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Polyelectrolyte adsorption on cellulose fibres – a review 
 
Lars Wågberg* 
*  Mid-Sweden University, Dept.Chemistry and Process Technology, 851 70 Sundsvall, Sweden  
 
 
 
Abstract 
The area of polyelectrolyte adsorption onto cellulosic fibres has been studied in detail for 
around 40 years. Initially the studies were focused on wet strength additives but later the 
focus has been changed towards retention and fixing agents in order to elucidate the working 
mechanism behind these additives. Today the knowledge about the equilibrium adsorption , in 
mg/g, of poleyelectrolytes is rather good whereas the kinetics of adsorption is not at all as 
well investigated. Furthermore it has become obvious in many investigations during the last 
ten years that the conformation of the adsorbed polymers on the fibre surface is probably as 
important as the adsorbed amount for the action of these polyelectrolytes. Furthermore, fairly 
recent results also indicate that the change of this conformation with time is also very 
important. These two latest issues, i.e. the conformation and its change with time are at the 
moment very poorly characterised. 
With all this as a background this review has been be focused onto the following items 
 
a) Why are the polyelectrolytes adsorbed on cellulosic fibres? The easiest way to describe the 

adsorption is as an interaction between the charges on the fibres and the polyelectrolytes 
but the entropy gain upon the release of counterions to the charges on the fibres and the 
polyelectrolytes gives a much larger contribution to the adsorption energy. There are some 
investigations devoted to clarify the influence of certain basic parameters on the fibres and 
the surfaces and these investigations will be reviewed. An attempt will also be made to 
create a link between published adsorption data and the Scheutjens-Fleer theory for 
polyelectrolyte adsorption. Another important question is how the polyelectrolytes are 
adsorbed on the fibres, i.e. are the segments only found in trains on the surface or will 
there be some loops and/or tails protruding into the solution? Very little is known about 
this but the topic will be discussed in some detail. 

 
b) Where are the polyelectrolytes adsorbed- on the external surfaces of the fibres or within 

the fibre wall and how is this related to the molecular properties of the polyelectrolytes? 
There are a lot of definitions in the litterature about fibre surfaces, external surfaces etc. 
but it is important to link the adsorption to molecular properties and the work in this area 
will be reviewed. The influence of fines will also be discussed. 

 
c) What is controlling the kinetics of polyelectrolyte adsorption and are there models to 

decribe this adsorption? It is still not entirely known how polymers that adsorb to the 
internal surfaces of the fibres are transported through the fibre wall. The work conducted 
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in this area will be reviewed. It is also important to know the kinetics of the 
reconformation of the polymer on the fibre surface and this topic will also be discussed in 
detail. Finally the kinetics of desorption will be treated. 

 
 
Key words:  Adsorption, cationic compounds, cellulose fibres, kinetics, molecular weigth, pore 

structure, theories. 
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Background 
 
For most cationic polymeric additives used in the paper industry it is essential to have a good 
adsorption of the polymer to fibres, fines and fillers in order to have a good efficiency of the 
polymer. The process of polyelectrolyte adsorption on cellulose fibres has therefore attracted 
a considerable interest over the last 40-50 years and a number of reviews on the topic have 
already been published (1-4). It is therefore not the purpose of the present paper to give a 
complete review on all the literature available in the area but more to answer the following 
questions 
 

a) Why and how are the polyelectrolytes adsorbed on the fibres 
b) Where are they adsorbed? 
c) How fast do they adsorb 
 

In order to create a link to the current knowledge of the theoretical understanding of 
polyelectrolyte adsorption the examples chosen from the literature will be linked to mainly 
the Scheutjens-Fleer theory for polyelectrolyte adsorption (5,6). It is furthermore the ambition 
to highlight some future reaserach areas with this analysis. 
 
 
Why and how are the polyelectrolytes adsorbed on cellulosic fibres? 
  
In the theoretical treatment of the polyelectrolyte adsorption (5,6) two major entities are used 
to discuss and explain polyelectrolyte adsorption and that is χ ,χs ,σ0 and qm.These  correspond 
to the Flory-Huggins parameter of polymers in solution and the adsorption energy parameter 
respectively. The χs parameter is dependant on the difference between the adsorption energy 
of a polymer segment and a solvent molecule. Simply stated the adsorption is enhanced if the 
χ parameter has a value lower than 0.5 since the polymer then has a poor solubility in the 
solvent used .The adsorption is also enhanced the higher the value of the χs parameter.The σ0 
and the qm correspond to the surface charge and the charge of a polymer segment 
respectively. In (5) the theoretical predictions of the SF-theory for polyelectrolyte adsorption 
were summarised wiith the following figure 

 
Figure 1. Schematic overview of polyelectrolyte adsorption. Different polyelectrolytes and different 

surfaces were used for the numerical simulations and the adsorption is shown as a 
function of salt concentration, cs.(From (5)). 
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The curves in figure 1 that will be more thoroughly discussed are 3,4(4´and 4´´) and 5 which 
describe the adsorption of polyelectrolytes on oppositely charged surfaces. The parameter of 
importance for the present discussion are : 
 
 (σ0/qm) which is the ratio between the surface charge and the polymer segment charge 
 χs which was defined above and it might be added that this is the non-electrostatic 

adsorption energy parameter 
 χsc which is the critical value of the χs parameter above which adsorption will occur 

 
Curve 3 in figure 1 corresponds to pure electrosorption, for polyelectrolytes with a high 
charge density. The only driving force for the adsorption is the charge interaction between the 
polymer segments and the charge on the surface. For this situation there is a charge balance 
between the charges on the surface and on the polymer and as the salt concentration is 
increased the interaction between the segments and the surface is decreased and the 
adsorption is hence decreased. For curve 4 there is also a non-electrostatic contribution to the 
adsorption of the polymer and as the electrolyte concentration is increased the repulsion 
between the polymer segments on the solid surface is decreased and the adsorption is 
increased. Since many charged polymers loose some of their solubility, i.e. the efficient χ 
parameter is increased, as the repulsion between the segment decreases the adsorption will be 
even further enhanced. This means that the adsorption can increase drastically as indicated in 
the figure (4”). On the other hand if there is a specific interaction between the counterions and 
the surface, the counterions will start to compete for the surface sites with the polymer 
segments, which will lead to decrease in adsorption (curve 4’).  
 
In figure 1 there is also one curve (curve 5), which corresponds to the situation with an initial, 
i.e. at low salt concentrations, contribution from both electrosorption and non-electrostatic 
interactions between the polymer segments and the surface. This situation is valid for 
polyelectrolytes with a low charge density and as the salt concentration is increased the 
adsorption approaches the adsorption for highly charged polyelectrolytes but with the same 
χs. 
 
With this as a background it is now useful to try to review what has been done regarding 
polyelectyrolyte adsorption on cellulose fibres. It is naturally difficult to exactly fit the 
published data totally according to the categories mentioned above so the interpretations 
made in the following text have to be treated with caution. Van de Steeg (7,8) has tried to 
create a link between the SF theory and the adsorption of cationic starch on micro-crystalline 
cellulose and for pure electrosorption the following results was achieved from calculations for 
adsorption of polyelectrolytes of low charge density to oppositely charged surfaces. 
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θexθex

 
 

B) 

 
 

Figure 2. Pure electrosorption of polyelectrolytes with low charge density on oppositely charged 
surfaces. Figure a) shows the adsorbed amount as a function of salt concentration for 
polyelectrolytes of different charge densities(α)  and figure b) shows the adsorption as a 
function of charge density(α) for different salt concentrations. The calculations were 
based on the following parameters in the SF theory (6): Number of segments in the 
polyme = 100, lattice size (hexagonal lattice) = 0.6 nm, χ = 0.5,χs = 0, solution volume 
fraction of polyelectrolyte (ϕb) = 10-3, surface charge (σ0) = 10-3 mC/m2) adapted from(8)  

 
 
These kind of results were partly presented in (7) but also found for the adsorption cationic 
potato starch on peroxide bleached mechanical pulps (9) and for the adsorption of cationic 
polyacrylamides on bleached kraft pulps (50/50 mixture of hardwood and softwood)(10). 
Examples of the results from (9) are shown in figures 3 a and b below 
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A) 

 
B)   

 
Figure 3.  a.)Plateau adsorption as a function of salt concentration for adsorption of cationic potato 

starch , of different charge densities, on bleached thermomechnical pulp  
b.) Plateau adsorption as a function of charge density (D.S.) of the starch for different salt 
concentrations. Adapted from (9). 

 
 
These result hence suggest that there is no non-electrostatic contribution to the adsorption 
energy and that small ions can totally prevent the adsorption of the polymers on the fibres. 
Similar results but with a different shape of the curves were also found in (11) (adsorption of 
cationic polyacrylamides on bleached softwood kraft pulp) and (12) (adsorption of cationic 
potato starch on bleached softwood kraft pulp). In these investigations it was found that the 
adsorption was initially increased upon increased salt concentration and then again decreased 
when the salt concentration was increased above about 10-2 M NaCl. This is shown for 
adsorption of cationic polyacrylamide in figure 4 where the adsorption of cationic 
polyacrylamide on bleached softwood fibres are shown. In the figure the adsorption in % 
(polymer on fibre) is shown at a polymer addition of 1 % for different molar degrees of 
substitution of the polymer.  
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Figure 4.  Adsorption of cationic polyacrylamides, with different degrees of substitution, on bleached 

softwood pulp as a function of salt, NaCl, concentration. The adsorption is shown in % of 
polymer on the fibres(i.e. 1%=10mg/g). Polymer addition was 1 % (10mg/g) and the pH 
during adsorption was 8.Adapted from (11) 

 
 
The adsorption behaviour can most probably be ascribed to a pure electrosorption behaviour 
where the initial increase is linked to a coiling of the polyelectrolyte with increasing salt 
concentration. Since the fibres are highly porous this will allow the polymer to enter some of 
the larger pores in the fibre wall. This will in turn lead to a higher polyelectrolyte adsorption. 
The maxima could in turn also be explained by a non-electrostatic contribution to the 
adsorption and a specific interaction between the charged groups on the fibres and the sodium 
ions in the solution. However, since no such tendencies were found in (10) this explanation 
seems unlikely. 
 
The same trend in the plateau-adsorption, as a function of salt concentration, was found in 
(13) and in this investigation the authors concluded that the behaviour could be explained by 
a non-electrostatic contribution to the adsorption and by a specific interaction between the 
different (counter) ions and the charged groups on the microcrystalline cellulose. These 
results are shown in figure 5 below and the experimental results were compared with 
theoretical predictions from the SF-theory (6). The authors support their conclusion with the 
results from experiments with different monovalent counterions but it is still not clear how the 
porous nature of the microcrystalline cellulose substrate might have affected the results. 
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Figure 5.  Adsorption of cationic amylopectin(D.S.=0.035) on microcrystalline cellulose, and 

comparison between experimental results and theoretical calculations, as a function of 
salt concentration. Adapted from (13) and details for the calculations can also be found in 
(13). 

 
It might hence be concluded that the available SF theory can be used to describe the 
adsorption cationic polymers to cellulosic fibres to a very large extent, despite the fact that 
some factors still need to be clarified. 
 
Long before the theoretical modelling was a common tool for studying polyelectrolyte 
adsorption several investigators found a link between the charges on the polyelectrolyte and 
the charges on the adsorbed polyelectrolyte (14-18). Trout was apparently the first to 
introduce the term ion-exchange reaction where the counterions to the charged groups of the 
fibres were exchanged with the charged groups on the polyelectrolyte. An example of this is 
shown in figure 6 where the adsorption of polyethyleneimine to oxidised cotton fibres is 
shown. Similar conclusions regarding the adsorption of wet strength resins on fibres were also 
found by Bates (15). 
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Figure 6.  Adsorption of polyethyleneimine on different types of fibres as a function of the amount of 

charged groups on the fibres. The fibres were (according to the specification in (14)): 
cotton linters, bleached sulphite, alpha pulp and unbleached kraft. Adapted from (14). 
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It was not clear from these measurements whether there was a 1:1 combination of the charges 
on the polyelectrolyte and the charges on the fibres since only the total adsorption was 
measured. To resolve this question a different approach was used by Winter et.al (16) who 
measured the adsorption of a 3.6-ionene and poly DiMethyDiAllylAmmoniumChloride 
(DMDAAC) on both carboxymethylated rayon fibres and carboxymethylated bleached 
chemical softwood fibres. Besides from measuring just the adsorption of polyelectrolyte the 
release of counterions was simultaneously estimated by measuring the conductivity in the 
solution. The results showed that there was a linear 1:1 relationship between the adsorption 
3.6-ionene and ion-exchange capacity of both types of fibres, which is shown in figure 7.  

 
Figure 7.  Comparison between ion-exchange capacities from adsorption isotherms of 3.6. ionene 

at pH=8 in deionised water, and the ion-exchange capacity from conductometric 
toitrations. The figure contains results from experiments with both rayon fibres and 
bleached softwood fibres Adapted from (16) 

 
The results from the combination of both adsorption measurements and the measured release 
of counter ions showed that there indeed was a very close matching between the charges on 
the fibre surface and the charges on the polyelectrolyte. The authors defined an adsorption 
stoichiometry as the relation between the released amount of counter ions and the adsorbed 
amount of polyelectrolyte charges and found a stoichiometry of 90 % regardless of surface 
charge of the fibres and the types of fibres used. This behaviour matches the behaviour of 
pure electrosorption but since the release of counterions could not be used to determine the 
adsorption stoichiometry at higher salt concentrations it was not possible to conclude if χs is 
zero. Wågberg et.al. (17) later refined the technique in (16) by specifically measuring the 
release of bromine ions, counter ions to the 3.6 ionene, and found that the adsorption 
stoichiometry decreased as the fibre surfaces were saturated with polyelectrolyte, as shown in 
figure 8. 
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Figure 8.  Adsorption stoichiometry, i.e. amount of released counter ions divided by the amount of 

adsorbed polyelectrolyte charges in %, as a function of polyelectrolyte adsorption. The 
charge of the fibres and fibrils was 381 µeq./g and the pH during the adsorption 
measurement was pH = 7 and only deionised water was used.  

 
 
This indicated that the polyelectrolyte was adsorbed with a larger fraction of the segments in 
loops and tails as the surfaces were completely saturated. This will be discussed in more 
detail later. 
 
The results in (16,17) also indicated that polyelectrolyte adsorption could be used for a fast 
determination of the charge of the fibres provided the pores of the fibres were large enough 
(18). As shown in figure 8, for the fibres with a D.S.(degree of substitution) of 0.064, there 
was no difference in adsorption results between the fibres and the microfibrills prepared from 
the same fibres. This showed that the polyelectrolyte could reach all the charges in the fibre 
wall for this specific type of fibre. By utilising polyelectrolytes with different molecular mass 
the adsorption on different structural levels in the fibres could be determined (19). This will 
also be discussed under the headline “Where are the polyelectrolytes adsorbed” below. 
 
As discussed earlier the adsorption results in figure 8 indicated that the conformation of the 
adsorbed polyelectrolytes changed as the fibres start to become completely saturated with 
polymer. Naturally it is very hard to determine the exact conformation of the polyelectrolytes 
on the fibre surface and to the knowledge of the author there are no direct measurements of 
the conformation of cationic polyelectrolytes on cellulosic surfaces published. However, 
indirect measurements which are based on binding of anionic particles to cellulosic fibres 
which first have been pre-saturated to different degrees with cationic polyelectrolytes have 
been published(20). An example of these measurements are shown in figure 9 where the 
binding of montmorillonite clay particles to bleached softwood fibres which first have been 
saturated with cationic polyacrylamide to different degrees. As can be seen in the figure the 
binding of the montmorillonite clay increases as the adsorption of C-PAM increases. It is 
interesting to note that despite a considerable increase in adsorption there is no more binding 
of the montmorillonite clay after a certain level of polyelectrolyte adsorption 
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Figure 9.  Adsorption of montmorillonite clay to cellulosic fibres which have been presaturated to 

different degrees with C-PAM The preadsorption time was 3 minutes and the fibre 
concenbtration was 2 g/l during the preadsorption. The pH during the clay adsorption was 
pH = 8, the concentration of fibres was 20 g/l, addition of montmorillonite was 2 mg/g and 
the adsorption time was 5 minutes.Adapted from (20) 

 
 
Similar results are discussed in (5) for the hydrodynamic layer thickness of cationic 
polyacrylamide on silica surfaces. First of all it can be noted that there is large similarity 
between the results and in (5) it was suggested that this curve shape was typical for diffuse 
chain conformation for pure electrosorption. In this mode the chains are captured in the 
electrical double layer and are hence not lying flat on the surface and the chain conformations 
are, according to (5), independent of the degree of ion exchange in the double layer as soon as 
50 % of the small ions are replaced by polyelectrolyte chains. Since most polyelectrolytes in 
the paper industry are efficient through some kind of bridging between surfaces it must be 
important for future studies to in detail determine the factors controlling the conformations of 
polyelectrolytes adsorbed to cellulose surfaces and to find ways of controlling this 
conformation. It will also be important to link simulations of how charged co-polymers aree 
adsorbed to the different surfaces with similar measurements of model systems of 
polyelectrolytes and model cellulose surfaces. 
 
Apart from studying the change of conformation of adsorbed polyelectrolytes with an increase 
of the adsorbed amount it is also important to study how the conformation is changed upon 
increasing salt concentration. Again, this has not, to the knowledge of the author, been 
directly examined experimentally for cellulose surfaces. However for similar systems, i.e. 
adsorption of cationic polyacrylamides on silicon surfaces this has been examined by using 
ellipsometry (21). As demonstrated in figure 10 there is a rather dramatic expansion of the 
adsorbed layer of C-PAM when changing the NaCl concentration from 10 mM to 100 mM 
and the time scale for the change is around 100 s. The concept of kinetics of adsorption and 
reconformation will though be treated separately under the headline “Kinetics of adsorption 
and reconformation” and this example is included here merely to demonstrate the change in 
conformation of an adsorbed polyelectrolyte when the salt concentration is changed. 
 

mg/g 
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Figure 10.  Change in polymer conformation upon change in salt concentration. The system 

consisted of cationic polyacrylamide adsorbed on silicon surfaces and 1 mM NaHCO3 
was used as a buffer throughout the experiments. Adapted from (21) 

 
 
With an even higher salt concentration the polymer will have an even larger extension and 
eventually the polymer will be totally displaced by small ions as the salt concentration is 
increased as described by curve 3 in figure 1. This behaviour has also been described 
theoretically by van de Steeg (13) and as can be seen in figure 11 there is a dramatic change 
in conformation when the salt concentration is changed from 10 mM to 100 mM. As can be 
noticed in the figure the fraction of trains and loops decreases while the fraction of tails 
increases. Once again it has hence been found that the SF-theory can be used to predict the 
adsorption of polyelectrolytes on cellulose and similar surfaces. 
 

 
Figure 11.  Structure of the adsorbed layer as a function of salt concentration. From model 

calculations with the SF-theory (6). The amount of loops, tails and trains are given as 
fractions of the adsorbed amount. Chain length=500, segment charge=0.1, surface 
charge density -0.01 C/m2,interaction parameter for the segments χsP=0.6 an interaction 
pareameter for the cations χsC=4. Adapted from (13) 



FSCN/Teknisk fiberkemi 
Internet: Http/www.mh.se/fscn 
 

 R-00-7 
Page 15 (30) 

 
 

 

 

 
It must be stressed once again, though, that the direct measurements of polyelectrolyte 
conformation on cellulose surfaces are scarce and this is an area, which definitely has a large 
potential for future research and development. 
 
 
Where are polyelecrolytes adsorbed on fibres?  
 
Since cellulosic fibres are porous in nature it is obvious that the molecular mass of the 
polyelectrolyte will have a large impact on the adsorbed amount. It has also generally been 
found that when the molecular mass of the polymer decreases there is an increase in 
adsorption since more surfaces will be available for the polymer with the lower molecular 
mass. This holds true for polyetyleneimine (22-26), cationic dextran (27) cationic 
polyacrylamides (28,29), polyDMDAAC (30) and possibly also many other types of cationic 
water-soluble polyelectrolytes. As an example of this behaviour the adsorption of cationic 
polyacrylamides on cellulosic fibres are shown in figure 12 (29). 
 
 

Mw=2.5 and 2·104

Mw=2.5 and 2·104

Mw=2.5 and 2·104

3.6.-ionene

Mw=2.5 and 2·104

Mw=2.5 and 2·104

Mw=2.5 and 2·104

Mw=2.5 and 2·104

Mw=2.5 and 2·104

Mw=2.5 and 2·104

3.6.-ionene

 
Figure 12.  Adsorption of cationic polyacrylamide on cellulosic fibres for different molecular mass of 

the polyelectrolyte. The pH during the adsorption was pH = 4.5-5 , the fibre concentration 
was 4 g/l and the adsorption time was 15000 minutes.  and  = 2.5 and 2.0•104 ,  = 
5.2 and 5.3 • 105,   = 9.0 and 10 • 106. The higher value of the molecular weight 
corresponds to fluorescently labelled C-PAM whereas the lower value corresponds to the 
non-labelled polymer. The half filled circle corresponds to polybrene adsorption. Adapted 
from (29). 

 
 
All the different investigations mentioned above show the same result, i.e. that the polymers 
will reach different levels of the fibre wall, and different structural levels of the 
microcrystalline cellulose substrate, depending on their molecular mass or more correctly the 
size of the polyelectrolytes. Several investigators (17-19) have also claimed that the 
combination of this fact and the fact that highly charged polyelectrolytes are adsorbed through 
an ion-exchange mechanism makes it possible to determine the charge on different structural 
levels in the fibres. In (16) the adsorption and the adsorption stoichiometry, as defined earlier, 
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were determined on fibres and microfibrillated fibres in order to test how the “removal” of the 
porous nature of the fibre wall would affect the adsorption. As was shown in figure 8 the 
adsorption and adsorption stoichiometry of polybrene was not at all affected by the porous 
structure of the fibre wall and that this polymer hence had access to all available surfaces of 
the fibres used in the experiments behind figure 8. In (16) it was also concluded that this was 
true for the fibres that had been carboxymethylated to a degree of substitution of 0.064 
whereas there was a large difference in adsorbed amount, not ion-exchange upon adsorption, 
for native fibres. This, in turn showed that the polybrene molecule has a dimension that is 
close to the dimension of the pores of the fibre wall and when the fibre wall has a low degree 
of swelling the molecule will not be able to reach all the charges in the fibre wall. It would 
hence be of great importance to have an exact knowledge of the dimension of the polybrene 
molecule but unfortunaltely this is not available in the litteraure. In (17) the dimension, i.e. 
radius of gyration, was estimated to be somewhere between 26 Å and 225 Å which is in the 
same size range of pores as has been estimated from solute exclusion techniques (31). 
However, due to the large uncertainty in the determination of the dimension of this molecule 
it is difficult to judge if the reported values agree and recently the size-range of the pore size 
distribution of the of the fibre wall, as reported in (31) has been questioned in (32). These 
authors compared the adsorption of polyethyleneimine (PEI) with different molecular mass on 
porous glass and non-porous glass and on cellulosic fibres. In order to suppress the 
electrostatic to as high degree as possible the adsorption experiments were performed at 
pH=10. As is shown in figure 13 (32) there is a break in the adsorption (i.e. saturation 
adsorption in mg/g) at a polymer radius of around 13 nm. This means that the surfaces 
available for a polymer with a radius of 1 nm are also available for a polymer with a radius of 
gyration of 13 nm. In the figure is also included the specific adsorption for PEI on glass. 
 

Glass

Pulp

MCC

Glass

Pulp

MCC

 
Figure 13.  The saturation adsorption of PEI on bleached sulphite pulp (D), a bleached softwood kraft 

pulp(B) and microcrystalline pulp as a function of polymer size. The adsorption was 
conducted at pH = 10. The specific adsorption on non-porous glass in mg/m2 (left scale) 
is included for comparison and the adsorption in mg/g for the different cellulose 
substrates are shown on the right scale. 
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Since the relationship between the pore size on porous glass and the radius of the polymer 
was 3-5, i.e. the pore has to be 3-5 times larger to allow the polymer to enter the pores, it was 
suggested that there was a rather narrow pore size distribution of the fibres around 40-65 nm 
which is in rather sharp contrast to the pore size range 0.25-5 nm as found in (31). In (32) it 
was also argued that there are larger pores in the fibre wall but they are found in pockets 
which are only possible to reach via smaller pores. However, this statement needs further 
investigation. It can hence be concluded that there exists a relationship between the size of the 
polyelectrolyte molecules and the pore size of the fibre wall. It can hence be concluded that 
there is a need to further study this relationship with polyelectrolytes with a well-known size 
distribution and with a good characterization of how the dimension of the polyelectrolyte 
changes with salt concentration and the presence of a surface to which the polyelectrolytes 
can adsorb. Apart form being of purely academic interest these kind of investigations would 
give further information on the structure of the fibre wall and secondly it would give 
important information to paper chemists, among others, who would like to add 
polyelectrolytes to change the interior and the exterior of the fibre wall. 
Another factor, which is of great importance for the adsorption of polyelectrolytes to 
cellulosic fibres, is the presence of cellulosic fines from the fibres. Since these materials have 
large specific surface area, i.e. a large area available for high molecular mass polyelectrolytes, 
they will adsorb a high amount of added polyelectrolytes despite the fairly low amount of 
fines. Naturally this is valid only for polyelectrolytes with a molecular mass large enough to 
prevent the polymers for entering the fibre wall. The influence of fines has been discussed in 
a number of investigations (9,33-35) and it was established that it is not only the amount of 
fines that is important but also the properties of the fines (35). In figure 14 a) and 14 b) this 
effect is summarised (35). In figure 14 a) the plateau adsorption of cationic starch on different 
bleached softwood fibres is shown and in 14 b) the adsorption of starch on the fines from the 
different fibres are shown. The adsorption on the long-fibre fraction from the different pulps 
is the same whereas there is a fairly large difference in adsorption on the total pulps. 
 

A) 

Beaten,dried pulp

Beaten,non-dried pulp

Longfibres

Beaten,dried pulp

Beaten,non-dried pulp

Longfibres
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B) 

 
Figure 14. a) Plateau adsorption of cationic potato starch as a function of D.S. (degree of 

substitution) of the starch. A beaten, dried softwood kraft pulp( ) is compared with a 
never dried, beaten softwood kraft pulp ( ) and the long fibre fraction of both 
pulps( ). pH during the adsorption was 7 and the adsorption time was 10 minutes. 
Adapted from (35). 

 b) Plateau adsorption on the fines fraction from the pulps mentioned in figure 16a). The 
adsorbed amount was calculated from the adsorption data in 16 a) and the amount of 
fines in the different pulps. Also adapted from (35). 

 
 
Since the adsorption to the long-fibre fraction was the same the authors (35) concluded that 
the difference in adsorption could be ascribed to the fines fraction and as is shown in figure 
14b) there was also a large difference between different fines. Microscopy investigations 
showed that there actually was a difference in the morphology of the fines that could explain 
the adsorption results. The authors could not explain the levelling off in figure 14 b) in (35) 
but with reference to the SF-theory (5,6,8) it may here be suggested that there is a maximum 
in the plateau adsorption as a function charge of the polyelectrolyte. The difference between 
the fines and the fibres might be a different χs parameter and that the fibres have a higher 
value for this parameter. This has to be taken as a suggestion but it is definitely worth further 
investigations. Again this shows the usefulness of comparing the experimental results with the 
existing theories. 
 
Concluding this section it is obvious that the porous structure of the fibres will influence the 
adsorption to a large extent and since both the dimensions of the polyelectrolytes and the 
dimensions of the pores in the fibres not is exactly known it will be hard to predict the 
adsorption of a polyelectrolyte on a certain type of fibre. Even if might not be fully worth the 
effort to get an exact relationship for all types of polymers and fibres it is recommended to 
establish different adsorption regimes for certain fibre types and certain types of 
polyelectrolytes,. i.e. fixing agents, dry strength agents, wet strength agents and retention 
aids. It is also clear that the amount and types of fines are important parameters for the 
polyelectrolyte adsorption and from a practical point of view it is the opinion of the author 
that this area definitely needs more work. It is naturally a tough area to study since the 
preparation of the fines fraction will always take some more or less time consuming sample 
preparation methodology development.  
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How fast are the polyelectrolytes adsorbed to cellulosic fibres? 
 
In many industrial applications the effect of the added polyelectrolyte is expected only 
seconds after the polyelectrolyte has been added to the fibre/water mixture. This makes the 
adsorption kinetics very important and consequently this fact has given support to a fair 
amount of research on adsorption kinetics. As pointed out by for example van de Ven (36) 
and by Lindström (28) the following processes occur during the adsorption  
 

• Transport of the polyelectrolytes from the solution to the fibre surface ( the definition 
of the available fibre surface is dependant on the molecular mass of the 
polyelectrolyte) 

• Attachment of the polyelectrolyte on the fibre surface 
• Reconformation of the polyelectrolyte on the fibre surface  
• Detachment of the polyelectrolyte from the fibre surface  

 
The general understanding, at present, is that the polyelectrolytes collide with the fibres either 
by Brownian motion(36) or through turbulent transport (30,37) and this process is equivalent 
to the first item mentioned above. Several attempts have also been made to model the 
adsorption kinetics of polyelectrolytes onto cellulosic fibres (22,30,36). All these attempts use 
some kind of Langmuir model to describe the kinetics. Kindler et al. (22) introduced a 
stagnant layer around the fibres in order to use a mass-transfer model whereas van de Ven 
(36) and Wågberg (30) utilised a Brownian collision or a turbulent collision model where the 
fibres are viewed as rigid spheres, which collide with spherical polyelectrolyte molecules. In 
(36) a desorption process was also included in the rate equation but in most modelling 
situations the time for desorption was set at infinity. In (30) only one fitting parameter was 
used to fit the data to the experimental results and that was the collision efficiency factor, α, 
and no desorption process was used. The equations can naturally be made more or less 
complicated and in (38) another factor was included and that was a factor for describing the 
migration of polyelectrolyte into the lumen of the fibres with the characteristic time τlumen. 
 
All these models gave excellent fit to the experimental data but in (22) very thick stagnant 
layers were found (of the order of 4 cm) and the authors concluded that the stagnant layer 
approach was to simple and that the layer thickness, as defined in the equations, would 
include also “..diffusion and subsequent adsorption within the fibrous structure, entropy 
barriers, or solvent interactions”. With the approach chosen in (22) it was not possible to 
separate these processes. Nevertheless the modelling showed that it was possible to get a good 
match with experimental results the only complication was that a more advanced model was 
needed to sort out the details. Van de Ven (36,38) used a more elaborate model to get a more 
detailed description of the adsorption process. To give a few examples of the results the 
following characteristic timescales can be mentioned (36,38) 
τads is typical around 1 minute 
τlumen is typical of the order of 200 minutes 
 
These values were obtained by fitting the adsorption model to the data shown in figure 15 
below. The full lines in the figure correspond to the fit of the model and the symbols 
correspond to actually measured values. As can be seen the fit is very good and the model can 
hence be used to predict the adsorption of polyethyleneimine onto cellulosic fibres under 
certain conditions. 
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Figure 15.  Adsorption of polyethyleneimine as a function of time for different polymer additions. 

Fibre concentration was 2 g/l, stirring speed 80 rev./min, KCl concentration was 2.5 • 10-4 
and the pH was 6. The desorption time was set to infinity. Adapted from (38).  

 
Naturally the calculated timescales are dependant on the experimental conditions but the 
times mentioned above are representative of typical conditions occurring in practice. 
In the turbulent model (30) it was found that there was a very good agreement between the 
experimental data for the adsorption of the low molecular mass polyelectrolyte and the 
simulated values assuming a collision efficiency factor of 0.25, i.e. every fourth collision led 
to an adsorption. For the high molecular mass polyelectrolyte there was not at all as good 
agreement and it was obvious that a more elaborate was needed but on the other hand this 
kind of model also needs further input parameters which in turn makes it necessary to find 
timescales for polyelectrolyte reconformation on the surfaces and polymer diffusion on fibre 
surfaces. These data are not available today and further work should definitely devoted to 
determine these. 
 
Another interesting feature was found in (30) and that was that the adsorption of the low 
molecular polyDMDAAC was not at all affected by the presence of a preasdorbed saturated 
layer of high molecular mass polyDMDAAC on the surface of the fibres. This is shown in 
figure 16 below. 
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Figure 16.  Kintetics of adsorption of LMw polymer on fresh fibres and fibres precovered with HMw 

polymer. The measurements with fresh fibres were conducted with batch experiments 
where different amounts of polymer were added to the fibres whereas the experiments 
with precovered fibres were conducted with the aid of the kinetic jar equipment. The fibre 
concentration was 5 g/l and the pH=8 in all measurements. Adapted from (30). 

 
 
This indicates that the polyelectrolytes diffuse into the fibre structure before they are 
adsorbed to the cellulose surface and that they do not first adsorb on the external surface and 
then migrate into the fibre wall by a reptation process. Needless to say this is an area for 
future research and again new techniques are needed to study these processes with high 
enough resolution. 
 
The results presented in (37) clearly indicated that the polyelectrolytes adsorb in a state very 
similar to what they have in solution and with time they reconform to a more flat 
conformation according to the theories for polyelectrolyte adsorption. Since, almost, all types 
of actions of the polyelectrolytes depend on some kind of bridging between surfaces it is 
essential to have some information about the kinetics of this reconformation. As was 
mentioned earlier in this paper the literature in this area is a very limited and there are only 
some indirect measurements available on this topic (39,40). In (39) the reconformation time 
was estimated from the release of counterions from the polyelectrolyte and in (40) it was 
estimated from binding of anionic polyacrylamide at different times after adsorption of a high 
molecular mass cationic polyacrylamide to the fibres. An example from (40) is shown in 
figure 17. 
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Figure 17.  Adsorption of anionic polyacrylamide (A-PAM) onto a fines-free, bleached softwood kraft 

pulp to which a high molecular mass cationic polyacrylamide (C-PAM) first had been pre-
adsorbed. A-PAM was added at different times after addition of the C-PAM. pH during the 
measurements was pH = 7.5 

 
As can be seen in the figure the reconformation times are rather short and after 100 s little is 
changing. In table 1 a short summary of the data in (39) and (40) are shown and as can be 
seen the overall conclusion is that the polymer reconforms very fast to a flat conformation for 
the polyelectrolytes used in these investigations. The D.S-values given in the table 
corresponds to the D.S. of the C-PAM and that the 3.6. -ionene is fully charged in the entire 
pH-range.  
 
Table 1.  Summary of the indirect estimation of reconformation times of cationic polyelectrolytes 

adsorbed onto cellulosic fibres. The D.S-values correspond to an average number of 
charged groups on the polyelectrolytes given as mole fractions of the total number of groups 
in the polymer backbone. 

 
System investigated Fibres D.S-value 

(Fraction by mole) 
Time to  
Equilibrium (s) 

Reference 

A-PAM to pre-
adsorbed C-PAM 

Bleached softwood 
fibres 

A-PAM = 0.16 
C-PAM = 0.3 

100-200 (40) 

C-PAM Carboxymethylated 
bleached softwood 
D.S. = 0.065 

0.3 60-180 (39) 

3.6. -ionene      -      “     - 0.18 ≈60 (39) 
 
It should be mentioned that the reconformation times are rather short compared to 
reconformation times achieved for adsorption of polyvinylpyridine on anionic latex particles 
(41). These authors found two different types of reconformation processes. When the polymer 
was added to the latex at a very low feeding rate there was one type of relaxation on the 
surface and this relaxation process was of the order of 2000 minutes. When polymer was 
added at a higher feed rate there was first an oversaturation of the surface by the 
polyelectrolyte and when the polymers started to reconform there was also a desorption 
process taking place. The time for the reconformation in this case was of the order of 10 
minutes. It is today not clear how the reconformation of polyelectrolytes on fibre surfaces 
should be categorised and how the relatively short reconformation times on the fibre surfaces 
should be explained. It might be suggested that there is a different type of reconformation on 
a macroscopically rough surface than on a flat surface. This in turn might be very important 
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and the reconformation process and the factors controlling this should definitely be studied 
further. With instrumentation such as ellipsometry and with the new developments of smooth 
cellulose surfaces (42,43) this will be a very interesting future research area. 
 
The last process mention above, i.e. the exchange of adsorbed polyelectrolytes has been an 
area for large controversy over the years for a number of reasons. First of all the general 
concept of the polymer adsorption as an equilibrium process has been very important for the 
development of different theoretical models (5) based on thermodynamic relations. This 
discussion was spurred by the fact that it is very hard to find any desorbed polymer when 
diluting a system with adsorbed polymers with pure solvent. This was thoroughly discussed in 
(5) and on a segment basis the adsorption can definitely be regarded as an equilibrium process 
but it will naturally be difficult for a large macromolecule to desorb due to its large number of 
attachment points. For polyelectrolytes with opposite sign to the surface, the desorption will 
be even more difficult and careful investigations of the desorption process have been 
conducted by Tanaka et.al (3, 44,45) by using an elegant technique with fluorescent labelling. 
It was found in these investigations that; 
 

1) No desorption took place without displacing polymer present 
2) The desorption was very slow and virtually non-existent for high molecular mass 

polyelectrolytes and increased with decreasing molecular mass and for a C-PAM with a 
molecular mass of 2.9 • 104 (1.43 meq. /g) a final desorption of 50 % was finished within 
2 days. For a C-PAM with a molecular mass of 5.2 • 105 (1.38 meq. /g) about 25% could 
be desorbed and this process was finished within 12 days.  

3) With a decreasing charge density the exchange was faster. By using a C-PAM with a 
molecular mass of 5.2•105 and a charge density of 0.66 meq. /g the fraction of desorbed 
C-PAM could be increased to around 50 % and this process was finished within 1 day. 

 
An example of these results is shown in figure 18 and is representative of the results 
discussed under 2) above. 

2.9·104

9·106

5.2·105

2.9·104

9·106

5.2·105

 
Figure 18.  The fraction of desorbed fluorescently labelled C-PAM as a function of displacement 

time. Filled symbols correspond to the situation with no displacer present.The molecular 
mass of the polyelectrolytes was  = 2.9 • 104,  = 5.2 • 105 and  = 9.0 • 106. 
Adsorption time was 10 days and the pH was 4.5 - 5 during the experiments. Adapted 
from (45) 
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The reason why only fractions of the polyelectrolyte can be desorbed despite a ten-fold excess 
of displacing polyelectrolyte is not exactly known but probably this can be explained by 
either heterogeneity in the adsorbed conformation of the preadsorbed C-PAM or a very slow 
migration of the polyelectrolyte into the outer layers of the fibres. Probably both these 
suggestions are valid but the fact that the amount of C-PAM that could be desorbed was very 
dependent on the time between adsorption and desorption suggested that the penetration into 
the external part of the fibre wall was indeed important (44). It must be stressed though that 
this penetration was found for very long times and hence this finding should not be mixed up 
with the findings mentioned in conjunction with figure 16. 
 
Apart from these “pure” systems there are some interesting aspects on polyelectrolyte 
adsorption kinetics that need some further comments. In practical systems it is very common 
to add different types of polyelectrolytes very close to each other in the papermaking system. 
Since most of the polyelectrolytes, as was mentioned before, have their effect while being 
adsorbed to the fibres or fines surfaces it is important to know which of the polyelectrolytes in 
a mixture that will adsorb to the fibres first and how this will affect the effect of the 
polyelectrolyte. In (20) it was for example found that an addition of a highly charged cationic 
polyelectrolyte could significantly enhance the flocculating ability of micro-particle based 
retention agents. Theoretically it might be postulated that small molecules should diffuse 
faster to the fibre surface, provided that Brownian diffusion across some kind of stagnant 
liquid layer on the surfaces of the fibres is a rate-limiting step. However since turbulent 
collisions might be the dominating collision mechanism (30,37) it is not so clear how the 
molecular mass might affect the adsorption process since the cellulosic fibre will dominate 
this process due to their size. In (46) this was investigated for C-PAM with different 
molecular weight by utilising the fluorescent labelling technique as mentioned earlier. The 
results showed that in a 1:1 mixture of high and low molecular weights C-PAM very close to 
equal amounts were adsorbed to the cellulosic fibres. This indicates that Brownian diffusion 
is not the mechanism responsible for the adsorption of polyelectrolytes on cellulosic fibres 
under realistic conditions. 
 
Finally it should be briefly discussed how the presence of different components in a furnish 
might affect the equilibrium adsorption and the adsorption kinetics. In (28) it was detected 
that the fine material from a bleached sulphite pulp showed a transient surface potential, from 
microelectrophoresis measurements, in the presence of fibres (2). The authors concluded that 
this was due to a more rapid adsorption of the C-PAM to the fines material and at low 
polyelectrolyte additions some polyelectrolyte could be transferred to the long fibre fraction. 
This conclusion was based on the fact that in the absence of long fibres this transfer could not 
be detected (2). The reverse process, a transfer of C-PAM from fibres to polystyrene latex 
was detected in (47) and it was found that the amount of segments from the polymer 
protruding into solution was important for the transfer reaction. It was detected that the 
transfer was easiest for the medium molecular mass polymer and most difficult for the low 
molecular mass polymer leaving the high molecular mass polymer in between. A larger 
number of anchoring points for this polymer can explain the fact that the high molecular mass 
polyelectrolyte transferred with a lower rate than the medium molecular mass polyelectrolyte. 
The reason to the low transfer rate of the low molecular mass polyelectrolyte can be explained 
by the fact that it is rapidly adsorbed into the interior of the fibre wall and is hence not as 
easily transferred due to this. The importance of the extension of the polymer segments into 
solution could also bet detected as a dependence of delay time between adsorption of C-PAM 
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and addition of polystyrene latex. When the delay time was increased there was a lower 
amount of C-PAM transferred to the latex. 
 
 
Recommendations for future work 
 
It has been indicated in the text where more research is needed, according to the author, but in 
summary the following research areas can be mentioned: 
 

• Tailormaking of polyelectrolytes to give them certain χs and χ parameters so that they can 
tolerate systems with high salt concentrations and still get high adsorption to fibres and 
fines. By using the information in figure 1 it should be possible to produce suitable 
polyelectrolytes.Furthermore, by using non-charged adsorbing species it should also be 
possible to create polyelectrolytes which could tolerate high amounts of dissoloved and 
colloidal substances. 

 
• Prepare block-copolymers, which have one type of segments with a high affinity for the 

fibre surface and one type of segments that have a high affinity for other type of 
materials. These latter materials can be microparticles, fillers, dissolved and/or colloidal 
materials. Generally the block-copolymers are very interesting for several applications 
but today their cost might be a bit too high. This might however change very fast and 
therefore they are of high interest for research purposes 

 
• There is a need to find a better correlation between polyelectrolyte size and the pore size 

of the fibre wall and to determine the rate constants for penetration of polyelectrolytes 
into the fibre wall. This is for example of importance when trying to modify both the 
fibre surface and the interior of the fibre wall. 

 
• Determination of the conformation of polyelectrolytes on fibre surfaces. Clarification of 

the importance  
a) Surface structure of the fibres 
b) Surface charge of the fibres 
c) Polyelectrolyte structure 
d) Polyelectrolytre charge 
e) Salt concentration and type of salt 
f) Time after polyelectrolyte addition 

Studies of some of these items are underway and here the different types of smooth 
cellulosic surfaces that have been developed during the last years will be of large 
strategic research importance. 

 
• Creation of a better link between the more recent development of polyelectrolyte 

adsorption theories and the adsorption of different types of polyelectrolytes on cellulosic 
fibres. In this way more efficient experiments will be conducted and furthermore a 
theoretical model for adsorption of polyelectrolytes on fibres can be developed including 
both statics and dynamics. The dynamic aspect is very important and has often been 
neglected. 
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