
Interaction of dissolved and
colloidal substances with fines of
mechanical pulp - Influence on

sheet properties and basic aspects
of adhesion

Mats Rundlöf

TRITA-PMT Report 2002:1
ISSN 1104-7003

ISRN KTH/PMT/R—02/1—SE





TRITA-PMT Report 2002:1
ISSN 1104-7003

ISRN KTH/PMT/R--02/1--SE
©Mats Rundlöf 2002

Papers reprinted with kind permission

Cover: Fines of a ChemiThermoMechanical pulp with a low degree of sulfonation. Back:
Fines of a similar pulp where gaseous sulfur dioxide was used in the impregnation instead
of aqueous sulfite solution [Details given by Svensson, E., 1994. Licentiate thesis, Dept of

Wood Chemistry, Royal Institute of Technology, Stockholm, Sweden]



Interaction of dissolved and colloidal
substances

with fines of mechanical pulp
-Influence on sheet properties and

basic aspects of adhesion

Mats Rundlöf
Doctoral thesis

2002





CONTENTS

v) Preface
Acknowledgements

ix) Abstract, keywords

1. Introduction

General background..........................................................................1

Overview of the thesis ......................................................................1

Comments about the outline of this thesis ........................................4

2. Fines

2.1 What are fines? .................................................................................8

2.2 Contribution of fresh fines to the optical properties of ....................9
paper, s & (k)

2.3 Contribution of fresh fines to the strength of paper .......................13
The fines fraction as a whole ..........................................................13
Particles of different morphology within the fines fraction ............16

2.4 The effect of circulation in white water on the properties of fines .17
Optical properties, k & (s) ..............................................................17
Tensile strength ..............................................................................19

2.5 Interaction of DCS and fines...........................................................21
Development and application of an experimental method .............21
Use of this method to study the influence enzymatic ....................25
treatments of DCS
DCS from bleached and unbleached mill samples .........................27

2.6 Discussion of the decrease in sheet strength ...................................27
Consolidation of the sheet ..............................................................27
Strength of the joints between fines in a sheet ...............................28



3. Adhesion

3.1 The decrease in strength discussed as an adhesion problem...........29
Adhesion.........................................................................................29
Adhesion of fibrous material in a paper sheet ................................31
A magnified view of a joint in a fibre-fibre contact point ..............32

3.2 Measurement of adhesion ...............................................................35
The need for a model surface .........................................................35
Choice of model surfaces ...............................................................35
Choice of method ...........................................................................36
The instrument and a typical measurement ....................................37
Typical data and their interpretation according to the JKR theory.39

3.3 Application of the JKR methodology to problems related to..........42
papermaking
Two relatively simple cases of adhesion ........................................42
Adhesion to cellulose .....................................................................45
The inorganic model surface, SiO2.................................................48
Adhesion to SiO2 ............................................................................51

Influence of ”contaminants” on the SiO2 surface ...........................52
A monolayer of C18 tails................................................................52
The build up of multilayers in papermaking ...................................53
Multilayer adsorption onto SiO2 as monitored using a....................54
 reflectometry technique
Adhesion to SiO2 surfaces bearing multilayers...............................57
       The first layer, polyDMDAAC ................................................57
       Multilayers of DCS/polyDMDAAC ........................................58
A model substance for ”contamination” by wood extractives ........61

4. Conclusions ...............................................................................67

5. Suggestions for further work .............................................73

6. References ..................................................................................74

Paper I-VII



Preface

This thesis is a summary of the following papers, referred to herein by
their Roman numerals. Some additional data are also presented.

I.  “The importance of the experimental method when evaluating
the quality of mechanical pulp fines”, M. Rundlöf, M. Htun, H.
Höglund and L. Wågberg, J Pulp Pap Sci 26:9 301 (2000)

II. “Mechanical pulp fines of poor quality –characteristics and
influence of white water” M. Rundlöf, M. Htun, H. Höglund
and L. Wågberg, J Pulp Pap Sci 26:9 308 (2000)

III.  “A note concerning the interaction between light scattering and
light absorption in the application of the Kubelka Munk
equations” M. Rundlöf and J. A. Bristow, J Pulp Pap Sci 23:5
220 (1997)

IV.  “The effect on dissolved and colloidal substances released from
TMP on the properties of TMP fines” M. Rundlöf, A-K sjölund,
H. Ström, I. Åsell and L. Wågberg, Nordic Pulp Pap Res J 15:4
(2000)

V.  “Effect of Mannanase and Lipase on the properties of colloidal
wood extractives and their interaction with mechanical pulp
fines” M. Rundlöf, M. Eriksson, H. Ström and L. Wågberg,
Accepted for publication in Cellulose (2001)

VI.  “Application of the JKR Mehtod to the Measurement of
Adhesion to Langmuir-Blodgett Cellulose Surfaces” M.
Rundlöf, M. Karlsson, L. Wågberg, E. Poptoshev, M. Rutland,
P. Claesson, J Colloid Interface Sci 230, 441 (2000)
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adhesion” M. Rundlöf, and L. Wågberg, Submitted for
publication to Colloids and Surfaces (2002)

This is a thesis in applied science, i.e. the knowledge is the means, and
the overall goal is technology. The meaning is that the knowledge
generated shall contribute to the art of making paper (or become useful
in some other field), by revealing some more of the underlying causal
connections.



This does not imply that this thesis is of low scientific quality, in fact the
above statement is now true for all of the natural sciences, as stated by
the philosopher Stefan Hlatky1:
 “From a philosophical perspective, the scientific discoveries of the
twentieth century have been crucial; however, the philosophical
readiness to draw conclusions from them has been totally absent…
…Atomism had already been shown in 1905 (in Einstein's
theory of relativity, E=mc²) to be untenable. Materialism
and the exclusively quantitative view of science, which stand
or fall with atomism, were nevertheless not called into
question…
…Despite the clear refutation of atomism, materialism was 'rescued' by
the discovery of ever smaller particles, and the quantitative viewpoint by
Max Planck's introduction, in 1901, of the concept of the quantum, which
made it possible to continue developing a mathematics for calculating the
new physical conditions discovered in the 1920s. A transition to this new
science meant that the original aim of pursuing causality to its hotly
sought after end-point had to be publicly abandoned. This made it
necessary to specify a new, if possible just as hotly sought after, aim for
research. The solution to this problem is now sought in a new positivism
by changing the places of knowledge and skill. Nowadays, technology or
skill has become the end, and knowledge has become the means,
subordinated to technology. “

This work was performed over several years. The first part was
performed at the STFI in Stockholm and at SCA Research in Sundsvall
(paper I-III) and the remaining work was done in the laboratory in
Sundsvall, never on a full time basis. This was very enriching in terms of
experience and rather interesting terms of project management.

This thesis is founded on an experimental base. I took an active part in
the experimental work, especially the development of methods and
procedures, but I didn’t do it all by myself. There has always been skilled
people around to help me doing experiments which were considered
“strange” by many (other more expressive words were also used). These
people are found under acknowledgements, but I wish to thank you for
your commitment also here. The interpretation of the data was obviously
done in co-operation with my co-authors. My supervisors took a very
active part, showed a sometimes surprising interest and were always
supportive, as much as needed.

                                                          
1 ”Understanding Reality: A Commonsense Theory of the Original
Cause” (1999) Chapter 5, Stefan Hlatky and Philip Booth, Jon Carpenter
Publishing, ISBN 1 897766 42 4, also available online;
www.reality.org.uk
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both in the early years at the STFI and at the SCA. When I look back on
this work I see friends and colleagues more than scientific results, and I
wish to thank everyone who has made a contribution (if no affiliation is
given the person was working at SCA at the time of the co-operation. No
titles are given according to Swedish tradition):

Thank you all!

Lars Wågberg and Hans Höglund, this work was started, performed and
completed with your contious support, and it was fun most of the time,
what more can I say?
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Guides and mentors, whose identity shall not be revealed here, for
guidance and support.
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chemistry, for keeping the highest scientific standards and for the close
friendship.
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Abstract
The finest fraction, the fines, of mechanical wood pulps has been
investigated. Methods used for fractionation of pulp and measuring
optical properties were developed and evaluated. Fines fractionated from
a wide range of newly produced pulps contributed both to light scattering
and tensile strength of the pulp. The light scattering was established by
the properties of the coarser fractions and increased in a similar way by
increasing proportions of fines. The properties of the fines and coarser
fractions developed simultaneously during refining and the tensile
strength increased linearly with sheet density.
Particular attention was given to the industrial problem of decreasing
quality of fines upon circulation in the process water system of a paper
mill. Fines which have been circulated gave less contribution to tensile
strength at a given density, due to the presence of wood extractives on
their surface. The darker colour of these fines was partly due to adsorbed
dissolved contaminants and partly due to the darkening of the fines
particles. The extractives were adsorbed onto the fines in the form of
colloidal particles, as determined using a laboratory method developed
during this work. The strength began to decrease at a critical degree of
surface coverage of extractives on the fines, as determined using electron
spectroscopy for chemical analysis. The effect of hydrogen peroxide
bleaching and enzymatic treatments on the interaction of dissolved and
colloidal substances with fines were briefly studied.
Since the decrease in strength was due to a weaker adhesion between the
fines, the adhesion to surfaces relevant to papermaking was measured.
The methodology based on the theory of adhesion by Johnson, Kendall
and Roberts, “JKR”, was applied. The adhesion of a
polyDiMethylSiloxane-probe to cellulose in air exhibited hysteresis,
probably due to a combination of specific interactions and interdigitation
developing upon contact. A thin layer (monolayer) of contaminant
(extractives) gave weaker adhesion. Silica surfaces showed similar
results. In contrast, a thick layer of extractives gave weak molecular
adhesion but also additional energy dissipation which contributed to the
adhesion energy. This, among other things, indicated that the distribution
of extractives over a surface affected adhesion.
The build-up of multilayers through consecutive adsorption of dissolved
and colloidal substances and a cationic polyDMDAAC onto a silica
surface was demonstrated and the similarity to fibres in a papermaking
system was shown. The results were discussed with respect to adhesion
to process equipment and fibre-fibre adhesion.

Key words:
Mechanical pulp, Fines, Dissolved and colloidal substances, Wood resin, Detrimental
substances, Surface properties, Colloidal stability, Tensile strength, Light scattering, Light
absorption, Enzymes, Adhesion, Surface energy, Hysteresis, Cellulose, Monolayers,
Adsorption, Multilayers
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1. Introduction

General background

In a broad sense, this thesis deals with aspects of the process of making
paper with mechanical pulp as a major component. More specifically, it
deals with the properties of the finest particle fraction of a mechanical
pulp, the fines.

“Mechanical pulping” is one of two principally different methods
producing papermaking fibres from wood. The wood fibres are separated
and made suitable for papermaking by mechanical means. (The other
method is “chemical pulping”, in which the wood is digested chemically).

The distinguishing properties of printing-papers based on mechanical
pulp are a low transparency in combination with a sufficient strength, at a
low grammage [1]. Examples of printing papers based on mechanical
pulp are newsprint and paper used in journals and catalogues. The higher
quality grades also include bright mineral particles to enhance the optical
performance of the paper; these are used as a filler within the paper and
sometimes as a thin white coating on the paper surfaces.

The world production of printing papers based on mechanical pulp was
approximately 50000×103 ton during 1999 [2] which indicates the
potential gain in an improved cost efficiency or quality of a tonne of
paper.

In mechanical pulping, the wood is initially separated into individual
fibres. When the mechanical treatment proceeds further, small pieces of
the fibre wall are peeled off from the fibres [3][4]. This means that a large
fraction (approximately two thirds in the case of thermomechanical pulp
intended for printing papers) of the pulp will consist of particles much
smaller and thinner than intact fibres.
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Figure 1.1a shows the fibres in a piece of wood seen from above, where
the arrangement of the fibres in a matrix and their tubular shape is clearly
seen. Figure 1.1b shows fibres and fragments of fibres after mechanical
pulping in a disc refiner at high temperature and pressure (thermo-
mechanical pulp, TMP). The smallest particles, about 1/3, are commonly
referred to as “fines”. There is no strict definition of “fines”, the fraction
of a pulp which can be obtained by using a given fractionator and some
experimental conditions (often a screen with a hole size of
76µm≈200mesh) is used to describe what is meant by “fines”. The
creation of fines is an important feature of mechanical pulping, since the
fines fraction gives a significant contribution to both the optical and
mechanical performance of the paper. In addition, the smaller particles
contribute to a smooth surface of the paper.



3

Figure 1.1 shows scanning electron micrographs of a) A piece of wood seen from
above. The arrangement of the fibres in a matrix and their tubular shape
is clearly seen. b) Fibres and fragments of fibres in a thermomechanical
pulp.

50 µm
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Paper is formed, between wires, from a dilute water suspension of pulp.
Much of the water is removed from the wet fibre web between the wires.
The wet web is then transferred from the wire into the press and drying
sections, where it is pressed and dried until approximately 8-10% percent
of water remains in the paper and it feels completely dry. In addition,
there are other unit operations involved which are performed at a low
consistency and uses large volumes of water for dilution.

The process water is recirculated to a high extent in a modern paper mill,
so that the same process water is used many times and the net water
consumption is kept low. Dissolved and colloidal substances which are
released from the pulp will circulate in these internal water loops. The
water loops will also contain fibrous material, especially fines due to the
small size of these particles.

Experience from practical papermaking has shown that the quality of the
fines is not always as high as expected, i.e. both the fines ability to
enhance the strength of the paper and their contribution to the whiteness
may be reduced compared with fines of a newly produced pulp [5]. This
was associated with the recirculation of the fines in the water system for a
period of time. Naturally, this deterioration in quality of the fines may
present problems both in the papermaking process and with respect to the
quality of the finished paper. Indeed, the possible variations over time can
be a problem in itself. These observations mark the beginning of this
work!

Overview of the thesis

The first part (2.1-2.4) of this work was devoted to the question of why a
deterioration in the quality of the fines sometimes occur upon circulation.

The approach was to fractionate fines from mill samples of pulp and
process water, to characterise the fines thoroughly and to study their
influence on the properties of paper by analysing laboratory sheets. This
work included an investigation of the “starting point”; i.e. the properties
of fines from newly produced, “fresh”, mechanical pulps before any
circulation in process water and with as little dilution as possible. The
technically accessible range of pulps from the groundwood and
thermomechanical pulping processes were included. This work lead to a
critical evaluation of methods of fractionation and optical measurements
[I-III].

The methods used were fractionation of pulp in a Britt Dynamic Drainage
Jar equipped with wires of different hole size or in one case a Bauer
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McNett fractionator. Handsheets were made according to standard
procedures, except that a polyamide wire with a hole size of 20µm was
placed over the standard wire screen in the sheetformer to ensure a high
retention of the fines. Paper testing was performed according to standard
methods. The chemical analysis of the bulk composition was made using
standard wet chemistry methods and chromatography. Chemical analysis
of the surface composition of the sheets was made using Electron
Spectroscopy for Chemical Analysis, ESCA. The contact angle with
water of the sheets made solely of fines was used as a complement. The
fines were imaged by optical microscopy in the wet state and in the dry
sheets using Scanning Electron Microscopy, SEM.

The second part (2.5) consists of the development of an experimental
system to study dissolved and colloidal substances, DCS, released from
mechanical pulps into process waters and its effect on the properties of
handsheets.

The focus was to obtain a realistic system, yet reduce the inevitable
variations and the amount of unknown components associated with mill
samples of process water. The method is based on leaching of fresh pulp
in distilled water to obtain a “white water” containing dissolved and
colloidal substances, DCS. This “white water” was then divided into two
fractions; one fraction containing solely dissolved substances and the
other fraction enriched in colloidal substances from ultra filtration.

This method was applied to study the influence of these dissolved and
colloidal substances on the properties of handsheets. The dissolved and
colloidal substances, DCS, were adsorbed onto fresh mechanical pulp
fines using a cationic polymer. Handsheets were made solely of fines as
described above, but in a custom made sheetformer which allowed small
amounts of sample to be used [IV].

The optical and mechanical properties of the sheets were measured and
the chemical composition of both bulk and surface was determined as
described above. The surface chemical composition of the sheets, as
measured using ESCA, was used to estimate the surface coverage of
wood extractives on the fines. Several microscopy techniques were used:
Environmental Scanning Electron Microscopy, ESEM on some selected
wet sheets and Field Emission Scanning Electron Microscopy, FESEM to
obtain high resolution images of selected dry sheets. Atomic Force
Microscopy, AFM, was used for imaging of DCS deposited onto a stiff
SiO2 surface.

Two enzymatic treatments of the dissolved and colloidal substances prior
to sheet making were studied with respect to their influence on the
properties of handsheets (as above). A lipase treatment which
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decomposed triglycerides into fatty acids and a mannanase treatment
which decomposed mainly glucomannans, were chosen. The adsorption
behaviour of the enzymatically treated DCS from water onto a model
surface was briefly studied using a reflectometry technique [V].

The third part (3) deals with the question of why pulp fibres (or fines)
adhere strongly or weakly to one another, thereby giving a stronger or
weaker paper sheet.

The “JKR”-method for measuring adhesion between solid surfaces was
chosen for this study [VI, VII]. An instrument was built for this purpose
and the method was applied to materials which could serve as reasonable
models for surfaces relevant to papermaking. Smooth silica wafers were
used and in some cases a model cellulose surface where cellulose was
applied onto atomically smooth mica. The application of the method for
measuring adhesion includes interpretation of typical data and the
possible relationship with paper strength. The adhesion measurement
device was used to study the influence on adhesion of the presence of
contaminants on a surface [VII]. The main aim was to study the influence
on adhesion of adsorption of dissolved and colloidal substances onto
silica. The build up of a multilayer assembly on the silica surface by
consecutive adsorption was monitored using the same reflectometry
technique as mentioned above. The effect of this build up on adhesion
was measured in air of controlled temperature and humidity. Several
control experiments were carried out to support the interpretation of the
data.

AFM, ESCA and contact angle with water was used for characterisation
of the samples.

Figure 1.2 seeks to illustrate this overview of the thesis. It should be
noted that each part is to some extent based on the findings in the
previous part. The last step in the staircase is symbolised by an open box,
in which it is my sincere hope that anyone interested in continuing along
this way can find useful information.



7

Figure 1.2 Overview of the thesis
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Comments about the outline of this thesis

It was decided to divide the text into sections with respect to different
topics, e.g. “influence on optical properties”, “influence on strength..” etc.
Both previous work and the present results dealing with the topic are
found under the same headline.

Many of the results presented in the first part of this work have been
published as a licentiate thesis in 1996 by the same author [6]. The
presentation here is rather brief compared with the following parts and
aims at a more general picture. Some additional data are presented.

The second part in this work is presented in greater detail than the first
part. Many of the experimental techniques are similar to those used in part
one, but focus is put on dissolved and colloidal substances obtained from
fresh pulps in the laboratory instead of using mill samples.

The third part is presented in a different style compared with the first two
parts. It consists of the application of a technique for measuring adhesion
which has not been used within pulp and paper research before. The
measurements of adhesion are included as a first attempt to specifically
study the adhesion between papermaking fibres. The description of both
the method and the results is therefore more extensive than in the previous
parts of the thesis.

2. Fines
2.1 What are fines?

The fines are defined as the fraction of a pulp which passes the openings
of a certain screen using a given fractionator. A common size limit is a
wire with a hole diameter of 76 µm (≈200 mesh); consequently the fines
which pass through this wire are called “P200” for “Pass 200 mesh”.

Most of the fines in a thermomechanical pulp, TMP, are created by a
peeling action on the wood fibres, which implies that the fines
predominately come from the outer parts of the fibre wall [4]. The fibre
dimensions are substantially reduced in refining and the decrease in
thickness of the fibre wall upon refining is approximately 30%, i.e. about
the same size as the fines fraction [3]. The most common particle types
found in the fines fraction of TMP are shown in figure 2.1. The particles
shown in this figure are those which are visible under a light microscope,
the existence of “microfines” of much smaller dimensions has been
shown [7, 8], but the significance of these for the properties of paper still
remains to be investigated.
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Figure 2.1 The appearance and origin of the most common types of TMP fines. The
figure was drawn based on literature data and micrographs used in the
present work [4, 9-11, I, II].

2.2 Contribution of fresh fines to the optical
properties of paper, s & (k)

The optical properties will be discussed within the framework given by
the Kubelka Munk equations, i.e. the reflectance factor of a paper is
considered to be depending on the balance between two parameters; the
light absorption coefficient, k, and the light scattering coefficient, s. The
k-value is used as a measure of the amount of chromophoric substances in
a sheet, at a given wavelength. The chromophores make the paper darker
and contribute to the opacity. The s-value is used to describe the ability of
the sheet to scatter light. A strong light scattering makes the sheet brighter
and contributes to the opacity. The s-value is related to the properties of
the components of the sheet and how they are arranged to form the sheet
structure [12]. The issue of obtaining sufficiently correct s and k-values
for sheets made solely of fines is treated in paper III.

The light scattering coefficient of a sheet increases almost linearly with
increasing proportion of fines, figure 2.2 [13, 14]. Since the fines give
such a contribution to the optical performance of the paper, it is tempting
to assume that the differences in light scattering ability of different
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mechanical pulps is due to differences in the properties of the fines. This
is however not the case, as demonstrated in the figure, where it is obvious
that the properties of the fractions larger than the fines set the level of
light scattering and that the fines from different pulps enhance the light
scattering coefficient in quite a similar way. This was previously
demonstrated by Lindholm [15-17] and Corson [18-20] and was also
found in this investigation, covering a broad range of freeness values of
pulps from both the grinding and thermomechanical processes.

Figure 2.2 The light scattering coefficient plotted against fines addition for a variety
of mechanical pulps from the present work (open symbols) and from
[14] (solid symbols), their designations were used.

The contribution to the light scattering coefficient was found to be related
to the size of the particles, TMP fines that passed a wire with a smaller
hole size gave a higher light scattering coefficient, figure 2.3. This
relationship was highly non-linear, fines that passed a wire with a hole-
size of 20µm (≈500 mesh) gave a much higher light scattering than the
other investigated fractions; these were the fines that passed a 38µm wire,
the fraction between 38-76 µm and 76-157µm (≈P400, 200-400 and 100-
200 mesh).

The contribution to tensile strength of the smallest fines particles was in
the same range as that of the other fines fractions. This fines fraction
contained very little of flake-like material, as determined using light
microscopy, which was abundant in all the other fractions of fines. An
optimum particle size for light scattering around 0.4 µm has been
observed using spherical filler particles of different size, see e.g. [21].
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Smaller particles were found to contribute less to the light scattering
coefficient in the visible region of the spectrum. This result was also
found when the particles were applied as a coating layer. Such an
optimum could not be found in this investigation of fines. This may be
due to the fact that the optimum size is in the sub-micrometer range and
most of the fines particles are of larger dimensions.

Figure 2.3 Light scattering coefficient plotted against fines content for SGW SC
and different size fractions of TMP News [13].

The increase in light scattering coefficient is related to a change in the
sheet structure, due to the increasing number of small particles. The
situation is similar to the addition of filler to a sheet, i.e. the particles
provide additional scattering sites within the sheet structure, but in the
case of fines the particles also provide additional sheet strength.

To investigate the influence of mechanical pulp fines on sheet structure,
mercury intrusion porosimetry was used to measure the pore size
distribution of selected sheets of SGW and TMP News from figure 2.2.
As seen in figure 2.2, these two pulps had quite different light scattering
coefficients. Handsheets with the widest range of fines content possible,
0-100%, were analysed.

The porous structure of a variety of filled sheets has been characterised in
the same way by Fineman et al. using mercury intrusion porosimetry [22].
Their methods were applied in this work. Fineman et al. shows that the
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specific surface area associated with pores larger than 0.2µm in diameter
is related to the light scattering coefficient by an almost linear
relationship, so that much of the difference in optical performance
between different fillers, but not all of it, can be explained by their effect
on the sheet structure. The limiting value of pore diameter, φ>0.2 µm was
chosen based on the rule-of-thumb value of particle or pore-size for
optimum light scattering: half the wavelength of light (λblue/2=0.4µm/2).
Structural features smaller than half the wavelength of light are assumed
not to scatter light efficiently.

The data obtained in the present investigation was analysed in the same
way. Figure 2.4 shows the relation between the measured light scattering
coefficient and the specific surface area related to pores larger than 0.2µm
in diameter. It was found that the contribution of fines to the sheet
structure was similar to that of a variety of different fillers.

Figure 2.4 The light scattering coefficient as a function of specific surface area of
the sheets related to pores larger than 0.2µm in diameter. Open
symbols represent literature data [22] and solid symbols handsheets
from the present work [13].
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This increase in light scattering means that both the reflectance factor
(e.g. brightness, Y-value) and the opacity of the sheet will increase. The
increase in reflectance factor is dependent on the balance between the
light scattering and the light absorption coefficients. The contribution to
light scattering coefficient of fines from fresh pulps tends to dominate so
that the fines often give a net contribution to the brightness. In the case of
recirculated fines, the situation may be different as will be discussed
further in section 2.4.

2.3 The contribution of fresh fines to the strength
of paper

The concept of paper strength is complex. The value of common standard
measurements, such as tensile index, for predicting the strength of the
paper web in a paper machine or a printing press has been discussed with
increasing intensity in recent years [23-26]. At the time of this
investigation, the analyses of paper from a fracture mechanics point of
view were not as common as today. The results reported here are
therefore based on tensile testing of handsheets. Thus far the scientific
literature lacks a description of the role of mechanical pulp fines from a
fracture mechanics point of view. Not to mention the effect of adsorbed
contaminants on these properties.

Almost 50 years ago Brecht and Klemm introduced the idea that the
properties of a mechanical pulp to a large extent can be explained as a
sum of the properties of its fractions [27]. This paper was a translation to
English of earlier publications in German; e.g. Brecht and Holl [28].
Many investigations have followed [15-20][29-33] and have given
valuable contributions to the understanding of the properties of fresh
pulps. The present knowledge of the papermaking properties of fines
relies upon this type of investigations; fractionation, re-combination and
laboratory sheetmaking.

The fines fraction as a whole
Since fines are important for paper strength, measured as tensile strength
or z-strength, the obvious question is; how much of the difference in
strength of different mechanical pulps can be explained by differences in
the properties of the fines?
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It is important to consider when answering this question, the fact that the
properties of the coarser fractions and the fines fraction often seems to
develop simultaneously, so that a TMP which is considered to be of good
quality has a high quality fines fraction and also a high quality fibre and
middle fraction. Figure 2.5 shows the tensile index of handsheets
containing different amounts of fines. The sheets were made of TM-pulps
with a very different degree of mechanical treatment and a hydrogen
peroxide bleached pulp was included.

Figure2.5 Tensile index as a function of fines content for different TM-pulps. The
unbleached first stage pulp had a freeness value of CSF≈700, TMP
News CSF=175, TMP LWC CSF=91 and bleached TMP LWC CSF=52.

The first stage TMP in the figure shows a low tensile index, and the fines
fraction of that pulp consisted mostly of relatively large flake–like
particles. The more intensely treated (lower freeness) pulps had fines
fractions with increasing amounts of thread-like particles, presumably
originating from the inner parts of the fibre wall. This is to be expected
since refining predominantly occurs by gradually peeling off material
from the outmost surface of the fibres [4]. If the refining proceeds into the
secondary wall, the fines fraction will contain a higher amount of thread-
like fines and because of that it will give a higher contribution to the
tensile strength of a sheet. This was shown in a systematic study by
Heikkurinen and Hattula [4] who refined the same pulp-fibres in several
steps, from a very low specific energy up to a very high. The fines were
removed from the pulp and characterised after each step.
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If the fines are removed and the refining proceeds further on the same
fibres, the result will be something like reject refining which is known to
produce pulps of very good strength characteristics [3]. The reject TMP
will extend its properties towards the characteristic domain of kraft pulps
in a diagram of light scattering plotted versus tensile index. The fines will
then consist almost exclusively of thread-like particles which give a high
contribution to tensile strength [4].

The fresh pulps investigated in this work appear to follow the linear
relationship of tensile strength and sheet density which was shown by
Höglund et al. [1][34]. This relationship holds even though the fines
contents of the sheets are different, figure 2.6. The exception is the sheets
made solely of fines, which show a linear relationship between strength
and density but with a higher density at a given strength, probably
because there are no fibres present to provide bulk to the sheet structure.
From these results it can be concluded that the thread like particles give
sheets with a high density and strength. The figure also indicates that
sheets made solely of fines can be used to predict the strength of sheets
made of fines and larger pulp fractions.

Figure 2.6 Tensile index of handsheets of several mechanical pulps as a function
of sheet density. The fines content varies from 0% to 100%, the
triangular symbols represents 0% of fines and the different size
fractions of fines are indicated using the same symbols as in fig 2.5.
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Particles of different morphology within the fines fraction
As is shown in figure 2.1, the fines fraction consists of particles of
distinctly different appearance. As mentioned above, the idea of the fines
fraction as a mixture of structures goes back to 1939. Brecht and Holl [28]
divided groundwood fines into two categories “schleimstoff” and
“mehlstoff”, roughly thread-like particles and flakes. The names come
from the appearance of the fines under a light microscope. Considering
the above results, the fines fraction of a mechanical pulp contain both
kinds of particles in a majority of the cases. The exceptions would be a
first stage TMP where flake-like particles dominate and a reject pulp
where thread-like particles are abundant. It is however of questionable
value to use flake-like particles obtained from a first stage TMP to
characterise the properties of flake-like particles in a ready-made TMP of
much lower freeness. The results of Heikkurinen for fines obtained from
fibres which were already refined to a high extent, would be more or less
directly useful to describe the properties of a reject pulp [4]. Mixtures of
these thread-like fines and the fines of an ordinary TMP would be useful
to characterise the mixture of fines in a mill where a refined reject pulp is
mixed into the accept stream.

Westermark et al. [35, 36] developed a sophisticated scheme to
fractionate mechanical pulp into morphological fractions. Using this
scheme, they characterised “flakes” from a TMP and found that a sheet
made solely of these particles had a reasonably high tensile strength, not
far from the properties of the whole fines fraction [37]. That experiment
has been repeated in the present work for an unbleached TMP intended
for LWC paper. The results were similar; the flakes gave a tensile index
in the lower range of what is expected for the fines fraction as a whole,
about 31 compared with 30-35 kNm/kg. The flake-like particles and the
P200 mesh fines fraction which also contained thread like particles are
shown in figure 2.7 below. Clearly there are properties apart from the
physical form of the fines that need to be included to obtain a more
detailed picture.

There are at least two types of particles in the fines fraction of fresh pulps
which do not contribute to sheet strength to a high extent: ray-cells, [36-
40] and fines derived from knots [41, 42]. These particles may even
decrease the strength when added to a pulp in fairly low amount, 5%.
Both of these particle types have a bulky shape and contain more
extractives than the fines fraction as a whole. If the assumed lack of
conformability or the possible surface coverage of extractives is the
dominating cause of the low ability to give sheet strength remains to be
investigated.
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Figure 2.7 Micrographs of a) the P200 mesh fines fraction of TMP and b) the fines
fraction of the same pulp enriched in flake-like particles

2.4 The effect of circulation in white water on the
properties of fines

Optical properties, k & (s)
When comparing fresh fines with those that had been recirculated in the
white water system for a period of time it was found that among the
optical properties, the k-value was affected the most. Sometimes a
decrease in the light scattering coefficient could be observed at very high
additions of white water fines to a reference fibre fraction [II] and often
in the case of sheets made solely of fines. This decrease was not
significant at low to moderate additions of white water fines. The
decrease in the s-value was most probably due to colloidal particles
blocking features in the sheet structure (pores, cavities, protruding fibrils
etc.) which otherwise would contribute more to the light scattering (cf.
figure 2.4). The light scattering coefficient could be increased to the level
of that of fresh fines by extraction of these sheets [II, III].

Figure 2.8 shows the contributions of different types of fines to the light
absorption coefficient, the k-value, at 560 nm. All the fines fractions
increase the light absorption coefficient as expected, but to different
extents. The fresh fines were darker than the larger fractions, which was
due to their higher lignin content and probably their higher content of
metal ions able to form coloured complexes with the pulp, e.g. iron.
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The fines which had been recirculated in the white water for a period of
time gave a much higher contribution to the k-value than the fresh fines.
This could partly be attributed to adsorbed contaminants which were
possible to remove by acetone extraction and also by Bauer McNett
fractionation. This shows that the Bauer McNett (BMcN) fractionation
procedure may alter the properties of the pulp fractions, probably because
of the large volume of water used which “washed away” contaminants
[43]. Throughout the present work, fines were fractionated using a Britt
Dynamic Drainage Jar (BDDJ) [44] and a procedure which required much
less water [I]. The “washed” white water fines were still darker than the
fresh fines and this was attributed to darkening of the particles, as such,
during circulation [I].

Figure 2.8 The light absorption coefficient, k-value, at 560 nm, of handsheets
made of fresh fines and differently treated fines from white water added
to the same fresh fibre fraction [I]. The procedure used to fractionate the
fines from the white water sample is shown as “BDDJ” for Drainage–Jar
and “BMcN” for Bauer McNett fractionator.

The darkening of the fines upon circulation alters significantly the balance
between s and k. The contributions of the different types of fines in figure
2.8 to the Y-value of a sheet containing 25% of these fines added to a
fresh fibre fraction are shown in table 2.1. The s-value was assumed to be
constant, 50 m2/kg. Clearly, the increase in k gave a very significant
reduction in this “worst case” scenario; the potential in avoiding such
darkening of the fines is clear [I, II].
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Table 2.1 Calculated R560 ≈Y-values of sheets containing 25% of the different types
of fines shown in fig 2.9, added to the same fresh fibre fraction.

Fresh TMP
fines

White water
fines

White water fines,
extracted

s560 (m
2/kg) 50 50 50

k560 (m
2/kg) 2.1 5.0 3.6

R560 ≈Y-value (%) 74.9 64.2 68.5

Tensile strength
As shown above, the fines fraction of a fresh mechanical pulp seems to
give a good contribution to both optical properties and tensile strength,
provided that the whole pulp is of a reasonably high quality.

This is however not always the case when the fines have been recirculated
in the white water system for a period of time. This phenomenon has been
known for a long time from practical papermaking experience and fines
fractionated from white water samples have been investigated earlier,
giving valuable input to the direction of the present work [45][46].

It has already been shown that fines from a white water sample may be
considerably darker than fresh fines. The negative effect on strength
which is sometimes observed is shown below. Figure 2.9 shows the
tensile strength of the sheets in figure 2.8, i.e. fresh fines and differently
treated fines from white water added to the same fresh fibre fraction.

Figure 2.9 The tensile index of handsheets made of fresh fines and differently
treated fines from white water added to the same fresh fibre fraction
[I]. The procedure used to fractionate the fines from the white water
sample is shown as “BDDJ” for Drainage–Jar and “BMcN” for Bauer
McNett fractionator.

0

15

20

25

30

35

40

0 10 20 30 40 50 60

Fibre fraction

BDDJ

Acetone
extracted

BMcN

Fresh fines

Tensile index (kNm/kg)

Fines content (%)

White water fines:



20

Figure 2.9 was chosen since it may serve as an illustration of the main
findings reported in paper I and II. These are summarised below:

1. Fines fractionated from a white water sample may give a lower
contribution to the tensile index than fresh fines, in figure 2.9 even a
decrease.

2. A major reason for this was wood extractives present on the surface
of these fines as indicated by ESCA and contact angle with water. A
further strong indication was the fact that when these fines were
“washed” with acetone, their strength increasing properties were
completely restored. When compared with fresh fines, the white
water fines showed small differences in particle size, in morphology
and in overall chemical composition apart from the extractives
content. The same conclusions were drawn at four different occasions
when the lower quality of the fines fractionated from the mill white
water samples could be observed. The mill white water did not
always contain fines of poor quality, as there were variations over
time.

3. No decrease in strength could be observed upon ageing of fresh fines
in distilled water prior to sheet making (75°C, 24 hours). This may
suggest that the extractives found on the surface of the fines were
adsorbed onto the fines from the white water.

4. The chemical analysis of the extractives present in the sheets showed
increasing amounts but no selectivity was found among the
component groups; the relative amounts of different component
groups were approximately the same. Τhis indicates that the
extractives were adsorbed onto the surface of the fines in the form of
colloidal particles, which naturally is due to the fact that either the
particle is adsorbed with all its contents or it is not adsorbed. The fact
that all component groups are adsorbed in the same relative amounts
have been shown for mechanical pulps [47, 48] and also in the case
of sulphite pulps [49].

5. The method of fractionation influenced the properties of the fines.
The Bauer McNett fractionation most probably lead to “washing” of
the white water fines due to the large volume of water used during
fractionation [I]. The BDDJ was therefore used except for the
purpose of comparison in a few experiments. It was also found that
the properties of fresh pulps were different comparing the two
methods. The tensile strength of sheets made of the Bauer McNett
fibre fraction were lower and the k-value was higher compared with
the BDDJ method. It was suggested that both these differences were
related to the amount and quality of the water used in the Bauer
McNett fractionation i.e. by introducing darkening metal ions from
the tap water and by washing away hemicelluloses or remaining fines
which otherwise would have contributed to the strength.
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2.5 Interaction of DCS and fines

Development and application of an experimental method
The above results point towards deposition from white water as a
probable reason for the presence of lipophilic extractives on the surface of
fines. This would be more significant than migration from the interior of
the particles within the time-span investigated [II].

To be able to study this further, an experimental method to manufacture a
model white water in the laboratory was developed. This was done to
avoid the uncertainty in composition and the variations over time that are
associated with mill white water samples. This method also made it
possible to study the dissolved material separately from fractions
containing both dissolved and colloidal substances [IV]. Fresh
unbleached TMP taken directly from the blowline of a refiner a few hours
before the start of the experiments was used every time, to decrease the
possible effects of storage and dilution with white water as much as
possible. Three portions of this pulp were leached in the same volume of
distilled water. After removal of the fibres and fines, this gave a ”white
water” containing dissolved and colloidal substances which is referred to
as ”DCS”. By ultra-filtration, it was possible to separate this water into a
fraction free from colloidal particles, which is called ”DS” for dissolved
substances, and a fraction somewhat enriched in colloidal particles which
is called ”CS”. Figure 2.10 shows a schematic representation of the
method.

Figure 2.10 A schematic description of the experimental method used to
manufacture model white water containing dissolved and colloidal
substances, “DCS”, and to separate this water into a fraction
containing solely dissolved substances “DS” and a fraction enriched
in colloidal particles “CS”.
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To monitor the effect of these water fractions on sheet properties, fresh
fines were saturated with a cationic polymer and the water fractions, as
described in figure 2.10, were adsorbed onto the surface of these cationic
fines. The “white water” was added to the fines suspension just before the
sheet was formed. Figure 2.11 shows the tensile strength of sheets made
solely of cationic fines as a function of added DS, CS and DCS. The
dissolved fraction of the white water, DS, had no significant effect on the
tensile strength of the sheets, whereas both water fractions containing
colloidal particles gave a decrease in strength when present in sufficient
amounts, DCS and CS. This was due to the fact that the colloidal particles
contain the major part of the lipophilic extractives at pH 5. The negative
effect of wood extractives on the strength of mechanical pulp has been
shown by Brandal and Lindheim [50] and later been supported by several
investigations [51-53].

Figure 2.11 Tensile index of sheets made solely of fines as a function of addition
of water containing dissolved and colloidal substances, “DCS”, water
containing solely dissolved substances “DS” and water enriched in
colloidal particles “CS”. Data from two separate experiments are
included, marked I and II in the legend.

The decrease in strength was not as pronounced as in the case of mill
samples, but the effect is significant and reproducible. Figure 2.11
contains data from two different experiments which were chosen since the
reference samples had similar strength. It was considered significant to
study the properties of sheets made solely of fines, since the strength of
such a sheet to a rather high extent reflects the strength of a sheet made of
fibres and these fines [II].
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The surface properties of these sheets were characterised using ESCA.
The results were similar to those published in 1995 [13], indicating higher
amounts of lipophilic extractives on the surface. Previously, the tensile
strength of sheets made solely of fines was plotted against their contact
angle with water and the ESCA data used as an indication of wood
extractives on the surface of the fines [13][II]. This time, the analysis was
taken a step further and the tensile index of the sheets was plotted against
the surface coverage of extractives calculated according to Carlsson [54].
Figure 2.13 shows a critical level of surface coverage of extractives at
which the strength begins to decrease. It seems reasonable that the surface
coverage of extractives should be related to the ability of the fines to form
strong joints to other fines and that this quantity is more important than
the overall content of extractives for the sheet strength. These measured
values are useful as a relative measure of the surface coverage. The values
reported here are probably not the absolute values of surface coverage
since the situation inside the joints between the fines could not be
measured.

Figure 2.13 Tensile index of sheets made solely of fines with different amounts of
CS & DCS as a function of the calculated surface coverage of
extractives, φ. Sheets from two experiments are included.
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Use of this method to study the influence of enzymatic
treatments of DCS
The experimental method described above was used to study the influence
of enzymatic treatments of DCS [V]. Based on the literature [55-
57][references in V] two enzymes were chosen; a lipase, which acts to
decompose triglycerides (fats) into fatty acids and glycerol, and a
mannanase which attacks polysaccharides containing mannose, i.e.
galactoglucomannans in this case [11]. This means that the colloidal
particles comprising the lipophilic extractives were affected by the lipase
and the dissolved substances by the mannanase.

The DCS containing water was treated with either of these enzymes or
with a mixture of both. The DCS was then added to fresh cationic fines
and handsheets were formed. Figure 2.14 shows the tensile index of
sheets made solely of fines as a function of the content of DCM
extractable compounds. The tensile index was practically unaffected by
the addition of untreated DCS and DCS treated with lipase. This is
expected at the low levels of addition chosen here, cf. figure 2.11 [IV].
The mannanase treated sample gave a small but significant decrease in
tensile strength and the sample treated with mannanase and lipase gave
the lowest strength. The same results were obtained using a mill sample
of white water. As seen in the figure, this could not be attributed to
differences in the overall extractive contents of the sheets. The same
trends were also observed using a mill sample of white water. Control
experiments using deactivated enzymes were carried out to ensure that the
observed effects were due to the reactions catalysed by the enzymes [V].

Figure 2.14 Tensile index of sheets made solely of fines as a function DCM-
extractives in the sheets. The added DCS was treated with either
mannanase or lipase, or a combination of mannanase and lipase. The
lines are a guide to the eye.
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Sundberg et al. showed that a mannanase treatment of DCS reduced the
colloidal stability towards salt induced aggregation [58]. This was
interpreted as a loss of steric stability due to decomposition of the
galactoglucomannans which were assumed to contribute to the stability.

It is therefore suggested that the steric stability of the colloidal particles
was reduced by the mannanase treatment in the present investigation and
that this influenced the effect of the colloid on sheet strength. The fact
that the lipase treatment did not influence sheet strength without
mannanase, but gave the lowest strength in combination with mannanase
supports the above suggestion. It may be speculated that the mannanase
affected the way in which the particles were retained in the sheet, possibly
to give a higher surface coverage (cf. figure 2.13) or another distribution
which influenced sheet strength to a higher extent. When the colloid was
retained in this “detrimental way” the composition of the particles further
influenced the sheet strength. The lipase treatment did decompose all
detectable triglycerides into fatty acids [V] and fatty acids have been
pointed out as the most detrimental component group for sheet strength
among the extractives [50]. It might be encouraging for the papermaker to
find, that it was possible to retain colloidal wood extractives in the sheet
without decreasing the tensile strength, despite the findings reported
above [I, II, IV].

An attempt was made to study the adsorption of DCS subjected to
different enzymatic treatments. The adsorption onto a model surface,
SiO2, bearing a layer of polyDMDAAC was measured using a
reflectometry technique [59][V, VII]. This measurement did not indicate
any differences in the adsorbed amounts due to the mannanase treatment
and the assumed decrease in the steric stability of the colloid. It may be
speculated that the difference in strength was caused by differences in the
distribution of the colloid in the sheet.
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DCS from bleached and unbleached mill samples
The presence of white water during sheet making was studied for
bleached and unbleached fines, in a system without cationic additives [II].
The contribution to strength of unbleached fines was not affected by
addition or removal of white water from the unbleached process line. This
result was valid both for fines of low strength, where the DCS-containing
water phase was replaced with distilled water, and for fresh fines where
DCS containing water was added to the furnish. In contrast, the bleached
fines did respond directly to the amount of white water present during
sheetmaking [II]. The major part of the added DCS had, in this case, been
subjected to hydrogen peroxide bleaching. A major difference in the
properties of DCS due to hydrogen peroxide bleaching is a loss of the
steric stability of the colloidal particles towards salt induced aggregation
[60]. This observation also suggests that where the colloidal particles are
located in the sheet is of importance for their effect on sheet strength.

This fact, in combination with the above results shows that the decrease in
strength due to DCS becomes more pronounced at the same time as the
colloidal particles containing the lipophilic extractives are destabilised. It
was observed in two cases, in which the colloid was destabilised in two
different ways. This suggests by circumstantial reasoning that the loss of
stability of the colloid may be related to the decrease in strength.

2.6 Discussion of the decrease in sheet strength

The presence of extractives in the water and on the surface of the fines
may affect the sheet strength in different ways:

Consolidation of the sheet
The consolidation of the sheet may be affected, i.e. the force which pulls
the fibres together due to the disappearing water menisci may be affected.
The adhesion force between a macroscopic sphere and a flat surface due
to the presence of a water meniscus is given by the following expression
[61]:

θγπ cos4 LRF ≈ [2.1]

Where γL is the surface tension of the liquid and θ the contact angle of the
liquid with the solid surface and R is the equivalent radius of the sphere. It
is obvious that a decrease in surface tension, γL, from that of pure water
will have a negative effect on the force according to the above equation.
Process waters are however far from the properties of pure water, which
means that the decrease in surface tension due to changes in concentration
of DCS in the relevant range may not be significant. Our results do not
indicate a change in the consolidation of the sheet measured as the
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apparent density of the dry sheets, figure 2.15. The fresh fines and the
recirculated fines gave dramatically different tensile index compared at a
given sheet density, indicated as a broken line in the figure. As described
above, a change in water phase from process water to distilled water did
not affect the strength of sheet containing recirculated fines [II], which
also indicates the relatively low importance of the surface tension of the
water in this context.

Figure 2.15 Tensile index as a function of sheet density of sheets made of fresh
fines and differently treated fines from a white water sample added to
the same fresh fibre fraction in different amounts.

The contact angle, θ, of water measured on sheets made solely of fines
was above 90° [II], which would be significant for the consolidation of
the wet web according to eq. 2.1. However, the contact angle measured on
fresh fines of a high tensile index was also above 90°, and the objection
about a maintained density is valid also in this case.

Strength of the joints between fines in a sheet
The consolidation of the sheets did not seem to be affected by the addition
of DCS. The properties of the fines as such did not seem to be affected by
the circulation in the white water to a high extent, indicated by the
acetone extraction shown in figure 2.14, which restored the strength
properties of the white water fines. This suggests that the presence of
extractives on the surface of the fines affected the formation of strong
joints between the fines by causing a lower adhesion of contacting
surfaces. This suggestion motivates the specific measurements of
adhesion and discussion of adhesion mechanisms which follows in the
next section.
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3. Adhesion

3.1 The decrease in strength discussed as an
adhesion problem

As discussed in the previous sections, it is most likely that the negative
effect on paper strength of adsorbed wood extractives was due to a
decrease in the ability of the fines and fibres to stick together. The tensile
strength of a paper sheet may, quite intuitively, be considered to be
dependent on the strength of the fibrous material and the strength of the
joints between the fibres [62]. In the present work, the mechanical
properties of the fibres and fines as such were not significantly influenced
by the adsorbed wood extractives, which points towards a change in the
properties of the joints between the fibres and fines as the main reason for
the differences in strength. This simple reasoning may be expanded to any
type of additives, which increase or decrease paper strength, provided that
their main action is not to strengthen or weaken the fibre wall.

Adhesion
The phenomenon of things sticking together is called adhesion (in fact the
word “adhesion” is derived from the Latin verb, adhaereo, which means
“stick together” [63]). The ability of fines or fines and larger pulp
fractions to stick together can be discussed within the framework given by
adhesion science.

Adhesion between any two materials 1 and 2 is often described using the
thermodynamic work of adhesion, W12. This quantity describes the energy
needed to separate unit area of contact between material 1 and 2 to
“infinite separation” under reversible conditions. The work of adhesion is
given in mJ/m2.
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In a vacuum, the work of adhesion is a function of the surface energies of
the contacting solids and the interfacial energy, (energy gained and
energy lost upon separation) so that:

122112 γγγ −+=W [3.1]

This is referred to as the Dupré equation. When the process of separation
takes place in a medium 3 (e.g. humid laboratory air) as illustrated in the
figure 3.1, the above expression becomes:

122313132 γγγ −+=W [3.2]

W132 may be positive or negative, which implies attraction between 1 and
2 or repulsion between 1 and 2 [61].

Figure 3.1. Separation of two contacting solids 1 and 2 in medium 3 by application
of W132 [61]

In a real system the adhesion energy is most often higher than the
thermodynamic work of adhesion since the conditions for making or
breaking a joint are not ideally reversible. This fact gives rise to adhesion
hysteresis, i.e. a difference in energy between the loading and unloading
part of a loading-unloading cycle, where the energy needed for separation
is always higher. The energy dissipation may take place through a variety
of processes and is also manifested as the well-known hysteresis in
contact angle [61].
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Adhesion of fibrous material in a paper sheet
In a recent book by Kendall [64], it was stated that “adhesion should be
used only to describe those phenomena in which a normal force is needed
to separate materials…and not to describe frictional effects where
shearing or sliding is the force”. In a case where the tensile strength of a
paper sheet is not entirely controlled by the fibre strength, the majority of
the joints between the fibres will at some point experience a stress which
has a component normal to the plane of the joint, figure 3.2. The ability
of a joint to withstand such a stress can be treated as an adhesion problem.

Figure 3.2. Forces acting on joints in a paper sheet under tensile load. The normal
components are marked A.

The case of a purely lateral force may be seen as a friction problem, a
phenomenon that is perhaps even more complex than adhesion and will
not be discussed further here [65]. It should however be pointed out that
adhesion and friction are related, but not directly, as was shown by
Israelachvili et al. [66]. The normal force (or the surface energy) in an
adhesion experiment was directly related to the static friction force, i.e.
the force needed to initiate motion. The kinetic frictional force, the force
needed to maintain motion at a given velocity, was found to be related to
the irreversible part of the adhesion energy during a loading-unloading
cycle, i.e. the above mentioned adhesion hysteresis.

In the following sections, the application of the “JKR”-methodology to
measure adhesion relevant to papermaking and especially to the joints
between fibres is presented. This method is, as most experimental
methods are, an attempt to simplify the real system rather than to imitate
it. This work is to try to get a more detailed description of the causal
connections behind the complex issue of the mechanical properties of the
joints between papermaking fibres. Focus is put on establishing the use of
the method for paper related systems and to look more specifically into
the issue of the presence of contaminants inside joints between fines and
fines or between fibres and fines.
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A magnified view of a joint in a fibre-fibre contact point
In the contact points between fibres and fines, the joints are formed
during consolidation and drying of the sheet. Figure 3.3 seeks to illustrate
what a cross-section of such a joint may look like, and several possible
phenomena that affect the adhesion energy have been included to show
the complexity of the problem. The figure includes a montage of two
FESEM micrographs which show the surface of washed kraft fibres
sampled during the residual phase of the cook. These never-dried fibres
were prepared for microscopy using a cryofixation technique which
preserves their open, “wet”, structure. The micrographs were reproduced
from the work of Duchesne and Daniel [67].

Figure 3.3. A hypothetic view of a cross-section of a joint between two fibres. A
schematic drawing of a polyAcrylAmide molecule typically used as an
additive in papermaking and a colloidal particle 0.1µm in diameter are
included for comparison.
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Clearly there are many processes which may take place inside such a joint
which are not described by the thermodynamic work of adhesion:

I. An obvious feature is that only a fraction of the area inside the
joint is in molecular contact, i.e. where the surfaces are close
enough for molecular interactions to occur, with a gap of
molecular dimensions. These areas are indicated as “molecular
contact” in the figure. A very fine scale surface roughness in the
range of 1-2nm can be enough to significantly reduce adhesion
[61]. It should be noted that air filled asperities of that size are
not likely to affect the ability of the joint to scatter light [68, 69].
This has to be considered when using the Kubelka-Munk light
scattering coefficient as a way to assess the bonded area in a
paper sheet. The width of the fibrils seen in the micrographs is
distributed around 20-22nm [67] which means that even this
limited area fraction of a fibre surface is “rough” from an
adhesion point of view.

II. When the surfaces are in contact, rearrangements can take place
which makes the contacting solids reach a more favourable state
and increase adhesion; terms such as interdiffusion,
interdigitation and interpenetration have been used to describe
such processes [70, 71]. On a molecular level, this may be seen
as a way of creating additional contact between molecules and
thus new possibilities of interactions. Reconfiguration of
molecular groups can lead to the development of specific
interactions and also in some cases to the formation of chemical
bonds over the interface [72, 73]. In addition, rearrangements
may also include the adjustment of the contacting solids to one-
another to overcome surface roughness on a molecular or a
microscopic scale.

III. The strength of the molecular interactions across an interface is
determined by the composition of the outmost 5-10 Ångströms
of the contacting solids. This implies that the presence of an
adhesive or a contaminant may significantly affect molecular
adhesion. The presence of foreign molecules between the
contacting solids may act to increase the adhesion by filling
asperities and thus increasing molecular contact. The adhesive or
contaminant may also form a boundary layer, which may be
weak or strong, and can significantly affect the adhesion energy
[64, 74].
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Figure 3.4 shows micrographs of the surface of air-dried sheets made
solely of TMP fines which were obtained using a similar instrument as in
[67]. The pictures show a surface which is heterogeneous on different
scales, both on the micrometer scale and on the nanometer scale. In the
picture of higher magnification, structures which are well below 30 nm in
size can be seen.

Figure 3.4 shows FESEM micrographs of the surface of air-dried sheets made
solely of fines. Two magnifications are shown 5000x and 30000x.

1000 nm

1000 nm
100 nm
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3.2 Measurement of adhesion

The need for a model surface
The surface of papermaking fibres is heterogeneous, rough, fibrillated,
swollen in water and may contain adsorbed substances, both additives and
substances released from the fibres into the water which then have been
re-adsorbed, cf. figure 3.3. The fibrous material of mechanical pulp is
particularly heterogeneous since the yield is as high as ≈95%, i.e. most of
the constituents of the wood remain in the pulp. As shown in figure 2.1
and 3.4, the physical form of the particles of a mechanical pulp are very
different ranging from micro-fines all the way to intact fibres. To be able
to find more general causal connections, this system needs to be
simplified.

As was illustrated in figure 3.3 above, the first requirement is to have as
smooth a surface as possible to ensure molecular contact, preferably
atomically smooth as in the case of cleaved mica. In addition, the surface
needs to be well defined in terms of chemical composition and cleanliness
and it must naturally be a reasonable model for a fibre surface.

Choice of model surfaces
The requirements listed above are hard to meet. The surface of
mechanical pulp fibres is heterogeneous and contains all the components
in the wood; lignin, cellulose, hemicelluloses and extractives. Some
model surfaces made of wood polymers are described in the literature;
Luner and Sandell used films of cellulose, hemicelluloses and lignin for
wetting studies [75, 76]. Neuman et al. used spin-coated cellulose in the
surface force apparatus [77]. Langmuir-Blodgett deposition of lignin
isolated in different ways was studied by Barros et al. [78]. These
techniques were however not used or further developed here, instead
model surfaces used in other investigations at the time of the present work
were used:

Cellulose films deposited by a Langmuir-Blodgett technique
In 1996, Buchholz et al. [79] described the preparation and
characterisation of an extremely smooth cellulose film. This model
surface was prepared from dissolved, chemically modified cellulose by
Langmuir Blodgett deposition (LB) onto a silicon wafer, and was based
on a procedure described in [80].

LB cellulose surfaces deposited onto cleaved mica have been used for
studies of the detailed interaction of cellulose with other surfaces in a
number of investigations using the surface force apparatus, both
interferometric and non-interferometric, and AFM colloidal probe
technique, see e.g. Holmberg1 et al. [81] and [82-87].
                                                          
1 Holmberg, M. was married and is identical to Österberg, M in these
references.
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Oxidised silicon, SiO2

An oxidised silicon wafer provides a smooth inorganic surface, which is
easily accessible. A silicon wafer was oxidised and cleaned as described
by Wågberg and Nygren [59]. This surface is reasonably similar to
papermaking fibres with respect to charge density, which is of the same
order of magnitude [59], the dependence of charge on pH [88], the
presence of OH-groups and the adsorption kinetics [89]. In addition,
similar SiO2 surfaces have been widely used for adsorption studies which
makes it possible to use the same material for detailed studies of both
adsorption and adhesion [59 and references therein].

The model surfaces used in the present work give information which is
not specific to mechanical pulp fines. The cellulose surfaces are naturally
most directly related to fully bleached chemical pulp. The inorganic SiO2-
surfaces may be related to papermaking fibres in a more general way and
also to interactions between DCS and process equipment [VII].

Choice of method
As described above, interactions between cellulose and other materials
and cellulose and cellulose have been studied quite extensively in recent
years using the interferometric surface force apparatus, SFA and non-
interferometric surface force apparatus, MASIF and atomic force
microscopy, AFM [90, 91]. These techniques are all very powerful and
they provide information on both long-range and adhesive interactions.
Using the AFM colloidal probe technique or the MASIF, it is difficult to
account for surface deformations in the contact area, whereas these effects
can be readily studied in the SFA. However, all the above techniques also
have drawbacks in that the measurements are rather time-consuming and
special requirements are put on the substrate surfaces [92].

The “JKR”-methodology was chosen for studying the adhesion properties
of the above surfaces when subjected to different treatments. This
technique utilises the deformation of an elastic lens in contact with
another surface to measure the adhesion between these bodies. The
appearance of the contact and thereby the optical contact area at a given
load is recorded. A relationship between these two measured values and
the adhesion energy and modulus of the system was developed by
Johnson et al. [93] and has become increasingly popular in adhesion
science since 1991 when Chaudhury and Whitesides published their
application of the technique to crosslinked PDMS surfaces [70].

This type of experiment gives information on both surface properties and
interfacial properties in one experiment (as is further described below)
[94]. It is a comparatively easy way to measure adhesion in a well defined
way over a contact area that is somewhat larger than a fibre-fibre contact
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point (about 100 µm in diameter). Measurements using the SFA have
been compared with JKR-type of experiments and the two methods were
found to give similar results [95]. The JKR methodology is believed to be
a valuable complement to the more detailed information that can be
obtained by the other surface force methods mentioned above.

The instrument and a typical measurement
The adhesion is measured by putting two surfaces in contact and pulling
them apart again. At least one of the surfaces must be elastic. The method
utilises the fact that the elastic lens deforms upon contact with another
surface to increase the contact area. The measurement is based on a
simultaneous recording of the load and optical contact area and the data
are evaluated using the well-known theory developed by Johnson,
Kendall and Roberts in 19712 [93].

Figure 3.5 shows the instrument used in the present work. A small lens of
crosslinked polydimethylsiloxane, PDMS, which is smooth and
transparent, was used as a probe in contact with either a flat surface or
another PDMS lens as described by Chaudhury and Whitesides [70]. The
contact area was recorded using an optical microscope connected to a
computer via a CCD camera. The microscope was operated in reflection
mode, which made it possible to use an opaque lower sample. The load
was recorded with µN-resolution using an analytical balance, on which
the lower sample is placed. The z-directional movement of the lens and
the collection of data was handled by a computer equipped with a custom-
made program [VI, VII]. This instrument is in many respects based on
the JKR apparatus built and used by Afshin Falsafi [94]. The instrument
used in the present investigation does not yet allow control of temperature
and humidity and is not automatic to the same extent.

A typical experiment is made as follows: the surfaces are slowly brought
into contact, this often results in a negative load reading on the balance
due to the attractive forces which make the surfaces “jump” into contact,
the PDMS lens is actually pulling the lower sample upwards. The lens is
then gradually pressed towards the lower sample in small steps giving a
fixed change in displacement. This step-size was usually corresponding to
a change in load in the range of 20 mg. The system is allowed to
equilibrate between every step. The load is increased until a given
maximum load is reached, the surfaces are then left in contact for a period
of time and the unloading of the system begins. This is done in the same
step-wise manner as the loading and continues until the surfaces come
apart, i.e. the “pull-off” occurs. All the measurements were made in

                                                          
2 As is easily recognised, the initials of the authors provide the name for
the JKR-theory.
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humid air, at ambient conditions [VI] or in 23°C, 50% RH [VII]. The
measurements were made upon “first approach” of the surfaces, in some
cases a second measurement was made of the same samples on exactly
the same spot, which is then designated “second approach”. The stiffness
and design of this instrument implies that the experiments are
displacement controlled.

Figure 3.5  a) the instrument b) a magnification of the contact area

The geometry of the instrument implies that a relationship between the
measured adhesion and the z-directional strength of paper is expected. As
discussed above, the adhesion between fibres also influences tensile
strength. The measurement of contacting solids in humid air is not
directly comparable to the joints between papermaking fibres since these
joints are formed during drying of the wet fibre web. The results
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presented here provide an important characterisation of adhesion
behaviour of these surfaces and are an initial application of the technique
to the measurement of adhesion related to papermaking. To obtain a more
detailed picture, measurements in different humidity, in water and after
drying should be included (see section 5).

Typical data and their interpretation according to the JKR
theory
Figure 3.6 below shows the cube of the contact radius, a3, as a function
of load, F. Under the experimental conditions mentioned above, the JKR
theory provides a relationship between the cube of the contact radius at a
given load and the adhesion energy W, and modulus of the system, K
[93]. A fit of the experimental data to equation 3.3 below gives values of
W and K.

As seen in figure 3.6, there is a significant difference between the loading
curve and the unloading curve, this adhesion hysteresis is a rather
common feature and lead to an adhesion energy obtained from unloading
data which is always higher than the value obtained from loading data.
The convention adopted in this work is to use WA for the adhesion energy
obtained from loading data and WR for unloading data. The subscripts
refer to “advancing” and ”receding” analogous to measurements of
contact angle.

Figure 3.6 A typical set of data showing a pronounced adhesion hysteresis. The
cube of the contact radius a3 as a function of load F for a small PDMS
lens in contact with a LB-Cellulose film.

Both the minimum load and the last equilibrium point before the actual
pull-off are indicated in the figure. The minimum load is the point of
instability where the “pull-off” occurs in a load-controlled instrument, i.e.
a situation similar to changing a weight hanging from the lower of the
contacting solids. As mentioned above, the large stiffness of the
instrument used in this work implies that the test is displacement-
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controlled, the contacting solids are moved a fixed distance and the
resulting load is monitored. This means that it is possible for the
measurement to continue into the unstable region, since the growth of the
crack may be stopped by the fact that the positions of the surfaces are
fixed. Naturally, upon pulling the contacting solids further apart the
separation (pull-off) eventually occurs.

Up to the point of instability the curves are identical for a displacement-
controlled instrument and a load controlled instrument. In both cases, it is
rather difficult to measure the pull-off force accurately since it marks the
onset of an unstable process (or a catastrophic event in the latter case).
The last equilibrium value before pull-off would then have to be used; it
may however lie rather far from the point on the curve where the pull-off
actually occurs. In this displacement-controlled instrument the point of
instability is more easily determined since there are equilibrium points
recorded both before and after the point of instability. The data analysis
benefits from the fact that this point is identical to the pull-off force in a
load controlled instrument. The point of instability is hence used to
calculate the adhesion energy corresponding to the pull-off force using the
equation given for a load-controlled instrument by the JKR theory (3.8).
This value is referred to as Wmin and represents the energy corresponding
to the maximum (negative) force the system could withstand; an
unambiguous measure of the adhesion of the contacting solids. The
adhesion energy from the pull-off force is often close to the value
obtained from unloading data, WR ≈Wmin > WA.

Another well-known modern theory of adhesion mechanics of contacting
solids is the DMT theory [96]. It differs in that it includes the effects of
attractive forces just outside the contact zone, but it assumes that the
elastically deformed shape are not influenced by these forces. This results
in a different relationship between the pull off force, F, and the adhesion
energy, W. The literature contains several experimental and theoretical
comparisons of the two theories. A continuous transition from the
“DMT”-limit to the “JKR”-limit has been shown when a single
parameter, λ, increases [97]. This implies that the DMT-approximation is
useful for stiff bodies of small radius and surface energy and that the JKR
approximation serves best to describe the adhesion energy of soft
materials with large surface energy and radius [71, 97, 98].

The equations given by the JKR theory are given below, as they are
described in [99]:

The relationship between the cube of the contact radius a3 and the load F:
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Where W is the adhesion energy, K is the elastic constant of the system
and R the equivalent radius.
For the elastic constant the following is valid:
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Where νi, is the Possion ratio and Ei the Young’s modulus.
R is a function of the radii of the undeformed bodies:
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The Pull-Off force is related to the adhesion energy by:
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3.3 Application of the JKR methodology to
adhesion related to papermaking

Two relatively simple cases of adhesion
The properties of the elastic lenses used as probes in the adhesion
measurements were investigated by measuring the self-adhesion of two of
the PDMS lenses. Some of the PDMS lenses were then subjected to an air
plasma treatment which significantly changed their wetting properties and
the self adhesion of those lenses was also measured [VI].

The cube of the contact radius as a function of the applied load as
measured between two PDMS caps in air is shown in Figure 3.7 a. By
fitting the measured curve to theory using eq. 3.3 the work of adhesion
could be determined. It was found to be 44.6–50.6 mJ/m2. The
corresponding surface energy was 22.3-25.3 mJ/m2, which is in close
agreement with the values, 22-24 mJ/m2, reported in the literature [70].

The pull-off force of the last measurement gave a value of the adhesion
energy of W=62 mJ/m2, the value obtained from the unloading curve was
54 mJ/m2. This shows that there is a measurable adhesion hysteresis in
this rather simple system which gave rise to higher values of W from
unloading and pull-off data than from loading data, even though the
loading and unloading curves are hard to distinguish in the figure. This is
the case in all measurements we have made so far (not shown here). This
behaviour of PDMS is also reflected as a small contact angle hysteresis
with water and some organic liquids, which may be due to the low energy
pendant methyl groups and the high energy backbone, Si-O-Si, in the
PDMS polymer [70].
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Figure 3.7. The cube of the contact radius as a function of load for a) self adhesion
of PDMS and b) self-adhesion of oxidised PDMS.
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The results obtained from a similar experiment, using two PDMS caps
subjected to an air plasma treatment are shown in Figure 3.7b. This
surface treatment introduced OH-groups as measured using FTIR (VI).
The contact angle of the PDMS before and after plasma treatment was
monitored qualitatively by putting a droplet of water on a flat PDMS
surface which had been treated in exactly the same way as the caps. The
water formed a round droplet on the untreated PDMS and wetted the
plasma treated surface, which shows that the plasma treatment resulted in
a much more hydrophilic surface. The contact angles were later measured
on a similar set of samples and were found to be 103° and 31°

respectively.

The work of adhesion calculated from the loading data was 47.6 ± 1.5
mJ/m2, comparable to that found for untreated PDMS. The unloading
data, however, gave a much larger value of 107 mJ/m2 for the work of
adhesion. Clearly, here we have a case with a strong adhesion hysteresis
in the JKR experiment. The value calculated from the pull-off force was
112 mJ/m2 in good agreement with the value obtained from the unloading
data.

Clearly we have a case of rather strong adhesion hysteresis, which
indicates some transition upon contact which is not reflected in the
loading data. The value of the adhesion energy obtained from loading
data, WA, is often close to the thermodynamic equilibrium value [100].

The adhesion hysteresis was probably to a large extent due to a mobility
of the polar surface groups, i.e. in contact with air the OH groups would
strive to interact with the PDMS network (which is more polar than air).
The OH-groups would then bury themselves inside the polymer and the
surfaces that interact just outside the contact zone of the lenses will not
experience the effect of the plasma treatment. When the surfaces are in
contact, on the other hand, the OH-groups may reconform to develop
favourable interactions with other OH-groups. This may lead to hydrogen
bonding across the interface, between OH-groups on the opposing
surfaces. This serves as an illustration of one of the mechanisms behind
adhesion hysteresis: the development of specific interactions when the
surfaces are in contact.

The adhesion hysteresis can be considered to be caused by a number of
mechanisms which are reported in the literature [71, 72, 95, 99, 100-104].

Since the breaking of joints (e.g. in a paper sheet) will be affected by this
adhesion hysteresis, a deeper understanding is probably critical to the
development of a technology to control adhesion.
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Adhesion to cellulose
The adhesion between a PDMS lens and a LB-Cellulose film was
measured at ambient conditions [VI].

The results shows a strong adhesion hysteresis which was attributed to the
cellulose surface since the substrate for that film, hydrophobic mica, had
only a very small hysteresis in the range of that of PDMS-PDMS and
negligible in this context, figure 3.8 a and b. This adhesion hysteresis
was shown for the first time to the best of the knowledge of the author.

Figure 3.8 The cube of the contact radius as a function of load for a) adhesion of
PDMS to an LB Cellulose film b) adhesion of PDMS to hydrophobic
mica.
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The adhesion energy obtained from loading data for PDMS/cellulose was
49.5 mJ/m2 whereas the minimum load, the pull-off energy, was four
times higher, 201 mJ/m2. A hypothesis was put forward in [VI] that the
hysteresis was due to “interdigitation” or a rearrangement of the PDMS
and cellulose to reach a more favourable state upon contact, including an
adjustment of the PDMS-lens to a molecular scale roughness which is
known to be present on these films. The rms-value of roughness as
measured with AFM is found to be 0.51nm [81], about half the size of a
cellubiose unit [11].

The possibility of hydrogen bonding between the hydrogen in the OH-
groups of the cellulose and the oxygen in the Si-O-Si backbone of the
PDMS polymer cannot be excluded. The hypothesis of the ability of the
PDMS network to stretch to achieve sufficient proximity and alignment
for hydrogen bonding to occur with OH-groups on the opposing surface is
discussed by Kim et al. [72] who studied adhesion of PDMS to SiO2 and
various self-assembled monolayer surfaces.

This suggestion is supported by the fact that a significant hysteresis was
observed between PDMS and all surfaces containing OH-groups in this
investigation but not in the other cases [VI]. This observation is in
agreement with results by the Ulman group who published a non-linear
relation between adhesion and the number of OH-groups in the surface
[104]. Further support is given by the fact that the hysteresis between
PDMS and LB-cellulose appears to be to a large extent reproducible upon
second approach, i.e. it is possible that the rearrangements are reversible.
This would fit the specific interaction mechanism, i.e. the interactions
develop and are broken and may develop again.

A monolayer of C18-tails was covalently bound to the Cellulose-OH
groups on a LB-film. This was done by treating the film with
octadecyltrichlorosilane in a gas phase reaction under vacuum, as
described by Chaudhury and Whitesides [70]. This reaction made the
cellulose film hydrophobic, the contact angle with water increased from
about 30° to ≈100°.
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The reaction of C18-trichlorosilane onto the OH-groups significantly
decreased the magnitude of the adhesion hysteresis compared with the
untreated LB-Cellulose. The adhesion energy from the minimum load
was about 80-90 mJ/m2 as compared to ≈200 mJ/m2. These initial results
further support the suggestion of specific interactions as a part of the
reason for the observed hysteresis. The adhesion energy obtained from
loading data was also decreased as expected, the values of WA of the
hydrophobic film was about 35-43 mJ/m2. Figure 3.9 shows a typical
measurement of PDMS against C18-Cellulose, the inset shows the values
obtained from a fit of loading data to the JKR-theory and the adhesion
energy corresponding to the minimum load.

Figure 3.9. The cube of the contact radius as a function of load for LB cellulose with

covalently bound C18-tails (● loading, □ unloading). The inset shows
the values of adhesion energy obtained from loading data and minimum
load according to the JKR-theory.

In most cases a combination of many different causes of the hysteresis is
probable and contributions from surface roughness and chemical
heterogeneity should be included [64]. The analogy to contact angle
hysteresis is clear [61, 71]. To find the causes of this adhesion hysteresis
and their relative importance is a complicated and difficult task and firm
conclusions cannot be drawn at the present state. The phenomenon of
adhesion hysteresis can be measured quantitatively in a set up like the
instrument used in this investigation, and the effect of various treatments
of practical relevance can be studied in a straightforward way.
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The measurements in [IV] are summarised in table 3.1 below and
compared with the values of the thermodynamic work of adhesion W12

estimated from the dispersion part of the surface energies,
ddW 2112 γγ≈ [61]. Table 3.1 shows that the loading data gave a value

of the adhesion energy rather close to the thermodynamic equilibrium
value, as expected [100], and that the situation upon unloading may be
quite different.

Table 3.1 Comparison of calculated and measured values of adhesion energy, W

System: Calculated work of
adhesion, W12,
(mJ/m2)

Measured adhesion energies
(mJ/m2)

W loading W unloading W ”pull-off”

PDMS / PDMS 44 [70] 44.6 54 62

Oxidised PDMS/ Oxidised
PDMS

- 48 107 112

PDMS / Mica 52 [105] 59 -* 64

PDMS / Hydrophobic mica 44 [106] 40 -* 63

PDMS / Cellulose 55 [107] 50 -* 201

*) A fit of unloading data to the JKR –equation was not possible

The inorganic model surface, SiO2

An oxidised silicone wafer was used for a number of adhesion
experiments. Samples obtained from similar wafers have been used for
detailed studies of adsorption [59] and it was decided to use this type of
surface for studying both adsorption of dissolved and colloidal material
[V, VII] and its effect on adhesion [VII].
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The silicone wafer was oxidised in 1000° C in air as described by Dijt et
al. [108]. This resulted in a SiO2 layer thicker than 10nm as measured
using ESCA. The surface properties of the untreated and oxidised wafer
are summarised in the table 3.2:

Table 3.2 Surface properties of the oxidised and the untreated silicone wafer

Sample Contact
angle
with
water (°)

O/Si atomic ratio,
based on ESCA
measurements

Comment

Silicone wafer 31 ±1.4 0.53 The surface was covered by a
thin native oxide layer (<5nm).
Most of the silicone signal in
the ESCA originated from Si in
the underlying wafer

Oxidised
silicone wafer

52 ±0.7 1.91-1.94 The oxide layer was thicker
than the depth of analysis
(>10nm). The higher contact
angle was probably due a
change in the balance
between siloxane (Si-O-Si,
hydrophobic) and silanol
groups (Si-OH, hydrophilic)
compared with the native
oxide layer on the untreated
wafer

The surface composition, as measured using ESCA, also revealed the
presence of carbon on both of the surfaces. The amount of carbon atoms
was on the same level as is normally given by air-borne contaminants
(7.3-11.5 atom %). The contribution to the oxygen signal from the carbon
compounds was negligible [109].
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The surface roughness of the untreated wafer was on the nanometer level
and appeared to increase somewhat by the oxidation process, as judged
from the topography images measured using AFM, figure 3.10. The rms
roughness-values were 0.10 nm and 0.11nm respectively.

Figure 3.10. AFM topography images of a) the untreated silicone wafer and b) the
oxidised silicone wafer.
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Adhesion to SiO2
The adhesion of PDMS to the bare SiO2 surface was measured [VII].
Figure 3.11 below shows the cube of the contact radius as a function of
load for a PDMS cap pressed against a similar PDMS cap and for a
PDMS cap adhering to a bare silica surface, both measured in air at
ambient conditions. In the former case, the curves showed no significant
hysteresis, as expected (cf. figure 3.7a), and the work of adhesion
obtained by fitting the data to the JKR theory was WA=42 mJ/m2 which is
in good agreement with the literature and previous results [70]. In
contrast, the corresponding curves for PDMS against silica showed a very
large hysteresis, which is in full agreement with the results reported by
Kim et al. [72]. The loading data gave a value of WA=53 mJ/m2. It was
not possible to fit the unloading data to the JKR theory due to the shape of
the curve, but the adhesion energy obtained from minimum load was
Wmin=884 mJ/m2.

Figure 3.11. The cube of the contact radius as a function of load for PDMS-SiO2

(open symbols) and PDMS-PDMS (solid symbols).

The adhesion between PDMS and bare silica was found to be highly
dependent on contact time, a power law fitted well to the data which is
also the case for the adhesion of two silica surfaces as shown by Vigil et
al. [73]. A contact time was chosen for the standard experimental protocol
where the adhesion had reached a “plateau-value” and the changes with
time were small. Different types of interactions have been suggested to
account for the time dependent effects in adhesion to silica. Kim et al.
claimed that the surface mobility of the PDMS can lead to sufficiently
good proximity and alignment for hydrogen bonding to occur between the
siloxane groups (Si-O-Si) in the PDMS network and silanol groups (Si-
OH) on the opposing surface [72]. The time dependence would then arise
from the reconformation of the PDMS network. Vigil et al. [73]
suggested that chemical bonds can be formed across the interface when
two silica surfaces come together, by “sintering” reactions.

Further, we note the similarity between the present results and those
obtained for PDMS/cellulose, figure 3.8a [VI].
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Influence of “contaminants” on the SiO2 surface

A monolayer of C18 tails
The influence of the presence of a “contaminant” on the SiO2 surface was
investigated by depositing the thinnest possible layer of C18-tails onto the
silica. A treatment of the SiO2 with the vapour of octadecyltrichlorosilane
gave a monolayer of C18-tails covalently bound to the surface by siloxane
links [70, 110]. This gave a very hydrophobic surface, as qualitatively
judged by placing a droplet of clean water onto the surface. It is assumed
that our sample was not covered by a perfect monolayer, since the art of
making such layers is complicated and has become its own branch of
natural science, see for example [111]. Our procedure was by no means
optimised with respect to moisture etc.

This treatment did indeed decrease the adhesion, figure 3.12. The work of
adhesion from loading data was reduced to 34-40 mJ/m2 depending on
where on the surface the measurement was made. The magnitude of the
hysteresis in the unloading curve and the minimum load was dramatically
decreased by the C18-tails, giving an adhesion energy from the minimum
load (“pull-off force”) of 59 mJ/m2. The thinnest conceivable layer of a
substance with an unfavourable interaction with the PDMS was sufficient
to decrease the adhesion in the present system quite significantly. This
implies that the presence of a very thin layer of a “contaminant” on a
papermaking fibre will most probably decrease the fibre-fibre adhesion.

Figure 3.12. The cube of the contact radius as a function of load for PDMS against

bare silica (○,□) and PDMS against silica covered with a layer of C18-

tails bound to the silica by siloxane links (●, ■).
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The build up of multilayers in papermaking
The above results show that the presence of a contaminant can very
significantly influence adhesion. It is perhaps necessary to point out the
connections between the present adhesion studies and papermaking once
more.

Previously (see section 2.4) it was shown that the adsorption of colloidal
wood extractives onto the surface of mechanical pulp fines may reduce
the ability of the fines to provide tensile strength to a sheet [I, II, IV]. In
[IV] this adsorption onto the fines was made by saturating the surface of
the fines with a cationic polymer before water containing the anionic
colloidal wood extractives was added.

The modern papermaking process is a highly closed system, where the
process waters are circulated in internal loops. The process waters contain
fibres and especially fines which are circulated for a period of time,
before they are retained in the paper web.

The fibrous material is of anionic charge in water. Cationic polymers are
added to the pulp suspension and adsorbed onto the surface of the fibres
and fines, enabling adsorption of anionic dissolved and colloidal
substances. From the point of view of an individual fibre it is thus
possible to encounter cationic and anionic species consecutively in
several “cycles” if the fibre is recirculated in the process water. Figure
3.13 below is meant to illustrate that this process closely resembles a
typical multilayer experiment [112], in which several layers are applied to
a substrate by consecutive adsorption.

Figure 3.13. A schematic picture of a paper machine with a closed loop process
water system
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The experiments shown in [IV] would then correspond to the first of
several possible adsorption cycles. This may be one reason for the more
detrimental effect on tensile strength of fines from mill white water
samples [I, II] compared with the laboratory investigation [IV].

The following sections describe the build up of multilayers of a cationic
polymer and anionic dissolved and colloidal substances with respect to
both adsorption and adhesion, using SiO2 as a model surface.

Multilayer adsorption onto SiO2 as monitored using a
reflectometry technique
The method to prepare a model white water described in [IV] was used,
including the separation of the DCS into a fraction free from colloidal
particles, DS, and a fraction somewhat enriched in colloidal particles, CS.
Figure 3.14a shows the consecutive adsorption of “colloidal substances”
and “dissolved substances”, CS or DS, and polyDMDAAC onto silica as
a function of time. The change in polarisation of a laser beam reflected off
the surface was used to monitor the adsorption. This change is the
primary signal, which can be related to the adsorbed amount through a
relation involving the change in refractive index with concentration, as
described by Wågberg and Nygren [59]. A schematic of the experimental
set up for the measurement of adsorption is shown in figure 3.14b.

Figure 3.14a primarily illustrates the build up of several “layers” upon
changing from cationic polymer solution to anionic CS (or DS), to
cationic polymer solution etc. This is analogous to a typical polymeric
multilayer experiment as described by Decher [112]. The exposure of the
silica surface to the cationic polymer lead to an over-compensation of the
anionic charge. This gave a surface of net cationic charge able to interact
with the anionic DS or CS, which also resulted in over-compensation
leaving charged groups available for the next step in the adsorption
sequence. In this way the consecutive adsorption proceeds. The excess
charge is localised in the outmost part of the multilayer assembly as
shown by Schlenoff et al. [113, 114] for synthetic polymers. Whether this
is true for colloid/polymer assemblies remains to be investigated.
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Figure 3.14 a) The adsorption onto a silica surface as a function of time, upon
exposing it alternately to a water solution of cationic polymer and
to water containing anionic CS or DS. b) The adsorption was
monitored as the change in polarisation of a laser beam reflected
off the surface. Is and Ip are the perpendicular and parallel
components of the reflected intensity, used to define a quantity S.
S0 is the value for the bare surface and Γ the adsorbed amount.
As is a sensitivity factor proportional to the refractive index
increment with concentration, dn/dc.
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It is obvious that the consecutive adsorption leads to a much higher
adsorbed amount compared with the amount which is obtained in a single
step, both in the case of CS and DS. The adsorbed amount of CS is
approximately the same regardless of the number of layers whereas the
amount of adsorbed DS is higher in the first layer compared with the
following layers. It was suggested that this was related to desorption,
presumably of loosely associated aggregates of DS, through a
complexation with the cationic polyelectrolyte. This phenomenon was
shown to occur when the surface was exposed to water before changing
adsorbent, i.e. when “a washing step” was included in the experiment
[VII]. This washing was demonstrated using DCS water, it is suggested
that the desorption of loosely associated DS almost balances the
adsorption so that the net change in the signal becomes very small. The
fact that multilayers build up on the surface also in the case of the DS
water implies that adsorption did take place and that the surface was most
likely re-charged in every step.

The adsorbed amounts were higher for the water containing colloidal
particles, which indicate that the colloid was adsorbed significantly onto
the polymer layer on the silica surface, since the dissolved fraction is
present in both waters. This is supported by an SEM examination of the
silica surface, figure 3.15. Particles below 1 µm in size are clearly visible
on the surface, these particles are likely to be colloidal wood extractives
since they are in the same size range as the particles normally found in
DCS-containing water [7, 115].

Figure 3.15. A SEM micrograph of a silica surface after exposing it to a cationic
polymer and anionic DCS.
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Adhesion to SiO2 surfaces bearing multilayers
It was demonstrated above that a quite substantial adsorption of DCS may
take place due to the build up of polymeric multilayers on silica surfaces.
Adhesion on a molecular scale is commonly said to be governed by the
outmost 5-10 Ångströms of the adhering surfaces, this multilayer
adsorption was therefore considered to most likely affect the adhesion
properties of the silica. To study the effect of the build up of multilayers
on adhesion, silica surfaces bearing different numbers of layers were
prepared and their adhesion properties were measured in air at ambient
conditions.

The first adsorbed layer, polyDMDAAC
Figure 3.16 shows the adhesion of PDMS to a silica surface bearing a
layer of polyDMDAAC, the hysteresis is now much less pronounced
compared with the bare silica surface (cf. figure 3.11). Both the work of
adhesion determined from loading data and the “pull-off” energy were
lower, 41 and 49 mJ/m2 respectively. This indicates that the polymer
adsorbed onto the surface blocks the specific interactions which may
develop with time between the PDMS and the silica.

Figure 3.16. The cube of the contact radius as a function of load for PDMS-
polyDMDAAC/SiO2.

Both of the suggested mechanisms referred to above would indeed be
blocked by an adsorbed polyDMDAAC layer, since the polymer is not
capable of hydrogen bonding or the “sintering” reactions. The hydrogen
bonding mechanism appears to be supported by a measurement of the
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adhesion of PDMS to a layer of polyVinylAmine, PVAm, adsorbed onto
silica. In this case, a pronounced hysteresis was found, giving a “pull-off”
energy of 270 mJ/m2. This observation is supported by several
measurements involving this polymer, in which a strong adhesion
hysteresis was always observed [116].

The negative effect of polyDMDAAC seen in our measurements appear
to be valid also for fibre-fibre adhesion, which is demonstrated using
rayon fibres [117].

Multilayers of polyDMDAAC and DCS on SiO2

SEM micrographs of the samples bearing multilayers of dissolved and
colloidal substances revealed their irregular nature, cf. figure 3.13. This
was also reflected in a large variation in the adhesion measurements,
depending on which part of the surface that was sensed by the probe. This
variation is believed to reflect properties of the system rather than being a
consequence of a high variability in the experimental procedures. The
measured differences in adhesion between the samples were so significant
that they were not overshadowed by the variations within the samples.

The values of work of adhesion obtained from loading data are included,
even though the effects of irregularities in a surface on this value are not
sufficiently well known. The minimum load on the other hand, is an
unambiguous measure of the maximum force the system can withstand.
This value was used for the evaluation of all the silica surfaces bearing
multilayers and the corresponding adhesion energies were calculated
using the expression given by the JKR theory.

Table 3.3 shows the work of adhesion based on the minimum load (“pull
off force”) measurements, for silica surfaces exposed to increasing
numbers of polyDMDAAC (p) /DCS (D) adsorption cycles. Typical
values have been selected to illustrate the observed trends.

Table 3.3. The adhesion energies of PDMS adhering to SiO2 bearing multilayers of
PolyDMDAAC (p) and DCS (D) in different numbers. The values were calculated
from loading data and from the minimum load (”pull-off force”).

Adhesion energy, W
(mJ/m2)

SiO2 SiO2/p SiO2/p/D SiO2/p/D/p/
D/p/D

SiO2/p/D/
p/D/p/D/p/
D/p/D

Wloading obtained from
loading data

53 41 49 57 52

W”pull-off” obtained
from minimum load

884 49 475 536 574

As shown above the adhesion energy decreased with the first
polyDMDAAC layer. The adhesion between this comparatively soft
elastic probe and the stiff mineral surface was affected to a large extent by
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the consecutive adsorption of colloidal wood resins and a cationic
polymer. The build up of a multilayer assembly on the stiff silica surface
resulted in increased adhesion energy, even slightly above the level of the
adhesion of PDMS to a bare silica surface in another preparation. The
multilayer assembly containing three “layers” was heated to 105°C in a
closed container and allowed to cool to room temperature before the
container was opened. This gave a drastic decrease in the adhesion, as
shown in table 3.4.

For reference, wood resins extracted from the same pulp as the DCS were
applied to silica in two ways; by cast coating from acetone solution and
by deposition from vapour phase (in a similar way as the heating
experiment described above). The former treatment resulted in a thick,
rough layer. The energy required to pull the probe out of this soft layer
was large, resulting in pull off energies between W=1270- >2000 mJ/m2.
The probe left a crater shaped deformation in the soft layer. A micrograph
of this deformation, recorded in the adhesion instrument after separation
of the surfaces, is shown in figure 3.17. The vapour deposition resulted in
a partial coverage of thin “domains” which gave a low adhesion energy
compared with the bare silica.

Table 3.4.  The adhesion energies of PDMS adhering to SiO2 bearing multilayers of
PolyDMDAAC (p) and DCS (D) in different numbers. Wood extractives deposited
from acetone solution and in vapour phase were included for reference. The values
were calculated from the minimum load (”pull-off force”).

SiO2/p/D/
p/D/p/D

 d:o heated
to 105°C

Wood resins on
SiO2 applied by
cast coating,
(thick layer)

Wood resins
on SiO2

deposited in
vapour phase
(thin layer)

Adhesion energy
from minimum
load (mJ/m2)

1090 46 1270 - >2000 107

Figure 3.17. A remaining deformation after pulling out the PDMS lens from a thick,
rough layer wood extractives applied onto SiO2 by solvent coating.
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The reason for the increase in adhesion with an increasing number of
“layers” may be that the multilayer assembly formed a soft phase on the
stiff mineral surface, which gave rise to additional energy dissipation
during the adhesion measurement due to deformations of this soft layer.
This is known to affect the adhesion significantly, for example it has been
demonstrated that the adhesion between PMBA surfaces is enhanced by
more than two orders of magnitude if the temperature is increased above
the glass transition temperature of the polymer. This increase in adhesion
was associated with a deformation of the surfaces upon separation,
causing the energy dissipation [101].

The suggested mechanism is further supported by the fact that none of the
components of the multilayer increased the adhesion by itself when
applied in a thin layer onto silica, i.e. the cationic polymer or the wood
extractives (represented by the sample where the extractives were
deposited by from the vapour phase).

This observation shows the complexity of the phenomenon of adhesion,
where not only the molecular interactions come into play, but also the
mechanism of breaking the joint. To get a detailed description of why
adhesion is high or low in a given case “we need to study the adhesion on
three different levels, from molecules, through mechanisms, to
mechanics”, as stated by Kendall [64].

In the case of the multilayer assembly, it seems probable that the
contaminant decreases the molecular adhesion, as demonstrated by
application of a monolayer of C18 onto SiO2 (cf. figure 3.12) but that a
secondary effect becomes significant, i.e. energy dissipation due to the
deformation of a soft layer will give a contribution to the adhesion
energy. Kendall [64] describes this phenomenon using a practical
example; a chewing gum stuck to a carpet. The molecular adhesion of a
chewing gum to the carpet is relatively weak and yet the chewing gum is
very hard to remove. A solution to that problem is to freeze the chewing
gum which makes it hard and reduces the energy dissipation due to
viscoelastic deformations. The chewing gum is then more easily removed,
since little more than the weak molecular adhesion has to be overcome.
This is fully consistent with the work of Luengo et al. [101].

It seems likely that the dramatic decrease of the adhesion upon heating of
the three-layer assembly was due to rearrangement of the multilayer upon
heating. This could occur by melting the colloidal particles and by
redistribution of some components in the vapour phase (as shown in
table 3.4) or a combination of the two. SEM micrographs seem to
indicate that melting has occurred. This not surprising considering that the
melting point of “wood resins” is probably well below 105°C, since some
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of the common fatty acids have a melting point in the region of
approximately 30-70 °C [118] and even below 0°C in the case of
polyunsaturated carbon chains.

A rearrangement in which fatty acids are evaporated and then deposited
onto the top of the layer would probably be of influence, since fatty acids
are known to decrease friction [119], adhesion [120] and also paper
strength [50]. The fatty acids were pointed out as being the most
“detrimental” component group among wood extractives.

Swanson and Cordingly [121] shows in an elegant experiment that a fatty
acid representative of those present among extractives, stearic acid, is
readily deposited onto paper by vapour phase deposition at the
temperature used in the present investigation (105°C). A possibility that
should be mentioned is that the layer of hemicelluloses covering the
colloid [122, 123] was influencing the adhesion properties of the
multilayer assemblies and that these hemicelluloses were affected by the
heating. The present results do not support any firm conclusions regarding
which mechanism that is the most important. The interesting observation
is that the re-distribution of wood extractives (or possibly hemicelluloses)
upon heating seemed to have such a large influence on the adhesion.

This observed effect of heating could also be a reason for the lower
strength of fines from mill white water samples with extractives on their
surface [I, II] compared with fresh fines partially covered with extractives
which were adsorbed onto their surface at room temperature [IV].

A model substance for “contamination” by wood extractives
The complexity of the dissolved and colloidal substances as indicated e.g.
in figure 3.15 shows the need for a more idealised set of measurements to
support the interpretation of the results.

Stearic acid (n-octadecanoic acid) was chosen as a model substance since
it is representative for a major component group among the extractives,
fatty acids. It is also a well characterised substance used in many
investigations for the purpose of surface modification, see e.g. [120, 121,
124].
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The stearic acid was deposited onto silica from the vapour phase [121] in
a similar way as the wood extractives above. This procedure gave a
partial coverage of stearic acid, which was present as patches of different
size and number on the silica, ranging from approximately 10µm down to
below 1µm essentially giving a hydrophobicity gradient in the surface.
Adhesion measurements were made on several places on the samples and
it was found that this difference in size of the deposits did not change the
general effect of the stearic acid; to decrease the magnitude of the
adhesion hysteresis. An AFM image showing some of the largest domains
on the surface is shown in figure 3.18.

Figure 3.18 Patches of stearic acid deposited onto silica from vapour phase

The contact angle with water of the silica surface increased from 52 ±0.7°
to 83 ±3° when the stearic acid was applied. An unusual observation was
made during the measurement of the contact angles, the droplet of water
“jumped off” areas of the sample with a high degree of coverage and
came to rest in an area covered with stearic acid to a lesser extent.
Chaudhury and Whitesides have demonstrated that droplets move on a
gradient surface and that it is even possible to make water run uphill on
such a surface [125]. This shows that the high hydrophobicity of parts of
the sample was not fully reflected in the measured value of the contact
angle.

The main effect of the stearic acid on adhesion was to decrease the
magnitude of the adhesion hysteresis and thereby the minimum load
(“pull-off force”), figure 3.19. This decrease in adhesion is in agreement
with measurements of monolayers of stearic acid on mica in the surface
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force apparatus by Israelachvili and Tabor [120]. When the surfaces
where brought together in their experiments, the stearic acid coating did
not affect the “jump-in” distance, but it did change the attractive forces at
separations less than 2 nm, which gave an adhesive minimum much
smaller compared with bare mica.  The surfaces coated with stearic acid
gave a work of adhesion around 60 mJ/m2 whereas bare mica surfaces in
humid air are known to have a work of adhesion near 300 mJ/m2. The
interpretation is that the surface covered with stearic acid interacts with
van der Waals forces only, and that the monolayer prevent strong short
range forces which otherwise dominate the adhesion of bare mica
surfaces.

Figure 3.19. The cube of the contact radius as a function of load for PDMS against

bare silica (○) and PDMS against silica partly covered with stearic

acid (■ first approach, ◇ second approach).

The adhesion energy WA from loading data in our experiments was rather
high as measured on first approach, 59 mJ/m2. This is much higher than
what would be expected for a layer of C18-tails covering the surface, a
value of the surface energy of octadecane, C18H38, of 28 mJ/m2, is given
by Israelachvili [61]. The higher value reported here could be due to the
incomplete surface coverage of the stearic acid. It is also possible that the
fatty acid molecules could rearrange to expose their polar head group to
the surface upon contact with the PDMS. The adhesion energy obtained
from the minimum load (“pull-off force”) was 223 mJ/m2, about 25% of
the corresponding value for bare silica.

The patches of stearic acid were clearly visible through the optical
microscope during the initial part of the adhesion measurement. They
gradually became invisible as the loading part of the experiment
proceeded and the contact area did not contain any visible patches after
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unloading and separation of the surfaces. The stearic acid was at least
partly transferred to the PDMS lens, where it was found after separation
as solid patches rather similar to those initially seen on the silica, as
observed using AFM imaging.

This redistribution gave a lower value of the work of adhesion when the
measurement was repeated on exactly the same spot (second approach),
WA = 42 mJ/m2. It may be speculated that this was due to a more
complete coverage of stearic acid on the silica. The unloading curves and
values of the minimum load were however quite similar both on first and
second approach. This is reasonable considering that the initial
distribution of the stearic acid should affect the loading part of the
experiment, and the redistribution during the compression probably gave
a similar situation in the unloading part of the measurements on both first
and the second approach. It may be speculated that the redistribution of
stearic acid was due to capillary melting in the narrow slit between the
PDMS and the silica, which is the result of a depression of the melting
point due to wetting of the surfaces of the liquid stearic acid in preference
to the solid. This is demonstrated to occur for n-octadecane confined
between mica surfaces in a surface force apparatus by Maeda and
Christenson [126].

This observed melting of the solid stearic acid is interesting since it
means that colloidal wood extractives may well be smeared out to cover
much more of the fibre surfaces than the size of the colloidal particles
indicate. This melting will probably take place at normal papermaking
temperatures. If the spreading over the surface does not occur
spontaneously, it is likely to happen if a colloidal particle is trapped
between two fibres when they are pulled together by the disappearing
water meniscus during drying. Further, if the decrease in adhesion caused
by only a very thin layer, even a monolayer (cf. figure 3.9 and 3.12), is
valid also for the formation of a strong joint between two papermaking
fibres, this melting and smearing out would be very significant for paper
strength. A relationship between the surface coverage of wood extractives
on the surface of mechanical pulp fines and the strength of sheets formed
of these fines has previously been shown, figure 2.13 [IV]; in a real
system there seems to be a critical degree of surface coverage where the
strength begins to decrease.
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Further, the presence of extractives on the surface may decrease the extent
to which e.g. interdiffusion of the surface layers of fibres into one another
[127] or other types of beneficial rearrangements can occur. Pelton et al.
[128] showed that the presence of miscible polymers on the surface of
fibres increased sheet strength, whereas immiscible polymers decreased
sheet strength. This was interpreted as being an effect of the compatibility
of the surface polymers, which could affect fibre-fibre adhesion by e.g.
interdiffusion.

Effect of different size and number of patches
A trend was observed in the adhesion energies measured on different
areas of the sample. It seemed like smaller and thinner patches of stearic
acid and an increasing surface coverage both gave a decrease in the work
of adhesion obtained from both loading data and from the pull-off force.
Figure 3.20 shows an illustration of this trend. This observation is
consistent with the fact that the WA decreased upon second approach,
when the stearic acid had been redistributed from a partial coverage of
patches to form a thinner, more uniform layer, and the observation that a
thicker soft layer gives a stronger adhesion. Smaller patches also mean
thinner deposits in this experiment, since the patches decrease in diameter
and in height at the same time.
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Figure 3.20. Micrographs from the adhesion measurements showing patches of
different size deposited onto the silica surface. The in-sets show the
corresponding values of the adhesion energy obtained from loading
data, WA , and from the pull-off force, Wp, including a crude estimation
of the surface coverage, φ.

WA=58.6; Wp=223 [mJ/m2 ]
Φ≈0.07

WA=44.3; Wp=162 [mJ/m2 ]
Φ≈0.3

Wp=70-97 [mJ/m2 ]
Φ≈0.4
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4. Conclusions

Fines

1. Fines from fresh thermomechanical pulps and groundwood pulps
increase the light scattering coefficient of a sheet in a similar way
from a starting point set by the properties of the larger pulp fractions.
This is in good agreement with literature data. Differences in light
scattering coefficient of mechanical pulps are therefore more likely to
be due to differences in the properties of the coarser fractions than
the fines.

2. The specific surface area of the sheets related to pores larger than
0.2µm in diameter, as measured using mercury intrusion porosimetry,
showed a linear relationship with the light scattering coefficient. The
porous structure of sheets containing different amounts of fines,
including sheets made solely of fines, was related to the light
scattering coefficient in the same way as the pore structure of filled
sheets. This was true for two pulps with large differences in light
scattering coefficient, stone groundwood, SGW and thermo-
mechanical pulp, TMP.

3. The tensile strength of the fines fraction and the coarser fractions of
fresh thermomechanical pulps seemed to develop simultaneously
with increasing mechanical treatment.

4. The tensile strength of fresh mechanical pulps was found to increase
linearly with the density of the sheets, in agreement with literature
data. A broad range of degrees of mechanical treatment of TMP was
included (CSF ≈700-90) as well as a well beaten SGW (CSF ≈30).
This relationship was found for all different fines contents of each
pulp. In a diagram of tensile index plotted against sheet density, the
sheets made solely of fines were found in a region of higher density
but showed a similar relationship, though with larger variations.

5. The mixture of particles of different morphology which constitute the
fines fraction was discussed. Based on literature data and supporting
experiments it was concluded that the flake-like particles of a TMP
give a contribution to tensile strength in the lower range of what is
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expected for the fines fraction as a whole. This means that a well-
beaten TMP most likely contains flake-like fines which give a high
contribution to tensile strength. Two types of particles which
contribute less to tensile strength was pointed out based on literature
data: ray-cells and fines derived from knots.

6. Fines fractionated from mill white water samples were investigated
and found to give a poor contribution to tensile strength when added
to a fresh fibre fraction and also to be darker compared with fresh
fines.

7. There were large variations in the properties of the fines fractionated
from white water over time.

8. The lower contribution of fines fractionated from white water to the
strength of handsheets could not be attributed to enrichment of
particles in the white water with an inherent poor ability to give sheet
strength, i.e. when fractionated from a fresh pulp (see above: ray cells
or fines derived from knots). The morphology was evaluated using
light microscopy.

9. The bulk chemical composition, apart form the extractives content, of
the fines from the white water was in the range of what was found for
fresh fines. The best agreement was with fresh fines which passed a
200 mesh wire but did not pass a 400 mesh wire using the
fractionation procedure described in II. There was also a good
agreement in particle size and in morphology as judged from the
micrographs. The significant difference was the extractives content of
the fines from the white water which was much higher than that of
the fresh fines.

10. The white water fines were more hydrophobic, measured as the
contact angle with water, and their surface composition determined
using ESCA indicated a higher amount of extractives on the surface
of these fines. Both the oxygen to carbon atomic ratio and the
detailed analysis of the high resolution spectra indicated a higher
amount of extractives.

11. The sample of fines from white water with the lowest ability to give
sheet strength found in this investigation was selected for further
treatment. The contribution of the original sample to sheet strength
was actually negative. It was found that extraction using acetone
restored the contribution to tensile strength of these fines to the level
of fresh fines, which shows that extractives present on the surfaces of
these fines was a major reason for their negative effect on the tensile
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strength. This result shows the major reason behind a problem which
has been known from mill experience for quite some time.

12. The fines from white water were considerably darker than fresh fines,
measured as the light absorption coefficient of the sheets. The
reflectance factor at 560nm (≈Y-value) corresponding to a thick pile
of sheets was calculated assuming a constant light scattering
coefficient and light absorption coefficients ranging from fresh fines
to white water fines. The most significant decrease for a sheet
containing 25% would be from a Y-value of 75 to 64% when all fresh
fines were replaced with fines from white water. A part of this dark
colour was associated with contaminants that could be removed by
the acetone extraction and the resulting Y-value (estimated as above)
was 68%.

13. Well defined fractions of a “white water” manufactured in the
laboratory were adsorbed onto TMP fines which were saturated with
a cationic polymer. The effect of this adsorption on the properties of
handsheets made solely of fines was studied. No significant effect of
solely the dissolved fraction on tensile strength was found in these
experiments. All water fractions containing colloidal particles gave a
decrease in tensile strength. This decrease appeared to be related to a
“critical” level of surface coverage of extractives, as determined
using ESCA, at which the strength began to decrease.

14. The light absorption coefficient was increased in a similar way by all
water fractions, which suggests that the dissolved fraction contained
the most significant part of the chromophoric material.

15. The effect of two enzymatic treatments of the water fractions
containing DCS was investigated using the above method. A
treatment with mannanase lead to a decrease in tensile index, whereas
untreated DCS and a lipase treated sample gave no significant
decrease. A combined treatment with mannanase and lipase gave the
most pronounced decrease in tensile index. No differences in the
overall extractives contents was found which could explain the
differences in strength. It was suggested that the mannanase
treatment affected the adsorption of the colloid to make it more
detrimental to sheet strength. When this adsorption took place the
composition of the colloidal particles became significant so that the
increased content of fatty acids due to the lipase treatment gave a
decrease in tensile strength. Without the mannanase treatment, it
appeared that the colloid was retained in a less detrimental way and
the lipase treatment had little effect on tensile strength.
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16. An attempt was made to study the adsorption of the differently
treated DCS onto a model surface, SiO2, on which the same cationic
polymer was adsorbed as on the surface of the fines. Using a
reflectometry technique to measure the adsorption, no differences in
adsorbed amounts could be detected which could explain the
differences in sheet strength.

17. The densities of sheets made of fines from white water, extracted or
not, and fresh fines added to the same fresh fibre fraction were found
to be similar (at a similar fines content) even though the tensile index
was quite drastically different. This was taken as an indication of a
lower strength of the joints between the fines due to adsorbed
extractives, rather than a decrease in strength due to a poor
consolidation of the sheets. It was therefore decided to specifically
study adhesion properties of model surfaces relevant to papermaking.

Adhesion

1. The JKR-methodology has been applied to the measurement of
adhesion to surfaces with relevance to papermaking, especially
cellulose. Lenses made of crosslinked polyDiMethylSiloxane
(PDMS) were used as probes. It was found that the adhesion energies
obtained from loading data was close to the expected values of
thermodynamic work of adhesion as estimated from the surface
energies of the different materials. Upon unloading the situation
could be quite different.

2. The adhesion energy corresponding to the ”pull-off”-force was
determined in a new way: The point of instability, which is well
documented in this displacement controlled measurement, was used
as a measure of the point where the pull-off occur in a load controlled
measurement. The adhesion energy was then calculated using the
equation given by the JKR–theory for a load controlled experiment.
This was believed to give a more accurate value of the pull-off force
since it does not rely on the determination of the onset of a
catastrophic event.

3. The adhesion to cellulose was strongly hysteretic, i.e. the difference
in adhesion energy in a loading-unloading cycle was large. The
energy needed to separate the PDMS probe from contact with the
cellulose was about four times the adhesion energy obtained from
loading data. This was shown for the first time to the best of the
knowledge of the author. A better understanding of this adhesion
hysteresis is probably important to be able to control adhesion in real
systems.
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4. It is suggested that this adhesion hysteresis may be due to specific
interactions formed upon contact, since the measured loading-
unloading cycles were similar upon first and second approach.
Literature reports claim that hydrogen bonding may develop between
OH-Si on a SiO2 surface, and Si-O-Si in the PDMS backbone. If that
is the case, cellulose-OH and Si-O-Si may be regarded as potential
sites for hydrogen bonding.

5. The magnitude of the hysteresis was shown to decrease by the
coverage of the cellulose of a monolayer of C18H38- tails, covalently
bound to Cellulose-OH by siloxane links. This shows the importance
of the outmost layer for adhesion and further indicates that the
adhesion hysteresis was due to rearrangements on a molecular scale.

6. It was demonstrated that multilayer adsorption may well occur in
papermaking, both onto process equipment and onto the surface of
fibrous material.

7. The formation of multilayers of a cationic polyDMDAAC and
anionic dissolved and colloidal substances released from the pulp on
a SiO2 model surface was measured using a reflectometry technique:
 The dissolved substances were adsorbed onto the surface in a

multilayer when studied separately.
 When water containing both dissolved and colloidal substances

was used, colloidal particles were adsorbed onto SiO2. This lead
to much higher adsorbed amounts than adsorption in a single
step. The adsorbed amounts increased in a similar way for
several adsorption cycles without showing any tendency to stop.

8. This multilayer adsorption had a profound effect on the adhesion to
the SiO2 surface:
 The adhesion between PDMS and a bare SiO2 -surface was

exhibited strong hysteresis and increased with contact time. This
is in agreement with literature data and was probably due to
specific interactions between the contacting solids.

 The first adsorbed layer of cationic polyDMDAAC reduced the
magnitude of this hysteresis considerably, probably by blocking
these specific interactions. Adsorption of polyVinylAmine which
is capable of hydrogen bonding gave a large hysteresis, which
may suggest that hydrogen bonding was involved in the process.

 The subsequent application of colloidal particles gave an
increase in adhesion. This was interpreted as being due to an
additional contribution to the adhesion energy by the
deformation of the comparatively thick and soft layer of
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adsorbed DCS. The molecular adhesion, i.e. the interactions over
gaps near molecular dimensions was probably weak.

 A number of control experiments were performed: A thick layer
of lipophilic wood extractives on SiO2 gave a high adhesion
energy, whereas a thin layer gave a lower adhesion energy by
decreasing the magnitude of the adhesion hysteresis. The
thinnest conceivable layer, a monolayer of C18H38-tails gave a
dramatic decrease in adhesion, by decreasing the magnitude of
the adhesion hysteresis. All of these results give support to the
above conclusion.

 A decrease in the adhesion due to adsorbed DCS occurred upon
heating. It was suggested that this was due to a rearrangement of
the components of the multilayer, in which way is not clear.

9. Stearic acid was applied onto SiO2 by vapour phase deposition. The
solid stearic acid was present on the SiO2 in the form of domains on
the surfaces visible under the optical microscope of the adhesion
measurement apparatus. The stearic acid was found to decrease the
magnitude of the adhesion hysteresis in a similar way as lipophilic
wood extractives. The solid acid was redistributed when confined
between the PDMS probe and the SiO2 during the measurement to
form a more uniform layer. This gave lower adhesion energy
measured from loading data upon second approach. This behaviour
may be relevant to the formation of a joint between papermaking
fibres, where this redistribution may occur when the fibres are pulled
together during consolidation and drying.

10. All of the above measurements are applicable to deposits on process
equipment which exposes an inorganic, stiff surface. The similarity
of SiO2 and cellulose with respect to charge density and occurrence
of surface hydroxyl-groups makes a comparison with joints between
papermaking fibres possible. The decrease in the magnitude of
adhesion hysteresis due to the presence of contaminants is probably
relevant also for fibre-fibre joints. If the contribution to adhesion of
deformations of a thick adsorbed layer can be observed in the case of
fibre surfaces remains an open question.

11. The procedures for measuring adhesion used here, give information
from both the loading and unloading part of the experiment thus
providing a measure of the adhesion hysteresis (the energy
dissipation). As demonstrated above, it can be used to obtain further
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insight into the causal connections behind adhesion related to
papermaking.

12. The application of this method to surfaces and substances relevant to
papermaking is initiated by this work; i.e. adhesion to cellulose, to
two cationic additives and to dissolved and colloidal substances.
Information was obtained which would hardly be accessible without
specific measurements of adhesion. The potential of controlling
adhesion in technical applications, through a more detailed
description of the underlying causal connections, by using this
method seems to be large. This includes deposits on process
equipment, adhesion to mineral particles and fibre-fibre adhesion.

5. Suggestions for further work

The on-going work on the mechanical properties of paper using fracture
mechanics can be extended to include the role of mechanical pulp fines,
also with adsorbed additives/contaminants.

The adhesion measurements can be taken further, based on the experience
from this work. To get a more detailed picture of the formation and
properties of joints between papermaking fibres, the following is
recommended:

 More work should be spent on developing relevant model surfaces
for papermaking fibres.

 The influence of both additives and contaminants should be
measured. Including the interaction of the additive with itself and
with wood polymer surfaces under different conditions.

 The preparation of samples of these additives should be considered in
detail.

 A liquid cell to enable wet measurements would be interesting.
 Measurements of adhesion in different climates should be made, both

relative humidity and temperature.
A continuation of the measurement of adhesion after drying from water
solution of different additives/contaminants is recommended (initial
results were presented at the Paper Chemistry and Coating Symposium,
2000).
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