
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Valuation of retention/formation relationships using a 
laboratory pilot-paper machine 

 
 
 
 
 
 

Anna Svedberg 
 
 
 
 

Licentiate Thesis 
 
 

Royal Institute of Technology 
Department of Fibre and Polymer Technology 

Division of Fibre Technology 
 
 

Stockholm 2007 
 
 



Abstract 
 
The interdependency between filler retention and paper formation is well-known, where a 
high retention is accompanied by impaired formation. A challenge for today’s 
papermakers is to increase the competitiveness for uncoated and coated fine paper, by 
improving the formation at the same level of retention. 
 
Over the years, the use and the demands of retention aids have increased as a 
consequence of a higher system closure, increased machine speeds and increased filler 
content. The knowledge of whether some retention aid systems are more or less 
detrimental to paper formation than other systems, is very limited. The insuffiency of 
knowledge is, however, also true for other chemical, mechanical and interacting factors, 
which influence the retention/formation relationship in a complex manner. 
 
In order to investigate the retention/formation relationship (features, retention aids, 
dosage points, etc.), a pilot-scale fourdrinier former (R/F-machine) has been developed. 
The R/F-machine provides a short circulation of the white water and controlled 
experimental conditions and is appropriate for cost-effective investigations. Moreover, 
the R/F-machine has been designed to have a short residence time to chemical 
equilibrium and the machine has also shown high reproducibility in the results. 
 
This licentiate thesis presents the R/F-machine and examines, during constant 
experimental conditions, the retention/formation relationships for some different 
retention aid systems. Three single-component cationic polyacrylamides with varying 
molecular weights and two polyacrylamide-based microparticulate systems with varying 
microparticles were examined. The retention aid systems were investigated on the R/F-
machine, for a fine paper stock (90 % bleached hardwood and 10 % bleached softwood) 
with addition of 25 % filler (based on total solids content). 
 
The results showed that the retention/formation relationship was not dependent on the 
retention aid system used. All systems showed the same relationship between retention 
and formation. On the other hand, the various retention aid systems provided different 
effects considering their retention performance. 
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Objectives 
 
Paper I 
 
The main purpose of paper I was to present the R/F (Retention and formation)-machine, a 
pilot-scale fourdrinier former developed to study retention and paper formation 
(Svedberg, Lindström 2007a). Paper I reports on the influence of the stock consistency on 
paper formation, the retention/formation relationship for a microparticulate retention aid 
and the reproducibility of experiments performed on the R/F-machine. 
 
Paper II 
 
The purpose of paper II was to investigate the retention/formation relationship, under 
controlled experimental conditions, for different types of retention aids systems 
(Svedberg, Lindström 2007b). Three single-component systems with varying molecular 
weights and two microparticulate systems were investigated on the R/F-machine, for a 
fine paper stock with addition of 25 % filler (based on total solids content). 
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Background 
 

Retention and formation 
 
Two parameters, almost always critical to good papermaking are paper formation and 
filler retention1. Paper formation is one of the most important quality characteristics of 
paper materials, while filler retention is an important issue with regard to productivity 
and system stability of the wet-end of the paper machine. 
 
A sheet with good formation has positive impacts on paper strength (Hallgren, Lindström 
1988), printability (Huang, LePoutre 1994) and optical properties, e.g. opacity (Jordan 
1985; Wahren 1987). On the other hand, there are several advantages to be derived from 
improved filler retention, e.g. higher paper machine and additive efficiency, faster 
response to changes in process conditions, less circulating material, cost savings and 
reduced effluent loading. Poor filler retention can also cause sheet quality problems. 
Uneven filler distribution, as one example, might result in poor optical properties and 
increased two-sidedness. 
 
1 Retention can be defined as “the proportion of a component present in the original mixture which remains 
in the mixture at some stage of the process or in the final product” (Fellers, Norman 1998).  
 

Retention/formation relationships 
 
It is generally recognized that retention and paper formation are competing in 
papermaking, where high retention is obtained at the expense of bad formation. For 
papermakers, this interdependency is problematic since both high retention and good 
paper formation are desirable. 
 
Several chemical and mechanical factors influence the retention/formation relationship in 
a complex manner, which is not always sufficiently understood. Retention aids, machine 
design, operational variables, furnish characteristics and dosage strategies are factors that 
influence retention and formation. Other important chemical aspects are the chemistry of 
the suspending medium and the addition of other chemical adjuvants, such as formation 
aids. These chemical and mechanical factors are discussed in more detail in the following 
parts of the thesis. 
 
To balance retention and formation, the papermaker must acknowledge the interplay 
between all these chemical and mechanical factors. The research within this area is, 
however, insufficient today. The literature reveals that only few systematic studies are 
available focusing on the relationship between retention and formation.  
 
The low number of systematic studies may be explained by the limitation of suitable 
evaluation methods. Industrial trials are rarely reported, since they are costly and do not 
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include controlled experimental conditions because of variations in the process 
parameters (e.g. grammage, re-use of broke from different paper machines etc.). 
Moreover, the residence time to chemical equilibrium is long on full-scale paper 
machines, due to the large white water systems.  
 

Paper formation, fibre flocculation and network strength 
 
Formation is a concept which describes the grammage distribution of paper on a scale up 
to 50 mm (Norman 1989; Norman, Söderberg 2001). The final distribution of fibres in 
paper materials is principally influenced by two interacting phenomena in the stock; fibre 
flocculation and shearing conditions. 
 
Fibre flocs, defined as local fibre concentration variations, have a negative impact on 
paper formation. The correlation between fibre flocculation and paper formation has been 
addressed by several authors (Wahren 1972; Jokinen, Ebeling 1985; Jokinen, Palonen 
1986; Swerin, Ödberg 1996a and Yan et al. 2006). Fibre flocculation depends on both 
chemical and mechanical factors.  
 
Before Mason (1954), the research claimed that flocculation was mainly governed by 
chemical factors, based on classical colloidal phenomena. Mason firstly showed that 
collisions and subsequent mechanical entanglement of fibres were primary factors 
affecting flocculation of fibres, a concept described as mechanical flocculation. Mason’s 
mechanistic concept laid the foundation for the subsequent research on fibre flocculation. 
 
Mechanical flocculation gives rise to fibre networks (flocs), where the fibres are 
mechanically interlocked in the network if the fibre is in contact with at least three other 
fibres. Regarding fibre flocculation, the number of contacts per fibre is critical. To 
quantify the number of contacts, Kerekes and Schell (1992), introduced the crowding 
factor concept (N), where values for N can be calculated from: 
 
N=2Cv(L/d)2/3       [1] 
 
where Cv is the volumetric concentration of fibres, L is the fibre length and d is the fibre 
diameter. 
 
The crowding factor concept combines both fibre geometry and fibre consistency and can 
be used to characterize the flocculation tendency of a given furnish. When the N-value 
increases (increased crowding), the probability for fibres to collide increases. Longer 
fibres, stiffer fibres and an increased consistency will increase the N-value, i.e. the 
flocculation of fibres.  
 
Kerekes and Schell (1992), classified fibre suspensions in three regimes (a-c), depending 
on the crowding factor (a: N<1, dilute; b: 1<N<60, semi-concentrated; c: N>60, 
concentrated). In commercial papermaking, the range of 1<N<60 is of key importance. 
From laboratory sedimentation experiments, Martinez et al. (2001) concluded that within 
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the range 1<N<60, there were two different sub-regimes present, regarding fibre 
flocculation. These sub-regimes were delineated at the critical level N=16, where 
formation was found to be slightly dependent on N in the region N<16 and then worsen 
significantly with N>16. The machine design and the operational variables should, 
however, be carefully considered when critical levels for fibre flocculation are discussed. 
 
Fibre flocs also affect the behaviour and the rheology of the pulp suspension, influencing 
the fibre network strength. The network strength of fibre suspensions arises from the 
cohesive forces that act between fibres at the fibre-fibre contact points. The fibre network 
strength is one important parameter that influences the paper formation (Swerin, Ödberg 
1996a; Wahren 1979).  
 
The fibre network strength is affected by several factors, such as the addition of retention 
aids or other chemical additives, fibre consistency, fibre dimensions and other factors. 
One simple method to reduce the network strength and thereby to improve the formation 
is by reducing the fibre consistency to such a low level that the network strength is 
negligible. However, this method has a negative influence on the retention, which 
decreases with decreased fibre consistency. 
 
The turbulence, determining the shearing conditions, is essential for fibre flocculation 
and the subsequent paper formation. Increased turbulence is known to cause a strongly 
increased reflocculation. Formation aids are, however, effective in order to dampen the 
turbulence, resulting in improved paper formation (Lee, Lindström 1989). Due to 
shearing of the stock during the dewatering process, fibres and flocs are more evenly 
distributed, resulting in better paper formation in the sheet being produced. 
 

Machine design and operational variables 
 
The design of the wet-end of the paper machine (e.g. the former type, headbox design, 
dewatering- and shearing conditions) and operational variables (e.g. the jet/wire speed 
ratio, machine speed, wire tension and slice opening) have significant impacts on paper 
formation. By optimizing these variables, there are possibilities to improve the formation 
without any loss in retention. The effects of machine design and operational variables on 
paper formation have earlier been reviewed by Norman (1989) and Norman and 
Söderberg (2001). 
 
Over the last period of time, the paper machines have been developed, embracing new 
web forming techniques and new headbox designs, both including increased shearing 
conditions. The main reasons for these developments were the calls for increased running 
speeds with higher production, better grammage profiles, better paper formation and less 
two-sidedness. The design of the headbox is important for the resulting paper formation, 
where a design preventing large-scale flocculation is advantageous. 
 
Both retention and formation are influenced by the stock consistency (Albinsson et al. 
1995; Norman 1989). A higher stock consistency gives higher filler retention but on the 
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other hand, poorer paper formation. It has been suggested that paper formation is 
improved, to a certain extent, by dewatering, elongational shear and by supplying 
oriented shear and turbulence to the stock during forming (Norman, Söderberg 2001). 
 
A higher machine speed correlates to a higher dewatering rate, properties which have 
consequences for the web formation. Dewatering has a self-healing effect on the 
grammage distribution (Norman, Söderberg 2001). A rapid initial drainage, however, 
tends to set the sheet too early in the forming zone, negatively affecting the formation. A 
higher stock temperature also gives a more rapid initial drainage. 
 
When accelerating the stock in the headbox nozzle, an elongational flow is developed. 
Norman and Söderberg (2001) have suggested that a high contraction ratio (jet 
thickness/slice opening) should be set in order to achieve an improved paper formation. 
By adjusting the jet/wire speed ratio to such an extent that a small difference in velocity 
of the jet and wire occurs, a certain oriented shear is achieved, which is favourable for 
paper formation (Swerin, Mähler 1996; Svensson, Österberg 1965). The jet/wire speed 
ratio has not, however, showed any considerable effect on the retention level (Swerin, 
Mähler 1996; Lindström et al. 2006). 
 
Another way to introduce shear during forming is by varying the wire tension in a blade 
former, influencing the dewatering pulses. For filled papers, Albinsson et al. (1995) 
investigated the importance of the wire tension on the experimental paper machine, 
EUROFEX, with a twin-wire blade former. This study reported that when the wire 
tension was increased, the formation was improved without affecting the retention level.  
 
Another factor which has shown to be important for paper formation is the jet impact, 
including the free jet length and the jet angle (Norman 1989). 
 



 6

Retention aid systems - aspects on retention mechanisms and 
reversibility of flocculation 
 
Retention aids are used to retain filler and fines in the wet paper web during the forming 
process, by aggregating these stock components to larger units. Hence, retention aids also 
cause fibers to aggregate, which deteriorate mass formation. This thesis briefly reviews 
the development of retention aids with some common materials used, retention 
mechanisms and reversibility of flocculation. The mechanism of action and the 
development of retention aids has earlier been reviewed by many authors e.g. Lindström 
(1989), Eklund and Lindström (1991), Horn and Linhart (1996) and Swerin and Ödberg 
(1997).  
 

Development of retention aids 
 
Early retention aid systems were single-component products, most often based on 
acrylamide chemistry, alum, starch, polyamines or polyethyleneimines (PEI). A further 
development of these systems was the dual-component systems, which usually were 
based on interactions between a long-chain charged polyelectrolyte and a second polymer 
with the opposite charge.  
 
The microparticulate systems were introduced some 25 years ago and today these 
systems dominate the retention aid market. Microparticulate retention aids are normally 
based on combinations of cationic polymers and anionic inorganic microparticles 
(Eklund, Lindström 1991). Some work using inorganic cationic microparticles have also 
been reported recently (e.g. Ovenden, Xiao 2001).  
 
The first two commercial microparticulate retention systems used anionic colloidal silica 
in combination with cationic starch (Andersson 1984) and anionic montmorillonite in 
combination with cationic polyacrylamide (Langley, Litchfield 1986). Later, Smith 
(1991) reported on systems based on cationic polyacrylamide together with anionic silica 
sol. Since these precursors, there are several further developments in the use of 
microparticulate systems, based on e.g. aluminum hydroxide sols (Lindström et al. 1989), 
polymeric aluminum species (Carré 1993) and nano-sized inorganic oxides (Gerli et al. 
1999). Moreover, modifications of silica sols were also developed (Jaycock, Swales 1994 
and Swerin et al. 1995) together with on-site production of the microparticles (Mofett 
1994). 
 
Today, there are still ongoing developments in the area of retention/dewatering systems. 
Another advancement for certain paper grades has been multi-component systems, where 
oftentimes the key is to balance retention and dewatering in gap formers, using long-
chain formation aids in conjunction with dual component systems, as first reported by 
Lindström et al. (1986). There has also been considerable progress in structured 
microparticles, e.g. micro aggregated silica sols (Andersson, Lindgren 1996), and also 
systems based on organic polyacrylate gel particles (Honig et al. 1993, 2000, 2005).  
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Aspects on retention mechanisms and reversibility of flocculation 
 
There are several acknowledged mechanisms by which retention aids function. Table 1 
summarizes some different flocculation mechanisms and the influence of shear and 
soluble substances on these mechanisms. 
 
Table 1. Survey of retention mechanisms and the impact of shear and soluble substances 
(Eklund, Lindström 1991). 
Mechanism Shear resistance 

of the floc 
Effect of increased content 

of dissolved anionic 
polymers 

Effect of simple 
electrolytes 

Charge 
neutralization 

- -- + 
Patch flocculation + -- - 
Bridging 
-adsorption 
flocculation 

++ 
 

-- 
 

-- 
 

Bridging 
-sensitization 
flocculation 

++ 0 ++ 

Complex 
flocculation 
-classical dual 
systems 

+++ -- -- 

Complex 
flocculation 
-microparticulate 
systems 

+++ -- -- 
 

Network 
flocculation 

+++ -/+ -/+ 
-, -- means retention decrease 
+, ++ means retention increase 
 
The flocculation mechanism for the particles in a suspension is determined by the 
physical and chemical surface characteristics of the particles and by the physical and 
chemical nature of the retention aid system used (Eklund, Lindström 1991). Particles 
(fibres, filler and fines) assume an electric charge when dispersed in water. This charge 
originates from dissociation of ionic groups on the particle, adsorption of ions and 
isomorphous substitution2 (Lindström 1989). The charged particles will affect the 
distribution of ions in the surrounding interfacial region, resulting in an electrostatic 
double layer around each particle (inner Stern layer and outer diffuse layer) (Evans, 
Wennerström 1999). 
 
2 Isomorphous substitution: The replacement of one atom by another of similar size in a crystal lattice 
without disrupting or changing the crystal structure of a mineral.  
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The charged surface might be described in terms of surface charge density and surface 
potential. The surface potential decays exponentially with distance, with a decay constant 
given by the Debye length (1/κ), which is an estimate of the thickness of the electrostatic 
double layer (Evans, Wennerström 1999). The Debye-length is strongly influenced by the 
ionic strength and the valency of the counter-ions. 
 
Two forces act between particles in solution; electrostatic repulsion and attraction by 
dispersion forces (London forces). The DLVO-theory (Derjaguin-Landau-Verwey-
Overbeek) describes the colloidal stability of a dispersed system from the total potential 
energy between particles, which is the sum of the attractive and repulsive energies 
(Evans, Wennerström 1999). According to the total energy balance from the DLVO-
theory, illustrated in Fig 1, coagulation between colliding particles occurs in primary- and 
secondary minima of the potential energy, where the attractive energy (VA) overcomes 
the repulsive energy (VR). In comparison with coagulation in the primary minimum, 
coagulation in the secondary minimum give rises to flocs which are easier to redisperse. 
The order of the repulsive barrier (Vmax) is decisive for primary coagulation to occur and 
correlates to the Debye-length (Vmax decreases with smaller Debye-length). By reducing 
the surface potential, the electrostatic repulsive barrier (Vmax) is reduced and coagulation 
is promoted.  
 

 
 
Fig 1. Total potential energy between two colloidal particles according to the DLVO-
theory (Parfitt 1981).  
 
The surface charge is easiest reduced by increasing the electrolyte content and this 
coagulation mechanism is referred to us as charge neutralization. Charge neutralization, 
the simplest form of retention mechanisms, is based on addition of electrolytes which 
screens the charged surface, causing the charge potential to decay more rapidly (double 
layer narrows) (Eklund, Lindström 1991). The Debye-length (1/κ) becomes smaller, i.e. 
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the repulsive barrier is reduced and coagulation takes place in accordance with the 
DLVO-theory.  
 
Even if the charge neutralization mechanism can be demonstrated in the laboratory at low 
shear conditions, it is of insignificant impact in practical papermaking today, because of 
the high shear forces on fast and large paper machines. 
 
For single-component retention aids based on polymers, bridging (LaMer, Healy 1963) 
and patch flocculation (Gregory 1973; Kasper 1971) are the two principal flocculation 
mechanisms. The bridging and patch flocculation mechanisms are illustrated in Fig 2. 
 

 

a)                                      b)                                       c) 
 
Fig 2 a-c. Schematic illustrations, (a) patch flocculation (Horn, Linhart 1991), (b) 
bridging (Horn, Linhart 1991) and (c) bridging, effect of shear (Hubbe 2005). 
 
Cationic condensation polymers of high charge and low or moderate molecular mass are 
normally considered as patch flocculants (Fig 2a). The concept of patch flocculation is 
to form cationic “patches” on the negatively charged particles, which will attract 
oppositely charged parts on another particle. The patches are formed by adsorbing 
cationic polymers of high charge density in a flat conformation.  
 
Patch flocculation is promoted by the long-range attractive Van der Waal’s forces and 
attractive electrostatic forces. Hence, flocs formed by patch flocculation are more shear 
resistant than flocs formed by charge neutralization, where only attractive dispersion 
forces act. 
 
A prerequisite for the patch flocculation mechanism to occur is that the patch size is 
greater than the thickness of the electrostatic double layer (1/κ). If the patch size is less 
than 1/κ, the mechanism is transferred to charge neutralization. Hence, patch flocculation 
is favored by sensitization, i.e. reducing the thickness of the double layer with 
electrolytes. Too high electrolyte has, however, a negative effect on patch flocculation, 
which distinguishes the patch flocculation mechanism from charge neutralization. At 
higher electrolyte content than the optimum polymer dosage, the polyelectrolyte may be 
desorbed from the surface. 
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The degree of patch flocculation is dependent on the charge density of the polymer and 
the degree of surface coverage, where maximum flocculation often is found around the 
isoelectric point (i.e.p.).  
 
Fibre flocculation induced by polycations of high molar mass and low or moderate 
charge density is usually described by the bridging adsorption flocculation model (Fig 
2b). Bridging is a common feature for retention aids used today (single-component, dual 
and microparticulate systems). 
 
In bridging adsorption theory, polymers adsorb to particle surfaces, forming loops and 
tails, which act as bridges between particles. The anchorage of the polymer on the surface 
and the conformation of the formed loops and tails, are two important parameters 
essential for bridging. These two parameters are determined by the charge balance 
between polymer and particle, the contact time affecting the conformation of the 
adsorbed polymer and other properties of the solution (electrolyte content etc.). In 
general, the protruding loops and tails must exceed twice the double layer thickness (2/κ), 
for bridging to act. 
 
As emphasized, the charge density of the polymer and the particles are decisive for 
bridging. Too low charge density of the polymer or the surface, gives poor anchoring and 
with that, weak flocs. Moderate charge interaction between polymer and surface is 
therefore desirable. A moderate charge density also favours the polymer to adopt a more 
extended conformation, due to charge repulsion. On the other hand, a too high charge 
density (polymer or surface) will result in too strong interactions, giving polymers 
adsorbed in a flat conformation, which are unfavorable for bridging. In such situations, 
the mechanism is transferred to patching or charge neutralization. 
 
According to La Mer’s bridging theory, Ufloc~ α*(1- α), the rate of flocculation (Ufloc) is 
proportional to both the fraction of surface covered by polymer (α) and the fraction of 
uncovered surface (1- α). Hence, optimum flocculation occurs when α = 0.5, but the 
flocculations starts before charge reversal. 
 
Increased electrolyte content negatively affects bridging flocculation. The adsorption is 
reduced because the polymers coil-up and will have a lower extension out from the 
surface once adsorbed on the particle surface. The thickness of the double layer may, 
however, be reduced by a smaller electrolyte content, which promotes bridging 
(sensitization). 
 
Flocculation of negatively charged colloids by anionic polyelectrolytes or non-ionic 
polymers (e.g. polyacrylamide) is described as sensitization flocculation (Eklund, 
Lindström 1991). Sensitization flocculation is only possible if an appropriate electrolyte 
concentration is present in the solution, which screens the surface charges and then 
reduces the thickness of the double layer. If so, the flocculation results from adsorption of 
polymers/polyelectrolytes on the colloid surface and from bridging of the polymer chains 
between the colloids. Complex formation in the boundary surface between the counter 
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cations and the functional groups of the anionic polyelectrolytes favour the adsorption on 
the surface. 
 
Flocs created in bridging flocculation are generally more shear resistant than flocs created 
by patch-flocculation. Patching is, however, in comparison with bridging, considered to 
be more reversible due to the reversible cohesive electrostatic attractions. Patch 
flocculants are adsorbed in a flat conformation, where chain breakage is less likely to 
occur during shearing. For bridging flocculants, however, both polymer chain cleavage 
(Tanaka et al. 1993 and Sikora, Stratton 1981) and kinetic factors such as reconformation 
towards a flatter conformation (Wågberg et al. 1988), can account for the more or less 
irreversible nature of the flocculation. 
 
The floc structure, important for retention, paper formation and dewatering may vary 
depending on the flocculation mechanism. Patch-charge flocs are generally compact and 
their dimensions are considerably smaller than those formed by bridging flocculation, 
which usually have a loose, voluminous structure (Horn, Linhart 1991).  
 
Charge neutralization, patching and bridging as separate retention mechanisms, are not 
sufficient on modern high-speed paper machines including high shear, because the 
formed flocs are too weak and more or less irreversible. Patch flocculation aids are, 
however, normally used on low-speed board machines as dewatering agents, where their 
more reversible of nature of flocculation is favourable for dewatering. 
 
By using combinations of flocculants, synergistic effects can be achieved, resulting in 
stronger flocs and a higher degree of reflocculation after dispersion. Hence, the dual 
complex flocculation systems were developed from the single-component retention 
systems. Depending on the interacting components, the dual complex flocculation 
systems are divided into classical dual systems and microparticulate systems (Eklund, 
Lindström 1991). The idealized mechanism of classical dual systems and 
microparticulate systems are illustrated in Fig 3. 
 

 
a)                                                                        b) 
 
Fig 3. Schematic illustrations, (a) classical dual systems (Eklund, Lindström 1991), (b) 
microparticulate systems (Hubbe 2005). 
 
The classical dual systems are often based on a short-chain cationic polymer of high 
charge, followed by an anionic polymer of high molecular mass. First, the cationic 
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polymers create a primary flocculation according to the patch model and secondly, the 
anionic polymers link together the primary flocs according to interparticle bridging. 
 
The combination of both patch and bridging flocculation and the strong electrostatic 
interaction between the oppositely charged polymers, explains the higher floc strength 
and higher resistance to shear. Like patch- and bridging flocculants, the classical dual 
systems are also favored by sensitization. Above the sensitizing level, however, the 
flocculation is reduced because of desorption of the charged polymers. 
 
None of the classical dual systems have the ability to re-flocculate sufficiently after floc 
disruption, resulting in poorer retention levels at high shear rates. The incapability to 
reflocculate can partly be explained by polymer chain cleavage during dispersion, which 
hinders polymers to reflocculate. 
 
Microparticulate systems are most often based on combinations of cationic polymers 
and anionic microparticles. The general idea behind these systems is to add the cationic 
polymer at an early stage to the stock, inducing a primary large-scale flocculation 
(bridging) which is broken down by shear. Next, the microparticle is added close to the 
headbox, creating a secondary flocculation (bridging), mainly governed by charge 
interactions with the adsorbed cationic polymers. Due to the electrostatic interactions, 
flocculation induced by microparticle addition is less sensitive to reconformation and 
chain cleavage of the adsorbed cationic polymers.  
 
Most of today’s commercial microparticulate retention aids are able to achieve acceptable 
levels of filler retention, even in high-speed twin wire formers. This is partly explained 
by their ability to produce shear-resistant flocs which can also reflocculate after 
dispersion. Lindström (1989), first described the microparticulate retention aid systems as 
reversible, giving a more rapid dewatering in the wire- and press section and also a higher 
porosity of the dried sheet. 
 
Swerin (1995) and Swerin et al. (1997) compared cationic polyacrylamide (C-PAM) as a 
single-component system, with a microparticulate system, in terms of the reversibility. 
They found that C-PAM alone, gave a decaying trend in floc size with time, whereas the 
addition of microparticle resulted in a high degree of reflocculation, i.e. the decaying 
trend was reduced. That microparticulate systems have a more reversible flocculation 
pattern has also been verified by Alfano and coworkers (1999), Hedborg and Lindström 
(1996) and Clémençon and Gerli (1999). 
 
A true reason why reflocculation after dispersion is possible with microparticulate 
systems is probably due to the lack of failure at the interface between the microparticle 
and the cationic polymer adsorbed on the particle surface (Eklund, Lindström 1991). 
Moreover, a number of studies also claim that the stock reflocculates to smaller and 
denser flocs when microparticulate retention aids are used (e.g. Hedborg, Lindström 
1996; Wall et al. 1992 and Swerin et al. 1993). This also explains the increased drainage 
performance of microparticulate systems. 
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In contrast to the earlier mentioned flocculation mechanisms, network flocculation is 
envisioned to occur in solution, rather than on particle surfaces (Lindström 1989). The 
mechanism of network flocculation is basically to form diluted transient three-
dimensional networks, in which dispersed material can be occluded. The transient 
network may be formed by cross-linking a cationic polyelectrolyte with an anionic 
component, by electrostatic interactions or hydrogen bonds, e.g. the polyethylene oxide 
(PEO) –phenolic resin systems.  
 
The transient networks are unstable and a collector is necessarily needed in order to 
collect the dispersed material. Without the collector, which often constitutes of fibres, the 
transient network breaks apart to a non-effective colloidal dispersion, before flocculation 
occurs. The irreversible nature of the network is, however, essential for the dewatering, 
since a gelatinous network structures would harm the dewatering capacity. The network 
flocculants are also characteristic of being independent of the dispersed particle surface 
characteristics, where the particle separation instead takes place according to the particle 
size. 
 
In comparison with e.g. microparticulate systems, many nonionic network flocculants are 
generally less sensitive to high contents of dissolved organic material and colloids in the 
system, since the interfering is not based on electrostatic interactions. Considering the 
shear resistance of the flocs created by network flocculants, the stability to shear is 
relatively high. This may be explained by the increased number of junction points 
between the constituent parts, generated when the networks concentrate after 
flocculation. (Lindström 1989) 
 
It should be stressed, however, that the knowledge regarding the mechanism of 
microparticulate system is by no means extensive, which indeed, holds for the other 
flocculation mechanisms too. Since there is a complexity to define real systems (fibres, 
chemicals, chemical equilibrium situations and hydrodynamic situations), further 
research of retention mechanisms is needed, working with well defined model systems. 
 

Impact of other chemical adjuvants – dosage strategies 
 
Apart from retention aids, the state of flocculation is also affected by other chemical 
adjuvants and properties of the suspending medium. The chemistry of the suspending 
medium affects fibre flocculation, through its effects for instance on fibre/fibre friction 
(Horvath, Lindström 2007).  

 
There are several classes of additives known to affect fibre dispersions. They may be 
grouped into the following classes: 
 

1. Additives increasing the dispersion medium viscosity (Zhao, Kerekes 1993; 
Soszynski, Kerekes 1988; Yan et al. 2006). 
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2. Formation aids (I): Additives (gums and mucilages) which are believed to 
decrease the coefficient of friction between fibres (De Roos 1958). 

 
3. Formation aids (II): High molecular weight additives affecting the rheology 

properties of the suspending media (Wasser 1978; Lee, Lindström 1989). 
 
Recently, it has also been found that carboxymethylation of cellulosic fibres can improve 
formation, through a decreased fibre/fibre friction coefficient (Beghello, Lindström 
1998). 
 
There is to our knowledge few articles actually showing that retention aids may be 
combined with formation aids, giving an improved retention/formation relationship (e.g. 
Lindström et al. 1986; Jokinen, Palonen 1986 and Lee, Lindström 1989). Jokinen and 
Palonen (1986) found that the use of a long chain, anionic polyacrylamide could both 
improve formation and increase retention. Lindström et al. (1986) also reported from 
FEX*-trials that superior formation was obtained by an overdosage of anionic 
polyacrylamide. Formation aids have, however, seldom been used in commercial paper 
manufacturing, because of their negative effects on drainage. It is only recently, they 
have come in greater use to decrease dewatering in gap formers. 
 
The concept of pre-flocculating filler in order to produce highly filled papers has been 
discussed in the literature for many years and the field of preflocculation was early 
reviewed by Bown (1985) and Hayes (1985). An interesting issue considering 
preflocculation of filler materials is whether the retention/formation relationship can be 
improved by this concept. The literature reveals, however, that very little has been 
published on this issue. Interestingly, two studies are available, demonstrating that filler 
preflocculation improves the retention/formation relationship (Silenius 2003 and Mabee 
2001). These studies belong to the scanty score of studies demonstrating the possibility to 
improve the retention/formation relationship. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FEX* Experimental paper forming pilot unit at STFI-Packforsk 
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Materials and Methods 
 

Materials 
 

Pulp 
 
The pulp used in this work was a bleached kraft pulp with a mixture of 90 % hardwood 
(HW) (mainly birch 90-96 %) and 10 % softwood (SW) (about 45-60 % spruce, the rest 
pine). The pulp was obtained from M-real Husum Paper Mill, Sweden at a consistency of 
4.0-4.5 %. After sampling, the pulp was diluted with tap water to a concentration of 2.5-
3.0 %. 
 
Since the pulp was obtained at different times over the year, some small variations in the 
pH-value and conductivity existed. To reduce these variations, salts (NaHCO3 and KCl) 
were added to the pulp after dilution, in order to adjust the pH-value and the conductivity 
to specific intervals. Unless stated elsewhere, trials were performed with the standard 
pulp characteristics given in Table 2.  
 
Moreover, all trials were performed with pulp stored in the pulp chest between five to 
seven days, after it was obtained. At this time, the temperature was stabilized and only a 
slight effect of storage was observed. 
 
Table 2. Standard characteristics of the used pulp. 
Consistency, % 2.5-3.0 
HW:SW 90:10 
Temperature, °C 23-30 
Degree of beating, °SR 18.0-20.0 
Conductivity, µS/cm 700 ± 50 
pH-value 8.2 ± 0.2 
Cationic demand (Mütek), filtrate, µeq/l 25-46 
Filler ration (of total stock consistency), % 25 
 

Filler 
 
A ground calcium carbonate (GCC) was used as filler in this work. The filler was 
delivered from Imerys in Sweden as a slurry with an anionic dispersant and with a dry 
solids content of 67.0 ± 1 %. The density of the filler was 1.73 ± 0.02 g/cm3 and 60 ± 3 % 
of all filler particles had a particle size less than 2 micrometers in diameter. 
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Retention aid systems 
 
Five retention aid systems were investigated in this thesis, two microparticulate systems 
and three single-component polymer systems. The single-component systems consisted 
of linear cationic polyacrylamides (C-PAM) with varying molecular weights. All the C-
PAM´s were co-polymers of acrylamide and N,N,N-trimethylaminoethylacrylate. Table 3 
shows a summary of the retention aid systems used, including characteristics as charge 
densities, molecular weights and residence times in the stock flow.  
 
According to the supplier, the anionic colloidal silica sol had a specific surface area of 
850 m2/g with an average primary particle size of 3 nm. The colloidal montmorillonite 
clay had, according to the supplier, a surface area up to 800 m2/g (when hydrated in 
water) and the dimensions of the particles were about 1x600x300 nm. 
 
Table 3. List of the retention aid systems studied in this thesis and their properties. 
No. Retention 

program 
System 

components 
Supplier Charge 

density 
(meq/g)

Molecular 
weight 

(Million 
Dalton) 

Residence 
times 

(s) 

1 Single-
component 

C-PAM (A) Eka 
Chemicals

0.821 2.9-4.43 2.04 

2 Single-
component 

C-PAM (B) Eka 
Chemicals

1.021 6.0-7.93 2.04 

3 Single-
component 

C-PAM (C) Eka 
Chemicals

1.061 > 10.83 2.04 

4 Microparticulate C-PAM (B) + 
Anionic silica 

sol 

Eka 
Chemicals

1.021/ 
-0.0712 

 5.64/2.04 

5 Microparticulate C-PAM (B) + 
Anionic 

montmorillonite

Eka 
Chemicals 

/Ciba 
Specialty 

Chemicals

1.021/ 
-0.122 

 5.64/2.04 

1 Charge density determined using polyelectrolyte titration (PET), titration with PVSK 
(Potassium polyvinyl sulfate). 
2 Charge density determined using a particle charge detector (Mütek PCD 03), titration 
with Poly-DADMAC. 
3 Molecular weights according to the supplier. 
4 Residence times are calculated for standard paper machine operating conditions and 
correspond to the time from the dosage point to the headbox. 
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Methods 
 

R/F (Retention and formation)-machine 
 
The R/F-machine used in the experiments was a pilot-scale fourdrinier former without 
press- and drying parts, mimicking the short circulation of full-scale paper machines. The 
R/F-machine is illustrated in Figs 4 and 5. Details of the R/F-machine have been 
thoroughly described in one of the papers in the thesis (Svedberg, Lindström 2007a). 
 
This pilot former forms a wet paper web at speeds up to 400 metres per minute and the 
grammage of the produced paper can be varied between 40–80 g/m2. A short circulation 
of the white water system is also provided and the shear forces in the R/F-machine are 
comparable with those in larger paper machines, albeit not state-of-the-art paper 
machines. 
 
The R/F-machine is designed to study retention, paper formation and fibre flocculation. 
The machine allows studies of different retention systems, fillers, furnishes and dosage 
strategies. Moreover, several machine settings can easily be varied, e.g. machine speed, 
jet/wire speed ratio and slice opening. The R/F-machine was shown to have a high 
reproducibility and designed to have a short residence time to chemical equilibrium in the 
white water (Svedberg, Lindström 2007a). 
 
Up to five different chemical additives can simultaneously be added in the pulp and stock 
flow of the machine, at eight different dosage points, giving different levels of shearing 
and residence times for the additive. Sampling positions of the stock and the dosage 
system with approximate residence times in the stock flow are shown in Fig 6. Sampling 
was performed five minutes after a change in the machine settings, which corresponds to 
the residence time to chemical equilibrium in the white water (Svedberg, Lindström 
2007a). The standard operating conditions during the R/F-machine experiments are given 
in Table 4. 
 
Table 4. Standard operating conditions of the R/F-machine in the trials. 
Machine speed 260 m/min 
Slice opening 16 mm 
Jet/wire speed ratio 1,2 
Stock consistency 5 g/l 
Grammage 60 g/m2 
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Fig 4. Schematic diagram of the central part of the R/F-machine. Dimensions are not 
scaled. The R/F-machine has been presented in more detail by Svedberg and Lindström 
(2007a). 
 

 
 
Fig 5. The R/F (Retention and formation)-machine. 
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Fig 6. Dosage system in the stock flow of the R/F-machine. Dimensions are not scaled. 
The residence times (within parentheses), given in seconds, are calculated from the 
addition point to the headbox and for standard paper machine operating conditions 
(Svedberg, Lindström 2007a). The points of measurement (retention and fibre 
flocculation) are also illustrated (green arrows). 
 

Retention and formation 
 
The retention value of interest in the experiments was the first pass retention with respect 
to filler (Rf) in percent, which is defined by: 
 

100*1
1

2
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

C
CRf       [2] 

 
where C1 is the concentration of filler in the headbox and C2 is the concentration of filler 
in the wire pit. 
 
The mass formation was determined using a FUJI-method at MoRe Research, Sweden. 
The FUJI-method measures local variations in grammage according to a beta 
radiographic method, developed by Norman and Wahren (1974). The formation results 
are presented as formation numbers, calculated for different wavelength intervals 
(Johansson, Norman 1996). Unless stated elsewhere, the formation results presented in 
this thesis are the total formation numbers (0.4-30.0 mm) in machine direction (MD).  
 
A lower formation number means a lower coefficient of variation of the grammage of the 
paper and as a rule, the presented formation number is the mean value from 
measurements of two separate sheets. It should also be pointed out that the wavelength is 
twice the floc size and the formation numbers are normalized to a grammage of 60 g/m2.  
 
The formation- and retention data are shown with standard deviations of 0.36 units 
respectively 2.0 units, based on earlier reproducibility tests (Svedberg, Lindström 2007a). 
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Results and Discussion 
 
This chapter provides an overview of the results obtained from the conducted 
experiments. For more detailed information concerning the results, the reader is referred 
to the related papers. 
 

Paper I 
 
Paper I reports on trials performed on the R/F-machine, where the influence of the stock 
consistency on paper formation was investigated and also the retention/formation 
relationship for a microparticulate retention aid. The reproducibility of experiments 
performed on the R/F-machine is also illustrated in Paper I.  
 
All experiments in Paper I were performed using a fine paper stock consisting of 90 % 
bleached hardwood kraft pulp and 10 % bleached softwood kraft pulp. All experiments in 
Paper I were also performed with standard pulp characteristics (Table 2) and standard 
operating conditions (Table 4). In order to keep the grammage and other settings 
constant, the stock consistency in the headbox was altered by varying the slice opening. 
When investigating the stock consistency, no filler or retention aids were added.  
 

Stock consistency 
 
The importance of the stock consistency on paper formation was investigated at different 
jet/wire speed ratios (1.1, 1.2 and 1.3). The slice opening was varied from 12.5 mm to 
19.7 mm, which corresponds to headbox consistencies between 0.45-0.62 percent. Fig 7 
shows the formation number versus the stock consistency in the headbox, in percent (%).  
 
The results in Fig 7, show that the stock consistency has different influence on the 
formation, depending on the jet/wire speed ratio. For the jet/wire ratios 1.2 and 1.3, the 
expected was shown, i.e. the formation was impaired with increased stock consistency. 
At the jet/wire ratio 1.1, the poorest formation was obtained at the lower stock 
consistency. This was unexpected but, however, also found in a repeated trial. At the 
present time, there is no explanation of this result. 
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Fig 7. The total formation number in the machine direction as a function of the stock 
consistency in the headbox (%), at three different jet/wire speed ratios (1.1, 1.2 and 1.3). 
The study was performed with standard pulp characteristics (Table 2), with standard 
operating conditions for the R/F-machine (Table 4) and without chemical additions.  
 

Polyacrylamide/montmorillonite based microparticulate retention aids - 
reproducibility 
 
The retention/formation relationship was investigated for a microparticulate retention aid, 
consisting of a cationic polyacrylamide together with anionic montmorillonite clay. This 
study was performed more than once, in order to demonstrate the reproducibility between 
different series of experiments. Characteristics of the retention aid system are given in 
Table 3 (retention program no. 5). In all trial points, the filler addition was 25 % of the 
total stock consistency, which corresponds to approximately 20 % filler content in the 
sheet when the filler retention is about 40 %.  
 
The addition of montmorillonite clay was constant throughout the experiments, 2 
kilograms per ton (kg/t). The retention level was varied by varying the added amount of 
cationic polyacrylamide between 300 to 1000 grams per ton (g/t). The cationic 
polyacrylamide was added before the montmorillonite clay, at the dosage point before the 
mixers, corresponding to a residence time of approximately 5.6 seconds (s). The 
montmorillonite clay was added with an approximate residence time of 2.0 s. The filler 
was added in the pulp flow with a residence time of approximately 8.8 seconds.  
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Fig 8 shows the filler retention (%) as a function of the added amount of cationic 
polyacrylamide (g/t). The results are shown for three separate trials. The first and the 
second trials were performed within the same series of experiments and the third trial in 
another series of experiments. Pulp was obtained from the mill at different occasions for 
the different series of experiments. However, both series of experiments were performed 
with standard operating conditions and standard pulp characteristics. The results in Fig 8 
suggest a linear relationship between the filler retention (%) and the addition of cationic 
polyacrylamide (g/t). 
 
The total formation number versus the filler retention (%) is shown in Fig 9. This 
relationship was investigated in three experiments, two within the same series of 
experiments and the third experiment in another series of experiments. A strong 
correlation between paper formation and filler retention (%) is illustrated in Fig 9, where 
the higher the retention, the worse is the formation. 
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Fig 8. Filler retention (%) vs. the added amount of cationic polyacrylamide (g/t), for a 
microparticulate retention aid system (Table 3, retention program no. 5). Results are 
shown for three experiments, performed in two series of experiments. The addition of 
montmorillonite clay was constant during the trials (2 kg/t).  
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The degree of reproducibility of experiments performed on the R/F-machine is shown in 
Figs 8 and 9. Considering the retention/formation relationships, the results in Fig 9 
indicate good reproducibility, both within and between different series of experiments. 
The reproducibility of retention results, within and between different series of 
experiments is also good, as shown in Fig 8. However, between two series of 
experiments there can be a significant difference in the retention results. This has been 
found to be mainly due to the occurrence of different amounts of anionic charges leaking 
out from the fibre cell wall to the liquid phase during storage of the obtained pulps 
(cationic demand). Hence, a procedure was adopted, where the trials always were 
performed within 5-7 days storage. A more detailed account of this phenomenon is given 
in the appendix. 
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Fig 9. The total formation number in the machine direction as a function of the filler 
retention (%), for a microparticulate retention aid system (Table 3, retention program 
no. 5). Results are shown for three experiments, performed in two series of experiments. 
Constant addition of montmorillonite clay (2 kg/t) and varied addition of cationic 
polyacrylamide (400 g/t-1000 g/t) were made.  
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Paper II 
 
Paper II reports on the effect of various retention aid systems on the relationship between 
filler retention and paper formation. Five different retention aids were examined, three 
single-component polyacrylamide systems with varied molecular weights and two 
microparticulate systems with varying microparticles. Table 3 shows a summary of the 
retention aid systems used, including characteristics such as charge densities, molecular 
weights and residence times in the stock flow. 
 
The retention/formation relationships were investigated on the R/F-machine, for a fine 
paper stock, consisting of 90 % bleached hardwood kraft pulp and 10 % bleached 
softwood kraft pulp. The filler addition was 25 % of the total stock consistency and the 
filler was added in the pulp flow, with an approximate residence time of 8.8 seconds. All 
experiments in Paper II were performed with standard pulp characteristics (Table 2) and 
standard operating conditions for the R/F-machine (Table 4).  
 
The results of Paper II have been divided into two main parts, i) the effect of molecular 
weight of single-component polyacrylamide retention aids, ii) polyacrylamide-based 
microparticulate retention aids. 
 

Effect of molecular weight of single-component polyacrylamide retention 
aids 
 
Fig 10 shows the filler retention (%) as a function of the added amount of cationic 
polyacrylamide (C-PAM) in grams per ton (g/t). Three C-PAM´s (A-C) of varying 
molecular weights were investigated (Table 3). As expected, C-PAM (A), with the lowest 
molecular weight, gave a lower level of filler retention in comparison with the other two 
C-PAM´s.  
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Fig 10. Filler retention (%) vs. the added amount of C-PAM (g/t), for three C-PAM´s (A-
C) of varying molecular weights (Table 3). C-PAM (A): 2.9-4.4, C-PAM (B): 6.0-7.9 and 
C-PAM (C): > 10.8 (Million Dalton), according to the supplier. The study was performed 
on the R/F-machine for a fine paper stock with addition of 25 % filler (based on total 
solids content). The residence time of the C-PAM´s was 2.0 seconds. 
 
The total formation number as a function of the filler retention (%), for C-PAM (A-C) is 
illustrated in Fig 11. The results in Fig 11 show the same retention/formation 
relationship, independent of the molecular weight of the C-PAM. For all three C-PAM´s, 
an increased level of filler retention (%) resulted in poorer formation. 
 
When comparing the three C-PAM’s (A-C) with respect to the formation number 
intervals, no difference was observed either in the small scale (0.4-3.0 mm) or the large 
scale formation number (3.0-30.0 mm). This means that the molecular weight of the 
cationic polyacrylamide has no affect on the retention/formation relationship. For all 
three C-PAM’s (A-C), the large-scale formation number was the principal contribution to 
the increase in the total formation number.  
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Fig 11. The total formation number in the machine direction as a function of the filler 
retention (%), for three C-PAM´s (A-C) of different molecular weights (Table 3). C-PAM 
(A): 2.9-4.4, C-PAM (B): 6.0-7.9 and C-PAM (C): > 10.8 (Million Dalton), according to 
the supplier. C-PAM (C) was investigated twice. The study was performed on the R/F-
machine for a fine paper stock with addition of 25 % filler (based on total solids content). 
The residence time of the C-PAM´s was 2.0 seconds (addition levels 300 to 1500 g/t).  
 

Polyacrylamide-based microparticulate retention aids 
 
Two polyacrylamide-based microparticulate retention aid systems, based on different 
microparticles (anionic montmorillonite clay and anionic silica sol) were compared 
(Table 3). In all trial points, the cationic polyacrylamide (C-PAM B) was added before 
the microparticle. The residence times are given in Table 3. The addition of C-PAM was 
varied in order to illustrate different levels of retention. The microparticle additions were 
constant throughout the experiment, montmorillonite clay at a level of 2.0 kg/t and silica 
sol at a level of 3 kg/t. 
 
When comparing these two microparticulate systems, different results were observed 
only in their retention performance not in their retention/formation relationships. The 
filler retention (%) versus the added amount of C-PAM (g/t) is shown in Fig 12. From the 
results in this figure it is clear that anionic montmorillonite clay gave, at the same C-
PAM addition, higher filler retention in comparison with the anionic silica sol. 
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The retention/formation relationships are illustrated in Fig 13, where the total formation 
number is shown as a function of the filler retention (%). No difference was observed 
between the two microparticle-based systems, both systems suggested a linear 
relationship between filler retention and paper formation. Both systems were investigated 
twice and the results from these studies demonstrated good reproducibility. 
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Fig 12. Filler retention (%) vs. the added amount of C-PAM (g/t), for two 
polyacrylamide-based microparticulate retention aids with different microparticles 
(anionic montmorillonite clay and anionic silica sol). The study was performed on the 
R/F-machine for a fine paper stock with addition of 25 % filler (based on total solids 
content). The residence time of the C-PAM was 5.6 seconds and 2.0 seconds for the 
microparticles. Constant additions of montmorillonite clay, 2 kg/t and silica sol, 3 kg/t 
were made. 
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Fig 13. The total formation number in the machine direction as a function of the filler 
retention (%), for two polyacrylamide-based microparticulate retention aids with varying 
microparticles (montmorillonite clay and silica sol). The study was performed on the 
R/F-machine for a fine paper stock with addition of 25 % filler (based on total solids 
content). The residence time of the C-PAM was 5.6 seconds and 2.0 seconds for the 
microparticles. Constant additions of montmorillonite clay, 2 kg/t and silica sol, 3 kg/t 
were made. 
 
The single-component polyacrylamide systems were also compared with the 
microparticulate systems, examining whether the type of retention aid system has an 
influence on the relationship between retention and formation. In Fig 14 the total 
formation number versus the filler retention (%) are shown, for all retention aid systems 
investigated in Paper II. The results in Fig 14 show that the retention/formation 
relationship is not dependent on the type of retention aid system used (single-component 
system or microparticulate system). All retention aid systems provided similar 
relationships. 
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Fig 14. The total formation number in the machine direction as a function of the filler 
retention (%), for five different retention aid systems. Three single-component C-PAM´s 
(A-C) with varying molecular weights and two polyacrylamide-based microparticulate 
retention aids with different microparticle (montmorillonite clay and silica sol) were 
investigated. The study was performed on the R/F-machine for a fine paper stock with 
addition of 25 % filler (based on total solids content). The residence times are given in 
Table 3. Varying additions of the C-PAM´s (300 to 1500 g/t) and constant additions of 
montmorillonite clay (2 kg/t) and silica sol (3 kg/t) were made. 
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Conclusions 
 
In this thesis the retention/formation relationship, for five different retention aid systems 
was investigated on the R/F-machine. Three single-component cationic polyacrylamide 
systems with varied molecular weights and two microparticulate systems with varying 
anionic microparticles (silica sol and montmorillonite clay) were examined. Moreover, 
the influence of the stock consistency on paper formation and the matter of 
reproducibility were also investigated.  
 
No difference in retention/formation relationship was observed when comparing the 
various retention aid systems. All systems suggested a single relationship between filler 
retention and paper formation. This indicates that the molecular weight of the cationic 
polyacrylamide, the choice of microparticle and the type of system used (single-
component or microparticulate), are not significant for this relationship. 
 
The various retention aid systems exhibited, however, differences in terms of their 
retention performance. The single-component cationic polyacrylamide of lowest 
molecular weight gave a lower level of filler retention, in comparison with the other two 
polyacrylamides. Moreover, at the same addition of cationic polyacrylamide, the 
montmorillonite clay gave a higher level of filler retention in comparison with the silica 
sol. 
 
It has also been suggested in this study, that the stock consistency influences paper 
formation differently, depending on the present jet/wire speed ratio. Considering the 
significance level of the examined retention/formation relationships, the results 
demonstrated good reproducibility, both within and between different series of 
experiments.  
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Future work 
 
Since no difference in retention/formation relationships were observed when comparing 
the different retention aid systems, the challenge is still to develop new methods for filler 
retention, while maintaining or enhancing paper formation. 
 
For the continuation of this research, new ideas in order to improve the 
retention/formation relationship will be evaluated. Some of these ideas differ from 
traditional proceedings of chemical additions in papermaking. Interesting ideas for the 
future research are e.g. preflocculation of fillers, charge transformations of fillers 
(cationic fillers) and selective addition of dispersing agents/formation aids to fibre 
suspensions. Moreover, complementary studies of retention aids (dosage strategies, 
multi-component retention aids, kinetics etc.) are also interesting for the project. 
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Appendix 1 
 

Storage of chemical pulp – inactivation of retention aids 
 
As a matter of routine, trials on the R/F-machine are performed with pulp stored between 
five to seven days, after it was obtained. This routine was based upon the results 
presented here, concerning the storage of chemical pulp.  
 
During the development of the R/F-machine, the reproducibility of the retention results 
was poor. Different series of experiments examining the same retention aid often resulted 
in significantly different retention results. While evaluating the results, a strong 
correlation was observed between the storage time of pulp and the retention level of 
filler. This was not an entirely unexpected finding in view of the fact that pulps leach 
lignin and carbohydrates during storage (Goring 1986; Lindström et al. 1978). These 
dissolved substances are anionically charged and will increase the cationic demand of the 
pulp, resulting in lower retention levels, when cationic retention aids are used. 
 
To verify this observation and to study other effects of pulp storage, experiments for one 
and the same pulp were performed, both on the R/F-machine and by using a baffled Britt 
dynamic drainage jar (BDDJ). Since the effect of pulp storage was the object of these 
studies, all other experimental conditions were constant, e.g. dosage strategies of filler 
and retention aid, R/F-machine operating conditions and BDDJ-trial performances. The 
retention aid used was based on a cationic polyacrylamide (C-PAM) together with 
anionic montmorillonite clay. Parallel with the R/F-machine- and BDDJ experiments, a 
characterization of the pulp was performed with time, analyzing the pH-value, 
conductivity, temperature and the cationic demand of the liquid phase. 
 
The results from the R/F-machine trials are illustrated in Fig 15, showing the filler 
retention (%) as a function of the added amount of C-PAM (g/t), for pulp stored for five 
and fourteen days. The results in Fig 15 show that the retention level was lower for pulp 
stored for a longer period of time. The same correlation between the storage time of pulp 
and the retention level was also evident in the BDDJ-experiments. 
 
From the pulp characterization, one interesting observation in the cationic demand was 
acknowledged. No changes in the other parameters were identified. After about eight 
days of storage, the cationic demand increased significantly with time, indicating an 
increased amount of anionic materials in the liquid phase. Since less increase in cationic 
demand was observed with pulp stored between five to seven days after it was obtained, 
trials are usually performed within this storage time interval. The storage time of pulp has 
not, however, been found to significantly affect the relationship between filler retention 
and paper formation. 
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Fig 15. The filler retention (%) as a function of the added amount of C-PAM (g/t), for the 
same pulp, stored for 5 and 14 days respectively. The study was performed on the R/F-
machine (standard operating conditions in Table 4) for a fine paper stock with addition 
of 25 % filler (based on total solids content). The microparticulate retention aid system 
used was based on C-PAM together with anionic montmorillonite clay. Approximate 
residence times; C-PAM: 5.6 s, montmorillonite clay: 2.0 s and filler: 8.8 s. Constant 
montmorillonite addition, 2 kg/t were made.  
 
The storage time was also significantly affecting both the cationic demand and the 
laboratory filler retention level. Fig 16 illustrates the correlation between filler retention 
(%) and cationic demand (µeq/l), for three different additions of C-PAM (g/t). 
Independent of the C-PAM dosages, an increase in cationic demand was correlated to a 
lower filler retention level. This correlation is important not only considering storage of 
pulp, but also when comparing results from studies performed with pulps obtained from 
the mill at different times.  
 
The amount of aerobic bacteria was also increased from 104 to 106 bacteria per milliliter 
during storage. No efforts were spent to sort out the relative effects of bacterial growth 
and leaching on the cationic demand/retention level. 
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Fig 16. The filler retention (%) as a function of the cationic demand in the liquid phase 
(µeq/l), for three different dosages of C-PAM (g/t). The study was performed using a 
baffled BDDJ (Britt 1973), at a 1500 rpm and for a microparticulate retention aid system 
based on C-PAM together with anionic montmorillonite clay. The stock suspension used 
was a mixture of standard pulp (60 %) and filler clay (40 %), at a consistency of 7 g/l. 
The stock sample volume was 700 ml. The residence times of the C-PAM´s were 60 
seconds and 30 seconds for the microparticle. The microparticle addition was constant, 2 
kg/t. The cationic demand was analyzed using a Mütek Particle Charge Detector 03. The 
samples were titrated with Poly-DADMAC (0.0001 equivalents per litre). 
 



 36

References 
 
Albinsson, C. J., Swerin, A. and Ödberg, L. (1995): Formation and retention during 
twin-wire blade forming of a fine paper stock, Tappi J., 78(4), p. 121-128. 
 
Alfano, J. C., Carter, P. W. and Whitten, J. E. (1999): Use of scanning laser 
microscopy to investigate microparticle flocculation performance, J. Pulp Paper Sci., 
25(6), p. 189-195. 
 
Andersson, K. (1984): Compozil – a multifunctional system of paper chemicals, 
Proceedings 1984 SPCI Conference, Stockholm, Sweden, SPCI, p. 241-243. 
 
Andersson, K. and Lindgren, E. (1996): Important properties of colloidal silica in 
microparticulate systems, Nord. Pulp Pap. Res. J., 11(1), p. 15-21. 
 
Beghello, L. and Lindström, T. (1998): The influence of carboxymethylation on the 
fibre flocculation process, Nord. Pulp Pap. Res. J., 13(4), p. 269-273. 
 
Bown, R. (1985): Review of methods for increasing filler loadings, Paper Tech. and Ind., 
26(6), p. 289-292. 
 
Britt, K. W. (1973): Mechanisms of retention during paper formation, Tappi, 56(10), p. 
46-50. 
 
Carré, B. (1993): Starch and alumina/silica based compounds as a microparticle 
retention aid system – an explanation of the synergisms, Nord. Pulp Pap. Res. J., 8(1), p. 
21-26. 
 
Clémençon, I. and Gerli, A. (1999): The effect of flocculant/microparticles retention 
programs on floc properties, Nord. Pulp Pap. Res. J., 14(1), p. 23-29. 
 
De Roos, A. (1958): Stabilization of fibre suspensions, Tappi, 41(7), p. 343-358. 
 
Eklund, D. and Lindström, T. (1991): Paper chemistry - an introduction, DT Paper 
Science Publications, Grankulla, Finland. 
 
Evans, F. and Wennerström, H. (1999): The colloidal domain: where physics, 
chemistry, biology and technology meet (2nd edition), John Wiley & Sons, New York. 
 
Fellers, C. and Norman, B. (1998): Pappersteknik, Institutionen för Pappersteknik, 
Royal Institute of Technology, Stockholm, ISBN: 91-7170-741-7, p. 100, (In Swedish). 
  
Gerli, A., Oosterhof, F. and Keiser, B. A. (1999): An inorganic nanosize particle – part 
of a new retention/dewatering system, Paper Technology, 40(10), p. 41-45. 
 



 37

Goring, D. (1986): New findings on the leaching of lignin and carbohydrate, Nordisk 
Cellulosa Special Edition, Mar. 1986, p. 30-32. 
 
Gregory, J. (1973): Rates of flocculation of latex particles by cationic polymers, J. Coll. 
Interface Sci., 42, p. 448-456. 
 
Hallgren, H. and Lindström, T. (1989): The influence of stock preparation on paper 
forming efficiency on a paper machine, Paper Techn. Ind., 20(2), p. 35-39. 
 
Hayes, A. J. (1985): 40 % filler loaded paper…dream or reality?, Paper Techn. Ind., 
April/May, p. 129-132. 
 
Hedborg, F. and Lindström, T. (1996): Some aspects on the reversibility of flocculation 
of paper stocks, Nord. Pulp Pap. Res. J., 11(4), p. 254-259. 
 
Honig, D. S., Harris, E. W., Pawlowska, L. M., O`Toole, M. P. and Jackson, L. A. 
(1993): Formation improvements with polymeric microparticle systems, Tappi 
Papermakers’ Conference, Atlanta, 1979, Tappi press, Atlanta, p. 153-162. 
 
Honig, D. S., Farinato, R. S. and Jackson, L. A. (2000): Design and development of 
the micro-polymer system – an organic microparticle retention/drainage system, Nord. 
Pulp Pap. Res. J., 15(5), p. 536-544. 
 
Honig, D. S. (2005): Organic microparticles, Micro and Nanoparticles in Papermaking, 
Ed. By Rodriguez, J.M., TAPPI Press, Norcross, Ga, USA. 
 
Horn, D. and Linhart, F. (1991): Retention aids, Paper Chemistry, J. C. Roberts (Ed.), 
Blackie, Glasgow and London, Chapman and Hall, New York, ISBN: 0-216-92909-1, 
Chap. 4. 
 
Horvath, E. and Lindström, T. (2007): The influence of colloidal interactions on fiber 
network strength, J. Coll. Interface Sci., 309, p. 511-517. 
 
Huang, T. and LePoutre, P. (1994): Effect of basestock roughness, absorbency and 
formation on uncalendered coated paper properties, 1994 Coating Conference, San 
Diego, California, USA, May 1-5, Tappi press, p. 263-268. 
 
Hubbe, M. A. (2005): Mechanistic aspects of microparticle systems, Tappi J., 4(11), p. 
23-28. 
 
Jaycock, M. J. and Swales, D. K. (1994): The theory of retention, Paper Technology, 
35(8), p. 26-33. 
 
Johansson, P-A. and Norman, B. (1996): Methods for evaluating formation, print 
unevenness and gloss variations developed at STFI, Process and Product Quality 
Conference, Cincinatti, OH, USA, October 14-17, 1996, Tappi press, p. 139-145. 



 38

Jokinen, O. and Ebeling, K. (1985): Flocculation tendency of papermaking fibres, 
Paperi Puu (Papper och Trä), 67(5), p. 317-325. 
 
Jokinen, O. and Palonen, H. (1986): Interdependence of retention and formation in the 
manufacture of SC paper, Paperi Puu (Papper och Trä), 68(11), p. 801-808. 
 
Jordan, B. D. (1985): Predicting the effect of formation on opacity and scattering 
coefficient, J. Pulp Pap. Sci., 11(2), p. 56-59. 
 
Kasper, D. R. (1971): Theoretical and experimental investigations of the flocculation of 
charged particles in aqueous solutions by polyelectrolytes of opposite charge, Ph.D. 
Thesis, California Institute of Technology, Pasadena. 
 
Kerekes, R. J. and Schell, C. J. (1992): Characterization of fibre flocculation regimes 
by a crowding factor, J. Pulp Pap. Sci., 18:1, p. 32-38. 
 
LaMer, V. K. and Healy, T. W. (1963): Adsorption-flocculation reactions of 
macromolecules at the solid-liquid interface, Rev. Pure Appl. Chem., 13, p. 112-133. 
 
Langley, J. G. and Litchfield, E. (1986): Dewatering aids for paper applications, Tappi 
Papermakers Conference, New Orleans, USA, 1986, Tappi press, p. 89-92. 
 
Lee, P. and Lindström, T. (1989): Effects of high molecular mass anionic polymers on 
paper sheet formation, Nord. Pulp Pap. Res. J., 4(2), p. 61-70. 
 
Lindström, T. (1989): Some fundamental chemical aspects on paper forming, 
Fundamentals of Papermaking, Baker C. F., Punton V. W. (Eds.), Trans. Ninth Fundam. 
Res. Symp., Cambridge, Mech. Publ. Eng. Publ. Ltd., London, 1989, p. 311-412. 
 
Lindström, T., Hallgren, H. and Hedborg, F. (1989): Aluminum based microparticle 
retention aid systems, Nord. Pulp Pap. Res. J., 4(2), p. 99-103. 
 
Lindström, T., Ljunggren, S., de Ruvo, A. and Söremark, C. (1978): Dissolution of 
carbohydrates and lignin during beating of kraft pulps, Svensk Papperstidn., 81(12), p. 
397-402. 
 
Lindström, T., Mähler, A. and Norman, B. (2006): Formation/retention relationships 
from STFI-Packforsk EUROFEX trials, 6th International Paper and Coating Chemistry 
Symp. 2006, June. 
 
Lindström, T., Wågberg, L. and Hallgren, H. (1986): Chemical additives strategies for 
the production of highly filled fine papers, EUCEPA/ATICELCA, 22nd Conf., Florence, 
Devt. & Trends in Sci. & Technol. of Pulp & Papermaking, Vol. 1, Paper no 13, p. 13:1-
13:17. 
 



 39

Mabee, S. W. (2001): Controlled filler preflocculation – improved formation, strength 
and machine performance, 2001 Tappi Papermakers Conferences Proceedings, March 11-
14, Cincinnati, Ohio, USA, Tappi press. 
 
Martinez, D. M., Buckley, K., Jivan, S., Lindström, A., Thiruvengadaswamy, R., 
Olson, J. A., Ruth, T. J. and Kerekes, R. J. (2001): Characterizing the mobility of 
papermaking fibres during sedimentation, 12th Fundamental Research Symposium, 
Oxford, September, p. 225-254. 
 
Mason, S. G. (1954): Fibre motions and flocculation, Pulp Pap. Mag. Can., 55(13), p. 96-
102. 
 
Moffet, R. H. (1994): On-site production of a silica based microparticulate retention and 
drainage aid, 1994 Tappi Papermakers’ Conference, San Francisco, USA, Tappi Press, 
Atlanta, p. 243-255. 
 
Norman, B. and Wahren, D. (1974): The measurement of mass distribution in paper 
sheets using a beta radiographic method, Svensk Papperstidn., 77(11), p. 397-406. 
 
Norman, B. (1989): Overview of the physics of forming, Fundamentals of Papermaking, 
C. F. Baker (Ed.), Transactions of the Ninth Fundamental Research Symposium held at 
Cambridge, Mechanical Engineering Publications Ltd., London, Volume 3, p. 73-149. 
 
Norman, B. and Söderberg, D. (2001): Overview of forming literature, 1990-2000, 
Science of Papermaking, C. F. Baker (Ed.), Transactions of the 12th Fundamental 
Research Symposium held in Oxford, September 2001, The Pulp & Paper Fundamental 
Research Society, Vol. I, p. 431-558. 
 
Ovenden, C. and Xiao, H. (2002): Flocculation behaviour and mechanisms of cationic 
inorganic microparticle/polymer systems, Colloids and Surfaces, A: Physicochemical and 
Engineering Aspects, 197(2002), p. 225-234. 
 
Parfitt, G.D. (1981): Dispersion of powders in liquids with special reference to 
pigments, Parfitt G.D. (Ed), Applied Science, London, p. 1. 
 
Sikora, M. D. and Stratton, R. A. (1981): The shear stability of flocculated colloids, 
Tappi, 64(11), p. 97-101. 
 
Silenius, P. (2003): Improving the combinations of critical properties and process 
parameters of printing and writing papers and paperboards by new paper-filling methods, 
Dr of Science in Technology Thesis, Dept. of Forest Products Technology, HUT, 
Finland. 
 
Smith, J. H. (1991): Laboratory comparisons of various multicomponent retention 
systems, Tappi Papermakers’ Conference, Seattle, USA, 1991, Tappi press, p. 481-499. 
 



 40

Soszynski, R. and Kerekes, R. J. (1988): Elastic interlocking of nylon fibres suspended 
in liquid, Part 1, Nature of cohesion between fibers, Nord. Pulp Pap. Res. J., 3(4), p. 172-
179. 
 
Svedberg, A. and Lindström, T. (2007a): A pilot-paper machine designed to study 
retention/formation relationships, to be submitted to Nord. Pulp Pap. Res. J. 
 
Svedberg, A. and Lindström, T. (2007b): The effect of various retention aids on 
retention and formation, to be submitted to Nord. Pulp Pap. Res. J. 
 
Svensson, O. and Österberg, L. (1965): Våta suglådors funktion, Del 3 - Inverkan på 
arkets egenskaper, Svensk Papperstidn., 68(11), p. 403-418 (In Swedish). 
 
Swerin, A. (1995): Flocculation and fibre network strength in papermaking suspensions 
flocculated by retention aid systems, Ph.D. Thesis, Royal Institute of Technology, 
Stockholm, Sweden. 
 
Swerin, A., Glad-Nordmark, G. and Sjödin, U. (1995): Silica based microparticulate 
retention aid systems, Paperi Puu (Papper och Trä), 77(4), p. 215-221. 
 
Swerin, A. and Mähler, A. (1996): Formation, retention and drainage of a fine paper 
stock during twin-wire roll-blade forming - implications of fibre network strength, Nord. 
Pulp Pap. Res. J., 11(1), p. 36-42. 
 
Swerin, A., Risinger, G. and Ödberg, L. (1997): Flocculation in suspensions of 
microcrystalline cellulose by microparticle retention aid systems, J. Pulp Paper Sci., 
23(8), p. 374-381. 
 
Swerin, A., Sjödin, U. and Ödberg, L. (1993): Flocculation of cellulosic fibre 
suspensions by model microparticulate retention aid systems – effect of polymer charge 
density and type of microparticle, Nord. Pulp Pap. Res. J., 8(4), p. 389-398. 
 
Swerin, A. and Ödberg, L. (1996a): Flocculation and floc strength – from the laboratory 
to the FEX paper machine, Das Papier, 50(10a), p. 45-47. 
 
Swerin, A. and Ödberg, L. (1996b): Flocculation of cellulosic fibre suspensions by a 
microparticulate retention aid system consisting of cationic polyacrylamide and anionic 
montmorillonite – effect of contact time, shear level and electrolyte concentration, Nord. 
Pulp Pap. Res. J., 11(1), p. 22-29. 
 
Swerin, A. and Ödberg, L. (1997): Some aspects of retention aids, Fundamentals of 
Papermaking Materials, Vol. 1, C. F. Baker (Ed.), Transactions of the 11th Fundamental 
Research Symposium held at Cambridge, September 1997, Pira International, Surrey, 
UK, p. 265-350. 
 



 41

Tanaka, H., Swerin, A. and Ödberg, L. (1993): Transfer of cationic retention aid from 
fibers to fine particles and cleavage of polymer chains under wet-end papermaking 
conditions, Tappi J., 76(5), p. 157-163. 
 
Wahren, D. (1972): Flocculation phenomena in wet processing, Proceedings Symp. 
Man-made Polymers in Papermaking, Helsinki, Finland, 1972, The Finnish Paper 
Engineers’ Association, The Finnish Pulp and Paper Institute, Helsinki, Finland, p. 241-
255. 
 
Wahren, D. (1979): Fiber network structures in papermaking operations, Proceedings, 
Conference in Paper Science and Technology – The Cutting Edge, Institute of Paper 
Chemistry, Appleton, USA, p. 112-129. 
 
Wahren, D. (1987): Numerical analysis of the influence of formation on the optical 
properties of paper, Int. Paper Physics Conference, Mont-Rolland, Montreal, Canada, 
1987, CPPA, TAPPI, PITA, p. 1. 
 
Wall, S., Samuelsson, P., Degerman, G., Skoglund, P. and Samuelsson, A. (1992): 
The kinetics of heteroflocculation in the system cationic starch and colloidal anionic 
silicic acid, J. Coll. Interface Sci. 151(1), p. 178-188. 
 
Wasser, R. (1978): Formation aids for paper - an evaluation of chemical additives for 
dispersing long-fibered pulps, Tappi, 61(11), p. 115-118. 
 
Wågberg, L., Ödberg, L., Lindström, T. and Aksberg, R. (1988): Kinetics of 
adsorption and ion-exchange reactions during adsorption of cationic polyelectrolytes onto 
cellulosic fibers, J. Coll. Interface Sci, 123(1), p. 287-295. 
 
Yan, H., Lindström, T. and Christiernin, M. (2006): Some ways to decrease fibre 
suspension flocculation and improve sheet formation, Nord. Pulp Pap. Res. J., 21(1), p. 
36-43. 
 
Zhao, R. and Kerekes, R. (1993): The effect of suspending liquid viscosity on fiber 
flocculation, Tappi J., 76(2), p. 183-188. 
 


