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Liimatainen, Henrikki, Interactions between fibres, fines and fillers in
papermaking. Influence on dewatering and retention of pulp suspensions
Faculty of Technology, Department of Process and Environmental Engineering, University of
Oulu, P.O.Box 4300,  FI-90014 University of Oulu, Finland 
Acta Univ. Oul. C 334, 2009
Oulu, Finland

Abstract
Interactions between the components of papermaking suspensions (e.g. fibres, fillers, fines and
polymers) have a remarkable effect on various unit processes in papermaking. The filterability of
fibre suspensions, which is a crucial property for example in paper sheet forming and solid
recovery, is also known to be depended on particle interactions. However, due to the complex
nature of the interactions, the role of these phenomena in fibre suspension filtration is still not fully
understood. The focus of this thesis was to find out how phenomena associated to fibre
flocculation, fibre deflocculation and filler particle deposition affect the filterability of fibre
suspensions in terms of their dewaterability and retention.

It was shown that the influence of fibre flocculation on dewatering is closely related to the
structure of fibre flocs. More importantly, the internal density of flocs and factors that impacted
the packing structure of filter cakes, such as floc size, played a crucial role in fibre suspension
dewaterability. Dense flocs with a low internal porosity particularly induces fast water flow by a
mechanism termed as the “easiest path mechanism” through the large voids around the flocs.

The effect of fibre suspension dispersing on dewaterability and particularly fines retention was
found to be associated to the mechanism of action of the deflocculation agent.
Carboxymethylcellulose (CMC), the deflocculant used in this study, had detrimental effects on the
dewatering of a pulp suspension both when being adsorbed on fibre surfaces and when remained
in the liquid phase. However, adsorbed CMC causes more plugging of the filter cake because it
disperses the fines more profoundly. Thus the adsorbed CMC also reduces fines retention
considerably more than CMC did in the liquid phase. 

Filler deposition and retention was found to be significantly higher on pulp fines fractions of
mechanical and chemical pulp than on fibre fractions due to the higher external surface area of
fines. The surface charge densities of pulp fractions also affected their ability to adsorb fillers.
Cationic charges of filler particles was in turn observed to induce deposition of fillers on fibre
surfaces which increased retention but also the dewaterability of a fibre suspension due to a
decrease in total surface area of a suspension. 

Keywords: CMC, deflocculation, dewaterability, filler, filterability, filtration resistance,
fines, floc structure, flocculation, particle deposition, permeability
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List of abbreviations and symbols  

BET Brunauer-Emmett-Teller method 

CD Charge density 

CLSM Confocal laser scanning microscopy 

CMC Carboxymethyl cellulose 

C-PAM Cationic polyacrylamide 

CSF Canadian standard freeness 

DDJ Dynamic drainage jar 

DS Degree of substitution 

ESCA Electron spectroscopy for chemical analysis 

GCC Ground calcium carbonate 

MW Molecular weight 

p.a. Pro analysis 

PCC Precipitated calcium carbonate 

PFI Papierindustriens Forsknings-institut 

Polybrene Poly(1,5-dimethyl-1,5-diazaundecamethylene) bromide 

PolyDADMAC Poly(dimethyldiallyl-ammonium) chloride 

PUD Pulsed ultrasound-Doppler 

P200 Fraction passing a 200 mesh screen (fines) 

RMP Refiner mechanical pulp 

SEC Specific energy consumption 

SEM Scanning electron microscopy 

SFR Specific average filtration resistance 

TMP Thermomechanical pulp 

VTT Technical Research Centre of Finland 

 

a fibre aspect ratio 

A filtration area 

b characteristic constant of the fibre suspension 

cv volumetric concentration of fibres 

C strength coefficient 

d floc size 

din initial floc size 

dst steady-state floc size 

D50 average equivalent particle diameter 

Eff interfibre bond strength 
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k kinetic constant of flocculation 

kbd floc break-down rate constant 

kB Boltzmann constant 

kf floc formation rate constant 

K permeability of filter cake 

l double layer thickness of the charged surface 

n stirring rate 

Δp pressure difference across the fibrous mat and wire 

r2 correlation coefficient 

R filtration resistance of the wire 

S0 specific surface area 

t time 

T temperature 

dV/dt  volumetric flow rate of the filtrate 

W mass of solids retained on wire  

Y Young´s modulus of the fibre cell 

 

α specific filtration resistance of the filter cake 

αav average specific filtration resistance of the filter cake 

γ floc strength constant 

Γ steady-state amount of deposited filler 

δ thickness of polymer layer 

ε porosity of the filter cake 

η viscosity of the filtrate 

θ ratio between repulsive and attractive colloidal forces 

κ Kozeny constant 

κS specific permeability constant 

μ coefficient of friction 

σc surface charge of filler particles 

σf surface charge of fibres 

τy yield stress of fibre suspension 

Φs solid volume fraction 

ω constant describing shear conditions 
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1 Introduction 

1.1 Background 

Filtration properties of pulp fibre suspensions significantly affect various unit 

processes in papermaking. For instance, the sheet forming process in the paper 

machine, solid recovery from the circulation waters and fibre sludge dewatering 

are all based on filtration of a suspension containing fibres and additives. 

Filtration behaviour of fibre suspension is described by the state of a fibre system, 

i.e. its structural parameters such as porosity (Wakeman & Tarleton 1999). It is in 

turn associated to the primary properties of a system (particle size and other 

properties attributed to individual particles and aggregates), which are 

considerably affected by the physico-chemical interactions existing between 

components of suspension. However, due to the complex nature of particle 

interactions, the role of these phenomena in fibre suspension filtration is still not 

fully understood. 

In practise, one of the most important factors characterising the performance 

of fibre suspension filtration is its dewaterability, since it determines the speed of 

a filtration process. It is closely related to fibre-to-fibre interactions, which 

describe how fibres are aggregated within the fibre network and affect the 

distribution of smaller constituent particles within it (Hubbe 2000). The 

knowledge of factors affecting the structure of fibre aggregates, i.e. fibre flocs, as 

well as the mechanisms and impacts of fibre deflocculation are therefore crucial 

in order to better understand the dewaterability phenomena of fibre suspensions. 

Another important factor characterising the fibre suspension filtration is 

particle retention, which depicts the amount of particles retained within a fibre 

network that is formed on the filter media from the suspension during filtration 

(Eklund & Lindström 1991: 145). Since fibre suspensions include small, even 

colloidal-sized particles such as fillers whose mechanical entrapment is difficult 

due to their small size, attractive interactions, which promote particle deposition 

on different pulp fractions, play a significant role in particle retention. Influence 

of pulp fines fractions on filler particle retention is of particular interest, because 

fines contribute significantly to particle deposition in the stock due to their high 

external surface area and are in turn retained in the fibre network better than 

individual filler particles. 
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1.2 The research problem 

Physico-chemical interactions have a remarkable effect on the behaviour of fibre 

suspensions. However, there still remain important questions to be answered on 

how these interactions affect dewaterability and retention of fibre suspensions. 

The relationship between filterability of fibre suspensions and many factors 

related to fibre flocculation, fibre deflocculation and particle deposition are not 

well known. The focus here was to find out how floc structure, deflocculation 

mechanisms and filler deposition are linked to dewaterability and retention of 

fibre suspensions. 

1.3 The aim and hypotheses 

The aim of this thesis was to obtain new information about how interactions 

between papermaking components affect filtration properties of fibre suspensions 

in terms of their dewaterability and retention. The following hypotheses were 

stated and tested to solve the above research problems: 

1. Influence of fibre flocculation on dewaterability of fibre suspension depends 

on floc structure, which is determined by characteristics of flocculation 

agents and flocculation kinetics (Paper I). 

2. Influence of fibre deflocculation on dewaterability and retention of fibre 

suspension is affected by the mechanism of the action of the deflocculation 

agent (Paper II). 

3. Influence of filler deposition on filler retention is significantly affected by the 

fines fractions of pulp. Surface charge of filler has a significant role in filler 

deposition and in determining the dewaterability of fibre suspension (Papers 

III-V). 

1.4 Initial assumptions 

Due to the complex nature of the physico-chemical phenomena existing in fibre 

suspensions, their inclusion in the filtration models is very problematic. Hence 

this thesis is based on empirical observations of the physico-chemical phenomena 

influencing on fibre suspension filterability. Experiments were restricted to model 

fibre suspensions containing different types of pulp fibres and additives including 

flocculation agents, deflocculants and fillers. Practical work was conducted at 
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simplified and constant chemical conditions in order to minimise the disturbances 

of other variables (e.g. solid and salt contents) which typically exist when paper 

mill samples are used. It was assumed that the laboratory scale instruments used 

would be able to establish the physico-chemical phenomena behind filterability of 

fibre suspensions, despite all conditions are not necessarily corresponding to 

specific applications in papermaking. 

1.5 Outline of the thesis 

This thesis is organised into three parts dealing with the relationship between 

filterability of fibre suspensions and fibre flocculation (Part 1), fibre 

deflocculation (Part 2) and filler deposition (Part 3). Each part contains a short 

review of the present understanding about the subject, obtained results, their 

interpretation and discussion, as well as summary of the research findings. Part 1 

(Chapter 3) reviews fluid flow and flocculation phenomena in fibre networks and 

presents results and discussion on how flocculation agents and kinetics of 

flocculation affect fibre floc structure and how structure of flocs is in turn related 

to suspension dewaterability (Paper I). Part 2 (Chapter 4) reviews the mechanism 

behind fibre deflocculation, presents results and discusses how these mechanisms 

are linked to dewaterability and fines retention of a fibre suspension (Paper II). 

Part 3 (Chapter 5) reviews the behaviour of small particles in fibre network and 

properties of different pulp fractions regarding to particle deposition and presents 

results and a discussion on how fibre fines affect filler deposition and retention 

(Papers III and IV), as well as how surface charge of filler affects filler deposition 

and dewaterability of suspension (Paper V). Materials, their characterisation and 

most essential experimental methods used in this study are presented in Chapter 2. 

Chapter 6 presents a conclusion of obtained results. The outline of the thesis is 

summarised in Fig. 1. 
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Fig. 1. Outline of thesis. 

Dewaterability and retention of fibre
suspensions

Role of floc morphology and flocculation kinetics in dewatering         
(Paper I)

Part 1: Influence of fibre flocculation on 
dewatering

Part 2: Influence of fibre deflocculation on 
dewatering and fines retention 

Role of deflocculation mechanisms in dewatering and fines retention 
(Paper II)

Part 3: Influence of filler deposition on 
dewatering and retention 

Role of different pulp fractions in filler deposition and retention       
(Papers III and IV)

Role of filler surface charge in filler deposition and dewaterability of fibre
suspensions (Paper V)
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2 Experimental 

The experiments of this study were mainly performed in the Fibre and Particle 

Engineering Laboratory at the University of Oulu. Some material 

characterisations, separation of mechanical pulp fines fractions, measurements of 

fibre flocculation, as well as filtration experiments with a gravity-driven filtration 

system equipped with a pulsed ultrasound-Doppler (PUD) anemometer were 

conducted in co-operation with the Laboratory of Forest Products Chemistry at 

the Helsinki University of Technology, VTT Jyväskylä and Kemira Oyj. 

The experimental work focused on characterising the filterability of model 

fibre suspensions containing different additives in terms of their dewaterability 

and retention. In addition, various methods were used to describe structural 

parameters of fibre networks, (i.e. state of fibre suspension), and physical and 

chemical properties associated to individual particles and aggregates, (i.e. primary 

properties of fibre suspension). Table 1 summarises materials and the most 

essential experimental methods used in this study, which are also further 

described in this chapter. The more detailed descriptions of experimental setups, 

materials and their characterisation are reported in Papers I-V. 
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Table 1. Summary of materials and methods used in different parts of this study. The 

details of the experimental setups, materials and their characterisation are presented 

in the Papers I-V. 

Part of thesis Materials Methods Paper 

1 Fines-free bleached eucalyptus 

chemical pulp 

C-PAM I and II 

NaCl 

Measurement of dewaterability with a 

vacuum filtration equipment 

Measurement of fibre flocculation with an 

image analysis system 

Measurement of fibre network strength 

I 

2 Bleached pine chemical pulp 

CMC I-IV 

CaCl2 and NaHCO3 

Measurement of dewaterability and fines 

retention with a vacuum and a gravity-

driven filtration equipments 

Measurement of fibre network strength 

II 

3 Primary and secondary fines and 

fibres from bleached eucalyptus 

pulp 

GCC and PCC 

C-PAM II 

 

Fibrillar and flake-like fines and 

fibres from RMP pulp 

Clay 

C-PAM II  

 

Bleached eucalyptus, birch and 

pine chemical pulps 

PCC 

Measurement of filler retention with a 

modified DDJ apparatus 

 

 

 

 

Measurement of filler retention with a 

modified DDJ and a vacuum filtration 

equipment 

 

 

Measurement of dewaterability with a 

vacuum filtration system 

III 

 

 

 

 

 

IV 

 

 

 

 

V 

2.1 Filtration equipments 

Two different filtration equipments, namely a vacuum filtration apparatus and a 

gravity-driven filtration system, were used in this work to characterise 

dewaterability and fines retention of fibre suspensions. In addition, dewaterability 

of suspensions was described with a generally used drainage indicator, the 

Canadian standard freeness (CSF) value, according to TAPPI Method 227 (2004). 

However, this method differs significantly from the above-mentioned methods, 

e.g. in that it measures drainage at the very beginning of filtration, whereas 

vacuum and gravity-driven equipments measure average filterability during 

longer period. 
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The most of the test series were conducted with a vacuum filtration apparatus 

that consisted of a 5 dm3 sample container equipped with a changeable wire, a 

plastic vacuum chamber with rotating filtrate containers, a pressure sensor and a 

vacuum pump connected to the chamber via a control valve. The filtrate was split 

into six fractions during filtration in order to take samples and record the 

cumulative amount of filtrate as a function of time. A schematic illustration of the 

vacuum filtration system is shown in Fig. 2. 

Fig. 2. Schematic illustration of the vacuum filtration apparatus (V, published by 

permission of Tappi Journal). 

Filtrations were carried out by filtering the pulp suspensions under a constant 

pressure difference (10-18 kPa) at room temperature. The fluid was drained 

without fibre mat formation at the beginning of the experiments, but a filter cake 

started to form on the wire over the course of time, and the thickening of the fibre 

network evolved into cake filtration. The total filtration time, total volume of 

suspension and fibre consistency varied between experiments depending on the 

dewatering properties of the suspension. 
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The dewaterability of fibre suspensions was characterised in terms of average 

specific filtration resistances (SFRs) which were calculated after a constant 

filtration time based on Eq. 1. 

1
,

av

dV p
WA dt

R
A

η α

Δ=
 + 
 

 
(1)

where dV/dt is the volumetric flow rate of the filtrate, A is the filtration area, Δp is 

the pressure difference across the fibrous mat and wire, η is the viscosity of the 

filtrate, αav is the average specific filtration resistance of the filter cake, W is the 

mass of solids retained on the wire in the end of filtration, and R is the filtration 

resistance of the wire. The effect of particle retention was taken into account in 

the calculations of SFRs. A detailed method for determining SFR is presented by 

Wakeman and Tarleton (1999), for instance. 

Retention of pulp fines in the filtration was monitored by measuring the 

turbidity of filtrates with a Hach Ratio/XR turbidimeter after a constant 

cumulative amount of filtrate had been obtained. The bound water content of the 

fibres, i.e. the removal of attached water, was evaluated by measuring the water 

content of the filter cakes after vacuum filtration and determining water retention 

values after the free water had been flowing from the cakes for a constant 

filtration time. 

Dewaterability of suspensions was also measured in some experiments with a 

gravity-driven filtration system at VTT Jyväskylä (Fig. 3). The gravity-driven 

filtrations differed from the vacuum filtration measurements in that they involved 

a lower pressure difference across the fibrous cake and a lower fibre consistency 

in the filtered pulp suspension. This lead to a lower fluid velocity through the 

filter cake and consequently to the formation of a thinner cake. The gravity-driven 

system, equipped with a pulsed ultrasound-Doppler (PUD) anemometer, 

measured the local time-dependent velocity field of the fibre phase during vertical 

filtration simultaneously with the instantaneous velocity of the free surface of the 

fibre suspension and fluid pressure on the filtration. This enabled other relevant 

filtration variables such as fluid velocity, pressure, consistency, flow resistance 

and the structural stress of the fibre network to be calculated from these data 

using two-phase flow equations. The system thus provided detailed information 

on the dynamics of filtration and the material properties of the consolidating fibre 

suspension. The flow resistance taken here to characterise dewaterability was 

calculated as the ratio between the measured instantaneous total flux and the 
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pressure loss in fibre suspension during filtration. The details of the device and 

measurement method have been explained by El-Sharkawy et al. (2007) and 

Kataja and Hirsilä (2001). 

Fig. 3. Gravity-driven filtration system equipped with a pulsed ultrasound-Doppler 

(PUD) anemometer (El-Sharkawy et al. 2007, published by permission of Appita 

Journal). 

2.2 Measurement of filler retention 

Filler retention measurements were conducted with a device modified from the 

Dynamic drainage jar, DDJ (Britt 1973) by analysing the concentration of free, 

unadsorbed filler particles in a stirred beaker (500 rpm) by means of turbidity 

measurements with a Hach Ratio/XR Turbidimeter (Fig. 4). Fluid containing free 

filler particles was separated from the suspension 0 to 240 seconds after the 

beginning of the experiment or when equilibrium in filler deposition was reached. 

A portion of the suspension was filtered while stirring through a plastic screen 

which retained the wood material and adsorbed fillers, allowing free fillers to pass 

through. The maximum size of particles that were able to pass through the screen 
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was 4–5 μm. The smallest, colloidal size fraction of the pulp fractions, which 

might have passed through the screen, had been removed from the pulp during 

pre-treatment. In addition, large filler aggregates were screened from the filler 

suspension before filtration experiments. A calibration line for turbidity versus 

filler concentration (correlation coefficient, r2 = 0.99) was used to determine the 

amount of filler in the filtrate (Vanerek et al. 2000). 

Fig. 4. Schematic illustration of the modified DDJ used for the measurement of filler 

retention. 

2.3 Measurement of fibre flocculation  

Fibre flocculation and the properties of flocs in the pulp suspensions were 

characterised using a digital image analysing system that consisted of a digital 

camera, a sampling beaker with a two-blade stirrer, a light source, and a computer. 

The experiments were conducted with a pulp consistency of 0.01% using various 

stirring rates (30–180 rpm) by adding flocculation agent to the stirred beaker and 

recording the images 90 seconds after the flocculation event. The images stored in 

the computer were analysed using an image analysing program in order to 

calculate the size, fractal dimension, strength of the flocs and the kinetic constant 

of flocculation as a function of time. 

Filtrate to turbidity 
analysis

Pulp suspension 
and fillers
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2.4 Measurement of fibre network strength 

The network strengths of the fibre suspensions were evaluated in terms of 

apparent yield stresses, which describe the stress levels above which the 

viscoelastic fibre networks break down to their constituent fragments, i.e. flocs, 

and the fluid starts to flow (Wikström & Rasmuson 1998). Network strength 

reflects the strength of individual fibre flocs, and also the strength of the looser 

fibre network located within the interfloc space, and the friction between flocs 

(Swerin & Ödberg 1993). Network strength also correlates with floc size, i.e. the 

state of dispersion can be related to network strength (Beghello & Lindström 

1998). 

The network strength was characterised on the basis of torque measurements 

performed at a pulp consistency of 0.6–0.8% at room temperature. A similar 

method has previously been used by Wikström and Rasmuson (1998), Andersson 

et al. (1999) and Jokinen et al. (2006). In the present case, a Brookfield rotary 

viscometer DV-1+ with modified blade spindle, as described by Karjalainen 

(2004), was used and a shear diagram was constructed by measuring ten 

replicates for suspension torque on the blade at three rotational velocities (0.3–1.5 

rpm), from which the apparent yield stress was obtained by extrapolating the 

linear portion of the diagram to a zero shear rate. A detailed description of the 

method and apparatus used for fibre network strength measurements is given by 

Karjalainen (2004). 

2.5 Materials 

Pulp materials for the experiments were obtained from Finnish pulp and paper 

mills. Fillers and polymers were all commercial grades supplied directly from the 

manufacturers. All other laboratory chemicals used were p.a. grade. 

2.5.1 Chemical pulps 

Bleached eucalyptus (Eucalyptus globulus), birch (Betula verrucosa) and Scots 

pine (Pinus sylvestris) chemical pulps were obtained as dry sheets. Pulps were 

disintegrated in deionised water and beaten in a PFI mill according to EN ISO 

5264–2 (2002). 
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2.5.2 Chemical pulp fines 

Chemical pulp fines were produced by fractionating unbeaten and beaten 

eucalyptus chemical pulp into the primary and secondary fines fractions and into 

fibre fraction using a dynamic drainage jar (DDJ) equipped with a 76 µm opening 

(200 mesh) stainless steel wire mesh. The separation was carried out at solids 

content of 1 g/dm3 and an agitation speed of 800 rpm. The primary fines fraction 

was separated from the disintegrated pulp before beating, and the secondary fines 

fraction from the primary fines-free pulp after beating (3000 PFI revs). The fibre 

fraction was that left after separating out the secondary fines. 

2.5.3 Mechanical pulp fines 

Mechanical pulp fines were obtained by fractionating refiner mechanical pulp 

(RMP) made from Norway spruce (Picea abies) into flake-like and fibrillar fines 

fractions and the fibre fraction. The pulp was taken from a Finnish pulp mill after 

the first and second refining stages, at a consistency of approximately 40%. The 

net specific energy consumption (SEC) for these RMP pulps was 1.0 MWh/t in 

the first stage and 2.2 MWh/t in the second stage. The flake-like fines fraction 

was separated from the first stage sample, and the fibrillar fines fraction from the 

second stage sample after washing and additional refining (575 kWh/t SEC). The 

fibre fraction was that left after separating out the fibrillar fines. A vibro separator 

(Sweco 48”) equipped with a 75 µm opening (230 mesh) stainless steel wire mesh, 

corresponding to the standard 200 wire mesh on a Bauer McNett classifier, was 

used for washing and separating of fines. The suspensions of fines were allowed 

to settle for 3 days before the supernatant was drained off and the fines collected 

and centrifuged (Jouan GR422 centrifuge) for 5 minutes at 2000 G, after which 

the supernatant was again poured off. The resulting samples were frozen at -18ºC. 

2.5.4 Fillers 

Ground calcium carbonate (GCC), precipitated calcium carbonate (PCC) and 

kaolin clay were used as mineral fillers. GCC and PCC were supplied in the form 

of water slurry with a solid content of about 20%, while the clay was supplied as 

a dry powder from which slurry with a solid content of 10% was prepared with 

deionised water without using dispergents. The particle size, as obtained from a 

Sedigraph (D50 value) and the surface area of the filler particles (BET) as given 
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by the manufacturer were 2.4 µm and 8.0 m2/g, respectively, for PCC, 2.0 µm and 

2.3 m2/g for GCC and 1.4 µm and 12.0 m2/g for clay. The zeta potentials and 

electrophoretic mobilities of the fillers, measured with a Coulter Delsa 440 

Doppler Electrophoretic Light Scatter Analyser, were +7.5 mV and 0.60 

µms-1/Vcm-1, respectively, for PCC and -25.0 mV and -2.0 µms-1/Vcm-1 for GCC 

and -29.0 mV and -2.19 µms-1/Vcm-1 for clay. 

2.5.5 Polymers 

The polymeric flocculants used in this work were two different cationically 

modified polyacrylamides (C-PAMs), one having a low molecular weight (MW) 

and high charge density (CD), the other having a high MW and low CD. C-PAM I 

had a MW of 1.5×106 g/mol and CD of 4 meq/g and for C-PAM II they were 

7×106 g/mol and 1 meq/g, respectively. The stock solutions of polymers (5 g/dm3) 

were prepared by mixing polymer granules into deionised water and by stirring at 

200 rpm for 90 min. The stock solutions were diluted to 50 mg/dm3 before use. 

Sodium carboxymethyl cellulose (CMC) with different MWs and degrees of 

substitution (DS) were used as a deflocculation agent. Relative viscosity values 

measured at constant background salt concentration as given by the manufacturer 

were used to indicate the relative molecular weights of the CMCs. The MW has 

been shown by Kulicke et al. (1996) to increase with viscosity of the CMC 

solution. All the grades were water-soluble, having a DS of 0.5 or higher. CMC 

samples I and IV were technical grades containing about 40% sodium chloride 

(NaCl) and sodium glycolate (HOCH2COONa) as impurities, while samples II 

and III were purified grades containing about 2% impurities. The CMCs were 

supplied as dry powders, from which solutions with a CMC content of 1.0% were 

prepared by mixing the polymer granules into deionised water while stirring at 

200 rpm for 90 min at room temperature. The properties of the CMC grades are 

summarised in Table 2. The pulp fibres were treated with CMC in either of two 

manners: 1) CMC was adsorbed to the fibre surfaces in the presence of 

electrolytes in order to prepare a sample in which it was located only on the fibre 

surfaces and was absent from the liquid phase, and 2) CMC was added directly to 

the washed pulp suspension without electrolytes in order to produce a sample in 

which CMC remained in the liquid phase (Watanabe et al. 2004). The amount of 

adsorbed CMC was determined at constant electrolyte concentration by colloid 

titration (Watanabe et al. 2004) using poly(dimethyldiallyl-ammonium) chloride 
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(PolyDADMAC, MW~150 000 g/mol, Ciba Specialty Chemicals Ltd) as a 

cationic polymer. 

Table 2. Properties of CMC grades. 

Grade Relative viscosity DS Impurity content1 (% w/w) 

CMC I 1.3 0.5 40 

CMC II 1.7 0.7 2 

CMC III 1.0 0.6 2 

CMC IV 5.3 0.6 40 
1 The content of sodium chloride (NaCl) and sodium glycolate (HOCH2COONa). 

2.6 Characterisation and pretreatment of pulp materials 

Properties of the pulp materials were analysed with L&W STFI Fibermaster and 

with Metso FiberLab analysers. A Bauer McNett classifier was employed to 

measure the fines content (P200). Fines fractions were characterised with an 

image analyser that classified them into fibrillar and non-fibrillar particles and ray 

cells by measuring their apparent mass proportion (Luukko et al. 1997). Electron 

spectroscopy for chemical analysis, ESCA (AXIS 165 spectrometer by Kratos 

Analytical) was used to measure the surface content of lignin, extractives and 

carbohydrates in the pulp fractions (Luukko et al. 1999). The total and surface 

charges of the fractions were measured by methylene blue sorption (Fardim et al. 

2002, Fardim & Holmbom 2003) or by polyelectrolyte titration (Wågberg et al. 

1989) using poly(1,5-dimethyl-1,5-diazaundecamethylene) bromide (Polybrene, 

Sigma-Aldrich Chemie GmbH) for the total charge and 

poly(dimethyldiallylammonium) chloride (PolyDADMAC, Ciba Specialty 

Chemicals Ltd) for the surface charge. The zeta potential of fibres was 

characterised with Mütek SZP-06 that measures the streaming potential of the 

sample. The properties of the chemical pulps and different pulp fractions are 

summarised in Tables 3 and 4. 
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Table 3. Properties of chemical pulps used in this study. 

Part of 

thesis 

Pulp sample Fibre length1 

(mm) 

Fibre width1 

(μm) 

Fines1 

(% w/w)

Total 

charge1,2 

(μmol/g) 

Zeta 

potential1 

(mV) 

CSF1 

(ml) 

1 Fines-free bleached 

eucalyptus3  

0.8 16.5 - 81 -116  409 

2 Bleached pine3  2.3 28.5 4.5 55 -79 571 

3 Bleached eucalyptus4  

Bleached birch4 

Bleached pine4 

0.8 

0.9 

2.0 

18.5 

21.6 

30.0 

6.6 

4.6 

0.5 

79 

65 

47 

-141 

-125 

-112 

496 

535 

657 
1 Measured from washed pulps which had conductivity less than 5 µS/cm, 2 total anionic groups as 

measured by methylene blue sorption (Fardim et al. 2002, Fardim & Holmbom 2003) at pH 8.0, 3 beaten 

3000 revs in a PFI mill, 4 unbeaten pulp.  

Table 4. Summary of the properties of fibre and fines fractions in Part 3 of the thesis 

(Papers III and IV). 

Fraction Particle content1 

(% w/w) 

 Surface composition1 (%) Charge properties1 

(μeq/g) 

Fibrils Lignin Extractives Carbohydrates Total 

charge2 

Surface 

charge3 

Chemical pulp  

Fibres 

Primary fines 

Secondary fines 

 

- 

9 

17 

  

<1 

7 

3 

 

<1 

8 

5 

 

99 

85 

92 

 

86.8 

84.4 

75.3 

 

11.5 

14.3 

15.7 

Mechanical pulp 

Fibres 

Flake-like fines 

Fibrillar fines 

 

- 

24 

33 

  

29 

53 

41 

 

11 

23 

11 

 

60 

24 

48 

 

85.5 

164.9 

168.1 

 

12.6 

47.1 

50.7 
1 Measured from the washed pulps which had a conductivity less than 5 µS/cm, anionic charge measured 

by polyelectrolyte titration at a background electrolyte (NaCl) concentration of 0.01 M using 2poly(1,5-

dimethyl-1,5-diazaundecamethylene) bromide for the total charge and 3 poly(dimethyldiallylammonium) 

chloride for the surface charge (Wågberg et al. 1989). 

All pulp materials were treated with acid (0.01 M HCl) before the experiments in 

order to remove metal ions and then converted to sodium form by treatment with 

NaHCO3 (0.001 M) at pH 9.5 with chemical pulps and at pH 9.0 with mechanical 

pulp (pH adjusted with a 0.1 M NaOH solution). Pulps were then washed with 

deionised water until their conductivity was less than 5 µS/cm (Wågberg & 

Björklund 1993). 
 



 28

 



 29

3 Part 1: Influence of fibre flocculation on 
dewatering (Paper I) 

3.1 Fluid flow in a fibre network 

Fluid flow in a porous material such as in a heterogeneously and irregularly 

structured pulp fibre network is determined by the openness of the material, i.e. 

its porosity, which is associated to the size, shape and distribution of pores in the 

material. The pore structure is in turn related to the primary properties of 

constituent particles of a network, e.g. fibre length, flexibility and size 

distribution of fibre fines. Relationship between these variables and fluid 

permeability is, however, complex and their inclusion to filtration models that 

describe fluid flow in fibre networks is problematic. In the widely used model 

developed by Kozeny (1927) and Carman (1937), the permeability of filter cake, 

K, which is inversely proportional to the specific filtration resistance of cake, α, is 

related to the properties of constituent particles of a filter media by means of their 

specific surface area as shown in the Eq. 2. 

( )23 2
0/ 1 ,K Sε κ ε= −  (2)

where κ is the Kozeny constant, which characterises the shape and orientation of 

the material, ε is the porosity, and S0 is the specific surface area. In the Kozeny-

Carman model fluid is assumed to flow through capillaries which are orientated at 

45º to the inflow direction, and the contacts between fluid and the internal surface 

of capillaries is assumed to hinder the flow (Wakeman & Tarleton 1999). A 

problem with the Kozeny-Carman model, and in general with filtration models, is 

that the effects of chemical interactions, which describe the aggregation of fibres 

and other constituent particles including fibre fines and mineral fillers, and which 

affect significantly primary properties, are difficult to define by a simple 

parameter such as specific surface area. Therefore empirical results of the 

influence of constituent particle interactions on permeability and mechanism 

describing filtration behaviour of fibre suspensions are needed. 

Currently few mechanisms exist which describe the filterability of fibre 

network by means of fibre properties. The mechanism called cake sealing 

(Wildfong et al. 2000) is based on the influence of fibre flexibility on porosity of 

network: comformable fibres tend to compress together by the applied pressure 

difference, which leads to the sealing of the fluid passageways and blinding of the 
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filter fabric. A schematic illustration of the sealing mechanism is shown in Fig. 5. 

It is supported by the finding that the dewaterability of fibre suspension decreases 

as a function of fibre flexibility (Paavilainen 1993). In addition to fibre flexibility, 

the interfibre friction has been shown to affect fluid flow in a fibre network, 

because packing structure of network is affected, i.e. organisation of fibres 

relative to each other (Sampson & Kropholler 1995). Increased interfibre friction 

hinders the sliding of fibres past each other and thus prevents their dense packing, 

leading to the formation of porous structures. 

Despite these mechanisms are describing fluid flow in a fibre network by 

means of some fibre properties, they do not consider the role of the fibre 

aggregation and particle adsorption. 

Fig. 5. Sealing mechanism describing the effect of fibre flexibility on fluid flow in a 

fibre suspension (Hubbe & Heitmann 2007, published by permission of Hubbe & 

Heitmann 2007). 

3.2 Fibre flocculation 

Fibre flocculation, i.e. formation of larger aggregates or flocs from individual 

fibres, follows both from mechanical entanglement of flexible fibres and chemical 

interactions that exist between them (Mason 1950, Hunter 1993). The attractive 

chemical interactions, which are often promoted by flocculation agents, i.e. 

polymeric flocculants and inorganic coagulants, increase the number and strength 

of fibre-to-fibre bonds in flocs initially formed through mechanical friction and 

fibre bending (Wågberg & Lindström 1987, Swerin 1998, Andersson et al. 1999, 

Schmid & Klingenberg 2000). This causes considerable changes in floc size, 

strength and reversibility (Hubbe 2000, Schmid and Klingenberg 2000) 

depending on the properties of flocculants such as their molecular weight, charge 
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density and conformation, and on the amount of flocculant adsorbed (Hubbe 1987, 

Saveyn et al. 2005, Yu et al. 2006). Flocculation agents also modify floc 

formation dynamics, i.e. flocculation kinetics, by enhancing the probability of 

fibre attachment in the collisions that may lead to floc formation. 

The relationship between floc structural properties and suspension 

dewaterability has been studied primarily in the context of mineral particles and 

wastewater sludges by several authors (Waite 1999, Wu et al. 2003a, Zhao 2003, 

Turchiuli & Fargues 2004, Zhao 2004, McFarlene et al. 2006, Nasser & James 

2007), but the effect of pulp fibre floc morphology on dewaterability of fibre 

suspensions has been demonstrated only in a few publications (Antunes et al. 

2008, Hubbe et al. 2008). Floc size has been shown to be the most important 

factor affecting the dewaterability of many suspensions (Wu et al. 2003b, Antunes 

et al. 2008), which is consistent with the filtration theory of Kozeny (1927) and 

Carman (1937) stating that decrease in specific surface are of a suspension by 

aggregation of the primary of particles should increase permeability of filter cake 

(Eq. 2), despite some conditions under which no direct correlation was 

established (Zhao 2003). It has also been concluded that increased floc strength 

will promote dewatering, as it increases the resistance of flocs to deformation 

under a compressive load (Nasser & James 2006) and reduces pore plugging and 

sealing of filter fabric by the fragments remaining from floc breakage (Boller & 

Blaser 1998, Wu et al. 2003a). The results with regard to floc density are 

inconsistent, however, since increased density has been thought to either increase 

(Sengupta et al. 1997) or reduce (Waite 1999, Antunes et al. 2008) the 

dewaterability of a suspension. There are results which also suggest that the floc 

growth rate, i.e. flocculation kinetics, affects floc structure and dewatering (Amal 

et al. 1990, McFarlene et al. 2008), but the phenomena lying behind such effects 

are still largely unclear. 

Because studies concerning floc structure and dewatering have focused 

mainly on mineral particle suspensions and wastewater sludges, the role of pulp 

fibre floc structure in the dewaterability of a pulp suspension have not been well 

established. In addition, there is a scarcity of generic knowledge regarding the 

role of flocculation kinetics in the floc structure and the dewaterability of particle 

suspensions. 
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3.3 Role of floc structure in fibre suspensions dewatering 

The research work concerning fibre flocculation and fibre suspension filterability 

in this thesis focused on finding out how flocculation agents (C-PAM I, C-PAM II 

and NaCl) and kinetics of flocculation affect fibre floc structure and how structure 

of flocs is in turn related to dewaterability of a pulp suspension (Paper I). In 

Chapters 3.3.1 and 3.3.2 the factors affecting floc structure have been examined 

with an image analysis system, starting from the effect of characteristics of 

flocculation agents, and then progressing to the role of flocculation kinetics. 

Finally, the influence of floc structure on dewaterability of a fibre suspension has 

been discussed in Chapter 3.3.3. 

3.3.1 Relationship between characteristics of flocculation agents 
and floc structure 

The properties of the fibre flocs, which were characterised in terms of average 

steady-state floc size, density and strength with an image analysis system were 

observed to be significantly affected by characteristics of flocculation agents. The 

floc size, which is shown in Fig. 6 as a function of stirring rate, decreased in rank 

order of C-PAM II (high MW, low CD) > C-PAM I (low MW, high CD) > NaCl 

which is consistent with previous results showing that the binding strength of 

flocculation agents and their influence on floc size decrease in the order: bridging 

polymers > patching polymers > neutralisation agents (Lindström 1989). In 

addition, the results followed the findings by Saveyn et al. (2005) and Swerin and 

Ödberg (1993) that the degree of flocculation increases with the MW of the 

C-PAM. The role of mechanical entanglement in fibre flocculation was observed 

to be minor because the measured average floc size in the absence of chemical 

additives, 1.26 mm, differed only slightly from the average length of individual 

fibres, 0.81 mm. 
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Fig. 6. Steady-state floc size as a function of stirring rate in the presence of C-PAMs 

(0.8 mg/g) and NaCl (100 mM) (I, published by permission of Liimatainen et al.). 

The density of flocs was described by means of mass fractal dimension, which 

reflects how primary particles forming the floc are organised within it and 

indicates the compactness of flocs (Kaji & Monma 1991, Waite 1999). Fractal 

dimension followed a similar trend to the floc sizes (Fig. 7): C-PAM II had a 

significantly higher impact, i.e. higher mass fractal dimensions, than either 

C-PAM I or NaCl, which increased floc density to similar extents. The values of 

fractal dimension were found to be close to those previously reported for sludge 

flocs by Zhao (2003). 

Fig. 7. Steady-state fractal dimension of the flocs as a function a) C-PAM dosage b) 

NaCl dosage (I, published by permission of Liimatainen et al.). 
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Floc strength was characterised by means of floc strength constant, γ, calculated 

from the steady-state floc sizes, dst, measured as a function of stirring rate, n, 

(Fig. 6) using the empirical Eq. 3 presented by Jarvis et al. (2006). 

,std C n γ−=  (3)

where C is the strength coefficient. The flocs produced by C-PAM I and salt 

disintegrated rapidly as the stirring rate was increased. A constant floc size was 

achieved beyond 60 rpm, this being close to the size of the individual fibres and 

therefore indicating that practically all the flocs had been ruptured. The flocs 

produced by C-PAM II, however, appeared to be considerably more resilient to 

breakage, since moderately large flocs still existed at the highest stirring rates 

(180 rpm). The corresponding values for the floc strength constant, γ, were 1.89 

for C-PAM I, 0.83 for C-PAM II and 1.72 for NaCl, being higher than those 

reported earlier for sludge and mineral flocs (Jarvis et al. 2005), indicating the 

low strength of fibre flocs and their sensitivity to rupture by shearing. 

The main factors describing the differences in floc structures are presumably 

associated with how flocculation agents affect fibre-fibre interactions within the 

resulting flocs, which is in turn related to the strength of individual polymer joints 

in the bonding interfibre polymer layer, the number of joints and the structure of 

the bonding layer. The largest size and the highest density of the flocs produced 

by C-PAM II suggests that the strength of individual polymer joints in the 

bonding layer was the greatest and/or the number of surface connecting joints was 

most abundant with C-PAM II. This is because strong bonds and a high number of 

joints will increase floc size due to increased shear resistance and will lead to floc 

compaction due to high floc adhesion. This issue will be discussed further in 

Chapter 3.1.2, dealing with the flocculation kinetics and floc structure. 

The higher floc strength measured here for C-PAM II than that for C-PAM I 

suggests that C-PAM II, which had a higher MW and hence thicker polymer layer 

(Stenius 2000), has an increased ability to elongate, withstand shearing, and store 

kinetic energy than the thin layer formed by C-PAM I, and that as a consequence 

the fibres were better able to move relative to each other without bond-breakage. 

The alteration in fractal dimension as a function of shearing also supports this 

assumption, since a higher reduction in the fractal dimension was obtained with 

C-PAM II than with C-PAM I, as the shear was increased from 30 to 180 rpm, 

which suggests higher flexibility of interfibre joints formed by C-PAM II. It is 

also possible that the patching agents such as C-PAM I only screen the 

electrostatic repulsion between charged fibre surfaces. Hence the thin polymer 
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layer does not connect surfaces, but the bonding is based on van der Waals 

attraction. This is supported the fact that the strength of the flocs induced by NaCl 

was observed to be similar to that achieved with C-PAM I. 

3.3.2 Relationship between flocculation kinetics and floc structure 

The influence of flocculation agents on flocculation kinetics was described by 

means of the kinetic constant of flocculation, k, obtained by a best fit of the 

exponential Eq. 4 to the diagrams presenting floc size, d, as a function of time, t. 

( ) ( ) ,kt
st st ind t d d d e−= − −  (4)

where dst is the steady-state floc size and din is the initial floc size. The kinetic 

constants presented as a function of flocculation agent dosage in Fig. 8 show that 

C-PAM II caused the fastest floc growth, i.e. it had the highest value for the 

kinetic constant, a finding which was also supported by visual observations. The 

flocculation induced by C-PAM I and NaCl was considerably slower, C-PAM I 

having only slightly higher kinetic constant values than NaCl. 

Fig. 8. Kinetic constant of flocculation as a function of C-PAM and NaCl dosages (I, 

published by permission of Liimatainen et al.). 
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closer to each other. This was not observed here, however, but rather the densest 

flocs were formed at the highest flocculation rate. 

One explanation behind the observation that CPAM II had the largest 

influence on the flocculation rate may be that the extended conformation of 

CPAM II increased the collision cross-section of fibres more than CPAM I which 

had a low MW and NaCl which only modified the structure of electrical double 

layer (Walles 1968). 

Another probable reason for the differences in flocculation kinetics may be 

related to differences between the effects of flocculation agents on interfibre bond 

strength, Eff, which is supported by the variability of size and strength of flocs. 

Furthermore, previous results based on the measurement of pull-off forces 

between C-PAM-coated cellulose spheres by atomic force microscopy have 

shown that the the interfibre bonding strength of C-PAM increases as a function 

of molecular weight of C-PAM (Salmi et al. 2007). The Eff in turn determines the 

floc break-down rate, i.e. it has a significant contribution on flocculation kinetics, 

k, which consist of competing processes of floc formation and break-down 

phenomena (van de Ven 1993). These phenomena are characterized by floc 

formation rate constant kf and floc break-down rate constant kbd, i.e. k = kf + kbd. 

Floc break-down rate is in turn associated to Eff  as shown by the Eq. 5. 

/ ,ff BE k T

bdk eω −=  (5)

where ω is the constant describing the shear conditions, kB is the Boltzmann 

constant and T is the temperature. Presumably the effect of flocculation agents on 

floc formation kinetics, kf, which is determined by the ratio between the repulsive 

and attractive forces, θ, that exist between particles, was in turn similar, since 

both CPAMs and NaCl had shown to affect θ similarly (Petlicki & van de Ven 

1992). 

Hence these findings indicate that the high flocculation rate of C-PAM II is 

attributable to its high bonding strength, Eff, which reduces floc breakage, i.e. 

reduces kbd, and also has an impact on floc structure in terms of floc size, strength 

and density. This means that both the floc structure and flocculation kinetics 

follow from the high bonding ability of the flocculation agent and the flocculation 

kinetics as such is not the factor determining the floc structure. As seen in Fig. 9, 

which presents the kinetic constant of flocculation as a function of fractal 

dimension and floc size, good correlations (r2 = 0.94) exist between these 

variables, supporting the argument that they are interlinked. 
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Fig. 9. Floc size and fractal dimension as a function of the kinetic constant (I, 

published by permission of Liimatainen et al.). 

3.3.3 Relationship between floc structure and dewaterability of a 
fibre suspension 

The suspensions treated with C-PAM II (high MW, low CD) had better 

dewaterability, i.e. lower filtration resistance, than those treated with C-PAM I 

(low MW, high CD) or NaCl, which is shown in Fig. 10. As described in Chapter 

3.3.1 C-PAM II was also found to produce the largest flocs, which had the higher 

strength and density in terms of fractal dimension than those resulting from 
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their size, strength and density have a significant contribution to the 

dewaterability of a flocculated pulp suspension. 
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Fig. 10. Filtration resistance of fibre suspension as a function of: a) C-PAM dosages, 

and b) NaCl dosage (I, published by permission of Liimatainen et al.). 

Flocculation modifies the fibre network structure by producing local density 

variations in the continuous network of fibres, resulting in relatively compact 

fibre flocs with low porosity and a looser interfloc network having large voids. 

Therefore, an explanation behind obtained results is likely related to the 

differences in floc internal compactness or porosity and in voidage of the interfloc 

network, i.e. floc packing structure in filter cake, which are factors that describe 

the fibre network’s overall porosity and its permeability as stated in the Kozeny-

Carman equation (Eq. 2). 

Because the high flow resistance of the small pores inside the flocs hinders 

water flow, the fluid tends to flow through the larger pores of the interfloc space 

(Britt & Unbehend 1976, Saveyn et al. 2005). This “easiest path” mechanism 

probably promoted fast water flow through the large voids around the dense flocs 

produced by C-PAM II, resulting in a low filtration resistance, since the porosity 

of flocs was low. Loose flocs produced by C-PAM I and NaCl in turn had a more 

detrimental effect on fluid flow, since part of the fluid had also penetrated through 

the flocs, in which the surface area that hindered the flow was high. This 

phenomenon is illustrated in Fig. 11. Therefore, an increase in floc density seems 

to have a positive effect on dewaterability, despite the formation of loose 

aggregates have previously been suggested to promote biosolids dewatering 

(Waite 1999). The correlation between measured floc densities and filtration 

resistances is shown in Fig. 12. 
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Fig. 11. Effect of floc density on fluid flow in a fibre network (the “easiest path” 

mechanism). 

Fig. 12. Filtration resistance of fibre suspension as a function of floc fractal dimension 

(I, published by permission of Liimatainen et al.). 

While the floc density expressed in terms of fractal dimension reflects the internal 

porosity of the flocs, the porosity of the interfloc space is determined by their 

packing structure within the cake. Floc packing is in turn related to the size and 

shape of the flocs, as large and irregular flocs cause the formation of loose 

structures that have good dewatering properties due to large interfloc voids. This 

is also consistent with obtained results, since an increase in floc size was seen to 

reduce the filtration resistance of the fibre suspension, i.e. increase the 

dewaterability of the pulp. The flocs produced by C-PAM II were also observed 

visually to be the most irregular, which might have promoted their loose packing 
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and good dewaterability. The high floc strength gained with C-PAM II 

presumably increased the ability of filter cake to resist compression and pore 

collapse. It will therefore have reduced the sealing of the fluid passageways, 

particularly on the surface of the wire, where fibre squeezing could blind the filter 

fabric (Wildfong et al. 2000, Hubbe & Heitmann 2007). 

It is probable that there are also other important factors related to fibre 

flocculation that affect dewaterability of fibre suspensions. CPAM I was found to 

promote dewatering more than NaCl, despite the fact that these chemicals had a 

similar effect on many floc properties. 

3.4 Summary of Part 1 

Characteristics of flocculation agents had significant effect on floc structure. The 

most important property was found to be the interfibre bonding strength of the 

flocculation agent. A high MW, low CD C-PAM having a high interfibre bonding 

strength induced the formation of larger and denser flocs than a low MW, high 

CD C-PAM or NaCl, which both had a lower bonding strength. Another important 

property for determining floc structure was the structure of bonding layer of 

polymeric flocculants: a thick polymer layer was able to elongate and withstand 

shearing and therefore it promoted the formation of strong flocs. Fast flocculation 

kinetics was concluded to follow from high interfibre bonding strength and 

therefore the rate of floc formation did not appear to be the key factor determining 

the floc structure. 

An important floc structural property regarding the dewaterability of fibre 

suspension was floc internal porosity. Dense flocs having a low internal porosity 

and high fractal dimension induced fast water flow by the easiest path mechanism 

through the large voids around the flocs. In addition, the floc properties that 

affected the packing structure of a filter cake, i.e. structure of interfloc space, had 

a significant contribution to dewaterability. Large, irregular flocs promoted the 

formation of loose floc packing, which improved dewatering. Increased floc 

strength in turn reduced the sealing of the fluid passageways, particularly on the 

surface of the wire, where fibre squeezing could blind the filter fabric and hence it 

promoted dewatering. 
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4 Part 2: Influence of fibre deflocculation on 
dewatering and fines retention (Paper II) 

4.1 Fibre deflocculation 

Excessive fibre flocculation can have harmful effects on papermaking processes 

and paper quality (Giri et al. 2000, Paul et al. 2004, Yan et al. 2006). E.g in the 

sheet forming section of a paper machine excessive flocculation reduces paper 

sheet uniformity, i.e. formation. Therefore deflocculation agents, i.e. dispergants, 

have been used to disperse fibres and reduce their flocculation. Carboxymethyl 

cellulose (CMC) that is primarily used in wet-end for improving dry-strength of 

paper is a potential dispersing agent for fibre suspensions. However, CMC has 

detrimental effects on the dewaterability of fibre suspensions: it reduces free 

water removal from the pulp and increases the amount of bound water attached to 

the fibre surfaces (Joutjärvi 2004). The reason behind this negative influence of 

CMC on dewaterability is still partly unclear, because deflocculation or dispersing 

mechanisms of fibre deflocculants and their influence on fibre network structure 

and fluid flow in network are not completely understood. 

The deflocculation mechanisms of various synthetic and natural polymers in 

fibre suspensions have been studied by several authors (Wasser 1978, Lee & 

Lindström 1989, Zhao & Kerekes 1993, Yan et al. 2006). Most of the polymeric 

deflocculants have been shown to affect either the surface properties of fibres, 

resulting in lower frictional forces between them (Zauscher & Klingenberg 2001, 

Yan et al. 2006), or fluid properties, by modifying shear viscosity (Zhao & 

Kerekes 1993, Beghello 1998) and other rheological suspension properties (Lee 

& Lindström 1989). The mechanism of adsorbing, i.e. surface modifying, 

polymeric deflocculants is attributed to the formation of a hydrated layer or 

electrosteric barrier on the fibre surfaces that reduces friction at their contact 

points (Yan et al. 2006), while the activity of non-adsorbing deflocculation agents 

is based on the alteration of fluid properties. An increase in shear viscosity 

reduces the relative motion of the fibres and lowers the fibre crowding that would 

otherwise result in flocculation (Zhao & Kerekes 1993). Since the dosages of 

deflocculation agents are often too low to effectively reduce the shear viscosity of 

a suspension, it has also been proposed that polymeric deflocculants increase the 

elongational viscosity that occurs when polymers are forced to stretch out from 

the gap between two approaching fibres (Lee & Lindström 1989, Yan et al. 2006). 
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This results in lower fibre crowding and reduces flocculation. The suppression of 

turbulence by the action of deflocculant will also reduce fibre flocculation, as 

fibres tend to relax and crowd together once the fluid velocity has decreased (Yan 

et al. 2006). 

Several studies have also been published dealing with the deflocculation 

mechanism of CMC (de Roos 1958, Beghello & Lindström 1998, Giri et al. 2000, 

Rantanen et al. 2006, Yan at al. 2006, Horvath & Lindström 2007), but the results 

have been inconsistent, suggesting that its action may be related either to its 

adsorption to fibres (de Roos 1958, Beghello & Lindström 1998, Giri et al. 2000, 

Yan et al. 2006, Horvath & Lindström 2007) or its effects on the liquid phase of 

the suspension (Rantanen et al. 2006). 

The deflocculation mechanism behind adsorbed CMC has been thought to be 

attributed to its ability to reduce interfibre friction (Giri et al. 2000, Zauscher & 

Klingenberg 2001, Jokinen et al. 2006, Yan et al. 2006, Horvath & Lindström 

2007), despite it is still partly unclear how it affects the surface structure of fibres 

and what is the mechanism behind the decreased coefficient friction of fibres. De 

Roos (1958) proposed in the late 1950`s that CMC forms a hydrated layer on fibre 

surfaces that reduces interfibre adhesion and promotes pulp deflocculation, while 

Yan et al. (2006) later explained that the deflocculation activity of adsorbed CMC 

should rather be attributed to the repulsion between CMC-covered fibres than to 

any decrease in adhesion by virtue of a hydrated CMC layer. They assumed that 

charged groups of adsorbed CMC molecules protruded out into the solution from 

fibre surfaces to cause steric and electrostatic repulsion between colliding fibres 

(Yan et al. 2006). Laine et al. (2002) in turn concluded, like de Roos (1958), that 

these protruding CMC chains form a water-rich, friction-reducing layer, since the 

conformation of CMC molecules on fibre surface was found to affect the bound 

water content of fibres. An increase in temperature or in the valency of the 

counter-ions in the anionic groups of CMC was observed to reduce the amount of 

bound water, because the expanded CMC molecules were compressed closer to 

the fibre surfaces. The mechanism suggested by Zauscher and Klingenberg (2001) 

was based on the assumption that CMC masks fibre surface roughnesses, 

resulting in a decrease in friction between sliding fibre surfaces. They concluded 

that the decrease in friction was related to the thickness of a lubrifying CMC layer, 

which was in turn associated with the conformation, molecular weight, and the 

amount of adsorbed CMC. 

In addition to deflocculation effects of adsorbed CMC, the results published 

by Rantanen et al. (2006) suggest that CMC has also deflocculation activity when 
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remained dissolved in the liquid phase of the suspension. Rantanen et al. (2006) 

concluded that the CMC molecules located between fibres in the liquid phase 

prevent fibre flocculation by means of electrostatic repulsion, although they did 

not analyse the amount of adsorbed CMC. 

Since existing results regarding deflocculation mechanisms involved in the 

action of CMC are ambiguous, and the various mechanisms have not been 

compared in the same frame of reference, it is unclear whether CMC is active 

when adsorbed to the surfaces of fibres or when dissolved in the liquid phase, nor 

is it known how these mechanisms affect dewatering and fines retention in pulp 

suspensions. 

4.2 Role of fibre deflocculation mechanisms in fibre suspensions 

dewatering and fines retention 

The research work concerning fibre deflocculation and fibre suspension 

filterability in this thesis focused on finding out the deflocculation mechanisms of 

CMC and their relationship to dewaterability and fines retention of a fibre 

suspension (Paper II). In Chapter 4.2.1 deflocculation mechanism of adsorbed and 

dissolved CMC are examined, while Chapter 4.2.2 presents how these 

mechanisms are related to filtration properties of a fibre suspension. 

4.2.1 Deflocculation mechanisms of adsorbed and dissolved CMC 

The fibres were treated with CMC in either of two manners: 1) CMC was 

adsorbed to the fibre surfaces in the presence of electrolytes in order to prepare a 

sample in which it was located only on the fibre surfaces and was absent from the 

liquid phase, 2) and CMC was added directly to the pulp suspension without 

electrolytes in order to produce a sample in which CMC remained dissolved in 

the liquid phase (Watanabe et al. 2004). The differences between these treatments 

by means of the amount of adsorbed CMC are presented in Fig. 13. Only slight 

adsorption of negatively charged CMC onto the anionic pulp fibres was observed 

in the absence of electrolytes, while the presence of electrolytes screened the 

repulsion between the anionic charges, leading to increased adsorption. The 

molecular weight of CMC was not found to affect the amount adsorbed, but the 

increase in the degree of substitution (Table 2) seemed to reduce the maximum 

amount adsorbed, since the amount adsorbed was lower with CMC II than with 

other grades. 
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Fig. 13. Adsorption of CMC on fibres in the presence of electrolytes (Adsorbed CMCs), 

and in the absence of electrolytes (Dissolved CMCs) (II, published by permission of 

Liimatainen et al.). 

The influence of adsorbed and dissolved CMCs on fibre deflocculation was 

characterised by network strength measurements in terms of yield stress. The 

yield stresses, presented relative to the values for reference pulps treated under 

the same conditions, are shown in Fig. 14. Both adsorbed and dissolved CMC 

significantly reduced the fibre network strength, implying that CMC affected 

fibre deflocculation both when located on the surface of the fibres and when 

dissolved in the liquid phase. However, the adsorbed CMCs reduced the network 

strength by 70–80% at the highest CMC dosage whereas 40–60% reductions were 

obtained with dissolved CMCs. 
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Fig. 14. Fibre network strength in terms of yield stress: a) CMC adsorbed on fibres in 

the presence of electrolytes, and b) CMC dissolved in the liquid phase in the absence 

of electrolytes (II, published by permission of Liimatainen et al.). 

The obtained decrease in the yield stress values suggest that fibre deflocculation 

achieved by CMC is related to its ability to reduce fibre-to-fibre friction within a 

fibre network, both when the CMC is adsorbed and when it is dissolved. This is 

supported by Eq. 6 which relates yield stress of a fibre suspension, τy, to the 

properties of the suspension by invoking classical beam theory (Wahren & Thalen 

1964, Kerekes et al. 1985, Bennington et al. 1990). 

2 3 ,y vb Ya cτ μ=  (6)

where b is a characteristic constant of the fibre suspension, μ is the coefficient of 

friction, Y is the Young´s modulus of the fibre cell wall, a is the fibre aspect ratio, 

and cv is the volumetric concentration of fibres. Because the alteration in the 

Young´s modulus and volumetric consistency attributable to the fibre swelling 

caused by CMC is thought to be small (Beghello & Lindström 1998), Eq. 6, 

together with previously published network models (Farnood et al. 1994), show 

that a decrease in yield stress will be related mainly to a decrease in interfibre 

friction. It is in turn to related to the mechanical properties of fibre surfaces and 

colloidal forces that exist between them.  

The ability of adsorbed CMC to reduce interfibre friction was also 

demonstrated by Giri et al. 2000, Zauscher & Klingenberg 2001, Jokinen et al. 

2006, Yan et al. 2006 and Horvath & Lindström 2007, and various mechanisms 

behind reducing friction have been proposed as described in Chapter 4.1. 

However, these mechanisms do not take into account the fibrillar nature of fibre 

surfaces that is thought to have a significant effect on the chemical and physical 

properties of wet fibre surfaces (Laine 2007). The fibre cell wall consists of 
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strands called microfibrils, which are 1–50 nm thick and have a length of several 

micrometers (Stenstad 2008). Blomstedt (2007) and Mitikka-Eklund et al. (1999) 

reported that the adsorption of CMC to fibre surfaces stabilises the external 

bundles of these microfibrils by means of electrostatic interactions, resulting in a 

fanning out (i.e. delamination within groups of fibrils, while remaining attached 

to a fibre at one end) of microfibrils and the formation of a water-rich 

microfibrillar gel. This phenomenon is illustrated in Fig. 15 which shows 

confocal laser scanning microscopy (CLSM) images of CMC-treated fibre surface. 

It is concluded that the observed decrease in the coefficient of friction here and 

the mechanism associated with fibre dispersing achieved by adsorbed CMC may 

also be attributed to its disintegration effect on microfibrils. Previous results 

(Chapter 4.1) showing that fibre dispersing is related to the conformation of CMC, 

and the strength of the electrostatic repulsion promoted by it can also presumably 

be attributed to the effect of CMC on the properties of external microfibrils. The 

extended conformation and high CD of CMC promote disintegration of the 

microfibrils and lead to an increase in the bound water content and to fibre 

deflocculation. It is interesting, however, that no direct correlation between the 

deflocculation activity of CMC and its MW or DS was found in this thesis work. 

The reason for this may be the low variability in the degree of substitution in used 

samples and the low sensitivity and reproducibility of the yield stress 

measurements. 

Fig. 15. CLSM images illustrating the effect of adsorbed CMC on the structure of 

softwood pulp fibre surface. Adsorbed CMC stabilises the external bundles of 

microfibrils and promotes formation of a water-rich microfibrillar gel (Mitikka-Eklund 

et al. 1999, published by permission of Japan Tappi). 
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Contrary to adsorbed CMC, however, the liquid phase CMC presumably did not 

interact and mix with the microfibrils on the fibre surfaces, on account of the 

repulsion effect operating between the anionic CMC and the negatively charged 

microfibrils. Thus one explanation for the deflocculation mechanism of dissolved 

CMC is that CMC molecules close to the fibre surfaces form a non-adsorbed 

layer that reduced the contact area between sliding fibre surfaces by masking the 

surface asperities and thereby reduces the intensity of the interfibre contacts. This 

mechanism is basically similar to the boundary lubrication of solid surfaces, 

where two rubbing surfaces are separated by a lubricant film of a few molecules 

in thickness (Bowden & Tabor 1967), except that here the lubrication layer is not 

bound to the rubbing surfaces. It is supported by the fact that CMC has a stretched 

helical structure in water (Wang & Somasundaran 2005) and that its total 

stretched length could be several micrometres (Laine et al. 2002), which supports 

that the large size of CMC molecules could physically prevent interfibre contacts. 

4.2.2 Relationship between deflocculation mechanisms and 
dewaterability and fines retention of a fibre suspension 

The effect of adsorbed and dissolved CMCs on dewaterability of a fibre 

suspension was characterised in terms of specific filtration resistance that was 

measured with a gravity-driven filtration system and with a vacuum filtration 

apparatus. SFRs, presented relative to the values for the reference pulps, are 

shown in Fig. 16 and 17. CMC significantly increased the filtration resistance of 

the pulp, i.e. it reduced dewaterability, both when adsorbed on the surfaces of the 

fibres and also when dissolved in the liquid phase of the suspension. This follows 

presumably from the fact that CMC was able to deflocculate fibres in both phases. 

Fibre dispersing and floc breakage will in turn have increased the hydrodynamic 

specific surface area of a suspension that decreases permeability of filter cake as 

stated in the Kozeny-Carman equation (Eq. 2). In addition, this effect is more 

pronounced with adsorbed CMC, since it was more able to deflocculate fibres, as 

shown in the yield stress values (Fig. 14). 
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Fig. 16. Filtration resistance of the fibre suspension measured with a gravity driven-

filtration system: a) CMC adsorbed on fibres in the presence of electrolytes, and b) 

CMC dissolved in the liquid phase in the absence of electrolytes (II, published by 

permission of Liimatainen et al.). 

Fig. 17. Filtration resistance of the fibre suspension measured with a vacuum filtration 

apparatus: a) CMC adsorbed on fibres in the presence of electrolytes, and b) CMC 

dissolved in the liquid phase in the absence of electrolytes (II, published by 

permission of Liimatainen et al.). 

Another factor behind the reduced dewaterability of CMC-treated suspensions 

may be the decreased interfibre friction. A decrease in the fibre-to-fibre friction 

reduces fibre network porosity, because fibres slide more easily past each other, 

which promotes the formation of a dense packed filter cake (Sampson & 

Kropholler 1995). This phenomenon was examined by calculating the specific 

permeability constant, κS, for each CMC treatment from the Kozeny-Carman 

permeability equation (Eq. 7). 
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( ) 21 / ,S S SK κ ϕ ϕ= −  (7)

where the permeability of the fibre network, K, is given as a function of the solid 

volume fraction ΦS, instead of porosity, ε (Kataja & Hirsilä 2001). Since the 

specific permeability constant κS includes the specific pore surface area and the 

Kozeny constant (see Eq. 2), any change in it will reflect the behaviour of pore 

size in the fibre network in the course of filtration. The results (Fig. 18) show 

decreasing permeability constants for both adsorbed and liquid-phase CMC, 

supporting the hypothesis that the void volume of the fibre network was reduced 

by the activity of CMC. 

Fig. 18. Specific permeability constants characterising the pore size in the fibre 

network: a) CMC adsorbed on fibres in the presence of electrolytes, and b) CMC 

dissolved in the liquid phase in the absence of electrolytes (II, published by 

permission of Liimatainen et al.). 

As seen in Fig. 19 adsorbed and liquid-phase CMC differed most significantly in 

their effects on fines retention which was characterised in terms of turbidity. 

Adsorbed CMC caused four to five times higher turbidity values than in the 

reference pulps with the highest CMC dosage, whereas liquid-phase CMC 

resulted in only a 20–25% increase in turbidity. One explanation for this may be 

that the disintegration of microfibrils caused by the adsorbed CMC released 

fibrillar fragments from fibre surfaces into the suspension and that these were 

then poorly retained before filter cake formation. It is also possible that adsorbed 

CMC was able to release individual fines from fines entanglements or from inside 

fibre flocs. These fines could act similar to ball bearings between fibres reducing 

the interfibre friction and the fibre network strength. Dissolved CMC was in turn 
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unable to disperse microfibrils or penetrate inside fibre flocs as described in 

Chapter 4.1.1 and therefore its effect on fines retention was significantly smaller. 

Fig. 19.  Solids content of the filtrate in terms of turbidity. CMC was added to a 

suspension in the presence of electrolytes (Adsorbed CMCs) and in the absence of 

electrolytes (Dissolved CMCs) (II, published by permission of Liimatainen et al.). 

The fact that adsorbed CMC caused a higher increase in the SFRs than liquid-

phase CMC when measured by the vacuum filtration, whereas CMC treatments 

increased the SFRs to the same degree when assessed by the gravity-driven 

method, is probably related also to the dispersal of fines, which was particularly 

promoted by adsorbed CMC. Since the filter cake was significantly thicker in 

vacuum filtration than in the gravity-driven filtration method, the former was 

more sensitive to the dispersive action of adsorbed CMC, as this action released 

fines from the fibre surfaces such that they effectively plugged the thick filter 

cake. 

4.3 Summary of Part 2 

Both CMC adsorbed to fibre surfaces and CMC in the liquid phase were able to 

deflocculate a fibre suspension due to the ability of CMC to reduce fibre-to-fibre 

friction in both phases. CMC in both phases had detrimental effects on the 

dewatering of a pulp suspension, but adsorbed CMC caused more plugging of the 

filter cake because it dispersed the fines in particular. Adsorbed CMC also 
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reduced fines retention considerably more than CMC did in the liquid phase of 

the suspension. Adsorbed CMC promoted the formation of a water-rich 

microfibrillar gel on the fibre surfaces through the disintegration of microfibrils, 

which led to a decrease in friction at the fibre-fibre contact points and to fibre 

dispersing. CMC in the liquid phase of the suspension was in turn thought to 

prevent interfibre contacts due to the large physical size of the CMC molecules. 
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5 Part 3: Influence of filler deposition on 
dewatering and retention (Papers III-V) 

5.1 Behaviour of small particles in a fibre network 

Fibre suspensions in papermaking contain various types of small-sized particles 

including pulp fines and mineral fillers which have profound contributions to the 

properties of fibre networks. Most of the small particles have detrimental effects 

on fluid flow and dewaterability of fibre networks (Springer & Kuchibhotla 1992, 

Liu et al. 2001) because of their high specific surface area, which increases the 

contacts between fluid and the internal surface of a filter cake leading to an 

increase in flow resistance as stated in the Kozeny-Carman filtration model. Small 

particles are also characterised by their poor retention, since they have a low 

probability to be mechanically trapped in the filter cake. The behaviour of specific 

fine particle fraction in the fibre network, its retention and influence on 

dewatering is, however, determined by the size and other structural properties of 

the particles (Springer & Kuchibhotla 1992, Krogerus et al. 2002), as well as their 

surface chemical properties such as surface charge (Wang & Chase 1999). 

A mechanism behind the negative effect of fine particles on dewaterability of 

fibre suspensions has been proposed to relate to the tendency of small-particle 

attachment in dewatering channels, i.e. choke-points, through which the fluid 

flows in the fibre networks (Hubbe & Heitmann 2007). Unattached fine particles 

which are able to move freely in the network have been found to plug the 

channels in particular (Britt et al. 1986), which is also supported by results 

presented in Chapter 4.2 that filtration resistance increases when fibre fines are 

more dispersed. The influence of this so-called choke-point mechanism on water 

flow in a fibre network is illustrated in Fig. 20. The fine particles have also shown 

to increase the packing density of filter media (Dodds 1980) by filling the pores 

between coarse fibres. The decrease in void volume in turn leads to a lower fluid 

permeability. 
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Fig. 20. Choke-point mechanism describing the effect of fine particles on fluid flow in 

a fibre suspension (Hubbe & Heitmann 2007, published by permission of Hubbe & 

Heitman). 

Despite the mechanical attachment of fine particles in the choke-points of a fibre 

network can significantly affect dewatering, only a small proportion of the 

unflocculated colloidal-sized particles such as fillers can be retained in the 

network by this kind of sieving mechanism (Solberg & Wågberg 2002). Therefore 

attractive chemical interactions, which promote flocculation among small 

particles (Holm & Manner 2003) and particularly deposition of particles on the 

surface of pulp components, are crucial for the efficient particle retention 

(Solberg & Wågberg 2002). The effect of these interactions on mechanisms and 

kinetics of filler particle deposition in fibre suspensions has previously been 

widely examined (van de Ven & Alince 1996, Alince et al. 2001, Solberg & 

Wågberg 2002). However, it is still unclear how much fillers can be deposited on 

the different pulp fractions and what is the contribution of these fractions in filler 

retention during filtration. 

5.2 Different pulp fractions and particle deposition 

Both chemical and mechanical pulps consist of different fibre and fines fractions 

with a variety of size, shape and surface characteristics. The properties of fines 

fractions differ from other fractions in particular. The fines in chemical pulps 

consist of primary fines containing wood cells and other material that is initially 

present in the pulp before beating, and secondary fines generated during beating. 

The secondary fines contain fibre fragments and more fibrillar and lamellar 

material originating from the fibre cell wall (Heijnesson et al. 1995, Kleen et al. 
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1998, Ferreira et al. 2000). The fines in mechanical pulps in turn consist of flake-

like fines, containing pieces from the middle lamella, primary walls and ray cells, 

and fibrillar fines, containing thread-like particles from the secondary walls. 

Flakes originating from the outer part of the cell wall contain more lignin and less 

cellulose than fibrils that originate mainly from secondary walls (Sundberg et al. 

2003) The flake-rich and fibrillar-rich fines fractions of the RMP are illustrated by 

scanning electron microscope (SEM) images in Fig. 21. 

The main differences between fibre and fines fractions regarding the particle 

deposition are the higher accessible surface area and surface charge density of 

fines as well as the differences in chemical composition of surfaces (Lindström & 

Glad-Nordmark 1978, Porubská 2000, Retulainen et al. 2002, Liu et al. 2006). 

These differences have also found to affect the abilities of fibres and fines to 

interact with and adsorb other components in the suspension (Malton et al. 1997, 

Sundberg & Holmbom 2004). Therefore the influence of pulp fines fractions on 

filler deposition and retention is of particular interest, despite the fines have a 

lower probability to be attached in the fibre network than fibres have. The 

retention of fines during filtration is in turn better than those for individual filler 

particles. 

Earlier investigations have nevertheless been mainly restricted to studying the 

deposition and retention of fillers on the fibre fraction, so that the effect of 

different fines fractions on total filler retention is not yet completely clear. 

Fig. 21. SEM images of the flake-rich (left) and fibril-rich (right) fines fractions of the 

refiner mechanical pulp (RMP). 
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5.3 Role of different pulp fractions and filler surface charge in filler 
deposition 

The research work concerning filler deposition and fibre suspension filterability 

in this thesis focused on finding out: 1) how different fines fractions affect filler 

deposition and retention (Papers III and IV), and 2) how surface charge of fillers 

affect filler deposition and dewaterability of suspension (Paper V). In Chapter 

5.3.1 the effects of chemical and mechanical pulp fines fractions on filler 

deposition are examined, while Chapter 5.3.2 presents how cationic surface 

charge of PCC filler affect filler deposition and dewatering. 

5.3.1 Deposition of filler particles on chemical and mechanical pulp 
fines fractions and its influence on filler retention 

Deposition of PCC and GCC fillers on chemical pulp fractions, i.e. primary fines, 

secondary fines and fibres, and clay filler on mechanical pulp fractions, i.e. 

fibrillar fines, flake-like fines and fibres, was characterised by analysing the 

concentration of free, unadsorbed filler particles in a stirred beaker. The 

experiments were conducted in the presence of C-PAM II. 

The steady-state amount of deposited filler particles, Γ, is shown as a function 

of C-PAM dosage in Figs. 22 and 23. Both chemical pulp fines fractions retained 

more filler than fibres at low polymer doses, i.e. doses that are relevant to 

papermaking, and the plateau level of filler deposition was reached at a dosage of 

about 0.4 mg/g, which is close to the value of 0.5 mg/g reported previously by 

Alince et al. (2001). The amount of PCC deposited at doses below 0.3 mg/g was 

about 35% higher than that for fibre fraction. The mechanical pulp fines followed 

a similar trend to the chemical pulp fines showing that both flake-like fines and 

fibrillar fines retained significantly more filler than the fibres did. The amount of 

filler deposited onto flakes at high C-PAM dosages was nearly twice the amount 

that observed in the case of fibres. 
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Fig. 22. Deposition of a) PCC and b) GCC filler particles on fines and fibre fractions of 

a chemical pulp as a function of C-PAM dosage (filler dosage 600 mg/g of pulp, 

background electrolytes 10 mM of NaCl and 1 mM of NaHCO3) (III, published by 

permission of Tappi Journal). 

Fig. 23. Deposition of clay filler particles on fines and fibre fractions of a mechanical 

pulp as a function of C-PAM dosage (filler dosage 700 mg/g of pulp, background 

electrolytes 10 mM of NaCl and 1 mM of NaHCO3) (IV, published by permission of 

Tappi Journal). 

The results indicate that fillers tend to interact with pulp components and deposit 

on their surfaces rather than form larger flocs amongst each other which would be 

retained in the fibre network since majority of particles were observed to be 

deposited on the pulp surfaces. This is also supported by earlier results published 
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by Cadotte et al. (2005). The explanation behind this finding is presumably 

related to both the physical and chemical properties of the particles. Larger 

particle size and concentration of pulp material than that of fillers promoted 

collisions of filler particles with the pulp fractions, as stated in the collision theory, 

whereas the higher relative difference in size between the pulp material and fillers 

than between two filler particles reduces the probability of filler deposition due to 

hydrodynamic restrictions. It has also been suggested by van de Ven and Alince 

(1996) that the lower negative surface charge on the fibres, σf, than on the clay 

filler particles, σc, may favour clay deposition, since electrostatic repulsion is 

lower between pulp and clay than that between clay particles, i.e. σf σc < σc
2. 

The higher external surface area of fines is probably one of the main factors 

why chemical and mechanical fines fractions retained more fillers than the fibres 

did. For instance the average surface area of thermomechanical pulp (TMP) fines 

is 12 m2/g (Porubská 2000), whereas the external surface area of TMP long fibres 

has been reported to range from 1.38 m2/g to 2.63 m2/g depending on the freeness 

level (Peng & Johansson 1996). Among the chemical pulp fines fractions, the 

secondary fines adsorbed more PCC and GCC at low polymer doses than did the 

primary fines. This may also be related to differences in surface area of fines, 

since primary fines have found to be larger in size (Ferreira et al. 2000) and 

therefore have a smaller accessible surface area for particle deposition. 

However, among the mechanical pulp fines fractions the flakes in turn 

retained more clay at high polymer doses than fibrils, despite having a smaller 

surface area. A probable explanation behind this observation may be the 

difference in surface charges, because the driving force for adsorption and 

flocculation by C-PAM is charge interaction (electrosorption) between polymer 

segments and the surface charges (van de Ven 2000, Wågberg 2000). Even though 

the charges per gram of pulp were almost equal for both mechanical fines 

fractions, the surface charge relative to the surface area of the pulp was higher for 

the flakes. Based on the specific surface areas proposed by Mosbye et al. (2001), 

7.2 m2/g for flakes and 13.5 m2/g for fibrils, the surface charge densities were 

calculated to be 6.5 µeq/m2 and 3.8 µeq/m2, respectively. Due to the high charge 

density, filler particles were strongly attached to the flakes, because there were 

more anchoring sites available for the polymer segments than on the surfaces of 

the fibrils. The high surface charge might also alter the polymer to a more 

compressed conformation, although this did not reduce the filler retention, since 

the thickness of polymer layer, δ, was greater than the double layer thickness of 

the charged surfaces, l-1 (Lapčik et al. 1995). 
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The mechanical pulp fines and fibres were found to affect filler retention in 

different ways also in vacuum filtration experiments in which filler retention was 

based on two phenomena: the chemical interactions of the fillers with the particles 

in suspension and also mechanical attachment of the filler to the filter cake. The 

amount of clay in the filtrates is shown in Fig. 24. Even though the deposition 

experiments showed that the fines adsorbed more filler than the fibres, the filler 

retention was lower in the fines suspensions, because the fines were poorly 

attached to the screen and they formed a thin filter cake which had a low ability to 

retain fillers mechanically. The fibres in turn formed a thicker filter cake which 

retained filler particles more efficiently. 

 As also suggested by Wu et al. (2006), the size of fines flocs seemed to 

increase as a function of polymer dosage, leading to higher fines retention. This 

also increased the filler retention, because clay was deposited onto the fines. The 

influence of fines and fibre floc formation on filler retention was also seen in 

deposition experiments with chemical pulp fractions. At higher polymer dosages 

equal amounts of filler were observed to deposit on both the fines and fibres, and 

at a polymer dosage of 1 mg/g the fibre fraction adsorbed more filler than the 

primary or secondary fines (Fig. 22). The reason for this is that C-PAM not only 

promoted filler deposition but also flocculated the pulp component at higher 

doses and the filler particles were attached particularly inside the voluminous 

fibre flocs, which increased their retention to the fibre fraction. 
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Fig. 24. Retention of clay filler on fines and fibre fractions of a mechanical pulp in 

vacuum filtration as a function of C-PAM dosage (IV, published by permission of Tappi 

Journal). 

5.3.2 Deposition of cationic PCC on pulp fibres and its influence on 
dewaterability of a fibre suspension 

The influence of filler surface charge on filler deposition and its relationship to 

dewaterability of pulp suspension was examined in vacuum filtration experiments 

that were performed with pine, birch and eucalyptus chemical pulps in the 

presence and absence of PCC filler that had a cationic surface charge unlike most 

fillers that are typically anionic. Specific filtration resistances for the pure pulp 

suspensions and pulp suspensions containing PCC filler are shown in Fig. 25. 

Compared with the SFRs of pure pulps (Fig. 25a), the filtration resistances of 

beaten pulps decreased when part of the pulps were replaced with PCC (Fig. 25b). 

It was expected that the use of PCC filler would increase SFR, because the small-

sized particles would increase the surface area of the stock and plug the 

dewatering channels in the filter cake. In addition, the relative order of SFRs 

changed when the PCC was dosed. Where the highest water removal efficiency 

among the pure pulps, i.e. the lowest SFR values, had been for birch, the lowest 

SFR values after the PCC addition were measured for eucalyptus. 
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Anionic fillers had been observed previously by Springer and Kuchibhotla 

(1992) to increase the SFR of the pulp suspension, because the filler particles 

mainly remain unattached to fibres due to electrostatic repulsion and plug the 

filter cake (see Fig. 20). The results obtained here suggest that the deposition of 

cationic PCC filler particles on fibres by attractive interaction was strong enough 

to reduce the surface area of the fibre suspension and to increase water removal. 

Thus, the decrease in SFR might be associated with the fact that when the part of 

the pulp, which contains dispersed anionic fines, is replaced with cationic PCC, 

the amount of particles able to plug fluid channels decreases due to particle 

adsorption, which means also that the surface area that hinders fluid flow 

decreases.  

Furthermore, results suggest that fibre-PCC filler attraction and the SFR of 

the stock depend on the pulp surface charge, because there are differences in the 

response to PCC addition. Comparison of the SFRs of the pulps with the zeta 

potential of the fibres (Table 3) shows that the water removal efficiency of pulps 

containing PCC correlates with the surface charge of the fibres. For pure fibres, 

such correlation does not exist. These findings support the assumption that the 

electrostatic fibre-filler interaction described by the charge of fibres increases the 

deposition of PCC on fibres and reduces plugging of the filter cake. This means 

not only better retention, but also higher fluid permeability. 

 

Fig. 25. Filtration resistance of a) pure chemical pulps and b) pulps containing PCC 

filler (V, published by permission of Tappi Journal). 
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5.4 Summary of Part 3 

Considerably more fillers were deposited both on chemical and mechanical pulp 

fines fractions at low polymer (C-PAM) doses than were on the fibre fractions due 

to the higher external surface area of fines. Also the surface charge density of 

pulp fractions affected their ability to adsorb fillers. The higher surface charge 

density of mechanical pulp flakes than that of fibrils or fibres promoted C-PAM 

adsorption which in turn induced filler deposition on flakes through polymer 

bridges. At higher flocculant doses the flocculation among pulp materials 

contributed to their ability to retain fillers. Flocculation among the fines increased 

the retention of filler-covered fines on the screen during filtration which in turn 

led to an increase in filler retention. Significant amount of fillers were also 

retained inside voluminous chemical pulp fibre flocs at higher C-PAM doses 

which increased the ability of fibre fraction to retain filler particles. The results 

also suggested that the fillers tended to be retained by a deposition mechanism 

rather than form retainable larger aggregates by filler flocculation. 

Cationic charge of filler particles was found to induce deposition of fillers on 

fibre surfaces which in turn increased dewaterability of a fibre suspension due to 

a decrease in total surface area of a suspension. The increase in anionic surface 

charge of fibres promoted cationic filler deposition and therefore caused better 

dewaterability. 
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6 Conclusions 

Fibre flocculation, fibre deflocculation and filler deposition play a crucial role in 

determining the filtration behaviour of fibre suspensions. The focus of this thesis 

was to find out new information on how fibre floc structure, fibre deflocculation 

mechanism and filler deposition affect the filterability of fibre suspensions in 

terms of their dewaterability and retention. 

As stated in hypothesis one, the fibre floc structure notably affects 

dewaterability of a fibre suspension (Paper I). More importantly, floc internal 

density (measured here in terms of fractal dimension) and factors that impact the 

packing structure of filter cake, such as floc size, play a crucial role in fibre 

suspension dewaterability. Dense flocs with a low internal porosity (high fractal 

dimension) particularly induce fast water flow by the mechanism termed as the 

“easiest path mechanism” through the large voids around the flocs. Floc size, 

density and strength are in turn closely related to interfibre bonding strength of 

flocculation agent and structure of bonding polymer layer. Fast flocculation 

kinetics that was hypothesised to affect floc structure, however, seems not to 

determine floc structure, but it also follows from the high internal bonding 

strength. 

The dewaterability and particularly fines retention of a fibre suspension are 

affected by the mechanism of action of the deflocculation agent (Paper II), which 

is consistent with hypothesis two. CMC, which was used as a deflocculant in this 

study, has detrimental effects on the dewatering of a pulp suspension both when 

adsorbed on fibre surfaces and when remained in the liquid phase. However, 

adsorbed CMC causes more plugging of the filter cake because it disperses the 

fines in particular. Thus adsorbed CMC also reduces fines retention considerably 

more than CMC does in the liquid phase of the suspension. The high activity of 

adsorbed CMC was concluded to be attributable to its ability to promote the 

formation of a water-rich microfibrillar gel on the fibre surfaces through the 

disintegration of microfibrils, which leads to a decrease in friction at the fibre-

fibre contact points and to fibre and fines dispersing. 

Hypothesis three which stated that pulp fines fractions significantly affect 

filler retention has been shown to be true (Papers III and IV). Considerably more 

fillers are deposited and retained both on chemical and mechanical pulp fines 

fractions at relevant polymer (C-PAM) doses than are on the fibre fractions due to 

the higher external surface area of fines. The surface charge densities of pulp 

fractions also affect their ability to adsorb fillers. As also stated in hypothesis 
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three, cationic charges of filler particles induce deposition of fillers on fibre 

surfaces which in turn increases dewaterability of a fibre suspension due to a 

decrease in total surface area of a suspension (Paper V). The increase in anionic 

surface charge of fibres promotes cationic filler deposition and therefore causes 

better dewaterability. 

Overall, the results of this study indicate that physico-chemical interactions 

that affect the internal structure of fibre flocs and movement of fines in fibre 

network are particularly important for dewaterability, while the surface properties 

of pulp fractions and filler particles are crucial in determining filler retention. 



 65

References 

Alince B, Bednar F & van de Ven TGM (2001) Deposition of calcium carbonate particles 
on fiber surfaces induced by cationic polyelectrolyte and bentonite. Colloids and 
Surfaces A 190(1–2): 71–80. 

Amal R, Raper JA & Waite TD (1990) Fractal structure of hematite aggregates. Journal of 
Colloid and Interface Science 140(1): 158–168. 

Andersson SR, Ringnér J & Rasmuson A (1999) The network strength of non-flocculated 
fibre suspensions. Nordic Pulp and Paper Research Journal 14(1): 61–70. 

Antunes E, Garcia FAP, Ferreira P, Blanco A, Negro C & Rasteiro MG (2008) Use of new 
branched cationic polyacrylamides to improve retention and drainage in papermaking. 
Industrial & Engineering Chemistry Research 47(23): 9370–9375. 

Beghello L (1998) Some factors that influence fiber flocculation. Nordic Pulp and Paper 
Research Journal 13(4): 274–279. 

Beghello L & Lindström T (1998) The influence of carboxymethylation on the fiber 
flocculation process. Nordic Pulp and Paper Research Journal 13(4): 269–273. 

Bennington CPJ, Kerekes RJ & Grace JR (1990) The yield stress of fibre suspensions. 
Canadian Journal of Chemical Engineering 68(10): 748–757. 

Blomstedt M (2007) Modification of cellulosic fibers by carboxymethyl cellulose - Effects 
on fiber and sheet properties. PhD thesis. Helsinki University of Technology, Espoo, 
Finland. 

Boller M & Blaser S (1998) Particles under stress. Water Science and Technology 37(10): 
9–29. 

Bowden FP & Tabor D (1967) Friction and lubrication. Methuen, London, UK. 
Britt KW (1973) Mechanisms of retention during paper forming. Tappi 56(10): 46–50. 
Britt KW & Unbehend JE (1976) New methods for monitoring retention. Tappi 59(2): 67–

70. 
Britt KW, Unbehend JE & Shridharan R (1986) Observations on water removal in 

papermaking. Tappi Journal 69(7): 76-79. 
Cadotte M, Tellier ME, Blanco A, van de Ven TGM & Paris J (2005) Effects of various 

retention aids on fiber flocculation, filler retention and drainage. PAPTAC 91st 
Annual Meeting. Montreal, Canada: 31-38. 

Carman PC (1937) Fluid flow through granular beds. Transactions, Institution of Chemical 
Engineers 15: 150–166. 

De Roos AJ (1958) Stabilization of fiber suspensions. Tappi 41(7): 354–358. 
Dodds JA (1980) The porosity and contact points in multicomponent random sphere 

packing calculated by a simple statistical geometric model. Journal of Colloid and 
Interface Science 77(2): 317–327. 

Eklund D & Lindström T (1991) Paper chemistry: An introduction. DT Paper Science 
Publications, Finland. 

El-Sharkawy K, Rousu P, Haavisto S & Paulapuro H (2007) Control of bagasse pulp 
quality by fractionating and refining. Appita Journal 60(5): 404–409, 415. 



 66

EN ISO 5264-2 (2002) Pulps. Laboratory beating. PFI mill method. European committee 
for Standardization, Brussels, Belgium. 

Fardim P & Holmbom B (2003) Fast determination of anionic groups in different pulp 
fibres by methylene blue sorption. Tappi Journal 2(10): 28–32. 

Fardim P, Holmbom B, Ivaska A, Karhu J, Mortha G & Laine, J (2002) Critical 
comparison and validation of methods for determination of anionic groups in pulp 
fibres. Nordic Pulp and Paper Research Journal 17(3): 346–351. 

Farnood RR, Loewen SR & Dodson CTJ (1994) Estimation of intra-floc forces. Appita 
Journal 47(5): 391-396. 

Ferreira PJ, Martins AA & Figueiredo MM (2000) Primary and secondary fines from 
eucalyptus globulus kraft pulps. Characterization and influence. Paperi ja Puu 82(6): 
403–408. 

Giri M, Simonsen J & Rochefort WE (2000) Dispersion of pulp slurries using 
carboxymethylcellulose. Tappi Journal 83(10): 58. 

Heijnesson A, Simonson R & Westermark U (1995) Metal ion content of material removed 
from the surface of unbleached kraft fibres. Holzforschung 49(1): 75–80. 

Holm M & Manner H (2003) Stability of preflocculated calcium carbonate filler flocs. 
57th APPITA annual conference. Melbourne, Australia: 337–342. 

Horvath AE & Lindström T (2007) The influence of colloidal interactions on fiber network 
strength. Journal of Colloid and Interface Science 309(2): 511–517. 

Hubbe MA (1987) Detachment of colloidal hydrous oxide spheres from flat solids exposed 
to flow. 3. Forces of adhesion. Colloids and Surfaces 25(2-4): 311-324. 

Hubbe MA (2000) Reversibility of polymer-induced fiber flocculation by shear. 1. 
Experimental methods. Nordic Pulp and Paper Research Journal 15(5): 545–553. 

Hubbe MA & Heitmann JA (2007) Review of factors affecting the release of water from 
cellulosic fibers during paper manufacture. Bioresources 2(3): 500–533. 

Hubbe MA, Heitmann JA & Cole CA (2008) Water release from fractionated stock 
suspensions. Part 2. Effects of consistency, flocculants, shear, and order of mixing. 
Tappi Journal 7(8): 14–19. 

Hunter RJ (1993) Introduction to Modern Colloid Science. Oxford University Press, New 
York, USA. 

Jarvis P, Jefferson B, Gregory J & Parsons SA (2005) A review of floc strength and 
breakage. Water Research 39(14): 3121–3137. 

Jarvis P, Jefferson B & Parsons SA (2006) Floc structural characteristics using 
conventional coagulation for a high doc, low alkalinity surface water source. Water 
Research 40(14): 2727–2737. 

Jokinen HM, Niinimäki J & Ämmälä A (2006) The effect of anionic polymer additive on 
fractionation of paper pulp. Appita Journal 59(6): 459–464. 

Joutjärvi S (2004) Effect of carboxymethyl cellulose on pulp dispersing and dewatering. 
Licentiate thesis. University of Jyväskylä, Finland. 

Kaji H & Monma K (1991) Fractal analysis of flocculation in pulp. Tappi 1991 
International Paper Physics Conference. Hawaii, USA: 291–297. 



 67

Karjalainen M (2004) Measurement of Fibre Suspension Network Strength. MSc thesis. 
University of Oulu, Department of Process and Environmental Engineering, Finland. 

Kataja M & Hirsilä P (2001) Application of ultrasound anemometry for measuring 
filtration of fibre suspension. Transactions of the 12th fundamental research 
symposium. Oxford, UK: 591–604. 

Kerekes RJ, Soszynsky RM & Tam Doo PA (1985) Papermaking raw materials. 
Transactions of Eighth Fundamental Research Symposium. Oxford, UK: 265–310. 

Kleen M, Tamminen T & Hortling B (1998) Is there difference in the chemical structure of 
residual lignin between the fibre material and peeled fibres during bleaching. 5th 
European workshop on lignocellulosics chemistry for economically friendly pulping 
and bleaching technologies. Aveiro, Portugal: 531–534. 

Kozeny J (1927) Über kapillare leitung der wasser im boden. Sitzungsbericht der 
Akademie der Wissenschaften 136: 271–306. 

Krogerus B, Fagerholm K & Tiikkaja E (2002) Fines from different pulps compared by 
image analysis. Nordic Pulp and Paper Research Journal 17(4): 440–444. 

Kulicke WM, Kull AH, Kull W, Thielking H, Engelhardt J & Pannek JB (1996) 
Characterization of aqueous carboxymethylcellulose solutions in terms of their 
molecular structure and its influence on rheological behaviour. Polymer 37(13): 2723–
2731. 

Laine J (2007) Fibre surface modification by different polyelectrolytes - a possibility to 
obtain new paper properties. PulPaper 2007 Conference. Helsinki, Finland. 

Laine J, Lindström T, Nordmark GG & Risinger G (2002) Studies on topochemical 
modification of cellulosic fibres. Part 2. Nordic Pulp and Paper Research Journal 
17(1): 50–56. 

Lapčik L, Alince B & van de Ven TGM (1995) Effect of poly(ethylene oxide) on the 
stability and flocculation of clay dispersions. Journal of Pulp and Paper Science 21(1): 
19-24. 

Lee PFW & Lindström T (1989) Effects of high molecular mass anionic polymers on 
paper sheet formation. Nordic Pulp and Paper Research Journal 4(2): 61–70. 

Lindström T (1989) Some fundamental chemical aspects on paper forming In: Baker CF & 
Punton VW Fundamentals of papermaking. John Wiley & Sons, London, UK: 311–
412. 

Lindström T & Glad-Nordmark G (1978) Chemical characterization of the fines fraction 
from unbleached kraft pulps. Svensk Papperstidning (15): 489–492. 

Liu L, Dai H, Wang Y, Zhou R & Wang Y (2006) Study on the chemical characterization 
of fines. 3rd International symposium emerging technologies of pulping and 
papermaking. Guangzhou, China: 93–96. 

Liu XA, Whiting P, Pande H & Roy DN (2001) The contribution of different fractions of 
fines to pulp drainage in mechanical pulps. Journal of Pulp and Paper Science 27(4): 
139–143. 

Luukko K, Kemppainen-Kajola P & Paulapuro H (1997) Characterization of mechanical 
pulp fines by image analysis. Appita Journal 50(5): 387–392. 



 68

Luukko K, Laine J & Pere J (1999) Chemical characterization of different mechanical pulp 
fines. Appita Journal 52(2): 126–131. 

Malton S, Kuys K, Parker I & Vanderhoek N (1997) The influence of fibre properties on 
the adsorption of cationic starch by eucalyptus, 51st Appita annual general conference. 
Melbourne, Australia: 37–44. 

Mason SG (1950) The flocculation of pulp suspensions and the formation of paper. Tappi 
33(9): 440–444. 

McFarlene A, Bremmel K & Addai-Mensah J (2006) Improved dewatering behavior of 
clay minerals dispersions via interfacial chemistry and particle interaction 
optimization. Journal of Colloid and Interface Science 293(1): 116–127. 

McFarlene A, Yeap KY, Bremmell K & Addai-Mensah J (2008) The influence of 
flocculant adsorption kinetics on the dewaterability of kaolinite and smectite clay 
mineral suspensions. Colloids and Surfaces A 317(1-3): 39–48. 

Mitikka-Eklund M, Halttunen M, Melander M, Ruuttunen K & Vuorinen T (1999) Fiber 
engineering. 10th International Symposium on Wood and Pulping Chemistry. 
Yokohama, Japan: 432–439. 

Mosbye J, Holte M, Laine J & Moe S (2001) Adsorption of model colloidal extractives to 
different types of fines. 6th Research Forum on Recycling. Montreal, Canada: 139–
145. 

Nasser MS & James AE (2006) The effect of polyacrylamide charge density and molecular 
weight on the flocculation and sedimentation behaviour of kaolinite suspensions. 
Separation and Purification Technology 52(2): 241–252. 

Nasser MS & James AE (2007) Effect of polyacrylamide polymers on floc size and 
rheological behaviour of kaolinite suspensions. Colloids and Surfaces A 301(1–3): 
311–322. 

Paavilainen L (1993) Conformability - flexibility and collapsibility - of sulphate pulp 
fibers. Paperi ja Puu 75(9–10): 689–702. 

Paul T, Duffy GG & Chen D (2004) Simple evaluation methods for deflocculants and their 
effects on fibre network structure. Appita Journal 57(4): 286-291. 

Peng F & Johansson L (1996) Characterisation of mechanical pulp fibres. Journal of Pulp 
and Paper Science 22(7): 252–257. 

Petlicki J & van de Ven TGM (1992) Shear-induced deposition of colloidal particles on 
spheroids. Journal of Colloid and Interface Science 148(1): 14–22. 

Porubská J (2000) Microstructure and properties of TMP papers. Ph.D. thesis, McMill 
University, Montreal, Canada. 

Rantanen M, Molarius S, Pikkarainen S, Knuutinen J & Pakarinen P (2006) Effect of 
carboxymethyl cellulose on pulp dispersing. Paperi ja Puu 88(6): 346–350. 

Retulainen E, Luukko K, Fagerholm K, Pere J, Laine J & Paulapuro H (2002) 
Papermaking quality of fines from different pulps-the effect of size, shape and 
chemical composition. Appita Journal 55(6): 457–460, 467. 

Salmi J, Österberg M, Stenius P & Laine J (2007) Surface forces between cellulose 
surfaces in cationic polyelectrolyte solutions: The effect of polymer molecular weight 
and charge density. Nordic Pulp and Paper Research Journal 22(2): 249–257. 



 69

Sampson WW & Kropholler HW (1995) Batch-drainage curves for pulp characterization. 
Tappi Journal 78(12): 145–151. 

Saveyn H, Meersseman S, Thas O & Van der Meeren P (2005) Influence of polyelectrolyte 
characteristics on pressure-driven activated sludge dewatering. Colloids and Surfaces 
A 262(1–3): 40–51. 

Schmid CF & Klingenberg DJ (2000) Properties of fiber flocs with frictional and attractive 
interfiber forces. Journal of Colloid and Interface Science 226(1): 136–144. 

Sengupta DK, Kan J, Al Taweel AM & Hamza HA (1997) Dependence of separation 
properties on flocculation dynamics of kaolinite suspension. International Journal of 
Mineral Processing 49(1–2): 73–85. 

Solberg D & Wågberg L (2002) On the mechanism of GCC filler retention during 
dewatering – New techniques and initial findings. Journal of Pulp and Paper Science 
28(6): 183–188. 

Springer AM & Kuchibhotla S (1992) The influence of filler components on specific 
filtration resistance. Tappi Journal 75(4): 187–194. 

Stenius P (2000) Macromolecular, surface and colloid chemistry. In: Stenius P (ed.) Forest 
Products Chemistry. Fapet Oy, Helsinki, Finland: 170–276. 

Stenstad P, Andresen M, Tanem BS & Stenius P (2008) Chemical surface modifications of 
microfibrillated cellulose. Cellulose 15(1): 35–45. 

Sundberg A & Holmbom B (2004) Fines in TMP, BTMP and CTMP - chemical 
composition and sorption of mannans. Nordic Pulp and Paper Research Journal 19(2): 
176–182. 

Sundberg A, Pranovich AV & Holmbom B (2003) Chemical characterization of various 
types of mechanical pulp fines. Journal of Pulp and Paper Science 29(5): 173–178. 

Swerin A (1998) Rheological properties of cellulosic fibre suspensions flocculated by 
cationic polyacrylamides. Colloids and Surfaces A 133(3): 279–294. 

Swerin A & Ödberg L (1993) Flocculation and floc strength in suspensions flocculated by 
retention aids. Nordic Pulp and Paper Research Journal 8(1): 141–147. 

TAPPI Method 227 (2004) Freeness of pulp (Canadian standard method). Tappi Press, 
Atlanta, USA. 

Turchiuli C & Fargues C (2004) Influence of structural properties of alum and ferric flocs 
on sludge dewaterability. Chemical Engineering Journal 103(1–3): 123–131. 

Van de Ven TGM (1993) Particle deposition on pulp fibers. The influence of added 
chemicals. Nordic Pulp and Paper Research Journal 8(1): 130–135. 

Van de Ven TGM (2000) A model for the adsorption of polyelectrolytes on pulp fibers: 
Relation between fiber structure and polyelectrolyte properties. Nordic Pulp and Paper 
Research Journal 15(5): 494–501. 

Van de Ven TGM & Alince B (1996) Heteroflocculation by asymmetric polymer bridging. 
Journal of Colloid and Interface Science 181(1): 73–78. 

Vanerek A, Alince B & van de Ven TGM (2000) Interaction of calcium carbonate fillers 
with pulp fibres: effect of surface charge and cationic polyelectrolytes. Journal of Pulp 
and Paper Science 26(9): 317–322. 



 70

Wahren D & Thalen N (1964) Shear modulus and ultimate shear strength of some paper 
pulp fibre networks. Svensk Papperstidning 67(13): 259–264. 

Waite TD (1999) Measurement and implications of floc morphology in water and 
wastewater treatment. Colloids and Surfaces A 151: 27–41. 

Wakeman RJ & Tarleton ES (1999) Filtration: equipment, selection, modelling and 
process simulation. Elsevier Advanced Technology, Oxford, UK.  

Walles WE (1968) Role of flocculant molecular weight in the coagulation of suspensions. 
Journal of Colloid and Interface Science 27(4): 797–803. 

Wang J & Somasundaran P (2005) Adsorption and conformation of carboxymethyl 
cellulose at solid-liquid interfaces using spectroscopic, AFM and allied techniques. 
Colloids and Surfaces A 291(1): 75–83. 

Wang W & Chase GG (1999) Zeta potential of fines retention in co-filtration. 
Fluid/Particle Separation Journal 12(3): 161–172. 

Wasser RB (1978) Formation aids. An evaluation of chemical additives for dispersing 
long-fibered pulps. Tappi 61(11): 115–118. 

Watanabe M, Gondo T & Kitao O (2004) Advanced wet-end system with carboxymethyl-
cellulose. Tappi Journal 3(5): 15–19. 

Wikström T & Rasmuson A (1998) Yield stress of pulp suspensions. The influence of fibre 
properties and processing conditions. Nordic Pulp and Paper Research Journal 13(3): 
243–246. 

Wildfong VJ, Genco JM, Shands JA & Bousfield DW (2000) Filtration mechanics of sheet 
forming. Part II. Influence of fine material and compression. Journal of Pulp and 
Paper Science 26(8): 280–283. 

Wu CC, Wu JJ & Huang RY (2003a) Floc strength and dewatering efficiency of alum 
sludge. Advances in Environmental Research 7(3): 617–621. 

Wu CC, Wu JJ & Huang RY (2003b) Effect floc strength on sludge dewatering by vacuum 
filtration. Colloids and Surfaces A 221(1): 141–147. 

Wu MR, van de Ven TGM & Paris J (2006) Fines Flocculation by PEO/Cofactor: Effects 
of PEO Entanglement and Fines Properties. PAPTAC 92nd Annual Meeting. 
Montreal, Canada: 77–84. 

Wågberg L (2000) Polyelectrolyte adsorption onto cellulosic fibres - A review. Nordic 
Pulp and Paper Research Journal 15(5): 586–597. 

Wågberg L & Björklund M (1993) Adsorption of cationic potato starch on cellulosic fibres. 
Nordic Pulp and Paper Research Journal 8(4): 399–404. 

Wågberg L & Lindström T (1987) Kinetics of polymer-induced flocculation of cellulosic 
fibres in turbulent flow. Colloids and Surfaces 27(1–3): 29–42. 

Wågberg L, Ödberg L & Glad-Normark G (1989) Charge determination of porous 
substrates by polyelectrolyte adsorption. Part I. Carboxymethylated bleached 
cellulosic fibers. Nordic Pulp and Paper Research Journal 4(2): 71–76. 

Yan HT, Lindström T & Christiernin M (2006) Some ways to decrease fibre suspension 
flocculation and improve sheet formation. Nordic Pulp and Paper Research Journal 
21(1): 36–43. 



 71

Yu J, Wang D, Ge X, Yan M & Yang M (2006) Flocculation of kaolin particles by two 
typical polyelectrolytes: A comparative study on the kinetics and floc morphologys. 
Colloids and Surfaces A 290(1–3): 288–294. 

Zauscher S & Klingenberg DJ (2001) Friction between cellulose surfaces measured with 
colloidal probe microscope. Colloids and Surfaces A 178(1–3): 213–229. 

Zhao RH & Kerekes RJ (1993) The effect of suspending liquid viscosity on fiber 
flocculation. Tappi Journal 76(2): 183–188. 

Zhao YQ (2003) Correlations between floc physical properties and optimum polymer 
dosage in alum sludge conditioning and dewatering. Chemical Engineering Journal 
92(1): 227–235. 

Zhao YQ (2004) Settling behaviour of polymer flocculated water-treatment sludge II: 
effects of floc morphology and floc packing. Separation and Purification Technology 
35(3): 175–183. 

  



 72

 



 73

Original papers 

I  Liimatainen H, Haapala A, Tomperi J & Niinimäki J (2009) Fibre floc morphology 
and dewaterability of a pulp suspension: role of flocculation kinetics and 
characteristics of flocculation agents. Bioresources 4(2): 640–658. 

II  Liimatainen H, Haavisto S, Haapala A & Niinimäki J (2009) Influence of adsorbed 
and dissolved carboxymethyl cellulose on fibre suspension dispersing, dewaterability, 
and fines retention. Bioresources 4(1): 321–340. 

III  Liimatainen H, Haapala A & Niinimäki J (in press) Modelling Retention of PCC and 
GCC fillers on chemical pulp fines surfaces. Tappi Journal. 

IV  Liimatainen H, Taipale T, Haapala A & Niinimäki J (2008) Influence of mechanical 
pulp fines on clay retention. Tappi Journal 7(12): 10–16. 

V  Liimatainen H, Kokko S, Rousu P & Niinimäki J (2006) Effect of PCC filler on 
dewatering of fiber suspension. Tappi Journal 5(11): 11–17. 

Reprinted with permission from Bioresources (I and II) and Technical Association 

of Pulp and Paper Industry (III-V). 

 

Original publications are not included in the electronic version of the dissertation. 

  



 74

 



A C T A  U N I V E R S I T A T I S  O U L U E N S I S

Distributed by
OULU UNIVERSITY LIBRARY

P.O. Box 7500, FI-90014
University of Oulu, Finland

Book orders:
OULU UNIVERSITY PRESS
P.O. Box 8200, FI-90014
University of Oulu, Finland

S E R I E S  C  T E C H N I C A

316. Ahola, Juha (2009) Reaction kinetics and reactor modelling in the design of
catalytic reactors for automotive exhaust gas abatement   

317. Koskimäki, Heli (2009) Utilizing similarity information in industrial applications   

318. Puska, Henri (2009) Code acquisition in direct sequence spread spectrum
systems using smart antennas   

319. Saari, Seppo (2009) Knowledge transfer to product development processes. A
multiple case study in two small technology parks    

320. Komulainen, Mikko (2009) Bandwidth enhanced antennas for mobile terminals
and multilayer ceramic packages   

321. Ronkanen, Anna-Kaisa (2009) Hydrologic and hydraulic processes in northern
treatment peatlands and the significance for phosphorus and nitrogen removal   

322. Liedes, Toni (2009) Improving the performance of the semi-active tuned mass
damper   

323. Marina Tyunina & Orest Vendik (Eds.) (2009) Proceedings of the 16th
International Student Seminar “Microwave and optical applications of novel
phenomena and technologies”, June 8–9, Oulu, Finland   

324. Belt, Pekka (2009) Improving verification and validation activities in ICT
companies—product development management approach   

325. Harri Haapasalo & Hanna Kropsu-Vehkaperä (Eds.) (2009) The 3rd Nordic
Innovation Research Conference - NIR 2008—IEM Arctic Workshop   

326. Selek, István (2009) Novel evolutionary methods in engineering optimization—
towards robustness and efficiency   

327. Härkönen, Janne (2009) Improving product development process through
verification and validation   

328. Peiponen, Kai-Erik (2009) Optical spectra analysis of turbid liquids   

329. Kettunen, Juha (2009) Essays on strategic management and quality assurance   

330. Ahonen, Timo (2009) Face and texture image analysis with quantized filter
response statistics   

331. Uusipaavalniemi, Sari (2009) Framework for analysing and developing information
integration. A study on steel industry maintenance service supply chain    

332. Risikko, Tanja (2009) Safety, health and productivity of cold work. A management
model, implementation and effects    

C334etukansi.kesken.fm  Page 2  Friday, August 7, 2009  10:24 AM



A
B
C
D
E
F
G

UNIVERS ITY OF OULU  P.O.B . 7500   F I -90014  UNIVERS ITY OF OULU F INLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

S E R I E S  E D I T O R S

SCIENTIAE RERUM NATURALIUM

HUMANIORA

TECHNICA

MEDICA

SCIENTIAE RERUM SOCIALIUM

SCRIPTA ACADEMICA

OECONOMICA

EDITOR IN CHIEF

PUBLICATIONS EDITOR

Professor Mikko Siponen

University Lecturer Elise Kärkkäinen

Professor Hannu Heusala

Professor Helvi Kyngäs

Senior Researcher Eila Estola

Information officer Tiina Pistokoski

University Lecturer Seppo Eriksson

University Lecturer Seppo Eriksson

Publications Editor Kirsti Nurkkala

ISBN 978-951-42-9209-5 (Paperback)
ISBN 978-951-42-9210-1 (PDF)
ISSN 0355-3213 (Print)
ISSN 1796-2226 (Online)

U N I V E R S I TAT I S  O U L U E N S I SACTA
C

TECHNICA

U N I V E R S I TAT I S  O U L U E N S I SACTA
C

TECHNICA

OULU 2009

C 334

Henrikki Liimatainen

INTERACTIONS BETWEEN 
FIBRES, FINES AND FILLERS
IN PAPERMAKING
INFLUENCE ON DEWATERING AND
RETENTION OF PULP SUSPENSIONS

FACULTY OF TECHNOLOGY,
DEPARTMENT OF PROCESS AND ENVIRONMENTAL ENGINEERING,
UNIVERSITY OF OULU     

C
 334

AC
TA

 H
enrikki Liim

atainen
C334etukansi.kesken.fm  Page 1  Friday, August 7, 2009  10:24 AM


	Abstract
	Acknowledgements
	List of abbreviations and symbols
	List of original papers
	Contents
	1 Introduction
	1.1 Background
	1.2 The research problem
	1.3 The aim and hypotheses
	1.4 Initial assumptions
	1.5 Outline of the thesis

	2 Experimental
	2.1 Filtration equipments
	2.2 Measurement of filler retention
	2.3 Measurement of fibre flocculation
	2.4 Measurement of fibre network strength
	2.5 Materials
	2.5.1 Chemical pulps
	2.5.2 Chemical pulp fines
	2.5.3 Mechanical pulp fines
	2.5.4 Fillers
	2.5.5 Polymers

	2.6 Characterisation and pretreatment of pulp materials

	3 Part 1: Influence of fibre flocculation ondewatering (Paper I)
	3.1 Fluid flow in a fibre network
	3.2 Fibre flocculation
	3.3 Role of floc structure in fibre suspensions dewatering
	3.3.1 Relationship between characteristics of flocculation agentsand floc structure
	3.3.2 Relationship between flocculation kinetics and floc structure
	3.3.3 Relationship between floc structure and dewaterability of afibre suspension


	3.4 Summary of Part 1
	4 Part 2: Influence of fibre deflocculation ondewatering and fines retention (Paper II)
	4.1 Fibre deflocculation
	4.2 Role of fibre deflocculation mechanisms in fibre suspensionsdewatering and fines retention
	4.2.1 Deflocculation mechanisms of adsorbed and dissolved CMC
	4.2.2 Relationship between deflocculation mechanisms anddewaterability and fines retention of a fibre suspension

	4.3 Summary of Part 2

	5 Part 3: Influence of filler deposition ondewatering and retention (Papers III-V)
	5.1 Behaviour of small particles in a fibre network
	5.2 Different pulp fractions and particle deposition
	5.3 Role of different pulp fractions and filler surface charge in fillerdeposition
	5.3.1 Deposition of filler particles on chemical and mechanical pulpfines fractions and its influence on filler retention
	5.3.2 Deposition of cationic PCC on pulp fibres and its influence ondewaterability of a fibre suspension

	5.4 Summary of Part 3

	6 Conclusions
	References
	Original papers



