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ABSTRACT 
 
The adsorption of cationic polyacrylamide (C-PAM) and silica nanoparticles onto a 
model surface of silicon oxide was compared with the adsorption of C-PAM to 
fibres and their influence on flocculation of a fibre suspension. An increase in ionic 
strength affects the polyelectrolyte adsorption in different ways for these two 
systems. With the silica surface, an increase in the ionic strength leads to a 
continuous increase in the adsorption. However, on a cellulose fibre, the adsorption 
increases at low ionic strength (1 to 10 mM NaCl) and then decreases at higher 
ionic strength (10 to 100 mM NaCl). It was shown that the adsorption of 
nanoparticles onto polyelectrolyte-covered surfaces has a great effect on both the 
adsorbed amount and the thickness of the adsorbed layer. The results showed that 
electrostatic interactions were the dominating force for the interaction between both 
the fibres and the polyelectrolytes, and between the polyelectrolytes and the silica 
particles. Furthermore, at higher NaCl concentrations, a significant non-ionic 
interaction between the silicon oxide surface/particles and the C-PAM was 
observed. 
 
The adsorption rate of C-PAM onto fibres was rapid and quantitative adsorption 
was detected in the time range between 1 and 8 s at polyelectrolyte addition levels 
below 0.4 mg/g. Conversely, an increase in the amount of added polymer leads to 
an increased polymer adsorption up to a quasi-static saturation level. However, after 
a few seconds this quasi-static saturation level was significantly lower than the level 
reached at electrostatic “equilibrium”. The adsorbed amount of charges at full 
surface coverage after 1 to 8 s contact time corresponded to only 2 % of the total 
fibre charge, whereas after 30 minutes it corresponded to 15 % of the total fibre 
charge. This shows that a full surface coverage at short contact times is not 
controlled by surface charge. Based on these results, it is suggested that a 
combination of a non-equilibrium charge barrier against adsorption and a geometric 
restriction can explain the difference between the adsorption during 1 to 8 s and the 
adsorption after 30 minutes. With increasing time, the cationic groups are 
neutralised by the charges on the fibre as the polyelectrolyte reconforms to a flat 
conformation on the surface.  
 
The addition of a high concentration of C-PAM to a fibre suspension resulted in 
dispersion rather than flocculation. This behaviour is most likely due to an 
electrosteric stabilisation of the fibres when the polyelectrolyte is adsorbed. 
Flocculation of the fibre suspension occurred at low additions of C-PAM. A 
maximum in flocculation was found at around 50 % surface coverage and 
dispersion occurred above 100 % surface coverage. It was also shown that for a 
given level of adsorbed polymer, a difference in adsorption time between 1 and 2 
seconds influenced the flocculation behaviour. An optimum in flocculation at 50 % 
surface coverage in combination with the importance of polymer reconformation 



time at these short contact times showed that the C-PAM induced fibre flocculation 
agrees with La Mer and Healy’s description of bridging flocculation.  
 
A greater degree of flocculation was observed with the addition of silica 
nanoparticles to the fibre suspension than in the single polyelectrolyte system. 
Flocculation increased as a function of the concentration of added nanoparticles 
until 0.5 mg/g. At higher additions the flocculation decreased again and this 
behaviour is in agreement with an extended model for microparticle-induced 
flocculation. An increase in flocculation was especially pronounced for the more 
extended silica-2 particles. This effect is attributed to the more extended 
polyelectrolyte layer, since the adsorbed amount was essentially the same for both 
silica particles. 
 
Finally it was found that fines from the wood fibres had a significant effect on the 
flocculation. When fines were added, a greater degree of flocculation was detected. 
Furthermore, it was also more difficult to redisperse the fibres with polymer in the 
presence of fines. 
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1 INTRODUCTION 
 
Papermaking is an industrially refined process of filtering a pulp suspension 
followed by pressing and drying. Modern paper machines operate at speeds around 
30 m/s and represent an investment of some hundreds of millions of Euro. Measures 
to improve process the efficiency of existing equipment therefore hold a large 
economical potential.  
 
A cellulose pulp suspension consists of fibres, fines (fibre fragments) and mineral 
filler with a composition that depends on the desired paper properties. These 
components are filtered on the forming wire with open areas significantly larger 
than the size of both fines and filler particles. During dewatering a fibre network is 
formed with pores smaller than those of the wire. These pores are small enough to 
filter at least a part of the fines material however only a small portion of the filler 
particles are trapped in the web.  
 
Cationic polyelectrolytes have been used for several decades for the purpose of 
increasing retention and dewatering. Polyelectrolytes can improve the retention of 
fines and fillers in two different ways. They can adhere the fines and filler particles 
to the fibres via polymer bridging prior to dewatering. Furthermore, 
polyelectrolytes can also, by fines aggregation, enhance filtration as the particle size 
is then increased. However, one disadvantage is that the addition of polyelectrolytes 
will also flocculate the fibres. Fibre flocculation results in an uneven fibre 
distribution, which is negative in terms of both appearance and in of strength (due 
to the introduction of weak zones in the paper).  
 
Cationic polyacrylamide (C-PAM) is currently, either alone or in combination with 
a second component, the dominating polyelectrolyte used to enhance retention and 
dewatering. The work presented in this thesis report describes the adsorption of C-
PAM and silica onto a model surface and on fibres and its effect on fibre 
flocculation.  
 
This thesis is based on two papers: 

I. Solberg, D., Wågberg, L., Adsorption and flocculation behavior of cationic 
polyacrylamide and colloidal silica, Colloids and Surfaces 219 (2003) 161 

 
II. Solberg, D., Wågberg, L., On the mechanism of cationic-polyacrylamide-induced 

flocculation and re-dispersion of a pulp fiber dispersion, Nord. Pulp.  Paper Res. 
J. 18(1) (2003) 51 

 
Work conducted but not included in the thesis: 

Solberg, D., Wågberg, L., On the mechanism of GCC filler retention during 
dewatering – new techniques and initial findings, J. Pulp Paper Sci. 28(6) (2002) 
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2 POLYELECTROLYTE ADSORPTION 

2.1 Polyelectrolyte adsorption – theoretical approach 
Thermodynamically speaking, spontaneous adsorption at ambient pressure is 
possible when there is a reduction in free energy (G) of the system as described by 
the Gibbs equation: ∆G = ∆H - T∆S. Polyelectrolyte adsorption onto surfaces of 
opposite charge is driven by the increase in entropy (S) when a large amount of the 
smaller counter-ions are released upon adsorption of a few large polyions [1]. The 
enthalpy contribution (∆H) is usually positive but negative values have also been 
reported [1]. Several theoretical approaches, including scaling concepts [2] and 
mean field theories [3], have been used to describe polyelectrolyte adsorption onto 
solid surfaces [4]. The more frequently cited mean field theory was introduced by 
Scheutjens and Fleer [3] who developed a model describing the polyelectrolyte 
adsorption process both in the presence and in the absence of non-ionic interactions. 
A summary of the results from simulations with the mean-field theory for 
polyelectrolyte adsorption with the SF theory is given in figure 1. At equilibrium, 
the amount of a polyelectrolyte adsorbed on a given charged surface depends on the 
polymer, the surface charge density, the concentration and solubility of the polymer, 
the chemical affinity of the polymer to the surface and the ionic strength [3]. 
Secondary effects can also influence these parameters. For example, the pH can 
influence both the polymer and the surface charge and also the ionic strength. 
Specific adsorption of small ions on the surface is another well-known secondary 
effect. 
 

 
 
Figure 1.  A schematic overview of polyelectrolyte adsorption describing the main 

adsorption behaviour depending on the balance between polymer (qm) and 
surface (σ0) charge density, the concentration and solubility of the polymer, 
the chemical affinity of the polymer to the surface as function of ionic strength 
(cs). χs is the Flory-Huggins adsorption energy parameter and adsorption 
occur above a critical value (χsc). l2 corresponds to the area of one adsorption 
site in the simulation. (Adapted from [3]). 
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Pure electrosorption (curve 3 in figure 1) represents polyelectrolyte adsorption onto 
surfaces of opposite charge in the absence of non-ionic forces. At low ionic 
strength, the adsorption is an ion exchange process and there is practically a 1:1 
combination between the charges on the polyelectrolyte and the charges on the 
surface. The entropy gain, and therefore adsorption, is reduced for higher 
concentrations of small ions in solution. The threshold ionic strength where the 
adsorption diminishes to zero is roughly proportional to the degree of substitution 
of cationic groups on the polymer backbone. This means that for a more highly 
charged polyelectrolyte (compared to the surface charge), this threshold 
concentration is at higher concentrations of simple electrolytes. However, the 
maximum adsorption under optimal conditions (low electrolyte concentration) will 
be lower with for a higher charged polyelectrolyte since the adsorption is an ion 
exchange process under these conditions. Curves 1-2, 4-5 in figure 1 show 
adsorption in the presence of non-ionic interaction, e.g. when there is a chemical 
affinity for the polymer to the surface. The electrostatic contribution will, except for 
uncharged polymers (curve 1), dominate at low ionic strength due to long-range 
electrostatic interactions through an extensive electrical double layer. The 
electrostatic contribution is diminished at increasing ionic strengths until finally 
adsorption is only possible due to non-ionic interactions. The electrostatic screening 
will, apart from the change in polymer-surface attraction, also reduce electrostatic 
repulsion between polymers on the surface. The amount of adsorbed polyelectrolyte 
can be increased (curve 4) or decreased (curve 5) depending on the relative 
importance of both types of electrostatic interactions [5]. Curve 2 shows the 
adsorption behaviour of a polyelectrolyte with the same charge as the surface and 
with a chemical affinity to the surface. Adsorption is then possible when the 
electrostatic repulsion is reduced due to screening. At high ionic strength there may 
also be competition with salt ions that specifically adsorb to the surface resulting in 
a reduced polyelectrolyte adsorption (curves 2’, 4’). A reduction in polyelectrolyte 
solubility at high ionic strength will result in an increase in adsorption (curve 4’’). 
 
The structure of the adsorbed polyelectrolyte layer is important when considering 
the state of aggregation of a colloidal dispersion. Frisch and Simha [6, 7] have 
shown theoretically that polymer molecules existing in random coils in solution will 
uncoil only slowly upon adsorption. The solid surface would rapidly be covered 
with molecules attached to the surface over only small portions of their length 
leaving long loops and tails of the molecules trailing in solution. The model 
developed by Scheutjens and Fleer shows that the thickness of the adsorbed layer 
depends on the degree of surface coverage and on the polymer and surface charge 
[3, 5]. The polyelectrolyte adopts a flat configuration at a low surface coverage, 
whereas in the region of complete adsorption loops and tails protrude from the 
surface. A more flat conformation is also found for higher polyelectrolyte and/or 
surface charge densities. Non-ionic interactions are short range in nature and they 
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are only active when they result in a high polyelectrolyte density close to the 
surface. The polyelectrolyte conformation described above corresponds to a state of 
thermodynamic equilibrium, which is slowly attained when strong interaction forces 
act between the charged surface and the polyelectrolyte. In fact, such an equilibrium 
structure is only reached very slowly, if ever [8]. Initially, at short contact times, the 
adsorbed polymer will initially retain its conformation in solution [8-10]. The 
polymer will then reconform to a more flat conformation on the surface. An 
experimental example given by Pfefferkorn and Elaissari [8] with polyvinylpyridine 
adsorbed onto latex particles shows a surface coverage four times the crossectional 
area of the polymer in solution. The ability to reconform will also be influenced by 
neighbouring adsorbed polymers molecules.  
 
Desorption of polyelectrolytes is, compared to simple electrolytes, greatly reduced 
due to its polymeric nature. It is statistically unlikely that all, or even a critical 
amount of polymer segments, will simultaneously be released from the surface. It 
has been experimentally observed that desorption of polyelectrolytes from cellulose 
fibres in de-ionised water is a very slow process [11-13]. However, it is possible to 
desorb polyelectrolytes with, for example, high electrolyte concentration that 
eliminate the thermodynamic driving force. This, too, will be slow due to the 
polymeric nature. Desorption from fibres can also take place by competition with 
other high molecular weight polymers [14] but the desorption time is in the 
timescale of at least days. 
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2.2 Polyelectrolyte adsorption onto cellulose fibres 
The polyelectrolyte molecules distributed in the pulp suspension collide with fibres 
either through Brownian motion [11] or through turbulent transport [15]. 
Adsorption is followed by reconformation toward the interface and, if the polymer 
is smaller than the fibre pores, penetration into the interior of the fibre. The 
adsorption process has previously been shown to be very rapid (<< 1 s) [9] while 
the reconformation and penetration can continue for several days [16]. It has been 
shown by counter-ion release measurements that less than 10 % of the counter-ions 
are released after 10 s adsorption time while more than 50 % of the counter ions are 
released after 1 minute [10]. Almost all counter-ions are released at electrostatic 
equilibrium, which is reached after approximately 30 minutes. A counter ion release 
of less than 10 % at 10 s adsorption time indicates a loose anchoring of the polymer 
and furthermore, the conformation on the surface is similar to the conformation in 
solution [9]. The adsorption process can be modelled by using a collision model 
derived for colloidal particles, and described in equations (2) → (5) in the next 
chapter, in combination with some type of adsorption model. One of the simplest 
and most widely used models describing adsorption is the Langmuir model. The 
Langmuir model describes the adsorption of rigid particles with a fixed volume 
under equilibrium conditions. According to this model, the rate of adsorption 
(dΓ/dt) , as shown in equation 1, is described by the number of molecules per unit 
area on the surface (Γ) and the number of molecules in solution per unit volume 
(N). 
 

Γ−Γ−Γ=
Γ

2max1 )( kNk
dt
d  ( 1 ) 

 
k1 and k2 are rate constants for adsorption and desorption, t is time and Γmax is the 
maximum number of molecules that can be adsorbed per unit area. The model has 
proven adequate for polyelectrolyte adsorption [12] although the high affinity 
polyelectrolyte adsorption is a non-equilibrium process. Since polyelectrolytes are 
typically smaller than 1 µm and fibres are larger than 1 µm, a Brownian motion 
collision model can be used when it is assumed that diffusion of the polyelectrolytes 
controls the adsorption rate. A turbulent collision model can be used when it is 
assumed that the rate is controlled by the collector efficiency of fibres moving 
through a dispersion of polyelectrolyte. Utilising a model based on Brownian 
motion, van de Ven [12] found a good agreement to experimental data with both 
polyethyleneimine and the fibres described as rigid spheres. The characteristic 
adsorption time with the chosen experimental set-up was about 1 minute. Wågberg 
and Hägglund [17] found that the adsorption of Polydiallyldimethylammonium-
chloride to fibres could be fit to a turbulent collision model in which both the 
polyelectrolyte and the fibres are described as rigid spheres. However, this model 
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was insufficient to model the adsorption of C-PAM, which is of a higher molecular 
weight [17]. 
 
The adsorption of polyelectrolytes onto cellulose fibres has been shown in many 
investigations to follow the above described electrosorption process [3, 18]. The 
adsorption at low ionic strength is an ion-exchange process [10, 19] while 
adsorption decreases and finally ceases as the concentration of simple electrolyte 
increases [18]. The absence of non-electrostatic interactions is illustrated by the fact 
that nonionic polyacrylamide does not adsorb onto pulp fibres [20]. Furthermore, 
the adsorption of cationic polyacrylamide is virtually zero around 0.2 M NaCl [18]. 
It should be noted that recent investigations with C-PAM and Langmuir-Blodgett 
films of cellulose indicate that there is a significant non-electrostatic contribution to 
the adsorption of C-PAM to these model surfaces [21]. However, the molecular 
origin of the non-electrostatic contribution to adsorption was not apparent. For 
fibres though there are numerous papers [18] showing the dominance of 
electrostatic interactions for the adsorption of C-PAM on different types of fibres. 
Van de Steeg simulated [5] the adsorption behaviour of cationic starch (i.e a weakly 
charged polyelectrolyte) on microcrystalline cellulose (i.e. an oppositely charged 
surface) based on the Scheutjens and Fleer model. These results from the 
simulations are shown in figure 2a and b. The adsorption at low ionic strength is 
higher for a polyelectrolyte with a low charge density and the adsorption is reduced 
as the ionic strength is increased. A polyelectrolyte with a higher density of charged 
segments has in turn a lower saturation adsorption a low ionic strength but the 
adsorption level is maintained until much higher ionic strengths.  
 

   
 
Figure 2a.  Adsorption (Γ) for different 

segment charge densities (ι) 
plotted versus salt 
concentration (cs) during  
pure electrosorption. 
(Adapted from [5]). 

 
Figure 2b.  Adsorption (Γ) at different  

salt concentrations (cs) 
plotted versus segment 
charge density (ι) during  
pure electrosorption. 
(Adapted from [5]). 
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The electrolyte concentrations found in the water system during papermaking is in 
the concentration range of 10-3 to 10-2 M depending on the degree of water re-
circulation in the papermill. Cationic starches added to the pulp usually have a 
degree of substitution of cationic groups of around 3-10 % of the glucose units and 
the C-PAM used as retention polymers commonly have 10-20 % (by mole) of 
cationic segments. This corresponds quite well with the charge density of the 
polyelectrolytes used to the produce the results shown in figure 2a. When the data is 
plotted against the segment charge density, figure 2b, it is apparent that there is a 
maximum in adsorption at low ionic strengths. At very low segment charge 
densities there is a reduced or even no adsorption as the total polyelectrolyte charge 
approaches the charge of simple ions. At higher segment charge densities the 
adsorption is reduced, as less polyelectrolyte is needed to compensate the charge of 
the surface. Wågberg and Kolar [22] found a very nice fit when cationic starch was 
adsorbed onto thermomechanical pulp fibres using this model. However, the 
adsorption of C-PAM on bleached chemical pulp shows an increase at low ionic 
strength before the adsorption is reduced again at yet higher ionic strengths [14]. An 
increase in adsorption when the ionic strength is increased, despite a reduced 
thermodynamic driving force for adsorption in absence of non-ionic interactions, 
was explained by a reduced polymer radii due to inter chain screening. The 
accessible fibre area is higher for a smaller polyelectrolyte as will be discussed in 
the following section. Starch is on the other hand a stiffer macromolecule that 
cannot access more of the interior of the fibre surface upon changes in ionic 
strength.  
 
The cellulose fibre is porous. It is therefore possible for polymers smaller in size 
than these pores to penetrate the fibre wall. The limiting pore size, or rather the 
range in pores sizes, has been investigated by adsorbing polymers with different 
molecular weight. Stone and Scallan [23] showed that the non-ionic dextran 
molecule could penetrate the fibre wall of unbleached kraft fibres when the 
molecular weight is less than 100kDa (corresponding to 14 nm in diameter). Alince 
and van de Ven [11] showed more recently that the limiting polymer size of 
polyelethyleneimine (PEI), a cationic polyelectrolyte, was 13 nm. Adsorption 
experiments were in this case conducted on both bleached kraft pulp and porous 
glass with a defined pore size. It was shown that the pores must be 3-5 times larger 
that the polymer to allow penetration. Therefore it was concluded that fibres have a 
limiting poresize in the range of 40-65 nm. 
 
A polyelectrolyte behaves like an uncharged polymer at high ionic strength. 
However, intrachain charge repulsions between segments causes the polyelectrolyte 
molecules to expand as the ionic strength is reduced. Therefore except at very high 
ionic strengths, a polyelectrolyte molecule has a larger dimension than uncharged 
polymers for a given molecular weight. A cationic polydiallydimethylamine with 
molecular weight of 8.75 kDa can penetrate the fibre wall whereas one with 48 kDa 
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cannot [17]. It was also shown that the penetration process for the 8.75 kDa 
polymer was rapid with complete adsorption in less than 10 minutes. The 
accessibility of C-PAMs with different molecular weights has been demonstrated by 
Tanaka [11] who found that an increase in adsorption is observed as the molecular 
weight is reduced from 10 million Da (700 nm) to 0.5 million Da (50 nm) down to 
25000 Da (15 nm). Commercial cationic polyacrylamides have molecular weights 
ranging from a few to several tens of million Da and are thus too large to penetrate 
the fibre wall. However, they can access the irregularities of the rough external 
surface of the fibre depending on the polymer radius. A slow reptation into the fibre 
interior is also in principle possible but such a process is relatively slow [17].  
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3 FLOCCULATION 
 
Polyelectrolyte induced flocculation is usually described in terms of flocculation 
phenomena established for colloidal dispersions. Fibre flocculation studies made for 
paper machine design are based on a mechanistic approach. In the following 
section, the basic principles of both approaches are briefly described followed by 
the currently held view, according to the author, on polyelectrolyte induced fibre 
flocculation.  

3.1 Flocculation of colloidal suspensions 
The collisions between particles are, for all types of particles (including polymers, 
filler particles and fibres), controlled by two different mechanisms depending on  
their size [24]. Diffusion is the main transport mechanism for particles smaller than 
about 1 µm (perkinetic coagulation) and shear forces bring larger particles together 
(orthokinetic coagulation). One of the first theories of coagulation kinetics between 
2 particles was that developed by Smoluchowski [25]. The collision frequency, Jij 
depends on the number concentration of particles, ni and nj and the rate coefficient 
kij according to: 
 
 

jiijij nnkJ =  ( 2 ) 
 
The rate coefficient for the diffusion controlled collision of particles with a radius ai 
and aj is given by equation (3) [25]: 
 

( )
ji

ji
ij aa

aakT
k

η3
2 2+

=  ( 3 ) 

 
where k is the Boltzmann constant, T is the temperature and η is the viscosity. The 
rate coefficient during orthokinetic coagulation of particles with a radius ai and aj 
and at a shear rate G is given by equation (4a) [26]:  
 

( )3
3
4

jiij aaGk +=   ( 4a ) 

 
The shear rate is difficult to determine for most geometries but equation (4a) can 
instead be expressed in terms of energy dissipation. The shear generates large 
eddies that contain almost all of the energy responsible for fluid motion. Energy is, 
however, transferred to microscale turbulence and is finally dissipated to heat. 
Saffman and Turner [27] showed that the rate coefficient is related to the rate of 
energy dissipation per unit mass of fluid (ε) and the kinematic viscosity (ν=µ/ρ, 
where µ is the dynamic viscosity and ρ the density of the fluid) as shown in 
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equation (4b). The energy dissipation can then be derived for a fibre system as 
shown in reference [15]. 
 

( 3294.1 jiij aak +=
ν
ε )  ( 4b ) 

 
When any two particles collide there is a certain probability that these will adhere to 
each other. This is described by a collision efficiency factor α0. The initial rate of 
floc formation, J, is given by: 
 

ijJJ 0α=    ( 5 ) 
 
When comparing equations (3) and (4), it is obvious for collisions between equal 
sized particles (ai = aj) that the rate coefficient in perkinetic coagulation is 
independent of the particle size. Furthermore, in orthokinetic coagulation, the rate 
coefficient is highly dependent on particle size. According to this theory, stirring 
has no effect on the flocculation of small particles while it has a large influence on 
flocculation of particles larger than about 1 µm.  
 
As discussed in chapter 2.2 the adsorption of polyelectrolytes on fibres can also be 
predicted using equations (2) → (5), in combination with some type of adsorption 
model. A perkinetic collision model can be used when it is assumed that diffusion 
of the polyelectrolytes controls the adsorption rate. A orthokinetic model can on the 
other hand be used when it is assumed that the rate is controlled by the collector 
efficiency of fibres moving through a dispersion of polyelectrolyte. By comparing 
the initial deposition rates of polyelectrolytes on fibres, fines and fillers using 
equations (2) → (4) it is also possible to predict when adsorption process is rate 
limited by diffusion and by shear depending on the size and particle concentration 
of these components [28]. 
 
An increase in floc-size will eventually be counteracted by floc-fracture and floc-
erosion due to the hydrodynamic forces [29]. The final floc size depends on a 
balance between the colloidal forces promoting aggregation and hydrodynamic 
forces opposing aggregation.  
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3.2 Mechanical effects on the flocculation of fibres 
The collision theory often used in colloid chemistry to describe flocculation is 
derived for situations where particles can move individually, a situation not 
normally possible for fibres. The ability of fibres to move is described by the 
crowding factor, N, [30] defined as the number of fibres found in a sphere with a 
diameter equal to the fibre length. The fibres are totally free to move when N = 1 
and forms a continuous network (3 contact points per fibre) when N = 60. 
Papermaking should ideally be conducted at N ≤ 1 to avoid fibre flocculation. 
However, for practical reasons, this is not possible. Instead, forming is made in a 
regime of forced fibre collisions with N in the interval 10 to 45 [30]. This is still 
below the concentration that gives a continuous network.  
 
During the 1950´s it was suggested that mechanical entanglement, rather than 
colloidal forces, was the principal reason for fibre flocculation [31]. Fibre 
flocculation is, from a mechanical entanglement point of view, controlled by 4 
factors [30]: 
 
1. Shear field (G) 
2. Fluid viscosity (η) 
3. Fibre aspect ratio (L/d) 
4. Fibre/fibre friction  
 
When comparing these parameters with equations (2) → (5) it is apparent that some 
controlling factors coincide with those derived for colloidal suspensions. Fibre 
friction is synonymous with the collision efficiency and it is clearly possible to 
manipulate this with polymeric additives. Swerin used a large cuvette viscosimeter 
to demonstrate the effect of polyelectrolytes on fibre friction [32]. It was found that 
retention aid polymers increased the shear strength and the critical strain of the 
suspensions. It was suggested that the effect on network strength is due to more 
fibres being active in the network and to an increase in bonding strength in the 
fibre-fibre contacts. Van de Ven evaluates flocculant efficiency in terms of bond 
strength, which also is comparable to the fibre friction [33]. The improved 
efficiency of the microparticulate systems is attributed to their increased bond 
strength although such forces were not directly measured.  
 
During fibre flocculation, as for colloidal flocculation, there is a balance between 
floc build-up and breakdown in the fluid shear. Small turbulence eddies cause floc-
erosion while larger eddies cause floc-splitting [34]. Wågberg [35] showed that the 
size of polymer induced fibre flocs coincides with the macro scale of turbulence for 
a given shear field. The floc size is not significantly increased when flocculation is 
increased by polymeric flocculants.  
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3.3 Polyelectrolyte induced flocculation and dispersion 
Polyelectrolyte induced fibre flocculation has been extensively studied during the 
last decades. The general description of their action is based on known colloidal 
phenomena. Polyelectrolytes in solution have dimensions from a few to several 
hundred nanometres, which is small in comparison to the fibre width of about 30 
µm. When adsorbed, the polyelectrolyte forms a thin layer which modifies the 
balance between attractive and repulsive forces and hence the state of dispersion of 
the fibres. In fact, depending on the degree of surface coverage, layer thickness, 
chemical structure, molecular weight, and concentration, they can act either as 
dispersants or as flocculants and polyelectrolytes have been used for both purposes 
for several decades [36].  
 
The major types of flocculation mechanisms due to adsorbed polyelectrolytes are 
charge neutralisation, patch flocculation and bridging flocculation. In their natural 
state, fibres, fines and fillers are dispersed due to Coulombic repulsion between the 
anionic surfaces. Fibres and fines are anionic by nature and fillers are most 
commonly made anionic by addition of dispersing polymers. According to the 
charge neutralisation mechanism, the adsorbed cationic polyelectrolyte neutralises 
negative charges on the particle surface to give an overall net charge of zero. 
Attractive van der Waals forces will then, as described by the DLVO theory [37], 
destabilize the system. If the amount of polyelectrolyte is increased further, above 
the amount required for charge neutralisation, the particle charge is reversed and the 
dispersion is again stable. The electrostatic patch model [38, 39] describes how 
isolated areas of polymer charges of opposite sign to the particle interact with a bare 
surface on the opposite particle. A collision between two particles with “islands” of 
negative and positive charges will hence result in flocculation. Both charge 
neutralisation and patch flocculation will have optimal flocculation efficiencies at 
the point of charge neutralisation. In bridging flocculation [40, 41], the loops and 
tails of an adsorbed polymer molecule forms a physical bridge between the surface 
of one particle and the next. The collision efficiency factor (E) is affected by the 
surface coverage (θ) of polymer according to E = θ(1-θ). Consequently, 
flocculation due to the formation of polymer bridges between adjacent fibres is 
most effective at 50 % surface coverage [40, 41]. Higher surface coverage results in 
reduced flocculation and eventually in steric stabilization [24, 42, 43]. In order to 
induce flocculation, the polymer layer must also extend beyond the electrical double 
layer. Factors affecting the extension of the polymer from the interface include 
molecular weight and ionic strength. Kinetic effects, e.g. a change of surface 
coverage with time, can also be significant for bridging flocculants as the 
conformation with time changes from its equilibrium conformation in solution to a 
more flat conformation [43].  
 
It can be difficult to distinguish between these competing mechanisms when 
particles are flocculated with polymers of opposite charge [44, 45]. The bridging 
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flocculation mechanism is most likely to occur with low or intermediately charged, 
linear [46] and high molecular weight [45] polyelectrolytes, at least for short 
contact times. Flocculation caused by highly charged low molecular weight 
polyelectrolytes is described in terms of charge neutralization or “patch”-
flocculation [44]. It is however difficult to understand the concept of patch 
flocculation at very low ionic strength when the double layer thickness exceed the 
dimensions of the patches. The contributions from the different areas will in such 
case even out and the net electrostatic driving force for flocculation will then 
diminish. Most cationic polyacrylamides used as commercial flocculants are 
categorised as high molecular weight, low to medium charged polyelectrolytes, 
assumed to act via the bridging mechanism. Polydiallyldimethylammonium-
chlorides (DADMAC), polyethylene immines (PEI) and polyamideamine 
condensates are highly charged, medium molecular weight polyelectrolytes, which 
function through charge neutralisation. 
 
Charge neutralisation effects are studied by monitoring the electrophoretic mobility 
at increased concentration of simple or polymeric electrolytes. The point of charge 
neutralisation (iso-electric point, i.e.p.) is found when the mobility is zero. 
Electrostatic effects are assumed to dominate when an optimum in parameters such 
as turbidity, rate of filtration and state of flocculation coincide with the iso-electric 
point during simultaneous mobility measurements. An example of charge 
neutralisation is when PEI is added to pulp fibres [47]. An optimum in dewatering 
is observed at zero mobility. In the same investigation an optimum in dewatering 
with C-PAM occurred below the i.e.p., which is expected for bridging flocculants 
(50 % surface coverage is usually reached before the i.e.p.). Bridging flocculants 
are, in contrast to charge neutralisation flocculants, affected by molecular weight 
[48] and polymer reconformation [43]. The efficiency of bridging flocculants is also 
reduced with time as the polyelectrolyte attains a more flat conformation. High 
particle concentrations and good mixing are factors reducing the reconformation 
time. It should, in principle, be possible to find systems where bridging effects 
dominate at short contact times, with an extended polymer configuration, while 
electrostatic effects dominate at extended contact times.  
 
Microparticles such as colloidal silica [49, 50] and bentonite [51] have been added 
to improve the flocculation efficiency of C-PAM and cationic starch during the last 
decades. These microparticles are claimed to increase retention, dewatering and 
paper porosity and give furthermore a more reversible flocculation [44]. Swerin et 
al [52] formulated an extended bridging model in which the microparticle bridging 
is superimposed on the C-PAM bridging. Results by Van de Ven [33] agree with 
this model as the optimal bentonite efficiency coincides with the point of 50 % 
bentonite coverage on fibres pre-covered with C-PAM. Bentonite was considered to 
form a more or less distinct layer outside the C-PAM. However, such a distinct 
layer of colloidal silica seems less probable as these small particles can penetrate 
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the C-PAM layer. No exact retention mechanism has yet been formulated for these 
microparticulate systems. 
 
Dispersion, or stabilisation, requires a higher surface coverage of adsorbed polymer 
than needed for flocculation.  Charge reversal of the surfaces due to the adsorption 
of polyelectrolyte will result in a repulsive interaction [24]. Steric stabilization 
occurs at full surface coverage when it is energetically favourable for the polymer 
chains to be dissolved in the solvent, rather than mix with each other [24, 36]. 
Attractive van de Waals forces are reduced as the adsorbed layers separate the 
surfaces. A minimum polymer density and a certain rigidity of the adsorbed layer 
secure the separation distance that is essential for stabilisation. Electrosteric 
stabilization occurs when both stabilisation mechanisms are in effect. 
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4 MECHANISM OF FINES AND FILLER RETENTION 
 
The retention of fines and filler particles is a major challenge during papermaking. 
Large amounts of filler particles are currently added to printing papers in order to 
meet increasing demands on optical properties. These filler particles, (clay, talc, 
calcium carbonate and synthetic pigments) have a particle size typically ranging 
from 0.1 to 10 µm, which is considerable smaller than the 200 µm [53] pores of the 
forming wire. However, the fibre material will, during dewatering, form a new 
network with smaller pores than those of the wire. These pores are small enough to 
filter at least a part of the fines material but only a small proportion of filler 
particles are trapped in the web.  
 
The retention of filler particles in the paper web is commonly explained by a 
combination of adsorption, filtration, sedimentation and flocculation [54]. However, 
little is known about the relative importance of these different mechanisms [55]. 
There is experimental evidence for both filtration-based [56] and deposition-based 
[57-59] filler retention. Primary filler particles are usually considered to be too 
small for mechanical entrapment [49, 60, 61] however this may not be the case if 
they are aggregated [56]. Theoretical estimations based on the void volume of a 
paper sheet show that mechanical filtration increases from ~5 % to 100 % of filler 
particles as the minimum wet web pore size decreases from 20-30 to 4 µm [60].  
 
Polyelectrolytes can improve the retention of fines and fillers in two different ways. 
Through polymer bridging the polyelectrolytes can adhere fines and filler particles 
to the fibres prior to dewatering. Polyelectrolytes can also enhance filtration by 
causing aggregation as this will increase the particle size. Several experimental 
approaches can be used to study the fibre/filler interactions and a very useful 
method was described in [61]. The control of colloidal forces was used in order to 
study the deposition of clay particles on a packed bed of pulp fibres [61]. They did 
indeed find that the initial retention of anionic filler particles on cationised fibres is 
much faster than the initial retention of such particles on untreated (anionic) fibres. 
The initial retention with similar charges is however, not zero, which may be 
expected from an electrostatic point of view. NaCl was finally added to a repulsive 
system (anionic filler / anionic (untreated) fibres) in order to reduce the electrostatic 
repulsion. This resulted in an initial retention rate intermediate between that of a 
purely attractive and that of a purely repulsive system. 
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5 SCOPE OF PRESENT WORK 
 
Retention and drainage and hence the process efficiency has been greatly improved 
during the last decades with the addition of C-PAM, even more so in combination 
with microparticles. The action of these systems, especially C-PAM alone, has been 
presented in many studies and review articles [44, 62] and is usually described 
using a bridging flocculation mechanism. It should be noted, though, that it has not 
been adequately proven that flocculation induced with C-PAM really agrees with 
the basic concept of bridging flocculants, e.g. that a maximum in flocculation occur 
at 50 % surface coverage and below the point of charge neutralisation, particularly 
not at industrially relevant contact times. Adsorption and flocculation was, 
therefore, in paper II, instantaneously measured at contact times of a few seconds 
which is relevant for the industrial application of retention aids. Microparticles are 
claimed to increase retention, dewatering and paper porosity and to give a more 
reversible flocculation [44]. However, no explanation of the detailed mechanism 
behind the action of these systems has been presented despite the commercial 
success of these two-component systems. In paper I the adsorption of C-PAM and 
silica microparticles was measured using reflectometry and ellipsometry on a model 
surface and compared with adsorption and flocculation measurements in wood-fibre 
systems. 
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6 EXPERIMENTAL TECHNIQUES 

6.1 Fibre flocculation measurements 
Fibre flocculation is measured with an image-analysis-based instrument [63] in 
which a 5 g/l fibre suspension is pumped through a flow cell at a velocity of 1 m/s. 
The flow cell consists of a 4 mm wide slit in which the amount of transmitted light 
through a 64 * 64 mm square is measured by a high speed CCD camera. The degree 
of flocculation is presented as the relative difference between the grey scale 
variances with and without flocculants [15, 63]: 
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V1   = σ (e1) /  1e  

V2   = σ (e2) /  1e  
σ (e1)  = standard deviation of grey-value of images without polymer addition 
σ (e2) = standard deviation of grey-value of images with polymer addition 
e1  = average grey-value of transmitted light in the absence polymer 
 
The evaluation is based on the assumption that the mean grey level reflects the fibre 
concentration and that the variation in grey value is a measure of the variation in 
fibre concentration. In the present work, the flocculation index is given a negative 
sign to indicate dispersion when V1 > V2. The effect of the flocculant is evaluated 
by normalising the data with respect to the average grey value for a given fibre 
concentration. An increase in flocculation index can, in principle, be a result of an 
increase in flocculation intensity or in floc size and both entities can be evaluated 
from these measurements. In paper II, however, it is shown that C-PAM affects the 
flocculation index in the same way for all floc sizes in the interval 0.25 to 8.0 mm 
and the flocculation index is a representative entity describing the flocculation 
intensity in this interval. 
  

6.2 Adsorption measurements on oxidised silicon wafers 
An oxidised silicon wafer is used as a flat, model surface for more detailed 
adsorption studies. This approach enables, depending on the measurement 
technique, measurements of adsorption kinetics and the structure of the adsorbed 
layer. Two different techniques are used in this study, reflectometry and 
ellipsometry. Both techniques measure a shift in refractive index and, for 
ellipsometry, a change in polarisation when polyelectrolyte is adsorbed onto the 
surface on which an incident light beam is reflected. Ellipsometry is the more 
sophisticated technique in which both adsorbed amount and the layer thickness can 
be obtained. Only the adsorbed amount can be obtained from reflectometry. 
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However, the reflectometer is relatively cheap, simple to use, very precise and has 
excellent temporal resolution. The reflectometry equipment used in this study 
further utilises a stagnant point adsorption set-up which enables measurements of 
adsorption kinetics under controlled hydrodynamic conditions. 

6.2.1 Ellipsometry 
In the ellipsometry measurements, a xenon light is polarized and phase shifted (45°) 
before being reflected from the surface. The reflected light passes through another 
polarising filter. The ellipsometric parameters ψ and ∆ are obtained from the 
angular reading of both polarising filters when the reflected light intensity is 
minimized. ψ depends on the phase shift and ∆ on the amplitude ratio of the 
ellipsometrically polarised light as it is reflected on the surface. By using these 
angles, the refractive index and thickness of the adsorbed layers is calculated. 
 
The adsorbed amount at surface saturation (Γ) was calculated using de Feijters 
formula (7) [64]: 
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where fi is the weight fraction of particles and polymer, nf is the refractive index of 
the adsorbed layer, n0 is the refractive index of the SiO2 layer and df is the thickness 
of the adsorbed layer.  

6.2.2 Reflectometry 
During a reflectometry measurement, the light from a linearly polarized He-Ne laser 
reflected on the surface is separated into its parallel and perpendicular components. 
The amount of adsorbed polymer has been shown to be proportional to the output 
signal S [65]. S is related to the perpendicular (Is) and parallel (Ip) light intensity of 
the reflected lights according to equation (8): 
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The adsorbed amount (Γ) is obtained from de Feijters formula [64], which for 
reflectometer measurements of oxidized silica wafer is approximated by [66]: 
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The relative change (∆S) and the initial value before adsorption (S0) are obtained 
directly from the output signal. The refractive index increments (dn/dc) used were 
the same as during ellipsometry measurements.  
 
As previously mentioned, the adsorption of polyelectrolyte depends on 
reconformation kinetics. Thus, it is very useful to measure adsorption and especially 
adsorption kinetics under a controlled deposition flow geometry. The reflectometry 
instrument is equipped with a stagnant flow set-up [65] to fulfil this criterion.   
 

6.3 Dynamic light-scattering and viscosimetry 
The silica particles used in this report are asymmetrical. The equivalent 
hydrodynamic ellipsoid dimensions were characterised by combining viscosity and 
dynamic light scattering measurements according to the method described in [67]. 
This method is based on the fact that particle asymmetry affects the translational 
and rotational diffusion coefficients as well as the viscosity. The dynamic light 
scattering experiments were performed using a Malvern Series 7032 instrument 
equipped with a Multi-8 correlator and viscosity measurements with an Ostwald 
viscometer at 25 °C. 
 

6.4 Static light scattering 
Molecular weight and radius of gyration of C-PAM was obtained from 
measurements using a photon-counting device supplied by Hamamatsu. The light 
source is a 3mW He-Ne laser with a wavelength (λ) of 633 nm. The reduced light 
scattering intensity, Kc/RΘ , is measured at 25 °C  for angles (Θ) 45° to 135° and 
concentrations (c) 0.3 to 1.5 g/l. The optical constant for vertically polarized light is 
K=4πn0

2(dn/dc)2/NAλ4, where n0 is the solvent refractive index, dn/dc is the 
refractive index increment and NA is Avogadros number. RΘ is the Rayleigh ratio 
obtained by calibration measurements with benzene; 8.51×10-6 at 25 °C [68]. The 
reduced light scattering intensity is, for a polyelectrolyte, related to the molecular 
weight (Mw), radius of gyration (RG) and second viral coefficient (A2) according to 
equation (10): 
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Figure 3 shows a Zimm plot obtained during light scattering experiments of a 
sample as the measuring angle and concentration is varied. The extrapolated (c→0, 
Θ→0) value of Kc/RΘ gives the molecular weight. RG is thereafter obtained from 
the slope when c→0. It can be understood from figure 3 that the slope measurement 
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is more exact than the interpolated value. It is therefore possible to measure RG at 
lower ionic strength than needed to determine Mw.  
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Figure 3.  Zimm plot of for C-PAM at 2.0 M NaCl. The concentrations of C-PAM are 0.25, 

0.51, 0.75, 0.97 and 1.24 g/l. 
 

6.5 Charge determination and adsorption measurements on fibres  
The polymer and particle charges as well as the available surface charge were 
determined by polyelectrolyte titration [69, 70]. Anionic polymers and surfaces 
were measured with polydiallyldimethylammoniumchloride and cationic 
polyelectrolytes with potassium polyvinylsulphate as titrant. The iso-electric end 
point of the silica particles was determined using a streaming current detector [71]. 
Colorimetric end-point detection [72], with orthotoluidine blue as colour indicator, 
was used for polymer samples.  
 
Polymer adsorption on fibres as well as adsorption isotherms was determined by 
measuring the amount of non-adsorbed polymer. The adsorption time in the 
flocculation equipment is altered as the distance between polymer addition and the 
measuring position is varied with the length of piping. A fibre free filtrate was 
obtained 0.l s downstream from the point of flocculation measurement. A filtrate of 
the fibre suspension is obtained with a 50 ml plastic syringe through a plastic wire. 
Equilibrium adsorption isotherms correspond to 30 minutes adsorption time [10].  
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7 MATERIALS 

7.1 Cellulose fibres 
The pulp used is in this study is a totally chlorine-free (TCF) bleached and refined 
softwood kraft pulp. Fibre fragments (fines) are in some cases removed with a spray 
disc filter and the fines content is then reduced from 5.0 to 0.5 %. Pulps with and 
without fines are thoroughly washed prior to use and the carboxyl groups on the 
fibres are converted to the sodium form.   
 

7.2 Cationic polyacrylamide (C-PAM) 
A random copolymer of acrylamide (ACM) and acrylamide propyl trimethyl 
ammonium chloride (APTAC) is used as C-PAM, the structure of which is shown 
in figure 4. 
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Figure 4.  Structure formula of the acrylamide (ACM) and acrylamidopropyltrimethyl-

ammonium chloride (APTAC) co-polymer. 
 
The cationic charge density of the copolymer depends on the monomer ratio before 
polymerisation. The molecular weight and radius of gyration determined from static 
light scattering is shown in table I. Due to some uncertainty in the extrapolation, 
there is a spread in the data for different ionic strengths. The average value, 28*106 
Da, was used to predict the radius of gyration. Figure 5 shows that the radius is 
reduced with an increase in electrolyte concentration due to reduced inter-chain 
electrostatic repulsion. Above 2.0 M NaCl the electrostatic interaction is completely 
screened and the C-PAM behave as an uncharged polymer.    
 
 Mw (c→0, θ→0) Da RG [nm] 

0.1 M NaCl too uncertain 747 
1.0 M NaCl 30.0*106 468 
2.0 M NaCl 29.3*106 235 
3.0 M NaCl 22.8*106 234 
Average Mw 27.8*106  

 
Table I.  Molecular weight and radius of gyration of C-PAM used in this study as 

determined from static light scattering. The average Mw was used to calculate 
RG:s. 
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Figure 5.  Radius of gyration of the C-PAM versus NaCl concentration. Data obtained 

from table I. 
 
The APTAC/ACM copolymer used as C-PAM contains only quaternary ammonium 
groups and therefore the charge density was not expected to depend on the pH. 
However, figure 6, shows that the charge density, as measured with polyelectrolyte 
titration, did indeed depend upon pH. This unexpected behaviour could not be 
explained by the company supplying the polymer. The fact that the polymer charge 
depends on pH made it however necessary to measure and control pH throughout 
the measurements presented in this report. 
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Figure 6.  Polymer charge of the APTAC/ACM copolymer used as C-PAM as a function 

of pH. 
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7.3 Colloidal silica particles 
Colloidal silica particles are, like other microparticles, added after C-PAM to 
improve flocculation efficiency. Two different structured silica particles were used 
in this study. Primary particle size and the equivalent hydrodynamic ellipsoid 
dimensions of these are shown in table II. Both silica particles have the same 
primary particle size but the extension of the pearl-necklaced structure is varied. A 
schematic picture of both particles is shown in figure 7. 
 
 S.A.[m2/g] Size [nm] L [nm] W[nm] C.D.[meq./g] 
Silica-1 620 4.4 19 6 0.152 
Silica-2 580 4.5 54 7 0.136 
 
Table II.  Physical properties of the colloidal silica 
 
The surface area (S.A.) is determined from silanol titration [73] and the 
primary particle size is calculated from this surface area assuming spherical 
particles. L and W are the ellipsoidal long and short diameters and C.D. is the 
charge density measured at pH 5.6. 
 
 
 

  
    
   
Figure 7.  A schematic picture of the silica-1 (left) and silica-2 particles based on the 

dimensions given in table II. 
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8 RESULTS AND DISCUSSIONS 

8.1 Adsorption onto a silica surface (Paper I) 
Some model experiments were conducted in order to study the detailed behaviour 
of C-PAM and colloidal silica at an anionic surface. An anionic, flat, silicon oxide 
surface was used in these experiments, since earlier measurements have shown that 
this type of surface gives similar adsorption trends compared to those of cellulose 
fibres [66]. Adsorption of C-PAM on a silica surface and adsorption of silica 
particles on silica surfaces pre-covered with C-PAM, measured with both the 
reflectometer and ellipsometer instruments, is shown in figure 8. As can be seen, 
there is an excellent correlation between the methods. 
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Figure 8.  Adsorption of a C-PAM ( ) on the silica surface and silica-1 ( ) and silica-2 

( ) on the pre-adsorbed C-PAM layer measured with a reflectometer as well 
as with an ellipsometer. Different plateau adsorption levels (Γ) were obtained 
by using different NaCl concentrations at pH 5.6. 

 
Measurements were performed at different polyelectrolyte charge densities and also 
for different ionic strengths. The range of charge densities was chosen to cover that 
of commercially used C-PAMs and the electrolyte concentration to cover a range 
relevant for papermill process water. A paper machine with no effluent water has a 
conductivity of about 10000 µS/cm in the process water, which roughly 
corresponds to a NaCl concentration of 100 mM. On the paper machines that 
consume most water, the conductivity is in the range of 100-1000 µS/cm, 
corresponding to the low range of ionic strengths used in the present study. A 
conductivity level of 1000-5000 µS/cm, which corresponds to about 10-50 mM 
NaCl, is a range valid for most mills complying with the EU-environmental 
legislation [74]. 
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The adsorption of C-PAM with different charge densities on the silica surface at 20 
mM NaCl is shown in figure 9. The adsorption of C-PAM is reduced when the 
charge density is increased. This is a result of the charge compensation as the 
surface charge density is constant. The amount of adsorbed charges (µeq/m2) is 
essentially the same except for the lowest charged C-PAM. The electrostatic 
contribution is apparently still important at relatively high ionic strength (20 mM 
NaCl). Figure 10 shows that the amount of adsorbed C-PAM is increased upon 
increased electrolyte concentration. This behaviour is clearly not in accordance with 
pure electrosorption as described by Scheutjens and Fleer for a constant surface 
charge density [5]. Non-ionic interactions have also previously been found between 
silica and various polyelectrolytes such as polyacrylamides [75-78]. However the 
surface charge of silica increases somewhat when the ionic strength is increased 
[79]. This can at least partially explain the increase in adsorption shown in figure 
10.   
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Figure 9.  Adsorption of a C-PAM with different charge densities on a silica surface in 20 

mM NaCl and pH 5.6 measured with a reflectometer. The plateau adsorption 
is expressed both as mg/m2 ( ) and as adsorbed charges ( ) µeq/m2. 

 
The effect of adding silica nanoparticles to the pre-adsorbed C-PAM layer is also 
shown in figure 10. The amount of material adsorbed increased drastically when the 
particles are adsorbed. Furthermore, the adsorption behaviour of the particles is, just 
as for the polyelectrolyte, strongly affected by the ionic strength of the solution. 
Since silica particles are not adsorbed onto a bare silica surface, it is reasonable to 
assume that the driving force for adsorption is the interaction between the pre-
adsorbed C-PAM layer and the silica particles. It is hence important to determine 
the charge ratio between these two components, and the results from these 
calculations are shown in figure 11. The adsorbed charge from each component is 
calculated as the adsorbed amount, multiplied by the charge density. The degree of 
charge matching is calculated by dividing the adsorbed charge on the silica particles 
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by that of the C-PAM. Obviously, there is not a perfect match in charge between the 
C-PAM and the silica particles. Instead, there is an increasing over-compensation of 
charges at higher electrolyte concentrations, indicating a non-electrostatic 
contribution to the interaction. This is not surprising considering the non-ionic 
contribution of the C-PAM adsorption to the SiO2 surface as discussed above. 
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Figure 10.  Adsorption of a C-PAM ( ) on a silica surface (left-hand y-axis) and silica-1 

( ) and silica-2 ( ) on a pre-adsorbed C-PAM layer (right axis) measured 
with ellipsometry as a function of electrolyte concentration at pH 5.6. 

 
Colloidal silica particles were initially introduced as a dual component retention 
system together with cationic starch [49]. Eventually the starch was replaced by C-
PAM and the efficiency of silica particles was improved by using a pearl necklaced 
structure [50]. This change of structure increased the particle size in one dimension 
while a high surface area and high surface charge is maintained. Both silica 
particles presented here have the same primary particle size but the shapes of the 
particles were different as shown in table II and figure 7. Silica-2 has a more 
extended ellipsoidal long-axis dimension representing a higher degree of (pearl-
necklaced) structure. The adsorbed amount, as seen in figure 10, is nearly the same 
for both particles as the surface charge is essentially the same due to a similar 
primary particle size. Films containing silica particles are thicker than that of C-
PAM alone, as shown in figure 12. The more extended silica-2 particles give a 
higher layer thickness for the combined layer than the silica-1 particles. The 
thickness, as well as the adsorbed amount, increases with ionic strength. 
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Figure 11.  Charge ratio (see text for definition of this ratio) between silica-1 ( ) and 

silica-2 ( ) and the pre-adsorbed C-PAM measured with ellipsometry as a 
function of electrolyte concentration at pH 5.6. 
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Figure 12.  Thickness of the adsorbed C-PAM layer ( ) and of the combined C-PAM and 

silica-1 ( ) and silica-2 ( ) particle layers measured with ellipsometry as a 
function of electrolyte concentration at pH 5.6. A plot of the Debye length (1/κ) 
is included to permit a comparison with the thickness of the electrostatic 
double layer, which is important for the flocculation ability of this system. 

 
The density of an adsorbed film can be calculated by dividing the adsorbed amount 
by the thickness of the adsorbed layer. Figure 13 shows some interesting features; 
the density of the C-PAM film decreases while the density of the combined C-PAM 
-silica film increases with increasing electrolyte concentration. Both the amount of 
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material and the thickness of the film increase when the ionic strength is increased 
for both systems. However, this increase in thickness is, in a combined film, smaller 
than the increase in the adsorbed amount. This shows that in this case there is a 
screening effect resulting in a more compact layer. The film containing the more 
elongated silica-2 particles is less dense, because the film is more extended at the 
same adsorbed amount. 
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Figure 13.  Calculated density of the polymer layer (  ) and of the combined polymer and 

silica-1 (  ) and silica-2 (  ) particle layers measured with ellipsometry as a 
function of ionic strength. 

 
It is possible to formulate an image of the combined silica and polymer layer by 
combining the information about the adsorbed layer obtained from the ellipsometer 
measurements with the silica particle characterisation. First, assuming a silica 
density of 2500 kg/m3 [79], it is possible from the silica particle geometry to 
calculate the surface area coverage. As figure 14 shows, it is apparent that the silica 
surface coverage increases from 25 % at low electrolyte concentration to 100 % at 
100 mM NaCl. In a previous investigation [80], it was shown that it is possible for a 
second layer of polyelectrolyte to be adsorbed on top of the silica layer. It can thus 
be assumed that there is an enrichment of silica particles on the top of the 
polyelectrolyte-silica layer. This enables a picture of the combined layer to be 
created. This is illustrated in figure 15, where the polymer and the particles as well 
as the extension of the layer are drawn to scale. A more extended film with the 
silica-2 particles, having the same surface area and hence the same surface charge 
density as the silica-1 particles, can be justified in terms of a more extended 
structure of the particles themselves. 
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Figure 14.  Surface area coverage of the silica-1 (  ) and silica-2 (  ) particles on the 

polymer-coated silica surface measured with ellipsometry as a function of 
electrolyte concentration. The geometrical silica surface coverage at 100 mM 
NaCl is close to 100 %. 
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Figure 15.  A schematic diagram of the C-PAM (bottom) and the combined C-PAM – silica 

nanoparticle (silica-1 in the middle and silica-2 at the top) layer at 100 mM 
NaCl concentration. The layer thickness and the silica particle size and 
geometry are drawn to scale. The geometrical silica surface coverage at 100 
mM NaCl is close to 100 %. 
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8.2 Adsorption onto cellulose fibres (paper I and II) 
Adsorption measurements of C-PAM onto fibres were performed in order to create 
a link between the model adsorption experiments with C-PAM and SiO2 surfaces 
and fibre flocculation measurements. The adsorption of C-PAM onto fibres at short 
contact times (1-4 s) is quantitative at low levels of polymer concentration, as 
shown in figure 16. At levels of addition above 0.4 mg/g, an increasing proportion 
is not adsorbed. The adsorption at these short adsorption times is not affected by the 
contact time.  
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Figure 16.  Adsorption of cationic polyacrylamide onto cellulose fibres as a function of 

contact times at different levels of addition. The addition levels are 0.2 ( ), 0.4 
( ), 0.8 ( ) and 1.5 ( ) mg C-PAM per gram fibre. The pH is 8.0 and the 
NaCl concentration was 20 mM NaCl. The fibre concentration is 5.0 g/l. 

 
The C-PAM adsorption after a few seconds is significantly lower than the 
adsorption reached at equilibrium after 30 minutes, as can be seen in figure 17. The 
adsorbed amount at the plateau adsorption level for short contact times is reached at 
0.70 mg/g while 5.0 mg/g cationic polyacrylamide was adsorbed after 30 minutes of 
adsorption time. It has previously been shown that polyelectrolyte adsorption onto 
fibres is a very rapid process [16], and figure 17 clearly shows that some type of 
saturation level is already reached after only a few seconds. The initial saturation 
adsorption found after only a few seconds adsorption time, is not a result of pure 
electrosorption, where the charges on the polymer are combined with the charges on 
the surface. Since the C-PAM has such a high molecular mass, 28*106 Da, it is not 
able to penetrate into the interior of the fibre wall and consequently the amount of 
available charge will be the same irrespective of contact time. The reason for this 
change in adsorption with time hence must be due to other factors. Falk et al. [9] 
suggested that the initial conformation of the polymer on the surface of the fibre is 
similar to the structure of the polymer in solution. This means that the extension of 
the polymer away from the fibre surface will be several hundred nanometers, which 
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is much larger than the unperturbed Debye-length of 3 nm in 20 mM NaCl. The 
effect of this is that a temporary, non-equilibrium adsorption barrier will be formed 
by the non-neutralised cationic groups so that further adsorption of polymer is 
inhibited. This has also been suggested previously by Cohen-Stuart [81]. 
Alternatively, this barrier could be viewed as a geometric saturation of the fibre 
surface. If the same polymer dimensions are used to calculate the area covered with 
a 1-layer cubic packing of 0.7 mg/g adsorbed polymer in coils, a value of 4 m2/g 
fibre surface is found to be covered. This is of the same order as the external surface 
area of the fibre, previously quoted to be 1-4 m2/g [82]. 
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Figure 17.  An adsorption isotherm of cationic polyacrylamide after a few seconds (1s ( ), 

2s ( ), 4s ( ) and 8s ( )) and after 30 minutes ( ) adsorption time. The pH 
was 8.0 and the NaCl concentration was 20 mM NaCl. The fibre concentration 
was 5.0 g/l. 

 
The equilibrium adsorption at surface saturation, measured after 30 minutes, 
increases with increasing ionic strength for low ionic strengths and then decreases at 
higher ionic strength, as shown in figure 18. This behaviour has previously been 
found for a similar system [14] in which the maximum adsorption also is found at a 
NaCl concentration of 10 mM. The increase in adsorption observed with increasing 
ionic strength up to 10 mM can be explained by an increasing accessibility to the 
fibre interior, or more precisely to the external cavities so often seen on wood based 
fibres, as the dimensions of the polyelectrolyte are decreased. At yet higher ionic 
strengths, the adsorption of the polyelectrolyte decreases due to screening of the 
electrostatic attraction and competition for the surface sites between the 
polyelectrolyte segments and small ions. The adsorbed amount of C-PAM, in 
mg/m2, is of the same order of magnitude as on the silica surface but the adsorption 
behaviour clearly deviates.  
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Figure 18.  The equilibrium adsorption of cationic polyacrylamide at surface saturation on 

cellulose fibres. The measurements were performed in a 20 mM NaCl solution 
at pH 8. The fibre concentration was 5 g/l. A specific fibre surface area of 4 
m2/g was assumed [82] in the calculation of the adsorption per unit area. 

 

8.3 Flocculation of fibres (paper I and II) 
The samples for the adsorption measurements shown in figure 17 were obtained 
during the fibre flocculation measurements. It is therefore possible to plot the fibre 
flocculation as a function of the adsorbed amount of polymer, figure 19. After 2 to 8 
s contact time, a maximum in flocculation is found at 0.3 to 0.4 mg/g and re-
stabilisation is found above 0.9 mg/g of adsorbed polymer. The maximum is found 
at approximately 50 % of the polymer needed to fully saturate the surface at these 
contact times, which agrees with the model for bridging flocculation given by La 
Mer and Healy [40, 41]. A slightly different pattern is however found after 1 s 
adsorption time. It is suggested that this difference between 1 s and 2-8 s can be 
explained by the hypothesis that sufficient time has not passed to allow the 
polyelectrolyte to reach its semi-equilibrium conformation. Simply expressed, the 
polymer extends much further out into the solution before an adsorption time of 2 s 
has passed. The results clearly show that higher levels of polymer adsorption results 
in dispersion. It should also be added that the concentration of non-adsorbed 
polymer at the highest level of polymer addition (1.5 mg/g) was less than 5 mg/l, 
from figure 17, which is too low of a polymer concentration to have a direct effect 
on the dispersion properties of the fibres.  
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Figure 19.  Floc index as a function of adsorbed amount of polyacrylamide after 1 ( ), 2 

( ), 4 ( ) and 8 ( ) s contact times. A maximum in flocculation occurred at 
0.3 to 0.4 mg/g and re-stabilisation was found above 0.9-mg/g of adsorbed 
polymer. The pH was 8.0 and the NaCl concentration was 20 mM NaCl. The 
fibre concentration was 5.0 g/l. 

 
Both steric and electrostatic effects can explain the dispersion or stabilisation shown 
in figure 19. Figure 20 shows the dispersion is most pronounced at low ionic 
strength but is still present at high ionic strength indicating electrostatic stabilisation 
by a thick polyelectrolyte layer, which hinders the attraction between the fibres 
required for flocculation. The dispersion effect diminishes after the suspension has 
been dewatered and re-dispersed. Apparently the polymer layer, even though it is 
adsorbed, is not active after this treatment. This is most likely due to a collapse of 
the polymer layer during dewatering. The extended adsorption time allows the 
polyelectrolyte to reconform and attain a flat conformation on the fibre surfaces. 
 
When C-PAM is added to a pulp suspension containing fines, it is not usually 
possible to disperse the pulp suspension. It is therefore interesting to evaluate the 
effect of fines on the polymer-induced flocculation, as shown by the data in figure 
21. In the presence of fines there is an optimum in flocculation, but it was much 
more difficult to re-disperse the pulp suspension with only a small amount of wood 
fines present. This suggests that the fines particles play an active part in 
polyelectrolyte-induced fibre flocculation. Needless to say, this needs to be further 
investigated. It should also be noted that the flocculation index in figure 21 is 
plotted against the added amount and not the adsorbed amount of cationic 
polyacrylamide. 
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Figure 20. The degree of flocculation with polymer ( ) added directly and with polymer 

( ) added with long adsorption time and a dewatering step compared to that 
with only fibres as a function of NaCl concentration at pH 5.6. The polymer 
addition was 6 mg/g. The fibre concentration was 5 g/l. 
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Figure 21.  Floc index with increasing amounts of cationic polyacrylamide added to a fibre 

suspension without fines ( ) and to a suspension containing 5.0 % fines ( ). 
The measurements were performed in a 20 mM NaCl solution at pH 8.0. The 
fibre concentration was 5 g/l. 

 
To investigate the effect of silica particles on flocculation, cationic polyacrylamide 
and silica particles were added with 4 s and 1 s contact time respectively before the 
flocculation detector. Figure 22 shows that the flocculation following the addition 
of silica particles to a polymer-coated fibre also shows a maximum at a level of 
addition of about 5 mg/g (25 mg/l) silica. This flocculation maximum has been 
earlier explained via an extended model for bridging flocculation [52]. In this 
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model, the maximum is due to an optimum coverage of the pre-adsorbed 
polyelectrolyte by the added microparticles. A maximum at 50 % coverage is also 
expected for this flocculation mechanism. When the effect of adding the two 
different silica particles after the polyacrylamide are compared, it is apparent that 
the more elongated particles have a greater effect on fibre flocculation. This is 
expected since the fines retention with a similar system was observed to be higher 
when elongated silica particles were used [50]. The difference between the silica 
particles cannot be linked to their surface charge since they have about the same 
specific surface charge. The adsorbed amount of both silica-1 and silica-2 is also at 
the same level. The difference must be sought in their geometrical shapes and in 
their abilities to link polymers adsorbed to adjacent surfaces. In figure 12 it was 
shown, via ellipsometer measurements, that the use of more extended silica-2 
particles results in a more extended polyelectrolyte layer. An increase in 
flocculation efficiency can be understood by an improved bridging efficiency by a 
less dense and more extended layer. This naturally is not a full description of 
microparticle functionality, it is merely a description why more extended 
microparticle dimensions results in more flocculation and retention.  
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Figure 22.  Floc index with increasing amounts of silica-1 ( ) and silica-2 ( ) added to a 

fibre suspension containing 5 % fines after the addition of cationic 
polyacrylamide. The measurements were performed in a 20 mM NaCl solution 
at pH 8. The fibre concentration was 5 g/l. 
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9 CONCLUDING REMARKS AND FUTURE RECOMMENDATIONS 
 
This work is, like other technical theses, a part of the puzzle, from a scientific 
perspective, understand one or several physical phenomena. The objective has been 
to improve the understanding of cationic polyacrylamide based retention aids and 
the results from this work show that flocculation induced with C-PAM, at contact 
times relevant for papermaking, really fulfil the criteria described for bridging 
flocculation. It is also shown that silica particles added to surfaces pre-covered with 
C-PAM result in a expansion of the layer thickness and that this expansion is related 
to an increase in flocculation. Finally it was also shown that a more extended 
structure of these small particles, for a given surface area and surface charge 
density, further increases the layer expansion and hence the flocculation efficiency. 
 
There are still many pieces left to fully understand the mechanism of 
polyacrylamide based microparticulate systems and it is suggested to continue to 
combine careful measurements on model systems with more practical 
measurements as with the flocculation detector. In order to create a more direct link 
between model surfaces and fibres it is recommended to develop well defined 
cellulose surfaces and such work is today ongoing.   
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