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Abstract 
In this work, the aim was to study flocculation, reflocculation and deflocculation phenomena  

with different chemical combinations. The flocculation of fillers (kaolin and PCC) was studied  
with polyelectrolyte complexes (PEC) with different combinations of cationic and anionic 
polyacrylamides. The effect of different cellulose nanofibrils (CNF) on the flocculation and  
retention of fillers was also studied in this thesis. Experiments were made with single 
component CNFs and also combining CNFs with different polyelectrolytes. Deflocculation 
kinetics was studied by adding anionic high molecular weight polyacrylamides (APAM) to high 
consistency fiber suspensions. The flocculation tests were made with the Turbiscan online  
device and retention of fillers with the Dynamic drainage jar (DDJ) device and deflocculation  
with a Focused Beam Reflectance Measurement (FBRM) device. Adsorption studies with the 
QCM-D (Quartz Crystal Microbalance with Dissipation, dewatering with DDA (Dynamic 
Drainage Analyzer) and rheology with the dynamic rotational rheometer were also made. 

Results show that PECs can enhance flocculation and reflocculation capacity significantly  
in comparison with the corresponding single polyelectrolytes and they can also be used in 
significantly wider concentration ranges. One of the important findings of this work was that  
one of the components of PECs should be a high molecular weight polyelectrolyte so that the 
PEC could effectively form polymer bridges between filler particles. More specifically, the  
component in excess in the PEC should have a higher or the same molecular weight than the 
other component. Different CNFs can also be used as effective flocculants alone and also in 
combination with polyelectrolytes. However, in order to flocculate effectively, CNFs have to be 
chemically modified to have a high number of charged groups in order to increase the electro- 
static interactions with filler and fines in the system. CNF systems also showed significant  
reflocculation, which is unusual for polymeric single flocculant systems. With anionic high 
molecular weight polyacrylamides, the positive effects are quickly diminished due to shear 
forces, and therefore, the best deflocculating effect is achieved in as short contact time as 
possible. The high molecular weight of APAM was shown to be beneficial to deflocculation and  
there is an optimum dosage level after which deflocculating effect starts to decrease. APAMs 
had a significant deteriorating effect on dewatering that was highly dependent on the contact 
time of the pulp suspension with APAM. 

This thesis presents new retention aid concepts and new information on flocculation and 
deflocculation kinetics with PECs, CNFs and APAMs. This knowledge could be useful in 
papermaking and also in other industrial fields such as in water treatment. 
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1. INTRODUCTION AND OUTLINE OF 
THE STUDY 

 

 

Paper mainly consists of wood fibers and different inorganic fillers such as 
kaolin and calcium carbonate. Thus, in papermaking the fiber suspension has a 
relatively heterogeneous size distribution, due to the variability in fiber and 
mineral size. The longest fibers are several millimeters long, and papermaking 
suspensions always contain also small-sized fiber fragments. These are usually 
referred to as “fines” and they are either purposely produced or are generated 
as a by-product of pulping and stock preparation. As the paper is formed in the 
forming section of the papermachine, long fibers can be easily retained since 
they can mechanically remain on the wire. Compared to fibres, fillers are smaller 
(couple of micrometres in diameter) and therefore they are retained at low levels 
since they can pass through the wire. Thus, retention aids are added in the wet-
end of the papermachine to increase retention of these small particles, and to 
flocculate and bind them to the paper web. Starch derivatives and acrylamide 
copolymers are the most commonly used retention aids, and they are typically 
used in their cationic forms.  Multicomponent retention systems are also ap-
plied to increase retention. However, an excess level of flocculation is not de-
sired, since it leads to non-uniform paper formation. The formation index quan-
tifies the variation of the local basis weight determined by the fiber distribution 
in the plane of the sheet. The higher the formation index, the poorer the paper 
quality and runnability problems are more likely in post-processing and conver-
sion. Since fibers have a tendency to mechanically flocculate in water suspen-
sions, formation aids are used to deflocculate fibers for the production of some 
paper grades. The flocculation of particles is a time-dependent process. It starts 
very fast and the interactions between particles and retention/formation aids 
depend significantly on the process conditions. In papermaking, particles may 
flocculate, deflocculate or re-flocculate simultaneously. Therefore it is im-
portant to understand how different retention aids and chemicals affect the ki-
netics of flocculation/deflocculation. 

 
The aim of this thesis was to study flocculation/reflocculation and defloccula-

tion phenomena with different chemical formulations applied in the wet end.  
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In Paper I, the flocculation of fillers (kaolin and precipitated calcium carbonate, 
PCC) with polyelectrolyte complexes (PEC) was studied. Different combinations 
of cationic and anionic polyacrylamides and their effects on flocculation kinetics 
were studied in real-time with a turbidity unit (Turbiscan) for online monitoring 
of flocculation.  

In Paper II, reflocculation and the breakage of PCC flocs with PECs were stud-
ied.  The most promising chemical combination from Paper I was used in Paper 
II with experiments carried out with Turbiscan online using alternating shear. 

In Paper III the effect of different cellulose nanofibrils (CNF) on the floccula-
tion and retention of fillers was studied. Similarly to Papers I and II, the floccu-
lation studies were conducted with the Turbiscan online device. In addition to 
flocculation, retention experiments with the Dynamic Drainage Jar (DDJ) were 
also performed. Retention and flocculation were compared after application of 
single component CNF systems, as well as by combining CNF with different 
polyelectrolytes.  

Lastly, Paper IV addresses deflocculation in high consistency fiber suspen-
sions.  In this paper deflocculation kinetics were studied by adding anionic high 
Mw polyacrylamides (APAM) to the fiber suspensions. The experiments were 
carried out with a Focused Beam Reflectance Measurement (FBRM) device. In 
order to gain additional insights, adsorption studies with the quartz crystal mi-
crobalance with dissipation monitoring (QCM-D) were performed as well as de-
watering with dynamic drainage analyzer (DDA) and dynamic rotational rhe-
ometry measurements.   

In spite of the different types of chemical systems that have been proposed or 
used in the past, there is always a need for new approaches to improve floccula-
tion and retention, the quality of paper and to reduce material costs (including 
the adoption of renewable materials). Together, Papers I-IV offer new concepts 
in the application of retention aids and provided better understanding about 
flocculation/deflocculation kinetics with PEC, CNF and APAM. The overall 
knowledge gained is expected to be useful in papermaking as well as in other 
industries such as in water treatment. 
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2. BACKGROUND 

 

2.1 Cellulosic materials 

 

Cellulose is by far the most abundant and one of the most important natural 
polymers available.  It can be found in different sources but in higher plants and 
nonwood species its main function is to provide mechanical strength. Cellulose 
is used in several industrial applications, mainly in papermaking, where wood 
fibers are the main raw material. The following section is focused on cellulose 
originating from wood since this work was concerned with wood fibers for pa-
permaking.  

2.1.1 Cellulose 

 

Cellulose is formed as a result of glucose photosynthesis and it forms the struc-
tural skeleton of plants. Cellulose is a linear and fairly rigid homopolysaccharide 
consisting of repeating D-anhydroglucopyranose units (AGU) (Fig 1). AGUs are 
linked together via –(14) glycosidic bonds between the C-1 and C-4 of adja-
cent AGU moieties (Klemm et al. 1998). In wood, cellulose constitutes about 40-
45 w- % of dry mass depending on the wood species. The degree of polymeriza-
tion (DP) of native wood cellulose is very high, up to 15 000, depending on the 
plant species, but pulping and bleaching of wood fibers usually reduces the DP 
to 500-2000 (Gullichsen and Paulapuro 2000).   
 

 
Figure 1. Structure of cellulose (http://commons.wikimedia.org/wiki). 
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Cellulose has a strong tendency to form both intra- and intermolecular hydro-
gen (H) bonds (Fig. 2). Intramolecular H-bonds can be formed with suitably 
adjacent OH groups in the molecule and main intermolecular bonding with in-
terchain bonding at O6-H•••O3. Due to the structure of cellulose, it is not solu-
ble in water or common organic solvents (Lindman et al. 2010). Intermolecular 
H-bonds are responsible for the rigidity of cellulose via co-crystallization of 
multiple chains into layered network structures. These structures first form el-
ementary fibrils, which are proposed to consist of 36 hydrogen-bonded cellulose 
chains with lateral dimensions estimated to vary between 3 and 5 nm.  As ele-
mental cellulose fibrils are further associated with other wood components (lig-
nin, hemicelluloses, pectin, etc.), large nano- and microfibrils are formed in 
which the amorphous and crystal regions alternate (Fengel and Wegener 1984, 
Somerville et al. 1998; Ding and Himmel 2006; Kontturi et al. 2006).  These 
microfibrils further form lamellas or bundles which are the primary component 
of wood fiber walls (Sjöström 1993).  
 

 
Figure 2. Inter- and intramolecular bonds of cellulose (Adapted from Olszewska 2013a) 
 

2.1.2 Fibrillar cellulose                                                                                                                                                           

 

As wood fibers are fibrillated in aqueous media by using mechanical and/or 
chemical treatments, the suspension is called cellulose microfibrils (CMF) or 
cellulose nanofibrils (CNF) depending on the characteristic size (Turbak et al. 
1983; Hubbe et al. 2008). The physical and chemical properties of CMF/CNF 
can vary significantly depending on the source of raw material and the produc-
tion methods. As the function of cellulose in wood is primarily mechanical 
strengthening and since it occurs closely related with hemicelluloses and lignin 
(both of which bind the cellulose fibrils together) (Lennholm and Henriksson 
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2007; Siró and Plackett 2010), CMF or CNF production from wood typically re-
quires first a chemical pulping process. Therefore, a common raw material 
source for wood-based CMF/CNF is bleached kraft pulp. The preparation of 
CMF/CNF is done by fibrillating wood fibers by mechanical shearing and im-
pact forces, and/or by chemical treatments. Mechanical shearing can be made 
e.g. by fluidizing (Turbak et al.1983; Herrick et al. 1983; Nagakaito and Yano 
2005; Eriksen et al. 2008), by refining (Iwamoto et al. 2005) or by grinding 
(Taniguchi and Okamura 1998; Iwamoto et al. 2005; Eriksen et al. 2008). The 
mechanical methods, however, consume a remarkable amount of energy, and 
thus most preparation methods include also chemical treatments in order to re-
duce energy demands. These include enzymatic treatment (Pääkkö et al. 2007; 
Henriksson et al. 2008), partial carboxymethylation (Walecka 1956; Borsa et al. 
2000; Wågberg 2008), TEMPO-oxidation (Saito et al. 2006; 2007; Isogai et al. 
2011) and cationization (Aulin et al. 2010, Olszewska et al. 2011). All different 
chemical methods give specific characteristics to the resultant CNF. The me-
chanical fibrillation methods preserve the amorphous domains of the cellulose 
and do not chemically degrade the cellulose molecules, though some cutting of 
microfibrils may occur. Carboxymethylation, TEMPO-oxidation and cationiza-
tion add charged groups to CMF/CNF and induce a polyelectrolyte-type of be-
havior. The CMFs/CNFs have very unique properties, the fibrils have a large 
specific surface area and high aspect ratio and they form a network already in 
very dilute aqueous suspensions. They have high strength properties with low 
density and they can be used in several different industrial applications. These 
cellulosic materials have already shown promising results in several fields such 
as composite materials (Hubbe et al. 2008), high strength films (Henriksson et 
al. 2008), paper strength aids (Ahola et al. 2008a; Eriksen et al. 2008; Guimond 
et al. 2010; Taipale et al. 2010b), rheology modifiers (Dimic-Misic et al. 2013) 
and flocculation and retention agents (Suopajärvi et al. 2013; Ämmälä et al. 
2013).   

 
 

2.2 Fillers 

 

As common practice fillers have been added for many years to paper in the wet 
end of the paper machine. Almost every paper grade contains some amount of 
filler. Different fillers are used in papermaking but the most common ones are 
kaolin, calcium carbonate, talc and titanium dioxide. The most important rea-
sons for adding fillers are to reduce the amount of fiber material in the paper 
and to enhance certain paper qualities. Because fibers are more expensive than 
fillers, fillers have been utilized in paper to reduce the price of paper. The second 
and perhaps the most important reason for introducing fillers is to improve pa-
per optical properties (Bundy and Ishley 1991; Hagemeyer 1997). In general, 
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optical properties that are enhanced due to addition of fillers are opacity, bright-
ness and color. The effect is, of course, dependent on the type of filler but almost 
every filler increases opacity. This is due to the fact that filler pigments scatter 
light more efficiently than fibers. Due to the scope of the present work, the main 
interest lays on kaolin and precipitated calcium carbonate (PCC), as described 
in the following sections. 

Kaolin is the most widely used pigment in paper. It is hydrated silica-alumi-
nate (Al4Si4O10(OH)8) and its structure is shown in Figure 3. Kaolin is both used 
as a filler, where it is added in the wet end before sheet formation, and also as 
an additive in coatings.  It is used because it is relatively cheap, it is reasonably 
white and abundant worldwide. The most common sources of kaolin are the 
Cornwall region in England and the state of Georgia in the United States (Pick-
ering and Murray 1994). 

 

  
Figure 3. SEM- image of kaolin showing plates and stacks (Murray 2000). 
 

In contrast to some other pigments in papermaking (such as TiO2, PCC) that 
are manufactured from chemical raw materials, kaolin clays are mined and pro-
cessed to make a suitable product and, therefore, kaolin quality depends on its 
crude source. Depending on the source, kaolin might contain a certain amount 
of impurities, which might affect its properties.    

The most important properties of kaolin that makes it suitable for paper in-
clude particle size and shape, color and brightness and the viscosity in a slurry 
form. For example, the size is highly variable, but filler clays usually are selected 
with an average particle size of about 1 to 3 micrometers. If one considers the 
reasons for using kaolin as a filler, besides overall cost reduction, kaolin clays 
are especially useful for creating gloss (in highly filled, supercalendered papers), 
for increasing resistance to air flow and for imparting a moderate decrease in 
the friction coefficient of paper (Bundy and Ishley 1991; Roberts 1996; Hage-
meyer 1997).  

Calcium carbonate is the chemical name of a varied group of physically differ-
ent materials. Calcium carbonate is usually categorized under two different clas-
ses: natural (obtained from mining), usually referred to as ground calcium car-
bonate (GCC) and, precipitated (chemically synthesized), usually referred to as 
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precipitated calcium carbonate or PCC (Bundy and Ishley 1991; Hagemeyer 
1997). Only PCC is used in this work and therefore is presented here with more 
detail.  

Precipitated calcium carbonate exists mainly in two forms, namely, calcite or 
aragonite. In reality most of the PCC that is added to the wet end of paper ma-
chines consists almost entirely of the calcite form of CaCO3. In order to manu-
facture PCC a high purity lime stone (95% calcium carbonate) is calcined 
(heated to drive off CO2) at the mine, producing quicklime, CaO (calcium oxide). 
Then, water is added to the quicklime to slake it, producing calcium hydroxide 
Ca(OH)2. Following, CO2 gas is bubbled through the calcium hydroxide to pre-
cipitate PCC (Eq. 1) (Hagemeyer 1997),  

CaOH2+CO2 =CaCO3+H2O   (1).  

The particle shape and size of PCC is mainly controlled by the mixing temper-
ature and pH. Low temperatures during the addition of CO2 tend to produce 
rhombohedral (blocky) PCC particles (Fig. 4). Higher temperatures during the 
addition of CO2 tend to produce scalenohedral (rosette-shaped) PCC particles 
(Bundy and Ishley 1991).  

Similarly to other fillers, the main objective of adding PCC to paper is to re-
duce material costs. However nowadays, the most important effect is to improve 
certain paper qualities. Thus, PCC is used to improve physical, optical and es-
thetical properties of paper. PCC addition increases opacity and brightness, im-
proves formation, smooth out the surface and therefore, provides better printa-
bility and cost savings due to reduced amount of higher cost fiber in the paper 
(Gill 1989; Tokarz et al. 1990; Fairchild 1992).   PCC can be used in different 
grades of paper but it is most useful in the printing and writing grades of paper. 
However, PCC can only be used in alkaline papermaking processes since it dis-
solves in acidic conditions. The properties exhibited by the filled paper depend 
on the properties of the PCC. Refractive index, brightness, whiteness, particle 
morphology, size, and distribution as well as specific surface area are important 
factors.  

  

Figure 4. SEM- images of scalenohedral (left) and rhombohedral (right) shaped PCC particles 

(Gill 1989).
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2.3 Charge of the particles 

 

For minerals and pigments, such as kaolin clays, isomorphous substitution of 
ions in the crystal lattice is important in the development of charges (Roberts 
1996). For a sparsely soluble substance such as CaCO3, the adsorption of ions at 
the particle interface needs to be considered. Kaolin clays are amphoteric by na-
ture which means they contain both cation and anion exchange sites (Zhou and 
Gunter 1992). The ratio of these sites depends on the pH and the chemical en-
vironment. The cationic exchange capacity originates from the isomorphous re-
placement of Al for Si in the kaolinite structure, which produces excess anionic 
charges in kaolin. Kaolinite surfaces can also be coated with gel-like materials 
rich in silica. The anionic exchange capacity is attributed to anion adsorption at 
the kaolin particle edges. Under acidic conditions these edges are positively 
charged through protonation of hydroxyl groups attached to Al atoms at the 
edges. Thus anion and cation adsorption changes with pH; protonation leads to 
cationic charges in the acidic region and deprotonation produces negative 
charges in the alkaline region. Usually the isoelectric point of kaolin is in the 
vicinity of pH = 2, depending on its purity. For calcium carbonate, the isoelectric 
point is in the pH region between 8.5 and 9 (Zhou and Gunter 1992; Roberts 
1996). Hence, in alkaline conditions, PCC tends to be weakly cationic (Gill 1989; 
Bundy and Ishley 1991; Fairchild 1992).  

The charge of the cellulosic fibers may originate from carboxyl, sulphonic acid 
and phenolic groups (Sjöström 1993). In the normal papermaking pH range the 
carboxyl and sulphonic acid groups are the major source of fiber charges. The 
pulping and bleaching procedures significantly affect ionic groups and thus the 
surface charge of the fibers (Laine and Stenius 1996; 1997). Kraft pulping usu-
ally decreases the carboxyl content of wood due to the dissolution of polysac-
charides, lignin and extractives. However, it may introduce new carboxyl groups 
to the cellulose. Kraft pulping also converts a significant part of 4-O-methylglu-
coronic acid groups to xylan and hexeuronic acid groups (Vuorinen et al. 1996). 
In mechanical pulps peroxide bleaching generates carboxylic groups and thus 
increases surface charge (Sundberg et al. 2003).  

 

2.4 Polyelectrolytes and polyelectrolyte complexes 

2.4.1 Polyelectrolytes 

 

Polyelectrolytes are polymers which carry electrostatic charges in aqueous 
media. The charge originates from ionisable groups which can dissociate in wa-
ter, producing the charges on the polymer chains and releasing counter ions into 
solution (Fleer et al. 1993; Jönsson et al. 1998; Dobrynin and Rubinstein 2005). 
Based on the nature of ionic groups they can be classified as polyacids, polybases 
or polyampholytes. Their properties depend on the pH, chemical environment 
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and dissociation level. The conformation of a polyelectrolyte depends on the 
electrostatic interaction between charged groups in the polymer chains and the 
ionic strength.  With highly charged polyelectrolytes the repulsion between 
charged groups is high, therefore they tend to adopt a more expanded, rigid and 
rod-like conformation. The polyelectrolytes with low charge density tend to be 
in a more coiled conformation.  

In general, polyelectrolytes tend to neutralize the opposite charge of the sur-
face onto which they adsorb (Fleer et al. 1993; Jönsson et al. 1998; Dobrynin 
and Rubinstein 2005). The properties of polyelectrolytes strongly affect their 
adsorption and the structure of the adsorbed layer (Figure 5).  For a charged 
polyelectrolyte, the charge density of the polymer and also the charge of the sur-
face strongly affect adsorption onto a surface. Polyelectrolytes with a low charge 
density have a more coiled conformation and form loops and tails protruding 
away from the surface upon adsorption. With this type of polyelectrolyte the 
amount adsorbed and the thickness of the layer is directly proportional to its 
molecular weight (Fleer et al. 1993; van de Ven 2000). With increasing molec-
ular weight the amount adsorbed increases. When a high charge density poly-
electrolyte adsorbs on a surface, it adsorbs in a flat conformation due to the 
more rigid conformation of polyelectrolyte (Fleer et al. 1993; van de Ven 2000). 

 

Figure 5. Adsorption with low and high charge density polyelectrolytes (Adapted from Roberts 

1996). 
 

One of the most used polyelectrolytes in papermaking is ionic polyacrylamides. 
Ionic polyacrylamides are copolymers of acrylamide and anionic or cationic vi-
nyl monomers (Roberts 1996) (Fig. 6). They can also be produced by modifying 
non-ionic polyacrylamides. The most important groups of anionic polyacryla-
mides (APAM) are acrylic acid or sodium acrylate. However, because most wet 
end particles are anionic in water and in order to provide high efficiency in pa-
permaking, polyelectrolytes are usually modified to make them cationic. Cati-
onic polyacrylamides (CPAM) are esters of acrylic or methacrylic acid and are 
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often used in papermaking as retention aids. The molecular weight of ionic pol-
yacrylamides has a significant effect on their efficiency in papermaking and, 
therefore, the molecular weight of polyacrylamides is usually several millions 
g/mol (Gregory 1989; Eklund and Lindström 1991; Rojas and Hubbe 2004). 
CPAMs are commonly used in dual- or multicomponent retention and floccula-
tion systems together with, e.g., APAM, anionic colloidal silica, anionic colloidal 
aluminum hydroxide or alkaline activated bentonite (Lindström 1989; Eklund 
and Lindström 1991; Swerin et al. 1997). Due to the scope of this work, other 
interesting retention systems are modified celluloses (Liimatainen et al. 2011, 
Ämmälä et al. 2013) and anionic CNFs in combination with cationic polyelec-
trolytes (Suopajärvi et al. 2013). 
  

 

 
Figure 6. Schematic picture of C-PAM (above) and APAM (below) molecular structures (Adapted 
from Roberts 1996). 
 

2.4.2 Polyelectrolyte complexes 

 

Polyelectrolytes are commonly used in paper machines in combination with 
other polymers or chemicals. In Papers I and II, the focus was in polyelectrolyte 
complexes (PEC), in which anionic and cationic polyacrylamides were used.  
CNFs can also be used as components in PECs (Ahola et al. 2008), but they were 
not involved in these Papers. Cationic and anionic polyelectrolytes are mixed 
together leading to the formation of PECs due to electrostatic interactions be-
tween the oppositely charged polyelectrolytes. Also, other interactions such as 
hydrogen bonding and hydrophobic interactions can play a role in PEC for-
mation (Thünemann et al. 2004). Depending on the conditions, PEC complexes 
may consist of a charge neutralized core surrounded by a shell of an excess com-
ponent, which stabilize the particles against further aggregation (Dautzenberg 
and Jaeger 2002). Complexation is strongly dependent on the molecular weight 
and the charge density of the polyelectrolytes, charge and mixing ratio, chemical 
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environment and shear (Petzold et al. 1998; Mende et al. 2002; Chen et al. 2003; 
Saarinen et al. 2008; Salmi et al. 2007; Xiao et al. 2009). 

With polyelectrolytes of low charge density, the association of polyelectrolytes 
is weak and PECs are highly swollen and may disperse into colloidal particles 
under shear. With high charge density polyelectrolytes, PECs are stable and well 
defined. Insoluble complexes that precipitate into solid particles or macroscopic 
flocs might form due to the strong electrostatic interactions (Kramer et al. 1998; 
Mende et al. 2002; Gernandt et al. 2003). The mixing ratio strongly affects PEC 
formation. Under a molar charge ratio of 0.5, PECs are stable, but PEC for-
mation becomes more unstable as the ratio approaches 1:1, due to the strong 
aggregation and macroscopic flocculation (Petzold and Lunkwitz 1995). How-
ever, PECs may become soluble if the charge ratio is increased again after pre-
cipitation (Petzold et al. 1998; Hubbe 2005).  

PECs are able to increase the amount of retained polymer in the fiber network, 
making the fiber surface smoother and increasing the bonded area, and thus, 
increasing the bonding of the fiber network. PECs have been reported to in-
crease the strength properties of paper (Gärdlund et al. 2003; 2007; Lofton 
2005; Torgnysdotter and Wågberg 2006; Vainio et al. 2006) and to improve 
dewatering (Xiao et al. 2009), sheet formation (Bessonoff et al. 2006) and re-
tention and flocculation (Petzold et al. 1996; 2003a; 2003b; Nyström and 
Rosenholm 2005).  
 

2.5 Flocculation of fibers and particles 

2.5.1 Mechanical flocculation 

 

Depending on the paper grade, the pulp suspension consists of different 
amounts of fibers, fiber fines, fillers and other additives. Depending on their 
ratio, a different degree of flocculation occurs in the suspension. Fibers which 
have large length-to-diameter ratio have a high tendency to aggregate in water 
suspensions and form flocs. If the flocs are not broken, they persist in the 
formed sheet of the paper, resulting in an undesirable nonuniform fiber distri-
bution (Swerin and Mähler 1996). For long fibers the aggregation and the net-
work formation are caused primarily by mechanical entanglement (Meyer and 
Wahren 1964, Parker 1972). The crowding factor is one way to estimate floccu-
lation and it is based on the properties of the fiber suspension (Kerekes et al. 
1985, Kerekes and Schnell 1992). The crowding factor has been defined as 
Nc=2/3Cv(L/d)2, where Cv is the volume fraction of fibers, l is the fiber length 
and d is the fiber diameter. With increasing crowding factor the frequency of 
collision increases from occasional to frequent. In stirred suspensions with 
crowding values over 60, the suspension becomes continuous and persistent 
flocs appear (Soszynski 1987). Usually the Nc values in the forming sections of 
paper machines are somewhere below 60, where fibers frequently collide with 
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each other (Kerekes and Schell 1992). Many different parameters affect the me-
chanical flocculation of the fibers besides consistency, length and diameter of 
fiber. Fiber curliness, stiffness, fiber length distribution, fibrillation and hydro-
dynamic forces affect the degree of flocculation of the fibers (Kerekes 2006, 
Hubbe 2007). It has also been shown that the surface properties of the fiber, 
such as the charge and the friction forces between surfaces, affect the floccula-
tion tendency of the suspension (Beghello 1998; Zauscher and Klingenberg 
2001; Martinez et al. 2003; Silveira et al. 2002, Yan and Norman 2006; Yan et 
al. 2006a). Due to curls or kinks or a highly fibrillated surface, fibers may en-
tangle with each other and resist breaking forces.  This type of entanglement is 
often referred as ‘hooking’ and it is an important factor causing flocculation in 
the dilute regime of fiber suspension (Fig. 7, left) (Kerekes 2006). In the more 
concentrated regime (Nc >60), bending of fibers and friction forces between 
them are the main cause for fiber flocculation. Under hydrodynamic conditions 
fibers are constantly and momentarily bent (Fig. 7, right), and when fibers 
straighten themselves, they lock together with other fibers (Fig. 8). Floc struc-
tures which are formed this way are held together by the stored elastic energy in 
the bent fibers in combination with the inter-fiber friction. Fig. 8 shows the 
three simplest self-locking arrangements of flocs (Parker 1972). 

By introducing hydrodynamic shear, formed flocs may break down. The fibers 
may erode from the surface of the floc or flocs may split in two (Hubbe 2007). 
This is especially the case if the fiber suspension experiences elongational flow. 
For example, in the headbox nozzle of the papermachine where the stock is ac-
celerated, this kind of flow develops. This tends to orient fibers which will cause 
floc stretch and rupture (Svedberg 2012). 
 

 
Figure 7. Hooking of fibers (left) bending of fibers due to shear forces (right) (Kerekes 2006 ). 
 
 

 

 
Figure 8. Three simplest locking of fibers (Hubbe 2007). 
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2.5.2 Flocculation with chemicals 

 

Besides mechanical flocculation, chemical flocculation is important in pa-
permaking. Chemical flocculation is driven by the addition of different chemi-
cals, for example, to increase retention or enhance paper properties (Roberts 
1996). The most important chemicals affecting flocculation include retention 
aids. Retention aids are usually high molecular weight polyelectrolytes and they 
are used to bind small particles such as fiber fines and fillers to the paper sheet. 
Retention aids usually have a cationic charge due to the anionic nature of parti-
cles in the fiber suspension. A good example of a retention aid is CPAM (Roberts 
1996). When a high molecular weight polyelectrolyte is added to the suspension 
containing cellulose fibers and fillers, the degree of flocculation increases. An 
increased flocculation is a result of the interaction between the polyelectrolyte 
and the particles of the suspension. These types of high molar mass polyelectro-
lytes work through the bridging mechanism (Fig. 9, left). First, the polyelectro-
lyte adsorbs on particles surfaces, then the protruding chains of the polyelectro-
lyte connect to other particles, i.e., form bridges between them and subse-
quently, bigger aggregates form (Gregory 1989; Roberts 1996; van de Ven 
2005).   This type of flocculation occurs even when electrostatic repulsions be-
tween particles should be high enough to inhibit inter particle collision. 

Particle aggregates can also be formed by using high charge density polyelec-
trolytes (e.g., poly-DADMAC, PEI) (Kasper 1971; Alince and van de Ven, 1993; 
Roberts 1996; Deng and Yoon 2004; Fuente et al. 2005). They tend to adsorb 
on particle surfaces in a patch-like manner (Fig. 9, right). When these cationic 
patches on the particle surface interact with the negative surface of the adjacent 
particle they can form aggregates. The aggregates formed by patching tend to 
break when they are under high hydrodynamic shear but reflocculation of these 
particles may occur if the shear is decreased (Deng and Yoon 2004). 
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Figure 9. Principle of bridging and patching flocculation (Adapted from Roberts 1996). 
 

Besides the properties of the polyelectrolytes, the chemical environment af-
fects the efficiency of flocculation. The effectiveness of polyelectrolytes is re-
duced in the presence of highly anionic colloidal material (Alince 1988, Vanerek 
et al. 2000) because polyelectrolytes tend to form complexes with the colloidal 
material rather than to flocculate fibers and fillers. Also, a high salt concentra-
tion tends to decrease flocculation due to the reduction of electrostatic interac-
tions between the polyelectrolyte and the particles and also due to the more 
compact structure of the polyelectrolyte (Beghello and Eklund 1999). 

Under hydrodynamic conditions (e.g., in a papermachine) the adsorption of 
cationic polyelectrolyte is primarily a time-dependent electrokinetic process 
(Lindström 1987a; 1987b; 1987c). Flocculation may occur perkinetically by 
Brownian motion or orthokinetically by fluid motion or settling. Because diffu-
sion by Brownian motion is very slow, the dominant mechanism under pa-
permaking conditions is the orthokinetical motion due to turbulent flow. After 
initial adsorption, the polyelectrolyte chains continue to reconform and rear-
range to find their minimum free energy state (Wågberg and Lindström 1987a; 
Falk et al. 1989; Aksberg and Ödberg 1990; Saarinen et al. 2009). Flocculation 
is a very rapid phenomenon under hydrodynamic conditions; the initial floccu-
lation takes place within fractions of seconds and continues for several minutes 
(Wågberg and Lindström 1987a; 1987b; 1987c; Falk et al. 1989; Gregory 1989). 
Flocs formed by bridging are strong but also very brittle. Many studies have 
shown that floc size may decrease significantly if the flocculated particles are 
put under high shear for extended period of time (Sikora and Stratton 1981; 
Hubbe 1986; Swerin and Ödberg 1993; Swerin et al. 1996a; Goto and Pelton 
2000; Blanco et al. 2002; 2005; Burgess et al. 2002; Deng and Yoon 2004; 
Yukselen et al. 2006; Rasteiro 2008; Rasteiro et al. 2008; Antunes 2009, Tai-
pale 2010a). The papermachine includes sections where slurries are exposed to 
high shear conditions, such as in the dilution (fan) pump or in the pressure 
screens (Tam doo et al. 1984). These high shear forces tend to break down flocs 
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formed after the polyelectrolyte addition. This is suggested to be due to poly-
electrolyte detachment, chain breaking and redistribution (Sikora and Stratton 
1981; Tanaka et al. 1993; Swerin and Ödberg 1993; Swerin et al. 1996a; Cho et 
al. 2006).  

Usually, single component systems are not the most efficient way to flocculate 
particles. Therefore, several different multicomponent systems have been stud-
ied in the past. These include, for example, the use of a high molecular mass 
polyelectrolyte in a combination with silica or bentonite (Eklund and Lindström 
1991; Swerin and Ödberg 1993; Wågberg et al. 1996; Swerin et al. 1997; Burgess 
2001). Also dual systems of two oppositely charged polyelectrolytes have been 
shown to improve flocculation efficiency. Typically, in these types of systems a 
cationic high charge density and low molecular weight polyelectrolyte (e.g., PEI 
or P-DADMAC) is added first to form cationic spots on the particle surface. After 
that, an anionic polyelectrolyte with a low charge density and a high molecular 
weight is added (e.g. APAM) to form bridges between cationic floc aggregates 
(Hedborg and Lindström 1996; Deng and Yoon 2004; Yukselen et al. 2006). In 
this way, polyelectrolytes form bilayer structures which resemble the polyelec-
trolyte multilayer (Aulin et al. 2008; Wågberg et al. 2008). Polyelectrolytes can 
also be added as PECs. They have also been shown to enhance flocculation and 
increase the range for the optimum flocculation concentration (Petzold and 
Lunkwitz 1995, Petzold et al. 1996, 2003a, 2003b, Hubbe 2005). 

One important factor that affects the paper quality in paper machines is the 
reflocculation of particles. In the formation section of the paper machine high 
shear forces decrease significantly (Tam Doo et al. 1984) and as a consequence, 
broken flocs may reflocculate. The reflocculation of flocs could have strong pos-
itive impact on dewatering due to the more open structure of the paper web. 
According to the theory presented by Kasper (1971), only patch flocculants show 
reversible flocculation behavior. In contrast, flocculants which function through 
bridging usually show almost no reflocculation behavior (Hedborg and 
Lindström 1996; Deng and Yoon 2004; Rasteiro 2008; Rasteiro et al. 2008). 
They usually flatten on the surfaces and therefore almost no reflocculation oc-
curs. However, it has been shown that at low polymer dosages, a slight reversible 
flocculation is possible (Blanco et al. 2002; 2005). By using combinations of 
different chemicals, the reflocculation ability can be significantly increased. Sys-
tems with microparticles have been reported to promote reversibility (Swerin 
and Ödberg 1993; Hedborg and Lindström 1996; Swerin et al. 1997; Hubbe 
2001; Deng and Yoon 2004). Compared to single polyelectrolytes, reversibility 
is higher when using a high charge density polyelectrolyte in combination with 
a high molecular weight flocculant (Yukselen et al. 2006, Deng and Yoon 2004). 
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2.5.3 Deflocculation with chemicals 

 

If fibers are flocculated too much, the paper formation index (local basis 
weight variations determined by the fiber distribution in the plane of the sheet) 
might be significantly increased (worse formation). This might have a strong 
negative influence on many sheet properties such as the strength and printabil-
ity (Roberts 1996). Particles (especially fibers) can be deflocculated by using cer-
tain chemicals. These chemicals are called formation aids and they are catego-
rized in two types depending on their suggested working mechanism (Beghello 
and Lindström 1998). The first suggested method is that adsorbed polymer lay-
ers prevent flocculation (steric stabilization). It is also assumed that the ad-
sorbed polymer layers alter fiber surface properties such as friction, charge, etc. 
Early publications have shown that by friction between fibers can be altered and 
formation can be improved by adsorbing on fibers polymers such as guar (De 
Roos 1958). In this case it has been suggested that adsorbed layers can be in the 
form of a hydrated mantle, which helps to lubricate fibers and slide relative to 
each other.  More recently, carboxymethylation of the fibers has shown a similar 
decrease of friction between fibers (Beghello and Lindström 1998; Yan et al. 
2006b; Olszewska et al. 2013b). Similarly, xyloglucan has been found to de-
crease flocculation by decreasing friction between fibers (Christiernin et al. 
2003; Yan et al. 2006b). Another suggested mechanism is that dissolved, non-
adsorbing polymers present between fibers can prevent flocculation. Lee and 
Lindström (1989) noticed improved formation of paper when using water solu-
ble polyelectrolytes, anionic polyacrylamides (APAMs).   These kinds of disper-
sants are usually high molecular weight polyelectrolytes, which increase the vis-
cosity of the suspending medium, and hence decrease the flocculation of fibers. 
They also act as drag reducing additives in turbulent flow as they dampen the 
turbulence in flowing fiber suspensions.  The drag reduction has been seen to 
correlate very well with improved formation (Svedberg 2012). Another possible 
explanation for the working mechanism of dispersants is that they prevent close 
contact between fibers due to their large physical size (Wasser 1978).  The prop-
erties of non-adsorbing dispersants have been noticed to have a significant ef-
fect on deflocculation efficiency (Wasser 1978; Palonen and Jokinen 1986; Lee 
and Lindström 1989; Svedberg 2012). Usually with increasing molecular 
weight, the deflocculation effect increases (Wasser 1978; Svedberg 2012). How-
ever, with these types of deflocculants, the increase in the molecular weight usu-
ally has a significant detrimental effect on dewatering (Lee and Lindström 
1989). The most efficient polymer structure for deflocculation is linear but also 
partially branched polymers can be effective if high enough dosages are used. 
With highly branched anionic polyelectrolytes the deflocculating effect has been 
found to be negligible (Svedberg 2012).  
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3. EXPERIMENTAL 

3.1 Materials  

3.1.1 Fillers 

Two different fillers were used in the experiments (Papers I-III). The kaolin 
was Intrafill C obtained from Imerys International, France (Papers I and III). 
Dried precipitated calcium carbonate (PCC) was provided by Specialty Minerals 
Inc., USA (Papers I, II and III). Both fillers were dispersed to a dry solids content 
of 20-30 w-% in distilled water without dispersing agents. The mean particle 
size of PCC and kaolin was ca. 2 and 5 μm, respectively (given by the manufac-
turers). 

For the experiments with PECs, filler suspensions were diluted to a concen-
tration of 0.1 w-% in saline solution of 1 mmol/l NaHCO3 + 9 mmol/l NaCl and 
with CNF to 10 mmol/l NaCl. The pH of the suspensions was adjusted with 0.1 
M HCl to 8.5 for PCC and 5.0 for kaolin. Under these conditions the zeta poten-
tial of PCC was cationic (+ 15 mV) and that of kaolin was clearly anionic (-43 
mV).   
 

3.1.2 Cellulosic materials 

 

For the retention experiments, bleached thermomechanical pulp (TMP) was 
used and delivered from a Finnish pulp mill. In the deflocculation experiments 
(Paper IV) the pulp used was a fully bleached kraft pulp, delivered dried from a 
Finnish pulp mill. It was disintegrated to oSR=22 (ISO 5263-1) and washed to 
sodium form (Swerin et al. 1990). 

In the flocculation and retention experiments three anionic and two cationic 
CNFs were used (Paper III). They were prepared at the Finnish Centre for Nano-
cellulosic Technologies (Espoo, Finland). The starting material was industrial 
bleached hardwood kraft pulp. The low charged anionic CNF was fibrillated 
without chemical modification by using only mechanical shearing (4 passes 
through a high-pressure fluidizer, Microfluidizer M-110EH, Microfluidics Corp, 
Newton USA).  The other two anionic CNFs were chemically modified before 
fibrillation (one pass in the microfluidizer); one with the carboxymethylation 
(CM) process (Walecka 1956; Ahola et al. 2008b; Wågberg et al. 2008) and the 
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other with the TEMPO oxidation process (Bragd et al. 2004; Saito et al. 2006, 
2007). The two cationic CNFs were prepared by cationizing bleached birch fiber 
(UPM) with commercial Raisacat-reagent (73% glycidyl trialkylammoni-
umchloride) with NaOH and water as the catalysts. The total nitrogen (g/kg) of 
washed samples was analyzed by Kjeldahl titration. The degree of substitution 
was calculated from the total nitrogen results. Cationic fibers were fibrillated 
(one pass) by the Masuko Supermass Colloider (MKZA10-15J, Japan). For the 
experiments, CNF was diluted to a consistency of 0.2% at pH 8 and with a saline 
concentration of 10 mmol/l NaCl. The charges of the CNF were determined by 
conductometric titration using the method described by Junka et al. (2013). The 
charge density for the CNF was -0.065 meq/g for the unmodified grade and -
0.55 meq/g and -1.0 meq/g for the CM and the TEMPO grades, respectively. For 
cationic CNFs the charge density (CD) was 0.41 meq/g for low CD CNF and 1.37 
meq/g for high CD CNF. 

In the deflocculation experiments (Paper IV) cellulose microfibrils (CMF) and 
cellulose nanofibrils (CNF) were prepared from bleached kraft pulp, which was 
washed to its sodium-form (Swerin et al. 1990). The CMF was obtained with a 
Masuko Supermasscolloider (Japan) three passes and the CNF with a high-
pressure fluidizer (Microfluidizer M-110EH, Microfluidics Corp, Newton USA) 
for 30 passes, according to the procedure described by Eronen et al. (2011). The 
charge of the pulp used as a starting material was determined by conductomet-
ric titration (Katz et al. 1984) to be about -65 μeq/g.  

3.1.3 Polyelectrolytes 

 

In the flocculation, reflocculation and deflocculation tests, cationic and ani-
onic polyacrylamides (PAMs) were obtained from Kemira Ltd, Finland and pol-
yethyleneimine (PEI) from Sigma-Aldrich St. Louis, MO, USA. Anionic poly-
acrylamides (APAM) were synthesized by copolymerization of acrylamide and 
acrylic acid and cationic polyacrylamides (CPAM) were copolymers of acryla-
mide and dimethylaminoethyl acrylate quarternized with methyl chloride. For 
the experiments with the PECs (Papers I and II), three A-PAMs (A-HMW, A-
MMW and A-LMWHCD) and three C-PAMs (C-HMW, C-MMW and C-LMW) 
with different molar masses and charge densities were used. In the flocculation 
and reflocculation tests with CNFs (Paper III), one CPAM (C-HMW), one cati-
onic branched PEI and two APAMs (A-HMW and A-MMW) were used. In the 
deflocculation tests, four different APAMs were used (paper IV). All these PAMs 
and PEI were classified based on the molecular weight (Mw) and the charge 
density (CD). The molecular weights (MW) of the polyelectrolytes were given by 
the producers and the charge densities (CD) were determined by using polyelec-
trolyte titration (Koljonen et al. 2004). The properties and codes of polyelectro-
lytes are summarized in Table 1.   
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Table 1. Main properties of polyelectrolytes used in the experiments and Paper number where 
the polymer was used. 

3.2 Methods 

3.2.1 Preparation of the polyelectrolyte complexes 

 

Six PEC systems were examined in the flocculation tests (Paper I) (F, Table 2) 
and three in the reflocculation tests (Paper II) (R, Table 2). The effect of the 
molecular weight, the charge, and the mixing ratio of the components on floc-
culation was tested. The main focus was to study PEC formation from a low 
charge density polyelectrolyte; only one of the studied polyelectrolytes had a 
high charge density (A-LMWHCD). Anionic and cationic polyacrylamides were 
mixed together in the following charge ratios: (APAM:CPAM) 3:1, 2:1, 1:1, 1:2, 
1:4, 1:7 and 1:10. Before complex formation the APAM and CPAM stock solu-
tions (1g/l, prepared one day before experiments) were diluted to a concentra-
tion of 0.25 g/l and the salt concentration was adjusted to 1 mmol/l NaHCO3 
and 9 mmol/l NaCl (pH with buffer was 8.5). PECs were then prepared by mix-
ing these solutions together by using a magnetic stirrer (500 rpm, 1 hour). 
Hence, the final concentrations of PECs were 0.25 g/l.   

 
Table 2. Compositions of the PEC systems tested 

Polyelectrolyte A-HMW:  Anionic, 
high Mw, low charge 
density 

A-MMW:  Anionic, 
medium Mw, low 
charge density 

A-LMWHCD: Anionic, 
low Mw, high charge 
density 

C-HMW:  Cationic, high 

Mw, low charge density 
F,R F F 

C-MMW:  Cationic, me-

dium Mw, low charge 

density 

F,R F 

C-LMW: Cationic, low 

Mw, low charge density 
F,R 

Codes Molecular 
weight (Mw)
(106 g/mol) 

Charge density 
(CD) 

(meq/g)

Used in Paper 
#

C-HMW (CPAM) 7 1.2 I,II,III 
C-MMW (CPAM) 2 1.4 I,II 
C-LMW (CPAM) 0.5 1.4 I,II 
A-HMW (APAM) 7 -1.6 I,II,III 
A-MMW (APAM) 2 -1.3 I,II,III 

A-LMWHCD (APAM) 0.5 -6.0 I 
LMW-LCD (APAM) 7 -1.1 IV 
LMW-HCD (APAM) 7 -3.5  IV 
MMW-LCD (APAM) 12 -1.0 IV 
HMW-HCD (APAM) 15-17 -3.2 IV 

PEI 0.1 6.0 III 
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3.2.2 QCM-D device  

 

Adsorption experiments were carried out in order to elucidate the effect of the 
properties of the APAM sued (Paper IV). A using a quartz crystal microbalance 
with a dissipation, QCM-D, from Q-sense, Sweden (Rodahl et al. 1995) was em-
ployed. This instrument measures the resonance frequency (f) of a piezoelectric 
crystal at its fundamental resonance frequency (5 MHz) and at several over-
tones. The QCM crystals (resonators) can be modified by deposition of other 
materials such as cellulose (Ahola et al. 2008b, 2008c). The lowering of the res-
onance frequency ( f) occurs as material is adsorbed on the crystal surface.  
Roughly, f is proportional to the adsorbed mass per unit surface (Eq. 2), 

       
   

  (2), 

 

where C is the device sensitivity constant (17.7 ng Hz-1 cm-2 for a 5 MHz quartz 
crystal) and n is the overtone number.   

QCM-D also measures the dissipation energy of the adsorbed layer as it is 
sheared ( D) . Changes in D as material is adsorbed give information of the 
viscoelastic properties of the layer. A rigid adsorbed layer gives small change in 
the dissipation energy but for loose, viscoelastic layers an increase in dissipated 
energy as a function of adsorption will be registered.  

f depends on the total oscillating mass, including water, coupled to the oscil-
lation. By measuring several frequencies and the related dissipation, it becomes 
possible to determine whether the adsorbed layer is rigid or water-rich, which 
is not possible by looking at only the frequency response.  

In this study, the adsorption of anionic deflocculants was studied on CNF sur-
faces. More detailed information of the experiments can be found in the Paper 
IV. 

3.2.3 Particle size and electrophoretic mobility measurements 

 

The particle size of the PECs was determined by photon correlation spectros-
copy using the Coulter N5 particle size analyzer (Coulter Electronics Inc., New 
England, USA). The N5 is equipped with a 632.8 nm helium-neon laser and the 
system can analyze particles from six different angles. The measurement range 
is from 0.003 μm to 3 μm. Coulter N5 is designed for measurements of spherical 
particles; for non-spherical particles (such as PECs), the values generated by 
Coulter N5 should be considered only as estimated, relative values.  

n
fCm 
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The charge characteristics of the PECs were determined as electrophoretic 
mobility with a Coulter Delsa 440 Doppler electrophoretic light scattering ana-
lyzer (Coulter Electronics Inc., New England, USA). The analyzer is equipped 
with a helium-neon laser and it measures mobility distribution of particles 
whose size lies between 0.01 and 30 μm. The system analyzes particles by mak-
ing independent laser-Doppler measurements at four different angles (7.5º, 15º, 
22.5º and 30º) simultaneously. The results are expressed in terms of zeta po-
tential. 

3.2.4 Rheological measurements 

 
To simulate the effect of APAM on fiber-fiber interactions, the rheology and 

deflocculation of a CMF suspension with APAMs was studied using a dynamic 
rotational rheometer (ARG2, TA Instruments) (Paper IV). APAMs were dis-
solved in distilled water and then combined with a diluted CMF suspension and 
mixed with an ultrasonicator (Branson digital sonifier 450, USA) for 2 min at 
25% amplitude.  

Rheological measurements were performed in the concentric cylinders geom-
etry (radii 14.00 and 15.19 mm) having an anodized aluminum surface (Al2O3). 
In the amplitude sweep, the storage modulus (G’) represents the part of the ap-
plied energy that is stored in the system and the loss modulus (G’’) indicates the 
viscous losses during the oscillation (Ferry 1980). The gel strength of the sus-
pensions was determined from the storage modulus level in the linear viscoe-
lastic region at the strain of 0.05%. 

The floc structure of the suspensions was studied in the rheometer by using a 
transparent polymethylmethacrylate (PMMA) cup of radius 14.87 mm, with the 
same inner cylinder as in the rheological characterization, the suspension was 
photographed after controlled shearing. The imaging method is described in de-
tail in Karppinen et al. (2012). The photographs were taken with a Nikon D90 
camera (Nikon Corporation, Japan) with a macro objective controlled by NKRe-
mote software (Breeze Systems Limited, UK) after shearing the suspension at a 
rate of 5 s-1 for 10 min. 

3.2.5 Flocculation and reflocculation tests 

 

Flocculation and reflocculation of fillers was studied with a Turbiscan online 
optical analyzer (Formulaction, France). In this device a near-infrared focused 
LED (wavelength 850 nm) illuminates the scattering medium flowing through 
a cylindrical glass tube. Both the transmitted (detection angle 0º) and the 
backscattered (detection angle 135º) light flux were measured with the device. 
Details of the use of this device are presented elsewhere (Bordes et al. 2002).  

In order to measure flocculation as a function of time the Turbiscan Online 
was built into a circulation system (Fig. 10). The suspension was pumped 
through the measuring cell with a flow rate of ca. 10 ml/s. The diameter of the 
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tubes was 3 mm. The transmission and the backscattering values were meas-
ured every 0.5 s. The concentration of the slurry was 0.1% and the salt concen-
tration was 1 mmol/l NaHCO3 and 9 mmol/l NaCl in every test. In flocculation 
tests filler slurry (200 ml) was continuously pumped from the sample vessel 
(geometry was similar to Britt jar, Britt and Unbehend 1976) equipped with the 
magnetic stirrer (500 rpm mixing rate). After polyelectrolyte or PEC addition to 
the sample slurry, mixing of the sample was continued with a mixing rate of 500 
rpm for a chosen period of time. In reflocculation tests the sample (600 ml) was 
mixed for 60 s with a stirring speed of 500 rpm. After that, the stirring speed 
was increased to 1000 rpm for 60 s and then decreased back to 500 rpm for 60 
s. This procedure was repeated 4 times in total. The estimated values for shear 
rates for the Britt jar have been measured by Hubbe (1986). Shear stress values 
were 2000 Pa for 500 rpm and 6000 Pa for 1000 rpm.  
 

 
Figure 10. Schematic picture of the circulation system used in the experiments (Papers I, II and 
III). 
 

Reflocculation of flocs (R) was evaluated by using a modified form of the re-
versibility index suggested by Hedborg and Lindström (1996) (Eq. 3).  It is de-
fined as, 

 
R=(B-A)/(C-A),  (3) 
 
where A is the fine particles retention at high shear level, C is the fine particles 

retention efficiency at low shear level and B is the fines particle retention effi-
ciency after exposure to higher shear when the system is returned to a low rate 
of stirring.  

 In our experiments the reversibility index was calculated by using the trans-
mission data of the samples, instead of the particles retention. 
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3.2.6 Deflocculation experiments 

 

A focused beam reflectance measurement device (Lasentec D600-L, Mettler-
Toledo AutoChem Inc., USA) was used for the deflocculation experiments (Pa-
per IV). The details of the measurement principles are presented elsewhere 
(Taipale et al. 2010a).  In the measurement, the number of particles can be 
measured in a several different particle size ranges. In order to evaluate the 
change in the amount of particles in a certain particle size range, a relative count 
index (Nr) was calculated by using Eq. 4, 

 

0

1

N
NNr     (4), 

 

where N0 is the number of particles (counts) at a certain particle size range be-
fore deflocculant addition, and N1 is the number of particles (counts) at a certain 
particle size range after deflocculant addition. 

In the experiments, a mixing vessel and an impeller with a design similar to 
the Dynamic Drainage Jar (DDJ) were used (Britt and Unbehend 1976). The 
stirring speed was 1000 rpm. The total sample volume was 600 mL, and the 
solids content (consistency) was 0.5 and 1.5 %. The suspension was stirred for 
25 s prior to deflocculant (APAM) addition, and the total measuring time was 
300 s with 2 s sampling intervals. The concentrations of APAM solutions were 
0.025 g/L in the deflocculation experiments. The APAM dosages were: 0.025, 
0.05, 0.1, 0.2, and 0.5 % based of dry pulp. The experiments were performed at 
ambient temperature at pH 8 with NaOH, and the salt concentration was 10 
mmol/L NaCl. Retention aids were not used in the experiments. 

3.2.7 Dewatering measurement 

 

Dewatering indicates the ease of water removal from a consolidating paper 
web. In this work, the dewatering time was measured by using a dynamic drain-
age analyzer (DDA, AB Akribi Kemikonsulter, Sweden) (Paper IV).  The mixing 
vessel and impeller were similar in design to those in the deflocculation tests. 
The pulp was mixed after deflocculant (APAM) addition with a stirrer speed of 
1000 rpm before dewatering. Four different mixing times were used (30, 60, 90, 
and 300 s) in order to study the effect of polymer mixing time on dewatering. 
The pressure was kept at 0.1 kPa, and the wire was 200 mesh. In the dewatering 
experiments, the stock consistency was 0.5 % and the volume was 600 ml. The 
concentrations of the APAM solutions were 0.025 g/L in the dewatering exper-
iments. The APAM dosages were 0.025, 0.05, 0.1, 0.2, and 0.5 % of dry pulp.  
The experiments were performed at ambient temperature and pH 8; the ionic 
strength was kept constant by adding 10 mmol/L of NaCl to the pulp. 
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4. RESULTS AND DISCUSSION 

 

This section summarizes the most important findings of this thesis. The over-
all aim was to investigate the effect of different types of chemical systems on 
flocculation and deflocculation. Papers I and II concern the effect of polyelec-
trolyte complexes (PECs) on flocculation and reflocculation of fillers, while Pa-
per III deals with the effect of different CNFs on the flocculation and retention 
of fillers. Paper IV focuses on the effect of high molecular weights APAMs on the 
deflocculation and dewatering of pulp fibers. More detailed and complete re-
sults are presented in the attached Papers I - IV.    

4.1 Flocculation of fillers with PECs 

 

Different kinds of chemical retention systems have been developed in the past 
decades in order to enhance retention and flocculation in papermaking. Because 
they are shown to be more efficient than the single component, multicomponent 
systems (including polyelectrolytes, colloidal silica, bentonite etc.) are the pre-
ferred choice. Traditionally the components of these systems are added sequen-
tially, but in Papers I and II the polyelectrolytes were pre-mixed together before 
addition. The results showed that the molecular weight and the charge density 
of the polyelectrolytes and their mixing ratio had a major impact on the proper-
ties of PECs, and on flocculation, as expected (Salmi 2009).  In the flocculation 
tests different combinations of PECs resulted in clearly different trends. The 
most important results of these pre-mixed PECs on flocculation are presented 
in this section and more detailed results are presented in papers I and II.   

4.1.1 Characterization of pre-mixed PECs 

 
In order to gain better insight into the interactions between PECs and fillers, 

the PECs were characterized with regard to size and electrophoretic mobility 
(zeta potential). In addition, visual observation of the PEC mixtures was also 
performed.  Mixing of the polyelectrolytes resulted in clear or turbid solutions, 
or even precipitation of the polymer complexes as is typical for PECs (Koetz et 
al. 1996; Thünemann et al. 2004). Clear solutions were formed at non-stoichio-
metric ratios (charge ratios differing strongly from 1:1). Near the isoelectric 
point (IEP), the dispersions became more turbid and at the stoichiometric ratio 
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some precipitation of the PEC was observed. The charge of the colloidal particles 
formed upon mixing the oppositely charged polyelectrolytes depended primar-
ily on the mixing charge ratio. The net charge of all PECs changed from negative 
to positive when the polyelectrolyte in excess was changed from APAM to 
CPAM, as expected (Figs 11a and 11b).  For all PECs formed by low charged poly-
electrolytes the IEP was close to the stoichiometric charge ratio. For the PEC 
formed by the high charge density polyanion A-LMWHCD with the low charge 
density polycation C-HMW (Fig 11b) the IEP clearly deviated from the stoichio-
metric ratio, which is typical for this kind of polyelectrolyte combination (Koetz 
et al. 1996; Thünemann et al. 2004; Xiao et al. 2009; Saarinen et al. 2009).  

 

 

 
Figures 11. Electrophoretic mobility of PECs as a function of the charge ratio (anionic/cationic) 
of the components added to the solution (logarithmic scale). In (a), the anionic component is the 
same (A-HMW) while the molecular weight of cationic component varies. In (b), results for other 
combinations of PECs, with different components (molecular weight, charge density) is pre-
sented. A (anionic), C (cationic), HMW (high molecular weight), MMW (medium molecular weight), 
LMW (low molecular weight), HCD (high charge density) (Paper I). 
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As the charge ratio of the oppositely charged polyelectrolytes was set close to 
the IEP, the biggest PEC particles were formed (Figs 12a and b). With low charge 
density polyelectrolytes, the molecular weight appeared to be the dominant con-
tributor to the size of the PECs. The higher the molecular weight of the compo-
nents, the larger the PECs. The higher molecular weight polyelectrolytes have 
larger dimensions and they are also able to complex with a higher number of 
oppositely charged polyelectrolytes (Xiao et al. 2009). The PEC that was formed 
with the highly charged polyanion A-LMWHCD and the low charged, high mo-
lecular weight polycation C-HMW behaved differently (Fig 12b). At low A-PAM 
additions the particles were very large but were very small at the stoichiometric 
mixing ratio or at anionic excess. Clearly, on association with a stoichiometric 
amount or an excess of small, highly charged polyanions, the properties of the 
polyanion dominate. There is probably some free polyanion in solution when A-
LMWHCD is added in excess. On the other hand, the formation of very large 
particles when low amounts of A-LMWHCD are added is probably due to the 
formation of bridges between the high molecular weight C-HMW molecules 
(Mende et al. 2002).  
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Figures 12. The particle diameters of the PECs as a function of the charge ratio (anionic/cationic) 
of the components (logarithmic scale). In (a), the anionic component is the same (A-HMW) while 
molecular weight of cationic component varies. In (b), results for other combinations of PECs, 
with different components (molecular weight, charge density) is presented. A (anionic), C (cati-
onic), HMW (high molecular weight), MMW (medium molecular weight), LMW (low molecular 
weight), HCD (high charge density) (Paper I). 
 

4.1.2 Flocculation of PCC and kaolin 

 
In order to find optimal addition levels and conditions, flocculation experi-

ments were first conducted with single polyelectrolyte systems. In these exper-
iments only high molecular weight bridging flocculants were used and the shear 
conditions were kept constant (500 rpm). Shear conditions were chosen in a 
way so that floc breakage was minimized.   

PCC has a cationic surface charge in alkaline conditions; therefore anionic 
polyelectrolytes adsorb on its surface and can cause flocculation. Fig. 13a shows 
the flocculation of PCC particles when anionic, high molecular weight A-PAM 
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(A-HMW) is added to the PCC suspension. Shortly after the addition (at 10 s) 
an increase in the transmission level of the PCC sample is observed. This in-
crease is a consequence of the flocculation of PCC particles into bigger aggre-
gates, which allows more light from Turbiscan’s light source to pass through the 
sample to the detector. Fig. 13b shows the flocculation of kaolin. As the net sur-
face charge of kaolin is anionic, cationic polyelectrolytes can be used for its floc-
culation. Similarly as with PCC, the addition of C-HMW flocculant rapidly in-
creased the transmission level of the kaolin sample. As the transmission levels 
of PCC and kaolin samples increased or levelled out as the experiments contin-
ued, it can be assumed that floc breakup is not significant in these shear condi-
tions. There are, however, differences in the flocculation phenomenon between 
kaolin and PCC. With PCC the highest flocculation was already achieved at an 
A-HMW dose level of 0.025%, whereas with kaolin the highest flocculation was 
obtained with the addition of 0.5% of C-HMW. This is probably due to the dif-
ferent surface charge density of kaolin and PCC (note that the properties of A-
HMW and C-HMW were similar, Table 1). Kaolin has a higher surface charge 
than PCC and therefore more polyelectrolytes can adsorb on its surface. As a 
result, the maximum flocculation requires a higher polymer dosage for kaolin. 
The surface saturation for PCC is already achieved at a 0.025% addition before 
steric hindrance (steric stabilization) starts to interfere with flocculation. This 
decrease in flocculation efficiency at high polymer dosages is a well-known ef-
fect for bridging flocculants (Swerin et al. 1996b).  
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Figures 13. Effect of contact time and A-HMW (a) polyelectrolyte dosage (% of dry weight of 
PCC) on the flocculation of 0.1% PCC suspension and C-HMW (b) polyelectrolyte dosage (% of 
dry weight of kaolin) on the flocculation of 0.1% kaolin suspension.  Polyelectrolytes were added 
at 10s (Paper I).  

4.1.3 The effect of PECs on flocculation  

 

Similarly to single polyelectrolyte systems (Figs 13 a and b), higher amounts 
of PECs were needed to reach the optimum flocculation level with kaolin than 
with PCC, probably due to its high surface charge. Figs. 14 illustrates the floccu-
lation of PCC and kaolin as a function of the polyelectrolyte addition level at 60s 
for the following systems: single polyelectrolytes A-HMW and C-HMW and PEC 
(A-HMW+ C-HMW) at charge ratios of 3:1 (anionic); 2:1 (anionic); 1:2 (cati-
onic); and 1:4 (cationic). As can be seen from Fig. 14a, the cationic polyelectro-
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lyte alone (C-HMW) does not flocculate PCC particles but they can be floccu-
lated using cationic PECs (charge ratio 1:2 and 1:4). Evidently, at low charge 
ratios the cationic PEC contains free anionic domains (owing to the loose struc-
ture of the PEC), which are able to adsorb on the PCC particles. In fact, it has 
been found in adsorption studies that a PEC with a given net charge adsorbs on 
a surface with same sign (Saarinen et al. 2008). With anionic A-HMW + C-
HMW PECs (3:1 and 2:1) the flocculation of PCC was greatly enhanced in com-
parison to the single component system. The maximum transmission level was 
about 35% whereas with the single polyelectrolyte system (A-HMW) the corre-
sponding value was about 20%. The maximum flocculation level was obtained 
when 0.2% PEC (2:1) was added. Compared to the single polyelectrolyte system, 
the flocculation level was already significantly higher at addition levels of 
0.05%. The effective dosage window for PEC systems is also significantly wider 
compared to the single polyelectrolyte system. Similar observations have been 
seen in earlier studies (Petzold et al. 1996; 1998; Nyström et al. 2003a; 2003b, 
Nyström and Rosenholm 2004) and this has been explained to be caused by the 
zwitterionic character of PECs. In spite of the surface saturation of PCC parti-
cles, PECs are able to bridge particles by interacting electrostatically with other 
PECs on adjacent particles (Nyström and Rosenholm 2005). The large size of 
the PEC is also probably beneficial for flocculation. Petzold and Lunkwitz (1995) 
and Nyström and Rosenholm (2005) suggested that PECs form large polymer 
networks between particles and Salmi et al. (2007) showed that PECs form long-
range interactions between surfaces.  Our results support these conclusions. Alt-
hough oppositely charged polyelectrolytes neutralize each other in pre-mixing, 
the PEC formed is significantly larger than a single component alone. Therefore 
the probability of interaction between the opposite charges of PECs at adjacent 
particles increases, thus increasing flocculation.  

The charge ratio of PECs greatly influences flocculation, which confirms that 
charge neutralization also plays a key role in flocculation (Nyström et al. 
2003b). When the PEC was more anionic (3:1), it gave rise to stronger floccula-
tion than the PEC with the lower charge ratio (2:1) at low dosage (0.01%). For 
example, with more anionic PEC (3:1) after 0.05% addition, flocculation started 
to decrease slowly, probably due to charge reversal and stabilization of the PCC 
particles. With the lower charge ratio (2:1), the optimum flocculation was 
shifted to a higher dosage level and the flocculation also remained higher in a 
wider concentration range. In addition, a higher maximum floc size was 
achieved with the lower charge ratio. These results indicate that the model for 
the optimum polymer dosage shown for bridging flocculants (Swerin et al. 
1996b) seems to be valid also for these PECs. 

In contrast to PCC, both anionic and cationic single component polyelectro-
lytes can be used to flocculate kaolin. This shows the amphoteric nature of kao-
lin. With one component systems, the maximum flocculation was achieved with 
the addition of 0.5 and 0.1 % for C-HMW and A-HMW, respectively, while the 
maximum efficiency was higher for the cationic flocculant (C-HMW). Surpris-
ingly, the highest flocculation efficiency of kaolin was achieved with anionic 
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PECs (ratio 2:1). With anionic PECs, flocculation was significantly higher com-
pared to the single component anionic polyelectrolyte system (A-HMW) and 
cationic PECs.  This was surprising because the total charge of kaolin is anionic 
but an explanation for this can not be given at this point. The transmission level 
increased as high as 70% with an addition level of 0.5% (anionic PEC with 
charge ratio of 2:1 and 3:1) compared to the maximum transmission level of 30% 
with A-HMW. With cationic PECs, the difference was smaller when compared 
to the single polymer system. With 1:4 cationic PEC, flocculation was at the 
same level as single C-HMW at low dosages but more efficient flocculation was 
obtained at an addition level of 0.5%. With 1:2 PEC, which is less cationic than 
1:4 PEC, flocculation was clearly smaller than with C-HMW at lower dosages. 
However, at 0.5% it was already at the same level, and the rising trend of floc-
culation indicates that one can achieve higher flocculation by adding more than 
0.5% of this PEC.   

 

 

 
Figures 14. Flocculation of (a) PCC  and (b) kaolin  with the A-HMW+C-HMW PECs with different 
charge ratios (anionic/cationic) after 60 s as a function of the dosage (% of dry weight of PCC or 
kaolin). Note the scale difference in Figures 7a and b (Paper I). 
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4.1.4 Effect of charge and molar mass of PEC components on floccula-
tion 

 
A typical example of a polycation-polyanion system is a combination where 

one polyelectrolyte component is of high charge density and the other compo-
nent is high molecular weight. This type of system combines patching and bridg-
ing mechanisms. These types of PEC systems have been shown to significantly 
improve flocculation compared to single polyelectrolytes (Somasundaran and 
Yu 1993; Petzold and Lunkwitz 1995; Petzold et al. 1996; 2003a; 2003b; So-
masundaran et al. 2000; Nyström and Rosenholm 2005).  In these studies poly-
electrolytes were added sequentially. In the present study however, it was found 
that flocculation of kaolin with pre-mixed PEC containing a high charge density 
anionic component and a high molecular weight cationic flocculant (A-
LMWHCD + C-HMW) was significantly lower than with the other PEC systems 
containing the same polycation (A-MMW+C-HMW for example) (Fig. 15.). Alt-
hough the size of the A-LMWHCD+C-HMW PEC was very large when the cati-
onic charge was in excess in the PEC (see Fig 4b.), poor flocculation was still 
observed. Hence, it can be concluded that it is not only the absolute size of the 
PEC that determines its flocculation efficiency, but also the structure. The struc-
ture of this type of PEC is probably locally very compact and therefore there are 
only few available loops and tails for bridging flocculation (Chen et al. 2003; 
Nyström et al. 2003a; 2005). To achieve high flocculation efficiency with this 
PEC, higher concentrations than with PECs formed from lower charge density 
polyelectrolytes is needed (Nyström and Rosenholm 2005). 

 

 
Figure 15. Flocculation of kaolin with two PECs with the charge ratio of 1:4 (anionic:cationic) after 
60 s as a function of the dosage (% of dry weight of kaolin).  The polycation is the same (C-HMW) 
in all of the PECs while the anionic component varies, as indicated (Paper I). 
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The molecular weight of the components of PECs strongly affects the floccu-
lation efficiency. Fig. 16 presents the flocculation of PCC with three different 
PECs. The anionic polyelectrolyte was the same in all of the PECs (A-HMW), 
while the molecular weight of the cationic component changed from low to high 
(C-LMW, C-MMW and C-HMW) for a constant charge ratio of the PECs (ani-
onic:cationic 2:1). As was shown in the Fig. 14a, cationic C-PAM (C-HMW) does 
not flocculate cationic PCC particles alone. Thus, by varying the properties of 
the polycation and using the same polyanion, the changes in PCC flocculation 
have to be related to the properties of the PECs rather that the characteristics of 
the individual components alone. With the increasing of the molecular weight 
of the cationic component flocculation was enhanced and the size of the PEC 
particles also increased (Fig. 12a). This indicates that the improved flocculation 
was a consequence of the bigger size of the PEC, providing a larger network 
structure between PCC particles, which are more likely to interact with each 
other (Salmi et al. 2007). 

 
 

 
Figure 16. The flocculation of PCC with different PECs with a charge ratio of 2:1 after 60 s as a 
function of the dosage (% of dry weight of PCC). The anionic component is the same in all of the 
PECs (A-HMW), while the molar mass of the cationic component varies, as indicated (Paper I). 
 

One significant factor which affects the flocculation efficiency is the molecular 
weight of the component which is in excess in the PEC (Figs 17a and 17b). As 
shown in the Fig 14b, kaolin can be flocculated efficiently with both anionic and 
cationic polyelectrolytes due to its amphoteric nature.  When the anionic charge 
was in excess in the PEC (Fig 17a), flocculation was significantly higher when 
the high molecular weight polyanion (A-HMW) was the dominant component 
compared to the medium molecular weight polyanion (A-MMW). Similarly, 
when the cationic charge was in excess, the flocculation was substantially higher 
when the high molecular weight polycation (C-HMW) was the dominant com-
ponent instead of the medium molecular weight polycation (C-MMW) (Fig 17b). 
The reason for this can not be the size of the PEC, because they are quite similar 
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at all charge ratios except 1:1. This indicates that the flocculation mechanism is 
dependent on the molecular weight of the polyelectrolyte in excess in the PEC. 
In the case where the lower molecular weight polyelectrolyte is in excess, the 
PECs are formed with the charge ratio close to 1:1, and the excess of lower mo-
lecular weight polyelectrolyte remains free in solution. As a result, the PEC is 
not an effective flocculant. This is most clearly seen with the PEC that contains 
a low molecular weight and high charge density component (e.g. A-LMWHCD 
+ C-HMW, see Figs 12 and 15). Therefore, the excess polyelectrolyte should be 
a high molecular weight polyelectrolyte which can lead to extensive bridging be-
tween particles. 
   

 

 
Figures 17. Effect of the dominant component of the PEC on the flocculation of kaolin as a func-
tion of dosage (% of dry weight of kaolin) after 60 s with a charge ratio of (a) 2:1 and (b) 1:10 
(Paper I). 
 
 
 
 



Results and discussion 
 

35

4.1.5 Reflocculation of PCC suspensions with PECs 

The reversibility of flocculation with the PECs was studied (Fig.18). Because 
paper machines contain sections where slurries are exposed to high shear con-
ditions, such as in the fan pump or in the pressure screens, formed flocs tend to 
break down after polyelectrolyte addition. This is due to the disruption of the 
attachment points on particle surfaces or the breaking of covalent bonds within 
the bridging polymer chains. In the wire section shear forces are rapidly low-
ered, and under low shear forces, the broken flocs may re-flocculate. It has been 
shown that reflocculation could have strong positive impact on dewatering due 
to the more open structure of the paper web. Usually, systems flocculated with 
high molecular weight flocculants are dispersed irreversibly when they are ex-
posed to moderately high shear conditions (Kasper 1971; Hedborg and 
Lindström 1996; Deng and Yoon 2004). 

Suitable PECs were chosen for the reflocculation tests based on the floccula-
tion experiments. Fig. 18 presents flocculation and reflocculation with single A-
HMW (a) and A-HMW+C-HMW PEC (b). Shear was set at 500 rpm at the be-
ginning (60s), and thereafter it was alternated between 1000 and 500 rpm for 
60 second intervals.  After A-HMW and PEC addition, a steep increase in the 
transmission level of the PCC suspension can be observed. The speed of the in-
crease indicates rapid flocculation. Before the shear was increased to 1000 rpm, 
the highest flocculation level (about 20%) with the A-HMW was achieved with 
the dosage level of 0.025% % and with the PEC the highest transmission level 
was about 30% with 0.1% addition. After the increase of the shear from 500 to 
1000 rpm a very quick drop in the transmission level was observed for both A-
HMW and PEC, indicating the breakage of flocs. With A-HMW, the transmis-
sion levels decreased from 20 to nearly 10% for all of the dosages tested. After 
60 s at high shear, the mixing speed was lowered back to 500 rpm and only a 
little reflocculation of PCC was detected. With the subsequent high shear stages 
the reflocculation of the flocs decreased, resulting in a quite stable 10% trans-
mission level, regardless the mixing speed. With the lowest addition level 
(0.025%), the reflocculation was significantly higher than with other dosages. 
This is consistent with the results recently presented by Blanco et al. (2002; 
2005). They reported that reflocculation is more effective at low polyelectrolyte 
concentrations and suggested that this is due to different conformations of the 
polyelectrolyte at different concentrations. With the lower addition level, the 
polyelectrolyte adsorbs in a flatter conformation on the particle surface. After 
the shear was decreased, some reflocculation of the PCC occurred because the 
flatter conformation provided charged patches on the PCC surface. Thus, a 
lower surface coverage provides higher reflocculation because electrostatic re-
pulsion is smaller between adjacent particles. Instead of at higher dosage levels, 
the polyelectrolyte is adsorbed at higher surface coverage level, which limits flat-
tening on the PCC surface. Therefore, the conformation is more expanded and 
more loops and tails of the polyelectrolyte protrude to the surrounding solution. 
As the shear is increased, the polymer chains break or are released from the 
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particle surfaces and flocs become smaller. The high surface coverage of the PCC 
causes high electrostatic repulsion between particles and the deflocculation is 
almost irreversible (Hedborg and Lindström 1996; Blanco et al. 2002; 2005; 
Rasteiro et al. 2008) 

With the PEC, after the shear is increased to 1000 rpm, a similar drop in the 
transmission level as with A-HMW is observed.  However, when the mixing 
speed was lowered back to 500 rpm, the transmission level increased signifi-
cantly indicating a strong reflocculation of the PCC.  In the PEC (A-HMW+C-
HMW) both of the polyelectrolytes are high molecular weight polyelectrolytes. 
These types of polyelectrolytes are assumed to flocculate mainly through a 
bridging mechanism. According to theory presented by Kasper (1971) only patch 
flocculants should show reversible flocculation behavior, while single floccu-
lants, which function through bridging, are expected to show almost irreversible 
reflocculation behavior as was seen with A-HMW polyelectrolyte. In contrast, 
when these types of polyelectrolytes are mixed together as PEC they obviously 
form a structure that is more favorable to reflocculation. Rasteiro et al. (2008) 
showed that polyelectrolytes functioning through both bridging and patching 
mechanisms can significantly improve reflocculation compared to flocculants 
acting via bridging only. They also concluded that the reversibility of floccula-
tion is predominantly occurring through patching bonds. This is a good expla-
nation also for our PEC. The PECs seem to function not only through bridging 
but also through the patching mechanism; at first the large size of the PEC with 
numerous loops and tails lets particles flocculate effectively. Then, after shear 
and floc breakage, PEC patches on the flocs can approach each other, leading to 
high reflocculation. Another possible reason for higher reflocculation compared 
to the single polyelectrolyte is the zwitterionic character of PEC.  Despite surface 
saturation of PCC particles, PECs are able to re-flocculate particles by interact-
ing electrostatically with oppositely charged sites of PECs at adjacent particles 
(Nyström and Rosenholm 2005).  

The added amount of PEC seems to play an important role in the refloccula-
tion. With 0.1% PEC dosage PCC flocs re-flocculate to the initial size of flocs. 
With the 0.025% dosage, there is no significant reflocculation after several high 
shear stages. The reason for this could be insufficient PEC. Due to the fact that 
PECs have a zwitterionic character, excess PEC might help to bind broken floc 
aggregates together. Therefore, it seems that a large enough amount of PEC 
must be brought into the system in order to ensure high flocculation level at 
high shear.  
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Figures 18. Flocculation and reflocculation of PCC with A-HMW (a) and A-HMW+C-HMW PEC 
(b) at different dosages (% of dry weight of PCC) as a function of time. Polyelectrolyte was added 
to the sample at 10 s and mixed for 60 s at 500 rpm stirring speed. Following, the stirring speed 
was alternated for 540 s repeatedly between 1000 and 500 rpm every 60 s. The salt concentration 
was 1 mmol/l NaHCO3 and 9 mmol/l NaCl (Paper II). 

 
As was shown in the flocculation experiments with PECs, the properties of the 

components of the PEC have a strong influence on the flocculation. Similarly, 
differences can also be seen in the reflocculation tests (Figs. 19a and 19b). Fig. 
19a presents the reflocculation index of PCC with three different PECs. In these 
PECs the anionic component was the same (A-HMW) but the cationic compo-
nent had a different molar mass (C-HMW and C-MMW and C-LMW). The re-
flocculation of PCC shows clear differences between PECs; the higher the mo-
lecular weight of the cationic component, the higher the reflocculation level. As 
shown earlier, the higher molecular weight of the components provided a larger 
PEC size (Fig. 12b).  This creates possibilities for better interactions between 
PEC and PCC flocs and, as a consequence, the flocs can maintain their size better 
in high shear. When shear is decreased there are still enough loops and tails for 
particle fragments to re-flocculate. The benefit of larger PEC size is also sup-
ported by the observations by Salmi et al. (2007). They showed that the struc-
ture of the PEC also affects the pull-off forces between particles. It is observed 
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that larger and more flexible PECs induce longer ranged pull-off forces between 
particles. This can make floc more durable and resistant to shear. Also, Eriksson 
et al. (2005) found in their studies that the less rigid structure of oppositely 
charged polyelectrolyte layers provide more mobile structure which increases 
paper strength. 

The charge ratio of the PECs also has a strong impact on reflocculation. Fig. 
19b compares of the reflocculation of PCC with A-HMW+C-HMW PEC at three 
different charge ratios at a dosage level of 0.05%. When shear was decreased, 
the reflocculation was clearly higher for a PEC with a ratio of 3:1 (which more 
anionic) than for a PEC with a 2:1 ratio. The effect is clearly seen with all subse-
quent reflocculation stages. With the PEC with charge ratio of 3:1 there was still 
significant reflocculation after the fourth reflocculation stage whereas with the 
2:1 PEC there was only slight reflocculation. This could be due to the lower zeta 
potential conditions, which are shown to be more beneficial for reflocculation 
(Deng and Yoon 2004). It is likely that a PEC with higher charge will lower the 
zeta potential of the flocs or floc fragments closer to zero. Another example of 
the importance of charge for reflocculation is the poor reflocculation with the 
slightly cationic PEC (1:2). 
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Figures 19. Flocculation and reflocculation of PCC with A-HMW+C-HMW PECs with a) different 
molar mass of the cationic component and constant charge ratio (anionic:cationic 2:1) and b) 
different charge ratios (anionic:cationic). In (a) the molar mass of the anionic component is the 
same for all PECs and the cationic component is C-HMW, C-MMW or C-LMW. The PEC was 
added (0.1% dry weight of PCC) to the sample at 10 s and mixed for 60 seconds at a stirring 
speed of 500 rpm. Following, the stirring speed was alternated repeatedly between 1000 and 500 
rpm every 60 seconds for 540 seconds. The salt concentration was 1 mmol/l NaHCO3 and 9 
mmol/l NaCl (Paper I). 
 

4.2 Flocculation and retention of fillers with different CNFs 

 

CNF fibrils have a large specific surface area and aspect ratio and they form a 
network already in very dilute aqueous suspensions. Therefore, the hypothesis 
in these experiments is that they can be used to increase flocculation and reten-
tion. In addition, the effect of different chemical modifications of CNFs on their 
flocculation efficacy was studied. Three different chemical modifications were 
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tested: TEMPO oxidation (anionic), carboxymethylation (anionic, CM CNF) and 
cationization with trialkylammoniumchloride. Experiments were made with 
PCC for anionic CNF grades and with kaolin for cationic CNF grades. More de-
tailed results can be found in Paper III. 

4.2.1 Flocculation with single component systems 

 

Fig. 20 shows how PCC particles flocculate after the addition at different dos-
ages of APAM or anionic CNF (after 60 seconds, mixing speed 500 rpm). In 
these tests, the two APAMs were low charge density with two different molecu-
lar weights (A-MMW 2 million g/mol and A-HMW 7 million g/mol) and they 
were used as a reference for CNFs. The molecular weight of the APAM substan-
tially affected its flocculation efficiency. Usually, the higher the molecular 
weight of the APAM, the higher the flocculation. This is typical for these types 
of APAMs, which flocculate particles mainly through the bridging mechanism 
as the Mw has a significant role in the extension of the polyelectrolytes chains 
from the surface (Roberts 1996).  

With certain CNF grades, the flocculation of PCC particles can be enhanced 
significantly. However, the flocculation efficiency of CNF depends greatly on its 
properties. Unmodified CNF did not increase the transmission level of the PCC 
suspension at all, indicating that the low charge CNF did not bridge PCC parti-
cles, and hence did not flocculate them. In contrast, the chemically modified 
CNF grades showed substantial flocculation of PCC particles. With TEMPO 
CNF, the transmission level increased significantly already at low dosages (0.05 
%). The flocculation maximum with the TEMPO CNF was achieved at 0.5% ad-
dition of dry weight of PCC. With CM CNF, the flocculation efficiency was lower 
at low dosages than with TEMPO CNF. However, a slightly higher flocculation 
maximum was achieved with CM CNF, for an optimal dosing between 0.5-1.0% 
of dry weight of PCC. These results indicate that the electrostatic interaction be-
tween anionic CNF and cationic PCC is the major driving force for the particle-
nanocellulose interaction that leads to a flocculation. As mentioned, CNF is 
known to have a high aspect ratio and a high surface area and they form a nano-
network already at very dilute aqueous suspensions, as suggested by Salmi et al. 
(2009). It seems that for efficient flocculation an adequate amount of electro-
static interaction between PCC and CNF is needed.  The charges of the unmod-
ified CNF originate mainly from uronic acid groups bound to hemicelluloses 
(Sjöström 1993), and therefore the charge density of the unmodified grade was 
very low (-0.065 meq/g). These types of CNF are also found to form curled and 
interlocked aggregated fibril bundles which might also decrease their floccula-
tion capability (Eronen et al. 2011). When CNF is chemically modified either by 
TEMPO oxidation or carboxymethylation, there are higher amounts of anionic 
carboxyl groups on the CNF surface. Hence, there were enough anionic sites on 
the CNF surface which could attach to adjacent PCC particles and bind them 
together. In our study TEMPO CNF had a total charge of -1.0 meq/g, while car-
boxymethylated CNF had -0.55 meq/g, both significantly higher than that of the 
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unmodified CNF. Another sign of the importance of the electrostatic interaction 
was that the TEMPO CNF, which had a higher charge than the CM CNF, floccu-
lated PCC more efficiently at low dosage, and also reached optimal flocculation 
at lower dosages. After maximum flocculation, the electrostatic/electrosteric re-
pulsion between PCC particles covered with the anionic CNF begins to decrease 
the flocculation of PCC. This behavior is typical also for polymeric flocculants 
(Swerin et al. 1996b).  The morphology of the chemically modified and unmod-
ified CNF also differs (Isogai et al. 2011). The high charge in the chemically mod-
ified CNF increases the electrostatic repulsion between the fibrils and during 
the preparation of CNF, instead of fibril bundles a high amount of individual 
fibrils is formed (Isogai et al. 2011). In addition, chemically modified fibrils exist 
in a very straight conformation (Eronen et al. 2011) that can improve network 
flocculation efficiency. In model surface studies (Eronen et al. 2012) it has been 
shown that highly charged, chemically modified CNF presents very long-range 
interactions, which should be beneficial for bridging flocculation efficiency. The 
higher maximum flocculation capacity of CM CNF compared to TEMPO CNF 
may be due to the length, and hence, networking efficiency of the fibrils. The 
harsh TEMPO oxidation conditions can weaken cellulose chains that can lead to 
shortening of TEMPO CNF fibrils in mechanical treatments (Isogai et al. 2011).   

If one compares chemically modified CNF with the APAMs, they can be con-
sidered as moderately effective flocculants. They were significantly more effec-
tive than the A-MMW, which had a molecular weight of 2 million g/mol. When 
compared with the A-HMW (molecular weight 7 million g/mol), the maximum 
flocculation level was somewhat lower, but the dosing window was much 
broader, and thus surface saturation did not seem to deteriorate flocculation as 
much as with APAM.   

 

 
Figure 20. Effect of the addition of different APAM and CNF (% of dry weight of PCC) on floccu-
lation after 60 s of PE/CNF addition. The consistency of the PCC suspension was 0.1% (Paper 
III). 
 
 
 



Results and discussion 

42

More detailed analysis of flocculation kinetics was carried out with the chem-
ically modified CNFs. Figs. 21a and b presents the flocculation of PCC with 
TEMPO CNF and CM CNF as a function of time at different addition levels. With 
both types of CNF the flocculation started almost instantly after CNF addition 
and the maximum flocculation was achieved between 40 to 70 s. As the floccu-
lation was fast, it is probable that flocculation occurred mainly through electro-
static interactions. A rather high transmission level shows that the flocculation 
efficiency was high and the quite broad effective dosing range indicates that 
bridging/ networking was less sensitive to CNF dosing than that of polymeric 
flocculants such as APAM. The dosing level of CNFs had though an effect on 
flocculation. With TEMPO CNF, the slope of the curve was steepest with 0.5 % 
dosage, meaning that the flocculation rate was the highest. The highest floccu-
lation efficiency was also achieved with that dosing. However, with the 1.0% the 
flocculation starts to deteriorate, probably due to the surface saturation of PCC 
with TEMPO CNF, which leads to a repulsion between PCC particles covered 
with CNF. The flocculation behavior with CM CNF was almost similar to 
TEMPO CNF. The flocculation was lower at smaller dosages but when the dose 
was increased up to 0.5% the flocculation efficiency was very high.  The opti-
mum dosing was higher with the CM CNF, probably due to the lower surface 
charge of CM CNF compared to TEMPO CNF. Hence, higher amounts of the CM 
CNF need to be added to the PCC suspension before the surface saturation and 
the charge reversal start to deteriorate flocculation. From these results it can be 
concluded that flocculation with CNF follows the basic principles of polymeric 
flocculant theories (Fleer et al. 1993; Swerin et al. 1996b). 
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Figures 21. Flocculation efficiency of PCC at four addition levels (based on % dry weight of PCC) 
of TEMPO CNF (a) and CM CNF (b). The dosage start time (20 s) is indicated with an arrow. The 
consistency of the PCC suspension was 0.1% (Paper III). 
 

The reversibility of flocculation with TEMPO CNF was also studied (see Fig. 
22). As mentioned earlier only patch flocculants show reversible flocculation 
(Kasper 1971). By using multi component systems, e.g., PECs (see Fig 18b) re-
versible flocculation can also occur. In contrast, the flocculants which function 
through bridging usually show almost no reflocculation behavior (Deng Yoon 
2004; Rasteiro 2008; Rasteiro et al. 2008, Antunes 2009). This was also seen 
in our studies, as APAMs did not show any reflocculation behavior (see Fig 18a). 
However, from Fig. 22 it can be concluded that TEMPO CNF had a significant 
reflocculation capability. As expected, after an increase of the shear from 500 to 
1000 rpm, the transmission level of the PCC suspension started to decrease, in-
dicating the breakage of flocs. When the mixing speed was lowered back to 500 
rpm, the transmission level increased substantially, which means a strong re-
flocculation of the PCC particles.  Still after several high shear stages, refloccu-
lation of PCC stayed relatively high, especially at 0.5% dosage level for TEMPO 
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CNF. The significant reflocculation capacity of the CNF fibrils might be due to 
its different structure. The structure of CNF fibrils is different from common 
bridging flocculants such as linear PAMs. The conformation of bridging floccu-
lants changes significantly as a function of time or high shear exposure. They 
usually flatten on the surfaces and therefore no reflocculation occurs (Hedborg 
and Lindström 1996). In contrast, CNF fibrils are stiffer and form an inter-
linked network already in very dilute aqueous suspension (Salmi et al. 2009). 
Therefore, high shear might not have a significant influence on their confor-
mation at the surfaces of PCC particles. This is similar to the effect shown for 
highly cross-linked polyelectrolytes (Hedborg and Lindström 1996). It was sug-
gested that for these types of polyelectrolytes the flocculation mechanism is a 
hybrid between patch and bridging flocculation, which provides a better revers-
ibility of flocculation (Hedborg and Lindström 1996). This explanation seems 
reasonable also for CNF. CNF fibrils have a large specific surface area and aspect 
ratio, meaning that they can flocculate PCC particles mainly through bridging/ 
networking. Upon application of high shear and floc breakage, extended CNF 
patches on the flocs could approach adjacent ones, leading to reflocculation of 
PCC through patch or networking mechanisms.  
 

 
Figure 22. Time-dependent flocculation and reflocculation of PCC with TEMPO CNF at two dif-
ferent dosage levels (reported as % of dry weight of PCC). The shear was cycled between 500 
and 1000 rpm. The consistency of the PCC suspension was 0.1% (Paper III). 
 

The flocculation of anionic kaolin particles was studied with two cationic 
nanocelluloses, one with low charge density (LCD, 0.4 meq/g) and one with high 
charge density (HCD, 1.4 meq/g).  Similar to PCC, kaolin can be effectively floc-
culated by oppositely charged CNF. The flocculation of kaolin particles also oc-
curred very fast (to a maximum at 15 to 20 s) after the addition of cationic CNF 
(Figs. 23a and 23b). With LCD CNF, flocculation was inefficient at low dosages 
(0.2-0.5%) (Fig 24). However, as the dosage increased the flocculation effi-
ciency increased substantially. With an addition level of 2.0%, a transmission 
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level as high as 60% was achieved, indicating very significant flocculation of ka-
olin (the absolute values between PCC and kaolin can not be compared due to 
different particle properties). With HCD CNF, flocculation was significantly 
higher at low dosages. In addition, the maximum flocculation was achieved al-
ready at the lower addition level of CNF (1.0%), but it was clearly lower (40%) 
than with LCD CNF. Above the dosage of maximum flocculation, the degree of 
flocculation started to decrease, probably due to the electrostatic/ electrosteric 
repulsion between kaolin particles covered with cationic CNF (Swerin et al. 
1996b, Liimatainen et al. 2011). This is similar to the effect that was observed 
with anionic CNF and PCC, supporting the idea that the basic flocculation mech-
anisms are the same for anionic and cationic CNF.  
 

 

 
Figures 23. Flocculation of kaolin with low CD CNF (0.41 meq/g, a) and high CD CNF (1.37 
meq/g, b). The CNF addition started at 20s time (see arrow). The consistency of the kaolin sus-
pension was 0.1% (Paper III). 
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Figure 24. Flocculation of kaolin with cationic CNF of high and low charge density (CD) 60 s after 
addition. The consistency of the kaolin suspension was 0.1% (Paper III). 

4.2.2 Flocculation with two component systems 

The flocculation efficiency was also studied in systems where CNF was com-
bined with polyelectrolytes. Since in a previous study the sequential addition of 
CNF and polyelectrolytes was found to be more efficient than pre-mixing (Ahola 
et al. 2008a) the same method was followed here. With cationic PCC particles, 
the anionic TEMPO CNF was always added first, followed by the cationic poly-
electrolyte. After TEMPO CNF addition the sample was mixed for 60 s, after 
which the cationic polyelectrolyte was added.  Figs. 25a and b present floccula-
tion results with the two-component system, where TEMPO CNF and a cationic, 
high molecular weight CPAM (C-HMW) were sequentially added to the PCC 
suspension (additions at 20 and 80 s, respectively).  In Fig. 25a, the addition of 
the TEMPO CNF was fixed at 0.1%, while dosing of the C-HMW varied from 
0.025% to 0.5%.  After the addition of 0.1 % of anionic TEMPO CNF, a relatively 
slow maximum flocculation of cationic PCC particles was obtained (as in Fig. 
21a, one component system). Thereafter, the addition of C-HMW led to a rapid 
flocculation of PCC. The highest values of the transmission were somewhere 
above 25%, which was significantly higher than with TEMPO CNF alone. How-
ever, the most efficient flocculation was already achieved at 0.025% C-HMW 
addition, which indicates that the number of free anionic surface sites for the 
adsorption of cationic polyelectrolyte was relative low. Indeed the dosing of 
TEMPO CNF was quite low (only 0.1%), if one compares it to the optimal one-
component TEMPO CNF flocculation concentration (somewhere between 0.5 
and 1.0%, Fig. 21a). When the dosing of TEMPO CNF was increased to 0.5%, the 
flocculation of PCC was significantly enhanced (Fig. 25b). The initial floccula-
tion was faster, and more efficient, with the TEMPO CNF (increase of transmis-
sion from 10% to about 15%), similarly as it was in Fig. 21a. The difference is 
especially substantial when C-HMW was added to the PCC suspension. A drastic 



Results and discussion 
 

47

increase in the transmission level can be observed, indicating very strong floc-
culation of the PCC. The highest flocculation was achieved at a high addition 
level of C-HMW (0.5%).This indicates that in a two-component anionic CNF/ 
cationic polymer system, efficient flocculation is obtained when a high enough 
number of anionic sites from TEMPO CNF is present to which C-HMW can at-
tach (Nyström et al. 2003a).  

 

 

 
 

Figures. 25. Flocculation of PCC with TEMPO CNF dosages of 0.1 (a) and 0.5% (b) and CPAM 
(three addition levels 0.025, 0.1 and 0.5%). Dosages of TEMPO CNF and CPAM are given as % 
of dry weight of PCC. Consistency of the PCC suspension was 0.1% (Paper III). 
 

Figure 26 summarizes the flocculation of PCC with the TEMPO CNF/C-HMW 
systems (total contact time 120 s). In order to compare the efficiency of single 
or dual components systems, one component A-HMW (the most efficient sys-
tem in Fig. 20) was used as a reference to the two-component systems. The C-
HMW that was used with TEMPO CNF systems had about the same molecular 
weight (ca. 7 million g/mol) as the A-HMW. With two-component systems a 
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significantly higher flocculation levels can be obtained compared to the applica-
tion of single A-HMW.  The high flocculation efficiency of the two-component 
system  is probably because the C-HMW can efficiently attach to the previously 
formed anionically charged PCC aggregates (covered with TEMPO CNF) and 
form even larger aggregates. Another reason for the efficient flocculation could 
also be that free TEMPO CNF fibrils in the suspension can form complexes with 
the C-HMW, further increasing the flocculation efficiency. It has been shown by 
Salmi et al. (2009) in surface force experiments, that CNF and a high molecular 
weight CPAM can form an extremely thick, loose and viscoelastic layer. This 
supports the idea of the ability of CNF to form long-range networks with poly-
electrolytes, thus causing an efficient two component flocculation.   
 

 
Figure 26. Flocculation of PCC with two-component systems consisting of TEMPO CNF and 
CPAM after TEMPO CNF and CPAM addition (total contact time 120 s). Three addition levels of 
TEMPO CNF (0.1, 0.2 and 0.5%) and five different addition levels of CPAM were used. TEMPO 
CNF and CPAM are given as % of dry weight of PCC. APAM (CD of 1.6 meq/g, Mw 7 million 
g/mol) was used as a reference. Consistency of the PCC suspension was 0.1% (Paper III). 
 

Flocculation of kaolin was also studied with a two-component system (Fig. 
27). Because kaolin has an anionic net charge, a cationic polyelectrolyte (PEI in 
this case) was first added to kaolin suspension, and after 60 s mixing, anionic 
TEMPO CNF was introduced to the system. PEI is a common retention aid 
which flocculates particles mainly through the patching mechanism (in a single 
component system) (Roberts 1996). Its efficient flocculation concentration 
range is very narrow due to its very high charge density. It is not a very efficient 
flocculant alone, and therefore it is usually used in combination with bridging 
flocculants such as APAM (Hedborg and Lindström 1996; Deng and Yoon 
2004). In our experiments, the idea was that TEMPO CNF acts as bridging floc-
culant in the two-component system (PEI + TEMPO CNF), replacing APAM. 

Similarly, as in the flocculation of PCC, the flocculation of kaolin is enhanced 
when using a two- component system (Fig. 27). PEI and CNF have been found 
to form very thick multilayers on model surfaces (Wågberg et al. 2008). This is 
explained to be mainly due to the conformation and branched structure of PEI. 
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The long range PEI/TEMPO CNF networks increase the interaction between the 
surfaces of adjacent kaolin particles, leading to a high degree of flocculation for 
kaolin. The flocculation efficiency of the PEI/TEMPO CNF system depends 
strongly on dosage of the PEI (Fig. 27). At a low PEI level (0.1%), addition of 
TEMPO CNF only slightly increased the flocculation of kaolin (from 10% to 
17%). However, as the PEI dosage was increased to 0.5%, which was clearly an 
overdose (because initial flocculation was lower than with 0.1% dosage), the 
flocculation of kaolin with TEMPO CNF was significantly improved (transmis-
sion level increases over 30%). It seems that a high number of free cationic sites 
have to be present on the kaolin surface (charge reversal with PEI) in which 
TEMPO CNF could attach and form an extended bridging/ network for efficient 
flocculation (Suopajärvi et al. 2013). The other flocculation mechanisms could 
be that in the presence of free polycations (excess of PEI), the cationic polyelec-
trolytes and anionic CNF form complexes, and act similarly as the traditional 
network flocculants, such as poly(ethylene oxide) and cofactors (Xiao et al. 
1996). 

 

 
Figure 27. Flocculation of kaolin with the PEI+TEMPO CNF system. Dosages of TEMPO CNF 
and PEI are given as % of dry weight of kaolin. Consistency of the kaolin suspension was 0.1% 
(Paper III). 

4.2.3 Retention of kaolin with different types of CNF 

 
The flocculation experiments showed that the different CNF grades can floc-

culate filler particles. Thus, it was of interest to test if they can also increase the 
retention of fillers in the papermaking furnish.  The experiments were made 
with the Dynamic Drainage Jar (DDJ) with a furnish containing TMP (60 w-%) 
and kaolin (40 w-%). TMP and kaolin both have an anionic surface charge, and 
therefore the retention of kaolin was studied with the two cationic CNF (HCD 
and LCD) and with a two component system, PEI + TEMPO CNF. 
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By addition of cationic CNF, the retention of kaolin filler is clearly seen to in-
creased (Fig. 28). This is a result of the agglomeration of the kaolin particles into 
larger particles by CNF, which can be then retained on the forming wire 
(Guimond et al. 2010; Ämmälä et al. 2013). The retention efficiency of CNF de-
pends greatly on its charge density. With HCD CNF, the retention starts to in-
crease already at low CNF dosage levels (0.025 %), and the highest retention is 
achieved at 0.5 %. After the maximum, the retention starts to diminish, proba-
bly due to a decrease in the optimum bridging and charge conditions (Swerin et 
al. 1996b). With LCD CNF and in order to achieve a high retention of kaolin, the 
dosage has to be significantly higher than that of HCD CNF (Fig. 28). However, 
with LCD CNF one can achieve a significantly higher maximum retention of ka-
olin. With the HCD CNF the maximum retention was about 80 %, while it was 
above 95 % with the LCD CNF. In addition the effective concentration range of 
LCD CNF is broader. These observations are consistent with results from the 
flocculation experiments with kaolin (Fig. 24). It seems that in the case of HCD 
CNF, the flocculation and retention behavior resembles that of patch flocculants 
(sensitive to charge); while for LCD CNF, other mechanisms such as bridging 
are main contributors. 

The effect of salt concentration on the retention of kaolin from suspension was 
also tested (Fig. 29). Usually, as the salt concentration increases, the retention 
decreases. This is due to the screening of the charges of both kaolin and poly-
electrolytes by the salt which screens electrostatic interaction between them. 
Our results show that low CD CNF behaves accordingly, at addition level of 10 
mg/g:  as NaCl concentration increases from 10 to 100mM, the retention of ka-
olin decreases from 85 to 25%. 
 

 
Figure 28. Retention of kaolin on the forming wire as a function of cationic CNF addition. The 
furnish contained TMP fibers (60 w-%) and kaolin (40 w-%) (Paper III). 
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Figure 29. The effect of NaCl concentration on the retention of kaolin with cationic LCD CNF. The 
consistency of the furnish was 0.5% and it consisted of TMP (60 w-%) and kaolin (40 w-%) (Paper 
III). 
 

A two-component retention system was also tested (Fig. 30). The idea was 
similar as in the flocculation tests: TEMPO CNF acts as bridging flocculant in 
the two-component system (PEI + TEMPO CNF), replacing a typical component 
traditionally used, such as APAM (Hedborg and Lindström 1996). First, high 
surface charge cationic polyelectrolyte (PEI) was added followed by anionic 
TEMPO CNF. Similarly as in the case of flocculation experiments, enough 
cationic charge must be brought to the system. With a low addition level of PEI 
(0.025 %), retention of kaolin is very low, which indicates that there are not 
enough free cationic moieties present on the furnish in which the TEMPO CNF 
could attach and bind the kaolin flocs to the sheet in the forming wire. As dosing 
of the PEI is increased, the retention of kaolin also increases significantly. With 
0.2% PEI addition and 2 % TEMPO CNF, retention levels as high as 95 % can 
be achieved. These results are consistent with the observations made in the 
flocculation tests with the PEI+TEMPO CNF systems (Fig. 27).  
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Figure 30. Retention of kaolin on the forming wire as a function of added PEI and TEMPO CNF. 
The consistency of the furnish was 0.5% and consisted of TMP (60 w-%) and kaolin (40 w-%) 
(Paper III). 

4.3 Deflocculation of fibers with high molecular weight APAMs 

 

The high flocculation of fibers is not beneficial to paper quality. Changes in 
the formation of paper can decrease strength and printability. Therefore with 
certain paper grades retention aids are not used. In contrast, since fibers have 
the tendency to aggregate in water suspensions and to form flocs, formation aids 
are used to decrease the flocculation. In the following section the effect on de-
flocculation of anionic high molecular weight polyacrylamides is shown. More 
detailed results can be found in Paper IV. 

4.3.1 Adsorption experiments 

 
The adsorption of deflocculants was studied by using QCM-D. The purpose of 

the experiments was to mimic the fiber surface interactions between CNF sur-
faces and deflocculants. As presented in the materials and methods section, the 
QCM-D instrument measures the shift in the resonance frequency ( f) of a pie-
zoelectric crystal as material adsorbs on the crystal surface, where f is propor-
tional to the adsorbed mass per unit surface area. Fig. 31 presents adsorption of 
two different deflocculants as a function of time on a nanocellulose surface. The 
APAMs (concentration 0.025 g/l) are injected to the system (at a rate of 0.1 
ml/min) after 500 s. Both APAMs adsorb on cellulose to some extent, which is 
surprising because both cellulose and APAM possess anionic charges and there-
fore should repel each other. However, the CNF model surface is porous 
(Kontturi et al. 2013), meaning that polymers can be partly entrapped or dis-
persed in the nanocellulose fibrils (increase the swelling), contributing to a de-
crease in resonance frequency. The APAM attached poorly to the surface since 
there was a noticeable increase in the frequency when water rinsing was started, 
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which indicates detachment of APAM from the surface. The QCM-D instrument 
measures the dissipation energy of the adsorbed layer, which gives information 
about its viscoelastic properties. The higher the D, the looser the layer. APAMs 
seemed to increase the D somewhat, indicating either that some loose polymer 
tails are attached to the cellulose surface or that some dispersion of CNF oc-
curred. Effects are larger with low molecular weight APAM than those with high 
molecular weight, supporting the idea of dispersing nanofibrils. Hence, one 
could assume that the high molecular weight polymer formed a looser adsorp-
tion layer (Saarinen et al. 2009). Water rinsing decreased D significantly, in-
dicating that most of the APAM was washed away from the surface. The effect 
was more pronounced with low molecular weight APAM. 

 
Figure 31. Adsorbed amount of APAMs ( f, two upper profiles, left axis) and the dissipation ( D, 
two bottom profiles, right axis) on a nanocellulose surface as a function of time.  The concentration 
of APAs was 0.025 g/l and it was injected into the cells at a rate of 0.1ml/min by using a peristaltic 
pump (Paper IV). 

4.3.2 Rheology 

 
To get further information about the interactions between cellulose fibers and 

APAMs, the rheometer results for microfibrillar cellulose (CMF) and APAMs are 
discussed here. The gel strength in the linear viscoelastic region was measured 
by an amplitude sweep with three different APAMs and at five different CMF 
concentrations (0.5, 1, 5, 10, and 25 w-%). 

Figure 32 shows the storage modulus (G’) of the CMF suspensions with differ-
ent polymers as a function of APAM concentration. APAMs decreased the gel 
strength of the suspensions even at the lowest concentration, 0.5 w-% of the 
CMF mass (except LMW-LCD). At 1% concentration, all APAMs decreased the 
gel strength and the effect was somewhat higher than with high charge density 
APAMs. The gel strength has been shown to be dependent (Giri et al. 2000) on 
the strength of the average fiber-fiber contact point and the number of contact 
points in a certain volume. In the adsorption tests it was shown that APAM in-
teracts to some extend with CMF surface, which suggests that APAM may 
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slightly lower the strength of the fiber-fiber interaction, but mainly reduce the 
number of contacts between the fibrils. Similarly, the APAM chains may get 
trapped between the approaching fibrils and reduce collisions and thus, reduce 
flocculation. In addition, APAM increases the viscosity of the suspending me-
dium, which decreases the turbulence in the flow and results in weaker flocs 
(Zhao and Kerekes 1993). 

The low molecular weight APAM (LMW-HCD and LMW-LCD) first decreased 
the gel strength of the CMF suspension. After that, gel strength slightly de-
creased for low molecular weight, low charge APAM (LMW-LCD), but quite con-
stant gel strength was observed for polymer concentrations of 1-10% with the 
low molecular weight, high charge APAM (LMW-HCD). The initial decrease was 
caused by the dispersive effect of the polymers, which decreases the contacts 
between the fibers and therefore weakens the gel. With high charge density 
APAM the minimum of the gel strength was achieved at lower concentration 
than with lower charge density APAM. This indicates that the number of nega-
tive charges in the system is essential to the network strength. With the highest 
amount of the polymer, 25% (w/w (CMF)), the gel strength started to increase, 
especially with the high charge, low molecular weight APAM. At high concen-
trations the highly charged polymer chains are extended and rigid and are gel-
like, which increases the gel strength of the whole suspension. The higher charge 
density of LMW-HCD compared to LMW-LCD results in higher storage modu-
lus of the suspending medium, which is also reflected in the higher gel strength 
of the suspension. 

The high molecular weight and high charge APAM (HMW-HCD) decreased 
the gel strength the most at the two lowest concentrations (0.5 % and 1% w/w 
(CMF)). This indicates that a high molecular weight anionic polymer is needed 
to weaken the gel strength of CMF suspension at low polymer additions. For the 
high molecular weight APAM, gel strength started to increase already at 5 % 
w/w (CMF) HMW-HCD. This can be explained by the very high molecular 
weight where the high viscosity of the polymer solution starts to dominate the 
CMF/APAM gel strength. For higher HMW-HCD concentrations, no reliable re-
sults could be obtained due to the high viscosity of the polymer solution.  

Figure 32. Storage modulus for 0.5% CMF suspensions with three different APAM measured at 
0.05% strain and 1 Hz frequency (Paper IV). 
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Figure 33 shows the floc structure for the pure CMF suspension and the CMF 
suspension with APAM (LMW-HCD). The images were taken through the trans-
parent sample cup of the rheometer after shearing the suspensions at an appar-
ent shear rate of 5 s-1 for 10 min. With this low shear rate one can create a het-
erogeneous floc structure in the CMF suspension (Fig. 33a), since the colliding 
fibrils flocculate mechanically (Karppinen et al. 2012). APAMs suppressed the 
flocculation and the extended APAM chains between the slightly negative CMF 
fibrils reduced the collisions and entanglements between the fibrils, which ex-
hibited a more uniform structure for the APAM-containing suspensions (a rep-
resentative image with LMW-HCD is shown in Figure 33b).  In addition to steric 
hindrance, also the higher viscosity of the suspending medium decreases the 
movement of the fibrils relative to each other, preventing floc formation. When 
shearing was continued at a lower shear rate (0.5 s-1), the difference between 
neat CMF suspension and the suspensions containing APAM diminished and all 
suspensions had flocculated structures. 

Figure 33. Images of the CMF suspension structure after shearing at 5 s-1 for 10 min in the rhe-
ometer. The suspension is photographed through the outer cylinder of a concentric cylinders ge-
ometry, where the gap between the cylinders is 1 mm. a) CMF 0.5 w-% (a floc highlighted), b) 
CMF 0.5 w-% with 1 % (w/w (CMF)) LMW-HCD. The area of the photographs is 10 mm x 10 mm 
(Paper IV). 



Results and discussion 

56

 

4.3.3 Deflocculation 

 
The effect of different types of APAM on the deflocculation of pulp fibers was 

studied as a function of time. Figure 34 presents a typical size distribution curve 
for particles before and after 60 s upon HMW-HCD addition (0.2%). After de-
flocculant addition, one can clearly see that the number of small particles in-
creases, especially in the size range of 1- 50 μm, and decreases to some extent in 
the size range 80-200 μm. This is a consequence of the dispersion of the biggest 
fiber flocs into smaller ones as HMW-HCD is added. Even though the focused 
beam reflective measurement might not be optimal for measuring particle size 
(due to the fact that fibers are very long but narrow particles), the differences 
between these samples were reproducible, and the method has been successfully 
used for fiber suspension flocculation studies (Alfano et al. 1998; Blanco et al. 
2002; Ordonez et al. 2009; Taipale et al. 2010a). Thus, we expect the method to 
be useful to compare different deflocculants and dosage levels and explain how 
different parameters affect the deflocculation of the pulp. As the changes in the 
measured particle counts were biggest in the 1-10 μm particle size range, this 
study focuses on this particle size range.  
 

 
Figure 34. The particle size distribution of a fiber suspension (0.5 % consistency) before and after 
60 s upon APAM (HMW-HCD) addition (0.2 % of pulp). Mixing speed was 1000 rpm  (Paper IV). 
 

Figures 35a and b present the relative count indices as a function of time for 
four different HMW-HCD dosages in the particle size range of 1-10 μm. The fi-
ber consistency was 0.5% and 1.5 % in Figs 35a and b, respectively (mixing speed 
1000 rpm). Shortly after the HMW-HCD addition, there was a steep increase in 
the relative count index, indicating the rapid dispersion of fiber flocs into 
smaller fragments. This is suggested to be due to the change in the viscosity 
when high molecular weight deflocculants are added (Zhao and Kerekes 1993). 
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For flocs to form, fibers must crowd together and stay crowded. When the vis-
cosity of the suspension increases, the fibers flow more evenly and their relative 
motion decreases. As contacts between fibers decrease, crowding also decreases, 
which leads to diminished flocculation (Wasser 1978; Lee and Lindström 1989; 
Zhao and Kerekes 1993) and as can be seen at both 0.5% and 1.5% consistencies. 
Similarly as in the gel strength measurements, dosing seems to have a signifi-
cant effect on deflocculation, especially at high consistency. At the fiber suspen-
sion consistency of 0.5%, the highest relative count index was achieved at 0.2% 
HMW-HCD concentration, whereas in the pulp consistency of 1.5%, the defloc-
culation effect was highest at 0.5% HMW-HCD. At lower dosage levels of HMW-
HCD in the pulp consistency of 1.5 %, the deflocculation was quite low.  

The effect of time on deflocculation is probably the most interesting observa-
tion in this study. In flocculation, the effect of time has been found to be a very 
important parameter (Sikora and Stratton 1981; Hubbe 1986). It has been 
shown that after the addition of a cationic polyelectrolyte, fiber flocculation in-
creases rapidly and the maximum floc size is achieved in few seconds (Hubbe 
2007). If the mixing is continued, the floc size decreases to a certain smaller 
level depending on the dosage and the properties of the flocculant. High shear 
forces are proposed to break down the formed flocs due to a disruption of the 
attachment points on the particles’ surfaces and breakage of the covalent bonds 
within the bridging polymer chains (Sikora and Stratton 1981).  

 In deflocculation experiments, there is a rapid increase in the number of small 
particles (1-10 μm range) after the addition of HMW-HCD, indicating the dis-
persion of larger flocs into smaller ones. Similar to flocculants, the maximum 
deflocculation is achieved rapidly, after which the amount of small particles 
starts to decrease.  The consistency of the pulp seems also to have a significant 
effect on reformation of the flocs. In the higher pulp consistency (1.5%), changes 
in the reflocculation of the fibers seem to be substantially stronger than at 0.5% 
pulp consistency. It seems obvious that collision frequency is higher in higher 
pulp consistency and therefore, reflocculation is more probable. It has been 
shown by Palonen and Jokinen (1986) that the best deflocculating effect can be 
achieved using short contact times. Our results are consistent with this conclu-
sion. It seems that after the addition of a deflocculant, pulp dispersion is very 
quick, but the effect is partly reversible.   

The effect of optimal dosing level is another similarity between deflocculants 
and flocculants. There is typically an optimum dosing level of flocculants, after 
which flocculation starts to deteriorate quite rapidly (Blanco et al. 2002; Hubbe 
2007). In our deflocculation experiments, at 0.5% pulp consistency (Fig. 35a), 
the highest deflocculation was achieved with 0.2% HMW-HCD addition; 
whereas at 0.5% addition, the deflocculation effect was notably lower.  The effect 
of dosing was also seen in the gel strength experiments, Figure 32.   
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Figures 35. Relative count index in the 1-10 μm size range as a function of time after adding 
APAM (HMW-HCD) (at 25 s) (concentration based on fiber weight). (a) and (b) correspond to pulp 
consistencies of 0.5 and 1.5%, respectively (mixing speed used was 1000 rpm) (Paper IV). 
 

The molecular weight has a significant effect on deflocculation efficiency. It 
has been shown earlier (Wasser 1978; Lee and Lindström 1989; Yan 2006c) that 
paper formation is significantly better when the molecular weight of the defloc-
culant is higher. The studies suggested that improvement in paper formation 
was due to an increased deflocculation and hence, a more evenly dispersed fiber 
suspension. Wasser (1978) observed that with a 15 million g/mol deflocculant 
the efficiency was 10 times higher than with a 3 million g/mol deflocculant. The 
present results support these results. A higher molecular weight of the defloc-
culant led to a higher deflocculating effect (Fig. 36). With LMW-HCD, the max-
imum was somewhere between 0.2 – 0.5%.  This is probably a consequence that 
the viscosity of the suspension increased significantly at high amounts of high 
molecular weight deflocculants. If the deflocculant and fiber do not mix effec-
tively, the deflocculation is diminished. 

Similar trends are observed if the deflocculation results of the pulp suspension 
with the gel strength of the CMF/APAM suspensions are compared (Figure 32). 
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APAM deflocculated both pulp and CMF suspensions, which was observed in 
the floc size of the pulp suspensions and lower gel strengths of the CMF suspen-
sions. For both materials, there is an optimum dosage, an APAM concentration 
which deflocculated the suspensions most. In addition, the molecular weight of 
the APAM was important both for the deflocculation efficiency of pulp and for 
gel strength of CMF suspension at low APAM concentration. According to the 
rheological measurements, which show that the gel strength of the fiber network 
decreases with the low polymer addition, it can be expected that there is less 
contacts between the fibers. This might be caused by the high viscosity of the 
polymer solutions, which has been reported to reduce fiber contacts, as already 
discussed, and by the negative charge of the polymer chains between the CMF 
fibers, which slightly repel the negative fibers and thus reduce the collisions be-
tween them. 

 

 
Figure 36. Deflocculation of pulp with two different deflocculants after 60 s of deflocculant addition 
(% of pulp). The pulp consistency was 0.5% and the mixing speed was 1000 rpm (Paper IV). 
 

4.3.4 Dewatering results 

 
In previous studies, it has been shown that high molecular weight anionic de-

flocculants have a detrimental effect on dewatering. This effect has been seen 
especially at high deflocculant dosage (Wasser 1978; Palonen and Jokinen 1986; 
Lee and Lindström 1989). Similarly, our experiments showed that high molec-
ular weight deflocculants (APAM) decreased dewatering significantly (Fig. 37). 
One hypothesis for the decreased dewatering is the choke effect caused by pulp 
fines (Hubbe and Heitmann 2007; Hubbe et al. 2009). These fines block the 
channels through which the water is able to flow. This explanation seems rea-
sonable in our case, since it was observed in the particle size measurements that 
the number of small particles increased as deflocculant was added to the pulp 
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suspension. Therefore, there are more small particles to block water flow chan-
nels, which will lead to decreased dewatering. However, even though the high 
molecular weight deflocculant was more effective in dispersing particles (Fig. 
36), the choke effect does not seem to be the only explanation for decreased de-
watering. From Figure 37 it can be concluded that the higher molecular weight, 
the longer the dewatering time. This is consistent with observations by Wasser 
(1978) and Lee and Lindström (1989). As the dosing of the deflocculants de-
creases dewatering, it seems obvious that the change in the viscosity of the sus-
pending medium also affects dewatering of the pulp (Lee and Lindström 1989; 
Zhao and Kerekes 1993). As the viscosity of the suspending medium increases 
the flow resistance of the water through wire increases, which can be seen as an 
increase in dewatering time.  
 

 
Figure 37. Dewatering time with five different polyelectrolytes as a function of dosage (% of pulp). 
The pulp consistency was 0.5% and the mixing speed of 1000 rpm (Paper IV). 
 

The effect of time on the deflocculation and dewatering has not been widely 
studied. Palonen and Jokinen (1986) concluded that at short contact times are 
desirable to obtain the highest deflocculating effect. In the deflocculation exper-
iments, it was shown that the mixing time seems to have a significant effect on 
the deflocculation level and floc re-formation. Therefore, the effect of mixing 
time on dewatering was also tested. Figure 38 presents the dewatering time of 
the pulp as a function of mixing time with a 0.1% dosage of APAM (LMW-HCD) 
and (HMW-HCD) deflocculants. Without any deflocculant, the dewatering time 
was approximately 8 s. When APAM was added to the suspension the dewater-
ing time increased substantially. The mixing time had a significant effect on the 
dewatering time. After 10 s of mixing, the dewatering time was very high with 
the APAMs but after 30 s mixing at 1000 rpm, the dewatering time was already 
lower; after 300 s the dewatering time was almost the same as without any ad-
ditives. This clearly indicates that something happens in the pulp suspension in 
the presence of deflocculant, as mixing continues. The particle size measure-
ments showed that flocs started to reform as mixing continues, which probably 
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would help the drainage of the water by opening flow channels. However, the 
magnitude of the change in the dewatering experiments was extremely high, 
considering the much more diminutive changes observed in the relative count 
index over the same time period. Thus it can be concluded, that the contact time 
of deflocculant in pulp suspension is a very important parameter, which is a 
well-known fact in flocculation phenomena.  Another contributor to increased 
dewatering could be the deformation of polymer chains (Tanaka et al. 1993). 
This deformation of polymer chains would decrease the viscosity of the pulp, 
which will lead to improved dewatering.  

 
Figure 38. Dewatering time with different polyelectrolytes as a function of mixing time. The pulp 
consistency was 0.5% and mixing speed 1000 rpm. Addition levels of APAM was 0.1% based on 
dry weight of fibers (Paper IV). 
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5. CONCLUDING REMARKS 

 

The interactions of different chemicals, fibers and fillers play important roles 
in the stability of papermaking processes and, furthermore, in the quality of the 
final paper product.  Due to increasing oil prices and to environmental con-
sciousness, it is important to develop new concepts in fiber processing based on 
renewable natural materials. As such, different formulations were tested to in-
crease the efficiency of flocculation/deflocculating phenomena, including the 
use of cellulose nanofibrils (CNF). In turn, this can reduce chemical costs and 
improve paper quality.  In this thesis it is demonstrated that polyelectrolyte 
complexes (PEC) can enhance flocculation significantly in comparison with the 
corresponding single polyelectrolyte systems. In addition, PEC can be used in 
significantly wider concentration ranges. PECs also showed significant refloc-
culation capacity compared to single polyelectrolytes, especially at high dosage 
levels.  This research gives new insights on how different components in PEC 
impact flocculation and reflocculation kinetics. The molar mass and the charge 
ratio of the components significantly affected PEC’s efficiency. One of the im-
portant findings is that in order for PECs to effectively form polymer bridges 
between filler particles one of the components should be a high molecular 
weight polyelectrolyte. More specifically, the component in excess in the PEC 
should have a higher or the same molecular weight than the other component. 
When the low molecular weight polyelectrolyte in the PEC is in excess, the floc-
culation efficiency decreases significantly.  

It was also demonstrated that different types of CNF can be used as effective 
flocculants alone and also in combination with polyelectrolytes. However, in or-
der to flocculate effectively, CNF has to be chemically modified so that a high 
number of charged groups are available to increase their electrostatic interac-
tions with filler and fine particles present in the system. Unmodified CNF, which 
has a low charge density, did not show any flocculation capability. When nano-
cellulose contained more charged groups, either by carboxymethylation, 
TEMPO-oxidation or by cationization, the flocculation efficiency of filler parti-
cles was significantly improved. One of the interesting finding was that single-
component CNF systems showed significant reflocculation, which is unusual for 
polymeric single flocculant systems. It is probable that CNF, with its high sur-
face area, forms networks between particles, and polyelectrolytes can form 
bridges between these networks, leading to efficient flocculation. The effect of 
CNF on flocculation was further tested in retention experiments, where reten-
tion levels as high as 95 % of filler were achieved.  
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With anionic high molecular weight polyacrylamide it was shown that the pos-
itive effects are drastically diminished due to shear forces, and therefore, the 
best deflocculating effect is achieved at short contact times. Furthermore, for 
certain APAMs there is an optimum dosage level for deflocculation. An excess 
dose does not affect further deflocculation or even decreases it. The high molec-
ular weight of APAM was shown to be beneficial in deflocculation. Finally, 
APAMs had a significant deteriorating effect on dewatering that was highly de-
pendent on the contact time of the pulp suspension with APAM. 
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