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ABSTRACT 

This thesis examines polyelectrolyte complex (PEC) preparation, adsorption 
behaviour, and potential use for control of wet and dry adhesion between 
surfaces.  

PEC formation was studied using a jet-mixing method not previously used for 
mixing polyelectrolytes. The PECs were formed using various mixing times, and 
the results were compared with those for PECs formed using the conventional 
polyelectrolyte titration method. The results indicated that using the jet mixer 
allowed the size of the formed PECs to be controlled, which was not the case with 
the polyelectrolyte titration method, and a two-step mechanism for PEC 
formation was suggested.  

Adsorption experiments comparing two types of PECs, both produced from PAA 
and PAH, but with different molecular weights, demonstrated that surface-
induced aggregation occurred in the high-molecular-weight PECs, whereas the 
adsorption stopped at a low level in the low-molecular-weight PECs. It was 
suggested that the latter PECs consisted of two fractions of complexes and that 
the fraction with lower polymer density exerted a site-blocking effect, hindering 
further adsorption.  

It was also demonstrated that particle-PECs (PPECs), in which one polyion was 
replaced with a silica nanoparticle, could be prepared. The purpose of preparing 
PPECs was to create a PEC structure that could create a joint with a special failure 
pattern referred to as disentanglement behaviour. Using the colloidal probe AFM 
technique, the expected disentanglement could be detected in PPECs, though the 
joint strength was low. Adhesion experiments demonstrated significantly higher 
pull-off values with polymer–polymer complexes than with PPECs. However, 
there was large spread in the data, possibly due to the surface inhomogeneity.  

Experiments using low-molecular-weight PECs as a paper strength agent 
demonstrated that PECs can indeed increase paper strength. Comparing the PEC 
results with those for polyelectrolyte multilayers (PEMs) prepared from the same 
polyelectrolytes indicated that, since the PEM strategy enables higher adsorption 
levels than does the PEC strategy, greater absolute strength improvements could 
be achieved using PEMs. However, PEC treatment resulted in the greatest effect 
per adsorbed amount of polymer.  



 

 

 

 

SAMMANFATTNING  

Denna avhandling behandlar tillverkning av polyelektrolytkomplex (PEC), deras 
adsorption och potentiella användning för att öka adhesionen mellan ytor i vått 
och torrt.  

PEC bildades med hjälp av jetmixningsmetoden, en metod som inte tidigare 
använts för PEC-tillverkning. Resultaten av tillverkningen jämfördes med resultat 
för PEC bildade genom den tidigare ofta använda polyelektrolyttitrerings-
metoden. Jämförelsen visade att med jetmixningsmetoden kunde storleken på de 
bildade PECen styras med hjälp av blandningstiden, något som inte var möjligt 
med polyelektrolyttitreringsmetoden. Utifrån resultaten föreslås en två-
stegsmekanism för PEC-bildandet.  

Adsorptionsexperiment med två typer av PEC, båda tillverkade av PAA och PAH 
fast med olika molekylvikter, visade att för högmolekylära PEC skedde en 
ytinducerad aggregation, medan adsorptionen stannade på en låg nivå för de 
lågmolekylära PECen. De senare PECen antogs bestå av två olika fraktioner, av 
vilka en fraktion med lägre polymerdensitet föreslogs ha en ytblockerande effekt, 
och därigenom hindrades vidare adsorption.  

Det visades också att partikel-PEC (PPEC), där ena polymerkomponenten bytts ut 
mot anjoniska nanopartiklar av kiseloxid, kunde tillverkas. Syftet var att skapa 
strukturer som kan åstadkomma ett brottmönster med uttrassling mellan ytor. 
Med hjälp av kolloidalprobs-AFM (atomkraftsmikroskopi) kunde det önskade 
uttrasslingsbeteendet påvisas, men fogstyrkan var låg. Adhesionsexperiment med 
polymer-polymer-PEC visade på högre styrkor än PPECen, men också stor 
spridning i data, troligen på grund av inhomogenitet i ytornas struktur.  

Experiment där lågmolekylära PEC använts som styrkekemikalie för papper 
visade att tillsats av PEC kan öka pappersstyrkan. Jämförelse med resultat för 
polyelektrolytmultilager (PEM) av samma komponenter visade att eftersom 
högre adsorptionsnivåer kan uppnås med PEM så kan större styrkeökningar 
erhållas med PEM. Däremot visades att den högsta styrkeökningen per 
adsorberad mängd polymer erhölls med PEC-behandlingen.  
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1. INTRODUCTION 

Polyelectrolytes are charged macromolecules that can have either cationic or 
anionic charges. Due to their charges they are hydrophilic, and normally water 
soluble, and can be used in a variety of applications, such as drug delivery, 
coatings, shampoos, or as flocculating agents in water treatment. In papermaking, 
polyelectrolytes are used for many purposes, for example, as retention aids, 
strength agents, and formation agents. In more general terms, polyelectrolytes 
can be used to modify various types of surfaces.  

By combining different types of polyelectrolytes, different structures can be 
formed. One technique for building a polyelectrolyte structure is the popular 
layer-by-layer (LbL) deposition technique, introduced in the 1960s [1] and further 
developed in the 1990s [2]. In this technique, oppositely charged polyelectrolytes 
are added sequentially to a surface to form a polyelectrolyte multilayer (PEM). A 
simpler and much older technique, developed in the 1890s, is to mix the different 
polyelectrolytes to form polyelectrolyte complexes (PECs) [3]. PECs may either be 
preformed and then added to the substrate, or mixed together with the substrate. 
The disadvantage of PECs is lack of control over their formation.  

By choosing appropriate PEC and PEM components, both structures can be used 
to functionalize a substrate. For example, polyelectrolytes can be synthesized to 
have various functionalities, such as conductive, photo- or thermoresponsive, or 
antibacterial properties. Due to their simplicity, PECs offer an industrially 
interesting possibility to exploit the advantages of the separate polyelectrolytes by 
creating a new, nanostructured unit. 

The work in this thesis aims to develop and evaluate a technique for the 
controlled preparation of PECs with defined structures, to examine their 
adsorption at the solid–liquid interface, and to assess their potential use in 
modifying adhesive joints between surfaces to create joints with special 
properties. For this last purpose, PECs with anionic silica nanoparticles were 
developed and studied. 
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2. BACKGROUND 

2.1 POLYELECTROLYTE COMPLEXES 

The word polymer comes from the Greek words poly, meaning many, and meros, 
meaning part. An electrolyte is a substance that can dissociate into free ions (from 
the Greek lytos, meaning “that may be dissolved”). Polyelectrolytes are thus 
polymers with at least one repeating unit that can dissociate. When such 
polyelectrolytes are dissolved in water, they gain a certain electrical charge, and 
are also accompanied by counterions. The release of counterions assists the 
polyelectrolyte dissolution in water. Positively charged polymers are often 
referred to as polycations and negatively charged polymers as polyanions. Strong 
polyelectrolytes have constant charge densities, whereas the charge of weak 
polyelectrolytes vary with solution pH.  

Polyanions and polycations can react in aqueous solution and form polysalts [4, 
5] in a complexation process closely linked to self-assembly processes [6]. The 
general conception is that the main driving force of complex formation is the gain 
in entropy caused by the release of low-molecular-weight counterions (Figure 1). 
Other interactions, such as hydrogen bonding and hydrophobic interactions, can 
also contribute to the complexation process [6] but are not, as such, driving force 
for the complexation.  

 

Figure 1. Schematics of the release of counterions upon polyelectrolyte complex formation. Illustration 
by Mats Rundlöf, AB Capisco.  
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The structures a PEC can adopt can be categorized into three types, i.e., soluble, 
colloidally stable, and coacervate complexes, the formation of which will be 
described below. The type of complex formed is governed, for example, by pH, 
salt, choice of polymer, and polymer concentration, and is usually characterized 
using turbidimetric or light-scattering techniques [7]. Another suggested, but not 
very commonly used, way to classify various kinds of complexes is on the basis of 
the main interaction forces involved, including Coulomb forces, hydrogen bonds, 
van der Waals forces, and charge–transfer interaction [7].  

2.1.1 Colloidally stable PECs 

PEC formation between strong polyelectrolytes results in highly aggregated or 
macroscopic flocculated systems [6]. In dilute solutions, the aggregation can be 
stopped at a colloidal level (with diameters of 10–100 nm), and a polydisperse 
system of nearly spherical particles is usually achieved. 

A 1:1 stoichiometry is generally found for strong polyelectrolytes. However, the 
full binding found for the polymer in deficiency, even for a strong mismatching 
of the charge densities, suggests smoother, entropy-driven charge neutralization 
rather than strictly localized binding [6]. This possibility is further supported by 
the thickness of the diffuse double layer, i.e., the Debye length (1/κ), which in its 
simplest version can be approximated to 0.304/[salt concentration]1/2 nm for 
monovalent salts at 25°C. This means that at all moderate salt concentrations, two 
adjacent charges act more like a diffuse charged milieu than like two discrete 
charges (“binding sites”). The stoichiometry also depends on polymer flexibility, 
as rigid polymers with uneven charge distributions, due to their inability to 
reconform, are more likely to form non-stoichiometric PECs. Polymer branching 
can similarly lead to the formation of more non-stoichiometric PECs, since 
charges at sites in the inner parts of the molecules can be inaccessible to the 
oppositely charged polyelectrolyte. The presence of salt makes the 
polyelectrolytes form denser structures, which can lead to deviations from 1:1 
stoichiometry [8]. However, since the main driving force is the release of 
counterions, real deviation from 1:1 stoichiometry will likely start to occur when 
the Debye length starts to be of the same order of magnitude as the distance 
between two charges along the chain of the polyelectrolyte with the lowest charge 
density. This is also supported by earlier published work treating the 
complexation stoichiometry as a function of salt concentration [9]. 

The nature of PECs, including the distribution of charges in and on the surface of 
the complexes and whether to consider them macromolecules, co-polymers, or 
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gels, has been debated to some extent. However, the general conception is that 
the inner parts of the colloidal PEC constitute a homogenous, charge-neutralized 
core, in which 1:1 stoichiometry and high entanglements prevails, whereas the 
outer shell consists of a few polyelectrolyte layers whose charges are not 
completely compensated for, giving the complex its net charge. This outer shell of 
excess component also stabilizes the particles from further, secondary 
aggregation. If the molar mixing ratio approaches 1, or if salt is added, the 
particles become destabilized and flocculate [10, 11].  

PEC formation in pure water is likely to large extent governed by the kinetics of 
the process, leading to frozen structures, far from thermodynamic equilibrium. 
Concentrations below 1 g/L give stable dispersions of PEC colloids in non-
stoichiometric mixtures. When the molar mixing ratio is increased and 
approaches 1, secondary aggregation finally occurs [6]. The same trend was 
detected in Monte Carlo simulations in which the lengths of the polyion 
components were varied. The formation of large clusters is promoted to reduce 
the total surface area of the system, whereas the formation of small PECs is 
favoured for entropic reasons and as an effect of electrostatic repulsion (i.e., the 
drive to spread the excess charge), and bimodal size distributions were seen in 
several studied combinations [12].  

Strong polyelectrolytes with suitable charge densities can result in very compact 
structures (0.3–0.7 g/mL). Mismatching charge densities leads to greater swelling 
of the colloidal particles. The number of polymer chains included in a single 
complex, which even in extremely dilute systems can be hundreds, increases 
strongly with rising concentrations of the component solutions, reaching up to 
several thousand chains per particle [6].  

2.1.1.1 The influence of salt on PEC structure 

The response of already formed PECs to subsequent salt addition has been 
investigated by Dautzenberg and Rother [11], who found that after changes in 
ionic strength, PEC swelling or deswelling occurs immediately, whereas 
coagulation is a much slower process, dependent on the concentrations of the 
colloidal particles.  

Dautzenberg [13] found two major effects of salt on the formation of PECs. First, 
the presence of even a very small amount of salt during formation resulted in a 
dramatic decrease in aggregation level, probably due to the less stiff and more 
coiled structure the polymers can adopt. Second, higher ionic strength resulted in 
macroscopic flocculation, explained by the screening of the protecting and 
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stabilizing outer shell of excess component [13]. Other studies have demonstrated 
that the valence (uni- or divalent) of the salt also seems to be important for the 
interaction between the polyelectrolytes [14].  

The use of PECs in paper applications will be discussed in the “Paper strength” 
section. Another potential application of PECs is as flocculants for wastewater 
treatment (e.g., in the pharmaceuticals industry) [15].   

2.1.2 Coacervates 

A coacervate is formed when the mutual binding of two oppositely charged 
polyelectrolytes is of moderate strength as a result of low charge density. The 
coacervate is a liquid-like, mobile, and reversible structure [16] that is generally 
formed in two phases, one polymer rich and one very dilute. The interfacial 
tension between these two phases was studied by Spruijt et al. [17], who found 
that it clearly decreased with increasing salt concentration. The formation of 
coacervate complexes from cationic polyacrylamide (CPAM) and sulphonated 
Kraft lignin was investigated by Vanerek and van de Ven [8], who found that the 
molecular weight of CPAM was a key factor in coacervate formation, since a 
shorter chain can more easily adopt a coiled structure, which will precipitate. 
According to the authors, soluble, colloidal, and coacervate complexes can form 
simultaneously. Potential applications for coacervates are as flocculants and 
retention aids in papermaking [8], as drug carriers [18], and in food applications, 
for example, as fat replacers [19]. 

2.1.3 Water-soluble PECs 

Under certain salt conditions, combinations of polyions with significantly 
different molecular weights and weak ionic groups in a mixture of non-
stoichiometric proportions give rise to water-soluble PECs (i.e., each comprising a 
longer host chain with several small guest chains) [20]. The complex adopts a 
conformation including hydrophilic single-stranded segments and hydrophobic 
double-stranded segments, as schematically described by Kabanov and Zezin [21] 
(see Figure 2).  
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Figure 2. Schematic of a sequentially water-soluble polyelectrolyte complex with hydrophilic single-
stranded segments and hydrophobic double-stranded segments. Image based on an illustration by 
Kabanov and Zezin [21].  
 
The presence of a small amount of salt enables rearrangements, which in turn 
allow the complex to reconform to a structure closer to its thermodynamic 
equilibrium. At slightly higher salt concentrations, the PECs shrink due to the 
shielding of polyelectrolyte charges by the electrolytes. A further increase in salt 
concentration leads to completely complexed, precipitating species; the 
precipitates eventually redissolve, and both components exist as free 
polyelectrolytes in solution [6, 20].  

Kiriy et al. [22] studied the conformation of PECs consisting of long polycations 
and short polyanions. Using AFM imaging to examine PECs deposited on a mica 
surface, they demonstrated that when the short polyion is in excess, the PEC 
adopts a micelle-like structure; when the long polyion is in excess, however, it 
wraps around the hydrophobic segments of the PEC structure.  

2.1.4 Polyelectrolyte complexation techniques 

The predominant method for forming PECs is probably polyelectrolyte titration 
[13, 23], in which one polyelectrolyte is slowly added (usually resulting in 
addition times in the order of minutes up to hours), while stirring, to a solution 
containing the oppositely charged polyelectrolyte. This procedure has several 
drawbacks. For example, the concentration of the polyelectrolyte solution into 
which the other polyelectrolyte is titrated changes during titration. This occurs 
because the solvent of the titrant dilutes the solution of the oppositely charged 
polyelectrolyte and because the latter polyelectrolyte is consumed by the ongoing 
complexation process. To counteract this dilution, the first polyelectrolyte is 
sometimes used in a concentration 2–10 times greater than that of the second. 
Another problem with this method is that it is difficult to control the mixing. In 
addition, the titrant addition rate (TAR) affects the properties of the formed 
complexes, as described, for example, by Dragan et al. [24, 25]. In these studies, 
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the TAR was varied so that the isoelectric point (IEP), i.e., the point at which the 
numbers of cationic and anionic charges are the same, was reached after 45 s–
60 min. It was found that the higher the titrant addition rate, the higher the 
storage stability of the complexes. PECs can also be formed in situ, i.e., by mixing 
the polycation, polyanion, and substrate (e.g., pulp fibres) together [9], a method 
commonly used for fibre suspensions.  

The present thesis work has developed and evaluated a new method for 
preparing polyelectrolyte complexes, the jet mixing technique, which will be 
further described and discussed in the following sections.  

2.2 POLYELECTROLYTE - PARTICLE INTERACTIONS  

So far, only complexes formed by two polyelectrolytes have been discussed. 
However, it is also possible to replace one of the components with a charged 
nanoparticle (see Figure 3). Of course, there are many types of charged 
nanoparticles. In this work, colloidal silica has been used instead of one of the 
polyions in the complexes. The term colloidal silica refers to a stable dispersion of 
discrete particles of amorphous silicon dioxide. Silanol groups, Si-OH, are formed 
on the surface of the particles and can in turn give rise to anionic charge in the 
aqueous solution [26].  

 
Figure 3. Particle PEC preparation. Illustration by Mats Rundlöf, AB Capisco.  

The interactions between colloids (especially colloidal silica) and polyelectrolytes 
have been studied by many research teams. Fundamental parameters of the 
interaction include surface area and surface charge, parameters that have been 
investigated in many studies using various methods [27-31].  

The influence of parameters such as the ionic concentration of the solution as well 
as polyelectrolyte chain length and rigidity on adsorption limit, complex 
conformation, and charge inversion has been investigated by Stoll et al. using 
Monte Carlo simulations [32, 33]. They found that trains were favoured for 
shorter-chain polymers, but that loops were favoured with increasing chain 
length. Above a critical chain length, electrostatic repulsion within the polymer 
forces the polyelectrolyte to form a protruding tail. Increasing the ionic 
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concentration, and thereby screening the charges, reduces the electrostatic 
excluded volume of a monomer, meaning that a greater number of monomers can 
adsorb onto the particle surface. It was also found that the rigidity of the 
polyelectrolyte influenced the amount of polyelectrolyte adsorbed and the 
monomer distribution on the particle surface. Cosgrove et al. [34] have studied 
similar systems experimentally, going from having several nanoparticles per 
polymer chain to several polymers per particle. In the first case, the complexes 
become highly aggregated and phase separation occurs, whereas the polymer 
solution thins in the latter.  

Walldal [35] studied the interactions between colloidal silica particles of various 
sizes and various polyelectrolytes, focusing on the flocculating behaviour of the 
polyelectrolytes. The kinetics were found to be governed by different processes: 
the first is the fast attachment of silica to the polyelectrolyte; the second slower 
process occurs when the polymers contract, due to the lower charge density after 
silica attachment, flocculating the silica [36]. It was also found that with CPAM, 
less polymer was needed to reach charge neutralization when the salt 
concentration was increased. This was interpreted as indicating that the 
interaction was pure electrosorption [36].  

In the paper industry, polyelectrolyte–particle interactions are used in 
microparticle retention-aid systems to retain (i.e., flocculate and deposit) the fine 
material and fillers onto the fibre surfaces. In these systems, cationic 
polyelectrolytes are used together with anionic particles. One characteristic of 
microparticle systems is their inherent ability to reflocculate after floc breakage 
caused by the high shear forces in the paper-forming process [37]. The 
predominantly used anionic particles are silica particles or various clays, such as 
bentonite or montmorillonite. Whereas the clay particles have naturally occurring 
shapes, the silica particles can be produced in various shapes, for example, with 
various length-to-width ratios. A higher length-to-width ratio has been 
demonstrated to be beneficial in terms of retention efficiency [38].  

An example of a natural material that exploits polymer–particle interaction is 
bone, originally thought of as a composite of hydroxyapatite, Ca10(PO4)6(OH)2, 
particles integrated into a fibrillar collagen matrix. However, it was quite recently 
found that bone also includes a non-fibrillar organic matrix sometimes referred to 
as “bone glue” [39, 40]. It has been demonstrated that when a collagen sample is 
subjected to stress, some bonds break at an early stage, exposing more polymer 
length in the sample (the so-called hidden length), which also must be stretched 
before the sample breaks. These bonds are called sacrificial bonds as they can play 
a significant role in keeping the bone from breaking by dissipating impact energy. 
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It has also been demonstrated that sacrificial bonds may reform when the strain is 
released, giving the material a self-healing ability.  

2.3 ADSORPTION 

In most practical applications, PECs must initially, or will eventually, be 
deposited on a surface. It is accordingly interesting to study the adsorption 
behaviour of PECs [41]. The adsorption of polyelectrolytes has been thoroughly 
studied, and the general agreement is that the driving force of the adsorption is 
the entropy increase from the release of counterions.  

 
 
Figure 4. PEC and polyelectrolyte adsorption, respectively. Illustration by Mats Rundlöf, AB Capisco.  

The adsorption of a polyelectrolyte onto an oppositely charged surface can be 
divided into three sub-processes: first, the mass transport to the surface (usually 
by diffusion, i.e., kinetically determined by the size of the polyelectrolytes in 
solution), thereafter attachment on the surface (a process driven by the entropy 
gain upon release of counterions), and finally rearrangement on the surface [42]. 
For polyelectrolytes, desorption is commonly thought to play a minor role at low 
salt concentrations, due to the unlikelihood of a great many bonds breaking at the 
same time.   

With increasing salt concentration, the repulsion within the polyelectrolytes 
decreases and the polyelectrolytes can adopt a less flat conformation on the 
surface, leading to an increase in the level of adsorption. Above a certain salt 
concentration, the interaction between polyelectrolyte and surface is completely 
shielded, and no adsorption occurs.  

This thesis compares the adsorption and adhesive effects of PECs with the 
adsorption and adhesive effects of polyelectrolytes adsorbed using the layer-by-
layer deposition technique. In the latter technique, a polyelectrolyte multilayer 
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(PEM) is gradually built on a surface through the consecutive adsorption of 
polycations and polyanions (Figure 4, right) [2].  

2.4 ADHESIVE INTERACTIONS IN POLYMERIC SYSTEMS 

In theory, the thermodynamic interactions between two surfaces are determined 
by their surface energies. The interaction between real surfaces involves, for 
example, chemical bonds, electrostatic interactions, dispersive interactions, and 
hydrophobic/hydrophilic interactions, as well as macroscopic phenomena such as 
mechanical interlocking due to surface roughness or, in polymer systems, 
polymer interdiffusion [43]. Parts of a polymer may interdiffuse across the 
interface, a phenomenon sometimes referred to as interdigitation, diffusive 
adhesion, or entanglement. Polymer entanglements are favoured by increasing 
polymer mobility, which in turn is affected by temperature (in relation to the Tg of 
the polymer), and by relative humidity. In addition, the chain ends of a polymer 
are naturally more mobile, resulting in higher adhesion (per weight) in shorter 
polymer chains [44]. Altogether, these factors make the real work of adhesion 
between surfaces covered with polymers into non-equilibrium processes 
involving adhesion hysteresis, meaning that they are influenced by factors such 
as time in contact, load, and rate of separation.  

The forces between a polycation and a polyanion, grafted onto the two surfaces of 
a colloidal probe AFM setup, were measured by Spruijt et al. [45]. From the 
influence of salt concentration (i.e., decreasing force with increasing salt 
concentration), time in contact between the two grafted surfaces (i.e., increasing 
force with increasing time in contact), and pull-off rate (i.e., increasing force with 
increasing separation rate), it was concluded that the complexes were held 
together by the force of ion pairing.  

2.5 PAPER STRENGTH 

The strength of a paper sheet is determined by the strength of the individual 
constituent fibres, the strength of the joints between the fibres, the number of such 
joints per volume, and the sheet formation (a measure of how evenly the fibres 
are distributed in the sheet). The fact that the fibre strength is generally 
significantly greater than the strength of the formed sheet leads to the conclusion 
that the joints between fibres are of utmost importance [46, 47]. The strength of 
fibre–fibre joints has contributions from mechanical interlocking, ion bonds, 
hydrogen bonds, polymer interdiffusion between fibre surfaces, and hydrophobic 
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interactions [48]. For most of these factors, the actual molecular contact area in the 
joints is crucial [49].  

Knowing this, it is of interest to influence the fibre–fibre joint in order to change 
various parameters of the paper sheet. One example of this is the addition of 
polyelectrolytes in the papermaking process to increase the strength of the fibre–
fibre joints, thereby increasing the paper strength. A large variety of synthetic 
polyelectrolytes are used to modify fibre surfaces in papermaking, some of which 
have been used for more than fifty years. Instead of single polymers, alternating 
layers of cationic and anionic polyelectrolytes can be adsorbed, forming a 
polyelectrolyte multilayer (PEM) on the fibre surface [50]. 

Another extensively used approach for strength increase is pulp beating. This 
strengthens the resulting paper by straightening and flexibilizing the fibres, 
leading to stronger fibre–fibre joints and improved stress distribution in the sheet 
with beaten fibres [51]. The side effect, the production of fine material, leads to 
more difficult dewatering, which results in a wetter sheet and higher production 
costs. Beating also generally leads to the formation of denser sheets and increased 
shrinkage upon drying, which are undesirable effects for some paper qualities.  

2.5.1 PECs in paper applications 

One possible application of PECs is for improving the wet and dry strength of 
paper. Systematic studies of the interaction between PECs and pulp have been 
performed by a few research teams; some of this research will be briefly described 
here.  

Using PECs as paper chemicals has been demonstrated to significantly enhance 
physical paper properties; the tested PECs are combinations of polyacrylic acid 
(PAA) and polyallylamine hydrochloride (PAH) or polyamideamine-
epichlorohydrin (PAE) and carboxymethylated cellulose (CMC) [23, 52, 53]. An 
undesired densification occurred when the PECs were added to the various tested 
pulps, though this effect was not as pronounced as that achieved by mechanical 
beating, indicating the great potential for using PECs to enhance paper strength 
while maintaining a significant part of the paper bulk. In another study, paper 
strength was reported to increase by up to 100% without any significant 
densification [49]. The strength increase was explained by enhanced fibre contact 
zone properties, i.e., due to both increased molecular contact area in the fibre–
fibre joint and to increased molecular adhesion in molecular contact areas.  
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Other studies have investigated the influence of PECs on paper strength using the 
sequential addition of polyelectrolytes to the pulp suspension (e.g., adding one 
polyelectrolyte and then the other, 30 min later), forming PECs in situ. For 
example, the effects on the tensile strength and stiffness of paper of the sequential 
addition of cationic polyacrylamide (CPAM) and CMC to a fibre suspension were 
investigated [54] in a study demonstrating that adding polyanions after adding 
polycations gave better results than did adding polycations only.  

2.5.1.1 Other effects in the paper making process 

Polyelectrolyte complexation can also be advantageous for the flocculation and 
retention of colloidal material in the papermaking process. Britt [55] and 
Moore [56], for example, found early on that adding two oppositely charged 
polymers, one after the other, to the pulp suspension leads to higher retention 
than does adding only one polymer. More recent studies have demonstrated that 
pre-mixing complexes of polyacrylic acid and cationic starch result in better 
flocculating in calcium carbonate dispersions than does adding the polymers 
sequentially [57]. In other flocculation studies, Petzold et al. [15] and 
Buchhammer et al. [58] investigated the flocculating ability of preformed PECs of 
a combination of polydiallyldimethyl ammonium chloride (PDADMAC) and 
polymaleic acid, or PDADMAC and the copolymer of polymaleic acid and 
α-methyl styrene applied to silica particles and clay. PECs were found to be able 
to flocculate colloidal material very rapidly and efficiently over a broad range of 
addition concentrations.  

PECs can also be formed from an added polyelectrolyte and polyions or other 
ionic material already present in the pulp, for example, lignin or colloidal fibre 
material [8, 59]. The complexation of the polyelectrolytes generally leads to a less 
viscous water phase, which would be advantageous for pulp dewatering.  
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3. EXPERIMENTAL 

3.1 MATERIALS 

3.1.1 Polyelectrolytes 

Polyallylamine hydrochloride (PAH, cationic) with molecular weights of 15,000 
and 70,000 Da and polyacrylic acid (PAA, anionic) with molecular weights of 
5000, 50,000, and 240,000 Da, all according to the supplier, were purchased from 
Sigma-Aldrich and used as delivered. The third polymer was a linear cationic 
polyacrylamide (CPAM) with 10% (by mole) of the acrylamide monomer 
replaced with (trimethylammonio)ethyl acrylate chloride and with a molecular 
weight of 150,000 Da, supplied by Eka Chemicals, Sweden. 

 
Figure 5. Chemical structures of polyacrylic acid, PAA (left), polyallylamine hydrochloride, PAH 
(middle), and cationic polyacrylamide (right). 

3.1.2 Silica nanoparticles 

Two types of silica nanoparticles were used: the first (hereafter “Particle A”) had 
a primary particle size of 5 nm and an axial ratio of 4, and the second (hereafter 
“Particle B”) had a primary particle size of 2.5 nm and an axial ratio of 13. The 
particle sizes are given as calculated diameters based on surface area 
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measurements, assuming spherical particles. The axial ratio values are based on 
the method based on viscosimetry and dynamic light scattering measurements as 
described by Biddle et al. [30]. Particle B was surface modified with aluminium to 
5% (by mole) to have a higher stability. Both particles were supplied by Eka 
Chemicals, Sweden. 

3.1.3 Template surfaces 

P-type silicon wafers were purchased from MEMC Electronic Materials, Italy. For 
SPAR measurements, the substrates were rinsed with ethanol, oxidized in an 
oven at 1000°C for 3 h, and then rinsed with ultra-pure water (MilliQ), ethanol, 
and ultra-pure water in sequence, hydroxylated in 10 wt% NaOH for 30 s, 
thoroughly washed with ultra-pure water, blown dry with nitrogen gas, and 
finally treated in a plasma cleaner for 30 s. The oxide layer thickness was 
measured using an ellipsometer (model 43702-200E, Rudolph Research, USA) and 
was found to be 82 ± 2 nm for oxidized silicon surfaces. When used as substrates 
for the AFM imaging and force measurements, the substrates were rinsed with 
ultra-pure water (MilliQ), ethanol, and ultra-pure water in sequence, blown dry 
with nitrogen gas, and finally treated in a plasma cleaner for 3 min.  

Silica-coated piezoelectric quartz crystals used for QCM-D measurements were 
purchased from Q-Sense AB, Sweden. The AT-cut crystals were thoroughly 
rinsed with ultra-pure water (MilliQ), ethanol, and ultra-pure water in sequence, 
blown dry with nitrogen gas, and finally treated in a plasma cleaner for 30 s 
before use.  

All experiments were performed at pH 7 using ultra-pure water (MilliQ) 
containing 10 mM NaCl as solvent, unless otherwise stated. When necessary, the 
pH was adjusted using NaOH or HCl.  

3.1.4 Pulp 

Totally chlorine-free (TCF) chemical Kraft softwood fibres, bleached according to 
the (OO)Q(OP)(ZQ)(PO) sequence, from SCA Forest Products, Östrand Pulp Mill, 
Sweden, were used for sheet preparation and for adsorption experiments on 
single fibres (Paper I). The pulp was delivered in dry form and disintegrated 
according to ISO 5263:1995. 
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3.2 METHODS 

3.2.1 Complex formation through jet mixing  

A new method for forming polyelectrolyte complexes is micromixing in a 
confined impinging jet (CIJ) mixer [60, 61]. In a CIJ mixer, depicted in Figure 6, 
two jets collide in a small chamber, giving mixing times as brief as a few 
milliseconds.  

 
Figure 6. Schematic of the mixing chamber in a CIJ mixer showing the inlets and outlet; based on an 
illustration by Johnson and Prud’homme [60].  

Important characteristics of this mixing process are the chamber multiple (i.e., 
chamber diameter-to-jet diameter ratio, I/d) and the jet velocity or turbulence at 
the inlets (i.e., jet Reynolds number, Re = (u × d)/ν, where ν is the kinematic 
viscosity of the used liquid, i.e., ν = η/ρ). Assuming that the density, ρ, and mass 
flow of the two fluids are the same and that the fluid viscosity, η, is constant, the 
equation of Johnson and Prud’homme [60] for calculating the mixing time, τmix, 
can be simplified to:  

du
I

2/3

2/3

mix K≈τ  [1] 

where K is a constant (which can be determined for a specific system, depending, 
for example, on mixing chamber geometry), I is the inner diameter of the mixing 
chamber, u is the jet velocity, and d is the inner diameter of the inlets (i.e., jets).  

In the standard complex-preparation procedure used in this thesis, the flow of 
each solution was kept constant at 940 mL/min; this corresponds to a fluid 
velocity of approximately 20 m/s, giving a mixing time of approximately 2 ms (in 
the work reported in Paper I, the mixing time was instead 4 ms). The inner 
diameter of the inlets was 1 mm and the mixing chamber had an inner diameter 
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of 5 mm. The mixing time study used various flow rates, ranging from 0.09 to 
0.94 L/min, corresponding to mixing times ranging from 65 ms to 2 ms.  

The term charge ratio is hereafter defined as the ratio between the number of 
charges of the polyelectrolyte in deficiency divided by the number of charges of 
the other polyelectrolyte. In the present study, the polycation and polyanion were 
dissolved in ultra-pure water containing 10 mM NaCl to concentrations 
calculated to result in a final PEC concentration of 0.3 g/L. Before mixing, the pH 
was adjusted to 7 using appropriate amounts of NaOH or HCl.  

For the PECs comprising PAA and PAH, the mixing proportions for the different 
charge ratios were calculated theoretically, assuming that both polyelectrolytes 
were fully dissociated. For the PECs comprising CPAM and silica particles, the 
1:1 charge ratio was first determined experimentally by measuring the zeta 
potential of a number of samples with different mixing proportions of the two 
components (in 10 mM NaCl and at pH 7); the mixing proportions for the desired 
charge ratios were then calculated accordingly.  

The papers appended to this thesis use different terminology to refer to the PECs. 
To guide the reader, the various PECs are briefly described in Table 1.  

Table 1. Short description of the PECs examined in this thesis. 
PEC name Polycation Polyanion In paper(s) 
PEC-A  PAH 70 kDa PAA 50 kDa III 
PEC-B PAH 15 kDa PAA 5 kDa I–V 
PEC-L/L* PAH 15 kDa PAA 5 kDa II 
PEC-L/H PAH 15 kDa PAA 240 kDa II 
PEC-H/L PAH 70 kDa PAA 5 kDa II 
PEC-H/H PAH 70 kDa PAA 240 kDa II 
PPEC-A CPAM 150 kDa Particle A IV–V 
PPEC-B CPAM 150 kDa Particle B IV 
*same as PEC-B  

In some of the samples, the complexes were filtered in an attempt to remove any 
unreacted polyelectrolyte from the PEC dispersion. For the filtration, a Pellicon 
XL Ultrafiltration Module Biomax with a 10 kDa cut-off (PXB010A50; Millipore 
Corp., USA) was used. This filter specification was chosen as a compromise, to 
remove as much as possible of the unreacted polyelectrolyte, while retaining as 
much as possible of the formed complexes.  
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3.2.2 Complex formation through polyelectrolyte titration  

To prepare cationic complexes, a polyanion solution with a charge concentration 
of 2 mM (2 meq/L) was added to a polycation solution with a charge 
concentration of 1 mM (1 meq/L) at a titration volumetric flow of 0.5 mL/min 
using a syringe pump (NE-1000; ProSense BV, The Netherlands); the solution was 
added during continuous stirring using a magnetic stirrer until the desired charge 
ratio was achieved. To prepare anionic complexes, the same procedure was used, 
except that the polycation solution (charge concentration 2 mM) was titrated into 
the polyanion solution (charge concentration 1 mM). 

3.2.3 Dynamic light scattering (DLS) and electrophoretic mobility 
measurements 

The size and charge of the formed complexes were determined using a Zetasizer 
Nano ZS particle characterization system (Malvern Instruments Ltd., UK) with a 
633-nm red laser collecting the scattered light at an angle of 173°. The particle 
diameter was calculated from the determined diffusion coefficient as the 
z-average size assuming spherical symmetry. The charge of the PECs is here 
presented either as mobility (Paper II) or as zeta potential values (Papers I, III– 
IV). The software supplied by the instrument manufacturer was used to evaluate 
the data. 

3.2.4 Stagnation point adsorption reflectometry (SPAR)  

Adsorption experiments were performed using a stagnation point adsorption 
reflectometer (SPAR) from the Laboratory of Physical Chemistry and Colloidal 
Science, Wageningen University, The Netherlands. This instrument reflects a 
linearly polarized laser beam at the stagnation point of the flow, and measures 
Ip/Is (S), i.e., the ratio of the parallel to the perpendicular intensities of the reflected 
light. Upon adsorption to the substrate, this ratio changes due to the change in the 
refractive index at the surface; the result is presented as ∆S/S0, where ∆S is the 
change of S upon polymer adsorption and S0 is the initial value of S. According to 
Dijt et al. [62], ∆S/S0 is proportional to the adsorbed amount, as follows:  

0

Q
S
SΔ=Γ   [2] 

where Q is a constant dependent on the refractive indices of the Si, SiO2, and 
solvent, the thickness of the oxide layer, and the refractive index increment 
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(dn/dc) value of the adsorbed polyelectrolytes. The adsorbed amounts considered 
in this study were calculated using a four-layer optical model and the data were 
processed using “Prof. Huygens” software (Dullware, The Netherlands).  

3.2.5 Quartz crystal microbalance with dissipation (QCM-D) 
monitoring  

In the quartz crystal microbalance with dissipation monitoring, using either the 
QCM D300 (Papers I–II) or the Q-Sense E4 (Papers III–IV) microbalance material 
analyser (both from Q-Sense, Sweden), the frequency of the resonating crystal 
decreases when a polyelectrolyte is adsorbed onto it. Assuming a flat and 
uniform conformation of a firmly attached adsorbed film, the adsorbed mass, ∆m, 
can be calculated from the frequency shift using the Sauerbrey relationship [63]: 

f
n

m Δ=Δ QCMC
 [3] 

where CQCM is the mass sensitivity constant (-0.177 mg/Hz∙m2), n is the overtone 
number, and ∆f is the frequency shift. To measure the viscoelastic properties of 
the adsorbed layer, the change in energy dissipation is determined. Turning off 
the AC current that causes the crystal to oscillate gradually stops the crystal 
oscillations, allowing a decay constant to be determined. This constant can in turn 
be used to estimate the viscoelastic properties of the adsorbed layer. For a tightly 
adsorbed, rigid film, the change in dissipation upon adsorption is expected to be 
low, whereas the adsorption of a water-rich, more viscoelastic film would result 
in greater energy dissipation. In the experiments, a stable baseline was obtained 
using a solution of 10 mM NaCl with a pH adjusted to 7. A rinsing step using a 
solution of the same ionic strength always followed the adsorption step (in the 
adsorption of polyelectrolyte multilayers, a rinsing step followed each adsorption 
step).  

3.2.6 Atomic force microscopy (AFM)  

AFM Imaging 
A Nanoscope IIIa atomic force microscope (Veeco Instruments, USA) was used to 
examine the surface structure of a silicon oxide surface treated with filtered PECs. 
All measurements were made in the tapping mode. Standard non-contact silicon 
cantilevers (RTESP; Veeco Instruments, USA) were used in the experiments, 
which were all conducted at 23°C under ambient conditions.  
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AFM force measurements with colloidal probe technique 
A Nanoscope IIIa atomic force microscope with a Picoforce extension (Veeco 
Instruments, USA) was used for measuring the adhesive forces between two 
treated surfaces, using the colloidal probe technique. In this technique, a probe is 
approached to and retracted from a silica surface, while recording information 
about the force exerted on the probe [64]. The probe is a 10-µm borosilicate glass 
sphere from Duke Scientific, USA, glued onto a rectangular tipless cantilever with 
a nominal length of 130 µm and a width of 35 µm (CSC12 from MikroMasch, 
Estonia) using Strong Epoxy Professional glue from Casco, Sweden. The 
measurements were made inside the liquid cell in which the PEC or PEM 
adsorptions were conducted, all under wet conditions (Figure 7). During the 
adhesion measurements, the ramp function was used, moving the tip in the x–y 
direction for each measurement, so that the repeated force curves were never 
measured in exactly the same position on the surface.  

 
Figure 7. Schematic of the setup for the AFM force measurements using the colloidal probe technique. 
Illustration courtesy of Torbjörn Pettersson.  

The system was calibrated by finding the normal spring constant using the 
thermal noise-based method [65] with the AFM Tune IT software (ForceIT, 
Sweden). In addition, for each measurement, the length and width of the 
cantilever and the radius of the glass sphere were measured using light 
microscopy and image analysis software. This information was used to exactly 
calibrate the normal spring constant and to normalize the measured adhesion 
forces.  

AFM adhesion mapping  
For the AFM measurements, a Dimension Icon atomic force microscope (Bruker 
AXS, USA) was used. The AFM was equipped with ScanAsyst cantilevers having 
SiO2 tips with a radius of curvature close to 2 nm. The cantilever normal spring 
constant was calibrated using the thermal noise method, and the inverse optical 
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lever sensitivity was calculated from force curve measurements for a sapphire 
surface. Height and adhesion images were captured in PeakForce QNM mode, 
and the individual force curves were measured in point-and-shoot mode after the 
complete QNM images were captured.  

3.2.7 Environmental scanning electron microscopy (ESEM) 

To analyse and compare untreated and modified fibres, a field emission gun 
environmental scanning electron microscope (Philips XL30 ESEM-FEG) was used. 
The measurements were made in the back scattering emission mode using an 
acceleration current of 8–10 kV and a pressure of 0.6–0.7 torr.  

3.2.8 Sheet preparation and testing 

Laboratory sheets were made of fibres treated with polyelectrolyte complexes, in 
order to examine the change in paper properties due to the adsorbed complexes. 
The complexes were added to a fibre suspension of 5 g/L in deionized water. To 
examine the influence of the concentration of the added complex, additions were 
made at three concentration levels: 15, 30, and 45 mg PECs/g fibres. The contact 
time between fibres and complexes was kept constant at 10 min.  

Sheets were prepared according to ISO 5269-2:1998 using Rapid-Köthen sheet 
preparation equipment from Paper Testing Instruments, Austria. The sheets were 
formed from a 5 g/L dispersion of fibres that were vigorously stirred by air 
agitation just before sheet preparation; the sheets were then pressed at 100 kPa 
and dried at 93°C. 

Paper testing was performed at 23°C and 50% RH (ISO 187:1990). The grammage, 
i.e., mass per area, was determined according to ISO 536:1995, and thickness and 
density according to ISO 534:1988. Dry tensile testing was conducted according to 
ISO 1924-3. Before testing, the sheets were heated to 180°C for 30 min to create 
amide linkages between PAH and PAA [66].  

Nitrogen analysis: An ANTEK 7000 nitrogen analyser (Antek Instruments, USA) 
was used to determine the amount of PAH adsorbed in the sheets made of 
complex-treated fibres. In this method, the sample is combusted at 1050°C in an 
oxygen-deficient atmosphere in which the nitrogen of the polymer is oxidized to 
NO. In a second step, the NO is mixed with ozone and excited NO2 is formed. 
When the excited state of the molecule decays, light is emitted and detected by a 
photomultiplier tube. The amount of adsorbed PAH can easily be calculated 
following a simple calibration procedure.  
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4. RESULTS AND DISCUSSION 

In this chapter, three aspects of PECs will be discussed. The first section will 
present the formation of PECs using a mixing technique not previously applied 
for this purpose. The next section deals with the adsorption of PECs to model 
surfaces and to fibre surfaces. The third part examines adhesion between surfaces 
treated with PECs. This section also considers the use of PECs in a specific 
application in which both the adsorption and adhesive properties are important, 
i.e., as a paper strength agent.  

The Roman numerals used in this chapter refer to the appended papers in which 
more details can be found.  

4.1 POLYELECTROLYTE COMPLEX PREPARATION  (II-III) 

For the PECs examined in this thesis, a new method, jet mixing, not previously 
used for PEC production, was used and evaluated. The jet mixing equipment, 
which is described in detail in the “Methods” section, was used to obtain well-
defined mixing of cationic and anionic polyelectrolytes to form well-defined 
polyelectrolyte complexes. This method allowed the influence of mixing time on 
PEC properties to be studied. Figure 8 shows the particle diameter (measured as 
z-average size) of cationic complexes with a charge ratio of 0.8 prepared using 
mixing times of 2–65 ms. All four combinations of high- (“H”) and low-
molecular-weight (“L”) polycations (i.e., polyallylamine hydrochloride, PAH) 
and polyanions (i.e., polyacrylic acid, PAA) were studied. The first letter in the 
legend of Figure 8 corresponds to the molecular weight of the cation and the 
second letter corresponds to the molecular weight of the anion. 
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Figure 8. Particle diameters of unfiltered PECs prepared using different mixing times from different 
combinations of high- and low-molecular-weight polyelectrolytes, i.e., H+/H⁻, L+/H⁻, H+/L⁻, and L+/L⁻, 
where the first letter denotes the molecular weight of the polycation and the second the molecular 
weight of the polyanion, i.e., H = high and L = low.  

In Figure 8, it can be seen that the complexes prepared from low-molecular-
weight polyelectrolytes are the smallest, and that when one or both 
polyelectrolytes are of higher molecular weight, the particle diameter of the 
formed PECs increases slightly. Going from a high to a low mixing time, the 
particle diameter generally decreases slightly. At the very lowest mixing times 
(<20 ms), however, another trend can be seen: at these times, the PECs prepared 
from high-molecular-weight polyanions become larger, whereas the PECs 
prepared from low-molecular-weight polyanions continue to decrease in size. 
From these data, a two-step complexation mechanism is proposed. First, small 
pre-complexes are formed in a fast, diffusion-controlled process, followed by a 
second step in which the final PEC structures are formed during the vigorous 
mixing in the jet mixer. For the smallest polyelectrolytes, the pre-complexes 
probably form fast enough to result in stable pre-complexes, whereas the mixing 
of high-molecular-weight polyelectrolytes results in non-equilibrium pre-
complexes more prone to forming larger complexes in the second step of the 
complexation process. The apparent size-dependence of the polyanion is 
probably due to the much higher molecular weight (240 kDa) of one of the 
polyanions used; the molecular weights of both polycations are significantly 
lower (15 and 70 kDa). 

The mixing times (down to 2 ms) can be compared with the calculated diffusion 
times of the polyelectrolytes, that is, the time taken for a polyelectrolyte to diffuse 
and to complex with another polyelectrolyte if no forces are acting on the mixture 
(i.e., in a theoretical mixture, in which the polyelectrolyte coils are ideally 
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distributed in a cubic lattice). At the present concentrations, this diffusion time 
would be 0.21 ms for the H+/H⁻ polyelectrolyte combination. This means that 
although the mixing time in the jet mixer is of the same order as the diffusion 
time, the diffusion is somewhat faster, supporting the conclusion that diffusion 
plays an important role in PEC formation.  

To compare the new jet mixing complexation technique with the commonly used 
polyelectrolyte titration method, PECs of various charge ratios, both net cationic 
and net anionic, were prepared using both techniques. The results of the PEC 
particle diameter and mobility measurements are presented in Figures 9a and 9b.  
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Figure 9. Particle diameters (a) and absolute mobility values (b) of unfiltered PECs with various 
charge ratios prepared using two methods, i.e., jet mixing (circles) and polyelectrolyte titration 
(triangles), with combinations of low-molecular-weight polyelectrolytes (L+/L⁻, open symbols) and 
high-molecular-weight polyelectrolytes (H+/H⁻, filled symbols). To prepare PECs using the jet mixer, a 
mixing time of 2 ms was used. In the mobility graph (right), the potentials of the anionic complexes 
(an 0.4 and an 0.8) are indicated by opposite sign.  

The results indicate that jet mixing generally produces complexes with smaller 
particle diameters than does polyelectrolyte titration. It can also be seen that 
complexes with a charge ratio closer to 1, produced by either method, generally 
have larger particles. The molecular weight of the polyelectrolytes influenced the 
particle size when jet mixing was used to prepare the PECs, but not when 
titration was used. The reason for this is not entirely understood, but probably 
relates to the high-speed mixing, which affects the polymer conformation in the 
complexes, as previously discussed.  

The mobility measurements (Figure 9b) indicate that PECs formed from low-
molecular-weight polyelectrolytes, using either PEC preparation method, 
generally have a slightly lower charge. This could be because polyelectrolytes 
with lower molecular weights are more mobile and have a chance to reconform, 
forming more neutral complexes.  

a b 
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The preparation of PECs in which one polyion was instead a nanoparticle was 
studied, forming what are here denoted particle-PECs (PPECs). Two different 
PPECs, prepared using the same polycation (cationic polyacrylamide, CPAM, 
with a molecular weight of approximately 150 kDa) but two different silica 
nanoparticles, were studied. The first nanoparticle, “Particle A”, had a diameter 
of approximately 5 nm, and was only slightly aggregated. The other particle, 
“Particle B”, consisted of primary particles approximately the same size as 
Particle A, but was more aggregated, forming elongated clusters.  

The 1:1 charge ratio between the nanoparticles and CPAM was determined 
experimentally (see “Methods” section for details); thereafter, the mixing 
proportions for producing PPECs with different charge ratios could be calculated. 
Figures 10a and 10c show the particle size and zeta potential of PPEC-A and 
PPEC-B at various charge ratios, while Figures 10b and 10d show the particle size 
and zeta potential of PPEC-A and PPEC-B prepared at various concentrations. In 
further studies of the PPECs, the charge ratio (anion/cation) was kept constant at 
0.3 for PPEC-A and 0.6 for PPEC-B. The different charge ratios for the two PPECs 
were chosen after inspecting the DLS data, choosing a charge ratio at which the 
PECs were most stable and best defined.  

In Figures 10a–10d, it is evident that the size of both PPECs increases with 
increasing charge ratio as well as with increasing concentration. However, 
PPEC-B is clearly larger than PPEC-A, due to the elongated shape of Particle B. 
The zeta potential values display no clear trend when increasing the 
concentration; however, a slight decrease is detected with increasing charge ratio 
– as expected due to the lower excess of the cationic charges.  
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Figure 10. Particle size and zeta potential of PPEC-A, formed from CPAM and silica nanoparticles at a 
fixed concentration (0.3 g/L) but various charge ratios (a) and at a fixed charge ratio (anion/cation = 
0.3) but various concentrations (b); particle size and zeta potential of PPEC-B, formed from CPAM and 
elongated silica nanoparticles at a fixed concentration (0.3 g/L), but at various charge ratios (c) and at a 
fixed charge ratio (anion/cation = 0.6) but various concentrations (d).  

4.2 ADSORPTION OF COMPLEXES (I-III) 

4.2.1 Adsorption of PECs onto model surfaces (I-III) 

To investigate the adsorption behaviour of PECs on model surfaces, SPAR and 
QCM-D measurements were made. Both methods were used because, although 
they both measure the amount of PEC adsorbed onto a silicon oxide substrate, the 
two methods provide different types of information. The results obtained using 
SPAR equipment indicate only the adsorbed amount of the complex itself, 
whereas the QCM-D results indicate the adsorbed amount of complex plus the 
amount of immobilized water. Combining these methods provides information 
about both the adsorbed amount and the structure of the adsorbed layer.  

In this study, adsorption experiments using QCM-D and SPAR were performed 
using filtered PEC-B that, after preparation at pH 7 and after filtration, was 

a b

dc

4732 nm
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adjusted to pH 5.0, 7.0, and 8.5. The plateau values obtained from each QCM-D or 
SPAR measurement were converted to adsorbed amounts and are shown in 
Figure 11.  
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Figure 11. Adsorbed amounts of PEC-B at various pH values, calculated using the results of two 
adsorption techniques, QCM-D and SPAR (a); particle diameter and mobility values of PEC-B, 
measured in solution using dynamic light scattering (b). All PECs were prepared at pH 7 and adjusted 
to other pH values after preparation.  

Generally, both the SPAR and the QCM-D data (Figure 11a) indicate low 
adsorbed amounts of PECs. The adsorption levels for PECs (2.0 and 0.75 mg/m2 at 
pH 7, indicated by QCM-D and SPAR, respectively) are in the same range as the 
adsorption levels for two or three layers of PAA and PAH in a multilayer, as 
previously reported [66, 67].  

Since QCM-D detects both the adsorbed polymer and the water content of the 
adsorbed layer, this method indicated a higher adsorbed amount than did SPAR. 
Comparing the QCM-D and SPAR values gives an approximate water content of 
the complexes of approximately 62% at pH 7. This can be compared with the 
results of Gärdlund et al. [68], who in a previous PEC characterization study 
calculated the water content of PECs from static light-scattering data. For the 
PECs most similar to those used in the present study, the water content was 76%, 
i.e., higher but of the same order of magnitude as the water content calculated 
from the adsorption data in the present study.  

As seen in both the QCM-D and SPAR data (Figure 11a), the adsorbed amount of 
PECs increases with increasing pH. In principle, two main factors account for this 
increase: the increase in charge of the anionic template surfaces, and the swelling 
and decreasing charge of the complexes. Figure 11b shows the particle diameters 
of PEC-B, prepared at pH 7, but with pH adjusted to various values after 
preparation. No significant difference in particle diameter could be seen after 
changing the pH from 7 to 4, but swelling clearly occurred when the pH was 
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raised above 7; eventually, at around pH 9, the particles became so large that 
precipitation occurred. Notably, the increasing size with increasing pH seemed 
irreversible; when the pH of a sample at pH 8 was lowered again (to pH 7), the 
PECs kept their larger size (not shown here), which indicates that the size 
increase was due to aggregation or due to better charge matching within the 
complexes leading to a structure closer to equilibrium.  

AFM imaging was used to investigate the appearance of cationic PECs adsorbed 
onto the silicon oxide substrates (Figure 12). For the AFM measurements, 
negatively charged SiO2 wafers were kept in PEC-A or PEC-B solutions for 15 s, 
5 min, and 24 h; the SiO2 surfaces were thereafter rinsed with 10 mM NaCl 
solution and dried with N2 gas.  

   
 

   
Figure 12. AFM amplitude images of PEC-A (upper) and PEC-B (lower) adsorbed onto silicon oxide 
surfaces after adsorption periods of: left, 15 s; middle, 5 min; and right, overnight. The complexes had 
a charge ratio of 0.8 and were prepared at pH = 7 in 10 mM NaCl. The image size is 5 × 5 μm.  

As can be seen in Figure 12, the adsorption of PEC-A differs from that of PEC-B. 
Both PEC-A and PEC-B are sparsely adsorbed onto the surface after 15 s of 
adsorption; however, the adsorption of PEC-A continues, and eventually, after 
24 h, the surface appears to be fully covered with PEC-A. It can also be seen that 
the PEC-A particles tend to merge on the surface after longer adsorption times. 
Note, however, that the complexes in the PEC-A dispersion remain stable in size 
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over long storage times and that the agglomeration of the complexes is induced 
by interaction with the surface. The adsorption of PEC-B, on the other hand, stays 
at a low level even after longer adsorption times. Looking more closely at the 
PEC-B surface adsorbed for 15 s, a second particle fraction can be detected 
between the distinct PEC-B particles on the surface. This fraction seemed to 
acquire a flatter conformation after 5 min and could not be detected on the 
surface after 24 h of adsorption. This indicates that the PEC-B dispersion 
consisted of two distinct populations of complexes of approximately the same 
size but containing different amounts of polymer. 

Figure 13 is a schematic of the behaviour of the two types of complexes at the 
solid–liquid interface, showing the surface-induced aggregation of PEC-A and the 
site-blocking effect of the PEC-B fraction with lower polymer density.  

 
Figure 13. Schematic of PEC adsorption onto an SiO2 surface and the difference between the two 
systems: PEC-A (left) displays a surface-induced coalescence, whereas PEC-B (right) displays the site-
blocking effect of lower-density complexes, i.e., due to the existence of two distinct fractions of 
complexes in the PEC-B dispersion.  

It is of interest to link the adsorption behaviour of PEC-A and PEC-B to how the 
modified surfaces adhere to other surfaces, for example, how they bind other 
polyelectrolytes or colloids. This was investigated by examining how SiO2 
nanoparticles were adsorbed onto surfaces pre-treated with PEC-A or PEC-B for 
various periods of time. This experiment was performed using QCM-D, and the 
results, recalculated to adsorbed mass, are presented in Figure 14.  
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Figure 14. QCM-D results indicating the adsorbed mass (Sauerbrey mass) for the adsorption of PEC-A 
and PEC-B onto SiO2 surfaces in both long-term and short-term experiments with the subsequent 
addition of SiO2 nanoparticles. Injection points of PEC, rinsing solution (10 mM NaCl), and silica 
nanoparticles are shown as grey circles, white squares, and black squares, respectively.  

The amount of silica nanoparticles, including immobilized water, adsorbed onto 
the PEC-A and PEC-B layers was calculated to be approximately 23 and 
28 mg/m2, respectively, i.e., a higher amount of active charge on the PEC-B layer, 
despite the lower amount of PEC-B adsorbed onto the surface. This supports the 
suggestion that the PEC-B-treated substrate is fully covered with both higher-
density extended globular PEC-B particles and lower-density undetectable PEC-B 
particles, as well as free PAH, resulting in a greater binding of silica nanoparticles 
than in the PEC-A layer.  

Using the QCM-D technique, the adsorption of PPEC-A and PPEC-B (Figure 15a), 
as well as the gradual build-up of multilayers of the same components (named 
PPEM-A and PPEM-B, Figure 15c), can be seen as a decrease in the frequency 
signal.  
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Figure 15. The frequency shift (left: a and c) and change in dissipation (right: b and d) during the 
adsorption of PPEC-A and PPEC-B (top images: a and b) and during the consecutive adsorption of 
CPAM and nanoparticles A or B, forming PPEM-A and PPEM-B (lower images: c and d).  

The adsorption of both PPEC-A and PPEC-B is slow (see Figures 15a and 15b) 
compared with the adsorption of PEC-B (Figure 14) or with the separate 
adsorption of the components constituting the PEC structures, as in the 
multilayer build-up shown in Figures 15c and 15d. This may be due to the large 
size of the PPECs, since QCM-D indicates that the adsorption is governed mainly 
by the diffusion of the components to the surface. The adsorption of PPEC-A 
continues to a much higher level (about four times higher) than that of PPEC-B. 
This could be because both PPEC solutions hold excess free CPAM molecules, 
which diffuse to the surface faster than do the larger PPEC-B, but at 
approximately the same speed as PPEC-A.  

The gradual build-up of PPEM-A and PPEM-B was studied (Figure 15c), which 
after the adsorption of seven layers reaches about the same level for the two 
systems. Even after two or four layers, the maximum adsorbed amounts of 
PPEC-B and PPEC-A, respectively, were reached. PPEM-A builds up steadily and 
gradually, but the PPEM-B behaves differently. The fourth and, especially, the 
sixth layers (i.e., the Particle B adsorption steps), start with a fast decrease in 
frequency, which thereafter drastically increases, for certain layers, to a level even 

a b 

d c 
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higher than before the adsorption started. This could be misinterpreted as the 
desorption of the currently adsorbed layer, and of material from the previous 
layer. However, the dissipation values for the same adsorption steps (Figure 15d) 
continue to increase throughout the adsorption time, staying at the final level 
during the rinsing before the next adsorption step. The dissipation values of the 
CPAM layers are similar for PPEM-A and PPEM-B. Taken altogether, a more 
plausible interpretation would be that the Particle B layers, after the initial 
increase in adsorbed mass with each layer, become more loosely bound to the 
surface, making the adsorbed mass undetectable as a frequency decrease. The 
reason for the different behaviours of particles A and B is not fully understood.  

4.2.2 Adsorption of PECs onto pulp fibres (I) 

Using environmental scanning electron microscopy (ESEM), the appearance of 
PEC-B adsorbed onto bleached Kraft softwood fibres was examined and the 
treated part of the fibre (Figure 16a) was compared with the untreated part of the 
same fibre (Figure 16b).  

  
Figure 16. ESEM images showing a bleached Kraft softwood fibre treated with PEC-B (a), and the 
untreated part of the same fibre (b). The scale bars in the figures indicate 10 µm.  

In the ESEM image of PEC-B adsorbed onto a cellulosic fibre (Figure 16a), the 
complexes, seen as white spots, seem more sparsely adsorbed and larger than in 
the AFM image, i.e., approximately 100–200 nm vs. 50–70 nm. This is probably 
because the resolution of ESEM microscopy makes it impossible to see the smaller 
complexes that constitute most of the complex solution.  

b a
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4.3 THE INFLUENCE OF PECS ON ADHESION (I, IV-V) 

4.3.1 The influence of PECs on adhesion between SiO2 surfaces 
(IV-V) 

Using atomic force microscopy (AFM) with colloidal probe technique, the 
adhesive forces between two surfaces can be measured (see “Experimental” 
section for details). In this study, a probe comprising a silica sphere is approached 
to and retracted from a silica surface, while recording information about the force 
exerted on the probe. Surface treatments with PECs, particle-PECs, or multilayers 
were made in situ; the probe and the silica surface were enclosed in a liquid cell 
in which the adsorptions were executed, meaning that both the probe and the 
silica surface were treated. Figures 17a–17d show the force to which the cantilever 
holding the probe was subjected when separated from the surface after a contact 
time of 0 s (red), 5 s (green), and 10 s (blue curves), normalized by the radius of 
the silica sphere. 

The shape of the retraction curve provides some information about the failure 
behaviour. The highest, negative value of this force is commonly referred to as the 
pull-off value. A general trend for all PEC- or PPEC-treated surfaces was the 
increase in pull-off force with increasing contact time, possibly because increased 
time gave the joint between surface and probe more time to develop. Mean pull-
off values (after 10 s contact time) for the PEC- and PPEC-treated surfaces are 
presented in Table 2.  

Table 2. Mean pull-off values for PEC- and PPEC-
treated surfaces, after 10 s contact time.  
PEC 
name 

Mean pull-off 
value (mN/m) 

Standard 
error 

PEC-A  16.7 2.6 
PEC-B 13.7 5.5 
PPEC-A 1.4 0.11 
PPEC-B 1.9 0.93 
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Figure 17. AFM force curves showing the force exerted on a probe during retraction from a silicon 
oxide surface treated with PEC-A (a), PEC-B (b), PPEC-A (c), or PPEC-B (d). Time in contact: 0 s (red), 
5 s (green), and 10 s (blue curves).  

PEC-A and PEC-B had significantly higher pull-off values than did the PPECs, 
but no differences were seen between the two polymer–polymer PECs. However, 
there was a large spread in data, especially for PEC-B, possibly due to surface 
inhomogeneity.  

PPECs were prepared to create a PEC structure with a special joint failure pattern 
that displays disentanglement behaviour. It is therefore of interest to study the 
separation distances at which forces can still act on the probe. With PPECs, the 
desired disentanglement behaviour could be achieved up to 2 µm from the 
surface, but the pull-off forces were generally low, possibly due to unfavourable 
surface roughness. By adsorbing the same components, but in a PEM structure, 
better contact was achieved between surface and probe, and higher pull-off 
values were attained, while maintaining the disentanglement behaviour (data not 
shown; see Paper IV for more details).  

A different AFM technique, PeakForce adhesion mapping, was used to examine 
the topography and adhesion of dried PEC- and PEM-treated surfaces. In this 

b a

c d 
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technique, a probe scans the surface at a frequency of 2 kHz, recording 
information about both the topography and the value of the pull-off force. 
Complete force curves can also be recorded. Figures 18a–18d show force curves 
for the withdrawal of the probe (for these measurements, SiO2 tips with a radius 
of curvature of 2 nm and no surface treatment were used) from the dry surfaces.  

 

Figure 18. AFM force curves for dried silicon oxide surfaces treated with PAH and PAA (a) in the 
form of PEC (PEC-B) and (b) in the form of a PEM structure, comprising ten consecutive layers of 
PAH and PAA (i.e., five bilayers), or CPAM and nanoparticles (c) in the form of PEC (PPEC-A) and 
(d) in the form of a PEM structure, comprising ten consecutive layers of CPAM and nanoparticles (i.e., 
five bilayers). The lateral size of the height and adhesion images is 500 × 500 nm.  

Comparing the force curves in Figures 18a and 18b reveals that PEM-B has more 
than double the pull-off force of PEC-B, probably due to the large number of 
layers (five bilayers) and thereby large amount of adsorbed polymer in the 
PEM-B. The straight line after the pull-off event in the force curve of the PEM-B 
treated surface (Figure 18b) indicates a brittle break. For the PEC-B-treated 
surface (Figure 18a), another breaking mechanism can be seen. When retracting 
the probe from the surface, the PEC-B structure seems to become stretched or 
deformed until the final release, which occurs after a strain of approximately 10–
15 nm. This value can be compared with the hydrodynamic diameter of these 
PECs of approximately 30 nm, which may be somewhat reduced upon adsorption 
and further reduced upon drying.  

Comparing the pull-off forces of PPEC-A and PPEM-A (Figures 18c and 18d) 
reveals no significant differences in pull-off forces, though the shapes of the force 
curves indicate interesting joint failure behaviour. A saw-tooth shape can be seen 
after the minima in both the PPEC-A and PPEM-A graphs, though most 
obviously in the PPEC-A graph (Figure 18c). The curve shape indicates multiple 
release events from the surface, interpretable as the disentanglement of material 
before the probe is completely released from its contact with the surface. 

d cba
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Tentatively, the disentanglement behaviour is attributed to the combined 
presence of nanoparticles and high-molecular-weight polymer.  

By combining information on topography (height) and adhesion measured on the 
same surfaces, the influence of topography on adhesion can be studied visually. 
Figures 19a–19d show 3D renderings of the surface topography; colour coding 
conveys information about the adhesion at each point, lighter areas exhibiting 
higher pull-off values.  

a b  

c d  
Figure 19. 3D representations of AFM height measurements conveying adhesion information for 
surfaces treated with a) PEC-B, b) PEM-B, c) PPEC-A, and d) PPEM-A. The 3D rendering represents 
the surface topography, whereas the colour scale indicates the adhesion level at each point on the 
surfaces. The lateral size of images a–d is 500 × 500 nm.  

This presentation of the height and adhesion measurement data clearly indicates 
that the higher parts of the surfaces generally have lower levels of adhesion 
(darker areas). This trend is most obvious for the PPEC-A surface (Figure 19c), in 
which the flatter, lower parts of the surface have the highest pull-off forces, 
whereas the higher parts have lower adhesion values. In the force curves of 
PPEC-A (Figure 18c), the red curves – measured in the flatter, lower parts of the 
surface – indicate brittle failure, whereas the blue curves – measured in the higher 
parts of the surface – indicate more disentanglement behaviour (further details 
are discussed in Paper V).  
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4.3.2 The influence of PECs on adhesion between pulp fibres (I) 

One possible application of PECs is as strength additives in paper. To investigate 
the performance, laboratory sheets containing three dosage levels of PEC-B were 
formed. Figure 20a shows the tensile index and strain at break plotted as 
functions of PEC dosage. Figure 20b shows the same data, but as a function of the 
adsorbed amount of PAH, which has approximately 62% of the mass of PEC-B. 
Figure 20b also compares the strength of PEC-treated sheets with that of sheets 
made of fibres treated with PEMs comprising the same polyelectrolytes (PAA and 
PAH, showing data for layers 1, 3, 5, and 7). The PEM experiments were earlier 
reported by Eriksson et al. [66].  
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Figure 20. Tensile index and strain-at-break of sheets made of fibres treated with PEC-B as a function 
of PEC dose (a) and the same tensile index data for sheets made of fibres treated with PEMs, here 
shown as a function of adsorbed amount of PAH after adsorption of layers 1, 3, 5, and 7. The PEM 
data are adapted from Eriksson et al. [66].  

Figure 20a shows that the tensile index and strain-at-break increase with 
increasing PEC dose. A PEC dosage of 45 mg/g increased the tensile index by 
approximately 100% compared with the untreated sheet. However, comparing 
the added amounts shown in Figure 20a (15, 30, and 45 mg/g) with the adsorbed 
amount of PAH shown in Figure 20b, reveals that the adsorption of PEC-B levels 
out. The highest tensile index was achieved at the highest PEC dose, 45 mg/g, i.e., 
4.5%, but this level also represented the greatest difference between dose and 
actual adsorbed amount and the added amount was much higher than can be 
recommended for practical applications.  

The effects of using PEC and PEM as paper chemicals can be compared in two 
ways: with reference to either the adsorbed amount or to the number of 
treatments. For adsorbed amounts of PAH below 10 mg/g (Figure 20b), the sheets 
made of PEC-treated fibres have a higher tensile index than do the PEM-treated 
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ones. At higher dosage levels, the PEM treatment is superior to PEC treatment 
due to the possibility of increasing the amount of PAH adsorbed by simply 
adding more layers.  

In practical terms, i.e., when chemicals are added to the pulp fibres at the wet end 
of a paper machine, too many treatment steps are undesirable. Another 
comparison, considering the PEC treatment as a single layer, can therefore be 
made, comparing PEC treatment to treatment with one layer of PEM, i.e., one 
PAH layer. Figure 20b shows that even at the lowest PEC dose, the tensile index 
of the PEC-treated sheets is slightly higher than that of the PAH-treated sheets, 
while at the highest PEC dose, the tensile index was as much as 56% higher than 
that of the sheets treated with one layer of PAH. This comparison also indicates 
that four or five PEMs would be needed to achieve the same tensile index level as 
is achieved at the highest PEC dose. It should also be noted that the sheet density 
of the PEC-treated sheets was unaffected, in contrast to most traditional paper 
strength agents, which is crucial for many paper qualities.  
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5. CONCLUSIONS 

In this work, polyelectrolyte complexes were formed using a specially designed 
jet mixer. After studying the influence of mixing time using PAA and PAH of 
different molecular weights, a two-step complexation mechanism is proposed. 
Diffusion was found to be important for the initial formation of pre-complexes, 
whereas one effect of the vigorous mixing in the jet mixer was to hinder these pre-
complexes from forming larger aggregates. In the case of low-molecular-weight 
polyelectrolytes, the diffusion occurs fast enough to result in stable pre-
complexes, but when the polyelectrolytes are larger, non-equilibrium pre-
complexes, more prone to aggregation, are formed. In line with this, comparison 
between jet mixing and polyelectrolyte titration for PEC formation indicated that 
jet mixing resulted in smaller complexes, and that with jet mixing the size could 
be somewhat controlled by the mixing time, which was not the case with 
polyelectrolyte titration.  

The preparation of PECs in which one polyion was replaced with silica 
nanoparticles was studied. It was demonstrated that stable colloidal complexes 
could be prepared from CPAM and colloidal silica nanoparticles. Within certain 
limits, the size of the formed particle-PECs could be controlled, since increasing 
the concentration or the charge ratio both resulted in larger complexes.  

Adsorption experiments comparing PEC-A and PEC-B, both produced from PAA 
and PAH, but with different molecular weights, demonstrated that an SiO2 
surface immersed in PEC-A became fully covered by complexes given sufficient 
time, and it was found that the PEC-A started to coalesce into larger structures, 
attributable to surface-induced aggregation. For PEC-B, on the other hand, the 
adsorption stopped at a low level. It was proposed that PEC-B consists of two 
fractions of complexes containing different amounts of polymer. The PEC-B 
fraction with lower polymer density was ascribed a site-blocking effect, which 
hindered further adsorption. In addition, examination of the adsorption of 
particle-PECs to SiO2 surfaces indicated that PPEC-A, produced with smaller 
nanoparticles, adsorbed to a higher level than did PPEC-B, which was produced 
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with elongated nanoparticles. This may be explained by the faster diffusion to the 
surface of the smaller PPEC-A, since the PPECs have to compete with free CPAM 
molecules.  

The purpose of preparing PPECs was to create a PEC structure with a special joint 
failure pattern that displays disentanglement behaviour. Using the colloidal 
probe AFM technique, we have demonstrated that the expected disentanglement 
could be achieved with PPECs, though the joint strength was low, probably due 
to unfavourable surface roughness. Better pull-off values and maintained 
disentanglement behaviour were achieved by adsorbing the same components in 
a PEM, possibly due to better contact between surface and probe. Adhesion 
experiments with PEC-A and PEC-B found significantly higher pull-off values 
than with the PPECs, but no differences between the two polymer–polymer PECs. 
However, there was a large spread in the data, especially for the smaller PEC-B, 
possibly due to surface inhomogeneity.  

By adsorbing polyelectrolytes in the form of PECs and PEMs to fibres, the tensile 
index and strain at break of handsheets made of the treated fibres could be 
improved. Since the PEM strategy enables higher adsorption levels than does the 
PEC strategy, greater strength improvements were achieved using PEMs. 
However, PEC treatment resulted in the greatest effect per adsorbed amount of 
polymer, possibly due to increased molecular contact area between fibres 
achieved using PEC treatment.  
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6. FUTURE WORK 

In this work, a limited number of polymers and nanoparticles have been used to 
prepare PECs. A natural continuation would hence be to test other types of 
polymers, including block-copolymers. This would be of interest since the 
properties of the polymers and thereby the PECs can be tailored. An additional 
possibility with block-copolymers would be to investigate other complexing 
interactions apart from pure electrostatic when forming PECs.  

Adhesion measurements have been an important part of this thesis. However, all 
adhesion measurements have been performed either in the wet state or between 
dried surfaces with preadsorbed PECs. It would be interesting to study the 
adhesive forces between surfaces that have been in contact during drying, since 
this situation is more applicable to most practical applications.  

A remaining technical challenge is to increase the concentration of the produced 
PECs. Today, they are generally produced as very dilute water suspensions.  

More work could also be performed using PECs as flocculating agents. The 
structural integrity of the PECs allows them to retain a three dimensional when 
adsorbed on a solid liquid interface which is essential for flocculation efficiency. 
Flocculation is interesting in many industrial applications, not only for the paper 
industry but also in, e.g., waste water treatment. 

 



Abbreviations 

44 

 

7. ABBREVIATIONS 

AFM Atomic force microscope/microscopy 
CMC Carboxymethylated cellulose 
CPAM Cationic polyacrylamide 
DCA Dynamic contact angle/analyser 
ESEM Environmental scanning electron microscope/microscopy 
LbL Layer-by-Layer 
NP Nanoparticle  
IEP Isoelectric point 
PAA Polyacrylic acid 
PAE Polyamideamine epichlorohydrin 
PAH Polyallylamine hydrochloride 
PDADMAC Polydiallyldimethyl ammonium chloride 
PEC Polyelectrolyte complex 
PEM Polyelectrolyte multilayer 
PPEC Particle-polyelectrolyte complex 
PPEM Particle–polyelectrolyte multilayer 
QCM-D Quartz crystal microbalance with dissipation monitoring 
SPAR Stagnation point adsorption reflectometry 
TAR Titrant addition rate 
TMP Thermomechanical pulp 
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