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Abstract

Paper coatings or coating colours are high solids suspensions that are applied
to paper to improve chiefly printability and optical properties. A paper
coating suspension, including pigments, binders and thickeners, is a complex
system which must be understood if the end-use properties of paper are to
be improved. Some of the important issues that need to be addressed are
the mechanisms of migration of latices in a drying film, the influence of
thickener on the overall consolidation and the behaviour of paper coatings
under compression. Understanding the consolidation of paper coatings is
essential as the aggregate structures formed at this stage largely determine
the performance of the paper coating. Similarly, the forming of paper itself
from pulp fibres requires a detailed understanding of the consolidation and
dewatering process.

In this thesis several approaches have been used in order to study the
consolidation of paper coatings before and after application to substrates.
The techniques utilised are rheometry, centrifugation with NMR-imaging,
scanning electron microscopy (SEM) and atomic force microscopy (AFM).
Furthermore, investigations of the compressional rheology of fibre systems
has indicated that stepped pressure filtration can be a useful tool in the
study of fibre dewatering.

The primary findings presented in this thesis can be summarised as fol-
lows. Studies of the compressive yield stress and rheological properties of
ground calcium carbonate (GCC) suspensions indicate that the addition of
a commonly used thickener can cause flocculation, most likely of a depletion
type, which leads to more compact structures during dewatering. When
applied to substrates, migration and film formation of binder latices in the
presence of calcium carbonate pigments and CMC thickeners occurs concur-
rently and collectively. This is shown to influence the consolidation of the
top layer of the coating to a great extent. It was found that CMC retards
the migration of latices and that ethyl(hydroxyethyl)cellulose (EHEC) ad-
sorbs to latex and creates a composite material upon local film formation.
The composite retains an internal honeycomb structure in the film, that is
revealed by mapping of elastic variations using AFM phase imaging.

For fibre systems, the novel method of stepped pressure filtration has
been applied to study the compressional rheology of pulp suspensions, and
the effect of added surfactants investigated. The technique is shown to be
a promising tool for the study of structure-dewatering relationships in fibre
suspensions.
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Sammanfattning

Bestrykningsmeter för papper eller smeter är högkoncentrerade suspensioner
som appliceras p̊a papper för att framförallt förbättra tryckbarhet och op-
tiska egenskaper. En bestrykningssmet, inkluderat pigment, bindemedel
och förtjockare, är ett komplext system som måste först̊as om de slutliga
egenskaperna av ett papper ska förbättras. N̊agra av de viktiga punkterna
som behöver poängteras är mekanismen för migrering av bindemedel i en
torkande film, effekten av förtjockare p̊a den totala konsolideringen och
smetens beteende under kompression. Först̊aelse av smetens konsolider-
ing är väsentlig eftersom de bildade aggregatens struktur vid det här skedet
till stor del bestämmer smetens prestanda. Liknande, formning av pap-
per fr̊an pappersfibrer kräver en detaljerad först̊aelse av konsolidering och
avvattningsprocessen.

I den här avhandlingen har ett flertal ant̊aganden använts för att studera
konsolideringen av smeter före och efter applicering p̊a substrat. Tekniker
som använts är reometri, centrifugering med NMR-imaging, svepelektron-
mikroskop (SEM) och atomkraftsmikroskop (AFM). Fortsättningsvis har
undersökningar av kompressionsreologi av fibersystem indikerat att stegvis
tryckfiltrering kan vara ett användbart verktyg i studier av avvattning av
fiber.

De primära slutsatserna som presenteras i den här avhandlingen kan sam-
manfattas enligt följande. Studier av kompressionsflytgräns och reologiska
egenskaper av mald kalcium karbonat (GCC) suspensioner indikerar att till-
satts av en vanligt förekommande förtjockare kan utgöra flockulering, mest
troligt av typen utarmning, vilket leder till en mer kompakt struktur under
avvattning. Vid applicering p̊a substrat, migrering och filmbildning av latex
bindemedel i närvaro av kalcium karbonat pigment och CMC förtjockare
sker samtidigt och kollektivt. Det här visar sig av hög grad p̊averka kon-
solideringen av det yttersta lagret av smeten. Det upptäcktes att CMC
fördröjer migrering av latex och att etyl(hydroxyetyl)cellulosa adsorberar
p̊a latex och bildar ett kompositmaterial under den lokala filmbildningen.
Kompositen kvarh̊aller en intern bikupestruktur i filmen vilket uppdagas vid
kartläggning av elastiska variationer med AFM.

En nymodig metod av stegvis tryckfiltrering har tillämpats p̊a fibersystem
för att studera kompressionsreologi av massasuspensioner och effekten av
tillsatt tensid har undersökts. Tekniken har visat vara ett lovande verktyg
för att studera struktur-avvattning förh̊allande i fibersuspensioner.

iii



Nyckelord: Bestrykningssmet, Mald Kalcium Karbonat, Lera, Karboxymetyl-
cellulosa, Fiber, Etyl(hydroxy)etylcellulosa, Latex, Kompressionsreologi, Tryck-
filtrering, Avvattning, Skjuvningsreologi, AFM, SEM, Konsolidering, Film-
bildning, Migrering av Bindemedel.



Included papers

This thesis includes the following five papers, as well as an introductory
background and summary. The papers are listed below and will be referred
to by their roman numerals (I-V).
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Preface

Paper, commonly used in everyday life, is a complex man-made material,
requiring a rather fine arrangement of cellulose fibres to occur at rapid pro-
duction speeds. It is made more complex by the addition of a coating layer.
The paper is coated for several reasons, such as improving print quality,
printability, brightness and opacity. Applying a high solids content suspen-
sion, or “coating colour”, to paper is similar to removing irregularities before
painting a wall, although the coating process on paper does the “prepara-
tion and painting” in one step, usually on a 6− 10 meter wide paper web at
speeds of ≈ 30 ms−1.

Coating colours for common paper grades used e.g. for offset printing
are approaching 50 % by volume solids. This is at the concentration limit
that will give a suspension that spontaneously flows under gravity. A typical
“wet” paper coating suspension consists mainly of three components, a min-
eral pigment such as calcium carbonate or clay, a water-soluble thickener or
co-binder such as carboxymethylcellulose (CMC), ethyl(hydroxy)ethylcellulose
(EHEC) or starch, and a binder such as styrene butadiene or styrene acrylate
latex. A range of other additives such as lubricants, defoamers and bright-
ening agents are used in small quantities to improve the overall runnability
and end-use properties. Variations in the coating composition will yield
different consolidation behaviour and thus different end-use properties.

The list of constituents above seems brief, however the possible varia-
tions in coating formulations is large. This thesis is restricted to calcium
carbonate, clay, CMC, EHEC and styrene-butadiene latex components and
is focused on understanding the consolidation under compression in rela-
tion to wet and dry internal structure, as well as top surface structure of
model paper coatings. To this end we have employed compressional rheol-
ogy, shear rheology, AFM and SEM/ESEM (environmental scanning elec-
tron microscopy). In paper I, the compressive yield stress of model paper
coatings is investigated by centrifugation and NMR-imaging. The compres-
sional rheology study of paper coatings is complemented by steady shear
rheology in paper II. The wet and dry structure of the model coatings when
applied to substrates are then studied in papers III and IV using atomic
force microscopy (AFM) and scanning electron microscopy (SEM).

Prior to coating, the base paper has been formed by dewatering of a fibre
suspension. Studies of the compressive yield stress, combined with the in-
trinsic permeability and diffusivity of fibre systems are presented in paper V
using stepped pressure filtration. Thus, we show that compressional rheol-
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ogy studies can be of value in better understanding consolidation processes
in both forming of the base sheet, and dewatering of the coating layer.

This material preceding the papers is divided into two parts. Part I
provides a general background for the work presented in the thesis. Since the
majority of the papers deal with paper coatings rather than fibre systems,
there is a natural weighting towards the former in the summary material.
Part II of the thesis highlights issues from the five papers regarding the
compressional rheology, the shear rheology and the consolidated structure
of paper coatings as well as the compressional rheology of fibre systems.

A final preliminary remark: Various approaches can be made in try-
ing to obtain a better understanding of the behaviour of coating and fibre
suspensions with respect to consolidation and how this can be affected by
interactions between the various components. Here, we have chosen to use
laboratory-based techniques which permit an interpretation of the colloidal
mechanisms that can determine the behaviour of the suspension in process.
We have chosen to study rather generic suspensions with a “minimum”
number of components: pigments, binders and thickeners for coating sus-
pensions (sometimes even excluding one or more of these!); however these
components have been chosen to be of commercial grade in order to main-
tain a link to practice. Since we are not by any means the first to consider
these systems, we have chosen to build on the work of others by suggesting
novel approaches, or combinations of methods that may allow new insights.
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Part I

INTRODUCTION





Chapter 1

Background

1.1 Paper coating

Papers are coated in order to provide a substrate with improved printability,
optical properties and smoothness. The coating suspension, delivered at
high solids content of over 50 wt% for many coated paper grades, typically
consists of mineral pigments, latex binders, polymeric thickeners and other
additives (dispersants, antifoaming agents) in small quantities.

Numerous coating unit designs are in use, two common general principles
for application being blade coating and premetered film presses. Blade coat-
ing operates at high speeds, up to (≈ 2000 mmin−1). The pressure under
the blade is ≈ 10 − 15 bar and most of the liquid in the coating colour is
forced into the base paper. A coating colour using the blade coating tech-
nique is likely to have a higher solids concentration than the low pressure
technique of roll application. With blade coating there is a short adjustable
distance between the applicator and the blade. The blade is often posi-
tioned ≈ 10 µm above the paper web and ≈ 0.5 m after the applicator. Web
speeds of ≈ 30 ms−1 will give a dwell time on the order of 10 − 20 ms. The
dwell time is defined as the distance between the applicator and the blade
divided by the operating speed. Only a minor amount of dewatering occurs
before the blade during the dwell time. One advantage with premetered
roll application technique is the low pressure at the nip compared to blade
coating. Roll metering also gives high fibre coverage and is very useful for
Light Weight Coated (LWC) grades. The disadvantage is the limited speed,
at higher speeds it is difficult to hinder misting of the colour which may give
streaks in the paper “web” and later even cause break, an unwanted event
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in any mill.

The coating “colour” itself is in almost all cases a multi-component col-
loidal suspension designed to achieve the target properties of the final coating
layer and also run well in the coater under the extreme conditions discussed
above. Achieving these aims requires good control in colloidal engineering,
over a range of process conditions. Surface chemistry plays a significant
role in the coating process, namely through stabilisation of the suspension,
meeting the broad range of rheological demands during pumping to, and
application at, the coating unit, the manner in which the applied layer de-
waters, immobilises and adheres to the base sheet, how binders interact
with pigments and thickeners during film formation and thus ultimately the
performance of the dry coating layer. It is at this point that we join the
discussion, using a variety of laboratory-based methods to investigate the
consolidation properties of paper coating suspensions.

For further information on the details of the coating process, an excellent
technical review is given by Linnonmaa and Trefz.1

1.2 Fibre suspensions

While a detailed review of cellulose fibre dewatering process is outside the
scope of this thesis, a few basic points are important to mention. Control
of the paper forming process, probably the classic example of cellulose fi-
bre dewatering, determines to a large extent the mechanical, optical and
converting properties of paper sheets.2 The role of wet-end additives, fine
materials and extractives in the forming process is a central issue for paper
manufacturers. Dewatering and compression are also of importance during
the wet pressing stage of paper manufacture, and processes such as pulp-
ing and refining involve aspects of fibre filtration. Cellulose fibres are also
used in the production of hygiene and tissue products, where absorption
and dewatering properties are central.3 Here, the addition of agents such
as surfactant debonders that improve the efficiency of the defiberisation of
pulp, and rewetting agents that improve absorption, as well as other surface
treatments of the fibres that can include polyelectrolytes or crosslinkers, can
affect product performance.



Chapter 2

Interactions and consolidation of paper coatings

2.1 Aggregation

There are several ways to induce aggregation in particulate dispersions. The
electrolyte concentration or valency can be increased, the pH altered, or
adsorbing or non-adsorbing polymers added. The addition of adsorbing
polymers may induce bridging flocculation, steric or electrosteric stabilisa-
tion. Stabilisation, destabilisation and restabilisation of particles occur as
a result of a variety of mechanisms. These mechanisms and the forces in-
volved are described in numerous colloid and interface science textbooks.4–6

One method to obtain a weakly aggregated system is the addition of a
non-adsorbing polymer. A non-adsorbing polymer may give rise to depletion
flocculation under the right conditions. These are described in section 2.2
on the following page.

The different mechanisms of flocculation that may occur in coating colours
has been of great interest and has mainly been studied through rheology and
determination of adsorption isotherms7–27 There are some contradictory re-
ports in the literature regarding the effect of CMC on predispersed calcium
carbonate. The debate is whether CMC only causes a thickening effect
on the continuous phase21,22 or if CMC has dispersive12,13 or aggregating
effects. However, CMC is known to adsorb to clay28–30 and has been sug-
gested to flocculate clay by bridging21,31 (i.e. a polymer binds to at least
two particles and pulls them together). The properties of blends of clay
and calcium carbonate are dominated by the clay properties and with these
blends it is more likely that a network will form due to bridging interactions,
as suggested by Grön.21
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2.2 Depletion flocculation

Depletion forces give rise to flocculation of colloidal dispersions. Asakura
and Oosawa32,33 presented the first quantitative analysis of this phenomenon.
The depletion force is attractive and the magnitude of the force is of the
order of the osmotic pressure Πosm of the polymer solution and the range is
of the order of the radius of gyration, Rg. When the distance between the
particles (see Fig. 2.1) is smaller than Rg, the polymer chains cannot enter
the space between the particles and this space will contain pure solvent.
There is a difference in the chemical potential, µ, between the pure solvent
and the bulk polymer solution, which creates a force that is proportional to
the osmotic pressure of the polymer solution acting on the outer surface of
the particles. This results in an attraction between the particles. Note also
that large particles can be flocculated by small particles by the same mech-
anism. Here however, we are concerned only with polymers as the cause of
the depletion force.

Osmotic pressure

Overlapping depletion zone

Fig. 2.1: Flocculation by depletion, adapted from Ref.34

The depletion force is strongly dependent on the molecular weight, charge
density and the degree of substitution and concentration of the non-adsorbing
polymer. The osmotic pressure, Πosm, of polyelectrolytes is much larger
than, Πosm of non-charged polymers at the same concentration. A higher
concentration of the non-adsorbing polymer will increase the depletion force.32,33

The molecular weight of the non-adsorbing polymer shows opposing effects
on the depletion force,35 a greater molecular weight results in a larger ra-
dius of gyration and hence an increased depletion attraction although the
osmotic pressure decrease, at a given polymer concentration, which yields a
lower depletion attraction. For further reading on the depletion force, see
the review by Jenkins and Snowden.36
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In paper coatings containing CMC, the influence of the charges on the
CMC molecule is diminished by electrolytes in the bulk. This results in a
less extended CMC conformation and thus a smaller radius of gyration. Also
a broad pigment particle size distribution is used, which may give rise to
different local depletion strengths during consolidation. When taking into
account all the constituents in a coating colour one realises that it is a com-
plex system to understand and to model, not readily lending itself to model
explanations of flocculation. Determination of a flocculation mechanism in
these systems, be it depletion, bridging or more exotic phenomena such
as patch flocculation, often relies on indirect evidence from e.g. rheological
studies.

2.3 Consolidation and film formation

In the consolidation of paper coatings, multiple processes are taking place,
including transport of liquid and solutes through dewatering into the base
sheet. The dewatering process is not only important in determining (and
is determined by, as we shall discuss), the structure of the consolidating
coating layer, it also has important consequences for the runnability of the
process: too fast dewatering can compromise the strength of the base sheet.
for example. It is for this reason that dewatering is a major topic in the
study of paper coatings.37–49

After the majority of the liquid phase has left the coating layer, other
processes take place which determine the final structure of the layer. Local
film formation of polymeric latex binder is one such process. The nature of
this process is also an important issue for paper coating research, and will
be discussed in some detail in this thesis. Associated issues include binder
migration50–55 and binder distribution.56–59 In Ref.56 an even distribution
of latex in the bulk and an increased concentration at the top surface is
demonstrated by studies of cross-sections of coated layers by SEM. On the
other hand, the local consolidation near the top surface, on a sub-µm scale,
has not been studied in detail.60,61

Thus, the entire consolidation process is of interest, from the floccula-
tion that may occur in the coating dispersion before application, to the
final drying step where the binder distribution is determined. It controls a
range of properties of the coated layer such as fibre coverage, smoothness
and gloss. Features of the consolidated structure morphology include the
pore size distribution, and pore volume, as well as the degree of latex film
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formation inside the pores. Control of all these properties is crucial for good
print outcomes. Studies on latex and its influences on rheology, runnability,
surface and mechanical strength62–67 and the coating structure and end-use
properties21,31, 52, 53, 68–78 are common.

It is generally expected that a higher degree of aggregation in the coat-
ing colours yields a bulky coated layer which gives a greater fibre coverage
and a higher gloss. If the void fraction in the bulky layer increases, the
void size will increase and approach the optimum void size for light scat-
tering (200 − 350 nm). Also, on a smooth substrate, flocculation may be
expected to result in an increase in surface roughness, however on a already
rough paper substrate it is widely accepted that the flocs aid in creating a
smoother surface by preferentially filling “valleys” in the substrate. Gloss
is a strong function of roughness79 which is influenced by the solids content
and coat weight applied to the paper. An increased solids content and coat
weight21,80, 81 both give a smoother surface and a higher gloss.

The coated layer shrinks upon drying, and the drying stresses created can
be large, leading to the formation of cracks in the coated layer. A higher
amount of latex in the coated layer is known to cause a greater degree of
shrinkage which results in the top surface rising to produce a rougher surface
and a lower gloss. Also the pores shrink, which would indicate a lower gloss,
as the size of the majority of the pores are already below the optimum void
size but again, gloss is a stronger function of the surface roughness than
pore size, so the gloss is increased.

For high gloss, it is expected that an optimum amount of latex will exist
due to a balance of two competing effects. As the dosage of latex is increased
more pores are filled giving a smoother surface; however at higher dosages
of latex the coating layer shrinks to a larger extent resulting in a rougher
surface. As usual in multi-component coating colours, not only the latex
amount determines the shrinkage but also the type of pigment and the latex
glass transition temperature. The glass transition temperature determines
whether the latex is in its rubbery state (above Tg) or in its glassy state
(below Tg). In the rubbery state the polymer chain mobility is high and
in the glassy state there is a very low chain mobility. A lower Tg is known
to cause a greater degree of shrinkage at high dosages and colours based
on clay shrink more than those based on calcium carbonate.72 Nevertheless
the high degree of orientational order of plate-like clay particles results in a
higher gloss after calendering.

In the consolidation literature there are often quoted two critical solid
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concentrations, the first (FCC, also known as the immobilization solids),
and second (SCC) critical concentration. The first critical concentration is
determined as a high gloss “mirror” which disappears upon drying as the
water film on the top surface evaporates.68 The second critical concentration
(SCC) is defined as the stage where the layer becomes dry and no further
consolidation occurs. The SCC is detected by an increased reflectance, as
the largest filled pores becomes voids.68 However Al-Turaif et al.77,82 found
recently that consolidation is not complete after the SCC as the latices can
creep. In this nomenclature, we cover some aspects of the consolidation that
occur before, after and between the FCC and SCC.

In paper III, a study of the local film formation of latex on the top surface
of coating layers is reported. The background for latex film formation and
latex migration is given below. Film formation of latices has been studied
extensively over the years and this field has recently been reviewed.83,84 It
is generally accepted that the film formation process (see Fig. 2.3) proceeds
by three stages i) Particles come into close contact as water evaporates ii)
Particles begin to deform and approach hexagonal packing and iii) Interdif-
fusion or reptation85 of polymer chains across the plateau border occurs by
aging and causes annealing, which results in an isotropic film.

i

ii

iii

Close contact

Hexagonal packing

Interdiffusion or reptation

Fig. 2.2: The three stages of the film formation process of latex, adapted from Ref.86

In the consolidation of paper coatings some of the latices are forced into
the paper during the coating operation. However, it is likely that relatively
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more water than latices is forced into the base sheet, meaning an immediate
increase in latex concentration in the newly-applied coating layer. The liquid
near the top surface is more prone to evaporation than dewatering. There-
fore the latices migrate towards the air/solid interface as water evaporates.87

As the effective concentration of latices is greater, the latex particles come in
close proximity, ultimately allow for interdiffusion of polymer chains. This
evolution results in the film formation process (Fig. 2.2). Hence we con-
clude that the latex migration and film formation occur concurrently and
collectively as water evaporates (Fig. 2.3).

A model for the two processes is illustrated in Fig. 2.3. The model is
based on Nowicki and Scriven’s88 description of flow mechanisms in porous
coatings and complemented with the idea of the collective processes of latex
migration and film formation.
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<113 nm

Fig. 2.3: Migration and consolidation of latex. Latex particles are transported
towards the evaporating meniscus and thus are forced into close contact. A High Tg

latex shown as small spheres with calcium carbonate pigment particles of various
shape and size. B Low Tg latex and e = evaporation, em = evaporation meniscus, m
= migration, d = diffusion, p = plateau border, s = spreading.

The main flow of liquid and solute which is indicated by the large angled
arrow in Fig. 2.3 is driven by the gradient in capillary pressure between the
large pore and the smaller pore, where the meniscus is present. Upon drying,
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the evaporating meniscus is concave. This means that the pressure is greater
above the meniscus, creating a gradient in capillary pressure. Particles above
the meniscus begin to deform as the second stage (Fig. 2.2) of the film
formation process implies. Competing with the capillary driven migration
is the diffusion of latex towards the bulk, as there is a greater concentration
and therefore higher chemical potential near the surface. The magnitude of
this difference in chemical potential can be argued and again these systems
are not ideal for calculations. However, the latex particle labelled “d” in
Fig. 2.3 is most likely to diffuse away, rather than migrate via a smaller
pore to a larger pore.

The figure above also shows a proposed difference in binder migration and
film formation for two different latices, high Tg latex (A) and low Tg latex
(B). At the main evaporation pore there is a difference in how far latex
particles migrate before capillary forces deform them and prevent further
migration. A high Tg-latex migrates further up the pore leaving no void. In
comparison, the low Tg-latex stops further down the pore. Discussion of the
influence of latex properties on the top surface consolidation is taken further
in papers III and IV.

The consolidation of paper coatings is complex. It can be effectively
studied using both compressional rheology and shear rheology to investigate
the consolidation structures and particle interactions. Centrifugation or
filtration and microscopy studies can be combined with the rheology studies
in an attempt to provide new insights into the mechanisms governing coating
consolidation.



Chapter 3

Compressional rheology

3.1 Introduction

A bulky coating layer is known to give a decreased immobilized solids layer
or first critical concentration (FCC). In the literature on dewatering, it is
discussed as to whether the immobilized layer is an incompressible layer or
a compressible layer. If a bulky layer is incompressible, the pores in the
layer will not change upon exposure to a compressive force. If the layer is
compressible, the pores will change shape under compression, and the total
pore volume will be reduced; the resolution of this point has an obvious
consequence for understanding of structure control in paper coatings. In
Paper I the concentration profile of a paper coating suspension is measured
and used to determine the compressive yield stress of a calcium carbonate
suspension. Indeed the compressional rheology of both paper coatings and
fibre suspensions provides insights into how different structures are formed,
and how such structures are related. Compressional rheology is the study of
compressibility and, for porous materials, permeability. Compressibility is a
measure of a material’s reduction in size in response to a squeezing force.
The permeability is the ease with which a fluid can flow through a porous
material.

Compressional rheology in terms of the compressive yield stress as a
function of the solids volume fraction, Py (φ), has essentially been studied
on mainly inorganic colloidal systems by three different methods in the last
15 years. The methods are sedimentation, centrifugation and pressure fil-
tration. Filtration (perhaps the most studied topic in chemical engineering
science) has been studied in a systematic way since the year 1856 when
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Darcy’s law89 (Eq. 3.1) for flow in porous media was established. Darcy’s
law is a linear transport law which describes permeability through porous
materials. The law forms the basis for several fields of study, including
ground-water hydrology, soil physics, and petroleum engineering.

Q = k
A∆p
L

(3.1)

where Q is the flux, A is the area, ∆p is the pressure difference over a length,
L, and k is defined as permeability with units m2/Pa s.

Investigation of the compressive yield stress as a function of volume frac-
tion, Py (φ), was initiated by Buscall and White90 and Buscall et al.91 in
the mid 80’s. Landman et al.92–94 developed further the hindered-drag con-
cept via the hindered settling factor, r (φ), the hindered settling function,
R (φ), and the solids diffusivity, D (φ). These quantities will be briefly dis-
cussed in the following pages. The hindered settling factor, r (φ), is used for
quantifying permeability and takes into account hydrodynamic interactions
between local particles which at high solids content increase for any given
particle.95 These interactions hinder the transport of solids and liquids and
r (φ) approaches infinity as the solids volume fraction approaches 1. This
concept was first considered for free settling where the r (φ) term quantifies
the drag force on the particles moving through a liquid. Later, it was also
used for filtration where the r (φ) term quantifies the drag experienced by
liquid passing through a tightly packed bed. In the consolidation of floccu-
lated suspensions, this factor essentially determines the permeability of the
suspension.

The compressive yield stress is a material property of the consolidated
coated layer that is important for the characterisation of consolidation pro-
cesses. In a stabilised suspension, external loads are resisted by the sum of
the interparticle pressure, pp, which is equivalent to the osmotic pressure
Πosm. Above the gelpoint φg, a network has been formed which has an in-
ternal pressure capable of resisting external loads. The network will resist
loads until they exceed the compressive yield stress, Py (φ), at which point
the structure collapses and consolidates irreversibly. The compressive yield
stress is a direct measure of interparticle attachment strength96 and a good
measure of the structure’s ability to rearrange under compression. Thus,
it is a key rheological term for the understanding of consolidating systems,
including paper coatings and fibre systems. Soil scientists have in essence
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studied the same properties using the terminology of soil physics literature,
for example the gelpoint, φg, (which is discussed below) is sometimes re-
ferred to as the null-stress solidosity.97

The compressive yield stress and permeability are combined to give the
key parameter, D (φ), the solids diffusivity, which provides an overall indi-
cation of the dewatering tendency of the suspension. This will be discussed
further below.

3.2 Methods to determine the compressive yield stress

Choosing the best method to measure the compressive yield stress is often
a trade-off between more laborious methods which include multiple cen-
trifugation96,98–100 and pressure filtration93,95, 98, 101, 102 and less laborious
but more expensive techniques such as NMR-imaging, X-ray, γ-ray or neu-
tron scattering which are all non-destructive. These techniques can all be
used to determine the compressive yield stress via the concentration profile
which is discussed in section 3.2.3 on page 17. Another more laborious and
less accurate approach to obtain the concentration profile is the dissection
method, which is a destructive method.100,103 An alternative way to de-
termine the compressive yield stress, not discussed further, is the osmotic
stress method.104,105 This method makes use of the relation between be-
tween the osmotic pressure and the compressive yield stress for flocculated
suspensions.

3.2.1 Multiple centrifugation

The simplest methods available to obtain the compressive yield stress are
sedimentation and centrifugation. The latter is based on multiple centrifu-
gation, the so-called “equilibrium sediment height technique”96,98 . By plot-
ting the final (equilibrium) height, h∞, as a function of centrifugal accelera-
tion one easily obtains the compressive yield stress through the approxima-
tive solution96,98 (Eqs. 3.2 and 3.3) of the mean value theorem of Buscall
and White.90

Py = ∆ρgφ0h0

(
1 − h∞

2R

)
(3.2)

where Py is the compressive yield stress, ∆ρ is the density difference between
solid and liquid, g is the the centrifugal acceleration, φ0 is the initial volume
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fraction, h0 is the initial height of sample, h∞ is the final sediment height,
R is the radial distance from the centre of centrifugation to the sediment
bottom and where,

φ0 = φ0h0

[
1 − 1

2R

(
h∞ + g dh∞

dg

)]
[(
h∞ + g dh∞

dg

) (
1 − h∞

R

)
+ h2

∞
2R

] (3.3)

The experimental details and procedures for centrifugation, pressure fil-
tration and NMR-imaging are described in Chapter 6 on page 32. However,
it is worthwhile to make a note here on sedimentation and gelpoint φg deter-
mination at this stage. The gelpoint or gelation point is the volume fraction
at which the particles or flocs “just” come into contact with each other,
forming a network on a macroscopic scale, for example the wall-to-wall dis-
tance in a beaker, and the material is able to resist external loads. There are
two common ways to determine φg. One method to determine the gelpoint
is to extrapolate Py (φ) to zero pressure. The other method is sedimentation
which is the best method for determining φg when low stresses are present.

3.2.2 Pressure filtration

Using pressure filtration,95,98, 102 the average final volume fraction or equi-
librium volume fraction, φ∞, which is able to resist a particular pressure
before irreversible collapse, is evaluated through the conversation of mass
and is usually used to calculate the yield stress using,106

φ∞h∞ = φ0h0 (3.4)

Another approach (convenient for fibre systems) would be to consider
conservation of mass based on volume. The final volume fraction, φ∞, of
solids is at any given filtration time through

φ (t) =
Vs

Vs + Vl − ∆V
(3.5)

where Vs is the scaled volume of solids, Vs = Vtot × φ0, ∆V is the scaled
volume of filtrate, Vl is the total scaled volume of liquid, with scaling factor
being the membrane area A.
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Determining the permeability and diffusivity

To obtain the permeability, k (φ), and diffusivity, D (φ), Landman et al.107

defined the β2 parameter as the inverse of the linear part of an ordinary
t vs. V 2 slope, shown to the left in Fig. 6.1. A power law fit of β2 to different
pressures yields the derivative

(
dβ2

d∆P

)
which is used to obtain the hindered

settling function R(φ). Landman et al.107 found an analytic expression to
evaluate this,

R (φ∞) ≡
(
λ

Vp

)
r (φ∞) =

(
2

dβ2

d∆P

)(
1
φ0

− 1
φ∞

)
(1 − φ∞)2 (3.6)

The hindered settling function contains the hindered settling factor r (φ∞)
and λ (Stokes drag coefficient, 6πaη) and Vp, which is the particle volume or
the volume of an aggregate. The exact value of λ/Vp is in general unknown,
as the floc size is unknown. Thus, the term “hindered settling function”
often refers to the whole function (Eq. 3.6) and replaces the term “the hin-
dered settling factor” r (φ).

The intrinsic permeability k (φ) (now with units m2) is scaled against the
continuous phase viscosity, ηcp,108

k (φ∞) = e
ηcp

R (φ∞)
(3.7)

where e is the void ratio, e = (1 − φ∞)φ−1
∞ .

Finally D (φ∞), the solids diffusivity, is obtained107 either by Eq. 3.8,

D (φ∞) =
dPy

dφ

(1 − φ∞)2

R (φ∞)
(3.8)

or Eq. 3.9,

D (φ∞) =
1
2
dβ2

dφ∞

(
1
φ0

− 1
φ∞

)−1

(3.9)

The latter equation has the advantage of using only one derivative.

Stepped pressure filtration has recently been developed108,109 for rapid
filtration measurements and is used on fibre systems in paper V. This ap-
proach saves considerable time and is shown to be suitable for studying the
consolidation of paper fibre systems, as discussed in detail in paper V.
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3.2.3 Single centrifugation and NMR-imaging

When it comes to the more sophisticated techniques mentioned above we
have used NMR-imaging110 in paper I to determine the concentration pro-
file in a centrifuged sediment. The experimental details are described in
section 6.5 on page 35. NMR-imaging is a non-destructive method to de-
termine the compressive yield stress via the concentration profile. The non-
destructive techniques, X-ray,111 CT-scanning,97,112–114 γ-ray,115–117 and
NMR-imaging47,118–120 have all been used for determination of the concen-
tration profile whether it is sedimentation, centrifugation or filtration.

The resolution obtained differentiates the techniques. In the NMR-imaging
in paper I, a spatial resolution of ≤ 300 µm is achieved, whereas X-ray
or γ-ray techniques have a resolution of several mm. A highly promising
technique for the future is high resolution X-ray microtomography.121,122

Neutron scattering has also been used for studying the concentration profile
of aggregated structures.123

After the concentration profile, φ(z), has been obtained, the compressive
yield stress can be calculated,98,100, 116

Pz = ∆ρ
∫ h∞

z
g(z)φ(z)dz (3.10)

where Pz is the pressure at a given sediment depth, z, ∆ρ is the den-
sity difference between solid and liquid, h∞ is the final height of the sed-
iment, g(z) is the centrifugal acceleration as a function of sediment depth
[g(z) = ω2R(1 − z/R)] where R is the radial distance from the centre of
centrifugation to the bottom of the sediment) and φ (z) is the concentration
profile. In our centrifugation experiments (See Fig. 6.3 on page 37) it is
easier to parametrise the integral in Eq. 3.10 by the substitution s = h∞−z
so that,

Py [φ(s)] = ∆ρ
∫ s

0
g(s)φ(s)ds (3.11)

where Py [φ (s)] is the compressive yield stress as a function of solid volume
fraction, φ (s), which is a function of sample height, s, ∆ρ is the density
difference between solid and liquid, g (s) is the centrifugal acceleration as a
function of sample depth and φ (s) is the concentration profile.
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For the interested reader, the compressive yield stress and its impor-
tance in solid/liquid separations is thoroughly reviewed by Landman and
White.106



Chapter 4

Shear rheology

“Panta rhei” − “everything is in a state of flux”

Rheology is an interdisciplinary science based on the deformation and
flow of matter. The first recorded rheologist might have been an ancient
Egyptian scientist Amenemhet (≈ 1600b.c.) who made a correction to the
drainage angle of a water clock to account for the viscosity change of water
with temperature.124 Already at that time it was known that the viscosity
is decreased during the daytime due to higher temperatures and increased
at nights due to temperature variations. Rheology and friction were perhaps
very important topics for the ancient Egyptians and today many scientists
world wide dedicate their research to these subjects.

4.1 Steady shear

Steady shear rheology measures the viscosity, η, between two walls (Fig. 4.1)

A

h

V

F

V=0

V=V

Fig. 4.1: Schematic illustration of steady shear assuming no boundary slip, adapted
from Ref.125 A is the area and h is the distance between the plates. The upper plate
is being subjected to a force, F, and moving with a velocity, V.
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The shear stress, σ, equals F/A with units Pa and the shear rate, γ̇,
equals dV/dh with units s−1. With no boundary slip, V = 0 at the bottom
plate and the speed of the liquid at the upper plate is equal to the speed of
the plate. The viscosity is defined as the ratio of σ to γ̇ and has units Pa s.

Using a narrow distance between the plates, the shear rate profile be-
comes small. Four common measurement geometries are depicted in Fig.
4.2. They give different shear rate profiles. The shear rate varies more
within the gap of the concentric cylinders than it does in the plate-plate
and the cone-plate geometries. The shear rate varies ≈ 1 % throughout
the gap in the concentric cylinder geometry used in paper II and ≈ 0.1 %
in cone and plate geometry. This makes the cone and plate system more
sensitive. Despite these small variations the shear rate is considered to be
homogenous between the plates. The choice of geometry is more dependent
on the material investigated and shear rates that are required.

Steady shear flowcurves, also known as, “rheograms”, often present the
viscosity as a function of shear rate, η (γ̇), or shear stress as a function of
shear rate, σ (γ̇), see Fig. 4.3.

If η (γ̇) decreases with γ̇ shear thinning occurs and if η (γ̇) increases, shear
thickening. Materials showing either of these flow behaviours are termed
non-Newtonian. A Newtonian liquid, like water, has a viscosity that is
independent of the shear rate. The shear stress curve, σ (γ̇), indicates a
yield stress, σy, for shear thinning materials (see Fig. 4.3). The yield stress
can be determined by application of numerous models. The Bingham model
is used in paper II. With the Bingham model, the yield stress is obtained
as the intercept through an ordinary linear regression of the “upper” linear
part of σ (γ̇) using σ = σy + ηplγ̇, where the slope, ηpl, is defined as the
plastic viscosity. The plastic viscosity is often scaled to the continuous
phase viscosity, ηcp, and referred to as the relative plastic viscosity, ηrpl.
The relative plastic viscosity ηrpl or just the relative viscosity, ηr, is often
measured as a function of volume fraction of solids, φ, see Fig. 4.4.

A complete curve of ηrpl(φ) yields considerable information. At higher
volume fractions, ηrpl, diverges and the maximum volume fraction, φm, (see
Fig. 4.4) can be evaluated by the Krieger-Dougherty equation,130

ηrpl (φ) =
(

1 − φ

φm

)−[η]φm

(4.1)

This relation is a semi-empirical model based on a mean-field embellishment
of the Einstein relation, valid for low volume fractions, ηr = 1 + [η]φ, tak-
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A B

C D

Fig. 4.2: Four commonly employed measurement geometries, adapted from Ref.126

A) Concentric cylinders geometry. Searle’s principle, a rotating or oscillating bob and
a fixed cup. B) Concentric cylinders geometry. Couette’s principle, a rotating or
oscillating cup and a fixed bob. C) Cone and plate geometry. D) Plate and plate
geometry.

ing into account the divergence of the viscosity at the maximum packing
fraction.

Numerous other semi-empirical models131–135 can be used for the deter-
mination of φm. In the work presented in paper II, we found that the
Krieger-Dougherty equation with a pre-determined [η] gave the best fit for
calcium carbonate suspensions, using the non-linear fitting package of math-

ematica. The maximum volume fraction found for pigments can be used
as a constant in Eq. 4.1, when determining the floc volume fraction, φf , for
an aggregated structure. To obtain the floc volume fraction, the relative
plastic viscosity of an aggregated structure is used in Eq. 4.1 with both φm

and [η] constant, when φ equals φf . When the floc volume fraction is di-
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γ̇γ̇

η

Newtonian

Shear thickening

Shear thinning
σy

σ
Newtonian

Shear thickening

Shear thinning

Fig. 4.3: Steady shear flow behaviour, adapted from Ref.127 Left: Viscosity, η, as a
function of shear rate, γ̇. Right: Viscosity, η, as a function of shear stress, σ. The
Bingham128 yield stress is indicated by the intercept, σy , from a linear regression of
σ (γ̇).

1

ηr

φ

[η]

φCaCO3
m

φclay
m

clay
CaCO3

Fig. 4.4: Schematic drawing (adapted from Ref.125) of the relative viscosity, ηr, as a
function of volume fraction of clay and calcium carbonate. The maximum volume
fraction, φm, and the intrinsic viscosity, [η], is shown. A higher viscosity of clay at a
given volume fraction and a lower packing density of clay (φm = 0.5812) compared to
calcium carbonate (φm = 0.71129) is indicated. Clay has a greater intrinsic viscosity,
[η], as clay has a higher aspect ratio.

vided by the loaded volume fraction one obtains flocculation index Cfp > 1,
from the elastic floc model by Hunter.136

The intrinsic viscosity, [η], also known as the shape factor, is obtained by
the slope of ηr (φ) at low volume fractions usually φ < 0.05. The intrinsic
viscosity is 2.5 for hard spheres137,138 and a higher value indicates a deviation
from the shape of a perfect sphere, e.g. calcium carbonate particles have
various shapes giving a higher intrinsic viscosity. The volume fraction could
be plotted against the density of the suspension, then the slope gives the
specific volume, q, (units cm3/g) of the pigments. Note that q for hard
spheres is ≈ 0.7 cm3/g.139 A higher specific volume indicates that the
particles are porous.140,141

When it comes to paper coatings, the intrinsic viscosity and the specific
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volume are always greater than for hard spheres as the particles are never
spherical. Paper coatings of high solids composition and a broad size distri-
bution are initially shear thinning, whereas a narrow size distribution can
show shear thickening behaviour. Many materials like coating colours show
shear thinning at low shear rates and shear thickening at higher shear rates.
For coating colours this transition occurs at shear rates of ≈ 800 s−1. This
shear rate is much less than the shear rates that occur in the coating pro-
cess, which is on the order of 106 s−1. However, one does not expect shear
thickening in the coating process as the flow is more like a “squeezed” plug
flow and is therefore not comparable to generic shear flow behaviour.

In many cases, shear thinning is caused by alignment of particles in the
direction of flow, which results in a lower viscosity. If an aggregated structure
is present it may be broken down to smaller fragments as the shear rate
increases, which lowers the viscosity due to release of immobilized water. For
a given volume fraction, a suspension with a broad particle size distribution
can pack more densely in the flow, which results in a lower viscosity. Smaller
particles usually result in a higher viscosity, as they are on average closer to
each other, although addition of small latex particles to pigments in coating
colours yields a lower viscosity due to higher density packing under shear.
Shear thickening is harder to explain. It is argued as to whether it is a pure
order-disorder transition142 or if it is a result of hydrodynamic forces that
cause the formation of clusters, known as hydroclusters,143 that give the
shear thickening effect.

4.2 Oscillatory shear

With oscillatory shear one can measure the viscoelastic properties of sus-
pensions. Oscillatory shear is a more sensitive mode than steady shear for
studying the structure of suspensions at low deformation. Many suspen-
sions such as coating colours at high solids are viscoelastic which means
that they have both liquid and solid material characteristics. At very low
deformations the suspension is predominantly elastic (solid-like behaviour)
and at higher deformations it becomes more viscous and flows more easily
as if it were a liquid. Deformation or strain, γ, is defined in Fig. 4.5 there
γ = s/h = tanα.

The deformation γ is presented as a percentage of the strain. At α = 45 ◦,
s = h and the strain is 100%. A rheometer applies an oscillating strain γ(t)
and measures the produced stress σ (t) as Fig. 4.6 implies.
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F

h

s

α

Fig. 4.5: Definition of the deformation or strain γ, adapted from Ref.126 F is an
oscillating force that induces a deflection, s, h is the distance between the plates and
α is the deflection angle.

γ
γ(t)

σ(t)

δ

t

γ0

Fig. 4.6: Applied strain, γ (t), and the produced stress, σ (t), for a positive phase lag,
δ. The maxima and minima of the produced stress are not necessarily coincident with
the maxima and minima in the applied strain although the sinusoidally varying stress
is drawn in the linear viscoelastic regime. Adapted from Ref.144

The produced stress,125 σ (t), is a function of the storage modulus and
the loss modulus (Eq. 4.2).

σ(t) = γ0

[
G′ (ω) sin(ωt) +G′′ (ω) cos (ωt)

]
(4.2)

where G′ is the storage modulus, G′′ is the loss modulus and γ0 is the
applied strain amplitude. G′ is in phase with the applied strain amplitude,
γ0, whereas G′′ is out of phase. Instead G′′ is in phase with the rate of
strain, dγ/dt, which is the shear rate. Therefore G′ is a measure of the
stored energy during a cycle and G′′ is a measure of the dissipated energy,
Ed, during a cycle. The dissipated energy can be calculated using Eq.4.3145
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Ed =
∫ 2π

ω

0
σ (t) dγ = πG′′γ2 (4.3)

Many materials are viscoelastic, thus the ratio of G′ to G′′ is important
as the ratio describes if the material is predominantly elastic G′ > G′′ or
predominantly viscous G′′ > G′. This is often expressed in terms of the
phase. The ratio of G′/G′′ = tan δ and as stated above δ is the phase lag
or the phase angle. Having low δ of typically 10 ◦ for coating colours at low
deformations (γ0 � 1) indicates that the colours are predominantly elastic.
With a low applied strain amplitude (γ0 � 1) the produced amplitude,
σ(t), is proportional to the applied strain, γ (t), and one expects a linear
viscoelastic regime which is further discussed below.

In oscillatory shear there are two main measuring techniques, the ampli-
tude sweep, or strain sweep, and the frequency sweep (Fig. 4.7).

γ0

t

γ0

t

Fig. 4.7: Left: An amplitude sweep with an increasing amplitude and a constant
frequency. Right: A frequency sweep with an increasing frequency and a constant
amplitude. Applied amplitude, γ0, is not drawn to scale.

In practice one performs first an amplitude sweep with an increasing
strain of constant frequency (typically 1 − 5 Hz) to determine the linear
viscoelastic regime at low deformations. Next the frequency sweep with a
constant amplitude is performed. The amplitude for this measurement has
to be within the linear viscoelastic regime. From the amplitude sweep one
obtains several important parameters such as the critical strain, γc, which
is determined from the end of the linear viscoelastic regime. γc is the lowest
strain needed to break a structure. At the critical strain the storage modulus
usually decreases before any change in the loss modulus is seen. Another



4.2 Oscillatory shear 26

“yield” value is given by the yield of strain, γy, here the suspension goes
from a more elastic to more viscous behaviour. This occurs at a phase angle
of 45 ◦ when G′ equals G′′.

A frequency sweep is usually more revealing for polymer solutions than
for colloidal suspensions although a suspension can show a crossover between
dominance of G′ and dominance of G′′ (G′ = G′′), giving a characteristic
relaxation time, τ , as the inverse of frequency, ω, at the crossover. For
the coating colours studied in this work no characteristic relaxation time
could be detected as the rheometer used is limited to a maximum of 100 Hz.
However this means that the characteristic relaxation time for the coating
colours is below 10 ms. More details of shear rheology are given in paper
II and for a more complete, up to date review of rheology, see the work of
Larson.125



Chapter 5

Materials

The materials used in paper coatings are many and can contribute in dif-
ferent degrees to the consolidation and end-use properties, although the
main components determining the consolidation are the mineral pigment,
the thickener and the binder. Variations in these three components give
different consolidation behaviour and hence variations in final properties of
the coated layer. All materials used in the thesis are commercial.

5.1 Mineral pigments

The main component of a paper coating colour is a mineral pigment such as
calcium carbonate (CaCO3) or kaolin clay (Al4Si4O10(OH)8). Calcium car-
bonate can be either natural ground (GCC) or precipitated (PCC) calcium
carbonate. GCC has an irregular shape of low aspect ratio, while PCC is en-
gineered to specific morphologies and shapes such as spherical or needle-like,
the latter having a high aspect ratio. GCC is sourced from different rock
forms such as chalk, limestone and marble. The usage distribution of the
most common pigments is shown in Fig. 5.1.

The consumption of PCC lags behind clay and GCC mainly due to its
expense. It has to be synthesised on-site requiring significant capital invest-
ments. Otherwise PCC is preferable to GCC due to increased brightness
and the improved control of particle size distribution when engineering a
coating colour.

Calcium carbonate and clay have different shapes and different surface
charge distributions. Calcium carbonate is partly water-soluble and at very



5.1 Mineral pigments 28

GCC 55 %
Clay 36 %
PCC 6 %
Others 4 %

Fig. 5.1: Percentage distribution of mineral pigments used in western Europe (2001).
The consumption of coating pigments in western Europe (2001) was 6.8 million
tonnes. Source: Huber Engineered Materials, Denmark.

low concentrations (< 0.025 wt%) the surface charge is negative146 although
at more relevant solids concentrations the calcium carbonate acquires a pos-
itive surface charge. Clay is plate-like having a higher aspect ratio than
calcium carbonate. Plate-like clay has a “face” and an “edge”. The edge
surface charge is sensitive to pH. It is believed that clay edges have a zero
point of charge at pH 7.3 although the face is always negatively charged. At
pH ≤ 4 the clay particles become positively charged and at pH ≥ 7.3 they
are negatively charged on both the edges and the faces.

In practice both types of minerals are dispersed by a dispersing agent
which is often sodium polyacrylate (NaPA). Only small amounts of NaPA
0.2 − 0.5 pph (parts per hundred of pigment), are required. Note that pph,
parts per hundred of dry mineral pigment is a dosage and not a concentra-
tion. The repeating unit of sodium polyacrylate is shown in Fig. 5.2.

CH-CH2

COONa n

Fig. 5.2: Schematic illustration of sodium polyacrylate (NaPa).
Typical value of n is 32

Sodium polyacrylate has a high charge density and the NaPA used in
coating applications has a low molecular weight of ≈ 3 kg/mol, and the
adsorbed conformation is believed to be rather flat, giving no contribution
to steric stabilization.20 Addition of sodium polyacrylate to GCC results
in the surface becoming negatively charged whereas with clay, the faces are
negatively charged but the edges will still have some positive sites since the
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pH in many modern mills is ≈ 7, which is below the point of zero charge for
the edges. When sodium polyacrylate is added, the overall charge becomes
negative.

The mineral pigments used in this thesis are calcium carbonate (GCC)
supplied by Omya AG, (Omyalite 90) and China clay, (Supraflex 80) supplied
by ECC International/Imerys. The mean particle size of GCC is 1.5 µm
and the particle size distribution is 90 % < 2.5 µm; the China clay has mean
particle size of 1.35 µm and a size distribution of 90 % < 2.15 µm.

5.2 Thickener or co-binder

Thickeners or co-binders are added mainly for control of rheology, dewater-
ing rates and also to provide some binding of components. The thickeners
most commonly used are water-soluble natural polymers such as starch or
polyelectrolytes such as carboxymethylcellulose (CMC), but synthetic thick-
eners are also used e.g. polyvinylalcohol. Typical dosages of thickeners are
0.2 − 3 pph, although starch dosages can be higher. The dosage is to some
extent dependent on the molecular weight. Molecular weights for CMC are
of the order of 60 − 300 kg/mol and the degree of substitution is typically
0.7.

The thickeners employed in the studies described here were sodium car-
boxymethylcellulose (CMC) and ethyl(hydroxyethyl)cellulose (EHEC). The
CMC (Fig. 5.3) used was FinnFix 10 and FinnFix 30 supplied by No-
viant with molecular weights of ≈ 65 kg/mol and ≈ 80 kg/mol respectively.
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Fig. 5.3: Schematic illustration of carboxymethylcellulose (CMC).
Typical value of n are 250 and 330.

The ethyl(hydroxyethyl)cellulose (Fig. 5.4) used was Bermocoll PCA 905
(Akzo Nobel) with a molecular weight of ≈ 80 kg/mol. The cloud point of
this EHEC grade is ≈ 65 ◦C.
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Fig. 5.4: Schematic illustration of ethyl(hydroxy)ethylcellulose (EHEC).
Typical value of n is 78.

5.3 Binder

The variations possible in the latex chemistry and physical properties, mean
that binder particles have a significant role in tailoring coating colour per-
formance. The role of the binder is to “glue” together the mineral pigments
and them with other additives to the base paper. The mechanical proper-
ties of a coated layer are to a large extent dependent on the binder’s glass
transition temperature, Tg.62 The amount of latex on the top surface, latex
distribution throughout the coating matrix, and the degree of film forma-
tion affect the mechanical properties, printability and print quality. The
binder is often a latex dispersion (≈ 50 wt%) made of styrene-butadiene or
styrene-acrylate copolymers of different Tg. Typical latex particles used in
paper coatings have a wide range of Tg, this being determined by the ratio
of styrene to butadiene (or acrylate). The particle size is often on the order
of 0.1 µm and the ζ-potential ≈ −40 mV. The latices are both stabilised by
carboxylation and by surfactants.

The binders used in the thesis were restricted to the styrene-butadiene
type of two different Tg referred to as low Tg (−7 ◦C) and high Tg (+28 ◦C)
latex.

5.4 Fibres and debonding agent

The fibres used in this work were commercial fibres produced for high ab-
sorbency (fluff) and were supplied by Korsnäs AB. The fibres are softwood
(sulphate pulp) with a typical fibre length of ≈ 2 mm. The studied fi-
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bres were either treated with a debonding agent or not treated at all. The
debonding agent Berocell 587K was supplied by Eka Chemicals AB and con-
tains both cationic and nonionic surfactants. The surfactants adsorb to the
fibre surface lowering the fibre surface energy and also reducing the degree
of fiber-fiber bonding.



Chapter 6

Experimental techniques

6.1 Preparation of coating colours and fibre systems

The coating colours based on calcium carbonate and clay are prepared in a
conventional manner by addition of dispersing agent and mechanical stirring
for 15 minutes at 500 rpm. Thickener was added during stirring and this
was followed by a further 15 minutes of stirring at 1000 rpm. Latex was
added during stirring and the pH was measured and adjusted to 8.5 after
15 minutes. A final homogenous colour was obtained by continued stirring
for 60 minutes at 1000 rpm after which the solid content was measured. As
a final treatment, the colour was ultrasonically treated for 10 minutes.

A benchcoater (K-coater, RK Print-Coat Instruments Ltd., U.K.) was
used to produce model coatings on non-absorbent Mylar poly(ethylene tereph-
talate) film. The same conditions (wire-wound rod number 2) were used on
all coatings to achieve a layer thickness of ≈ 12 µm and a grammage of
≈ 15 g/m2.

The fibre suspensions were prepared by tearing 20 g of rolled fluff pulp
into small pieces (2× 3 cm) and left in 1 dm3 of water for 4 hours. The wet
pulp was then slushed (defiberisation of pulp) for 10 minutes at 3000rpm.
The fibre suspension was filtrated under vacuum for 10 minutes to obtain a
fluff of ≈ 22 wt% solids content. The fluff and the filtrate were used to make
a fibre suspension of ≈ 2 wt% where the final suspension was stirred for 10
minutes at 700 rpm. The treated fluff was stirred for 2 minutes before the
addition of the debonding agent followed by further stirring for 8 minutes at
700 rpm. The final fibre suspensions was prepared just before the filtration
runs, which were performed at room temperature.
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6.2 Steady shear experiments

A Physica UDS 200 rheometer equipped with a concentric cylinder measur-
ing system was used for steady shear measurements, see Searle’s principle
in Fig. 4.2. The Physica rheometer has a broad range of torque detection
(0.5 × 10−6 − 0.15 Nm) which makes it possible to measure shear over 6
decades of shear rates. The torque limits determine the minimum and max-
imum range for measurement, although different measurement geometries
set different upper limits of the shear rate. This depends on the distance
between the walls in the concentric cylinder geometry or the cone angle in
the cone and plate geometry.

Most materials are shear history dependent and before steady shear mea-
surements are made a fixed pre-shearing is applied followed by a period of
zero shear to allow for equilibration. In paper II a stepped ramp in shear
rates was applied both increasing and decreasing, in the range 50 − 1000 s−1

with a duration of 20 s/step. The stepped ramp can be set by the stress or
the shear rate. When the shear rate was controlled it was possible to use
steady shear measurements down to φ ≈ 0.3 which enabled overlap between
this data and data obtained by capillary viscometry, in the lower volume
fraction regime.

6.3 Oscillatory shear experiments

Oscillatory shear measurements were performed on the same batch of ma-
terial as the steady shear measurements, although without pre-shearing in
order to study “undisturbed” suspensions at low deformations. An ampli-
tude sweep of 0.01−100% (100% is the maximum amplitude possible on this
instrument) was performed with a constant frequency of 5 Hz, to determine
the linear viscoelastic region. By means of the amplitude sweep the transi-
tion from the linear to the nonlinear viscoelastic region is defined through
the critical strain, γc. The critical strain was determined as a drop in G′ of
≈ 10 % from the average plateau value G′

0. At higher strains the yield of
strain,125 γy, is determined as the strain at the phase angle of 45 degrees
(tan δ = G′′/G′ ≡ 1) which marks the crossover from solid-like to liquid-like
behaviour.

All rheological experiments were performed at 23 ± 0.1◦C.
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6.4 The pressure filtration technique

The filtration device used in this thesis is a customised filtration cell (millipore)
where the stainless steel top barrel is connected to a custom made teflon fun-
nel. A schematic of the filtration equipment and a detailed drawing of the
funnel are shown in Figs. 6.1 and 6.2.
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Air e-valve

Sponge

Plate

Membrane and screen
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Fig. 6.1: Schematic scheme of the filtration equipment.
(e-valve) Electronic Valve P-602C, (-.) Manual Valve, (PC) Pressure Controller
E-5752, (CB) Connector Block 68LP, (IC) Interface Card DAQPad-6020E, (t)
Time, (V 2) Squared specific volume.

The air driven filtration is operated by the Press-o-matic∗ software and
the pressure is controlled by a pressure controller (PC) via an electronic valve
(e-valve), both are supplied by Bronkhorst High Tech. Communication with
the computer is supported by equipment from National Instruments (Con-
nector Block and Interface Card). The e-valve produces output pressures
between 1−400 kPa. The e-valve requires an input pressure of 500 kPa and
yields an air flow of 350 cm3min−1 giving a response time (the time taken
to reach a preset pressure) of ≈ 14 s, using an initial sample height h0 of
3.5 cm. The high pressure limit of the equipment is 700 kPa. A manual
valve (-.) for releasing the pressure is located before the air inlet. The man-
ual valve also makes it possible to cycle the pressure if it is set to leak slowly.
This enables the electronic valve to increase or decrease the pressure. It is
possible to control the pressure manually via the pressure controller.

∗Developed by the chemical engineering department of the University of Melbourne.
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The balance placed underneath the filtration device registers the mass
of filtrate and the computer reads the data and continuously plots t vs. V 2

(time as a function of squared specific volume). A hood is built on the
balance and an oil of low volatility and low density is added to the filtrate
collection flask prior to filtration commencing, to prevent evaporation. The
fibre suspension is placed inside the barrel with an initial height of ≈ 3.5 cm
and pressurised through the membrane. Wall stresses have been ignored.108

The inlet air is passed through a wet sponge in order to reduce fibre shrinkage
due to drying.

The diameter of the filter barrel is 3.49 cm, which gives a filtration area
of 9.57 cm2. The length of the barrel is 12 cm and a maximum height of
sample that can be loaded is ≈ 10 cm. A membrane filter, supported by a
screen of stainless steel, is placed between the barrel and the funnel. The
diameter of the top opening of the funnel is 3.5 cm (slightly larger than the
filtration area) and the filtrate falls freely under gravity before the filtrate
hits the funnel wall for further transport out of the funnel. The funnel wall
has an angle of ≈ 70 ◦, this promotes fast liquid transport out of the funnel
exit, which has a diameter 0.5 cm (Fig. 6.2).

An advantage of this filtration arrangement is that it is easy to disassem-
ble. After the filtration experiment is complete, the formed fibre bed is easily
taken out for further analysis. With the Press-o-matic software it is feasi-
ble to perform stepped pressure filtration over a large pressure range.108,109

This is later accompanied by a permeability test over the same pressure
range which usually requires that more sample is loaded. To successfully
use the step approach, materials of high compressive yield stress and high
permeability are required.

6.5 Centrifugation and NMR-imaging

One technique to determine the compressive yield stress is to use centrifuga-
tion. A basic method known as the equilibrium sediment height technique
is to centrifuge the sample to equilibrium at different centrifugal accelera-
tions. The same sample is used for multiple centrifugations and the final
equilibrium height (h∞) of the sediment is measured after each centrifuge
acceleration. A less laborious approach to determine the compressive yield
stress is to perform a single centrifugation to equilibrium, and place the sed-
iment into an NMR-tube and employ an NMR instrument that is capable
of creating magnetic field gradients. The NMR-imaging method performed
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Fig. 6.2: Detailed drawing of the funnel in Fig. 6.1

in this thesis was first introduced by Lauterbur147 for medical use. The
centrifugation carried out in paper I was done using a Beckman Optima
L-90K ultracentrifuge with a swinging bucket rotor SW55 Ti. A mass of
1.8 grams of sample was added to a depth of ≈ 2.3 cm in the NMR-tubes,
which have an internal diameter of 8.6 mm. The samples were centrifuged at
2900 rpm (centrifuge acceleration 9650 m s−2 or 984g) for one hour at 23 ◦C,
to reach equilibrium. These centrifugations were carefully performed at the
maximum acceleration possible without breaking the glass NMR-tubes. The
brittle NMR-tubes are also sensitive to the total time of centrifugation. In
this case one hour was sufficient to reach equilibrium, yet short enough to
avoid breaking the tubes. The NMR-tubes, which are flat bottomed, were
situated in ordinary centrifuge tubes and fixed to a vertical position by a
tightly packed sponge between the two tube walls.

It is important when comparing and using centrifuge data that the radial
distance (R) from the centre of the centrifuge to the sediment bottom is
known, so one can obtain the centrifuge acceleration at the sediment bottom
and also throughout the sediment height g(z). In our experiments (Fig. 6.3)
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R = 104.6 mm which corresponds to an angular frequency of 303.7 rad s−1

(ω = 2π (rpm) /60).

Supernatant

s = 0z = Heq

s = Heqz = 0
z

s

Cake

R

Fig. 6.3: Sketch of centrifugation experimental configuration. R is the radial distance
from the centre of rotation to the sediment bottom. Heq is the equilibrium height of
the sediment.

The concentration profile of the sediment is then obtained by NMR-imaging
(also known as Magnetic Resonance Imaging, MRI) within 24 hours after
centrifugation. As the structure has consolidated during centrifugation, it
is unlikely to change during this period.

The one-dimensional (1D) magnetic resonance imaging was performed
on a Bruker DMX200 NMR spectrometer equipped with a Bruker 10 mm
micro-imaging probe at Physical Chemistry, the Royal Institute of Technol-
ogy, Stockholm. The spin-echo pulse sequence used in the imaging experi-
ments was

(α) − τ − (β) − τ − detection (ϕr)

where τ is the time between the pulses. For information on 1-d MRI, see
paper I and references therein.
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6.6 Microscopy

6.6.1 Atomic force microscope

The Atomic Force Microscope (AFM) was first introduced by Binnig and
Quate148 as a development of the Scanning Tunneling Microscope149†. A
schematic drawing of the instrument is shown in Fig. 6.4.

Piezo scanner

z

xy

Laser

Photodiode
detector

Cantilever

Tip

Cantilever
holder

Fig. 6.4: Schematic drawing of the Atomic Force Microscopy. The surface studied
lies on top of the piezo scanner. Details of the inserted phase image is given in Fig. 3
of paper III.

The main components of an AFM (Fig. 6.4) are i) A laser ii) A detec-
tor iii) A spring or cantilever and iv) A piezo scanner. The laser hits the
cantilever and reflects via a mirror onto a quadrant photodiode detector.
The optical arrangement results in the spot on the photodiode moving 200
times as much as the movement of the cantilever, therefore very small move-
ments of the cantilever can be detected. The surface studied lies on top of
a piezo scanner and the surface is rastered underneath the cantilever tip by

†Binnig and Rohrer, Nobel Prize in Physics 1986
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the scanner. The approximately rectangular cantilevers are micro-fabricated
and are of dimensions ≈ 100 µm (long) × 20 µm (wide) × 3 µm (thick) with
a pyramidal tip of 3 µm × 3 µm which comes to a sharp point.

The AFM is a powerful tool for the study of surface forces and the imaging
of surfaces. The instrument during imaging can be operated in three modes,
contact mode, tapping mode and friction mode. In this thesis tapping mode
was used on all occasions and therefore contact mode and friction mode will
not be discussed.

The tapping mode (TappingMode)‡ is a suitable mode for imaging soft
substrates as there is limited sample damage and two contrast modes are
available where the image contrast is a result of variations in surface elas-
ticity (phase imaging) or topography. The topographic and phase images
cannot be completely decoupled, due to imperfect feedback control. There-
fore topographic features influence and complicate the phase image. In order
to maximize the quality of the phase images, low feedback gains and ampli-
tude setpoints were used, whereas a higher quality image of the topography
requires high feedback gains. In practice this means that to obtain two
high quality images (topography and phase) one needs to capture the same
surface twice with different feedback settings. However, in paper III we
are most interested in the phase images, so that the topography and phase
images are captured simultaneously with low feedback gains. The scan rate
was varied between 0.7− 1.2 Hz, lower scan rates being preferable for larger
scan areas. In TappingMode the phase difference between the driving fre-
quency and the cantilever response gives information about the viscoelastic
properties of the surface. For further theoretical aspects of AFM, see the
instrumental review by Takano et al.,150 the book by Maganov151 and three
recent theses152–154 dedicated solely to AFM. The AFM and its use in pa-
per science has recently been reviewed by Moss and Groom155 and Niemi et
al.156

The AFM experiments in paper III were performed on a Nanoscope
IIIa from Digital Instruments with silicon tips, supplied by nanosensors, of
resonance frequencies ≈ 350 kHz. The preparation of model paper coatings
is fully described in paper III and was identical to that used in IV for ESEM
analysis.

‡TappingMode is a registered trademark of Digital Instruments
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6.6.2 Scanning electron microscope

The scanning electron microscope (SEM) employs a beam of electrons di-
rected at the sample. The scattered or emitted electrons are detected and
used to form an image of the sample. Apart from the essential electron
gun other main components in a scanning electron microscope are objective
lenses, condenser lenses, scan coils and a detector. Note that the lenses are
electron lenses and are created by the use of magnetic fields. A conventional
SEM operates with a vacuum below 10−6 torr whereas the environmental
scanning electron microscope (ESEM) typically operates between 1−10 torr.
As the temperature and the water vapour pressure can be varied in the spec-
imen chamber, it is possible to control the relative humidity of the chamber.
Details of the scanning electron microscope and how it works are given by
Goodhew157

In paper IV an XL30 ESEM (Philips) scanning electron microscope was
employed in both environmental mode and conventional high vacuum mode
using gaseous secondary electron and secondary electron detectors respec-
tively. In the ESEM mode samples were typically cooled, using a peltier
stage, to ≈ 1◦C. Therefore at gas pressures greater than 4.9 torr, water will
condense on the sample. If the pressure is then reduced below 4.9 torr (or
the temperature raised) the sample will dry. A brief review of the ESEM
technique is provided by Donald.158



Part II

SUMMARY





Introduction

The second part of this introductory material is a summary of highlighted
results from the five papers regarding the compressional rheology, the shear
rheology and the consolidated structure of paper coatings and the compres-
sional rheology of fibre systems.



Chapter 7

Compressional rheology of coating colours

The compressional rheology of calcium carbonate suspensions has been stud-
ied in paper I using centrifugation and NMR-imaging

The compressive yield stress, Py, for ground calcium carbonate alone
(GCC-0) and ground calcium carbonate with 1 pph thickener (GCC-CMC)
was determined. This results show that pigments with carboxymethylcellu-
lose (CMC) present as a thickener have a generally lower compressive yield
stress over a quite broad range of volume fraction compared to systems with-
out CMC. It is suggested that CMC causes depletion flocculation of GCC
and that these weak aggregates are able to rearrange under compression to
reach a more tightly packed structure. Determining Py via NMR-imaging
(Eq. 3.11 on page 17) allows the compressive yield stress as a function of
volume fraction, Py (φ), to be determined using one single centrifugation.

To summarise Fig. 7.1, GCC only (GCC-0) and GCC with thickener
(GCC-CMC) show different consolidation behaviour. GCC with thickener
has a lower Py (φ) compared to GCC alone which suggests that CMC creates
weak aggregates that are able to rearrange under compression into a more
tightly packed structure.100,113, 159 The degree of rearrangement is greater
at lower volume fractions, as this is where there is a larger difference in φg

and hence a large difference in Py (φ) between GCC-0 and GCC-CMC. The
mechanism of flocculation is likely to be due to depletion.4 CMC is known to
very weakly adsorb to calcium carbonate,26,160 particularly in the presence
of NaPA dispersant, and under such conditions a weak depletion flocculation
of predispersed calcium carbonate pigments can occur. The results support-
ing this can be summarised as
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Fig. 7.1: Compressive yield stress, Py (φ). The compressive yield stress determined by
NMR-imaging (◦) GCC-0 (•) GCC-CMC.

i) A lower compressive yield stress is obtained (paper I) when CMC is
added; this implies that the formed aggregates rearrange into a more tightly
packed structure.100,113, 159 In contrast, bridging flocculation or a stronger
flocculation is known to result in a higher compressive yield stress.161,162

ii) A decreased critical strain γc, with increased elasticity, is measured
by oscillatory shear rheometry upon addition of CMC. This is described
in paper II and indicates that the structure is more “brittle”.125,163 That
is, less strain is required to break the floc structure, which is otherwise
stiffer than its CMC-free counterpart. The critical strain is related to the
floc strength regardless of the flocculation mechanism. However a brittle
structure implies that the forces holding the floc together are short-ranged
and this suggests depletion over bridging as a flocculation mechanism.



Chapter 8

Shear rheology of coating colours

The steady shear rheology for ground calcium carbonate only (GCC-0) and
the aggregation effect of thickener is studied in paper II. The aim and
approach is to use semi-empirical models such as the Krieger-Dougherty
(KD) model130 (Eq. 4.1 on page 20) to determine the maximum volume
fraction. The degree of aggregation is determined by a flocculation index,
Cfp, introduced by Hunter.136 The aggregation effects are also studied with
oscillatory shear in terms of, amongst other parameters, the critical strain
and dissipated energy.

Steady shear measurements on pre-dispersed ground calcium carbonate
(GCC) have been combined with capillary viscometry in order to obtain
the whole range of volume fraction and its viscosity η (φ). In Fig. 8.1 the
relative plastic viscosity is overlapping the capillary viscometry data at ≈
0.32 − 0.36 φ.

There are numerous mathematical models that can be applied to our
data.130–135 We applied several of these and found that the Krieger-Dougherty
model yields the best fit to the GCC data. The maximum volume fraction,
φm, was determined to be 0.71. (Fig. 8.2).
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Fig. 8.2: Fit of the relative viscosity to the Krieger-Dougherty (KD) model.

In general a two-parameter fit like that of the Krieger-Dougherty model
with a pre-determined intrinsic viscosity yields an improved fit compared to
an one-parameter fit such as the Fedors model.133 The Krieger-Dougherty
model was chosen for further determination of the degree of aggregation.
Using a maximum volume fraction of 0.71 and an intrinsic viscosity of 4.6,
the flocculation index approach136 was used to determine the degree of ag-
gregation. It was seen that carboxymethylcellulose (CMC) caused GCC to
flocculate.

The oscillatory shear results show that the critical strain γc decreased
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with addition of CMC, which again implies that CMC caused flocculation,
the suspension structure becoming more brittle at lower deformations. How-
ever, at higher dosages of CMC a drop in flocculation index indicates a possi-
ble depletion stabilisation.4,164 The results are supported by the dissipated
energy Ed data. As Yziquel et al.145 point out, one way to interpret the
energy dissipation data is to write

Ed ∝ γα (8.1)

where α = 2 + d, and the exponent 2 represents the “linear” viscous contri-
bution, and the additional energy dissipation caused by interparticle inter-
actions is quantified by the parameter d. The results indicated that in the
presence of latex, systematic addition of CMC first causes an increase in d at
a dose of 1 pph, with a decrease in the exponent d when the dose was further
increased to 1.2 pph. On the other hand, without latex present, the system
had values of d ≈ 0 for all CMC dosages within experimental error. This
indicates that internal rearrangements may be occurring within flocs in the
latex-containing systems which do not manifest in latex-free counterparts.
At least for latex-containing systems, the data obtained for Ed supported
the result from flocculation index calculations based on steady shear rhe-
ology that there is a maximum in flocculation degree as the CMC dose is
systematically increased. While other flocculation mechanisms cannot be
ruled out (including patch flocculation), this behaviour would be consistent
with a depletion flocculation.



Chapter 9

Surface structure of model paper coatings

The study of wet and dry structure of paper coatings is essential when trying
to link the interactions in the wet state (bulk) to the dry structure of the
final coated layer. The aim of the atomic force microscope (AFM) and
the scanning electron microscope (SEM) studies was to connect the sub-µm
surface structure to the consolidation behaviour and to the interactions in
the wet state. The AFM is a powerful tool for the analysis of the top
surface of the coated layer. AFM TappingMode is a useful mode for
paper coatings and therefore was used in paper III. The coating topography
and the phase image are both obtained simultaneously. The topographic
images reveal the shape of the pigment particles and the surface roughness.
The phase images show differences in sample stiffness e.g. “soft” latices and
“hard” mineral pigments can be distinguished. AFM also provides useful
information as to the state of latex binder in the final coated layer whereas
the scanning electron microscope used in paper IV is limited to topographic
information. The environmental mode of the scanning electron microscope
(ESEM) enables images of paper coatings to be obtained during drying.

9.1 Interpretation of the atomic force microscope images

The effect of CMC and latex on the consolidation at a sub micron scale can
be summarized under three points,

i) The addition CMC retards the migration of latex to the top surface and
CMC of a higher CMC molecular weight prolongs the film formation process.
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ii) A high Tg latex migrates more easily to the top surface than a low Tg

latex, this results in a smoother surface.

iii) EHEC effectively works as an anti-plasticiser of soft latices making
the latex behave as if it were harder. It is shown that latices are immobilized
in EHEC giving local areas of EHEC/latex composite material.

Fig. 9.1 shows individual latex particles with a mottled (leopard) pattern.
The contrast of the latices is darker than the calcium carbonate pigments
which are more elastic.

Fig. 9.1: Phase images with 1 pph CMC (FF30) and 10 pph SB-latex Tg −7 ◦C,
dried and stored 24 hr at 23 ◦C. A) One latex particle among nine others at the
deformation step of the film formation process. The deformation is affected by the
fines in the middle (B). These cause the particles to deform into different shapes. Due
to the fines, a local complete film formation of the nine latex particles is impossible.
To the right: 0.75 × 0.75 µm zoom of the marked area to the left. (C) Plateau
borders.

The latices in Fig. 9.1 have a low Tg although in the presence of a higher
molecular weight CMC the film formation is prolonged; hence film formation
is not complete. One is still able to see the plateau borders between the
particles. With a lower dosage of CMC (0.5 pph) it is shown in Fig. 9.2 that
the plateau borders are somewhat weaker and some latex particles (labelled
A) have nearly formed a film locally, whereas the plateau borders of (D) are
stronger.

The topography image to the right shows latex particles of different
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Fig. 9.2: Left: Phase image with 0.5 pph CMC (FF 30) and 10 pph SB-latex Tg

−7 ◦C, dried 1 hr at 90 ◦C and stored 24 hr at 23 ◦C. A) A latex particle with very
weak plateau borders. B) A large calcium carbonate particle. C) Fines of calcium
carbonate. D) Plateau borders. Right: Topographic image indicating a “real”
topography at the area of latices.

heights. This topography is not seen in the coatings where EHEC is present
(Fig. 9.3); instead a completely flat profile is observed in that case. This
means that the latices are immobilized in EHEC giving local areas of com-
posite material. However, it retains an internal honeycomb structure that
reflects the component particles that formed the “film”. This kind of infor-
mation can only be obtained with the atomic force microscope, and when
phase imaging and topography measurements are combined.

Another study of high Tg latices shows that, as expected, these are less
tacky than low Tg latices and have a greater resistance to deformation under
the action of capillary pressure. They therefore migrate more easily to the
top surface. Fig. 9.4 shows individual latex particles filling up the pores,
giving a smoother surface and a higher gloss. More details on the top surface
consolidation in terms of CMC, EHEC and different Tg latices are presented
in paper III.
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Fig. 9.3: Left: Phase image with 0.5 pph EHEC (PCA 906) and 10 pph SB-latex Tg

−7 ◦C, dried 1 hr at 90 ◦C and stored 24 hr at 23 ◦C. A) Latex B) Calcium
carbonate C) Plateau borders. Note that there is variation in image contrast and
brightness between systems due to variations in the AFM tip. Right: Topographic
image indicating that the topography is flat at the area of latex particles which
implies that the latices are immobilized in EHEC creating a local composite material.

9.2 Interpretation of the scanning electron microscope im-
ages

SEM and ESEM examinations of the top layer of model paper coating
colours and the internal structure of filter cakes formed from coating colours
were performed in paper IV. The findings support the AFM study above al-
though we note here that it is not possible to quantify the surface roughness
or porosity using image analysis techniques and therefore the judgments are
made by subjective evaluation of the images.

The effect of EHEC and CMC on the coating top layer of both GCC and
clay pigments with low Tg latex were studied and in particular compared
to the AFM study. It was apparent that less latex could be seen in the top
layer for the clay system. In both cases the EHEC system resulted in a lower
gloss surface than the corresponding CMC system, this may be attributed
to a rougher top layer either due to a lower amount of latex in the top
layer or flocculated particles in the coating layer. Less binder in the top
layer has been reported by Dahlvik165 and was attributed to EHEC-latex
interactions limiting latex mobility. We note that we see no evidence in
SEM of incomplete film formation of low Tg latex when EHEC is employed,
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Fig. 9.4: Phase images with 1 pph CMC (FF10) and 10 pph SB-latex Tg 28 ◦C,
dried and stored 24 hr at 23 ◦C. To the left: Phase image. The circled area encloses
seven latex particles filling up a pore. A) A latex particle on top of a calcium
carbonate particle. B) A calcium carbonate particle with a high aspect ratio
positioned edgewise. To the right: Topographic image. The pore filled with seven
latex particles (circled area) is lower than the immediate surroundings.

as has been observed in the AFM phase images above. We attribute this
to a difference in the contrast mechanism between the two techniques. The
SEM contrast, when a secondary electron detector is employed, is primarily
determined by topographic features, whereas the elastic properties of the
surface contribute largely to the contrast in AFM phase images. The lower
gloss in this study may be a result of the lower solids content used in this
study compared to the AFM study.

In Fig. 9.5 high Tg latex is present as primary particles, which are aggre-
gated on the surface, but film formation has not taken place. Clearly the
Tg has a dramatic influence on the amount and distribution of latex in the
top layer. The latex is distributed over the whole top layer, and in doing so
it has blocked many pores, though some small open pores are still present.
Migration to the top layer during drying has been more effective, resulting
in a less porous top layer, which is smoother and has significantly higher
gloss.

High magnification SEM images of the filter cake formed by filtration of
GCC and a high Tg latex is shown in Fig. 9.6. The filter cakes were broken
open to reveal a porous internal structure. Individual latex particles are seen
as well as “strings” (circled area) of latex particles that appear to have been
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deposited in pores that have been broken open during sample preparation.
No evidence of film formation is seen though individual latex particles have
aggregated and formed plateau borders in the region of contact.

Fig. 9.5: High magnification SEM image of the top surface indicating high Tg latex
as individual particles. The circled area contains 12 latex particles filling up a pore.

Fig. 9.6: High magnification SEM images of a coating colour filter cake formed using
GCC and a high Tg latex with a latex to mineral pigment volume fraction ratio of
0.21. The circled area in the lower image contains a “string” of latex particles.



Chapter 10

Pressure filtration of cellulose fibres

In paper V we move away from paper coatings to another challenging sys-
tem, paper fibres. The aim is to test a novel method, stepped pressure filtra-
tion, as a means by which to fully characterise the dewatering behaviour of
pulp suspensions. As a test system, we have taken softwood sulphate pulp
and measured its compressional properties with and without added debond-
ing agent, a commercial product consisting of a combination of cationic and
nonionic surfactants.

The results indicated that stepped pressure filtration could successfully
be applied to the fibre suspensions. In practice, traditional pressure filtra-
tion studies of compressive properties require individual measurements at
different fixed values of ∆P to be taken in order to fully characterise a sam-
ple. In Refs.,108,109 the authors describe a new approach whereby only two
separate filtration experiments are required to fully characterise a suspen-
sion. Full characterisation of a suspension is separated into a compressibility
test and a permeability test.

The compressibility test simply involves the systematically increasing the
applied pressure, allowing the filtration to run to equilibrium for each given
pressure and then ramping ∆P to the next desired value. The final solids
for the range of pressure steps is thus obtained, giving Py (φ). This is then
followed by a permeability test whereby the values of β2 are determined
for the same pressures used in the compressibility test. This is done by
determining the slope of the t vs. V 2 in the linear region at each given
pressure, before the cake compression region is reached at each step, and
then ramping the pressure to the next step. This allows full determination
of R (φ).
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In Fig. 10.1, we show stepped pressure filtration measurements for the
treated and untreated samples. While the first stage of dewatering at ∆P =
1 kPa shows no significant differences between the two samples, the next
stage of compression at ∆P = 5 kPa indicates a measurable effect from the
presence of debonder.
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Fig. 10.1: Time versus specific volume (squared) of filtrate. Two stepped pressure
(1, 5, 10, 15, 20 kPa) filtration runs of untreated (◦) and treated (•) fibre suspension.

Permeability data presented in Fig. 10.2 indicates however small differ-
ences between the samples in that quantity. One possibility in reconciling
this behaviour is to suggest that the debonder, which is designed to weaken
fibre-fibre hydrogen bonds, causes a reduction in network strength, and thus
a collapse into the cake compression stage at earlier times compared to the
untreated sample, at lower values of φ, where the number of fibre-fibre con-
tact points is relative low. However as the system dewaters further to higher
solids contents, the adsorbed surfactants may through steric repulsion hinder
compression of the fibre network.

The overall dewatering tendency is captured in the diffusivity data shown
in Fig. 10.3, indicating an overall higher tendency for dewatering for the
treated pulp fibres.

While further studies are required in order to understand the role of
debonders in determining the compressional properties of fibre suspensions,
it is clear that the stepped pressure filtration technique shows promise as a
means by which to characterise the dewatering and network strength of fibre
suspensions, with applications to the understanding of e.g. paper forming
and the performance of absorbent products.
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Fig. 10.2: Intrinsic permeability k of untreated (◦) and treated (•) fibre suspension.
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Fig. 10.3: Diffusivity of solids D of untreated (◦) and treated (•) fibre suspension.



Chapter 11

Concluding remarks

In this thesis, we have investigated several aspects of the consolidation be-
haviour of model paper coating suspensions, as well as taking a brief ex-
cursion into the dewatering of pulp suspensions. With respect to paper
coatings we have applied a series of techniques to study the flocculation and
consolidation behaviour at several stages of the process, including

• In the suspension state (paper II), using steady and oscillatory shear
rheology

• During consolidation (paper I), using centrifugation and NMR-imaging

• At the latex film formation stage using, AFM (paper III) and SEM
(IV)

The investigations have had the aim of identifying interaction mecha-
nisms between components in model coating suspensions, how these inter-
actions lead to differences in the flocculation or network state of the suspen-
sion, and the implications of this for processes such as dewatering and local
latex film formation. In this regard, the foremost observations are:

• The compressive yield stress and rheological data indicate that an in-
teraction of CMC with calcium carbonate pigments and latex binders
causes the formation of brittle suspensions which none-the-less consol-
idate to more compact structures compared to systems without thick-
ener. Flocculation index studies, as well as energy dissipation data,
when combined with this knowledge, and also information from the
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literature regarding the weak adsorption of CMC to NaPA-dispersed
calcium carbonate, provide reasonable support to the suggestion that
a depletion flocculation mechanism is at play in GCC-CMC systems.
It was seen that the dose of CMC against pigment could be used to
tune the degree of flocculation and energy dissipation in these systems,
indicating a means by which to apply some control to the structure of
the coating layer.

• There is a complex interplay between latex binders, pigments and
thickeners during local film formation of the latex particles. The
degree of film formation is affected not only by binder Tg, but also
by factors such as the molecular weight of the thickener. AFM im-
ages revealed a novel manifestation of a composite local film forma-
tion in some EHEC-containing coating layers, whereby topographically
smooth regions were shown by phase-imaging to have an underlying
honeycomb structure, indicating an embedding of EHEC polymer in
a latex network.

• Compressional and conventional rheology on the one hand, and AFM
and SEM on the other, provide powerful complementary tools in the
study of coating structure in respectively the “wet” and “dry” states.

The work on the dewatering of fibre suspensions provides interesting pos-
sibilities for future studies. Having demonstrated that the technique is quite
applicable to the study of these quite challenging systems, systematic future
studies regarding the effect of chemical additives, such as retention agents,
or naturally occurring substances such as fines and extractives, on the com-
pressional properties of fibre suspensions should be undertaken.



List of acronyms and symbols

GCC Ground calcium carbonate
CMC Carboxymethylcellulose

EHEC Ethyl(hydroxy)ethylcellulose
pph Parts per hundred of dry pigment

AFM Atomic Force Microscope
ESEM Environmental Scanning Electronic Microscope

SEM Scanning Electronic Microscope
NMR Nuclear Magnetic Resonance
MRI Magnetic Resonance Imaging

Py Compressive yield stress
κ Compressibility
k (Intrinsic) permeability
D Diffusivity
Q Flux
A Area

∆P Pressure difference
L Length
φ Volume fraction
φ0 Initial volume fraction
φ∞ Final volume fraction
φg Gel point
φm Maximum volume fraction
φf Floc volume fraction
e Void ratio
h0 Initial height
h∞ Final height
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G′ Storage modulus
G′′ Loss modulus
γ Strain
γ0 Strain amplitude
γc Critical strain
γy Yield strain
ηr Relative viscosity
ηpl Plastic viscosity
ηrpl Relative plastic viscosity
γ̇ Shear rate
σ Shear stress
σy Shear yield stress
Tg Glass transition temperature
V Volt
V 2 Squared specific volume
Vs Volume of solids
Vl Volume of liquid
R Radial distance

∆ρ Density difference
∆p Pressure difference
Rg Radius of gyration

Πosm Osmotic pressure
rpm Revolution per minute

g Centrifugal acceleration
ω Angular frequency
K Kelvin
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