine, 

densification of the paper and high energy demand.  

An alternative to beating is chemical modification of the fibres, generally by 

adsorption of water-soluble charged polymers, usually poly-electrolytes, which 

improves the strength without densification of the paper and at a significantly 

lower energy cost. Cationic starch is the most commonly used dry strength 

additive, primarily due to its low cost, but synthetic polymers such as 

polyethylenimine (PEI) are also used [8]. Over the last 10 years it has also been 
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demonstrated that sequential deposition of oppositely charged polyelectrolytes 

by the LbL assembly technique [2] and adsorption of polyelectrolyte complexes 

[9] can further improve paper strength. 

Since the properties of the fibre-fibre joint are of crucial importance for the 

overall strength of paper and fibrous materials, fundamental understanding of the 

interactions within the joint is key to tailoring and control of mechanical 

properties. Lindström et al. [8] have identified a number of key factors that 

determine the strength of dry fibre-fibre joints. These include the molecular 

adhesion between the external layers of the often surface modified fibres, 

adhesion between the fibre surface and the additives, molecular contact area in 

the fibre-fibre joint, cohesive properties of the fibre, and the mechanical 

properties of the thin film of additives in the joint.  

These identified key factors can be isolated and studied in detail using model 

experiments to gain fundamental understanding of the interactions as well as 

information on how to tailor the interactions for improved functionality. Results 

from the model studies can then be compared to mechanical strength data of 

sheets from analogously treated fibres which then enables for conclusions about 

the influence of molecular mechanisms on bulk properties to be drawn.  

3.1.2 Adhesion between polymer surfaces 

As alluded to earlier, polymers can be used to modify surfaces for improved 

adhesion. The adhesion between polymer surfaces is a time dependent non-

equilibrium process that depends upon the inter-penetration of polymer chains 

across the interface. Since polymers are viscoelastic materials the time-scale and 

the extent to which this interdigitation occurs depends greatly on the material 

properties of the polymers. De Genne et al. have discussed and theoretically 

modelled aspects of polymer interdiffusion across interfaces. Several aspects 

have been studied such as the role of entanglement modes [10], the surface 

concentration of connector molecules [11], and the slowing down of chain 

interdiffusion after the addition of a crosslinker [12].  

Creton and co-workers used an experimental approach to show that the adhesion 

between two highly immiscible polymers, polystyrene (PS) and poly(2-

vinylpyridine) (PVP), could be significantly approved by adding a diblock co-

polymer of the two polymers at the interface. This was interpreted as a result of 

the entanglement of the PS and PVP blocks into their respective homopolymer at 

the interface [13]. Furthermore it was demonstrated that the fracture toughness 

increased with the areal density and the length of the blocks of the co-polymer. 
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The polymer interface was annealed for 2 h at 160°C to promote chain mobility 

and thereafter dried at 80°C for 8 h before testing [13]. 

The polymer interdiffusion process has also been studied by Israelachvili and co-

workers who used the surface force apparatus (SFA) to measure adhesion and 

friction forces between glassy substrates of PS and poly(vinyl benzyl chloride) 

[14, 15]. It was shown that crosslinking of the polymer substrates lowered the 

adhesion whereas chain scission increased it, leading to a conclusion that the 

adhesion between polymer substrates strongly depend on the population of free 

chain ends at the interface. The mechanism behind this was suggested to be that 

chain ends have high local mobility and could penetrate the surface across the 

interface. 

Contact mechanics has been used to study the adhesion hysteresis between two 

cross-linked PDMS hemispheres [16] and between PDMS and silica [17, 18]. It 

was suggested that the adhesion hysteresis for the all-PDMS system was due to 

interdigitation of tethered polymer chains across the interface [16]. The PDMS-

silica system also displayed hysteresis which was explained to be due to 

rearrangement of polymer chains near the interface which, with time, relieved 

shear stresses and allowed for strong hydrogen bonds across the interface [17, 

18]. Contact mechanics has also been used to study the adhesion between 

PDMS-modified with PS and poly(methyl methacrylate) (PMMA) [19]. 

From the above mentioned studies it is clear that the measured adhesion between 

polymer surfaces is highly promoted by polymer mobility across the interface. 

As a result, the results are strongly influenced by parameters such as contact 

time, load and rate of separation. Furthermore it has been shown that other 

factors that affect the polymer mobility such as temperature relative to the glass 

transition temperature (Tg) [20, 21] and relative humidity [22] also affect the 

adhesion. Adhesion typically peaks at a temperature near Tg and at intermediate 

relative humidity.  

3.1.3 High resolution adhesion measurements 

Several high resolution techniques are available for direct measurements of 

molecular adhesion between solid substrates. These include the SFA [23], 

colloid probe AFM [24] and various devices for adhesion measurements based 

on the Johnson-Kendall-Roberts (JKR) theory [25-27]. These techniques have 

various advantages and limitations and allow for substrates of different materials 

and geometries. Despite the differences, all high resolution adhesion 

measurement techniques have in common that they require smooth, chemically 
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well-defined substrates in order for accurate conclusions about molecular-scale 

mechanisms to be drawn. Many surfaces that are the target for interaction studies 

or surface modification, including cellulose fibres, are unfortunately normally 

anything but nanometer-level smooth and chemically homogeneous. Therefore, 

to be able to facilitate the application of high resolution adhesion measurements, 

relevant model surfaces need to be developed.  

Silica and mica are the most commonly used substrates and are either used neat 

or surface-modified to further mimic a given material. In this thesis, smooth 

model surfaces of the main components in wood, cellulose, hemicellulose and 

lignin, were prepared on silica substrates and used in fundamental studies of dry 

adhesion using the JKR approach. Colloid probe AFM was used to study 

adhesion under wet conditions including both formation and breaking of 

adhesive joints. Wet adhesion is an important research area on its own but also of 

particular importance for the dry adhesion in joints that are formed during 

removal of water, e.g. formation of fibre-fibre bonds in paper. This latter aspect 

is important since an additive can function to improve the molecular contact in 

an adhesive joint whereas it might have only a small influence on the dry joint 

properties. Other additives can induce both a better contact and improve the 

mechanical properties of the joint. In the AFM experiments, silica substrates 

were used to enable comparisons to previous studies. The methodologies for 

both colloid probe AFM and the JKR technique are further discussed in the 

Experimental Section.  

3.2 Wetting 

When a drop of liquid is placed on a surface it adapts a constant shape with an 

angle towards the surface which is called the contact angle, θ. The cosine of the 

equilibrium contact angle for a particular liquid is considered to be characteristic 

of the interaction between the liquid and the solid and is used as an indicator of 

the wettability of the surface. For a smooth, homogeneous, impermeable and 

non-deformable surface this situation is described by Young’s equation: 

𝛾𝑠𝑣 = 𝛾𝑠𝑙 + 𝛾𝑙𝑣 cos 𝜃   (1) 

where θ is the contact angle of the liquid at the solid-liquid-vapor boundary, 𝛾𝑠𝑣 

is the surface tension of the solid, 𝛾𝑙𝑣is the surface tension of the liquid and 𝛾𝑠𝑙 is 

the interfacial tension between the solid and the liquid. 
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In practice however, most surfaces do not possess the ideal characteristics which 

allow for the use of Young’s equation in its original form, the main reasons 

being surface roughness and chemical heterogeneity of the surface.  

The contact between a liquid and a rough surface can adopt two states; either the 

liquid is in complete contact with the solid surface or the drop rests on a 

composite surface of solid and air. The relation between the apparent contact 

angle (θ
*
), the surface roughness (r), defined as the ratio of the true to the 

projected area, and the intrinsic contact angle θ for a drop in complete contact 

with the surface (Figure 1a) have been described by the Wenzel equation [28]: 

cos 𝜃∗ = 𝑟 cos 𝜃   (2) 

The state where the drop is resting on a composite surface of solid and air 

(Figure 1b) has been described by the Cassie-Baxter equation [29]: 

cos 𝜃∗ = 𝑓1 cos 𝜃 − 𝑓2   (3) 

Where f1 is the surface area of the liquid in contact with the solid divided by the 

projected area, and f2 is the surface area of the liquid in contact with the trapped 

air divided by the total surface area. 

 

Figure 1. Water drop in (a) the Wenzel state and (b) the Cassie-Baxter state. 

The apparent contact angle is used to describe the water repellency of a surface. 

If the contact angle is lower than 90° a surface is considered hydrophilic and if 

the contact angle is larger than 90° the surface is hydrophobic basically since the 

cos  changes sign at 90°. Lately, so called superhydrophobic surfaces, which 

have a contact angle >150° and a low tilting angle for causing the droplets to roll 

off the surface, have gained much attention due to their water repellency, self-

cleaning ability and anti-fouling properties. A well-known superhydrophobic 

surface in nature is the lotus leaf which has a contact angle of 164° and a very 

low roll-off angle. The surface morphology of a lotus leaf consists of 5-9 µm 

wide micropapillae and these are covered by smaller, roughly 100 nm sized, wax 

tubules. This combination of micro- and nano-sized surface features combined 
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with a hydrophobic surface is a typical prerequisite for a truly superhydrophobic 

surface. 

Lately, however, an increasing body of literature is suggesting that certain 

roughness geometries can result in highly hydrophobic surfaces even on 

substrates that start out slightly hydrophilic [30-33]. This has also been 

theoretically examined by Liu et. al. [34] who concluded that for certain 

geometries such as mushroom-like microstructures and hierarchical micro- and 

nanostructures, highly hydrophobic surfaces may be created from rather 

hydrophilic substrates.  

3.2.1 Wetting of fibrous materials 

One of the biggest disadvantages of paper-based materials when compared to, for 

example, plastics is their sensitivity to both liquid water and moist air. 

Traditionally paper is protected from liquid water through a process called sizing 

where fibres are treated with rosin size and alum (acidic sizing), or with alkyl 

ketene dimer (AKD) wax or alkenylsuccinic anhydride waxes (alkaline sizing) 

prior to sheet formation [35]. Using AKD it is possible to achieve a water contact 

angle of approximately 110° [36]. To achieve more hydrophobic paper surfaces 

knowledge about engineering of superhydrophobic surfaces needs to be used to 

combine new chemicals with micro and nanostructure.  

The wetting of a fibrous material such as paper is complex due to the chemical 

and physical heterogeneity of the surface. For a hydrophilic material like 

lignocellulosic fibres the problem is further complicated by simultaneous 

spreading of liquid on the surface and absorption of liquid into the pores of the 

material. Well-defined and smooth model surfaces are therefore highly relevant 

for systematic studies of new routes to improve wetting properties for fibrous 

materials. 

3.3 Tailoring of surfaces using the layer-by-layer 
technique 

3.3.1 A versatile surface engineering technique 

Using the layer-by-layer (LbL) technique for surface modification of solid 

substrates was first discussed by Iler [37] for oppositely charged colloids and 

later developed as a general method for soluble polyelectrolytes and 

combinations of polyelectrolytes and colloids by Decher in the 1990’s [38, 39]. 

The technique, by which polyelectrolyte multilayers (PEMs) are formed, has 
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since developed rapidly as a robust, flexible, and environmentally friendly 

surface engineering technique and notable applications include contact lens 

coatings [1], sensor technology [40], antibacterial fibre coatings [41], flame 

retardant fabrics [42] and hollow capsules for controlled release of drugs [43].  

The basic principle of the LbL technique is consecutive adsorption of oppositely 

charged polyelectrolytes (or poly-charged objects) onto a charged substrate 

(Figure 2). In between each adsorption step, the surface is rinsed to remove non-

electrostatically bound or loosely associated material. This procedure is repeated 

until the desired thickness is reached. Each adsorption step follows the 

fundamental principles of polyelectrolyte adsorption onto flat substrates [44] and 

the adsorption process is entropy driven due to the release of counter ions upon 

adsorption of the polyelectrolyte at the surface [45]. For macroscopic substrates 

the most common way to deposit PEMs is by dipping of the solid substrate into 

polyelectrolyte baths, but spin coating and spraying techniques are used as well 

[1]. 

 

Figure 2. Schematic diagram of LbL assembly, whereby a charged substrate is immersed in 

solutions of alternatingly charged polyelectrolytes with rinsing steps in between. 

The properties of an LbL film can be tailored by controlling a number of 

parameters including the repeating unit and molecular weight of the 

polyelectrolytes, salt concentration, salt type, pH, incorporation of drying steps 

and temperature. The pH is of particular importance if weak polyelectrolytes are 

used since their charge is pH-dependent. An extensive summary of the 

relationship between assembly conditions and the properties of LbL films has 

been published and is available elsewhere [1]. 

Lately, several research groups have started to utilize the potential of the surface 

charge and dimensions of nanocellulose (CNC, CNF) and have included fibrils 

and nanocrystals as components in LbL assembly [46-49]. In this work, such 

films have been used to prepare model surfaces for cellulose I interaction studies. 
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3.3.2 LbL modification for improved adhesion 

Direct interaction studies between LbL covered surfaces are relatively rare in the 

literature. SFA has been used to measure the interaction between substrates 

covered by a maximum of two [50] or four [51] monolayers of poly(allylamine 

hydrochloride) (PAH) and poly(styrene sulfonate) (PSS). In both these studies, 

the LbL films were assembled and dried ex situ and then placed in the instrument 

and rewetted. Lowack [50] observed high adhesion for one bilayer of PAH/PSS, 

whereas Blomberg [51] detected no adhesive force for symmetrical systems. 

Similarly, the adhesion between LbL films of PAH/PSS has also been evaluated 

using colloidal probe AFM [52, 53]. The adhesion for symmetric systems of LbL 

covered surfaces was weak [52] whereas in an asymmetric system, where one of 

the surfaces was a bare glass sphere, there was significantly higher adhesion 

when cationic PAH was adsorbed as the outermost layer than when anionic PSS 

was the outermost layer. The latter effect was attributed to electrostatic 

interactions since glass is negatively charged in liquid. 

Colloidal probe AFM has also been used in several studies to investigate the 

adhesive pull-off force for wet LbL films of PAH and poly(acrylic acid) (PAA) 

assembled in situ in the AFM [54-56]. These studies all demonstrated that the 

adhesive forces increased with number of adsorbed layers and that the pull-off 

force was strongly dependent on the polyelectrolyte adsorbed in the outermost 

layer. A relationship was found between the viscoelastic properties of the wet 

film and the wet adhesion where more mobile LbL films (with a lower viscosity 

and a lower elastic modulus), in this case PAH-capped films, gave higher pull-

off forces than did more rigid PAA-capped films [54]. It was also shown that the 

pull-off force increased with contact time and that stronger adhesion was 

achieved for pairs of lower molecular weight polyelectrolytes than for higher 

molecular weight [56]. The latter was attributed to a larger number of mobile 

chain ends for the lower molecular weight in relation to the higher molecular 

weight. The work of adhesion between PAH/PAA films have also been 

evaluated using the JKR approach [57] where a large influence of the surface 

roughness was demonstrated using various shear adhesion tests [58, 59]. 

In addition to macroscopic substrates, LbL films can also be assembled onto 

particles and fibres in aqueous dispersions. The rinsing step is then carried out by 

filtration or centrifugation. Wågberg successfully applied the LbL technique to 

engineer the surface properties of cellulose fibres in order to improve paper 

strength [2]. In subsequent studies the relationships between polyelectrolyte 

adsorption, film properties and paper strength have been examined [60, 61]. 
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Even though tensile tests of paper made from LbL-modified fibres only provide 

indirect information about the adhesive strength of the fibre-fibre joint, the 

results obtained strongly suggest that that LbL-modification improved the joint 

strength. Measurements of the strength of individual fibre-fibre crosses of LbL-

modified fibres have also indicated that PAH/PAA improves the joint strength 

between fibres [62]. The adhesion results for the PAH/PAA studies over 

different length scales all follow the same trends and demonstrate both the 

relevance of LbL systems to promote adhesion and the usefulness of high 

resolution model studies to real-world material applications. 

3.3.3 LbL for engineering of hydrophobic and superhydrophobic 

surfaces 

The LbL technique has been used to prepare hydrophobic and superhydrophobic 

surfaces. A common approach is to incorporate nanoparticles into the LbL 

assembly and thus to create a nano-structured surface. In order to achieve a low 

enough surface energy the surfaces are then usually fluorinated [63-66]. This 

approach has also been successfully employed to cellulose-based substrates in 

the form of electro-spun cellulose acetate [67] and filter paper [68]. Paper with 

short-term hydrophobicity up to 120° has been produced by coating paper sheets 

with PAH and kaolin clay particles [69], however this contact angle quickly 

decreases with time. 

Zhai et al. created stable hydrophobic coatings by acid etching of thick 

PAH/PAA films followed by adsorption of silica nanoparticles to create a micro- 

and nanostructure which was subsequently coated with a fluorinated silane [70]. 

Finally, Glinel et al. [71] achieved a uniform hydrophobic coating by adsorbing 

anionic colloidal wax to the external layer of a PAH/PSS film. Adsorption of the 

wax increased the contact angle of the film and reduced the water uptake. 

Subsequent heat treatment of the film resulted in spreading of the wax atop the 

film and annealing into the film further reduced the water permeability and 

increased the contact angle.  

3.4 Wood biopolymer model surfaces 

As previously discussed, well-defined and smooth surfaces are essential for 

thorough and reproducible studies of adhesion and wetting on a molecular level. 

A common approach is to use neat or gently surface modified silica or mica, 

which have low surface roughness and permit controlled surface modifications, 

as model surfaces. Such surfaces were used in adsorption and adhesion studies 

throughout this work. Additionally various procedures to prepare more 
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sophisticated model surfaces representing the three main wood components, 

cellulose, hemicellulose, and lignin are described in the literature. Model 

surfaces of regenerated cellulose have previously been prepared using the 

Langmuir-Blodgett technique with trimethylsilyl cellulose [72] and by spin 

coating of cellulose dissolved in mixtures of N-methylmorpholine-N-oxide 

(NMMO) and dimethylsulfoxide (DMSO) [73] or lithium chloride/ 

dimethylacetamide (LiCl/DMAc) [74]. Spin coating has also been used to 

prepare cellulose surfaces from suspensions of CNC [75] and CNF [76]. In 

addition, CNC [48] and CNF [46, 77] have been used in LbL assembly together 

with cationic polyelectrolytes to form model cellulose films. The morphology 

and crystallinity of these surfaces vary depending on starting material and 

preparation technique [78]. CNF consists of natural cellulose I and contains both 

crystalline and paracrystalline regions which makes it an appropriate candidate 

as a model cellulose surface [46]. The fibrillar structure that is obtained when 

model surfaces are formed from CNF also resembles that of the cellulose fibre. 

Model surfaces have been used to study the interaction between cellulose 

surfaces in water using SFA [72] and colloidal probe AFM [47, 79-83] and two 

comparative studies have demonstrated that the preparation technique used, 

which determines the morphology and surface charge, was crucial for the 

cellulose interactions measured [81, 82].  

Lignin model surfaces were first prepared in the early 1970’s [84] and since then 

numerous surfaces have been prepared using various lignin sources and routes of 

isolation. Norgren et al. [85] prepared stable lignin model surfaces, by spin-

coating kraft lignin dissolved in an aqueous alkaline solution, that were used for 

interaction studies with cellulose in water using colloidal probe AFM [86]. The 

same surfaces were also used in wetting studies where it was shown that lignin 

was partially wetted by water [87]. Spin-coated surfaces have also been prepared 

from milled wood lignin [88]. In the present work, lignin model surfaces were 

prepared from commercial kraft lignin, Indulin AT. 

Hemicelluloses occur in various amounts in wood. In softwoods, hemicelluloses 

from the galactoglucomannan (GGM) family are predominant [89]. Two main 

GGMs can be found, one galactose-rich that is water soluble, and one galactose 

poor, called glucomannan, that is water insoluble [89, 90]. There are few reports 

of model surfaces of hemicellulose for interaction studies in the literature. The 

interaction between surfaces of gold-grafted xyloglucan and cellulose has been 

studied using colloidal probe AFM [91] and specific interactions between 

cellulose and xyloglucan were reported. 
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4 EXPERIMENTAL 

To support the understanding of the experimental results of this work, the key 

experimental details are summarized below. For further details the reader is 

referred to the appended papers and the references therein.  

4.1 Materials 

4.1.1 Substrates 

The fibres used throughout this work were an unbeaten, once-dried, virgin 

softwood kraft pulp (SCA, Östrand Mill, Sweden) bleached according to a 

(OO)Q(OP)(ZQ)(PO)-sequence. Before use, the pulp was washed and the 

carboxyl groups of the fibres were converted to their sodium form according to 

an earlier described procedure [92]. 

Dissolving grade pulp from Aditya Birla Domsjö AB (Domsjö, Sweden) was 

used for the preparation of regenerated cellulose II model surfaces and for the 

preparation of cellulose nanofibrils (CNF). The pulp was extracted with acetone 

before use. 

Regenerated cellulose dialysis tubing (Spectra/Por, 12-14 kDa MWCO, 

Spectrum Laboratories Inc, Rancho Dominguez, USA) was cut in rectangles to 

give top (2x6 cm) and bottom (3x6 cm) membranes and boiled in water to 

remove preservatives. Earlier work show that the moisture content of dry 

purified membranes is 5% w/w (23°C, 50% RH) and they swell to 50% w/w 

immersed in water. The surface roughness was 5 nm dry and 50 nm wet [93]. 

Polished silicon wafers with a natural oxide layer of 1.4-1.7 nm, were purchased 

from MEMC Electronic Materials SpA (Novara, Italy). The surfaces were 

cleaned thoroughly with milli-Q water and ethanol, blown dry with nitrogen and 

finally plasma-cleaned for 2 min at 30 W (PDC-002 plasma cleaner; Harrick 

Scientific Inc., Pleasantville, USA) before use. Microscope glass slides (Kindler 

GmbH, Freiburg, Germany) and CaF2 windows (CeNing Optics, China) were 

cleaned with Deconex followed by the plasma cleaning procedure above.  

PDMS (Dow Sylgard 182 silicone elastomer kit, base and curing agent) was 

purchased from Dow Corning (Midland, USA). Droplets of degassed 10:1 

mixture of base and catalyst were placed onto hydrophobized glass to form semi-

spherical PDMS caps with a typical radius of 1.1 mm. The size of each 

individual PDMS cap used in the experimental series was measured. The caps 
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were cured at 100 °C for 1 h and were thereafter extracted in heptane for 12 h 

using a Soxhlet extraction setup in order to remove unreacted monomer. Flat 

slabs of PDMS were also prepared in a glass mold, supported by a silicon wafer 

using the same proportions of base and catalyst. 

4.1.2 Chemicals 

Poly(allylamine hydrochloride) (PAH; Mw = 15 kDa and 56 kDa), poly(acrylic 

acid) (PAA; Mw = 7000 kDa and 320 kDa) and hyaluronic acid (HA; Mw = 

1600 kDa) were all purchased from Sigma-Aldrich (Munich, Germany). PAH 

120 kDa was purchased from Polysciences (Warrington, USA). 

Poly(ethylenimine) (PEI; Mw = 60 kDa, 53% aqueous solution) was obtained 

from Acros Organics (Geel, Belgium). Anionic paraffin wax, Ultralube E-340, 

was purchased from Keim-Additec Surface Gmbg (Kirchberg, Germany). The 

wax colloids were of commercial grade with a melting temperature of 56–58 °C 

according to information provided by the supplier. The polyelectrolytes and wax 

were used as received without further purification. 

Polyvinylamine (PVAm) of commercial grade with a molecular weight of 10, 45, 

340 and 400 kDa was provided by BASF (Ludwigshafen, Germany). Two 

versions of the 400 kDa PVAm were delivered with 30% and 50% degree of 

hydrolysis respectively. One 400 kDa sample was further hydrolyzed using 5% 

NaOH at 75 °C for 48 h under nitrogen purge to give fully hydrolyzed PVAm. 

All PVAm samples were purified by exhaustive dialysis against Milli-Q water 

followed by lyophilization. 

Polyamideamine epichlorohydrine (PAE) Kymene 5221 of commercial grade 

was supplied by Ashland (Columbus, OH) and used as received. 

Anionic cellulose nanofibrils were prepared at Innventia AB (Stockholm, 

Sweden) according to a method described earlier [46, 94]. In brief, the CNF was 

prepared from the commercial sulfite softwood dissolving pulp (Aditya Birla 

Domsjö AB, Domsjö, Sweden) using high-pressure homogenization similar to a 

previously described method [95], but with carboxymethylation [96] 

pretreatment of the fibres. The carboxylated nanofibrils had a typical diameter of 

5-15 nm and a length of up to 1 µm [46]. 

Glucomannan from Norway spruce (Picea abies) wood holocellulose was 

extracted with NaOH/H3BO4 and precipitated with the Fehling reagent [90]. The 

precipitate was washed with deionized water, dissolved in 1 M HCl, and further 

precipitated and washed with ethanol. The purified glucomannan was composed 
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of galactose, glucose, and mannose in a 0.03:1:3.4 ratio and the number average 

molecular weight (Mn) as determined using size exclusion chromatography, was 

93000 g mol
-1

, corresponding to a degree of polymerization (DP) of 510 [90]. 

Commercial kraft lignin, Indulin AT, was obtained from MeadWestvaco 

(Richmond, USA) and was purified according to a procedure previously 

described by Norgren et al. [85]. To remove carbohydrates, the lignin was 

dissolved in a dioxane:water mixture (9:1) and stirred for 2 h at room 

temperature. The solution was centrifuged and the residue, containing 

undissolved carbohydrates, was removed. The dioxane was thereafter evaporated 

in a rotary evaporator and the lignin was freeze-dried. To remove extractives, the 

freeze-dried lignin was subjected to pentane extraction for 8 h. The number 

average molecular weight (Mn) of Indulin AT, determined by size exclusion 

chromatography, has previously been demonstrated to be Mn=1062 g mol
-1

 with 

a polydispersity index of 5.18 [97]. 

Carboxymethylcellulose (CMC) Finnfix 700G with an average molecular weight 

of 270 kDa and degree of substitution (DS) of 0.7 was obtained from CP Kelko 

(Atlanta, USA) and was used without further purification. 

2,2,6,6,-tetramethyl-1-piperidinyoxy radical (TEMPO), sodium hypochlorite 

(NaClO) and chloroacetic acid were supplied by Sigma Aldrich (Munich, 

Germany) and were of analytical grade. 

Methyl iodide was obtained from Acros Organics (Geel, Belgium) and glycerol 

from Sigma Aldrich (Munich, Germany). Both chemicals were of analytical 

grade and were used as received. 

All other chemicals (hydrochloric acid, sodium hydroxide, sodium chloride, 

sodium bromide and sodium bicarbonate) were of analytical grade. 

All aqueous solutions were prepared in Milli-Q purified water with a resistivity 

of 18.2 MΩ cm (Synergy 185, Millipore, Billerica, USA) 

4.2 Methods 

4.2.1 LbL formation on flat substrates 

LbL films were assembled on SiO2 wafers, glass and cellulose model surfaces by 

manual solution dipping when there were only a few layers or by using a dipping 

robot (StratoSequence VI, nanoStrata Inc., Tallahassee, USA) using the same 

protocol. 
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Cellulose I model surfaces were prepared through LbL assembly of CNF and 

PEI (paper I). An initial anchoring layer of PAH was adsorbed followed by 1.5 

bilayers of CNF/PEI resulting in an LbL film with CNF in the outermost layer. 

The adsorption time for PAH and PEI was 10 min and CNF was allowed to 

adsorb for 20 min. Three 2 minute rinsing steps were included between each 

adsorption step. 

For in situ measurements of adsorption and adhesion, LbL assembly was made 

through continuous flow of the respective polyelectrolytes through the measuring 

cell. Polymer concentrations of 100 mg/L and a 100 µL/min flow rate of were 

used in all measurements.  

4.2.2 LbL formation on fibres 

LbL modification of pulp by consecutive treatment of cationic and anionic 

polyelectrolytes was carried out according to a procedure described previously 

[2]. In paper II, in each step 30 mg polymer/g fibre was added to a 4 g/L fibre 

suspension. Each adsorption step was 20 min and at the end excess 

polyelectrolyte was removed by filtration and washing of the fibre pad. The pad 

was then resuspended to a 4 g/L suspension and the other polyelectrolyte was 

added and allowed to adsorb for 20 min, followed by filtration and rinsing. This 

was repeated until 2.5 bilayers (PAH/PAA)2.5 had been adsorbed. A background 

electrolyte concentration of 10 mM NaCl was used and PAH and PAA were 

adsorbed at pH 7.5 and 3.5 to maximize the adsorption. Anionic wax particles 

were then adsorbed as a final step and no rinsing filtration was performed prior 

to sheet formation. 

LbL build-up in paper IV was carried out on a larger scale since one sheet was 

prepared after each layer. Two systems, PEI/CNF and PAH/HA, were examined, 

with and without 10 mM NaCl. The amount of polymer to add in each adsorption 

step was determined by a combination of polyelectrolyte titration and dual 

polarization interferometry (section 4.2.9) for each combination of 

polyelectrolytes and salt. 3.6 g/L pulp suspensions were used and 

polyelectrolytes were adsorbed for 10 min. The pH was left unadjusted but 

monitored. After each adsorption step, 1 L of the suspension was taken out to 

prepare a sheet. The rest of the suspension was filtered off to remove excess 

polyelectrolyte and then resuspended to 3.6 g/L. No extra washing was steps 

were used. The procedure was repeated until sheets with up to 5 LbL bilayers 

had been prepared. 
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4.2.3 Hand sheet preparation and evaluation 

Hand sheets with an average grammage of 100 g/m
2
 were prepared using a Rapid 

Köthen handsheet former (Paper Testing Instruments, Pattenbach, Austria). The 

sheets were dried at 93 °C under a reduced pressure of 96 kPa for 15 min. Some 

of the sheets in paper II were cut in half and further heat-treated for 30 min at 

160 °C to induce cross-links in the multilayer structure and thus to increase the 

tensile strength [62, 98] and to allow for the adsorbed wax to spread on the 

surface and fuse within the LbL film. 

Sheets were conditioned at 23 °C and 50% RH, after which the grammage (mass 

per unit area) was determined and uniaxial tensile testing was performed 

according to the ISO 1924-3 standard. The tensile index, which is the maximum 

tensile force at break per unit width and grammage, as well as the stress and 

strain at break were used to evaluate the properties of the LbL-modified sheets.  

Nitrogen analysis using an ANTEK MultiTek (PAC, Houston, USA) was used to 

determine the amount of nitrogen in the sheets and thus the amount of adsorbed 

nitrogen containing polyelectrolytes (PAH and PEI).  

4.2.4 Spin coating 

Spin coated CNF films were prepared from 0.1 wt% solution of 

carboxymethylated CNF onto cleaned SiO2 substrates at 1500 rpm for 15 s 

followed by 3500 rpm for 30 s using a KW-4A spin coater (Chemat Technology, 

Northridge, USA). 

Lignin and glucomannan were dissolved in NH3 at 1 wt% and 2 wt%, 

respectively for 24 h and then filtered through 0.45-µm polyethersulfone 

membrane syringe filters. The solutions were thereafter spin-coated onto cleaned 

silicon oxide substrates at 2000 rpm for 60 s. 

4.2.5 Surface modification of regenerated cellulose membranes 

In paper VI, three different routes were used to modify the surface of substrates 

cut from regenerated cellulose dialysis tubing. The routes are outlined briefly 

below, for more details see the appended paper. 

Irreversible CMC adsorption 

The cellulose membranes were surface modified by irreversible adsorption of 

CMC as first demonstrated for pulp fibres by Laine et al. [99]. The conditions 

required for this adsorption is high ionic strength, high temperature and 
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sufficiently long contact time. In the present work, adsorption was made from a 

solution of 20 mg CMC/g cellulose in 50 mM CaCl2 at 95 °C for 2 h. The pH 

was adjusted to 8. Following the CMC attachment, the membranes were washed 

with Milli-Q water until the conductivity was <1 µS cm
-1

.  

Carboxymethylation 

Carboxymethylation was carried out according to the method of Walecka [96]. 

Membranes were solvent exchanged to ethanol followed by impregnation for 30 

min with a solution of chloroacetic acid dissolved in 2-propanol. The 

concentration of chloroacetic acid theoretically determines the degree of 

substitution (DS) of the cellulose. Three different concentrations were used 

(27.4, 54.8 and 82.2 mg/g cellulose) targeting a DS of 0.03, 0.06 and 0.09, 

respectively. The impregnated membranes were transferred to a 0.14 M solution 

of NaOH in methanol/isopropanol which was heated to boiling. The reaction 

proceeded under boiling for 1 h, after which the membranes were removed and 

washed with copious amounts of Milli-Q water. The membranes were 

subsequently washed with 0.1 M acetic acid and more Milli-Q water. Finally the 

membranes were soaked in 4% (w/w) NaHCO3 solution for 1 h, to ensure that 

the carboxyl groups were in their sodium form before they were washed with 

Milli-Q water until the filtrate had a conductivity of <1 µS cm
-1

. 

TEMPO-oxidation 

Cellulose membranes were also oxidized with 2,2,6,6,-tetramethyl-1-

piperidinyoxy radical (TEMPO), sodium bromide (NaBr), and sodium 

hypoclorite (NaClO) following the procedure of Kitaoka et al. [100]. The 

concentrations were; TEMPO 0.034 g/L, NaBr 0.34 g/L, and NaClO 2.8 wt. % 

based on dry cellulose mass. The oxidation reaction was carried out for 20 min at 

room temperature under stirring, with the pH maintained at 10.5 by addition of 

NaOH. The oxidation was stopped by the addition of ethanol after which the 

membranes were removed and carefully rinsed with Milli-Q water. The oxidized 

membranes were stored at 4°C until use, which was within a few days. 

4.2.6 JKR adhesion measurements 

The protocol for measuring dry adhesion in this work, where elastic surface 

modified PDMS hemispheres are used as probes, is based on the JKR contact 

mechanics theory [25] and was developed in the early 1990’s by Chaudhury and 

Whitesides [26]. In a typical JKR-experiment, a fully elastic PDMS hemisphere 

is pressed step wise towards a flat surface (Figure 3) placed on a balance which 
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monitors the load. The area of contact at a given load can be observed through 

the transparent hemisphere and is monitored by a light microscope connected to 

a CCD-camera. The hemisphere is pressed towards the flat surface in finite steps 

and the system is allowed to equilibrate for 10 min before the next step. The load 

and contact area are recorded at the end of each time step. The surfaces are 

loaded until a trigger value of 0.25 g is recorded, at which point the surfaces are 

unloaded again until the surfaces are completely separated. 

 

Figure 3. Illustration of the contact between a hemispherical PDMS cap and a flat surface. 

The grey area is the projected contact area. Illustration by Mats Rundlöf, AB Capisco 

Science and Art  

According to the JKR theory [25], the cube of the contact radius (𝑎3) and the 

applied load (𝐹) can be related to the work of adhesion (𝑊) between the 

hemisphere and the flat surface according to: 

  𝑎3 =
𝑅

𝐾
 [𝐹 + 3𝜋𝑊𝑅 + √6𝜋𝑊𝑅𝐹 + (3𝜋𝑊𝑅)2] (4) 

where 𝐾 is the elastic constant for the system and 𝑅 is the equivalent radius. For 

hemisphere/flat geometry R equals the radius of the hemisphere which in this 

work was typically 1.1 mm. 

The adhesion at the minimum load, 𝑊𝑚𝑖𝑛 can be calculated from the maximum 

pull-off force 𝐹𝑆 according to: 

𝐹𝑆 =
3

2
𝜋𝑅𝑊𝑚𝑖𝑛   (5) 
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4.2.7 Contact angle measurements 

Static contact angles were determined for LbL films using a KSV CAM 

goniometer (KSV Instruments, Helsinki, Finland). The contact angles were 

determined at 23 °C and 50% RH and the drop size was 5 µL in all experiments.  

In paper I contact angles were used to calculate the surface energy of the model 

surfaces of cellulose, glucomannan and lignin. Static contact angles were 

measured using Milli-Q purified water, methylene iodide, and glycerol and the 

surface energy was calculated according to the method of van Oss [101, 102], 

where the surface energy is split into a dispersive, 𝛾𝑑, and a polar component 

consisting of acid, 𝛾+ , and base, 𝛾−, contributions: 

  
(1+𝑐𝑜𝑠 𝜃)𝛾𝑙

2
= √𝛾𝑠

𝑑𝛾𝑙
𝑑 + √𝛾𝑠

−𝛾𝑙
+ + √𝛾𝑠

+𝛾𝑙
− (6) 

where 𝛾𝑙 is the surface tension of the liquid and 𝛾𝑠 is the surface energy of the 

sample. The surface tensions used in this work were taken from Della Volpe 

[103]. 

4.2.8 Vibrational sum frequency spectroscopy (VSFS) 

Vibrational sum frequency spectroscopy is a second order non-linear optical 

spectroscopic technique which is inherently surface sensitive [104, 105]. The 

VSFS signal is generated in non-centrosymmetric environments such as the 

boundary between two centrosymmetric media which is the reason for the 

surface specificity since isotropic bulk media is non-centrosymmetric. The 

technique is applicable for all interfaces accessible by light, e.g. air-solid, liquid-

solid and liquid-liquid interfaces. VSFS utilizes two pulsed laser beams, one at a 

fixed visible frequency (ωvis) and one that can be tuned in the infra-red (IR) 

region (ωIR). The beams overlap in time and space at the interface, and an output 

beam is generated with the sum frequency of the two beams, ωSFG = ωvis + ωIR. 

The sum frequency process can be viewed as a resonant IR absorption followed 

by a nonresonant Raman process, meaning that a molecule needs to be both IR 

and Raman active to cause sum frequency generation. 

The VSFS spectrometer used in this work has been described in detail elsewhere 

[106]. In brief, an Ekspla (Vilnius, Lithuania) Nd:YAG picosecond laser with an 

output wavelength of 1064 nm was used to pump an optical parametric 

generator/optical parametric amplifier (OPG/OPA) from Laservision (Bellevue, 

USA). A tunable infrared beam and a visible beam (532 nm) were generated in 

the OPG/OPA. The output energy from the OPG/OPA in the CH region (2750-
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3100 cm
-1

) was approximately 300 µJ. The scanning speed for the infrared beam 

was 1 cm
-1

/s. A Spectrogon filter was used at the output of the OPG to remove 

residual reflections of unwanted frequencies.  

4.2.9 Dual polarization interferometry (DPI) 

DPI studies of the LbL film build-up in papers IV and V were carried out using 

an Analight Bio200 (Farfield Sensors Ltd, Manchester, UK) with a silicon 

oxynitride chip. The theory of the method is thoroughly described elsewhere 

[107, 108]. Briefly, a laser beam, which can be switched between two 

perpendicular polarizations, is illuminating one end of the chip. The plane 

polarized laser beam is split and travels separately through two wave guides, one 

sensing, in contact with the treated surface, and one reference. The two signals 

are then again combined at the exit from the chip and the created interference 

pattern is detected by a CCD-camera as a fringe pattern. In the DPI measurement 

the changes in the refractive index and thickness of an adsorbed layer in the 

sensing wave guide surface causes a phase change in the light traveling down 

that wave guide. The phase change causes a shift in the fringe pattern. By 

solving Maxwell’s equations for the two polarizations, the mean refractive index 

and the optical thickness of the adsorbed film is obtained.  

4.2.10 Quartz crystal microbalance with dissipation (QCM-D) 

LbL film build-up was studied using an E4 QCM-D (Q-Sense AB, Västra 

Frölunda, Sweden). The resonance frequency of the quartz crystal is under ideal 

conditions proportional to the adsorbed mass. A decrease in frequency 

corresponds to an increase in adsorbed mass. For thin, rigid films the Sauerbrey 

equation [109] is valid:  

∆𝑚 = 𝐶
∆𝑓

𝑛
   (7) 

where ∆𝑚 is the adsorbed mass, ∆𝑓 is the frequency change, 𝐶 is a sensitivity 

constant (-0.177 mg Hz
-1 

m
-2

), and 𝑛 is the overtone number. The detected mass 

is a combination of the adsorbed solid and the water/solvent immobilized within 

the adsorbed layer. 

In addition to the adsorbed mass, QCM-D also can provide information about the 

viscoelastic properties of the adsorbed film. The dissipation factor 𝐷 is a 

measure of the viscoelastic properties of the film and is defined as: 

𝐷 =
𝐸𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑

2𝜋𝐸𝑠𝑡𝑜𝑟𝑒𝑑
   (8) 



EXPERIMENTAL 

 

22 

 

where 𝐸𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑 is the energy dissipated during the oscillating period and 

𝐸𝑠𝑡𝑜𝑟𝑒𝑑  is the energy stored in the oscillating system [110]. A rigidly attached 

and thin film is expected to give a low change in dissipation whereas a more 

mobile, water-rich and thicker film is expected to give a large change in 

dissipation. For films with a higher dissipation the Johansmann model [111] 

gives a better estimate of the adsorbed amount, however investigations with CNF 

have shown that the Sauerbrey and the Johansmann model give rather similar 

results even for surfaces with high dissipation values [77].  

4.2.11 AFM imaging and scratch height analysis 

The surface morphology of the wood biopolymer model surfaces (paper I) and 

the LbL films (paper III and V) was imaged using a Nanoscope IIIa AFM 

(Veeco instruments, now Bruker AXS, Santa Barbara, USA) with a type E 

piezoelectric scanner. Images were acquired in tapping mode using RTESP Si 

cantilevers (Bruker Probes, Camarillo, USA) with a normal frequency of 300 

kHz and a typical spring constant of 40 N m
-1

. In paper I, digital image analysis 

was used to determine the film thickness. The thickness was calculated from the 

difference between the height of the film and the underlying SiO2 substrate.  

4.2.12 Colloidal probe AFM 

Colloidal probe AFM [24] was used to measure the wet adhesion between LbL-

coated silica substrates. Normal force curves were captured in aqueous solution 

using a MultiMode IIIa AFM (Veeco Instruments Inc. Santa Barbara, CA) 

equipped with a PicoForce extension and a PF scanner. Silica particles (Thermo 

scientific, CA) with a diameter of approximately 10 µm were glued to tipless 

rectangular cantilevers (NSC12, MicroMasch, Madrid, Spain) with a nominal 

spring constant in the range of 3.5-12.5 N/m. The exact values of the spring 

constants were determined by a method based on thermal noise with 

hydrodynamic damping [112] using the AFM tune IT v 2.5 software (Force IT, 

Sweden). The thermal frequency spectra of the cantilevers were measured at 

room temperature prior to attachment of the particles.  

LbL deposition was performed in situ in the AFM liquid cell, where a flat silica 

surface and the colloid probe were simultaneously covered by symmetric LbL 

films without any drying step. Polyelectrolyte solutions were consecutively 

injected into the liquid cell with rinsing steps in between. Force measurements 

were made at the end of each rinsing cycle, where a minimal amount of non-

adsorbed polyelectrolyte was expected to be present. The colloidal probe 

adhesion measurements were thus always conducted with symmetric systems, 
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i.e. either both surfaces were cationic or anionic with the same capping LbL 

layer. The time in contact between the LbL treated surfaces was altered by 

changing the delay between approach and separation in the range of 0-10 s. The 

force and separation data were analyzed with AFM Force IT version 2.6 

(ForceIT, Sweden) and with a custom MatLab program. Force values are 

presented as force normalized by the radius of the silica colloid probe. 

4.2.13 Wet peel tests 

A 90° peel test was used to evaluate the wet delamination force of two surface 

modified cellulose membranes laminated with a known amount of cationic 

polyelectrolyte. Two types of laminate preparations were tested; fully dried 

laminates and never-dried laminates. In the preparation of the fully dried 

laminates, two wet modified cellulose membranes, top (2x6 cm) and bottom (3x6 

cm), were placed on a smooth stainless steel plate, and excess water was 

removed with a lint free tissue. A 1 cm wide strip of Teflon tape was placed 

across the top edge of the bottom laminate to enable separation of the 

membranes after pressing (Figure 4). 15 µL of polymer solution was applied 

evenly along the center of the bottom membrane after which the top membrane 

was carefully rolled onto the bottom membrane to ensure even distribution of the 

polymer solution in the contact area between the two membranes. By varying the 

concentration of the polymer solution different polymer coverages (Γ) between 

the membranes can be achieved.  

 

Figure 4. Dimensions of the cellulose membranes for the laminate preparation. 

The laminated wet membranes were pressed on a Hot Plate (Carver, Wabash, IN) 

at 27 kN at room temperature for 30 min and equilibrated at 23 °C and 50% 

humidity for at least 24h before testing. The equilibrated samples were soaked 

for 30 min in a solution with an ionic strength (NaCl addition) and pH similar to 

the polymer solution used for the preparation of the laminate. Excess water was 

removed by pressing in between blotting paper with a 2.4 kg hand roller and the 

test sample was mounted onto a stainless steel wheel using a layer of double 

sided tape (3M Polyethylene Medical Double Coated Tape). The wheel was 
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mounted to the bottom jaw of an Instron 4411 Universial Testing System 

(Instron Corp., Norwood, MA) fitted with a 50 N load cell and the top membrane 

was peeled off at 90° at a crosshead rate of 20 mm/min (Figure 5). The peel force 

reported was from the steady-state section of the force vs separation curve and 

was an average of at least three measurements. Each sample was weighed before 

and after the peel test to track the water content in the laminate. The average 

water content of rewetted samples before peel test was 50%.  

 

Figure 5. Schematic illustration of the cellulose peeling test setup. 

For the evaluation of the wet peel force of never dried laminates the polymer 

application and laminate assembly followed the same procedure as described 

above. No 30 minute pressing step was used, instead individual laminates were 

pressed between blotting paper using the 2.4 kg hand roller. The wet peel force 

was thereafter measured for samples that had been equilibrating for 0 min, 5 min 

and 10 min in 23°C and 50% RH. The samples were weighed prior to the peel 

test to monitor the water content. 
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5 RESULTS AND DISCUSSION 

The main objective within this work was to use the LbL technique to engineer 

cellulose fibre surfaces to have improved adhesion between fibres and decreased 

overall hydrophilicity of the fibrous networks. In addition to studying the effect 

of surface modification on cellulose material properties, it is important to 

understand the adhesive properties of the cellulose fibre itself. Therefore 

adhesion was measured between model surfaces of cellulose, lignin and 

hemicellulose using the JKR approach (paper I). The LbL technique was used to 

decrease the hydrophilicity of paper while improving the dry strength (paper II) 

and the molecular mechanism behind the changes in wetting behavior was 

examined using interface sensitive spectroscopy (paper III). The potential to 

improve the dry adhesion in the fibre-fibre joint using water-rich viscoelastic 

multilayers of PEI/CNF and PAH/HA was studied by evaluating sheet properties 

in relation to the adsorbed amount and structure of the adsorbed layers (paper 

IV). The molecular mechanisms of adhesion between LbL films of PAH/HA and 

the influence of background electrolyte was further investigated by colloidal 

probe AFM and attempts were made to correlate the adhesive properties to the 

structural and viscoelastic properties of the films (paper V). Finally, the wet 

adhesive properties of laminates of carboxymethylcellulose irreversibly adsorbed 

to cellulose and polyvinyl amine were examined by means of peel testing on 

model cellulose membranes (paper VI).  

5.1 Dry adhesion between cellulose, lignin, and 
glucomannan model surfaces 

In paper I the dry adhesion between well-defined wood biopolymer model 

surfaces was measured utilizing the JKR technique. For the first time a mm-sized 

PDMS hemisphere was successfully coated with cellulose and using LbL 

deposition of CNF in a PAH(CNF/PEI)1.5 multilayer film. Adhesion between the 

cellulose-coated PDMS hemisphere and flat model surfaces of cellulose (also 

PAH(CNF/PEI)1.5), hemicellulose and lignin was measured. 

The surface morphologies of typical model surfaces used for the JKR 

measurements are presented in Figure 6. Importantly, the morphology of 

PAH(CNF/PEI)1.5 on silica and PDMS was similar, both displaying a densely 

packed fibrillar structure and an rms surface roughness of 1.7 and 2.7 nm, 

respectively. The spin coated films of glucomannan and lignin contained some 

small aggregates but these films also showed a low surface roughness of 1.5 and 

1.6 nm, respectively. Low surface roughness is a firm prerequisite for the JKR 
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model to be valid and the same is true for surface energy determination using 

contact angle measurements. The thickness of the films, as determined by AFM 

scratch height analysis, was 40 nm for the spin coated lignin and glucomannan 

surfaces, and 10 nm for the LbL-assembled PAH(CNF/PEI)1.5 films.  

 

Figure 6. AFM height images (1x1 µm) of wood biopolymer models surfaces: (a) 

PAH(CNF/PEI)1.5 on the PDMS hemisphere, (b) PAH(CNF/PEI)1.5 on flat silica, (c) spin-

coated glucomannan on flat silica, and (d) spin coated lignin on flat silica. 

The interfacial properties of the wood biopolymer model surfaces, including 

PAH(CNF/PEI)1.5 on flat PDMS, were characterized through contact angle 

measurements with water, glycerol, and methylene iodide (Table 1). 

Table 1. Contact angles of water, glycerol, and methylene iodide on flat wood biopolymer 

model surfaces. 

Model surface Water (deg) Glycerol (deg) Methylene iodide (deg) 

CNF on SiO2 22 19 34 

CNF on PDMS 57 69 67 

Glucomannan 19 40 32 

Lignin 47 51 37 
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The contact angles presented in Table 1 were used to calculate the total surface 

energies, as well as their dispersive and polar contributions, which can provide 

information about the surface’s interactions with other liquids and solids, 

according to the van Oss method [113]. The results, presented in Table 2, 

indicate that the total surface energies were similar for the model surfaces of all 

three main wood components.  

Table 2. Total surface energy and its components for the wood biopolymer model surfaces, 

calculated from contact angle measurements. 

Model surface γd (mJ/m2) γ+ (mJ/m2) γ- (mJ/m2) γp (mJ/m2) γT(mJ/m2) 

CNF on SiO2 42 3.6 18 16 58 

CNF on PDMS 24 1.4 21 11 35 

Glucomannan 43 1.5 30 14 57 

Lignin 41 0.7 18 6.9 48 

 

PAH(CNF/PEI)1.5, glucomannan and lignin on silica substrates had a dominating 

and almost identical dispersive component and the surfaces displayed the same 

characteristics, although lignin had a smaller polar component than did the 

cellulose and glucomannan. The total surface energy and the dispersive 

component for the PAH(CNF/PEI)1.5 film on SiO2 were in good agreement with 

the corresponding values, 58.8 and 40.3 mJ m
-2

, previously reported for 

(PEI/CNF)1 on silica [78]. The dispersive part was also similar to the 40-42 mJ 

m
-2

 previously reported for various spin coated cellulose surfaces [114]. Despite 

the similarity in morphology, the surface energy of PAH(CNF/PEI)1.5 on PDMS 

was lower than on silica, mainly due to a smaller dispersive contribution. The 

LbL deposition on PDMS resulted in a thinner film than on silica and it is 

possible that the underlying, more hydrophobic substrate, affected the contact 

angle and thereby the calculated surface energy. The surface energy calculated 

from the contact angles of PAH(CNF/PEI)1.5 on silica is therefore considered to 

be closer to the actual surface energy of the film.  

Figures 7a-c show typical JKR graphs for the dry adhesion between 

cellulose/cellulose, cellulose/glucomannan, and cellulose/lignin for 

measurements conducted under ambient conditions (25-35% RH). The work of 

adhesion on loading, Wload, and unloading, Wunload, were obtained by fitting the 



RESULTS AND DISCUSSION 

 

28 

 

measured data to the JKR-equation (Equation 4) and the adhesion at the 

minimum load, Wmin, was calculated using Equation 5.  

 

Figure 7. Typical plots of the cube of the contact radius (a
3
) as a function of load for (a) 

cellulose/cellulose, (b) cellulose/glucomannan, and (c) cellulose/lignin. The lines are fitted to 

the data points according to the inverse of Equation 4. 

The results of the dry adhesion measurements are summarized in Table 3 and 

clearly show that there was no significant difference in the measured adhesion 

between the interactions of cellulose/cellulose, cellulose/ glucomannan and 

cellulose/lignin. The work of adhesion was approximately 50 mJ m
-2

 for all the 

systems, and the adhesion hysteresis, i.e. the difference between Wload and 

Wunload, was similar. These results suggest that the interactions between the three 

main wood components are of a similar magnitude and thus contradict the 

commonly held view that cellulose is hydrophilic while lignin is hydrophobic. If 

one considers the architecture of trees and plants, the results herein are 

reasonable, since good interactions between the components are needed to create 

strong and tough materials from the constituents of the tree.  

Table 3. Summary of JKR adhesion measurement results for CNF-modified PDMS 

hemispheres against CNF, glucomannan and lignin flat surfaces, showing the calculated 

work of adhesion from the loading (W load) and unloading (Wunload), the work of adhesion for 

the pull-off (Wpull-off) and the elastic constant of the system (K). 

Model surface Wload (mJ m–2) Wunload (mJ m–2) Wpull-off (mJ m-2) K (MPa) 

CNF 47 ± 4 65 ± 5 59 ± 13 3.4 ± 0.2 

Glucomannan 51 ± 5 72 ± 10 62 ± 9 3.5 ± 0.2 

Lignin 49 ± 5 63 ± 7 63 ± 13 3.3 ± 0.3 
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It is also possible to calculate the work of adhesion, W12, between two surfaces 

from the surface energies of the respective surfaces according to Equation 9.  

𝑊12 = 2√𝛾1
𝑑𝛾2

𝑑 + 2(√𝛾1
+𝛾2

− + √𝛾1
−𝛾2

+) (9) 

The surface energies of PAH(CNF/PEI)1.5 on silica were used for all 

PAH(CNF/PEI)1.5 films since they were assumed to be closer to the real value. 

The calculated values of 𝑊12were 117 mJ m
-2

, 117 mJ m
-2

 and 106 mJ m
-2

 for 

cellulose/cellulose, cellulose/glucomannan and cellulose/lignin, respectively.  

The work of adhesion derived from the calculated surface energies was similar 

for all three investigated systems, which supports the conclusion from the JKR 

measurements that the three wood polymers interact favorably and in a similar 

way. When the results from the two techniques are compared, it is obvious that 

adhesion values based on contact angle measurements are significantly larger. 

One way to understand the difference is to consider what is actually being 

measured in the two methods and how the dispersive and polar parts are affected. 

The JKR study was done under relatively dry conditions (ca. 30% RH) where 

dispersive forces are assumed to be dominant [4]. The dispersive part of the 

calculated surface energy was dominant and largely similar between the three 

model surfaces (Table 2), and this was also reflected in the similarity of the JKR 

results. Longer contact times in the JKR measurements could possibly have 

allowed for reorientation of polymer chains near the interface [16, 17] enabling 

more polar interactions, even though the mobility of the wood polymers is 

expected to be limited due to the low humidity. It is also important to point out 

that it is well established that the test liquid affects the surfaces during contact 

angle measurements, resulting in an overestimation of the surfaces polar 

component [115] thus offsetting 𝑊12. 

Although all the model surfaces had very low surface roughness according to 

AFM measurements, there is a possibility that the adhesion measured in the JKR 

study was still affected by surface morphology. It is known that rough surfaces 

lead to lower adhesion due to a lower true contact area and even a roughness on 

the nm level has been shown to influence adhesion measurements [4, 116]. The 

influence of surface roughness for JKR-measurements between LbL films has 

been demonstrated by Nolte et al. [57], who also showed that LbL coatings 

stiffened the surface of the LbL hemisphere and thus impaired the flexibility and 

conformability of the PDMS, resulting in an underestimation of the adhesion. It 

is possible that surface roughness and stiffening of the surface had a similar 

effect on the work of adhesion for the ultrathin and smooth biopolymer films in 
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this work. Nevertheless, the results suggest that there are no great differences in 

the adhesive interactions between the investigated wood biopolymers. 

5.2 Tuning of dry adhesion and wetting by LbL 
modification 

5.2.1 Hydrophobization of paper with maintained strength using 

LbL and colloidal wax 

The PAH/PAA LbL system has been well-investigated in the literature and it has 

been shown to improve adhesive interactions in fibrous networks [2, 60]. In 

paper II, LbL assembly of PAH/PAA on fibres was utilized to improve adhesion 

in the fibre-fibre joint while increasing and reversing the surface charge so that 

anionic wax colloids could be adsorbed onto the otherwise weakly anionic 

bleached kraft pulp fibres.  

The particle size distribution of the anionic wax particles, characterized by 

dynamic light scattering, was well-defined and unaffected over the pH range 

used. Similarly, the background salt concentration of 0.01 M did not affect the 

wax particle size for dilute emulsions (0.1 wt%). The wax charge density was 

constant over the pH range 7.5-8.5 and only mildly affected by the presence of 

salt.  

The adsorption of PAH and PAA at pH 7.5 and 3.5, respectively, onto fibres was 

determined by titration of the non-adsorbed polyelectrolytes in the filtrate after 

each adsorption step. Wax particles were adsorbed onto the fibres at pH 8.5. The 

adsorbed amount of wax was quantified gravimetrically after solvent extraction 

of sheets made from wax-treated fibres. As shown in Figure 8, the 

polyelectrolyte adsorption increased for each adsorbed layer and after five layers 

a total amount of 75 mg/g fibre had been adsorbed. At wax additions of 3, 15 and 

30 mg/g fibre for fibres treated with 2.5 bilayers, o.4, 8.1 and 18.6 mg/g were 

adsorbed, respectively. 
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Figure 8. Adsorption determined by titration of non-adsorbed polyelectrolytes and extraction 

of adsorbed wax. The wax colloids were adsorbed on top of the (PAH/PAA)2.5 layer and wax 

additions of 3, 15 and 30 mg/g fibre were evaluated. The error bars indicate 95% confidence 

limits. 

Hand sheets were formed in order to evaluate the influence of the LbL 

modification on the mechanical and wetting properties of the paper made from 

the treated fibres. An LbL film of (PAH/PAA)2.5 on the fibres significantly 

improved the tensile properties of the sheets (Figure 9) which is in agreement 

with previous studies [2, 60, 117-119]. However, subsequent adsorption of wax 

impaired the improvement of tensile strength as well as strain at break. Sheets 

prepared from fibres modified with the highest wax concentrations nevertheless 

showed tensile properties comparable to sheets made from the unmodified 

reference fibres.  

The improved tensile properties for the LbL-modified sheets were interpreted as 

the result of an increased molecular contact area in the fibre-fibre joints 

combined with an improved molecular adhesion in the contact zone due to 

intermixing of polymers at the interface [56, 62]. The adsorption of wax colloids 

partly removed the positive effect of the LbL modification. The reason for this is 

assumed to be that the formation of a thin, low surface energy, wax layer with 

low mobility at the interface on top of the LbL film may block the migration of 

molecules from the LbL film across the interface.  
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Figure 9. Tensile strength index and strain at break of sheets formed from fibres modified by 

five polyelectrolyte layers followed by addition of wax particles prior to sheet formation. 

Filled symbols represent sheets heat treated for 30 min at 160°C, and open symbols 

represent sheets without any extra heat-treatment. The error bars indicate 95% confidence 

limits. 

For all the surface modified fibres (with and without wax) an extra heat 

treatment at 160°C for 30 min resulted in small improvements in the tensile 

strength index as well as strain at break (Figure 9). This improvement has 

previously been reported by Eriksson et al. [62] and is attributed to thermal 

cross-linking within the LbL film and between the film and the fibre through 

covalent amide linkages between the amine groups on PAH and carboxyl groups 

on PAA, as outlined by Harris et al. [98]. Increased temperature also increases 

the mobility within the multilayer coating and this could presumably enhance the 

intermixing and thereby improve the adhesion between the PAH/PAA-modified 

fibres. 

The purpose of adsorbing wax particles onto the fibres was to create a highly 

hydrophobic paper. To quantify the change in wetting behavior, static water 

contact angle measurements were carried out. Table 4 shows that adsorption of 

wax colloids completely changed the wettability of the sheets.  
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Table 4. Average water contact angle (°) of six drops given with 95% confidence limits, 60 s 

after applying the droplet onto paper sheets made from the LbL and LbL/wax-treated fibres. 

 Adsorbed wax (mg/g) No extra heat-

treatment 

Heat treated 

PAH/PAA 0 H2O absorbing 113 ± 3 

PAH/PAA + 3 mg/g 0.4 121 ± 3 122 ± 2 

PAH/PAA + 15 mg/g 8.1 138 ± 2 151 ± 3 

PAH/PAA + 30 mg/g 18.6 142 ± 2 146 ± 3 

  

For the sheets with no extra heat treatment, wax adsorption changed the paper 

from rapidly spreading and adsorbing the water drop, thus being highly 

hydrophilic, to a state where the water drop rested on the surface with a contact 

angle as high as 142°, which means a highly hydrophobic surface. Heat 

treatment of sheets made from wax treated fibres further increased the contact 

angle, which is assumed to be a result of improved spreading of the wax. Sheets 

became more hydrophobic as more wax was adsorbed onto the fibres but reached 

a plateau at a contact angle of approximately 150° with the addition of 15 mg/g 

fibre, corresponding to and adsorbed amount of 8.1 mg/g fibre (Figure 9). The 

hydrophobicity was also stable over time and the drop evaporated faster than it 

absorbed into the sheet demonstrating the stability of the hydrophobic properties. 

Paper has an inherent surface roughness on the micrometer scale due to the 

dimensions and inhomogeneity of the fibres and the pores created within the 

three dimensional fibre network. Non-modified cellulose fibres have a high 

surface energy and are thus highly hydrophilic, resulting in a paper that rapidly 

absorbs water. When the fibres are surface modified using LbL deposition of 

polyelectrolytes and wax the surface energy of the fibre network is changed. The 

result is a paper surface consisting of wax-coated fibres with a lower surface 

energy which explains the high water contact angle. It has previously been 

shown by electron microscopy that the LbL assembly of PAH and PAA on wood 

fibres results in a smooth fibre surface on the micrometer scale [40] so no 

dramatic change in surface morphology was expected. SEM images of sheets 

from LbL and wax-modified fibres (Figure 10) showed no obvious qualitative 

increase in roughness, further strengthening the conclusion that the main 

mechanism behind the increased hydrophobicity is the reduced surface energy 

due to adsorbed wax. However, it cannot be excluded that roughness on the 
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nano-scale, from the complex build-up of the initial layers of PAH/PAA could 

also enhance the hydrophobicity, as suggested by Fujita et al. [120]. 

 

Figure 10. SEM micrographs of heat-treated paper sheets (160°C for 30 min) made from 

fibres treated with (a) (PAH/PAA)2.5, (b) (PAH/PAA)2.5 + 8.1 mg/g wax and (c) untreated 

reference fibres.  

5.2.2 Heat-induced hydrophobization of PAH/PAA films 

An important result from Table 4, yet to be addressed, is that heat-treated sheets 

made from (PAH/PAA)2.5-coated fibres became hydrophobic even without 

addition of wax particles. The hydrophobicity of these sheets was maintained 

when the surface was wetted with water drops, with no visible penetration into 

the sheets after 60 s. In fact, the drop rested on the surface until it evaporated or 

slowly diffused into the paper. This is intriguing given the absorbent nature of 

the non-heat treated sheets. The contact angle before heat treatment of the sheets 

was impossible to measure by static contact angle since water was immediately 

absorbed, which clearly demonstrates the hydrophilicity of the sheets which have 

not been exposed to additional heat treatment. It should be noted however, that a 

contact angle close to 90°, measured using a Cahn balance, has been reported for 
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individual fibres surface modified with PAH/PAA [55] which indicates a 

hydrophobizing potential for PAH/PAA on fibre substrates. 

As mentioned in the previous section, the surface roughness largely influences 

the wetting of a surface. The structural features of the fibre network for the 

sheets prepared in this work were in the micrometer range (Figure 10) and the 

surface roughness of single fibres have been reported to be 60-130 nm [121]. In 

order to clarify these changes in wetting behavior, (PAH/PAA)2.5 was assembled 

on model surfaces with low surface roughness, in order to study the change in 

wetting behavior from the LbL assembly and subsequent heat-treatment, without 

the influence of the microscopic fibre roughness. Silica and two types of spin 

coated cellulose (CNF and regenerated cellulose II) were used as substrates. LbL 

films were assembled by dipping in 100 mg/L polymer solutions in 10 mM NaCl 

using 10 min adsorption periods followed by rinsing steps. Half of the surfaces 

were then heat treated for 30 min at 160°C. Table 5 shows that non-heat treated 

(PAH/PAA)2.5 was hydrophilic on all substrates with a contact angle around 40°. 

This is in reasonable agreement with the 47° previously reported by Choi et al. 

[122] for PAH terminated PAH/PAA films assembled on silica using the same 

protocol as the present work. The contact angle of the (PAH/PAA)2.5 films was 

higher than values reported for non-modified cellulose model surfaces [78], 

indicating that the PAH-terminated LbL film lowers the surface energy 

compared to that of a native cellulose fibre. The contact angles for non-heat 

treated (PAH/PAA)2.5 on flat model surfaces were however still hydrophilic, 

which is in agreement with the absorbing behavior observed for non-heat treated 

paper sheets. 

Table 5. Average contact angle (º) of four drops given with 95% confidence limits, 30 s after 

applying the drop. Heat treatment was performed at 160°C for 30 min for 2.5 bilayer films. 

Model system No extra heat treatment Heat treated 

(PAH/PAA)2.5 on NMMO cellulose 22 ± 1 58 ± 1 

(PAH/PAA)2.5 on CNF 38 ± 1 63 ± 2 

(PAH/PAA)2.5 on SiO2 40 ± 1 72 ±1 

 

Table 5 further shows that heat treatment of (PAH/PAA)2.5 on low surface 

roughness substrates resulted in an increase in the contact angle up to 60-70°. 

This increase is suggested to be a result of the reorientation of polymer chains 
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whereby the more hydrophobic groups on the polymer are reoriented towards the 

polymer-air interface. The rearrangement would minimize the surface energy of 

the film and is expected to occur more quickly at higher temperatures.  

To investigate the proposed change in surface chemistry following heat 

treatment, the interface sensitive spectroscopy technique VSFS was used (paper 

III). For the VSFS measurements, LbL films of PAH/PAA were assembled on 

glass to reduce the influence of the non-resonant background, which makes the 

interpretation of the spectra less straight forward [123]. Slightly thicker films 

than used on fibres (i.e.  7.5 bilayers) were assembled to ensure full coverage of 

the substrate and to ensure there was a solid PAH/PAA “bulk” layer beneath the 

surface. (PAH/PAA)7.5 was also assembled on silica to allow for direct 

comparison to the 2.5 bilayer thick films used previously. Half of the samples in 

this study were heat treated for 90 min at 160°C in argon atmosphere.  

In order to correlate the change in wetting behavior with the composition of 

molecules at the polymer-air interface, contact angle measurements were 

performed on the same films used for VSFS measurements, however not on the 

same spot, the day after the LbL deposition.  The contact angle measurements 

(Table 6) show that heat treatment for 90 min at 160°C made (PAH/PAA)7.5 less 

hydrophilic. The contact angles were similar for glass and silica substrates, and 

were also in good agreement with those measured for (PAH/PAA)2.5 films, 

indicating a limited influence of film thickness on the contact angle. 

Table 6. Contact angles (°) measured on (PAH/PAA)7.5 adsorbed onto SiO2 and glass 

substrates.The values are given with 95% confidence limits. 

 No heat-treatment Heat treated 

PAH/PAA7.5 on SiO2 48 ± 1 70 ± 1 

PAH/PAA7.5 on glass 39 ± 1 65 ± 1 

 

Figure 11 shows VSF spectra of (PAH/PAA)7.5 on glass, with and without heat-

treatment. The measurements were conducted in a pure nitrogen atmosphere to 

minimize the risk of contamination. Two different polarization combinations 

(SSP and PPP) were employed in VSFS in order to assist the spectral 

assignments.  
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Figure 11. VSF spectra of non-heated and heated (PAH/PAA)7.5 under SSP and PPP 

polarisations. 

The VSFS spectrum for non-heated samples exhibits peaks at approximately 

2855, 2875, 2915, 2935 and 2965 cm
-1

 under the SSP polarization, and one peak 

at 2965 cm
-1

 in PPP polarization. Upon heat treatment, the peak at 2915 cm
-1

, 

only present as a shoulder for the non-heated sample, increased in intensity. This 

change in the VSF spectra indicates molecular reorganization at the polymer-air 

interface upon heat-treatment. Spectra from regular non-interface-sensitive IR 

and Raman spectra (Figure 12) were identical for heated and non-heated samples 

further strengthening that the change is indeed specific to changes at the 

interface.  

 

Figure 12. IR (left) and Raman (right) spectra showing the absence of bulk effects from heat 

treatment of (PAH/PAA)7.5 

Based on previous literature [124-128] and by applying the so-called polarization 

rules [129] it can be concluded that the peaks in the range 2850-2940 cm
-1

 

originate from CH groups significantly tilted from the surface normal and/or 

from the symmetric stretch of CH2 groups. Peaks at 2915–2940 cm
-1

 SSP are 
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most likely attributed to CH2 symmetric stretches. However, the polarization 

rules also comply with the peaks at 2875, 2940, and 2965 cm
-1

 originating from 

methyl groups. Nevertheless, the fact that that all peaks (especially at 2875, 

2940, and 2965 cm
-1

) in the VSF spectra (Figure 11) have corresponding 

counterparts in the IR and Raman spectra (Figure 12), indicates that the features 

in the VSF spectra indeed originate from CH and CH2 groups, since the number 

density of chain end methyl groups is too low to result in separate IR or Raman 

signals. This was further supported by analogous experiments conducted with 

higher molecular weight polyelectrolytes (56 kDa PAH instead of 15 kDa, and 

320 kDa PAA instead of 8 kDa) which resulted in similar VSF spectra compared 

with those in Figure 11. If the methyl groups were responsible for the peaks in 

Figure 11, the polymers with lower molecular weights are likely to have yielded 

a considerably higher signal than the polymers with the higher weights. The fact 

that VSF spectra of substantially thicker (PAH/PAA)65.5 films were similar to 

those from (PAH/PAA)7.5, support the fact that the polymer–air interface 

contributes strongly to the VSF signal. Considering the correlation between the 

increased contact angles (Table 6) and the increased signal for more hydrophobic 

CH2 groups in the interface sensitive VSF spectra after heat treatment, it can be 

concluded that the heat treatment induces reorganization of the polymer chains to 

expose more hydrophobic groups at the polymer–air interface.  

A similar mechanism whereby the more hydrophobic groups in a polymer 

structure migrate to the surface has been suggested for nanofibres of polyvinyl 

alcohol [31] which are highly hydrophobic as opposed to a smooth film of the 

same material. In that study, angle-resolved XPS was used for analysis of the 

surfaces and an enrichment of hydrophobic CH2 groups compared to the bulk 

material was observed at the polymer-air interface. VSFS measurements on 

polymer films have also shown that the hydrophobic parts of a polymer prefer to 

reside at the polymer–air surface and the phenomena of hydrophobic parts of 

polymers migrating to the polymer–air interface has been observed for various 

polymer films [126, 130-135]. The present work is however, to the best of our 

knowledge, the first observation of these phenomena for LbL films.  

To investigate if the decrease in hydrophilicity by heat treating LbL films is 

reversible, and thereby further elucidate the mechanism, heat treated 

(PAH/PAA)7.5 on glass substrates were immersed into Milli-Q water at room 

temperature. Samples were submerged for 15 min, 24 h and 72 h and were 

subsequently dried with a stream of N2 after which static contact angles were 

measured. Figure 13 shows that exposure to water resulted in a decreased contact 

angle and thus a more hydrophilic surface for heat treated samples. However, 72 
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h exposure to water only decreased the contact angle by 15° to about 55°, which 

is significantly above the 40° contact angle of a non-heated surface stored for 

24h. This suggests that heat treatment induces a conformational change at the 

polymer-air interface that to a large extent is non-reversible, i.e. rewetting at 

room temperature does not provide enough energy and mobility to overcome the 

energy barrier to again re-orient and create a more hydrophilic interface. VSF 

spectra of rewetted surfaces still had the peak at 2915 cm
-1

 but it was broader and 

shifted which suggests an intermediate configuration. As discussed earlier, it has 

been demonstrated that heat treatment of PAH/PAA films creates amide 

crosslinks between the two constituents of the LbL film [62, 98]. Even low 

degree of cross-linking within the outermost layers of the reoriented, more 

hydrophobic, PAH/PAA film would significantly affect the chain mobility and 

thereby improve the stability of the film, i.e. preventing full movement of the 

polymer segments within the film. 

 

Figure 13. Static water contact angle of (PAH/PAA)7.5 on glass, subjected to a 90 min heat-

treatment at 160°C and subsequent rewetting for the times indicated followed by drying.  

In addition to the suggested reorientation of polymer chains due to increased 

mobility during the heat treatment, evaporation of water from the LbL film is 

another possible explanation for the decreased hydrophilicity. The influence of 

the surrounding relative humidity, which will affect the water content in the LbL 

film [136, 137], was evaluated by measuring the contact angle under dry (15% 

RH) and humid (85% RH) conditions. Samples were allowed to equilibrate for at 

least 10 min prior to the measurements. The static contact angle was unaffected 
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by the surrounding RH in the range 15-85% RH suggesting that the increased 

contact angle after heat treatment is not an effect of exclusion of water from the 

LbL film since exposure to 85% RH does not reduce the contact angle.  

In addition to a change in the surface chemistry, topographical changes may 

affect the apparent contact angle. To evaluate the surface morphology, high-

resolution AFM-images of (PAH/PAA)7.5 films on SiO2 were captured. The 

images in Figure 14 display cluster-like features both before and after heat 

treatment of the film, and no significant change in topography can be detected as 

a result of the heat treatment. The root mean square surface roughness also 

supports this observation, the values being 16 nm and 12 nm, respectively, for 

the non-heated and heated film. 

 

Figure 14. AFM height images of (PAH/PAA)7.5 on silicon oxide. Left image displays a film 

that was not heat-treated. The right surface was heat-treated for 90 min at 160°C. 

Although the results from VSFS and the contact angle measurements provide a 

plausible mechanism for the increase in contact angle of the PAH/PAA 

assembled on flat model surfaces, the discrepancy between the contact angle of 

the highly hydrophobic modified-fibre sheets in section 5.2.1 and model surfaces 

in the present section is yet to be explained fully.  

Zhai et al. [70] have reported an increase in advancing contact angle from 60° to 

115° when heat-treating micro-structured LbL films of PAH/PAA, where an acid 

treatment of a smooth film is used to form a porous and rough surface (pore size 

10 µm and surface roughness >400 nm). This suggests that molecular 

reorientation during the heat treatment, together with the surface roughness, 

which display large similarities to the structure of the fibre network in a paper 

sheet, created a hydrophobic surface for the same set of polyelectrolytes that was 

used in the present work. These observations are however contradicted by the 

general view that all highly hydrophobic or superhydrophobic surfaces result 

from microstructures on a surface with a contact angle originally around 90°. 
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There is however, an increasing body of literature suggesting that a surface 

roughness of a suitable geometry also leads to a highly hydrophobic surface on a 

previously, slightly hydrophilic substrate [30-33]. This has also been 

theoretically examined by Liu et al. [34], who concluded that for certain surface 

geometries such as mushroom-like microstructures and hierarchical micro- and 

nanostructures, highly hydrophobic surfaces may be created from rather 

hydrophilic substrates. If these theories can be applied to cellulose fibre 

networks, where it indeed can be suggested that such geometries could exist, the 

inherent roughness of both paper and fibres combined with the change in surface 

chemistry demonstrated by the VSFS measurements in the present work is 

enough to explain the creation of a highly hydrophobic surface. 

5.2.3 Towards a super-strainable paper using LbL 

The purpose of this study (paper IV) was to effectively engineer the surface of 

cellulose fibres using LbL, to allow for stronger and more ductile paper. Two 

polyelectrolyte pairs which give water-rich, viscoelastic films, PEI/CNF and 

PAH/HA, were chosen to enable comparison between LbL films that exhibit 

linear [77] and superlinear [138] film growth, respectively.  

To determine how much polymer to add in each adsorption step of the fibre 

modification, a combination of adsorption isotherms, determined by 

polyelectrolyte titration (PET) and model adsorption studies using DPI, were 

collected. The results showed that the fibres could adsorb significantly larger 

amounts of PAH and PEI in the presence of 10 mM NaCl (i.e. 2.5 mg/g of PAH 

and 16.0 mg/g of PEI), whereas it was as low as 0.6 mg/g of PAH and 1.2 mg/g 

of PEI without added salt. By calculating the ratio of adsorbed polymer amount 

in consecutive layers studied by DPI, the amount of polymer to add to the fibre 

suspensions for optimal modification was determined. Additionally, the DPI 

results on SiO2 provided information about the LbL film structure, which is 

important for the adhesive properties of the film.  

The DPI results are presented in Figure 15 and show distinctly different 

adsorption behaviors for the two systems studied. The film growth of PEI/CNF 

was linear and showed little dependence on the addition of NaCl. On the 

contrary, PAH/HA films grew linearly without additional salt but changed 

adsorption behavior drastically in the presence of salt, resulting in superlinear 

film growth. This is clearly illustrated by the film thickness obtained after 

adsorption of 5 bilayers which was 5 nm without added salt and 27 nm with salt. 

There was also an odd-even effect for PAH/HA in the presence of salt, where 
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addition of PAH to the outermost layer appeared to reduce the thickness. Both 

the superlinear film growth and the odd-even effect are further discussed in 

section 5.3.1.  

 

Figure 15. Results from the DPI measurements showing the change in film thickness as a 

function of layer number for (a) PEI/CNF and (b) PAH/HA films on SiO2 with and without the 

addition of 10 mM NaCl. 

When LbL films were applied to fibres, the amount of polymer actually adsorbed 

was determined by nitrogen analysis, as presented in Figure 16. LbL formation 

without salt resulted in low adsorption for both PEI/CNF and PAH/HA systems. 

When salt was added in the PEI/CNF system a large amount of polymer was 

adsorbed in the first layer. For subsequent layers the adsorbed amount increased 

very slowly, probably due to the high aspect ratio of the CNF, which prevents 

the polymer chains from intermixing within the multilayer [39] and also prevents 

them from adsorbing onto polymer chains adsorbed into the porous fibre wall. 

 

Figure 16. Total amount of polymer adsorbed to the fibres, determined by nitrogen analysis, 

as a function of layer number for PEI/CNF and PAH/HA, with and without 10 mM NaCl. 
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To test the mechanical properties of paper made from the surface modified 

fibres, hand sheets were prepared and evaluated by tensile testing. As expected 

from the low amount of adsorbed polymers on fibres without added salt, neither 

of the LbL systems showed significant effects on the tensile properties (Figure 

17a-b). For PAH/HA with 10 mM NaCl, the tensile properties (both tensile index 

and strain at break) improved for every added layer and after ten layers the 

tensile index had increased from 25 Nm/g to 70 Nm/g and the strain at break 

from 2.0% to 6.5%. In the case of PEI/CNF with 10 mM NaCl, the improvement 

was more modest and also displayed an odd-even effect where an outer layer of 

PEI gave the maximum tensile index and strain at break (42 Nm/g and 5.0%) 

whereas an outer layer of CNF only reached 35 Nm/g and 3.5%.  

 

Figure 17. (a) Tensile index and (b) strain at break as a function of layer number for 

PEI/CNF and PAH/HA systems with and without addition of 10 mM NaCl. 

Figure 18 shows the tensile index as a function of the amount of adsorbed 

polyelectrolyte, determined by nitrogen analysis. By using the LbL technique to 

deposit PAH/HA layers, the tensile index is increased by a factor of three at a 

total adsorbed polymer amount of 15 mg/g fibre. For the PEI/CNF system, an 

adsorption of 17 mg/g of PEI resulted in a less significant increase, from 20 

Nm/g to 40 Nm/g, further highlighting that this combination was less efficient 

than the one containing hyaluronic acid. These results can be compared to 

previous work on PAH/PAA with an optimized pH strategy, where a 7 layer 

thick film contained 35 mg/g of PAH and increased the tensile index from 20 

Nm/g to 50 Nm/g and exhibited a strain at break of 5%  [60, 62]. The PAH/HA 

system with 10 mM NaCl provides superior mechanical properties for a fraction 

of the adsorbed amount, further demonstrating that it is a highly efficient 

strength enhancing polymer system.  
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Figure 18. Tensile index as a function of the amount of adsorbed polyelectrolyte for PAH/HA 

and PEI/CNF, with and without addition of 10 mM NaCl. 

In order to understand the influence of LbL film properties on the strength of 

paper, the molecular organization within the fibre-fibre joint must be considered. 

Two features are crucial in order to provide both strength and stretchability to 

LbL-modified paper. These are (i) a solid anchoring of the polymers to the fibre 

surface and (ii) ductile properties of the LbL film, such that the film has a lower 

yield point than the fibre wall, and that the different layers interpenetrate within 

the film to create a film with a thickness of 10-20 nm. These two aspects are 

depicted in Figure 19. 

 

Figure 19. A schematic description of a fibre-fibre joint between two LbL-treated fibres 

highlighting the anchoring of the polymer to the fibre surface and the intermixing of polymers 

within the LbL film. 

Solid anchoring of the LbL film to the fibre can be achieved both by charge 

interactions and partial penetration of polyelectrolytes into the porous fibre wall. 

In this work, PAH and PEI with relatively low molecular weight were used (15 

kDa and 60 kDa, respectively) in the initial, anchoring layer. The radius of 

gyration for 15 kDa PAH in 10 mM NaCl has been reported to be 7 nm [139] 

which is smaller than the 10 nm pore radius of bleached kraft pulp [140]. It is 

thus possible for a polymer chain to enter the fibre wall, ensuring good 

anchoring of the initial layer onto which the subsequent layers are adsorbed. In 

the PEI/CNF system, however, the high aspect ratio and decreased flexibility of 
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the CNF may prevent penetration into the fibre wall and this is one explanation 

why the initial adsorption of PEI (Figure 16), which at least partly can access the 

pores, is so much higher than subsequent layers where CNF is assumed to block 

access to the pores.  

A fundamental consideration when designing an LbL film with good mechanical 

properties is intermixing of polyelectrolyte chains. The stiffness of the polymer 

chains in the film primarily determines the intermixing [56] and thus the film 

properties. In the PEI/CNF system the stiff fibrils of CNF are therefore 

responsible for reduced intermixing within the film as well as across the 

interface, highlighted in Figure 17, where the tensile index of PEI/CNF followed 

an odd-even pattern with lower tensile strength for CNF terminated films. In the 

PAH/HA system, the low molecular mass PAH and the high molecular mass HA 

appear to achieve significant intermixing which enables an improvement in the 

mechanical properties of the film. Furthermore, the PAH/HA films have a lower 

modulus but modified fibre sheets have a higher strain at break. HA is well 

known for its ability to form hydrogen bonds [141] and it is also probable that 

the PAH/HA system forms 3-D structures that may have positive implications on 

the energy dissipation within the adhesive joint. 

5.3 Improved wet adhesion of model surfaces by LbL 
and polyelectrolyte adsorption 

The results in section 5.2.3 demonstrate that surface modification of cellulose 

fibres by LbL treatment with PAH and HA can be used to significantly increase 

the critical tensile stress and strain of dry paper to levels previously 

unprecedented for LbL-modified fibres. Although PAH/HA, due to high cost 

lacks feasibility for use in large scale paper processes, the adhesive properties of 

PAH/HA films are of fundamental interest. Fibre networks are formed under wet 

conditions and then dried which means that wet adhesive properties of the LbL 

films are important for the formation of strong dry fibre-fibre joints. Wet 

adhesion is also of significant interest for many other applications, e.g. 

biomedical adhesives. Hyaluronic acid already has widespread use within the 

biomedical field due to its biocompatibility and unique lubricating abilities. In 

paper V, a detailed study of the wet adhesive properties of PAH/HA films was 

undertaken. 
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5.3.1 Robust and tailored wet adhesion in thin LbL films of 

PAH/HA 

Studies of LbL film build-up provide important information about the wet film 

properties which are mainly responsible for wet adhesive behavior. The 

adsorption of PAH/HA was studied using DPI and QCM-D and compared to 

colloidal probe AFM adhesion measurements. Film thickness and refractive 

index values obtained from the DPI measurements are presented in Figure 20 

(same data as presented in Figure 15b). As described previously in section 5.2.3 

films assembled without salt grew linearly, which is consistent with other LbL 

films reported in the literature [142, 143]; however, in the presence of 10 mM 

NaCl, there was a nonlinear increase in the thickness with increasing number of 

deposition steps. In this case, a ten layer film was five times thicker that those 

assembled in the absence of salt. High mobility and interdiffusion, of at least one 

component of the multilayer film, has been suggested as a mechanism for 

nonlinear film growth [1, 143-145]. After the third adsorption step, the film 

growth for PAH/HA assembled with 10 mM NaCl followed an odd-even pattern, 

where films with HA in the outermost layer were thicker than films with PAH in 

the outer layer. 

 

Figure 20. DPI data (a) showing thickness and refractive index (RI) (b) for 10 layers of 

PAH/HA with and without addition of 10 mM NaCl. The lines in (a) are intended merely as a 

guide to the eye, demonstrating linear film growth and a non-linear film growth. 

The QCM-D results presented in Figure 21 also revealed a relatively low and 

linear decrease in frequency per adsorbed layer for LbL films assembled with no 

added NaCl. This indicates a linear film growth which is consistent with the DPI 

results. The dissipation was low and relatively stable after the rinsing step 

throughout the build-up, indicating a rigid film with low viscous losses [143]. In 
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the presence of NaCl, a substantially larger decrease in frequency (22× larger), 

corresponding to a larger adsorbed mass of the polyelectrolytes was observed. 

There was also an increase in dissipation as more layers were adsorbed which 

was not seen for LbL assembly without added salt. The odd-even effect was 

again observed in the presence of salt (primarily in the dissipation data) where 

PAH in the outermost layer gave larger dissipation values than HA (Figure 21b).  

 

Figure 21. (a) QCM-D data from the third overtone showing the normalized frequency 

change during the build-up of multilayer films of PAH/HA with and without addition of 10 mM 

NaCl. The lines in the frequency results are included as a guide to the eye to differentiate 

the growth of the films. (b) dissipation for 10 layers of PAH/HA at 0 M and 10 mM NaCl. 

AFM height images were collected to visualize the surface morphology of LbL 

films composed of PAH/HA that were 1-10 layers thick, assembled on silica 

with and without salt (Figure 22). The presence of salt had a noticeable effect on 

the surface structure of the PAH/HA films. Both with and without salt, features 

were visible after adsorption of two layers. In the case of no salt, the amount of 

surface features increased with increasing number of adsorbed layers without any 

clear coalescence of the structure. When the LbL assembly was conducted in 10 

mM NaCl however, connected and coalesced structures started to appear after 

three adsorbed layers and these structures appeared to merge further from four to 

10 layers.  
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Figure 22. AFM height images of up to 10 layers (layer number denoted above or below the 

picture) (a) without NaCl and (b) in the presence of 10 mM NaCl. The images are 2x2 µm
2
 

and the z-range indicated in the scale bar to the right of the figures is 30 nm. The imaging 

was performed in air under ambient conditions. 

For adhesion measurements by colloidal probe AFM, PAH/HA films were 

assembled in-situ in the AFM, simultaneously on a flat silicon wafer and a 

colloidal silica particle which was previously attached to a tipless AFM 

cantilever. Each polyelectrolyte layer was adsorbed for 10 min, followed by 

rinsing for 5 min with and without 10 mM added NaCl. Polymer concentration 

and pH were the same as in the QCM-D and DPI experiments. Force 

measurements were made at the end of each rinsing cycle and force curves were 

recorded for 0, 1, 2, 5 and 10 s dwell time in contact. Figure 23 shows colloidal 
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probe AFM force curves upon separation as a function of dwell time, total 

number of layers, capping layer, and salt.  

 

Figure 23. Normalized AFM force-separation curves upon separation of a colloidal silica 

probe and flat silicon oxide surfaces coated in situ by PAH/HA LbL films.  Graphs (a) and (b) 

show the influence of contact time for 5 layers in the systems, i.e. with PAH in the outermost 

layer, without (a) and with salt (b) respectively. Graphs (c) and (d) show the influence of 

contact time for 6 layers in the systems, i.e. with HA in the outermost layer, without (c) and 

with 10 mM NaCl (d), respectively. Graphs (e) and (f) show the influence of layer number at 

10 seconds contact time in the systems without (e) and with 10 mM NaCl (f), respectively. 

The maximum normalized pull-off forces for the force curves in Figures 23a-d 

are presented as a function of contact time in Figure 24a and the work of 
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adhesion, calculated from the integral of the force-separation curves are 

presented in Figure 24b.  

 

Figure 24. (a) Maximum normalized pull-off force as a function of contact time for 5 layers 

and 6 layers prepared without added salt or in the presence of 10 mM NaCl. (b) 

Corresponding plots for work of adhesion as a function of contact time. 

Regardless of salt concentration, both five and six layer assemblies exhibited an 

increase in pull-off force with increased contact time. This was expected, as an 

increased time in contact will allow polymer chains to flow and initiate contact 

with the adjacent polymer covered surface [146]. However, the increase in pull-

off force was small for films assembled without salt and the work of adhesion 

displayed only a minimal increase. This was attributed to the film possessing low 

tack, indicated by the low dissipation observed in the QCM-D measurements for 

LbL assembly without addition of NaCl [142]. In the presence of salt, the pull-

off force and the work of adhesion were strongly dependent on the dwell time 

and the longest time in contact resulted in the largest pull-off force. For dwell 

times of 10 s, the maximum pull-off force between films assembled with salt was 

an order of magnitude larger than between films assembled without salt.  

Figure 25 shows the normalized pull-off force and the work of adhesion as a 

function of number of layers (with constant dwell time of 10 s). The adhesion 

between LbL films assembled without salt displayed minimal dependence on the 

number of adsorbed layers; the pull-off force as well as the work of adhesion 

stayed nearly constant as more layers were adsorbed.  
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Figure 25. (a) Maximum normalized pull-off force as a function of layer number for a contact 

time of 10 seconds in the presence of 10 mM NaCl or without addition of salt. (b) Work of 

adhesion as functions of layer number for a contact time of 10 seconds. 

However, For LbL films assembled in the presence of 10 mM NaCl the adhesive 

interactions were strongly dependent on the film thickness. The pull-off force 

increased by an order of magnitude between five and six layers. Despite the 

thicker films becoming rougher compared to the films formed without salt, as 

indicated by the AFM images in Figure 22, higher adhesive strengths were 

detected. It is suggested that polymer chain mobility along with more labile 

chains resulting from the non-linear growth allow films to interpenetrate and 

form electrostatic and non-electrostatic proton donor/proton acceptor contacts as 

described by Leibler et al. [147]. Both hydrogen bonding and electrostatic 

interactions between carboxyl groups and amino groups are present in the 

PAH/HA system to improve the molecular interactions. The non-ionic 

interactions will have a relatively larger influence at higher salt concentrations 

due to the electrostatic screening. The strongest adhesion was achieved for the 

thickest films and the highest pull-off force for the present system was achieved 

for the thickest PAH capped film (19±1 mN/m). When HA addition followed, 

the critical pull-off force decreased slightly to 18±1 mN/m.  

Films assembled in NaCl not only displayed higher critical pull-off forces, but 

the adhesion was operative over longer distances, as illustrated by the width of 

the adhesion “peaks” in the force-separation curves in Figure 23. To quantify the 

separation distance at which adhesive forces were present, a cut-off value was set 

at 10% of the maximum separation force. The cut-off values are presented as a 

function of contact time and number of adsorbed layers, with and without salt in 

Figure 26a and 26b, respectively.  
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Figure 26. (a) Displacement at 10% of maximum pull-off force vs. contact time  (b) 

Displacement at 10% of maximum pull-off force vs. number of polyelectrolyte layers, with a 

constant dwell time of 10 seconds. The data were collected both in the presence of 10 mM 

NaCl and in the absence of salt 

With 10 mM NaCl present during LbL formation, the maximum displacement 

over which 10% of the pull-off force was present was 2.1±0.2 µm, which is 

approximately half of the contour length of the HA used in this study [148, 149]. 

For the films made without salt, on the other hand, this distance was less than the 

radius of gyration of a HA molecule [148, 149]. The large difference of this cut-

off parameter between samples assembled with and without salt can be explained 

by film thickness and the viscoelastic properties of the film. The films assembled 

with 10 mM NaCl showed a large dissipation which is typical for mobile water-

rich films. The length over which adhesive forces were present was furthermore 

strongly dependent on the polyelectrolyte in the outermost layer. When high 

molecular weight HA was in the outermost layer long-range adhesive 

interactions (displacement > 2 µm) were more pronounced and acted over double 

the distance compared to when the outer layer was PAH. The lower dissipation 

detected in the QCM-D results at 10 mM NaCl when the HA was in the 

outermost layer indicated though that these layers were thick but with a larger 

integrity within the layer. This is obviously important for creating a high work of 

adhesion but the full molecular explanation remains unseen. 

For the films with thicknesses of up to 6 layers, the work of adhesion correlated 

with the pull-off force. For the 9 and 10-layer films, however, the increase in 

work of adhesion compared to 5 and 6 layers was more pronounced than the 

increase in the pull-off force suggesting that the work of adhesion for these films 

was stronger depending on the ability of the film to form long-range 

entanglements across the interface. Further studies are required, but this suggests 
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that there is a transition between thinner films where the adhesion is dominated 

mainly by the pull-off force and thicker films where the pull-off force has 

reached a maximum and where the displacement of the interfaces controls the 

work of adhesion. 

The work of adhesion for 9 and 10 layers in the presence of 10 mM NaCl (i.e. 

101 ± 5 x 10
-15

 J and 83 ± 9 x 10
-15

 J, respectively) was more than 20 times 

higher than the maximum work of adhesion previously reported for sacrificial 

bonds in bone structures[150, 151]. Adhesive chain pulling interactions were 

observed upon separation of the surfaces at a displacement of up to 8 µm (note 

the scale on the x-axis in figure 23f), which is more than twice the distance of 

what has been reported for bone[151]. The wet adhesive properties for ultrathin 

LbL structures of PAH/HA demonstrated in the present work are promising for 

biomedical applications dependent on wet in vivo conditions. The work of 

adhesion is tunable over two orders of magnitude by varying only the number of 

adsorbed layers and the salt concentration. The previous study of the dry 

adhesion between PAH/HA-modified fibres has also shown that the wet 

properties of the LbL film are to a large extent preserved in the dried state.  

5.3.2 Polyvinylamine adhesion to CMC-modified wet cellulose 

The wet adhesion between CMC, irreversibly adsorbed onto regenerated 

cellulose membranes, and the cationic polyelectrolytes PVAm and PAH was 

evaluated using 90° peel tests of wet laminates. Two cases of wet adhesion were 

evaluated; the adhesion of pressed dried and subsequently rewetted laminates 

and the adhesion of wet laminates that had never been dried. Wet adhesion is 

highly interesting for the pulp and paper industry since the fibre-fibre joint is 

sensitive to water which limits the use of paper in demanding applications, but it 

is also a hot topic for biomaterials, where especially never dried systems are of 

interest.  

The cationic polymer was applied by direct application of 15 µL of 1 g/L 

polymer solution, resulting in a surface coverage in the laminate of Γ=15 mg/m
2
. 

Figure 27 shows the influence of the molecular weight of PVAm and PAH on 

the wet adhesion for pressed and dried laminates made with CMC modified 

cellulose. The molecular weight largely affected the adhesion in CMC-PVAm 

laminates and an increase from 10 kDa to 400 kDa resulted in a seven fold 

increase of the wet adhesive force. PAH was less efficient and also showed a 

weaker dependence on Mw. 
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Figure 27. Effects of the molecular weight of PVAm and PAH on the wet delamination force 

of laminates made with CMC modified membranes and dried before testing. The direct 

application method was used and dry conditioned laminates were soaked for 30 min in 1 

mM NaCl prior to the wet delamination test. 

In addition to the molecular weight, the charge of the polyelectrolyte is an 

obvious parameter of importance for polyelectrolyte interactions. The wet 

delamination force at changed lamination and rewetting pH was evaluated for 

PVAm 400 kDa with three different degrees of hydrolysis (DH) as presented in 

Figure 28. Two clear trends could be observed from the data, a higher DH results 

in larger peel force and the peel force increased with increasing pH in the 

interval pH 4 to pH 10.  

 

Figure 28. The wet delamination force of CMC modified membranes laminated with PVAm 

400 kDa as a function of lamination pH and degree of hydrolysis of PVAm. The laminates 

were dried before testing and the dry conditioned laminates were soaked for 30 min in 1 mM 

NaCl with the same pH as the lamination pH. 
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The adsorbed amount of CMC to cellulose fibres has been reported be 10-20 

mg/g fibre, at adsorption conditions similar to those in the present work [99]. By 

considering the surfaces specificity of the adsorption and by assuming a polymer 

density of 1000 kg/m
3
 and a hydrodynamic specific surface area of bleached 

softwood kraft pulp of 1.37 m
2
/g, as reported by Lindström et al[152], the 

thickness of the adsorbed CMC layer in the present work can be estimated to be 

around 10-20 nm.  

The detected dependence of molecular weight and charge density definitely 

suggested that an interdigitation of PVAm into the relatively thick CMC layer 

and complex formation between the two polymers are important mechanisms for 

the development of both the rewetted and initial wet adhesion. The importance of 

chain length has earlier been demonstrated by Creton et al. who showed that that 

block length, in block co-plymers, is crucial for the efficiency of block-co-

polymer compatibilizers at the interface between two immiscible polymers [13]. 

A high molecular weight also gives better entanglement within the relatively 

thick PVAm film which is important since strong cohesion within the adhesive 

layer is equally important for the creation of a high wet adhesion. The effect of 

pH could partly be an effect of lower swelling at high pH as previously reported 

for polyelectrolyte complexes (PEC) formed between PVAm and CMC [153].  

To study the influence of the surface specificity of the CMC adsorption and the 

influence of the high molecular weight and water rich CMC film in the adsorbed 

layer, a reference set of membranes were carboxymethylated, using chloroacetic 

acid in isopropanol. This reaction substitutes some of the hydroxyl groups on 

cellulose to carboxyl groups. It has been shown by polyelectrolyte titration that 

bulk carboxymethylation of pulp with a target DS of 0.09 gives a slightly higher 

surface charge than fibres where CMC had been irreversibly adsorbed to the 

surface of the fibres by the same approached that was used in this work [154]. 

The results in Figure 29 show that CMC adsorption gave significantly better wet 

strength than carboxymethylation, which further strengthens the proposed 

mechanism of interdigitation of PVAm into the thick but irreversibly anchored 

adsorbed CMC layer. If the interaction was only driven by charge interactions, 

the carboxymethylation would be expected to give similar results as the adsorbed 

CMC.  
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Figure 29. Comparison of the wet delamination force for PVAm laminates of CMC modified 

membranes and membranes that had been subjected to bulk carboxymethylation. The 

numbers on the x-axis show the degree of substitution aimed for in the experiments. 

The wet delamination force of the CMC modified cellulose membranes 

laminated with fully hydrolyzed PVAm was also compared to that of membranes 

laminated with the commercial polyamideamine epichlorohydrine (PAE) wet 

strength resin. The wet strengthening mechanism of PAE is claimed to be due to 

its ability to form crosslinked networks with itself as well as form covalent ester 

linkage between the azetidinium groups of PAE and carboxyl groups on the 

fibres[155]. However, heating or a prolonged aging is needed to facilitate this 

ester linkage formation. An increase of the number of carboxyl groups due to 

carboxymethylation of cellulose has been demonstrated to increase the wet 

strength due to more readily available carboxyl groups, but also due to higher 

adsorption of PAE due to higher fibre charge [156]. Figure 30 shows the wet 

delamination force of CMC modified cellulose laminated with fully hydrolyzed 

PVAm 400 kDa and PAE. Both PVAm and PAE gave considerable wet strength 

for laminates formed at room temperature. However the wet delamination force 

of PVAm was 50% higher than that of PAE. The wet delamination force of PAE 

laminates was doubled when the laminates were pressed for 30 min at 120°C. 

The explanation for this is likely formation of ester bonds between PAE and 

carboxyl groups, a reaction that requires high temperature (120-180 °C) and does 

not occur readily at room temperature.  
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Figure 30. Wet delamination force for CMC modified membranes laminated with PVAm 

(dark grey) and PAE (light grey) pressed for 30 min at 25°C and 120°C. Direct application of 

polyelectrolyte;15 µL of 1 g/L in 1 mM NaCl, pH 7 

PVAm does not form any covalent bonds with carboxyl groups at room 

temperature so the wet strengthening mechanism is expected to be due to 

physical interactions including specific interactions between the PVAm and the 

CMC in combination with the entanglement of the PVAm in the CMC 

irreversibly adsorbed to the cellulose surface. Covalent amide crosslinks between 

amine groups on PVAm and carboxyl groups on cellulose could form but his 

reaction requires a temperature >150 °C and is thus not a reasonable dominating 

mechanism for the high wet adhesion detected at room temperature. The wet 

strengthening mechanism of PVAm to slightly oxidized cellulose has been 

demonstrated to be the formation of covalent imine and aminal linkage between 

PVAm and aldehyde groups on the oxidized cellulose[157]. This reaction occurs 

when water is removed and does not require heating. CMC however does not 

contain aldehyde groups so this is clearly not the mechanism for the PVAm-

CMC strengthening mechanism. Feng et al. [158] have previously, from indirect 

observations, suggested that the failure in wet delamination tests of 

polyelectrolyte complexes (PEC) made of PVAm and CMC occurs at the 

cellulose-PEC interface meaning that the cohesive strength of the complex is 

higher than the adhesive strength[158]. This is an important observation since 

the cohesive mechanism within the PEC is likely to be the similar to the 

mechanism that causes the wet strength of the PVAm-CMC laminate. 

For evaluation of the wet peel force of never dried laminates no pressing and 

drying was used, instead individual laminates were pressed between blotting 

paper using a hand roller immediately after the assembly. The wet peel force was 
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thereafter measured for samples that had been equilibrating for 0 min, 5 min and 

10 min in 23°C and 50% RH. The samples were weighed prior to the peel test to 

monitor the water content. Figure 31 presents the wet peel force as a function of 

laminate water content and degree of hydrolysis of PVAm. The wet delamination 

force followed the same trend as for the dried laminates, where higher degree of 

hydrolysis gave a higher delamination force. The low delamination force for 

laminates of CMC-modified cellulose without any addition of PVAm clearly 

shows that the increased peel force for lower water content was not simply a 

result of a dryer film. 

 

 

Figure 31. Influence of water content on the wet delamination force for never dried 

laminates of CMC modified cellulose and PVAm 400 kDa at different degree of hydrolysis. 

The polymer was applied via a direct application of 15 µL 1 g/L solution in 1 mM NaCl, pH 7. 

The samples were gently pressed with a hand roller and never dried. The water content was 

varied by adjusting the waiting time between lamination and peel test. 

Finally, the initial wet strength of PVAm was compared for CMC modified and 

TEMPO oxidized membranes (Figure 32). The wet adhesion for pressed and 

dried laminates of CMC modified cellulose and PVAm after rewetting for 30 

min is comparable to that between TEMPO-oxidized cellulose and PVAm [157]. 

For the never-dried laminates presented in Figure 32 however, the CMC 

modified membranes gave a five times higher wet adhesion at 43-44% water 

content. The adhesion for the TEMPO-modified membrane laminated with 

PVAm was no higher than for the CMC-modified laminate without addition of 

polymer.  
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Figure 32. Comparison of the wet delamination of CMC modified and TEMPO oxidized 

cellulose membranes laminated with fully hydrolyzed 400 kDa PVAm (Γ=15 mg/m
2
, 1 mM 

NaCl, pH 7). The samples were gently pressed with a hand roller and never dried. The 

water content was varied by adjusting the waiting time between lamination and peel test. 

For comparison the figure also contains the wet delamination force of dried laminates both 

for CMC and TEMPO modified membranes. 

The wet strength for dried laminates of TEMPO-oxidized cellulose laminated 

with PVAm has been demonstrated to be an effect of covalent crosslinks 

between the PVAm and aldehyde groups on the oxidized cellulose, which 

require a drying step [157]. In the case of the CMC-modified cellulose 

membranes the mechanism is clearly different considering the rather high wet 

delamination force detected for the never dried membranes. In order to clarify if 

the interdigitation of the polymer into the adsorbed CMC layer is a viable 

mechanism explaining the development of the detected wet adhesion it is 

necessary to estimate how fast a highly charged polyelectrolyte can move into an 

oppositely charged gel. This is possible only when having access to a 

representative diffusion coefficient for the polyelectrolyte. The effective 

diffusion coefficient (Deff) for cationic polyelectrolytes, diffusing into the 

swollen fibre wall (which can been described as a polyelectrolyte gel), has in fact 

been reported to be on the order of 10
-15

 cm
2
/s for a 480 kDa poly(AM-co-

DADMAC), which served as a model high charge density polyelectrolyte [159]. 

By using this coefficient the diffusion of the polyelectrolyte can be estimated by 

using equation 10.  

𝑥 =  √2𝐷𝑒𝑓𝑓𝑡   (10) 

For a lamination time of 5 min, which was enough to give significant adhesion 

for never dried CMC-PVAm laminates, x=7 nm. This is close to the estimated 
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thickness of the CMC layer and demonstrates that significant interdigitation is 

likely to occur within the time frame for the delamination tests of the never dried 

laminates. It should also be stressed that the wet delamination force at a given 

water content achieved in this work for never dried laminates is comparable to 

that for phenylboronic acid derivatives[160].  
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6 CONCLUSIONS 

PDMS caps were successfully surface modified through LbL deposition of CNF 

and PEI which enabled the first all-wood biopolymer JKR adhesion 

measurements, studying the adhesion between cellulose/cellulose, 

cellulose/lignin and cellulose/glucomannan surfaces. The work of adhesion on 

loading and the adhesion hysteresis were similar for all three systems, suggesting 

that the adhesion between the different wood biopolymers does not differ 

greatly. Compared to adhesion values calculated from the surface energies 

obtained from contact angle measurements on the model surfaces, the adhesion 

values from the JKR measurements were lower. However, both methods 

indicated that the mutual adhesive interactions between cellulose/cellulose, 

cellulose/lignin and cellulose/hemicellulose are similar.  

LbL modification of fibres using PAH/PAA and paraffin wax nanoparticles 

resulted in highly hydrophobic paper sheets with a contact angle of 150°. Wax 

adsorption impaired the mechanical properties of the sheets, but at an adsorption 

of 8 mg wax per gram fibre there was still a 37% increase in tensile strength 

index compared to the untreated reference fibres. The results demonstrate the 

flexibility and robustness of the LbL technique whereby the known adhesive 

effect of PAH/PAA films can be combined with the functionality of wax 

nanoparticles, creating a stronger and highly hydrophobic paper. Heat treatment 

of sheets made from PAH/PAA-modified fibres without added wax resulted in a 

shift from a hydrophilic absorbing sheet to a hydrophobic paper, with a water 

contact angle of 113°. No obvious change in the surface structure was observed, 

leading to the conclusion that the change in wetting properties was a result of a 

change in the surface chemistry of the treated fibres. This was further supported 

by contact angle measurements of PAH/PAA films assembled on well-defined 

flat cellulose model surfaces, which also exhibited a larger contact angle for 

water after heat treatment.  

Measurements using the surface sensitive technique vibrational sum frequency 

spectroscopy of (PAH/PAA)7.5 films on glass substrates furthermore showed that 

heat treatment resulted in a heat-induced reorientation and migration of 

hydrophobic groups, primarily CH2, towards the polymer-air interface and 

consequently a lowering of the surface energy. The decreased hydrophilicity was 

stable and only partly reversed for heat treated substrates that were re-immersed 

in water. This study demonstrates the applicability of VSFS for fundamental 

studies of interfaces such as LbL films and provides a powerful tool for the 
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understanding of the molecular mechanisms involved in changes of the 

interfacial properties of these films; changes that may also be of great importance 

for the adhesive properties of LbL-treated surfaces. 

Highly stretchable paper could be obtained by depositing an LbL film onto the 

surface of pulp fibres prior to sheet preparation. The system based on PEI and 

CNF was sensitive to the film’s outermost layer, emphasizing the importance of 

the mobility of the chains in the build-up of an LbL film. The combination of 

PAH and HA resulted in a factor of three increase in the tensile index and the 

strain at break. This improvement was observed with adsorbed amounts of 

polymer as low as 15 mg/g, emphasizing the efficiency of this combination of 

polymers as a surface modification route.  

The adhesive properties of PAH/HA were further evaluated by colloidal probe 

AFM. Addition of 10 mM NaCl in the solution during assembly of PAH/HA 

LbL films, dramatically changed the inherent film characteristics and subsequent 

wet adhesive properties. Films exhibiting linear growth and low energy 

dissipation displayed low adhesive strength and low work of adhesion, as 

measured by colloidal probe AFM. On the contrary, films displaying non-linear 

growth showed substantially larger critical pull-off forces and greater work of 

adhesion. The capping layer of the LbL film altered the adhesion slightly; 

however, the dominant factor was whether the layers were assembled with or 

without extra electrolyte. The molecular mass of the top layer controls the 

distance for the long range interactions during separation, which are associated 

with electrostatic linkages and possibly also breaking and reforming of hydrogen 

bonds. For thick films in contact for long times, the wet adhesive strength 

measured was larger than that of collagen binding to bone. 

Finally, by another approach to study wet adhesion, facilitating 90° peel tests of 

wet cellulose laminates, it was shown that pre-treatment of regenerated cellulose 

membranes by irreversible adsorption of CMC resulted in a large increase in the 

wet adhesive strength when laminated with PVAm. The adhesion increased with 

molecular weight and the degree of hydrolysis of PVAm. There is no apparent 

possibility for chemical crosslinking between the polymers and the increase in 

the adhesive strength was instead attributed to interpenetration of PVAm chains 

into the CMC layer and complex formation between the two polymers. The wet 

delamination force was comparable to that previously reported between PVAm 

and TEMPO-oxidized cellulose, where covalent crosslinks are important for the 

development of the wet adhesive strength. Contrary to the PVAm adhesion to 

TEMPO-oxidized cellulose, CMC-PVAm combinations do not require drying 
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and conditioning for the development of wet strength which indicates that this 

system could result in improvements in wet web strength when applied to fibrous 

webs.
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8 LIST OF ABBREVIATIONS 

AFM Atomic force microscopy 

AKD Alkyl ketene dimer 

AM Acrylamide 

CMC Carboymethyl cellulose 

CNC Cellulose nanocrystal 

CNF Cellulose nanofibril 

DADMAC Diallyldimethylammonium chloride 

DH Degree of hydrolysis 

DMAc Dimethyldiacetamine 

DMSO Dimethylsulfoxide 

DP Degree of polymerization 

DPI Dual polarization interferometry 

FTIR Fourier transform infrared spectroscopy 

GGM Galactoglucomannan 

GM Glucomannan 

HA Hyaluronic acid 

JKR Johnson-Kendall-Roberts 

LbL Layer by layer 

LiCl Lithium chloride  

NMMO N-methylmorpholine-N-oxide  

PAA Poly(acrylic acid) 

PAH Poly(allylamine hydrochloride) 

PDMS Poly(dimethylsiloxane) 

PEI Poly(ethylene imine) 

PEM Polyelectrolyte multilayer 
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PET Polyelectrolyte titration 

PMMA Poly(methyl methacrylate) 

PS Polystyrene 

PSS Poly(styrene sulphonate) 

PVAm Polyvinylamine  

QCM-D Quartz crystal microbalance with dissipation 

RH Relative humidity 

SFA Surface force apparatus 

TEMPO 2,2,6,6,-tetramethyl-1-piperidinyoxy radical 

VSFS Vibrational sum frequency spectroscopy 
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