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Abstract 
 

This thesis presents experimental studies of polyelectrolyte adsorption on oppositely charged 
surfaces, where substrates of both silica and bleached softwood kraft pulp were used. A major 
aim of this research was to characterise the conformation of adsorbed layers of cationic 
polyacrylamide (CPAM), in comparison to cationic dextran (Cdextran), and relate this 
information to the binding capacity of colloidal silica. A second aim in this thesis was to 
study the kinetics of the sequential adsorption of polyamide epichlorohydrine (PAE) and 
carboxymethyl cellulose (CMC) on pulp fibres, and to determine the adsorption isotherms for 
the layer-by-layer deposition of polyelectrolytes on pulp fibres.  
 
The adsorption of CPAM on silica surfaces was studied using stagnation point adsorption 
reflectometry and quartz crystal microgravimetry to determine its adsorption kinetics as well 
as the dependencies of polyelectrolyte charge densities, pH, and NaCl concentration on 
saturation adsorption. The conformation of adsorbed layers of CPAM and Cdextran, analysed 
in terms of amount of water and layer thickness, was determined both before and after the 
secondary adsorption of colloidal silica (CS), and the adsorption of CS was also quantified as 
a function of the surface coverage of the polyelectrolyte.  
 
Results indicate that the charge density of CPAM controlled the amount of the polyelectrolyte 
adsorbed on silica surfaces at low NaCl concentrations. The adsorption of both CPAM and 
Cdextran on silica was shown to be effective at up to 1 M NaCl concentrations, which 
indicates that non-ionic interactions between the polyelectrolytes and silica contribute 
significantly. CS adsorption was higher on pre-adsorbed CPAM than on Cdextran. The 
conformation of the adsorbed layer after CS addition was seen to expand significantly in 
CPAM-based layers, while the Cdextran layer appeared to restore its conformation after a 
temporary expansion at low salt concentrations.  
 
In the second part of the thesis, the sequential adsorption of PAE and CMC on pulp fibres was 
determined using the polyelectrolyte titration technique. Layer-by-layer adsorption isotherms 
derived on fractionated pulp showed that PAE adsorbed in higher amounts than CMC did, 
both in terms of adsorbed mass and adsorbed charge. The adsorption of PAE was significantly 
slower compared to CMC, and the adsorption times required to reach 90% of the saturation 
adsorption were 3 and 1 min, respectively. The zeta potential of pulp fines was determined for 
the adsorption of the two first polyelectrolyte layers, and data indicated that the fines recharge 
within one minute after the polyelectrolyte additions. Reflectometry experiments regarding 
the sequential adsorption of PAE and CMC on silica indicated that the low-molecular-weight 
fraction of PAE disturbed the formation of polyelectrolyte multilayers.  
 
Keywords: Polyelectrolyte adsorption, adsorption kinetics, adsorption isotherms, 
conformation, bridging, stagnation point adsorption reflectometry, quartz crystal 
microgravimetry, polyelectrolyte titration, cationic polyacrylamide, cationic dextran, colloidal 
silica, silica surfaces, pulp. 



Sammanfattning 
 

Denna avhandling presenterar experimentella studier av polyelektrolytadsorption på motsatt 
laddade ytor, där substrat av både kiseloxid och blekt barrsulfatmassa har använts. Ett 
huvudsakligt syfte med denna forskning var att karaktärisera konformationen hos adsorberade 
skikt av katjonisk polyakrylamid (CPAM) i jämförelse med katjonisk dextran (Cdextran) och 
relatera denna information till inbindningskapaciteten av kolloidal kiselsyra. Ett andra syfte i 
denna avhandling var att studera kinetiken för sekventiell adsorption av polyamidamin 
epiklorhydrin (PAE) och karboxymetyl cellulosa (CMC) på massafibrer och att bestämma 
adsorptionsisotermer för deponering av polyelektrolyter skikt för skikt på massafibrer.  
 
Adsorptionen av CPAM på kiseloxidytor studeras med stagnationspunkts-reflektometri och 
kvartskristalls-mikrogravimetri för att bestämma adsorptionskinetiken och 
mättnadsadsorptionens beroende av polyelektrolytens laddningstäthet, pH och NaCl 
koncentration. Konformationen hos adsorberade skikt av CPAM och Cdextran bestämdes 
både före och efter sekundär tillsats av kolloidal kiselsyra (CS) och adsorptionen av CS 
kvantifierades också som funktion av yttäckningen av polyelektrolyt. 
 
Resultaten indikerar att laddningstätheten hos CPAM kontrollerar den adsorberade mängden 
på kiseloxidytor vid låga NaCl koncentrationer. Både adsorptionen av CPAM och Cdextran 
på kiseloxid visades vara effektiv i NaCl koncentrationer upp till 1 M, vilket indikerar att ett 
signifikant bidrag av icke-jonisk interaktion mellan polyelektrolyterna och kiseloxid. 
Adsorptionen av CS var högre på föradsorberad CPAM än Cdextran. Konformationen hos de 
adsorberade skikten efter tillsats av CS sågs öka signifikant för skikt baserade på CPAM 
medan skikt av Cdextran vid låga salthalter verkade återta sin konformation efter en temporär 
expansion. 
 
I den andra delen av avhandlingen studerades sekventiell adsorption av PAE och CMC på 
massafibrer. Adsorptionsisotermer skikt för skikt på avkryllad massa visade att PAE 
adsorberade i större mängd än CMC, både i hänseende av massa och laddning. Adsorptionen 
av PAE var signifikant långsammare än CMC och adsorptionstiden till 90% av 
mättnadsadsorptionen bestämdes till 3 respektive 1 minut. Zetapotentialen för kryll bestämdes 
för adsorption av två första polyelektrolytskikten och resultaten tydde på att kryllmaterialet 
omladdade inom en minut efter tillsatserna av polyelektrolyt. Reflektometriförsök inom 
sekventiell adsorption av PAE och CMC på kiseloxid antydde att den låga 
molekylviktsfraktionen av PAE störde uppbyggnaden av polyelektrolyt-multiskikten.  
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Objective  
 

The main purpose of papers I and II was to characterise the conformation of polyelectrolytes 

(CPAM and Cdextran) adsorbed onto oppositely charged surfaces of silica and relate this 

conformation to the binding capacity of nanoparticles. This is of great importance, since the 

suggested flocculation mechanism for cationic polyacrylamides of low charge density is 

bridging between two surfaces, in which the extension of the polyelectrolyte from the surface 

is a vital parameter. Experiments conducted with reflectometry and quartz crystal 

microgravimetry were used to characterise the adsorbed polyelectrolyte films before and after 

the addition of colloidal silica with respect to adsorption kinetics, adsorbed amount, film 

thickness, and fraction of solvent in the film. 

 

The purpose of paper III was to develop an addition strategy for the sequential adsorption of 

polyelectrolytes on pulp fibres for a technical application of polyelectrolyte multilayers 

(PEM) as strength additives. A polyelectrolyte system consisting of polyamideamine 

epichlorohydrin and carboxymethyl cellulose was investigated for improving dry and wet 

paper strength. In the original PEM formation method, the polyelectrolytes are added in 

excess followed by extensive rinsing to remove the remaining free residue – conditions that 

are hardly technically applicable in a continuous process. The developed method was 

characterised by the limited addition of polyelectrolytes in order to reduce the non-adsorbed 

excess of polyelectrolytes and minimise the amount of rinsing required after each 

polyelectrolyte addition. A potential process application would also be dependent on the 

adsorption time required in each adsorption step, which was evaluated from adsorption 

kinetics experiments.  
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Background 

Applications of polyelectrolytes 

Polyelectrolytes are generally applied as a way to induce flocculation or improve adhesion 

between colloids. Under some conditions polyelectrolytes can also improve colloidal stability, 

by reinforcing the electrostatic or steric barrier around the particles, an approach with 

applications in the food and cosmetics industries. The application of polyelectrolytes is most 

typically found in, for example, mineral processing, water purification processes, and paper 

making, where they aid the separation of solid materials from the liquid phase [1]. In 

separation processes, the settling rate and dewatering performance are dependent on particle 

size, so smaller colloids should be aggregated before separation. Applications focused on 

adhesion between colloids are found in the electronics and paint industries, where 

polyelectrolytes aid the formation of uniform coating layers, based on colloidal deposition 

onto macroscopic surfaces, such as resistivity coatings on TV screens and the pigments in 

paint [2].  

 

In papermaking the applications can be divided schematically into two groups: i.e., the use of 

polyelectrolytes to improve the processing of the colloidal material and the use of 

polyelectrolytes to improve the functional properties of the final paper. Retention aids, fixing 

aids, formation aids, and antibacterial agents are examples of the first type of application, 

while the second type includes additives for dry and wet strength, surface sizing, etc. This 

thesis deals with the fundamental mechanism underlying the application of polyelectrolytes as 

retention aids (papers I–II) and strength additives (paper III). Both concepts will be briefly 

introduced in the following paragraphs.  

 

Bridging flocculation based on cationic polyacrylamides 

Cationic polyacrylamides (CPAM) are applied to aid the flocculation of colloidal particles 

and for deposition of them onto pulp fibres in paper making. These polyelectrolytes are 

commonly termed retention additives, since the aim of their application is to improve the first-

pass retention of filler particles and fines over the wire. Figure 1 illustrates the concept, 

depicting small suspended colloids being deposited onto larger fibres before the furnish is 

dewatered over the wire. Bridging prevents the smaller particles from passing through the 

wide-mesh wire, which otherwise would accumulate in the white water loop. For this task, a 

polyelectrolyte of high molecular weight and low to medium charge density is preferred, in 
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order to maximise the efficiency of bridge formation between particles and fibres. The use of 

CPAM results in flocs that are relatively strong and shear resistant [3]. Experimental data 

concerning filler retention have shown that the flocculation efficiency decreases within 0.1–

0.5 seconds of the addition to the furnish [4]. This is interpreted as a reconformation process 

in which the polyelectrolyte changes its conformation from an extended configuration, like its 

conformation in the dissolved state, to a flat configuration on the surface. This observation 

stresses the importance of the polyelectrolyte conformation on the surface, and justifies 

further study of the adsorption and reconformation kinetics.   

 

Modern retention systems have advanced from one-component systems, such as CPAM, to 

two-component systems based on polyelectrolytes and oppositely charged nanoparticles, such 

as CPAM with colloidal silica. The advantage of these systems is that the flocs can be sheared 

apart and later spontaneously reform with maintained floc strength [5], which is an 

improvement over the one-component system, in which part of the floc strength is lost when 

the floc is temporarily sheared apart.  
 

 

 
 

Figure 1. Illustration of the action of retention additives in paper making. Colloidal fines and filler particles are 

flocculated by a polyelectrolyte onto the larger fibres before sheet formation over the wire. Small colloids would 

otherwise pass through the wide-meshed wire and accumulate in the white water system. The figure is not drawn 

to scale.  

 

Strength additives 

Paper strength properties, for example, in-plane and out-of-plane properties, can be modified 

by adding polyelectrolytes to the furnish before sheet formation. The key to controlling paper 

strength lies in the degree of contact between the fibres in the sheet. A traditional way of 

improving the paper dry strength is to increase the contact area by beating the fibres [6], 

which gives conformable fibres and good sheet consolidation, but at the expense of a 
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densification effect. In contrast, chemical strength additives act by enhancing the adhesion of 

existing contact zones, also termed fibre–fibre joints [7]. This is either accomplished by 

improving the specific joint strength or by increasing the molecularly bonded area. The use of 

strength additives is particularly important for papers containing fillers, since the filler content 

severely impairs the internal bond strength in the absence of chemical additives [8].  

 

Natural or cationic starches constitute the most cost-effective and widely used systems for 

improving dry paper strength, and have been the object of numerous studies, several of which 

have been summarised [7]. Cationic starch is preferred, since it displays better affinity, via 

electrostatic interaction, to the fibres than does the native type and also increases the first-pass 

retention of fines [9]. Other biopolymers, such as chitosan, hemicelluloses, and gums are not 

currently used in the paper industry but are of long-term interest. Several synthetic polymers 

are available, but at a slightly higher cost than that of starch. Cationic polyacrylamides and 

polyethyleneimine are examples of commercial synthetic products.  

 

When discussing dry strength agents in the context of polyelectrolyte adsorption, however, it 

is important to stress that the mechanisms of dry strength involve more than merely 

electrostatic interactions. As reviewed by Pelton [10], the action of dry strength additives 

seems to be influenced by the relative hydrophilicity of the additive. Furthermore, the 

proposed inter-diffusion mechanism of polymers over the fibre–fibre joint requires that the 

two interfaces, consisting of cellulose and the additive, be chemically compatible. The general 

conception is therefore that the polyelectrolyte characteristic facilitates adsorption onto the 

fibres in water suspension, while other interaction mechanisms, such as interdiffusion, 

hydrogen bonding, and van der Waal interactions, are important for the final paper strength. 

 

A more challenging task is to improve the wet strength properties of paper, for use in, for 

example, tissue paper, sack paper, and filter paper. Natural paper has a wet strength that is 

only a few percent of its dry strength, a fact attributed to the breakage of inter-fibre hydrogen 

bonds when the fibres swell in water [11]. Two wet strength mechanisms are known, which 

act either by protecting the fibre contacts through the formation of an insoluble three-

dimension network around them or by reinforcing the fibre–fibre joints through the formation 

of additional covalent bonds between the fibres [12]. Examples of wet-strength additives that 

act via the first type of mechanism are urea-formaldehyde resins, while glyoxal-

polyacrylamide derivates act via the second type. Polyamideamine epichlorohydrine, which is 

investigated in this thesis, is thought to act via both mechanisms. 
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Polyelectrolyte multilayers 

One popular method for creating a thicker polyelectrolyte film, in the 10–100 nm range, on 

surfaces is to form polyelectrolyte multilayers (PEMs). This technique, developed by Decher 

et al. in the early 1990s [13, 14], has since its discovery expanded into a major research field 

[15]. Figure 2A indicates the simplicity of the original method, a factor that has contributed to 

its success. The negatively charged surface substrate is consecutively immersed in two 

solutions containing cationic and anionic polyelectrolytes, respectively. Between each 

polyelectrolyte adsorption step the surface is rinsed in pure solvent, in order to remove any 

excess of polyelectrolyte on the surface. This sequence can be repeated up to hundreds of 

cycles, resulting in a polyelectrolyte multilayer. The properties of the PEM film are mainly 

controlled via the choice of water-soluble polyelectrolytes, but can, in the case of weak 

polyelectrolytes, also be controlled by system parameters such as salt concentration and pH 

[16].  

 

In pulp and paper research, PEMs have also been formed on cellulose fibres [17-20]. The 

common objective of such research has been to improve paper strength by consecutively 

treating a fibre suspension with polyelectrolytes before sheet formation. Figure 2B depicts the 

method used to build PEM on pulp fibres, based on the consecutive adsorption of 

polyelectrolyte on the pulp suspension, followed by dewatering and washing before the next 

adsorption cycle. The stepwise PEM formation in the investigated systems has been verified 

on model surfaces of silica by means of reflectometry [19] and quartz crystal microgravimetry 

[18], followed by the preparation of handsheets from PEM-treated fibres. It has generally 

been found that tensile strength increases as a function of the number of PEM layers applied 

to the fibres. It has also been demonstrated that the strength improvements made with the 

weak polyelectrolyte system of polyallylamine–polyacrylic acid can be tuned by pH, which is 

assumed, based on studies of model surfaces, to be an effect of the thickness of the PEM film 

[21].  
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Figure 2. The principal stages of building polyelectrolyte multilayers on surfaces. (A) The original method for 

PEM formation on glass surfaces. (B) Laboratory method for PEM formation on pulp fibres.  

 

Polyelectrolyte adsorption theory 

 

Bearing all the mentioned applications of polyelectrolytes in mind, it is important to consider 

the mechanisms by which polyelectrolytes are adsorbed to solids surfaces. Electrostatics 

naturally plays a vital role in polyelectrolyte adsorption onto oppositely charged surfaces. The 

charge densities of the polyelectrolyte (qm) and the surface (σ0) and the surrounding 

electrolyte concentration (cs) constitute the three main parameters determining the 

electrosorption. In most cases the polyelectrolyte also interacts with the surface through non-

ionic interactions, which are commonly expressed using a type of Flory–Huggins adsorption 

energy parameter (χS). These variables are included in the mean-field theory of 

polyelectrolyte adsorption, which has been explored by, for example, the Scheutjens–Fleer 

theory [22, 23] and by Linse et al. [24, 25]. The details of the calculation model are beyond 

the scope of this thesis, but the some of the results are illustrative to mention. Figure 3 
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presents three theoretical cases of polyelectrolyte adsorption onto an oppositely charged 

surface as a function of salt concentration, adopted from the Scheutjens–Fleer theory [23]. 

Curve 1 represents the case of pure electrosorption. The adsorption mechanism at low salt 

concentrations can be regarded as an ion-exchange mechanism in the electrostatic double 

layer surrounding the surface, where single counter ions are replaced by a polyelectrolyte 

molecule. The driving force of the exchange process is the net gain in entropy obtained 

through the release of counter ions to the bulk solution. With increased salt concentration, the 

adsorption is altered as the electrostatic interactions between the polyelectrolyte and the 

surface become screened. In the electrosorption process this leads to a continuous decay in the 

adsorption, which eventually reaches a level of zero.  

 

In the presence of non-ionic interactions between the polyelectrolyte and the surface, 

adsorption may still occur after complete screening at high salt concentrations, provided the 

non-ionic interaction is larger than a critical value, χS > χSC. Curves 2 and 3 (Figure 3) 

represent two typical effects of increased salt concentration in the presence of non-ionic 

interactions. Curve 2 represents a polyelectrolyte of high charge density displaying screening-

enhanced adsorption in a case when electrostatic repulsion between charged segments limits 

adsorption at low salt concentrations [26]. By adding salt, the segment–segment repulsion is 

decreased and the polyelectrolyte can pack more densely on the surface, favouring an increase 

in adsorption if the non-ionic term dominates the segment–surface interaction. Curve 3 

represents a polyelectrolyte of lower charge density, which displays less electrostatic 

repulsion between monomers. The main electrostatic contribution instead comes from 

segment–surface attraction, and the effect of screening leads to a reduction in the adsorbed 

amount, since only the non-ionic term remains for segment–surface interactions. This case is 

consequently termed screening-reduced adsorption. 

 

Two side effects are also depicted in the figure. If the simple counter ions have a specific 

affinity for the surface, they may replace the polyelectrolyte by means of ion competition at 

higher salt concentrations (Curve 2'). Another possibility is that the solubility of the 

polyelectrolyte may be reduced at higher salt concentrations, which leads to an accumulation 

of polyelectrolyte at the surface caused by depletion from the solution (Curve 2'').  
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Figure 3. Principle effects of salt addition on polyelectrolyte adsorption on an oppositely charged surface. 

Adapted from [23].  

 

It is naturally of interest to compare the predictions of the mean-field theory to observations 

made from polyelectrolyte adsorption experiments on fibres. This link between theory and 

experiments has earlier been reviewed [27] with an emphasis on cationic starch. At low salt 

concentration the adsorbed amount of cationic potato starch on bleached thermomechanical 

pulp decreases with an increasing degree of substitution for cationic starches [28]. Results at 

higher salt concentrations suggest that the adsorption does not involve any non-electrostatic 

contributions since the results follow the predictions for pure electrosorption. These 

observation are line with mean-field theory calculations as presented by van de Steeg et al 

[26]. Adsorption of cationic amylopectin on microcrystalline cellulose shows however a 

plateau in adsorbed amount at high sodium chloride concentrations which indicate that non-

ionic interactions are important for this type of material [29]. An electrosorption mechanism 

could thus be said to govern the polyelectrolyte adsorption at low salt while the non-ionic 

contributions, which tend to depend on the specific system, determines the adsorption at high 

salt concentration.  
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Experimental 
 

An overview of the investigated chemical systems and of the experimental methods for 

determining adsorption is presented in the following section. For further details concerning 

the experiments, the reader is referred to the individual papers. 

Chemicals 

 

Deionised water in preparing solutions and cleaning surfaces was of Milli-Q ultrapure quality. 

Table 1 presents an overview of the polyelectrolytes studied and their properties.  

 

Table 1. List of the polyelectrolytes studied in this thesis and their properties.  

Polyelectrolyte CPAM1 CPAM2 CPAM3 CPAM4 Cdextran PAE CMC 

Referring papers I,II I I I I,II III III 

Molecular weight (Da) 4.6·106 (a) 5.2·106 (a) 5.2·106 (a) 3.8·106 (a) 2·106 (a) 4.6·106 (a) 1·106 (b)

Charge density (meq/g) (c) 0.50 1.01 1.60 2.36 0.50    

Degree of substitution (d) 0.038 0.083 0.15 0.24 0.088 N/A 0.8 (b)

Refractive index 

increment (mL/g) (e)

0.174 0.187 0.178 0.173 0.158 N/A N/A 

(a) MW determined using size exclusion chromatography according to a previously described method [30]. 

(b) Data according to manufacturer 

(c) Charge density determined using polyelectrolyte titration. 

(d) Degree of substitution calculated as the average fraction of charged monomers. 

(e) Determined in white light using an Abbe refractometer.  

 

 

Cationic polyacrylamides (CPAM) are random copolymers of acrylamide and acrylamide-

propyl-trimethyl-ammonium chloride (AM-APTAC). The structure of each monomer is 

presented in Figure 4A. A set of four CPAMs of varying degrees of cationic substitution was 

kindly provided by Professor Hiroo Tanaka of the Faculty of Agriculture, Kyushu University, 

Fukuoka, Japan. The copolymers were synthesised using a low degree of conversion, less than 

10%, in order to obtain uniform composition of the products. The charge densities were 

determined using polyelectrolyte titration and the molecular weights were analysed using 

size-exclusion chromatography [30]. This data is summarised in Table 1. 
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Cationic dextran (Cdextran) was native dextran polymer (Sigma Aldrich, 2·106 Da) reacted 

with 2,3-epoxypropyl-trimethyl-ammonium chloride, prepared by Andrew Horvath, M.Sc., at 

the Department of Fibre and Polymer Technology, KTH, Stockholm, Sweden. The principal 

chemical structure is presented in Figure 4B. The degree of substitution was adjusted to match 

the charge density of the CPAM sample having the lowest charge density, as analysed using 

polyelectrolyte titration.  
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Figure 4. Chemical structures of (A) the monomers in the random copolymer of CPAM, consisting of 

acrylamide and acrylamide-propyl-trimethyl-ammonium chloride, and of (B) the anhydroglucose monomer of 

native dextran and a substituted monomer in Cdextran. Only one of several possible substitution products is 

depicted. 

 

Polyamideamine epichlorohydrine (PAE) was of commercial grade (Kenores XO), supplied 

by Eka Chemicals, Bohus, Sweden.  

 

Carboxymethyl cellulose (CMC) was of commercial grade (Cekol MVG), supplied by 

Skoghall Kemi, Skoghall, Sweden.  

 

Colloidal silica was of commercial grade (Bindzil 14/400), supplied by Eka Chemicals, 

Bohus, Sweden. The average particle size was 7 nm according to the manufacturer. 

 

Polished silicon wafers (150 mm diameter, boron-doped p-type silicon) were supplied by 

Memc Electronic materials SpA, Novara, Italy. The silicon wafers were oxidised at 1000°C 

for 3 h, resulting in an oxide layer thickness of approximately 90 nm. Before use, the wafer 

was cut into strips and the surfaces were rendered hydrophilic by 30 s treatment in 10% w/w 

sodium hydroxide, rinsed in Milli-Q water, further treated in 10 W air plasma under reduced 

pressure for 30 s, rinsed in Milli-Q water, and finally dried with nitrogen gas. The individual 
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thickness of each oxide layer was determined for each wafer by means of null ellipsometry, 

using thin film ellipsometer, type 43702-200E (Rudolph Research, Flanders NJ, USA).   

 

QCM crystals of AT-cut quartz (5 MHz resonant frequency) with sputtered silica on the 

active surface were supplied by Q-Sense AB, Gothenburg, Sweden. Immediately before use, 

the crystals were cleaned with piranha solution (concentrated sulphuric acid : 30% hydrogen 

peroxide, 3:1 v/v) for 60 s and rinsed in Milli-Q water. The surface was further treated under 

reduced air pressure in a 10 W plasma chamber.  

 

Pulp fibres. An ECF-bleached – sequence DQ(PDP) – never-dried softwood kraft pulp was 

supplied from the M-real mill in Husum, Sweden. One pulp sample was fractionated over a 

spray disc filter of 100 µm mesh size to get a pulp comprising only long fibres, while a 

second sample of non-fractionated pulp was beaten to SR value 33 using an Escher-Wyss 

laboratory refiner.  

 

Methods 

 

Stagnation Point Adsorption Reflectometry 
 

Polyelectrolyte adsorption experiments were conducted using a stagnation point adsorption 

reflectometer (SPAR) from the Laboratory of Physical Chemistry and Colloidal Science, 

Wageningen University, The Netherlands; a schematic of the instrumental setup is presented 

in Figure 5. For a thorough description of the technique, the reader is referred to the original 

publications by Dijt et al. describing the adsorption kinetics [31] and the determination of 

adsorbed amounts [32]. A continuous flow of adsorbent is added via the sample inlet, directed 

perpendicularly towards the collector surface. In the projection of the inlet on the surface an 

infinitesimal point without convective flow is found. This is defined as the stagnation point at 

which the mass transport is limited by diffusion. Dabrós and van de Ven [33] have derived an 

expression for the mass transport to the surface in the stagnation point, as follows: 
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3/1
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776.0 CC
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=
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From this equation it can be deduced that the flux to the surface, J, is dependent on the 

diffusion coefficient, D, the linear flow velocity, U, the radius of the outlet, R, the sample 

concentration of the adsorbent, C, the concentration over the surface, C0, and the streaming 

intensity parameter, α. The latter parameter is dimensionless and describes the intensity of the 

flow near the surface. A numerical solution of α as a function of the Reynolds number (Re) is 

given in [33] for the present surface distance to radius ratio, h/R, of.1.7. The diffusion 

coefficient was in this thesis determined by means of dynamic light scattering using a 

Zetasizer Nano ZS particle analyser (Malvern Instruments, Malvern, UK). Viscosity data for 

the evaluation of Reynolds numbers were calculated for CPAM1 based on a specific viscosity 

of 137 dl/g, as reported for a similar CPAM sample in deionised water [34]. 
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Figure 5. Schematic of the stagnation point adsorption reflectometer. Both the light source and the sample 

stream are directed towards the stagnation point, where diffusion-limited adsorption is studied by means of the 

change in reflectivity. The reflected light is guided into the detector, where it is divided into parallel and 

perpendicular components of polarised light by a beam splitter. The intensity of each component is measured by 

a pair of photodiodes from which reflectivities and eventually the adsorbed amount can be calculated.   

 

A unique feature of the SPAR setup is that the adsorption measurement is made in the 

stagnation point itself. A beam of linearly polarised light is focused on the stagnation point, 

over the surface on which it is reflected, and further guided into the detector. The parallel and 

perpendicular components of the polarised light are separated by a beam splitter and the 

intensity of each component is registered as a voltage by two photo diodes. The ratio of the 

two signals constitutes the instrumental output, which is proportional to the reflectivity ratio 

on the wafer: 
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In equation (2), f is an instrument constant that accounts for the incidental intensities of 

polarised light and the loss factors of the optics. For thin layers the adsorbed amount, Γ, is 

proportional to the normalised response in the reflectometer signal, ∆S/S0: 

 

0

1
S

S
As

∆
=Γ  (3) 

 

The sensitivity factor, As, according to the theory, is defined as 

 

( ) Γ∂

∂
= sp

sp
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RR
RR

A
/

/
1

0

 (4) 

 

The determination of As is based on a four-layer optical model in which Rp/Rs is calculated as 

a function of the adsorbed amount. The model parameters are the oxide layer thickness on the 

surface, the refractive index increment of the adsorbent, and the refractive indexes of the four 

layers corresponding to silicon, silicon oxide, adsorbent, and the bulk solvent.  

For quantification of colloidal silica adsorption, the model was extended to five layers, 

assuming that the colloids form a homogeneous slab layer on top of the polyelectrolyte layer. 

The applied model parameters are given in paper II. The sensitivity factors used in this thesis 

were determined using the “Prof. Huygens” software (Dullware, The Netherlands).  

 

Quartz crystal microgravimetry with dissipation measurement  
 

A QCM D300 instrument (Q-Sense AB, Västra Frölunda, Sweden) was used. The principle of 

quartz crystal microgravimetry with dissipation (QCM-D) is to precisely determine the 

resonant frequency of a piezoelectric crystal, which under ideal conditions is proportional to 

the mass of the crystal. The technique was originally developed for mass determination in air 

or in vacuum [35]. Nomura et al. [36] later demonstrated that the technique could also be 

applied to liquid systems. In the simple Sauerbrey model for mass determination, the 

adsorbed mass, ∆m, is proportional to the change in resonant frequency, ∆f: 

 

n
fCm ∆

=∆  (5) 
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Here n is the overtone number and C is a sensitivity constant equal to –0.177 mg m–2 Hz, as 

earlier calculated for this type of crystal [37]. The Sauerbrey relationship is assumed to be 

valid for adsorbed films that are thin and rigidly attached to the surface. As an extension of 

the frequency analysis, the dissipation measurement allows for the determination of the 

energy dissipation of the crystal, observed as the decay in resonance amplitude that occurs 

when the driving voltage is switched off. The dissipation factor, D, is theoretically defined as 

 

stored

dissipated

E
E

D
π2

=  (6) 

 

where Estored is the energy stored in the oscillating system and Edissipated is the energy dissipated 

during one oscillation period [38]. The dissipation factor is experimentally determined by 

measuring the time constant, τ, for the exponential decay in the amplitude of the piezoelectric 

resonator when the driving voltage is turned off. The dissipation factor is then calculated as  

 

τπf
D 1
=  (7) 

 

For thicker, less-rigid layers, the direct proportionality between frequency and adsorbed mass 

eventually breaks down, resulting in the underestimation of the adsorbed mass [39]. An 

alternate way of interpreting the data is to model the adsorbed film as a visco-elastic element 

characterised by a shear viscosity coefficient, η, and a shear elasticity modulus, µ. Voinova et 

al. [40] have derived such a model for a homogenous film treated as a Voigt element, 

assuming that it conserves its shape and does not flow under shear deformation. Their work 

has resulted in an analytical expression for the responses in terms of frequency and dissipation 

shifts based on the properties of the bulk liquid (density ρb, viscosity ηb), adsorbed film 

(thickness h1, density ρ1, viscosity η1, shear elasticity modulus µ1), and quartz crystal (density 

ρ0, shear elasticity modulus µ0). These relationships can also be applied in reverse to calculate 

the properties of the adsorbed layer from the experimentally observed overtones of frequency 

and dissipation. The calculation routines are commercially available through the Q-tools 

software from the instrument supplier, which was used in this thesis for calculating the 

adsorbed layer thicknesses.  

 

When three overtones from the QCM data were applied in the present calculations, the density 

of the liquid film had to be set to a constant value in the model. Based on the indication of a 
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water-rich film from Sauerbrey data, the density of the adsorbed layer was approximated 

using the density of water. The viscosity of the bulk liquid was set to the value of water, but it 

was noted that polyelectrolytes of high molecular weight could increase the viscosity of 

sample solutions and cause the underestimation of the calculated adsorbed layer thickness.  

 

Flow through the QCM cell was only present during exchange of solution in the cell, i.e., 

during the initialisation of the adsorption and rinsing steps. The mass transport in QCM under 

flow-free conditions was modelled as a process of diffusion through a stagnant bulk solution 

[41], which in its simplest form is given by  

 

( )
π
DtCtM 02=  (8) 

 

where M(t) is the accumulated mass transfer, C0 is the bulk concentration, and D is the 

diffusion coefficient. 

 

Sequential adsorption of polyelectrolyte multilayers onto wood fibres 
 
Polyelectrolytes were adsorbed onto pulp in a 5 g/L suspension, adjusted for the desired salt 

concentration by the addition of sodium chloride and adjusted for pH by drop-wise additions 

of hydrochloric acid and sodium hydroxide. Adsorption was performed under continuous 

shaking. For isotherm experiments and pulp treatment before sheet forming, 10 min 

adsorption times were used; for kinetics studies, adsorption times ranged between 10 s and 10 

min. After the adsorption step, the pulp was recovered by filtration and the residual 

polyelectrolyte in the filtrate was determined by means of polyelectrolyte titration (see 

below). The pulp was washed with deionised water before it was re-suspended for the 

adsorption of the next polyelectrolyte layer in an iterative manner.   

 
Polyelectrolyte titration 
 
Polyelectrolyte titration followed the method described by Terayama [42], except for the use 

of a modified salt concentration of 0.01 mM NaHCO3. The determination of polycations was 

based on titration with potassium polyvinyl sulphate (Wako Pure Chemical Industries, Osaka, 

Japan) in the presence of ortho-toulidine blue indicator (VWR, Sweden). The colorimetric 

endpoint was determined using the optical two-beam method developed by Horn et al. [43]. 

CMC was titrated with polydiallyldimethyl ammonium chloride (Ciba Speciality Chemicals, 
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Bradford, UK) and the endpoint was detected using a particle charge detector (BTG Mütec, 

Herrsching, Germany). 

 

Preparation of handsheets and paper testing 
 

Handsheets with a target basis weight of 100 g/m2 were prepared according to the ISO 5269-2 

method, using the Rapid-Köthen sheet former (Paper Testing Instruments, Pettenbach, 

Austria). The sheets were dried at 93°C and under an absolute pressure of 10 kPa for 10 min.  

 

Dry tensile testing was performed according to SCAN-P 67:93.  
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Results and discussion 
 

Papers I–II 

 

Paper I reports on studies of the polyelectrolyte adsorption of CPAM and Cdextran onto silica 

surfaces with SPAR and QCM, while paper II extends the results of the first study to the 

consecutive adsorption of polyelectrolyte and colloidal silica. Data regarding the 

conformation of the adsorbed layers, adsorption kinetics, and adsorbed amounts were sought 

in both cases, corresponding to single- and double-component retention systems, respectively. 

Due to their close relationship, both papers are here presented together. 

 
Factors controlling polyelectrolyte adsorption  

 

The first paper examined three variables that affected the polyelectrolyte adsorption, namely, 

polyelectrolyte charge density, pH, and concentration of background electrolyte (sodium 

chloride). Saturation adsorption of CPAM samples of four different charge densities and one 

sample of Cdextran are shown in Figure 6, as determined using both SPAR and QCM at 1 

mM NaCl concentration and pH 7. By using parallel determinations it was possible to 

separate the mass contributions from the polyelectrolyte and solvent, since SPAR was 

sensitive to the net amount of polyelectrolyte while QCM sensed the total mass oscillating in 

phase with the crystal, including both polyelectrolyte and solvent entrapped in the film. With 

increasing charge density the adsorbed amount of CPAM was found to decrease, in line with 

the Scheutjens–Fleer theory of polyelectrolyte adsorption [23]. The two samples, CPAM1 and 

Cdextran, of equal charge density displayed similar net adsorbed amounts, while the amount 

of entrapped water was higher for CPAM1, indicating a thicker adsorbed layer for this 

sample. The solvent content dominated the polyelectrolyte mass at all charge densities, as 

indicated in Table 2, summarising the fraction of water in the adsorbed layers.  
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Figure 6. Determination of the adsorbed film mass as a function of charge density. SPAR data correspond to net 

mass of polyelectrolyte; QCM data were evaluated using the Sauerbrey relationship to obtain the sum of 

polyelectrolyte and entrapped solvent in the adsorbed layer.  

 

 
Table 2. Calculated fraction of water in the adsorbed layer. 

Polyelectrolyte Charge density 
(meq/g) 

Fraction of solvent 

CPAM1 0.50 0.80 

CPAM2 1.01 0.82 

CPAM3 1.60 0.77 

CPAM4 2.36 0.68 

Cdextran 0.50 0.74 

 

 

The effect of salt in the range between 10-5 M and 1 M on the adsorbed amount was studied 

using reflectometry for CPAM1 at pH 3 and 7 and of Cdextran at pH 7. Figure 7 presents the 

results for the two polyelectrolytes, which have the same charge density. The great similarity 

in terms of adsorbed amounts of CPAM1 and Cdextran at pH 7 indicated that the adsorbed 

amounts were determined by electrostatics at low salt concentrations. Both polyelectrolytes 

displayed increased adsorption with additions of salt up to a concentration of 10 mM, while 
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the adsorption decreased with salt concentration of 100 mM and above. This behaviour was in 

line with the Scheutjens–Fleer theory for the χs > 0 case, i.e., when non-ionic interactions 

induce adsorption with moderate salt additions. According to this theory, the electrostatic 

interactions are effectively screened at salt concentrations above 10 mM. The data displayed 

in Figure 7, however, indicate that the adsorption was still significant at 1 M NaCl, giving 

indirect support for a considerable contribution from non-ionic interactions. This has 

previously been suggested for CPAM [25] but was here also indicated for Cdextran. Lowering 

the pH was a way to reduce the surface charge density of silica, which is dependent on both 

salt concentration and pH [44]. Measurements made at pH 3 consequently indicated 

significantly lower adsorption of CPAM1 and gave a further indication that the saturation 

adsorption was limited by electrostatic interaction at low salt concentrations.  
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Figure 7. Saturation plateaus for polyelectrolyte adsorption onto silica as a function of salt concentration. Data 

obtained at pH 7 using SPAR. Diamonds: CPAM1 at pH 7, triangles: CPAM1 at pH 3, and squares: Cdextran at 

pH 7. Both polyelectrolytes have a charge density of 0.5 meq/g. 

 

 
Adsorption kinetics of CPAM1 studied using SPAR and QCM 
 
The adsorption kinetics of CPAM1 was characterised in detail in order to discriminate any 

secondary kinetic processes, such as reconformation, from the mass transport-limited 

adsorption rate. The SPAR setup was characterised by a constant mass flux to the surface, 

which could be calculated from the mass transport model previously given in equation (1). 
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Important parameters in the mass transport model are the diffusion coefficient, sample 

concentration, and streaming intensity coefficient that in turn depended on the Reynolds 

number. The concentration dependence and the flow rate dependence were evaluated 

experimentally by analysing a range of CPAM1 concentrations between 1 and 200 mg/L 

under two flow rate regimes, corresponding to 0.2–0.4 mL/min and 0.9–2.0 mL/min, as 

shown in Figure 8. The linear dependence on concentration was confirmed and the more 

complex flow rate dependence was indicated by division of the data into two groups. 

 

0 50 100 150 200

0.00

0.05

0.10

0.15

0.20

0.25

Ad
so

rp
tio

n 
ra

te
 (m

g/
m

2 s)

CPAM1 concentration (mg/l)  

Figure 8. Experimental adsorption rates of the initial slope during adsorption in SPAR plotted as a function of 

polyelectrolyte concentration. Diamonds: Low flow rate regime 0.2-0.4 mL/min; Squares: High flow rate regime 

0.9-2.0 mL/min. Data obtained at 1 mM NaCl and pH 7. 
 

The experimental adsorption rates were further evaluated by calculating the corresponding 

mass flux to the surface, and a linear correlation between the two parameters was found under 

the low flow rate regime, as seen in figure 9. The correlation coefficient of 0.42 indicated, 

however, that the experimentally observed adsorption rates were over-predicted by the mass 

transport model. This difference could stem from under-prediction of the adsorbed mass in the 

four-layer optical model, too high a diffusion coefficient applied in the mass transport model, 

or the falsification of the assumed perfect sink condition over the surface, implying that 

polyelectrolytes arriving at the surface have a blocking effect. Considering the number of 

assumptions to obtain these parameters the correlation between observed and predicted mass 

transport rates was decent. It is however noted that a blocking effect has been suggested for 
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dendrimer adsorption onto glass as studied using reflectometry, where a sticking probability 

as low as 0.03 has been obtained [45].  

 

Under the high flow rate regime, low concentrations of up to 50 mg/L gave the same linear 

correlation as found above for data obtained at a low flow rate. This indicated that the mass 

transport model was able to account for the different applied flow rates. The two highest 

concentrations, i.e., 100 and 200 mg/L, however, were associated with increased experimental 

adsorption rates. This indicated that the combination of high polyelectrolyte concentrations 

and high flow rates invalidated the mass transport model, possibly by increasing the 

convective contribution to the mass transport in the stagnation point.  
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Figure 9. Comparison between the experimentally observed adsorption rates and the calculated rates of mass 

transport towards the surface over the stagnation point. Diamonds correspond to low flow rates between 0.2 and 

0.4 mL/min, while squares correspond to high flow rates between 0.9 and 2.0 mL/min. The dotted line represents 

a sticking probability factor of unity. The dash-dotted line illustrates a linear regression of the data obtained at 

low flow rates, with a correlation coefficient of 0.42. Data obtained at 1 mM NaCl and pH 7. 

 

The adsorption kinetics of CPAM1, as evaluated from the frequency shift in QCM under 

flow-free conditions, was shown to follow the same time dependence as did the model of 

diffusion-limited mass transport given in equation (8). The proportionality between mass 
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transport rate and sample concentration was established from the experimental data. An 

attempt to estimate the diffusion coefficient from the QCM data gave a diffusion coefficient 

of 1·10–12 m2/s when a sticking probability of unity was assumed, which should be compared 

to the diffusion coefficient of 5·10–12 m2/s obtained by means of dynamic light scattering 

measurements. These two results was still considering to be in good agreement when 

reflecting on the assumptions made during calculations.  

 
Secondary adsorption of colloidal silica onto pre-adsorbed polyelectrolyte layers 

 

The binding capacity of colloidal silica (CS) on pre-adsorbed polyelectrolyte layers was 

examined using SPAR and QCM, while the fractional surface coverages of both CPAM1 and 

Cdextran were studied using SPAR. Figure 10 is based on the reflectometer signal and 

presents the sequential adsorption of CPAM1 at different surface coverages, followed by 

rinsing and a second CS adsorption step that was followed to saturation adsorption. At 1 mM 

salt concentration, significant adsorption of colloidal silica was found at surface coverages of 

68% and 100%, but not below, indicating a surface coverage threshold before CS adsorption 

started. This methodology was repeated at different salt concentrations between 0.01 and 100 

mM for CPAM1 and between 0.1 and 100 mM for Cdextran. Figures 11A and 11B 

summarise the results, showing the adsorption plateaus obtained after rinsing for 

polyelectrolyte and CS on the abscissa and ordinate, respectively. It was found that CS 

adsorption was significantly larger onto CPAM1 than onto Cdextran, and that CS adsorption 

onto CPAM1 also could be obtained at surface coverages under 50% if the salt concentration 

was at least 10 mM. At low surface coverages of Cdextran, the CS adsorption kinetics 

displayed an initial overshoot that was suspected to indicate subsequent desorption of CS.  
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Figure 10. Primary reflectometer output showing a series of adsorption experiments examining the consecutive adsorption of 
CPAM1 and colloidal silica. The surface coverage, θ, of polyelectrolyte was varied while the adsorption of colloidal silica was 
always followed to saturation adsorption. The four phases of each experiment are indicated by vertical lines and correspond to 
1) CPAM adsorption, 2) rinsing with salt solution, 3) colloidal silica adsorption, and 4) rinsing with salt solution. Squares: θ 
= 100%, circles: θ = 68%, triangle pointing up: θ = 48%, triangle pointing down: θ = 22%. The insert shows a longer 
experiment for θ=100% to investigate the stability during CS adsorption over four hours. Solvent conditions: 1 mM NaCl and 
pH 7. 
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Figure 11. Secondary adsorption of colloidal silica analysed using reflectometry as a function of the surface coverage of pre-

adsorbed polyelectrolyte. The effect of different additions of monovalent salt is evaluated at pH 7. The dotted lines are for 

visual guidance only. A) pre-adsorbed CPAM1, B) pre-adsorbed Cdextran. Squares: 0.1 mM NaHCO3, circles: 1 mM NaCl, 

triangles: 10 mM NaCl, diamonds: 100 mM NaCl. 
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The sequential adsorption of CS onto pre-adsorbed polyelectrolyte layers was also studied 

using QCM in a subset of experiments examining the saturation adsorption of polyelectrolyte. 

The adsorption kinetics in terms of the frequency and dissipation shifts of the third overtone 

are shown for CPAM and Cdextran in Figure 12. The frequency data supported the general 

situation observed using SPAR, namely, that CPAM1 and Cdextran adsorbed in roughly the 

same amounts, while CS adsorption was significantly higher onto CPAM than onto Cdextran. 

Other common trends were that CS adsorption onto Cdextran required at least a 10 mM salt 

concentration before clear adsorption occurred, and furthermore, that a temporary overshoot 

in CS adsorption was observed at lower salt concentrations. The latter observation lent further 

support to the hypothesis of CS desorption from Cdextran. However, the adsorption kinetics 

of CS onto CPAM displayed a dynamic behaviour, implying an apparent desorption not in 

line with the SPAR data. Each experiment took much longer with QCM than with SPAR; 

however, and to compare the techniques on a similar time scale an extra long-term experiment 

using SPAR was conducted, indicating that the CS adsorption gave a stable plateau over at 

least four hours (insert in Figure 10).  

 

Visco-elastic modelling of the QCM data indicated that the dynamic behaviour occurring 

during CS adsorption onto CPAM corresponded to an expansion of the adsorbed film. Figure 

13 presents the calculated adsorbed thicknesses when the adsorbed layer is treated as a Voigt 

element with a constant film density of 1000 kg/m3. The development in the predicted film 

thickness during CS adsorption agreed qualitatively with the SPAR data, since a plateau was 

eventually reached. The thickness of the indicated plateau at a 1 mM salt concentration was 

calculated to be 40 nm, which is in good agreement with the results obtained by Sennerfors et 

al. for the sequential adsorption of CPAM and CS in 1 mM KCl [46]. Based on the present 

model data, it was suggested that the increased frequency observed during CS adsorption was 

an effect of the expansion of the adsorbed layer when the polyelectrolyte chains were 

redistributed from the surface to form complexes with CS in the outer parts of the adsorbed 

film. This reconformation process of the polyelectrolyte in the adsorbed layer was assumed to 

cause the failure of the Sauerbrey model when the attachment of the film to the surface was 

weakened. This process might eventually lead to desorption of polyelectrolyte–CS complexes, 

but the long-term experiment using SPAR indicated that no significant desorption occurred in 

the first four hours.  
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Figure 12. Frequency and dissipation data pertaining to the third overtone, obtained from QCM experiments 

examining the CPAM–CS (upper part) and Cdextran–CS (lower part) systems. Squares: 0.1 mM NaHCO3, 

circles: 1 mM NaCl, triangles: 10 mM NaCl, diamonds: 100 mM NaCl. Data obtained at pH 7. 

 

 

For CS adsorption on Cdextran, the thicknesses predicted from the visco-elastic model did not 

deviate from the direct interpretation of the frequency data, except for the results obtained at a 

100 mM salt concentration. It was therefore suggested that Cdextran formed a thinner 

adsorbed layer, displaying no tendencies to expand at salt concentrations up to 10 mM, and 

therefore that it was adequately described by the Sauerbrey model. The initial overshoot that 

was observed for CS adsorption at lower salt concentrations might indicate that Cdextran 

initially adsorbed some CS that later was desorbed, possibly as polyelectrolyte complexes. 
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The same interpretation would fit the observations made in SPAR experiments treating CS 

adsorption kinetics with initial overshoots.  
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Figure 13. Calculated adsorbed layer thicknesses in QCM experiments when applying the visco-elastic model to frequency and 

dissipation data for the overtones n = 3, 5, and 7. The calculations are based on a constant adsorbed layer thickness of 1000 

kg/m3. Squares: 0.1 mM NaHCO3, circles: 1 mM NaCl, triangles: 10 mM NaCl, diamonds: 100 mM NaCl.Data obtained at pH 7. 

 

To make a quantitative comparison of the results obtained using SPAR and QCM, the 

adsorbed amounts of each polyelectrolyte component, CS, and solvent were calculated 

according to Table 3. The presented results should be regarded as estimates, since the 

calculations relied on several assumptions, both in the extended optical five-layer model for 

calculating the adsorbed mass in SPAR and in the visco-elastic model applied to the QCM 

data. The comparison between SPAR and QCM typically indicated water contents between 80 

and 90% in the polyelectrolyte films, and the water content was predicted to increase with salt 

concentration for CPAM while remaining essentially independent of salt concentration for 

Cdextran. The former observation agreed qualitatively with the conception of a thickening 

polyelectrolyte layer with increased salt concentration, as found in the case of CPAM 

adsorption studied using ellipsometry by Shubin et al. [25]. For the combined layers of 

polyelectrolyte and colloidal silica, the water content was found to decrease with increasing 

salt concentration for both polyelectrolytes. This trend was interpreted as an effect of the 

denser packing of CS due to increased electrostatic screening between the particles. Such a 

salt effect has previously been visualised using atomic force microscopy (AFM) to observe a 

similar CPAM–CS system [47]. In the present study, the effect was found to be most 
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pronounced at a 100 mM salt concentration, at which the solvent was predicted to constitute 

only 35% of the adsorbed mass, the major contribution coming from silica. 

  

Table 3. Overview of the calculated adsorbed amounts of polyelectrolyte (PE), CS, and solvent as obtained from 

combined SPAR and QCM measurements. The QCM data are based on the calculated thicknesses obtained from 

visco-elastic modelling.  

 
 Primary adsorption of polyelectrolyte Secondary adsorption of colloidal silica 

Adsorbed mass  Adsorbed mass  

Salt conc. 

(M) 

QCM 

(mg/m2) 

SPAR 

(mg/m2) 

Estimated 

fraction of 

water 

QCM  

PE+CS (mg/m2)

 

SPAR  

CS (mg/m2) 

SPAR 

PE+CS 

(mg/m2) 

Estimated 

fraction of 

water 

CPAM         

10–4  8 1.55 81% 47 3.62 5.17 89% 

10–3  15 1.61 89% 48 4.24 5.85 88% 

10–2 28 1.66 94% 62 10.9 12.5 80% 

10–1

 

 44 1.54 97% 32 20.0 21.2 34% 

Cdextran        

10–4 8.2 1.29 85% 11 0 1.29 88% 

10–3  8.8 1.53  83% 13 0.74 2.27 83% 

10–2 13 1.81 86% 18 1.93 3.74 79% 

10–1 12 1.50 88% 32 7.31 8.81 72% 
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Paper III 

 

This paper focused on the sequential adsorption of PAE and CMC to form polyelectrolyte 

multilayers (PEM) on pulp fibres. The major part of the work was to develop an addition 

strategy for sequential polyelectrolyte adsorption, by determining the adsorption isotherms in 

a layer-by-layer study of the adsorption kinetics of the polyelectrolytes on pulp fibres. The 

effect of PEM treatment was finally evaluated by forming hand sheets from PEM-treated pulp 

and evaluating the resulting tensile strength. 

 

The adsorption isotherms of four consecutive PEM layers formed on fractionated pulp at 

10 mM NaCl concentration and pH 7 were studied. Figure 14 summarises the results for four 

consecutive adsorption isotherms of PAE and CMC. The layer-by-layer isotherm was 

obtained by determining the initial adsorption plateau of one adsorbed polyelectrolyte layer at 

a time when the obtained saturation level defined the recommended polyelectrolyte addition 

for that PEM layer. The PAE sample was polydisperse, and hence displayed a rounded 

isotherm compared to that of CMC. The isotherm also indicated that the adsorption of PAE 

was generally higher than that of CMC and that the adsorbed amount of each polyelectrolyte 

increased with layer number. Table 4 presents the initial adsorption plateau of each isotherm 

and the corresponding calculated number of adsorbed polyelectrolyte charges, defined as the 

product of the adsorbed amount and the charge density of the polyelectrolyte. These figures 

could be compared to the surface charge of 2 µeq/g and total charge of 37 µeq/g reported for 

the same type of fractionated pulp [48]. An apparent charge stoichiometry of 3:1 between 

PAE and CMC was observed; the specific origin of the asymmetry is unknown. However, it is 

known from Horvath et al. [48] that the electrostatic screening effect at a 10 mM salt 

concentration breaks down the ion-exchange mechanism of polyDADMAC adsorption on this 

type of pulp, thus invalidating the charge stoichiometry. Furthermore, the low-molecular-

weight fraction of PAE could possibly access internal charges in the fibre wall, thereby 

significantly increasing the adsorption capacity of PAE. These PAE molecules in the internal 

part of the fibre wall would then not be available for CMC in the second layer giving rise to 

the apparent difference in adsorbed charges between the two polyelectrolytes. 
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Figure 14. Adsorption isotherms of four consecutive PEM layers adsorbed onto fractionated long fibres in 0.5% 

suspension at a 10 mM sodium chloride concentration and pH 7. Open triangles: PAE in layer 1, open squares: 

CMC in layer 2, filled triangles: PAE in layer 3, filled squares: CMC in layer 4.  

 
Table 4. Adsorption plateaus of four consecutive PEM layers for the PAE–CMC system and the corresponding 

number of adsorbed charges. 

Layer number Adsorbed amount of 

PAE (mg/g) 

Adsorbed amount of 

CMC (mg/g) 

Equivalent number of 

adsorbed charges 

(µeq/g) 

1. PAE 4.0  8.8 

2. CMC  0.8 2.9 

3. PAE 5.5  12 

4. CMC  1.2 4.4 

 

 

Figure 15 presents the adsorption kinetics of four PEM layers adsorbed onto fractionated 

pulp. Although both polyelectrolytes displayed rapid initial adsorption rates, PAE was shown 

to require a longer time to reach the adsorption plateau than CMC did. Additional PAE 

adsorption experiments found no significant difference in adsorbed amount after 30 as 

compared to 10 min adsorption time. The adsorption kinetics of PAE and CMC were 

quantitatively compared by calculating the time required to reach 90% of the final plateau, 

defined as the adsorption after 10 min. PAE was shown to reach this target within 3 min, 
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compared to one minute for CMC. These times could be regarded as the minimum treatment 

times acceptable in technical applications. The longer adsorption time for PAE further 

indicated that the polydisperse sample had a more complex adsorption mechanism than that of 

CMC, probably due to its polydisperse nature.  
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Figure 15. Adsorption kinetics of four consecutive PEM layers adsorbed onto fractionated long fibres In 0.5% 

suspension at 10 mM sodium chloride concentration and pH 7. Open triangles: PAE in layer 1, open squares: 

CMC in layer 2, filled triangles: PAE in layer 3, filled squares: CMC in layer 4.  

 

One important prerequisite for PEM formation is that the surface should recharge after each 

addition of polyelectrolyte [14]. Fines from beaten pulp (SR33) were analysed with respect to 

their electrophoretical mobility after the sequential adsorption of two polyelectrolyte layers. 

Figure 16 displays the corresponding zeta potential calculated from the data, and it is evident 

that charge reversal was obtained within one minute for both PAE and CMC adsorption. The 

absolute zeta potential of CMC decreased with time, which was interpreted as a migration of 

the adsorbed CMC layer into the underlying PAE. Parallel adsorption isotherms based on the 

beaten pulp displayed adsorption plateaus of 14 mg/g PAE and 2.5 mg/g CMC, respectively. 

 

Multilayer formation of PAE and CMC on model silica surfaces was also studied using 

reflectometry. The effect of the low-molecular-weight fraction in PAE was analysed by 

comparing the original PAE sample with a dialysed PAE sample, using a membrane with a 

cut-off value of 12 kDa. The reflectometry data were only evaluated qualitatively, based on 
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the reflectometer output signal, but a significant difference was nevertheless found between 

the samples. Figure 16 shows that a clear, stepwise PEM formation was obtained only with 

the dialysed PAE sample. The original PAE sample rather displayed a desorption when PAE 

was added on top of CMC for the third and fifth PEM layers.  
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Figure 16. Reflectometry data for six PEM layers of the PAE–CMC system adsorbed onto silica surfaces; the 

data refer to the normalised detector signal. Open squares, bold line: 100 mg/L PAE without dialysis, 100 mg/L 

CMC, 1 mM sodium chloride. Open triangles, thin line: 50 mg/L dialysed PAE, 50 mg/L CMC, 10 mM sodium 

chloride. 

 

The resulting effect on paper strength was evaluated by preparing handsheets from pulp pre-

treated with up to four polyelectrolyte layers of PAE and CMC. Both treatments of a 

fractionated long fibre pulp and beaten pulp with SR number 33 were evaluated using added 

amounts according to the determined adsorption isotherms. Half the fractionated pulp was 

treated with polyelectrolytes and later mixed with equal amounts of non-treated pulp in order 

to simulate a pilot plant application, while all of the beaten pulp was treated in order to 

maximize the PEM effect. Tables 5 and 6 show the resulting effect on the tensile strength of 

the handsheets. It was found that the tensile index increased with 50% for both the pulps 

while the stretch at break improved for fractionated pulps while it impaired on the beaten 

pulp. The combination of the two mentioned parameters led to an increase in the tensile 
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adsorption energy index for the fractionated pulp while the beaten pulp showed no 

improvement. The tensile stiffness index strongly improved for the beaten pulp, mainly as an 

effect of the increased sheet density seen after chemical treatment of the beaten pulp. 

 

Table 5. Tensile strength of handsheets based on fractionated pulp treated where 50% of the pulp was treated 

with PEM and mixed with equal amounts of non-treated pulp. Sequence of added amounts to the PEM treated 

part of the pulp: 2.6 mg/g PAE; 0.9 mg/g CMC; 5.8 mg/g PAE; 1.3 mg/g CMC:  

 

Number of 

polyelectrolyte 

layers 

Tensile index 

(Nm/g) 

Strain at break 

(%) 

Tensile energy 

adsorption index 

(mJ/g) 

Tensile stiffness 

index (kNm/g) 

0 24 2.5 490 3.8 

2 27 3.0 630 4.3 

4 34 4.1 1100 4.6 

 

 

Table 6. Tensile strength of handsheets based on beaten pulp SR number 33, fully treated with PEM. Sequence of 

added amounts to the pulp: 14 mg/g PAE; 3.3 mg/g CMC; 14 mg/g PAE; 3.7 mg/g CMC. 

 

Number of 

polyelectrolyte 

layers 

Tensile index 

(Nm/g) 

Strain at break 

(%) 

Tensile energy 

adsorption index 

(mJ/g) 

Tensile stiffness 

index (kNm/g) 

0 59 6.1 2400 4.4 

3 81 4.3 2300 6.9 

4 88 4.5 2600 7.1 
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Conclusions 
 

The observed variations in adsorption kinetics of CPAM on silica could adequately be 

explained in terms of polyelectrolyte concentration and flow rates for SPAR experiments. It 

was also seen that the diffusive mass transport model could be applied to explain the 

adsorption kinetics observed in QCM without flow. Experiments on the adsorption of CPAM 

on silica as a function of the sodium chloride concentration suggested that there was a 

significant non-ionic interaction between CPAM and silica as well as Cdextran and silica. 

When comparing the CPAM and Cdextran of equal charge density, the net adsorbed amounts 

of polyelectrolyte were basically identical while the QCM data indicated that the 

conformation of CPAM was more extended than Cdextran. A fundamental difference was 

found in the binding capacity of colloidal silica that was significantly higher for CPAM 

compared to Cdextran. This part of the study gave strong indications that the polyelectrolyte 

conformation is important for bridge formation to charged colloids. Viscoelastic modelling 

with QCM data indicated that CPAM was redistributed from the surface to the CS particles 

forming an extended structure. Cdextran lacked the ability to expand upon colloidal silica 

adsorption in low salt concentration which likely was related to the lower binding of colloidal 

silica.  

At low salt concentrations a fractional surface coverage near 100% was required to get an 

effective adsorption of colloidal silica, which indicated that the surface did not recharge until 

near the saturation point. For higher salt concentrations the adsorption of colloidal silica was 

enhanced and was observed also at lower surface coverage of polyelectrolyte, which probably 

was a combined effect of reduced electrostatic repulsion between individual particles as well 

as between particles and the net negative surface. 

 

The study of sequential adsorption of PAE and CMC to pulp fibres with adsorption isotherms 

layer-by-layer showed that PAE should be added in larger amounts than CMC. It was likely 

that the polydisperse Mw distribution of PAE affected both the adsorbed amount, expressed as 

rounded isotherms, and the adsorption kinetics, giving slower adsorption kinetics near the 

saturation point. The smallest PAE molecules could probably enhance the adsorption on pulp 

by accessing parts of the fibre wall. From model experiments of multilayer formation on silica 

the low molecular weight distribution of PAE was furthermore indicated to disturb the 

formation of polyelectrolyte multilayers. Dialysis of PAE indicated that the polyelectrolyte 

preferably should have a molecular weight higher than 12 kDa in order to give a stable 

multilayer formation on silica.  
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