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Foreword

The production of pulp and paper is of major importance in Sweden and the forestry industry has
a profound influence on the economy of the country. The technical development of the industry
and its ability to compete globally is closely connected with the combination of high-class education,
research and development that has taken place at universities, institutes and industry over many
years. In many cases, Swedish companies have been regarded as the initiator of new technology
which has started here and successively found a general world-wide acceptance. This leadership in
knowledge and technology must continue and be developed around the globe in order for the
pulp and paper industry to compete with high value-added forestry products adopted to a modern
sustainable society.

The production of forestry products is based on a complex chain of knowledge in which the biologi-
cal material wood with all its natural variability is converted into a variety of fibre-based products,
each one with its detailed and specific quality requirements. In order to make such products, knowl-
edge about the starting material, as well as the processes and products including the market demands
must constitute an integrated base. The possibilities of satisfying the demand of knowledge require-
ments from the industry are intimately associated with the ability of the universities to attract
students and to provide them with a modern and progressive education of high quality.

In 2000, a generous grant was awarded the Department of Fibre and Polymer Technology at KTH
Royal Institute of Technology from the Ljungberg Foundation (Stiftelsen Erik Johan Ljungbergs
Utbildningsfond), located at StoraEnso in Falun. A major share of the grant was devoted to the
development of a series of modern books covering the whole knowledge-chain from tree to paper
and converted products. This challenge has been accomplished as a national four-year project in-
volving a total of 30 authors from universities, Innventia and industry and resulting in a four
volume set covering wood chemistry and biotechnology, pulping and paper chemistry and paper
physics. The target reader is a graduate level university student or researcher in chemistry / renew-
able resources / biotechnology with no prior knowledge in the fields of pulp and paper. For the
benefit of pulp and paper engineers and other people with an interest in this fascinating industry,
we hope that the availability of this material as printed books will provide an understanding of all
the fundamentals involved in pulp and paper-making.

For continuous and encouraging support during the course of this project, we are much indebted
to Yngve Stade, Sr Ex Vice President StoraEnso, and to Borje Steen and Jan Moritz, Stiftelsen Erik
Johan Ljungbergs Utbildningsfond.

Stockholm, August 2009 Goran Gellerstedt, Monica Ek, Gunnar Henriksson
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1 Structure of the Fibre Wall

Lars Wagberg
Department of Fibre and Polymer Technology, KTH

1.1 Background 1

1.1.1 Current Understanding of the Structure of the Fibre Wall 1
1.1.2 Recent Developments in the Evaluation of the Pore Structure of Fibres 7

1.2 Concluding Remarks 13

1.3 References 14

1.1 Background

When the structure and the swelling of the cell wall of the fibres are discussed, there is often a
focus on how the water is accommodated in the fibre wall. The water in the cell wall is usually
divided into water in a gel phase and water in voids in the fibre wall. However, some authors
also claim that the concept of the fibre wall as a gel is an unnecessary exercise, since most of the
effects achieved by changing the chemical environment around the fibres can be explained by a
swollen surface layer of the fibres, see e.g. Pelton (1993). Without entering this debate, it is a
fact that the discussion about how the water is accommodated in the fibre wall is very depen-
dent on the structure of the wall and how this fibre wall is changed by different process con-
ditions. Therefore it is necessary to start by discussing the current understanding of the structure
of the fibre wall and then go on to discuss how recent developments have changed our under-
standing of the structure of the fibre wall and how it is changed upon for example lignin and
hemicellulose removal.

1.1.1 Current Understanding of the Structure of the Fibre Wall

Our current understanding of the structure of the cell wall of papermaking fibres is dominated
by the work of Stone and Scallan, see e.g. Lindstrom (1986), and their work will therefore be re-
viewed in some detail. In an early paper, Stone and Scallan (1965a) introduced the concept of
the multilamellar structure of the fibre wall with the lamellae arranged concentrically with the
cell wall axis. The number of lamellae was dependent on the degree of swelling and upon dry-
ing the lamellae join together. According to their measurements, the water-swollen cell wall
consisted of several hundred lamellae each less than 100 A thick and separated by an average
distance of about 35 A. These results were obtained through nitrogen gas adsorption and the la-
mellar structure was “visualised” through a methacrylate embedding followed by scanning elec-
tron microscope analysis. This latter technique results in an unnatural swelling of the fibre wall
and the results can at best be used for qualitative discussions. The nitrogen gas adsorption, how-



ever, is very accurate and these results also showed that the saturation point of the cell wall was
0.3 cm%/g.

The basis behind the nitrogen adsorption method is an adsorption isotherm of nitrogen onto
the fibres (Haselton 1954). The fibres are exposed to an increasing concentration, i.e increasing
pressure, of N, gas and the amount of nitrogen adsorbed onto the fibres is determined at the dif-
ferent N, pressures. Up to a monolayer coverage of nitrogen on the fibres the adsorption can be
described by the BET equation, i.e. equation (1.1).

p/v(py—p)=1/vmc+[(c=1)/v,c]-p/ po (1.1)

where
p = Pressure in mm Hg of the gas at a certain temperature
P, = Vapour pressure of the pure gas at the same temperature
v = Volume of adsorbed gas in ml (STP)
v,, = Volume of the gas in ml (STP) to form a monolayer
¢ = Constant

By applying this equation to the adsorption of nitrogen onto the fibres the volume of gas
needed to form a monolayer, v,, on the fibres can be determined and by using this entity and the
size of the molecules the specific surface area of the fibres can be determined according to
equation (1.2).

Nv, L 2
Area=——"——-m"/ 1.2
22,400-10° " © (12)
where
N = Avogadros number
v,, = Volume of the gas in ml (STP) to form a monolayer (ml/g adsorbent)
L = Molecular crossectional area in Angstrom?

A combination of the specific surface area of the fibres and the specific volume of the mate-
rial in the fibre wall the thickness of lamellae in the fibre wall can then be calculated from equa-
tion (1.3) by assuming a cylindrical lamellae arrangement in the fibre wall

=" 1.3
y (1.3)
where
V' = Specific volume of the material in the fibre wall
A = Specific surface area of the fibre wall
T = Thickness of the concentric lamellae in the fibre wall

For air dried chemically delignified fibres a specific surface area of 1 m?g can usually be
measured and assuming a specific volume of the material to be 0.63 cm®/g, equation (1.3) leads
to a thickness of the lamellae of 1.28 pym whereas a similar calculation for a solvent exchanged
fibre with a specific surface area of around 100 m%/g leads to a lamellae thickness of 128 pm.



From the adsorption of nitrogen on the fibres it is also possible to determine the total void
volume inside side the fibre wall by performing the adsorption measurements at higher nitrogen
pressures.

Stone and Scallan (1965b) also introduced a pulp preparation technique, where the wood
chips could be delignified under extremely well controlled conditions and the first results with
this technique were virtually the same as the earlier published results regarding the multilamel-
lar structure of the fibre wall. They were also able to show that the specific surface area and the
volume of voids in the fibre wall, from nitrogen gas adsorption, increased as the degree of delig-
nification increased. The surface area increased from 13.3 m?/ g at a yield of 95.4% for kraft
pulps to 274 m*/g at a yield of 47.6 %. Corresponding figures for the void volume in the fibre
wall were 0.019 and 0.578 cm®/g.

By applying the same technique for delignification, Stone and Scallan (1967) prepared a
number of kraft pulps with different yields and they then characterised these pulps with N, ad-
sorption, pressure plate analysis and a method where they determined the non-solvent water in
the fibre wall. In this latter technique, macromolecules with a molecular mass too high to allow
for penetration into the fibre wall were used and by knowing the total amount of water in the
system and the concentration of the macromolecules in the water phase, it was possible to deter-
mine the volume of the fibre wall inaccessible to the polymer. In the pressure plate technique, a
water-saturated sample is subjected to an increasing air pressure and the volume of liquid re-
maining in the sample is measured at different pressures. From this it is then possible to esti-
mate a total void volume of the fibre wall. The results of this comparison are summarised in
Table 1.1.

Table 1.1. Summary of the results from the void volume estimation of the fibre from laboratory pre-
pared kraft pulps as detected by different methods. From Stone and Scallan (1967).

Pulp yield (%) Lignin (%) Volume (cm®g)  Volume (cm®/g) Volume (cm®/g) from
from N, ads. from pressure non-solvent water
plate

100 27.0 0.01 0.4 0.42

92.4 27.3 0.04 0.67 0.70

89.0 27.6 0.08 0.74 (0.66)

80.0 28.5 0.27 0.86 0.92

77.8 28.2 0.33 0.94 0.94

70.4 25.2 0.54 1.06 1.08

61.6 19.3 0.63 1.16 1.22

53.4 12.3 0.55 1.21 1.28

48.7 6.5 0.57 1.14 1.21

It can be seen in the table that there is a large difference in the void volumes as determined
by the nitrogen gas adsorption and by the other techniques. From measurements on water-satu-
rated samples, which had been subjected to different degrees of water removal before solvent
exchange drying and analysis with N, adsorption, the authors concluded that the value obtained
with the pressure plate method and the non-solvent water method was “correct. This term was
then called the fibre saturation point (FSP) since it included water in the gel phase of the fibre
wall and in the void volume of the fibre wall.



When the yield of the pulp was decreased, the number of fibres/g increased and, in order to
compensates for this, Stone and Scallan (1967) multiplied the FSP with the yield and were
hence able to compare the water associated with the same number of fibres for the different
yields. Assuming a density of the components in the fibre wall they were also able to calculate
how the solid material decreased with decreasing yield. They also made a further division of the
pores in the fibre wall into macro-pores, i.e. the pores that could be determined with nitrogen
adsorption, and micro-pores, which were defined as the difference between the FSP-value and
the nitrogen adsorption value. A representation of this is given in Figure I.1.

water 3
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Figure 1.1. The different volumetric changes in the fibre wall occurring when the degree of delignification is
increased. The graph shows the volumetric changes from one gram of wood, i.e. the yield times the FSP-value,
and the volume of solid is calculated from an assumed fibre wall material specific volume of 0.667 cm*/g. The
macro-pore water is defined as the volume of N, adsorption and the micro-pore water is defined as the difference
between the FSP-value and the macro-pore volume. From Stone and Scallan (1967) and the data are collected
from experiments with a kraft pulp.

There is a small increase in the volume of the fibre wall at the beginning of the cook when the
yield decreases but the fibre wall thickness is constant between 95 % and 70 % yield and the ob-
vious interpretation of this is that the volume of material removed is filled with water. Below a
70 % yield, the situation is different and the fibre wall volume decreases as the yield decreases.

In a continuation of this series of papers (Stone and Scallan 1968) the authors used the solute
exclusion technique to determine how the size of the pores of the fibre wall changes as the yield
of the pulp decreases. By using macromolecules with known dimensions and measuring how
the volume of non-solvent water changed with the molecular mass, it was possible to estimate
the size distribution of the pores of the fibre wall. However, the interpretation of the data is not
straightforward since the shape of the pore is very important for the partitioning of the mole-
cules between the fibre-wall and the solution when the size of the molecule and the size of the



pore are similar, Lindstrém (1986) and Alince (1991). It can nevertheless be concluded that
Stone and Scallan (1968) showed that the size of the pores, i.e. the pore width, in the fibre wall
increases as the yield decreases, that an approximate size of the pores in the wood is between 5
and 40 A and that the size of the pores in the fibre wall of a pulp with a yield of 44.6 % is be-
tween 10 and 100 A.

This was definitely a large step in our understanding of the structure of the fibre wall and this
picture is still very dominating. It should however be stressed that these figures must be taken as
relative. Recent experimental evidence (van de Ven 1997, Li et. al 1993, Haggqvist et al 1998,
Andreasson et al 2003 and Maloney et al 1999) has shown that the absolute value of the pore
size may be different from the values given by Stone and Scallan (1968) and this will discussed
later on in this chapter.

Stone and Scallan (1968) also used the solute exclusion technique to suggest a new structural
model of the fibre wall where the earlier defined macro-pores were found to be of the order of
25-300 A. This was defined as the interlamellar pore width and the micropore was defined as
intralamellar pores in the size range of 5-25 A, although the authors stated that the upper limit
was somewhat arbitrarily determined. Based on these results and on electron micrographs, Scal-
lan (1974) introduced the now very well known picture of how the internal fibrillation takes
place with increasing swelling of the fibre wall. This figure is shown in Figure 1.2.

Figure 1.2. Schematic view of how the fibrillation of the fibre wall takes place when the swelling is increased.
From Scallan (1974).



It should be pointed out that the forces causing this fibrillation can not be solely the swelling
forces within the fibre wall. There is also a need for a considerable mechanical action on the fi-
bre wall in order to make this fibrillation occur.

In the models presented by Stone and Scallan the arrangement of different chemical compo-
nents in the fibre wall is not discussed, even though some comments were made regarding the
arrangement of pores around the cellulosic microfibrils (Stone and Scallan 1968). In order to fill
this gap in knowledge, Kerr and Goring (1975) conducted work in which they studied ultra-thin
microtome sections of permanganate-stained fibres from black spruce with transmission elec-
tron microscope. They showed that cellulose was not stained by the permanganate and that only
a minor part of the hemicellulose was stained, which means that it was possible to see the distri-
bution of the lignin in the fibre wall. From cross-sections both along the fibres and across the fi-
bres, they concluded that the ultrastructural arrangement of the different components of the
fibre wall could be represented by the picture shown in Figure 1.3.

cellulose protofibrils
bonded on their radial faces

- fibre direction —

lignin-hemicellulose matrix

hemicellulose

\ N
Figure 1.3. Schematic representation of the ultrastructural arrangement of cellulose, lignin and hemicellulose in
the fibre wall of black spruce tracheids. From Kerr and Goring (1975).

In this picture, 1-2 fibrils are associated in the radial direction, with a size of 35-70 A,
whereas 3—4 fibrils are associated in the tangential direction, with a dimension of 104140 A.
When the authors started to compare the amounts of the different components in the fibre wall,
they found literature values corresponding to 0.26:0.45:0.29 for the lignin: cellulose: hemicellu-
lose and in the microtome sections they found that the proportion stained by the permanganate
was equivalent to 0.45. This means that a fraction of the hemicellulose had been stained by the
permanganate and might therefore be assumed to be associated with the lignin. The rest of the
hemicellulose was assumed to be associated with the cellulose microfibrils.



1.1.2 Recent Developments in the Evaluation of the Pore Structure of Fibres

Since the properties of the fibre wall will be determined both by the type of material in the fibre
wall and how it is organised inside the fibre wall large research efforts have recently been con-
ducted to find a more elaborate structure determination of the fibre wall (van de Ven 1997, Li
et. al 1993, Haggqvist et al 1998, Andreasson et al 2003, Duchesne et al 1999 and Maloney et al
1999).

First of all the use of new techniques for determination of fibre structure via cryofixation and
deep etching of the fibres followed by Field Emission Scanning Electron Microscopy (FE-
SEM) should be mentioned (Duchesne 1999). This technique has revealed a new very open
structure of the fibre wall, for most commercial chemical pulps in their never dried form, where
the fibrils are clearly separated. The openings between the fibrils are of the order of 10-50 nm,
naturally depending on the degree of delignification, and the lateral dimension of fibril aggre-
gates are shown to be of the order 10—20 nm. This is demonstrated in Figure 1.4 where a Cryo-
FE-SEM image of the swollen fibrillar structure of the fibre wall is demonstrated for delignified
fibres from spruce. In Figure 1.5, a similar section from an air dried spruce fibre is shown. It
should be stressed that the scale in the figures is the same and the size of the bar is 100 nm in
both diagrams.

Figure 1.4. High resolution Cryo-FE-SEM micrograph showing the surface structure of a frozen hydrated kraft
pulp fibre from spruce. The bar in the figure corresponds to 100 nm. (Duchesne 1999).

From these two figures it is clear that the openings in the fibre wall are larger then the pore
size as estimated with the solute exclusion technique but this might not be so unexpected since
this method is known not to be able to determine the correct pore size distribution of the fibres
eventhough it is excellent for a determination of the Fibre Saturation Point (FSP) as defined ear-
lier. It is also clear from these figures that drying in air lads to a collapse of the pores in the fibre
wall most likely caused by the capillary forces between the fibrils during drying.

Despite the elegance of these types of micrographs it is very difficult to quantify the pore
size and pore size distribution from these figure based on single fibre evaluations. Methods
based on some type of average property is the fibres is therefore of very large interest and Li et
al 1999 used 2H and '"H NMR relaxation measurements to determine the pore size distribution
within pulp fibres. With this technique the relaxation of water molecules within the fibres are



determined from NMR spin lattice relaxation profiles using D,0 and H,O as probe liquids. The
principal behind the method is schematically shown in Figure 1.6.

Figure 1.5. FE-SEM micrograph of an air dried kraft pulp fibre from spruce. The bar in the figure corresponds to
100 nm (Duchesne 1999).
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Figure 1.6. Schematic representation of the principal behind the NMR relaxation method. It is assumed that two
types of water exist in the fibre wall, bound water and free water.

As indicated in the figure the method is based on a number of assumptions. First of all it is
assumed that two types of water molecules exists within the fibre wall, bound water that will be
affected by the surface of the fibres and free water with the same properties as bulk water. This
means that the method will determine a surface to volume ratio of the water inside the fibre
wall. In order to calculate and average pore radius of the fibre wall it is also assumed that the
pores within the fibre wall has a cylindrical arrangement, similar to that shown in Figure 1.2. In
mathematical terms this can be summarised by equation (1.4) and (1.5)



M(r):MO[l—zexp(—%lﬂ (14)

where
M(7) =Magnetization at time 7
M, =Magnetization at time 0
T, =The population-averaged relaxation time

T, will be determined by the relaxation time of the free water, T, and the relaxation time of
bound water, 7, and the amount of water in the different states. Assuming a cylindrical geom-
etry the relation between T, and T, and 7, can be written

Ly=ptsa-py— =t L Ly Ly L Ly 0 f s

T, Tis Ir Tir Vo Ty Lr Tir rp T Tr r
where

T, = Population averaged relaxation time in a pore with a uniform pore size

T = Relaxation time of bound water

T, = Relaxation time of free water

P, = Fraction of water dynamically perturbed by the surface

S = Specific surface area of the a pore in the solid

V= Volume of a pore in the solid

n = Amount of “bound” water

p = Density of the liquid

r = radius of the pore

a = —
Tir
2n 1 1
p="—)
p Ty Tr

A crucial parameter in order to convert the magnetization data to a pore size distribution data
is the b parameter in equation 5 and details about the determination of this parameter is given in
(Li et al 1993). However, as can be seen in this set of equations it is possible to calculate a pore
size distribution from NMR relaxation measurements after some assumptions about the geome-
try of the fibre wall.

Andreasson et al (2003) conducted an investigation similar to the investigation by Stone and
Scallan (1965b) where a set a kraft pulps from carefully selected chips were carefully deligni-
fied and then subjected to NMR relaxtion measurements and a typical result from these mea-
surements are shown in Figure 1.7.
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Figure 1.7. Pore size distribution of pores within the fibre for a set of kraft pulps from spruce, delignified to dif-
ferent yield, as determined with NMR relaxation measurements (Data from Andreasson 2003).

As can be seen from this figure the average pore radius increases from 10 nm to around 23
nm as the kappa number is changed from 110 to 35 and then again decreases to around 17 nm as
further lignin and hemicellulose is removed to a kappa number of 15. Simultaneous measure-
ments of the total volume of liquid held by the fibre wall, for the different fibres shown in Fig-
ure 1.6, also showed that as the hemicellulose an the lignin is removed from the fibre wall the
volume of the fibre wall is not dramatically changed which is agreement with the data shown in
Figure 1.1. This also supports the hypothesis that as material is removed from the fibre during
kraft pulping empty spaces are created within the fibre wall but that the total volume of the fibre
wall is fairly constant. The pore sizes as determined with the NMR relaxation technique is also
in very good agreement with the size of the pores as determined with the cryo-FE-SEM tech-
nique as shown in Figure 1.4. The discrepancy between the NMR/cryo-FE-SEM and the pore
sizes as determined with the Solute Exclusion Methods (Stone and Scallan 1968) might natural-
ly have several causes. However, when examining the structure of the fibre wall as revealed in
Figure 1.4 it seems plausible to suggest that the different methods are sensitive to/measures dif-
ferent parts of the fibre wall. In order to be able to characterise the pores inside the fibre wall the
polymers used in the solute exclusion technique have to enter through the pores in the external
part of the fibre wall. As can be seen in figure the S1 layer has a considerable amount of small
pores that will restrict the polymers, used in the SEC method, from entering the fibre wall and
therefore the SEC method will most probably be sensitive to the pores in the outermost layers of
the fibre wall. As was mentioned earlier the NMR relaxation method will measure the surface to
volume ratio of water inside the fibre wall and therefore this method will give an average of all
pores within the fibre wall. With this in mind it might be suggested that the different methods
are sensitive to different parts of the fibre wall and therefore they are complementary to each
other. It should also, once again be stated, that the SEC method can not be used to determine the
pores size distribution of the fibres unless the shape of the pores inside the fibre wall are used to
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correct the SEC data. Since this shape of the pores is not known the method is hard to use more
than for a qualitative discussion of the pore size distribution.

Another method based on polymer adsorption has also been used to estimate the pore size of
the pores within the fibre wall (van de Ven 1997). In this method, different cationic polyelectro-
lytes, i.e. cationic polyethyleneimines, are adsorbed to fibres and compared with the adsorption
to a microcrystalline cellulose (MCC) with virtually no internal pores. The results are then pre-
sented as adsorbed amount as a function of the size of the adsorbing molecules and at a certain
size there will be a decrease in the adsorbed amount for the porous fibres, compared with the
MCC, since these molecule will have no access to the internal parts of the fibre wall. Typical re-
sults from these measurements are shown in Figure 1.8 and as can be seen there is a break in the
curves for the fibres at a molecular size of 13 nm and assuming that the pores have to be 3-5
times larger for the molecules to enter the average pore size would be 40—-65 nm which is of the
same order of magnitude as determined with the NMR technique and the cryo-FE-SEM.
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Figure 1.8. Adsorption of PEI, cationic polyetyleneimine, of different molecular mass, size, to two different types
of pulp fibres and to MCC at pH=10. Adsorption capacity in mg/g is compared with specific adsorption in mg/m?
(van de Ven 1997).

It is naturally difficult to exactly explain the difference between the SEC method and the pol-
yeletrolyte adsorption method and van de Ven (1997) tried to explain the difference partly by
the difference in the driving force for interaction with the fibres between the dextrans used in
the SEC and the PEI used in the adsorption method. The dextrans have no interaction at all with
the fibre surface and might be very sensitive to depletion effects in small pores whereas this is
not applicable for the PEIL. It can nevertheless be summarised that the PEI adsorption results in
pores somewhat larger than the NMR relaxation method but they are of the same order of mag-
nitude and it should be kept in mind that the PEI molecules are by no means monodisperse and
therefore the agreement between the two methods is very good.

The final method that recently has been developed for pore size measurements is the ther-
moporosimetry method (Maloney 1999). The basis behind this method is that water in small
cavities will have a lower freezing point compared with free water. This can mathematically be
described with Gibbs-Thompson equation, equation (1.6).
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b_AVTio,
AH InL (1.6)
"
where

D = diameter of the pore

V= molar volume of solvent

oy, = surface tension between solid and liquid
AH,, = latent heat of melting

T = Melting temperature

T, = Melting temparetaure of pure water

With this method a sample of wet fibres is first frozen and then the temperature is increased
and the latent heat of melting is recorded and transformed to a melted amount of water per gram
of fibres. From these data a pore size distribution curve can then be calculated up to rather large
pores which is unique for this method and a typical pore size distribution from measurements
with water is shown in Figure 1.9. The maximum pore size that could be determined, with wa-
ter as a solvent, was around 500 nm and as indicated in the figure there is still a big difference in
pore volume at this pore size as compared with FSP measurements. It was postulated (Maloney
1999) that the difference between the FSP and Thermoporosimetry data was due to macropores
in the fibre wall and the pores as determined with the thermoporosimetry method was termed
micropores. These micropores consist of pores larger than 1 nm and pores with non-freezing
water, i.e. pores smaller than 1 nm which is the lower detection limit for water.
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Figure 1.9. Pore size distribution of bleached softwood kraft fibres in their Na” form as determined with ther-
moporosimetry in water. The classification of the pores in micropores and macropores is indicated in the figure
and the location of the FSP bar is arbitrary and should not be confused with a certain pore size (Maloney et al
1999).
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There are however several limitations with this method. Due to limitations in the equipment
smaller pores than 1 nm in water can not be determined with this method and for another sol-
vent, cyclohexane it was found that the minimum pore size was around 7 nm. Cyclohexane is
recommended for use instead of water since it is known not to cause any disturbances of the fi-
bre structure upon freezing, which was found for water, and water has to be exchanged to cyclo-
hexane via a solvent exchange procedure before testing. Another advantage with using
cyclohexane is that larger pores can be determined with this solvent. It should though be kept in
mind that the solvent exchange might cause a structure change of the fibre wall that is very hard
to quantify.

The liquid contained in pores that can not be measured with the thermoporosimetry method
was assumed (Maloney et al 2001) to have a log-normal size distribution and together with the
measurable pores a bimodal pore size distribution curve can be presented from these types of
measurements. A typical pore size distribution from measurements with never dried bleached
softwood fibres, both beaten and unbeaten, are shown in Figure 1.10.
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Figure 1.10. Pore size distribution for a never dried bleached softwood pulp where the pores smaller than 10 nm
have been assumed to have a log-normal size distribution. Data for both beaten and unbeaten fibres are shown.
The bimodal size distribution is a result of the assumed log-normal size distribution of the pores smaller than 10
nm but might be supported by literature data (Maloney et al 2001).

As seen in this figure pore sizes up to 3 um can be measured with this method and it is also
clear that a mechanical beating changes the larger pores in the fibre wall.

1.2 Concluding Remarks

As has been made obvious from this chapter a lot of hard work and a lot of advanced equipment
have been applied to determine the pore size of the pores within the fibre wall and the pore size
distribution. It is also clear that different techniques will measure different parts of the fibre wall
and a lot of effort have over the years been spent on debating which method that is correct and
which method that is not. In the opinion of the author all methods have drawbacks and advan-
tages and it is absolutely essential that the user of the different methods should have a deep in-
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sight into the principals of the methods before starting to interpret the results from the
measurements. It is the aim of this chapter to give an insight into the knowledge about the struc-
ture of the fibre wall and into the basics behind the different measuring principles.

It seems as if there is an agreement about that the radius of the pores in the fibre wall is
around 10 to 80 nm, naturally depending on which type of fibres that are studied and how they
are treated, and that there is a difference in the size in the exterior part of the fibre wall and in
the interior part of the fibre wall. This will naturally be very important when depositing some
functional additive within the fibre wall but it will naturally also be very important for the flex-
ibility of the fibres and the way the fibres will conform towards each other during drying and
consolidation of paper. These latter correlations are not clear but there are many new and ad-
vanced methods available for characterisation of the pores within the fibre wall.
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2.1 Introduction

The physical properties of plant fibres like stiffness, strength and swelling due to moisture up-
take, are highly dependent on the structure or morphology of the cell wall. In plants nature has
evolved an optimal utilization of the wood polymers in the structural arrangement of these with-
in the cell wall. Thus trees are provided by their tracheids, the fibres, with a strength to rise over
a 100m, to withstand hurricane winds swinging the crown in all directions, to be downloaded
with tons of snow and ice and still being able to transport water up to the crown. Thus the fibre
construction as a hollow, laminated fibre reinforced tube is optimised both with regard to its de-
sign and to strength criteria in both its transverse and longitudinal direction and as well with re-
gard to compressive and tensile forces.

2.2 Cell Wall Structure

The structural organisation of the cell wall regulating its mechanical and physical properties
may be grouped into the following hierarchical levels:

» the layered structure of the fibre wall

» the fibre reinforced structure of each cell wall layer

» the orthortropic organisation of the matrix components

»  the polymer chemistry of the constituents
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2.2.1 Cell Wall Layers

With its organisation into a layered structure of plies, cell wall layers, with the reinforcements
of cellulose fibrils in different directions the fibre resembles in a way that of a man made pipe
for pressure applications. When there are demands for high strength properties in different di-
rections a laminated oriented ply construction generally offers a good solution. This is what is
often used in the fibre reinforced composite field for complicated constructions as for instance
rotor blades for wind turbines and has long been used for example as plywood for the demand
of strong, lightweight boxes. In the case of the fibre construction essentially three layers may be
distinguished, see Figure 2.1. The thinner outer and inner layers, which are the S, and S, layers,
have the reinforcing cellulose fibrils arranged at a high angle to the fibre direction. These layers
provide the fibre with its transverse stiffness allowing it to be used as pipes for the water trans-
port within the stem. In the middle, between these layers lies the S, layer which is distinguished
by its low fibril angle. This layer makes up about 70 to 80 % of the material of the wood fibre
and it is thus dominating the mechanical properties of the fibre. Due to its low fibril angle the S,
layer provides the fibre with a very high stiffness and strength in the longitudinal fibre direction
thus providing the tree with its strength properties for supporting the load of itself as well as for
withstanding the bending forces acting on the stem caused by the blowing winds.

M, 0.1-1um
M, 0.1-0.3um

S,,0.1-0.2um

Figure 2.1. Schematic picture of a wood fibre in this case liberated intact from the wood so that the middle
lamella, M, remains on the fibre surface as from a low refined high temperature thermomechanical pulp. P is the
primary wall with irregular structure of the cellulose fibrils while in the secondary wall layers, the S, S,, S, the
cellulose fibrils are ordered at a specific angle.

Morphologically the softwood trees creates thin walled earlywood fibres in the spring mainly
providing for water transport and thick-walled latewood fibres in late summer mainly providing
the tree with the strength properties. Thus latewood fibres have a more or less rectangular cross
section with a large thickness of the wall whereas the earlywood fibres are square to hexagonal
in cross section. For the cell wall layers the largest difference is in the thickness of the second-
ary S,—wall so that the relative proportion between the layers differs somewhat between the two
fibre types, see Table 2.1 (Fengel and Stoll 1973).
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Table 2.1. The difference in thickness of the cell wall layers between earlywood and latewood fibres of

Norway spruce (Picea abies) (Fengel and Stoll 1973).

Cell wall layer

Average thickness (um)

Relative contribution (%)

Earlywood Latewood Earlywood Latewood
ML/2 0.09 0.09 4.2 2.1
; 0.26 0.38 12.5 9.0
S, 1.66 3.69 78.7 85.4
S, 0.09 0.14 4.5 3.3
S 2.10 4.30 99.9 99.8

2.2.2 Fibre Reinforced Structure

Each of the cell wall layers of the fibre is composed of a mixture of the main wood polymers
cellulose, lignin and hemicelluloses. The distribution between these polymers differs somewhat
between the cell wall layers, see Figure 2.2, which to some extent affects properties but mainly
the dissolution of lignin during pulping and bleaching processes. For the polysaccharides there
is also a difference in the composition among the different cell wall layers, see Table 2.2 (Meier
1961). As seen the outermost layers, the primary wall and middle lamella differs in particular in
their high content of pectic substances such as arabinan and galactan. Within the secondary wall
there is a higher relative content of xylan in the S,- and S;-walls than in the S,-wall in compari-
son with glucomannan.

Compound middle lamella J

100

80

60

40

20

Approximate percentages on dry weight basis

0

Lignin

Hemicellulose

Cellulose

S;

i Secondary wall |

Figure 2.2. Distribution of the principal chemical constituents within the cell wall layers of softwoods. The dia-
gram is based upon the one given by Panshin (Panshin and Zeeuw 1980) but modified for the lignin content in the
compound middle lamella (ML+P) according to Westermark et al. (Westermark et al 1988).
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The arrangement of the wood polymers within the cell wall is that of a fibre reinforced struc-
ture with partly crystalline cellulose fibrils as the reinforcing materials in a matrix of the other,
amorphous wood polymers; lignin and hemicelluloses. The present conception of the structure
favours that the cellulose microfibrils, 3 to 4 nm in cross section (Larsson et al 1999) are aggre-
gated into larger entities, the cellulose fibrils or cellulose aggregates, of an average cross section
of 20 nm (Duchesne and Daniel 2000, Fengel 1970) in which most probably some of the gluco-
mannan is incorporated (Fengel 1970, Atalla et al 1993, Salmén 2000). Adjacent to these aggre-
gates mostly glucomannan is arranged in parallel with the fibrils (Akerholm and Salmén 2001).
In the space in-between these aggregates, occupying about 3 to 4 nm (Terashima et al 1993), it
is likely that the lignin matrix is interspaced with xylan entities (Salmén and Olsson 1998), see
Figure 2.3.

Table 2.2. Percentages of polysaccharides in the different cell wall layers of the fibre wall to Meier
(Meier 1961).

Polysaccharide ML+P? S, S, outer part S, inner part + S,
Spruce

Galactan 16.4 8.0 0.0 0.0
Arabinan 29.3 1.1 0.8 0.0
Cellulose 334 55.2 64.3 63.6
Glucomannan 7.9 18.1 24.4 28.7
Glucuronoarabinoxylan 13.0 17.6 10.7 12.7
Pine

Galactan 20.1 5.2 1.6 3.2
Arabinan 29.4 0.6 0.0 2.4
Cellulose 35.5 61.5 66.5 47.5
Glucomannan 7.7 16.9 24.6 27.2
Glucuronoarabinoxylan 7.3 15.7 7.4 19.4

“ Contains a high percentage of pectic acid as well

lignin
xylan

glucomannan

cellulose
3-4nm

20nm

Figure 2.3. Schematic illustration of the arrangement of lignin and different hemicelluloses within the space
between cellulose fibrils (Salmén 2000).
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2.2.3 Matrix Organisation

There are strong indications that the arrangement of the cellulose aggregates and the lignin rich
matrix shows a pattern of a tangential lamellation when viewing the fibre in a transverse cross-
section (Ker and Goring 1975). This is also evident when observing the structure of the cross
section of the secondary wall by AFM, Figure 2.4, where a structural arrangement of the fibril
aggregates in the tangential direction is appearing (Fahlén and Salmén 2003). The spacing in-
between the fibril aggregates are also of such small dimensions that it is clearly necessary on a
volumetric basis that some of the hemicelluloses will be arranged in-between the cellulose mi-
crofibrils within the cellulose aggregates (Salmén 2000).

tangential direction
250 of fiber wall

Figure 2.4. Atomic Force Microscopic, AFM- image of a transverse cross section of the secondary wall of a
spruce fibre. Cellulose aggregates averaging 18 nm arranged in a pattern of tangential lamellation is evident
(Fahlén and Salmén 2003).

Such a structure is also what may be concluded from the change in shape of the fibre due to
dissolution of mainly lignin but also some hemicelluloses during pulping. With a radial arrange-
ment of lignin lamellas, the fibre would after removal of lignin had shrunk but with maintained
thickness. On the other hand with a tangential lamelation the thickness would have decreased
keeping the fibre diameter essentially constant, see Figure 2.5. That the latter case is what hap-
pens was shown in the nineteen seventies by Stone et al. (Stone et al 1971).

The dissolution of lignin and hemicelluloses during pulping give rise to wholes in the fibre
wall, generally termed pores. This lignin diffused out of the cell wall has been found to have a
molecular weight corresponding to a spherical diameter of between 3.5 to 10 nm (Willis et al
1987, Favis et al 1984). This corresponds well with the size of the pores created in the fibre
wall, which with indirect methods have been indicated to be between 5 to 15-20 nm in diameter
(Berthold and Salmén 1997, Stone and Scallan 1967) as seen from Figure2.6. In TMP which
correspond to wood, i.e. chemically intact fibres, the water uptake in the material occurs as de-
signed to apparent pore sizes below 2 nm and is due to a swelling of the matrix wood polymers.
In the chemical pulps water uptake occurs to a larger extent in pores above 2 nm i.e. where no
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radial lamella

Figure 2.5. Schematic illustration of the possible ways of fibre wall shrinkage due to delignification followed by drying.
In reality pulping of fibres results in a change in the fibre form in such a way that the fibre form is maintained while the
fibre wall thickness decreased thus essentially the behaviour for a tangential lamella organization (Stone et al 1971).

pores exists for the TMP, thus in holes created by the dissolution of lignin and hemicelluloses.
The creation of these pores is essential for the development of a fibre that is flexible and com-

pressible and therefore this is essential for the improvement of the fibre bonding potential of the
fibres.
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Figure 2.6. The apparent pore size distribution for a TMP, a Kraft softwood pulp and a bleached softwood pulp
determined by Inverse Size Exclusion Chromatography, ISEC. Error bars represents standard deviation (Berthold
and Salmén 1997).

The size of the lignin molecules diffused from the cell wall are much larger than the corre-
sponding tangential and radial space s in the fibre wall between cellulose aggregates pointing to
that the lignin has a lager spread in the length direction of the fibre as also indicated by the sche-
matic illustration of lignin dissolution by Favis and Goring (Favis and Goring 1984) as devel-
oped from the well-known structure of the Kerr-Goring model (Kerr and Goring 1975) of the
fibre wall shown in Figure 2.7. This size of the lignin molecules that are dissolved also points to
the fact that the lignin in the fibre wall behaves as a mechanically heterogeneous material. For
this to occur a size of the polymer in the order of 5 to 15 nm in diameter is required (Kaplan
1976, Schick and Donth 1981). This means that the lignin in the fibre wall may show a single
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softening behaviour, i.e. a single glass transition temperature, which also has been determined
to occur at 90 °C (1 Hz) for water saturated conditions of the fibre material (Salmén 1984).

Figure 2.7. Schematic illustration of the dissolution of lignin out of the fibre wall (Favis and Goring 1984) devel-
oped from the well-known model picture of the secondary cell wall the Kerr-Goring model (Kerr and Goring
1975). The lignin entities have been shown to appear as flakes, which may with an orientation in the tangential/
length direction be fitted into the spacing between the cellulose aggregates.

2.2.4 Wood Polymer Properties

From the structure of the fibre wall it is clear that the cellulose aggregates, which are highly ori-
ented in the direction of the length of the fibre gives the fibre its highly anisotropic properties.
This however means that it will be the properties of the other wood polymers, the hemicellulos-
es and the lignin, which will have a large influence on properties in the transverse direction
(Bergander and Salmén 2001). Of the wood polymers, cellulose, hemicelluloses and lignin most
attention has been given to the cellulose when it comes to determining mechanical properties of
the wood constituents. The rationale is of course the cellulose being the stiff reinforcing materi-
al in the composite and therefore the component that to a high degree determines the properties
of the fibre in the most important direction, its length. More and more evidence have though
been established suggesting an orientation of both hemicelluloses and lignin in the direction of
the cellulose fibrils, mainly based on spectroscopic data (Akerholm and Salmén 2001, Akerh-
olm and Salmén 2003). It is suggested that the cellulose and hemicelluloses acts as templates
for the lignin deposition thus giving also the lignin an orientation in relation to the cellulose fi-
brillar direction (Atalla 1998). An orientation in the plane of the cell wall has also been indicat-
ed from Raman spectroscopy (Agarwal and Atalla 1986) as also depicted in Figure 2.8.

Cellulose

For cellulose there are both theoretical estimates as well as experimental determinations of its
elastic properties. Most recent analysis tends to favour values in the longitudinal direction for
the cellulose crystalline region between 120 to 170 GPa (Tashiro and Kobayashi 1991, Kroon-
Batenburg et al 1986) although there are some older theoretical estimates of such high values as
246 and 319 GPa (Gillis 1969). When comparing theoretical estimates with experiments both
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Figure 2.8. Schematic picture of the arrangement of the wood polymers, cellulose, lignin and hemicelluloses in the
secondary wall structure of wood fibres. All of the wood polymers have an orientation with the main axis in the direc-
tion of the fibre, i.e. following the direction of the cellulose fibrils. The lignin is also oriented with the plane of the
molecule in a transverse direction to the fibre wall (Akerholm and Salmén 2003).

for cellulose I, as well as the experimentally easier material cellulose II, a reasonable value of a
modulus seems to be ca 134-136 GPa for the stiffness of cellulose I (Kroon-Batenburg et al
1986, Sakurada et al 1962).
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Hemicellulose

For hemicelluloses material data are extremely scarce. Cousins’ data on extracted xylan frac-
tions (Cousins 1978), which might be considered as representative indicate a random value of
the elastic modulus for the dry material of 8 GPa. However it is known that hemicelluloses will
crystallize when isolated which would affect the modulus determinations. It is also known that
the hemicelluloses at least the glucomannan is oriented along the cellulose fibrils within the fi-
bre wall (Liang et al 1960, Keegstra et al 1973, Akerholm and Salmén 2001). This means that
the in-situ hemicelluloses might have a bulk modulus that is lower than that determined by
Cousins but that the orientation will mean that it is stiffer in the fibre direction and much weaker
in its transverse direction.

Lignin

Also when it comes to lignin data only exists for extracted materials, which then have been se-
verely modified compared to the original material inside the cell wall. Under dry conditions val-
ues for an isotropic lignin between 4 to 7 GPa have been reported (Cousins 1976, Cousins et al
1975). In the native cell wall it is though highly probable that also the lignin is orthotropic with
a preferred orientation in the direction of the cellulose fibrils (Akerholm and Salmén 2003).
Data given in Table 2.3 of the elastic properties of the wood polymers may be seen as reason-
able estimates. Where the values for cellulose are highly probable while the values for lignin
and hemicellulose should only be considered as in the right range indicating their orthotropic
nature as well as their moisture sensitivity.

Table 2.3. Estimates of mechanical data for wood polymers.

Polymer Dry conditions Moist conditions
Cellulose

E, 134 GPa 134 GPa

E, 27.2 GPa 27.2 GPa

G 4.4 GPa 4.4 GPa

u 0.1 0.1

Hemicellulose

E, 4.0 GPa 40 MPa
E, 0.8 GPa 8 MPa
G 1.0 GPa 10 MPa
u 0.2 0.2
Lignin,

E, 2.0 GPa 2.0 GPa
E, 1.0 GPa 1.0 GPa
G 0.6 GPa 0.6 GPa
u 0.3 0.3
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Moisture sorption characteristics

All of the wood polymers are hygroscopic and thus readily absorbs moisture from the surround-
ing air in relation to its relative humidity, RH. The extent of moisture sorbed is directly associ-
ated with the number of hydrophilic sites, i.e. the hydroxyl, OH-groups and the carboxylic
COOH-acid groups. For sulphonated fibres also sulphonic SO, H-acid groups do adsorb water.
The acidic groups adsorb considerably more water around them as compared to the hydroxyl
groups. Also, for these acidic groups the number of water molecules adsorbed depend on the
conterion so that for the carboxylic acid groups sodium (a monovalent ion) sorbs more than cal-
cium (a divalent ion) which sorbs more than the acidic proton form while for the sulphonic acid
groups the acidic proton form sorbs more than the sodium which sorbs more than the calcium
(Berthold et al 1996). For the normal wood fibre the content of acidic groups are though rather
low so that only at the highest relative humidities effects are visible. Of more importance is the
relative composition of the fibre as can be seen from Figure 2.9 showing the absorption for the
different wood polymers as well as for TMP-fibres (Takamura 1968). The lignin has a lower
content of hydroxyl groups as compared to the hemicelluloses while the lower adsorption for
the cellulose is due to its crystalline/paracrystalline regions, which are not adsorbing any water.
The adsorbed amount of moisture for the pulp fibre may as seen be accurately calculated from
the sum of adsorption for its components, cellulose, hemicellulose and lignin, knowing the rela-
tive amount of these in the fibre (Takamura 1968). It is also obvious, the parallel sorption
curves, that it is the same mechanisms, i.e. that of the sorption by the hydroxyl which are domi-
nating the behaviour for the wood polymers.

4 TMP
measured
calculated

10

lignin

cellulose

hemicellulose

20 40 60 80 100
Relative humidity, % RH

Moisture content, g, aer /1009 moist sample

Figure 2.9. Moisture content (gram water per 100 gram of moist sample) as a function of RH for the wood poly-
mers; lignin, cellulose, hemicelluloses as well as for a TMP of pine. The calculated relationship is based on the
relative amount of the wood polymers in the TMP and the absorption curves for these. Redrawn from data of
Takamura (Takamura 1968).
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2.2.6 Softening

As the constituents of the wood fibre are polymeric components their properties are highly de-
pendable on their softening temperature, the glass transition temperature. In completely dry
conditions all of the wood polymers softens at very high temperatures (Back and Salmén 1982),
230 °C for cellulose, 205 °C for lignin and around 170 to 180 °C for hemicelluloses as illustrat-
ed in Figure 2.10 by the drop in elastic modulus for papers of different composition (Salmén
1979). This is for the carbohydrates partly a reflection of the high hydrogen bonding capacity.

175° 205° 230°C
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Figure 2.10. The identification of separate glass transition temperatures for hemicellulose at 175 °C, for lignin at
205 °C and for disordered cellulose at 230 °C in the elastic modulus —temperature curves from papers selectively
extracted of either lignin or hemicelluloses respectively (Salmén 1979).

This fact makes the wood polymers also highly sensitive to their moisture content as moisture
functions as a softener, a low molecular weight component lowering the softening temperature,
for them, Figure 2.11 (Salmén 1990, Salmén 1982). Thus for the hemicelluloses the softening
temperature is lowered even below zero at high moisture contents, approaching 100 % RH,

disordered cellulose

hemicellulose

lignin

0 10 20 30 40 50 60
moisture content, %

glass transition temperature, °C

Figure 2.11. Glass transition temperature of wood polymers as a function of moisture content (Salmén 1990).
Lignin has a limiting reduction of the glass transition due its three-dimensional structure. For cellulose the crystal-
line restrictions shifts the transition in the way that higher moisture contents are needed for the required mobility to
result in a softening.
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while for lignin the branched structure limits the transition temperature to about 70 °C under
fully wet conditions (Salmén 1984). The cellulose disordered regions makes the softening of
these not particularly pronounced and for conditions where it may influence properties its tran-
sition is most likely shifted to higher moisture contents due to the restrictions from crystalline
regions as schematically shown in Figure 2.11.

2.3 Fibre Properties

The mechanical properties of wood fibres are as discussed in section 2.2 highly dependent on
the stiffness of the cellulose fibrils and the arrangement of these in the thickest cell wall layer
the S,-layer. When isolating the fibres, especially the earlywood fibres of chemical pulps made
from softwood they will tend to collapse, as illustrated in Figure 2.12 while latewood fibres and
thick-walled hardwood fibres more or less tend to maintain their shape. In softwoods the early-
wood fibres dominate in terms of number of fibres and the collapse favours a structure giving
much higher flexibility of the fibres a phenomena that is improved with the extent of the pulp-
ing and beating processes. In the wet, swollen state, the differences in fibre flexibility is not that
pronounced, Figure 2.13, although earlywood fibres are more flexible than latewood fibres
(Hattula and Niemi 1988). The most significant factor influencing the wet fibre flexibility is the
yield of the pulp. With the dissolution of lignin and the creation of pores in the cell wall these
will make the fibre to appear as a delaminated structure under wet conditions, which renders its
high flexibility. With beating this delamination of the fibre wall is further enhanced but the ef-
fect is much smaller than the yield effect (Hattula and Niemi 1988).

latewood fiber earlywood fiber
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Figure 2.12. Schematic drawings of latewood and earlywood fibres and their collapse modes as a result of drying:
after Jayme and Hungher (Jayme and Hunger 1961).
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Figure 2.13. Wet fibre flexibility of softwood spruce Kraft fibres as a function of beating degree for two pulps of
different yield as determined by the method of Tam Doo and Kerekes (Tam Doo and Kerekes 1981). Earlywood
fibres shows a higher wet fibre flexibility than latewood fibres (Hattula and Niemi 1988).

2.3.1 Stress Strain Properties

The tensile stress-strain properties of wood fibres are highly dependent on the angle of the cel-
lulose fibrils within the S,-layer, the fibril angle a shown in Figure 2.14 for data on chemical
pulp fibres of black spruce. For small angles less than 10 degrees the fibres are highly elastic,

10
fibril angle

1.5

stress (GPa)

0 | | |
0 5 10 15 20

strain (%) —

Figure 2.14. Stress-strain curves of single chemical pulp fibres of black spruce. Redrawn from Page and El-Hosseiny
(Page and El-Hosseiny 1983). At low fibril angles the cellulose fibrils gives the high stiffness and strength of the fibre

while at the high fibril angles the shearing of the matrix and an unwinding of the structure gives the extremely high exten-
sibility of the fibre.
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Figure 2.15. The fibril angle for individual fibres in an annual ring in the mature wood of a spruce wood tree measured
with confocal laser scanning microscopy (Bergander 2001). In the earlywood the fibril angle various considerably
while it in the latewood fibres is rather constant.

have high strength values and show a more or less brittle behaviour. For high fibril angles the
behaviour is more like that of a ductile material exhibiting very high straining levels. Due to the
high fibril angle for these fibres most of the deformation probably occurs due to a flow of the
hemicellulose/hemicellulose-lignin matrix resulting in an orientation of the cellulose fibrils in
the longitudinal fibre direction, i.e. in the direction of straining. Most of the fibres from soft-
wood that grows in the Nordic countries have though a fibril angle below 15° thus being more
or less elastic. Juvenile wood fibres probably show somewhat of a ductile behaviour with a fi-
bril angle in the range of 15 to 30°, while the behaviour of compression wood fibres with a fibril
angle reaching up to 30 to 45° may be different due its high lignin content and highly different
structure of the cell wall. The variation of the fibril angle is also large within an annual ring with
the first earlywood fibres having a rather high fibrillar angle, Figure 2.15 (Bergander 2001).

The elastic modulus of fibres in its length direction is directly dependent on the fibril angle
of the S,-layer as seen in Figure 2.16 (Salmén and de Ruvo 1985). It is also obvious that this
modulus is very well predicted from the properties of the individual wood polymers considering
the cell wall as a laminated composite, fibre reinforced material. The reason may be attributed
to the high dependence in the longitudinal direction of the properties of the cellulose fibrils and
that the elastic properties of cellulose have been determined with rather high accuracy.

For the properties in other directions of the cell wall data are scarce. The transverse elastic
modulus of the fibre wall is highly dependent on the properties of the hemicelluloses (Bergan-
der and Salmen 2002) but is hardly at all affected by the fibril angle of the main secondary wall
the S,-wall as seen in Figure 2.17 (Salmén 2001). The reason for this is of course that in the
transverse direction the cellulose fibrils of the S,-wall is directed along the fibre due to the low
fibril angle implying that the transverse forces are acting more or less in the cross direction to
the cellulose fibrils.
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Figure 2.16. The elastic modulus of chemically pulped softwood fibres in the longitudinal direction as a function
of the fibril angle in the S, wall (Page et al 1977). The curves in the figure are based on model calculations consid-
ering the cell wall as a laminate built up of cellulose reinforcements in a matrix of lignin and hemicelluloses using
the mechanical properties of the wood polymers as established for isolated materials (Salmén and de Ruvo 1985).
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Figure 2.17. The transverse elastic modulus of softwood fibres as calculated considering the cell wall as a lami-
nate built up of cellulose reinforcements in a matrix of lignin and hemicelluloses using the mechanical properties
of the wood polymers as established for isolated materials plotted as a function of the fibril angle in the S,-layer
for some cases of defined composition of the cell wall (Salmén 2001). V,, refers to the relative amount of cellu-
lose in the fibre, S, to the relative volume of this cell wall and S, to the fibril angle of this layer. Also data from
measurements on radial sections of the cell wall tested in the transverse direction on a micro-tensile stage in an
ESEM are included (Bergander and Salmén 2000).

The morphological differences between earlywood and latewood fibres are of course most
obviously related to the differences in cell wall thickness. Thus latewood fibres have a higher
tensile stiffness and a higher breaking load than earlywood fibres. Generally also the elastic
modulus and the breaking stress (quantities which take the cross sectional area in consideration)
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are higher for the latewood fibres as a consequence of a smaller fibril angle and a higher per-
centage of the S,-layer. As a consequence the elastic modulus in the transverse direction is low-
er for latewood fibres than for earlywood fibres.

When straining a fibre to high degrees it will tend to twist due to its helical fibrillar structure.
This is a well-known phenomenon for tubular helical structures where the axis of the loading in
its length direction is not coinciding with the main symmetry axis of the material. Thus a free fi-
bre subjected to high tensile forces will twist and buckle to a shape as illustrated in Figure 2.18.
Within the paper sheet structure such deformations are not possible but instead forces are built
up from this tendency of the fibre structure to twist.

Figure 2.18. A helically wound tube, a fibre, subjected to high tensile forces will tend to deform by buckling and
twisting as the material symmetry axis do not coincide with the loading direction.

2.3.2 Effects of Moisture and Temperature

With increasing temperature the wood polymers softens and this is of course reflected in the
mechanical properties of the fibres as seen for the decrease of the torsional stiffness of Kraft fi-
bres in Figure 2.19 (Kolseth and Ehrnrooth 1986). The overall decreasing stiffness reflects the
loss in hydrogen bond and van der Waals forces between the molecules with the increasing tem-
perature and in relation to those the effect of the hemicellulose softening in the region of 150 to
200 °C is very small. This however reflects the fact that in the wood fibre it is the cellulose fi-
brils that are the load taking components.

1.0 0.6

08} 10
L €
404 ©
Z 06 i £
£ o
> [ 103 8
S 04r ] °
2 L 102 ¢
S o2t 1P
g 02 {01 &
- m (2]
[e]
0.0 L oo <

0 50 100 150 200 250

temperature (°C) —

Figure 2.19. Relative rigidity, relative torsional stiffness, (unfilled symbols) and logarithmic decrement (filled
symbols) versus temperature for two high-yield Kraft pulp fibres; triangles = 50 % yield, 8 % lignin content, cir-
cles = 63.5 % yield, 21.4 % lignin content (Kolseth and Ehrnrooth 1986).
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As moisture functions as a softener for the wood polymers it is not surprising that increased
moisture content, or relative humidity leads to a decreasing stiffness of the wood fibre, Figure
2.20 (Kolseth 1983). The magnitude of the loss in stiffness is very much what can be expected
as an effect of the loss of stiffness of the hemicelluloses.

It is noteworthy that the magnitude of the decrease of the fibre stiffness caused by the soften-
ing of the hemicelluloses is within reasonable limits independent of the fibre composition as
both shown experimentally and by theoretical calculations (Kolseth and Ehrnrooth 1986;
Salmén et al 1985). The increased damping (logarithmic decrement) reflecting the viscous con-
tribution from hemicellulose softening shows only a moderate increase at the higher relative hu-
midities which also is a consequence of the strong dependence of the cellulose fibrils in the
wood cell wall structure. The relative modulus decrease can anyhow very well be modelled
from the data on the drop of stiffness of the hemicellulose polymer, a drop amounting to several
decades in stiffness, with consideration of the laminar, reinforced structure of the fibre wall. As
seen in Figure2.2] the decrease in stiffness is much higher in the transverse direction of the fi-
bre than in its longitudinal direction, which reflects the orientation of the cellulose fibrils. Along
the fibre the cellulose fibrils have a stronger reinforcing capability than in the transverse direc-
tion of course as a reflection of the orientation of the fibrils, the low fibril angle in the S,-layer.
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Figure 2.20. The relative rigidity (torsional stiffness) and logarithmic decrement (damping) versus relative
humidity for two high-yield Kraft pulp fibres; triangles = 50% yield, 8% lignin content, circles = 63.5% yield,
21.4 % lignin content (Kolseth 1983).
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Figure 2.21. The relative decrease in elastic modulus due to an increase in relative humidity along fibres (along
grain) and transverse to fibres (across grain) reflecting the softening of the hemicelluloses (Salmén 1986). Data of
the relative modulus of modulus of spruce according to data of Carrington (Carrington 1922):. The lines show the
calculated changes assuming hemicellulose softening according to data of Cousins (Cousins 1978).

Due to the angle that the fibrils in the secondary wall S,, the main structure of the cell wall,
makes with the fibre axis there will be torsional forces created during moisture changes due to
the contraction/expansion within the hemicellulose rich matrix. This is how an asymmetric lam-
inate behaves, which the fibre resembles as soon as the fibre form diverts from being cylindri-
cal, i.e. when it has collapsed to some extent. With increasing relative humidity the expansion
of the hemicelluloses results thus in a twist of the fibre amounting to several turns for an entire
fibre, Figure 2.22 (Kolseth 1983). Such a twisting of fibres is of special concern when flash dy-
ing pulps. However it also implies that in the paper sheet stresses are built up due to the restrain-
ing of the twisting during drying of the paper from the network structure.
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Figure 2.22. The fibre structure of a collapsed fibre exposing cellulose fibres in opposite angles in the two sec-
ondary walls thus composing an antisymmeric laminate, a structure that will cause twisting due to expansion of
the matrix material between the reinforcing fibrils. This twisting is given as the specific twist in degrees/mm
length for a Kraft fibre as a function of relative humidity (Kolseth 1983).
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2.3.3 Effects of Drying Stresses

When fibres are loaded under axial tension during drying the normal shrinkage of the fibre will
be hindered resulting in an orientation of the structure as illustrated in Figure 2.23. This will re-
sult in a fibre exhibiting higher stiffness and higher breaking load, Figure 2.24 (Jentzen 1964).
At the same time the strain to failure decreases up to 40 %. The phenomenon has been referred
to as an effect of “drying stresses” or “dried-in stresses”.

cellulose fibril

Wet conditions

hemicellulose

Drying under load

cellulose solidifies
first during drying,
at ca 50% solids
content

hemicelluloses
solidifies later
during drying, at
ca 80% relative
humidity

Figure 2.23. Schematic picture of the effect of the load on a fibre during drying on the structural arrangement of
the cellulose and hemicelluloses. When subjected to a load during drying both the cellulose disordered regions
and the hemicelluloses will be more aligned in the direction of stress. On the macroscopic scale the fibrils will
also align so that the fibril angle will diminish.

If the fibre on the other hand is compressed during the drying the stiffness and the strength
decreases while the strain to failure increases considerably, Figure 2.25 (Dumbleton 1972).
When straining the fibre it will be permanently deformed, much more so for a fibre prior sub-
jected to compressive forces, Figure 2.25. With each subsequent cycle also the stiffness of the
fibre is increased. What happens is a form of strain hardening (or strain weakening in compres-
sion). At the molecular level the tensile strain will result in a rearrangement of the cellulose dis-
ordered regions and of the hemicellulose molecules so that they will be more aligned with the
stress, see Figure 2.23. The opposite of course applies to compressive forces. At the macroscop-
ic level the straining results in an orientation of the cellulose fibrils in the direction of the strain-
ing. For the rearranging to take place the fibre matrix material within the fibre has to be
somewhat pliable. This is why so large effects may occur due to loads during drying but also
that the permanent deformation is larger at higher relative humidities. To a high degree the phe-
nomenon is related to the solidification of the wood polymers that locks in the deformation. If
the fibre was unloaded under wet conditions most of the deformation would be lost due to the
shrinkage of the fibre.
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Figure 2.24. Effect of drying restraints on the stress-strain curve of fibres from never-dried latewood holocellu-
lose fibres of long leaf pine (Jentzen 1964). The higher the load on the fibre the higher is the stiffness and the
breaking load of the fibre.

Therefore whenever a fibre is subjected to higher humidity dried in stresses will be released
the more so the higher the humidity (most stresses will of course be released for a fibre that is
completely wetted). The development of dried in stresses is an essential part of the papermaking
operation to obtain the desired strength properties of the paper product.
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Figure 2.25. Load — unloading cycles for holocellulose latewood fibres dried either freely or compressed 10%,
after Dumbleton (Dumbleton 1972).
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3.1 Thermodynamics for the Interaction between Water and Fibres

3.1.1 Background

Wood fibres are in their natural environment always surrounded by water in different forms, i.e.
liquid water, ice or water vapour. The reason to this is that the water is indirectly needed for the
photosynthesis since chlorophyll is water-soluble and that water-soluble nutrients are supplied
from the soil. Due to this the fibres have to interact with water in such a way that the water is
transported from the roots to the leaves/needles and on to the cambial layer of the stem. One re-
sult of this is that most components of the fibres, i.e. cellulose, hemicellulose and lignin, are
more or less prone to interact with water and this has several consequences

a) Itis possible to liberate the fibres from each other through processing in aqueous media
b) Itis possible to form different types of papers from fibres in aqueous media
¢) The fibres are in the final products sensitive towards moist air and liquid water

The first two items are naturally very positive since organic solvents can be totally avoided
during processing but the last item is naturally a large drawback for many of the products
formed from wood fibres. In order to preserve the inherent positive properties of the fibres dif-
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ferent treatments such as sizing and lamination with different types of water repellent plastics
are commonly used. These treatments are naturally more or less successful for the protection of
the fibres and the fact still remains that wood fibres will imbibe water even if they are embed-
ded in a matrix of water repellent plastics in a composite.

Usually different components of the fibre wall are described as hydrophobic or hydrophilic
but these terms are very general and in fact rather useless for the description of the properties of
fibres. In the present chapter a thermodynamic description of the interaction between water and
fibres has instead been adopted for the quantification of the fibre/water interaction. The result is
a quantification of fibre water interaction in energy terms and also in terms that can distinguish
between different driving forces for the moisture adsorption.

3.1.2 Thermodynamics for Water Vapour Sorption to Fibres

The Change in Gibbs Free Energy upon Water Sorption

The water sorption to fibres will be a spontaneous process as long as the integral change in
Gibbs free energy associated with the sorption process, AG, has a negative value. This means
that Gibbs free energy after absorption must be lower than before adsorption. In mathematical
terms the integral change in Gibbs free energy associated with the sorption process can be de-
scribed by equation (3.1)

AG = AG, + n,AG, (3.1

where
n, = moles of volatile liquid
n,=moles of non-volatile solid

A_G and A_G2 = partial molar free energy of the volatile and non-volatile components respec-
tively.

The differential energy change is the difference between the chemical potential of the liquid
in the adsorbed state and the pure liquid and this can be written as, equation (3.2)

—  9(AG

AG, = )= — 1, =RTIn P 3.2
1 on, M= Hy ﬂ% (3.2)

where
4, = chemical potential of the liquid in the absorbed state
M, = chemical potential of the free liquid
P, = vapour pressure of the pure liquid
P = actual vapour pressure
T = absolute temperature in K

According to the Gibbs-Duhem equation it is also known that, equation (3.3)
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By combining equations (3.1)—(3.3) the following expression for the integral change in
Gibbs free energy as a function of the absorption isotherm, i.e. the amount of adsorbed volatile
liquid (n,) as a function of the relative vapour pressure (P/P,), can be achieved as, equation
3.4

7h
AG=n RT| L —RTI”I—R)d L (4)
) 1P R

By plotting n, P/P, as a function of P/P, itis possible to graphically evaluate the integral to
the right hand side of equation (3.4) since

t [ﬁ] Topr (3.5)

—RT | n,dn =—RT | n—d—
l' R I BB

This also means that the integral change in Gibbs free energy associated with the absorption
process can directly be achieved from a carefully determined absorption isotherm of water to fi-
bres. By determining water absorption isotherms at different temperatures and applying the
Gibbs-Helmholz equation, (3.6), it is possible to determine both the enthalpy of adsorption and
the entropy contribution to the adsorption process according to (3.7)

o(*97) _

— L =AH 3.6)
o(}7)
AS = AH;AG (3.7)

The Change in Enthalpy upon Water Sorption

Instead of performing the water adsorption at different temperatures and applying equations
(3.6) and (3.7) it might be more convenient to determine the enthalpy associated with the sorp-
tion process from calorimetric measurements. The reasons to this are several. First of all the de-
termination of a water sorption isotherm has earlier been very time consuming. Secondly, the
polymeric components of the fibre wall show changes with temperature since both hemicellu-
lose and lignin are highly amorphous. As a result, the changes in Gibbs free energy, enthalpy
and entropy might be combination processes of the sorption process and changes in properties
of the components constituting the fibre wall. Naturally this problem will to some extent also be
present for the calorimetric measurements but at least it is then known that the moisture content
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is the only factor that is changing during the measurements and not both the temperature and the
moisture content.

In order to separate the different enthalpy changes associated with the wetting of fibres by a
liquid it might be useful to use the different processes schematically as shown in Figure 3.1. In
this figure the wetting of the solid by water, i.e. process 1), has been separated into the

2) evaporation of n, moles of water from the liquid
3) sorption of n, moles of liquid onto the solid
4) the wetting of this solid with adsorbed liquid into the liquid

As is easily seen in the Figure 3.1 process 1 is simply the sum of 2 and 4.

clean solid solid with ngmoles

in vacuum of adsorbed water
+ ngmoles of

water vapour
P 3)

a)

n moles of liquid

Figure 3.1. Schematic representation of the wetting of a solid by a volatile liquid. The wetting, 1), has been
divided into an evaporation process, 2), a sorption process, 3), and a wetting of the water containing solid, 4).
Freely adopted from W.D. Harkins and G. Jura (1942) J.Am. Chem. Soc. 66: 919.

In mathematical terms this can be written as, equation (3.8)

AHi(%) - AH,,(S%} 1A+ AH . (3.8)

where
AH, (S/L) = Heat of immersion of the dry solid, i.e. process 1) in Figure 3.1.
AH; (Sf/L) = Heat of immersion of a wet solid, i.e. process 4) in Figure 3.1.
n; A= Heat of evaporation of n; moles of the liquid
AH,;, = Heat of adsorption

It can also be concluded that the net integral enthalpy change upon water sorption, AH, is the
heat change in excess of the condensation of the liquid, equation (3.9).

AH = AH g —(—n; 1) (3.9)

By combining equations (3.8) and (3.9) the following expression, equation (3.10), for the in-
tegral enthalpy change upon adsorption of vapour to the solid, fibres, can be achieved
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vt = (37) -t * | (3.10)

This means that by measuring the heats of immersion of solids with different moisture con-
tents it is possible to determine the integral enthalpy of adsorption over the entire range of mois-
ture contents up to P/P,=1. The critical issue when using this approach is that the heat of
wetting of the dry solid, AH; (S/L), has to be determined with high accuracy.

Once the integral enthalpy of adsorption has been determined it is possible to calculate the
integral entropy of adsorption according to equation (3.7).

3.1.3 Application of the Methodology to Describe the Adsorption of Water
Vapour to a Sample of Microcrystalline Cellulose

There are considerably few applications of the use of this thermodynamic description of the wa-
ter sorption to natural fibres. Most probably this is due to the large experimental effort that has
to be undertaken to perform these measurements. In Hollenbeck et al. (1978) a clear example of
this approach was shown and this will be described in some detail to show how the methodolo-
gy can be applied to a practical sample.

Initially the water sorption to microcrystalline cellulose at different humidities was deter-
mined and the following adsorption and desorption isotherm was found.
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Figure 3.2. Water vapour adsorption (A ) and desorption (V) on microcrystalline cellulose at 25 °C. Adopted
from Hollenbeck et al. (1978).

This type of adsorption isotherm is typical for what is called a type II isotherm which means
that the water is first adsorbed in a monolayer on the surface (in Figure 3.2 this would corre-
spond to a relative humidity (P/P,) of 0.3) and then in several layers and finally at higher mois-
ture contents capillary condensation will occur (P/P,> 0.8). As can be seen there is a small
hysterisis between the adsorption and desorption branches and this will be discussed further in
the next paragraph where the influence of water on fibre structure is described.
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Following this measurement the heats of immersion of different samples of microcrystalline
cellulose was measured and the results from these measurements are shown in Figure 3.3.

iy
o

(5]

—AH{S;/L) X 1072 (cal /100 g of solid)

0
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moisture content (g of water/100 g of solid) ——

Figure 3.3. Heats of immersion of microcrystalline cellulose containing different amounts of adsorbed and des-
orbed water at 25 °C. The different samples showing adsorption (O, ®) and desorption (V) had been equilibrated
for different times before the measurement of heats of immersion: Samples corresponding to O had been equili-
brated for 3 days,® for 7 days and V for 8 days before the measurements. Adopted from Hollenbeck et al. (1978).

From the adsorption isotherm in Figure 3.2 the integral change in Gibbs free energy was cal-
culated utilising equation (3.4). The integral enthalpy change was calculated from the results in
Figure 3.3 using equation (3.10) and the value for AH, (S/L) was estimated by extrapolating the
data in Figure 3.3 to 0 moisture content. Having determined both these entities it was then easy
to calculate the integral entropy change at different moisture contents and the results from these
calculations are shown in Figure 3.4. From these data it was then also possible to calculate the
differential thermodynamic properties and these results are shown in Figure 3.5.
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Figure 3.4. Integral thermodynamic properties describing the adsorption of water vapour onto microcrystalline
cellulose at 25 °C. Adopted from Hollenbeck et al. (1978) and AF in the figure corresponds to AG in the text.
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From Figure 3.4 it can be seen that the adsorption of water onto microcrystalline cellulose is
an enthalpically driven process. The integral change in Gibbs free energy starts to level off at an
adsorption of about 0.6 moles per 100 g solids and at a moisture content above 0.8 moles/100 g
solids the increase in the integral Gibbs free energy is approximately 0. This latter fact indicates
that the interaction between the water molecules and water covered cellulose surfaces is approx-
imately the same as the interaction between water molecules in solution.

kilocalories per mole
entropy units per mole

n 1
0 0.2 0.4 0.6 0.8 1.0
n (moles of adsorbate/100 g of solid) ———

Figure 3.5. Differential thermodynamic properties describing the adsorption of water vapour onto microcrystal-
line cellulose at 25 °C. Adopted from Hollenbeck et al. (1978) and AF in the figure corresponds to AG in the text.
The dashed line and v, correspond to the monolayer capacity of water molecules on the surface of the microcrys-
talline cellulose.

The constant differential enthalpy at water contents below 0.15 moles/100 g solid shown in
Figure 3.5 is an indication of that no swelling occurs and that the adsorption sites on the cellu-
lose are chemically equivalent. This might not be so unexpected for a microcrystalline cellulose
sample but other investigations (Morrison and Dzieciuch 1959) have shown that cotton fibres
show a rapid decrease in differential enthalpy at low moisture contents, indicating a swelling of
this fibrous substrate. Since the swelling of the solid will consume energy there will be a de-
crease in the differential enthalpy. In Hollenbeck et al. (1978) it was also suggested that the rap-
id decrease in differential enthalpy above an adsorption level of 0.15 moles/100 g solid is due to
an increased lateral interaction between the water molecules on the surface of the cellulose. This
suggestion is supported by the fact that the level coincided with the monolayer coverage level.

From the level of 3.5 kcal/mole at adsorption levels below 0.15 moles/100 g solid an average
binding energy between water and cellulose was determined to 1.75 kcal/mole assuming that
each water molecule forms two hydrogen bonds with cellulose. It has to be remembered that
this is the energy in excess of the normal hydrogen bonds in water and a total binding energy
between cellulose and water can be calculated to 6.25 kcal/mole by adding the energy from the
normal hydrogen bonds in water (4.5 kcal/mole) to the experimentally determined 1.75 kcal/
mole.
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In Figure 3.5 it is also shown that the entropy is decreasing over the entire adsorption range
indicating that the adsorption of water molecules to cellulose leads to a net ordering of the mol-
ecules in the system. Generally there will be several terms contributing to the entropy change
upon adsorption of water molecules:

1. decrease in entropy due to a change from a 3 D to a 2 D molecular orientation
decrease in entropy due to ordering in the surface film

3. increase in entropy due to separation of water molecules on the surface of the solid to dis-
tances larger than the average distance in solution

4. increase in entropy due to swelling of the solid

This means that at very low levels of water adsorption there will be a disordering of the sys-
tem since the distance between the water molecules on the surface of the cellulose will on aver-
age be larger than the average distance between the water molecules in solution. This
disordering might dominate over the 3 D to 2D change and ordering in the surface. As shown in
Figures 3.4 and Figure 3.5 this disordering of the system cannot be detected in these experi-
ments.

Finally it was also possible to calculate the difference for the adsorption and desorption ex-
periments and it was found that both the differential enthalpy and differential entropy was dif-
ferent for adsorption and desorption indicating that the material changes properties upon water
vapour saturation.

As shown with this example the thermodynamic analysis of water sorption to fibres yields a
lot of fundamental data that definitely can aid in the characterization of different processes oc-
curring in the handling of fibres. Due to the rapid development of automated accurate equip-
ment for both water sorption and calorimetric measurements this methodology is interesting for
increased use in the near future.

3.1.4 Influence of Adsorbed Water on the Structure of Fibres

Reasons Behind the Hysteresis in the Adsorption/Desorption Isotherms

As shown in Figure 3.2, a hysteresis is detected between the adsorption and the desorption iso-
therm. The difference in this figure is small compared to the results shown in Morrison and
Dzieciuch (1959) but the trend is the same, i.e. the desorption branch is always higher than the
adsorption branch as shown in Figure 3.6. It is also usually found that if the fibres are repeated-
ly cycled at different relative humidities a steady state is found where the adsorption and des-
orption follows the same isotherms. However, the second desorption cycle usually shows a
lower amount of adsorbed water at a certain relative humidity compared with the first desorp-
tion cycle, i.e from initially never dried fibres.

There might be several reasons to this hysteresis but the most common explanation can be
traced back to the discussions earlier regarding the thermodynamic parameters for the adsorp-
tion and the desorption of water on fibres. As indicated in the previous sections the water sorp-
tion (adsorption/desorption) will change the structure of the fibre wall and this will naturally
show up in the energy terms describing the water sorption. The reason to this is that energy is
consumed (swelling, i.e. breaking of bonds in the fibre wall) or liberated (bond formation dur-
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ing water desorption) when changing the structure of the fibre wall. Very little is quantitatively
known about the connection between the change in fibre wall structure and change in the free
energy upon adsorption and desorption and the presented results are to some extent contradicto-
ry. In Hollenbeck et al. (1978) it was for example found that no swelling occurred upon water
sorption in microcrystalline cellulose whereas in Morrison and Dzieciuch (1959) a swelling was
indicated by a rapid decrease in the differential enthalpy even before the formation of a monol-
ayer of water molecules on the fibres. Furthermore it has also been found that the pre-treatment
of the fibres (specially heating) had a significant effect on the heats of wetting (Morrison and
Dzieciuch 1959, Argue and Maass 1935). Generally it can be stated that the higher the drying
temperature the lower the heats of wetting (Morrison and Dzieciuch 1959, Argue and Maass
1935).
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Figure 3.6. Water adsorption and desorption on cotton cellulose at 24.6 °C. Equilibrium time for each measuring
point was at least 24 hours. Redrawn from Morrison and Dzieciuch (1959).

Naturally it is very difficult to compare different substrates with different chemical composi-
tions and structures but it is quite clear that the hysterisis in the sorption isotherm is a combina-
tion of a change in the enthalpy and entropy in the interaction between water molecules and
cellulose during adsorption and desorption. The exact reason to this difference in entropy and
enthalpy during adsorption/desorption is not known but with the modern equipment available
for both calorimetry and water sorption this would be a very interesting research area for char-
acterisation of wood fibres pretreated in different ways.

Another explanation for this hysterisis is the existence of pores in the fibre wall with a nar-
row entrance and a wider central part of the pore. The existence of these kinds of pores is very
likely considering the lamellar structure of the fibre wall. An idealised pore with this structure is
shown in Figure 3.7 and as indicated in this figure the entrance of these pores have a radius of
R, whereas the central part of the pore have a radius of R,.
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2R,

Figure 3.7. Idealised structure of a pore in the fibre wall with narrow entrances and a wider central part of the
pore. R, and R, are radii characteristic of these two regions.

According to the Kelvin equation, equation (3.11), there is a relationship between the radius
of a pore and the relative vapour pressure at which this pore is filled with liquid.

2y M
In(E/,) = 3.11
n(%)o) +dRT 3-11)

where
P/P, = Relative vapour pressure
y= Surface tension of water (0.072 N/m)
M = Molecular mass of water (18 - 10~ kg/mole)
r =radius of capillary (in m)
d = density of the water (1000 kg/m®)

This means that during adsorption of water vapour to dry fibres the small pores will first be
filled with water. The central part of the pore will not be filled until the relative vapour pressure
is increased to a level corresponding to the larger radius of this part of the pore. During desorp-
tion the central part of the pore will not be emptied until the relative vapour pressure has de-
creased to a level where the smaller pores are emptied and then both the smaller entrances and
the central part of the pore will be emptied at the same time thus causing a considerable differ-
ence between the adsorption and desorption branch.

However, there is most probably no single explanation to the detected sorption hysteresis.
Most likely it is a combination of a nonregular structure of the fibre wall and a change of prop-
erties of the fibre wall showing up as a change in the thermodynamic properties of the adsorp-
tion and desorption processes.

Changes in Fibre Structure upon Drying and Wetting

As has been described in a separate chapter the fibre wall attains a porous structure as lignin and
hemicellulose are removed during the liberation of the fibres from the wood. The size of the
pores and the volume of pores and solid substance will vary depending on the degree of deligni-
fication. This means that the lignin and hemicellulose will be removed from the different layers
of the fibre leaving cellulose fibrils in a more or less open network with water left in the open
voids between the cellulose fibrils. A representation of this is shown in Figure 3.8 where a
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number of SEM (Scanning Electron Microscopy) pictures (Duchesne 2001) have been com-
bined to show the structure of the different layers in the fibre wall as the lignin/hemicellulose is
removed.
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Figure 3.8. SEM micrographs showing the cellulose fibrils in the different cell wall layers after lignin removal.
The white bars in the diagrams show the resolution in the diagrams. (Duchesne 2001).

As can be seen in these pictures, the delignified cell wall will be very porous and this is also
in accordance with the view of the fibre wall as a porous lamellar structure as introduced by
Stone and Scallan (1966) and schematically shown in Figure 3.9. In the figure it is also indicat-
ed that the fibre wall will change its volume as the water is removed and according to Stone and
Scallan (1966) the fibre wall is almost solid when water is fully removed. Wetting and beating
will reswell the fibre wall as water is imbibed in between the cellulose fibrils but as discussed
before it will not be possible to fully recover the never-dried structure of the fibre wall.

From this discussion and from the earlier discussions on the reasons behind the hysteresis in
the sorption isotherms it is clear that the interaction between fibres and water will lead to a
change in the structure of the fibre wall. This change in structure is very important since it will
influence the behaviour of the fibres during drying of the paper and in turn it will also influence
the behaviour of the drying paper. Apart from a shrinking of the fibre wall the fibres will also
collapse whereby the void in the lumen to a large extent disappears, at least for chemical pulps.
This has also been described by Stone and Scallan (1965) and their suggestion to the change in
fibre shape during processing from wood to paper is schematically shown in Figure 3.10.
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Figure 3.9. Schematic representation of the effect of water and mechanical treatment on the swelling and deswell-
ing of the porous lamellar structure of the fibre wall. In the figure the fibre is viewed along the fibre axis. Adopted
from Stone and Scallan (1966).
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Figure 3.10. Change of the fibre wall and fibre structure as the fibre is converted from wood to paper. Adopted
from Stone and Scallan (1965).
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Ignoring the collapse, which is hard to quantify with techniques available today, and focus-
ing on the change in structure of the fibre wall it is important to quantify how the dimensions of
the fibres are changed as the fibre is drying. Since the fibres have a cylindrical shape it is possi-
ble for the fibre wall to shrink from the lumen and outwards or from the outside inwards to-
wards the lumen. The first process will result in a limited change of the external dimensions of
the fibres whereas the second process will lead to a considerable change of the external dimen-
sion of the fibres.

According to a careful investigation of how the fibre wall volume is changed as the yield
ofthe fibres is decreasing, Stone and Scallan (1967) presented the following result, Figure 3.11.
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Figure 3.11. Change in the fibre wall volume and the different structural elements constituting this volume. The
different volumes have been multiplied with the yield in order to compare the data for a fixed number of fibres
instead for 1 g o fibres with a certain yield. Adopted from Stone and Scallan (1967).

According to this figure the volume of water that is removed when the fibres are drying is
0.69 ml/g at a yield of 80 % compared with a solid volume of 0.53 ml/g. At a yield 55 % the
corresponding figures are 0.63 ml/g and 0.37 ml/g respectively. Provided that the void volume
within the fibre wall is totally collapsed upon drying this would lead to a change in volume of
the fibre wall with 56 % and 63 % respectively. Neglecting the change in length of the fibre
upon drying this would correspond to a change in the cross -sectional area of the fibre wall of
56-63 % for these never dried fibres. In order to isolate which shrinkage process that is domi-
nating these data can be compared with the data from Tydeman and Page (Tydeman et al. 1966)
who studied how wood fibres were shrinking in the cross-direction during drying. Typical data
from their investigation are shown in Figure 3.12 where the shrinkage of wood fibres have been
compared with terylene fibres used as reference fibres in their measurements since these latter
fibres are unaffected by the moisture.
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Figure 3.12. Swelling and shrinking of fibres from unbeaten sulphite pulps relative to terylene fibres used as ref-
erence fibres in the measurements. The dark area in the figure corresponds to the water saturated samples whereas
the hatched areas correspond to the dry fibres. Fibres 1 and 4 were dried and reslushed whereas fibre 6 was never
dried. The technique used could not show the change in lumen upon drying. Adopted from Tydeman et al (1966).

Form the change upon drying of fibre no 6 in Figure 3.12 it could roughly be estimated that
the outer area had been decreased by around 30 % compared with the 60 % estimated from wa-
ter removal in Figure 3.11. Considering also that all pores are most probably not closed upon
drying it is obvious that a significant part of the volume change of the fibres is caused by a
change of the outer dimensions of the fibre wall. Nevertheless, a considerable part is caused by
a shrinkage outwards from the lumen. Since the statistics behind this kind of comparison is very
poor it has to be treated with caution and it is included more as a demonstration how this kind of
problem could be handled. However, the fact remains that there are very few studies available
where water removal from the fibre wall is combined with measurements of the shrinkage of the
fibre wall despite the importance of the issue.

Irreversibility of Pore upon Drying

One large problem associated with drying of fibres before using them for paper production is
that some of the pores of the fibre wall are irreversibly closed upon drying. Some of the paper-
making potential of the fibres is thereby lost and has to be recovered with increased beating that
in turn creates other problems such as reduced dewatering and increased consumption of paper
chemicals. These problems are well known and the main reasons to the integration of pulp and
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papermaking, especially for papers containing high yield pulps. When fibres are dried and
reslushed it is found that some water is imbibed into the fibre wall but the volume of water in
the fibre wall is much smaller than the volume of water in the never-dried fibres. The fact that
some of the pores will re-open and others will remain closed is both interesting and important.
Today it is not resolved which types of pores that are permanently closed and which types of
pores that might be re-opened and a knowledge of this and how the situation could be changed
would be very important for an improved use of recycled fibres and for better treatment of
broke in the paper production.

In an investigation about pore closure upon drying, Stone and Scallan (1966) prepared sam-
ples that were conditioned at different relative humidities and then split in two parts. One part
was subjected to solvent exchange (to avoid further pore closure) and drying whereas the other
part was reslushed, dewatered and subjected to solvent exchange before drying. Both samples
were then subjected to pore volume analysis by nitrogen adsorption and the results shown in
Figure 3.13 indicate that the pore closure at “higher” amounts of water gives rise to an irrevers-
ible pore closure whereas the pore closure at lower amounts of water is more or less reversible.
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Figure 3.13. Reversible and irreversible pore closure of wood fibre walls upon drying. To the right in the figure a
schematic description of the experimental design is shown. Samples were prepared to different water contents and
then split in two parts. One was solvent exchanged and dried whereas one was reslushed, dewatered and then sub-
jected to solvent exchange and drying. Both samples were then subjected to pore volume distribution (PVD) mea-
surements through nitrogen adsorption. Adopted from Stone and Scallan (1966).

Stone and Scallan (1966) that the pores on the outer surface of the fibres were irreversibly
closed since the water first is removed from the surface of the fibres whereas pores in the interi-
or of the fibre could be reopened upon reslushing. This finding is very important since the exter-
nal part of the fibres is the part exposed to other fibres during sheet consolidation in
papermaking and closed surfaces, i.e. closed pores, will result in a poor interaction between the
fibres. It should be noted though that the pore volume on the ordinate is rather low compared
with the volumes shown in Figure 3.11 and actually corresponds to the water found only in ma-
cropores, i.e. micropores (see Figure 3.11) as determined with other techniques, are closed dur-
ing the solvent exchange and drying. Regardless of this the results shown in Figure 3.13 shows
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that the pore closure can be quantified with this technique and that the pore closure is not homo-
geneous throughout the fibre wall.

3.2 Swelling of Fibres

3.2.1 Background

In the earlier section, the focus was on the adsorption of water vapour on fibres from low P/P,
to P/P,=1 and some of the discussion were also devoted to understanding the change in fibre
structure upon drying of fibres from the completely wet state. The review of the thermodynam-
ics of water adsorption showed that the adsorption was enthalpically driven and that the entropy
of adsorption was negative almost over the entire moisture range. The negative enthalpy is
linked to the formation of hydrogen bonds between water and the constituents of the fibre wall.
As long as there is a favourable interaction between the water molecules and the fibres the water
will adsorb to the fibres. In other words, as long as the enthalpy decrease is larger than the loss
in entropy upon water adsorption water will adsorb to the fibres. When the fibres are immersed
in water they will be totally surrounded by water and then additional terms, describing the fibre-
water interaction, has to be included to give a full description of the swelling of the fibre wall.
The present section will be devoted to describing the swelling of fibres when they are immersed
in water.

A detailed description of swelling of the fibres is very important since the imbibitions of wa-
ter into the fibres will lead to a change of the fibre wall. It will turn from a stiff non-conform-
able composite of cellulose, hemicellulose and lignin with a surface roughness of the order of
micrometers to a rather soft gel with a much smoother surface. This change of properties of the
fibres is crucial for the preparation of paper since the fibres have to conform to each other in or-
der to create a large area of molecular contact between the fibres and thus to enable a large area
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Figure 3.14. Relationship between the water holding capacity of the fibre wall (measured as the Fibre Saturation
Point (FSP) i.e. amount of water in the fibre wall that is not accessible to a high molecular mass polymer) and the
tensile strength of the paper formed from these fibres. The figure illustrates the almost linear relationship between
FSP of the fibres and strength of the paper, the higher the swelling of the fibres, the higher the tensile strength. In
the figure it also shown that addition of different types of electrolytes Al** to H' will affect the water holding capac-
ity of the fibres and the paper strength. Adopted from Scallan and Grignon (1979).
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of interaction between molecules on adjacent fibres. Therefore a rather large effort has been un-
dertaken to both measure and describe the swelling of the fibres from a theoretical point of view
and a summary of this will be given in the present section. The strong connection between
swelling and tensile strength of papers from kraft and sulphite fibres have been shown by Scal-
lan and Grignon (1979) and a result from their investigation shown in Figure 3.14 can serve as
a representative example of the importance of the swelling of fibres .

3.2.2 Theoretical Considerations

In addition to the driving force for water adsorption to wood fibres, as described with the inte-
gral Gibbs free energy according to equations (3.4), (3.7) and (3.10), additional terms have to be
added to describe the gel swelling of the fibre wall. A large contribution to the swelling of the
fibres is given by the presence of charged groups, mostly carboxyl groups on the hemicellulose,
lignin and cellulose within the fibre wall. Since these groups are fixed to the fibres they will
give rise to a concentration gradient of small mobile ions between the interior of the fibre wall
and the external solution. This will in turn create an osmotic pressure within the fibre that will
result in an expansion of the fibre wall. The expansion is stopped by the structural integrity cre-
ated by the cellulose fibrils and their three dimensional organisation in the different cell wall
layers. In mathematical terms this can be described by equation (3.12)

AGgq1 = AG, + AG, + AG (3.12)
where
AG,, = integral Gibbs free energy for the swelling of the fibre wall

AG, = integral Gibbs free energy from the osmotic pressure created by charges in the fibre
wall

AG,, = integral Gibbs free energy describing the restraining action of the fibrillar structure
of the fibre wall

AG = integral Gibbs free energy from the interaction between water molecules and the chem-
ical components constituting the fibre wall; given by equation (3.4)

At equilibrium, the terms to the right hand side will balance each other and the sum will be
zero. The term describing the influence of the osmotic pressure is, as discussed earlier, linked to
the concentration gradient of small ions across the fibre wall and this situation can schematical-
ly be described by Figure 3.15.

The magnitude of the osmotic pressure will be critically determined by the concentration of
charged groups in the gel, c(1-a) + ce, and the concentration of OH", H' and the salt ions pres-
ent in the system (in the figure represented by Na* and CI"). With a methodology introduced by
Farrar and Neal (1952), Grignon and Scallan (1980) developed a technique where the concen-
tration difference across the virtual membrane of the fibre wall could be estimated By knowing
the dissociation constant of the acidic group in the fibre wall, k,, and assigning a value of the
concentrations of CI” and H" in the fibre wall, the concentration difference can be estimated by
utilising of the following equations, (3.13-3.15).
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_ y-co
T (3.13)

12 [Hi]g _ [Na:]g _[oH7), _[CI], (3.14)
x [H'), [Na’)y [OH'], [CI"],

A= f1+—5% (3.15)
k,/y+n

where the same abbreviations have been used as in Figure 3.15 b. This system of equations is
used in such a way that a salt concentration in the fibre wall is set together with a pH , —log y, of
the fibre wall, the number of charges of the fibre wall, ¢, (from experiments) and the dissocia-
tion constant of the charged groups in the fibre wall, k,, the distribution constant, A, can be de-
termined, equation (3.15). Having determined the distribution constant it is then possible to
determine the concentration of the other ions in the solution and in the gel phase.

c0 |, ® o cr
=} g 3 O ® ] Na+
® N =} H*
e ° O
LT L °  OH-
° e ° —O coo-
“0® i o ° —) COOH
0 O
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a) virtual membrane
gel phase solution phase
@) CI- n m
e Na* ky/y+n+co—y K/ X+m—x
E H* y X
e OH~ kw!Y Ky /X
—O coo- Ca
b) —O COOH c(1-a)

Figure 3.15. a) Schematic representation of the distribution of charged groups (COOH-groups used as examples)
and typical mobile ions that can move freely between the interior of the fibre wall and the external solution. In the
figure, a virtual membrane has been included just to stress the similarity to the creation of osmotic pressure across
a simple membrane. b) Concentrations of different species in the gel phase and in the solution phase. k, is the
autoprotolytic constant of water. Freely adopted after Grignon and Scallan (1980).
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This treatment is very illustrative but it suffers from two serious simplifications.

a) Concentrations are used instead of activities in equation (3.14) and this will be a large sim-
plification for highly charged fibres. For most native fibres this assumption is however rea-
sonable.

b) A constant dissociation constant, &, is used regardless of the degree of dissociation. This
simplification is more serious and to get a better estimate of the real dissociation constant,
k, should be multiplied with ¢ "7 where F is faradays constant, R is the gas constant and T
is the absolute temperature and finally ¥is the electrostatic potential around the charged
groups.

However, by applying the described methodology Grignon and Scallan 1980) showed that
there is a large difference in pH in solution and in the gel phase for a typical wood fibre. A sum-
mary of their calculations are shown in Figure 3.16 where a concentration of charged groups of
0.1 (corresponding to a charge of 100 peq./g and a water in the fibre wall corresponding to
1 cm?/g) have been used. Two different salt concentrations, 7, 0 and 0.01 M have been used for
these calculations.

pH in solution

0 2 4 6 8 10 12 14
pH in the fibre gel

Figure 3.16. Difference in concentration of H', shown as pH in the figure, in the gel phase and in solution
induced by the non-mobile charges in the fibre wall. The concentration difference has been calculated according
to the methodology developed by Grignon and Scallan (1980). The data used for the calculations arec =0.1,n =0
and 0.01 respectively and k, = 0.0001. Adopted form the data in Grignon and Scallan (1980).

As can be seen there is a large difference in pH in the gel phase and in the solution for the
case with deionised water whereas the difference in 0.01 M CI” in the fibre wall is very limited.
This means that it is not useful to measure the pH in the solution around the fibres at low salt
concentrations if the ambition is to estimate the degree of dissociation of the charged groups in
the fibre wall. Furthermore, when performing titrations of the charged groups in the fibre wall it
is necessary to have a supporting electrolyte in order to suppress this effect.

With this methodology it has been shown that the non-mobile charges will create an uneven
distribution of mobile ions across the fibre wall and Grignon and Scallan (1980) in accordance
with Farrar and Neale (1952) also concluded that the total concentration difference of ions be-
tween the interior of the fibre wall and the exterior solution is directly proportional to the creat-
ed osmotic pressure. In terms of free energy this osmotic pressure is hence entropic in nature
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and the entity £ in equations (3.16) and (3.17) will be proportional to the osmotic pressure in the
fibre wall.

E=[H"],+[OH ], +[Na" 1, +[CI"],—[H ), -[OH ], —[Na"], - [CI"], (3.16)

and with equations (13—16) this can be transformed to

A-1
E—[/“_l)jca (3.17)

For a certain type of fibre with a certain restraining action of the network, corresponding to
AG,,, this entity will naturally also be proportional to the degree of swelling of the fibre wall.

By calculating the difference in ion concentrations for different salt concentrations it is hence
possible to calculate the osmotic pressure and hence swelling of the fibre wall and an example
of this is shown in Figure 3.17.
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Figure 3.17. Osmotic pressure according to equation (3.17) for a typical wood fibre at different salt concentra-
tions and different pH. Since the restraining action of the fibre network probably is the same for the fibre regard-
less of pH and salt concentration this diagram is also a representation of the degree of swelling of the fibre wall.
Adopted from Grignon and Scallan (1980).

As can be seen in Figure 3.17, the pH has to be raised to rather high levels before the osmot-
ic pressure is increased. The reason to this is that the pH inside the fibre wall will be much low-
er as shown in Figure 3.16, due to the presence of the charged groups (carboxyl groups in this
case since the dissociation constant was set to 0.0001). As the salt concentration is increased the
difference in pH will diminish and the swelling will start at a lower pH but the difference in salt
concentration still creates almost the same pressure within the fibre wall. The difference in salt
concentration between the interior of the fibre wall and the solution will decrease as the amount
of added salt is further increased and this can be noted as a decreased osmotic pressure at even
further increased salt addition.
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With this rather straightforward treatment of the swelling forces in the fibre wall and despite
the simplifications mentioned earlier this treatment can really aid in the understanding of the
swelling of wood fibres in different media.

3.2.3 Examples of Swelling of Fibres Under Different Conditions

Numerous investigations have been devoted to study the swelling properties of the fibre wall
following the introduction of the polyelectrolyte gel concept as a model for describing the
swelling of wood fibres. Generally it has been found that the concept works, i.e. the swelling
shows changes with pH, fibre charge and salt concentrations in accordance with the predictions
in for example Figure 3.16. There is, however, still very few quantitative data available describ-
ing the thermodynamic properties of the swelling in terms of equation (3.12) and most data are
qualitative in nature. This is naturally a drawback since the general comparison between differ-
ent fibres and different fibre treatments is difficult and not linked back to fundamental proper-
ties of the fibre wall.

The qualitative data that are available show, however, that the fibre wall behaves as a poly-
electrolyte gel but that the swelling is very restricted by the restraining action of the fibrillar
structure of the different fibre wall layers. This is for example demonstrated in Figure 3.18
where the deswelling of wood fibres as a function of concentrations of mobile ions with differ-
ent valency is shown. As can be seen in this figure the water holding capacity of the fibre wall is
decreased as the salt concentration is increased and the deswelling also starts at lower concen-
trations for the ions with higher valency. The larger sensitivity towards ions of higher valency is
expected from polyelelectrolyte theory where the ionic strength is the parameter entering most
equations describing the swelling of the gel.
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Figure 3.18. Swelling of wood fibres, measured as water retention value (WRV), from an unbleached sulphate
pulp (yield 52.8 %) as a function of salt concentration. The counterion to all different cations was NO,". Adopted
from Lindstrom and Carlsson (1982).

It is also shown in the figure that the deswelling is of the order of 10 % of the total volume
indicating that fibrillar structure restricts the swelling to a large extent. If, however, the charge
of the fibre wall should be significantly increased a limit will be reached where the swelling
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forces will overcome the reastraining forces and eventually the fibre wall will start to expand.
An illustrative example of this is shown in Figure 3.19 where the swelling of fibres that had
been carboxymetylated to different degrees, i.e. to different charges, was investigated. Three
different experimental series are shown in the figure. First the influence of charge on the swell-
ing of never dried fibres was tested and then the influence of how the fibres were dried was in-
vestigated. It was found that if the fibres were dried with the carboxyl groups in their H-form
the formation of hydrogen bonds within the fibre wall was so extensive that the swelling forces
from the charged groups was not sufficient to overcome the restraining forces of the fibre wall.
If on the other hand the fibres were dried in their sodium form fewer hydrogen bonds were
formed and the swelling forces were in this case sufficient to expand the fibre wall. For the nev-
er dried fibres the swelling is increased but not to the same extent as for the fibres that had been
dried in their sodium form.
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Figure 3.19. Swelling, measured as WRYV, for a bleached chemical softwood pulp that had been carboxymethy-
lated to different degrees, i.e. to different charges, and as function of the drying conditions of the pulp. Redrawn
from Lindstrom and Carlsson (1982).

This is an illustrative example of the applicability of equation (3.12) but it is also a good ex-
ample of the difficulty of identifying the different terms in the equation. The figure indicates
that during drying the terms constituting AG,,, is changed and a detailed description of these dif-
ferent terms are therefore necessary in order to be able to describe and predict the behaviour of
the fibre wall.

Ignoring the contribution to the swelling by the AG component of equation (3.12) Scallan
and Tigerstrom (1992) applied a simple model where the swelling pressure induced by the
charges simply was expressed according to equation (3.18)

nl]
Py =RT (7j (3.18)
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where
P, = swelling pressure induced by the charges in the fibre wallN/m?)

n, = moles of charges in the fibre wall (moles/gram)
V' = liquid volume of the fibre wall (m*/gram)

This means that by determining the amount of charges of the fibre wall it will be possible to
get an estimate of the swelling pressure induced by these charges. For a full description of the
swelling pressure of the fibre wall much more advanced models are needed but due to the lack
of such models equation (3.18) can serve as a simple tool to get a rough estimate of this pres-
sure. Extending this model to describe also the elastic modulus of the fibre wall in the cross-di-
rection of the fibres, E,,, Scallan and Tigerstrom (1992) used the volume changes detected
when converting the charged groups of the fibre wall from their undissociated form, i.e. =0,
to the fully dissociated form, i.e & = 1, in combination with the swelling pressure according to a
Hooks law type of equation (3.19).

RT(”"]

v

Epg = ——"2 3.19

T (3.19)
Vo + V.,

where
E., = Elastic modulus of the fibre wall in the cross direction of the fibres
V' = Volume of the fibre wall at o= 1 (m*/gram)
V, = Volume of the fibre wall at & = 0 (m*/gram)
V, = Volume of the cellwall material (m*/gram)

So simply by determining the volume of the fibre wall at different pH and knowing the
charges of the fibre wall it was possible to determine how different fibre treatments would influ-
ence the elastic properties of the fibre wall in a quantitative way even if the model is simplistic.
An example of this treatment is shown in Figure 3.20 where it can be seen how the stiffness of
the fibre wall is influenced by the yield of the fibres and the drying of the fibres.
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Figure 3.20. Elastic modulus of the fibre wall for chemical softwood pulps as a function of the yield of the pulp
and as an effect of the drying of the fibres. The elastic modulus was calculated according to equation (3.20).
Redrawn from Scallan and Tigerstrom (1992).
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As can be seen in this figure the fibre wall becomes softer, i.e. the E-modulus decreases, as
the yield of the pulp is decreased. This is due to the removal of lignin that together with the
fibrillar structure of the cell wall layers contributes to the stiffness of the fibre wall. Below a
yield of 60 % it is also obvious that the drying of the fibres will stiffen the fibre wall. This is
hence a quantification of the change in swelling upon drying that was demonstrated in Figure
3.19 and it is most probably caused by hydrogen bonding within the fibre wall upon drying.

3.2.4 Recent Findings and Future Developments

It is striking to note that the relatively modest differences in WRV shown in Figures 3.14
and 3.18 will have such a large influence on the properties of papers formed from these fibres.
In combination with the fact that the relative decrease in swelling upon salt addition is low, Fig-
ure 3.18, it is most probable that something else than the swelling and deswelling of the entire
fibre wall is controlling the ability of the fibre to conform towards each other and/or other mate-
rials and form strong joint with these components. Recent investigations have also demonstrat-
ed that it is the outermost layers of the fibre wall that will control the ability of the fibres to form
strong joints with other fibres (Barzyk, Page and Ragauskas 1997, Laine et al. 2000, Wégberg et
al. 2002). Considering the structure of the fibre wall this might not be so surprising since the
swelling forces per m* in the outer layers of the fibre will be of the same order of magnitude as
in the rest of the fibre wall but the restraining actions will be lower due to the organisation of the
fibre wall. In the future it will hence be vital to characterise the outer layers of the fibre wall and
to find theoretical models for a description of this part of the fibres. Recent investigations with
nano-indentation of wood fibres with the aid of Atomic Force Microscopy (AFM) (Nilsson,
Wiégberg and Gray 2001) show promising results.
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4.1 Interactions between Fibres in the Wet State and between Dry
Paper and other Substances

The surface chemistry of the fibres and its importance for the surface chemistry of the paper has
been given a lot of attention during recent years. This interest has been focused mainly on the
interaction between paper and other materials, see for example Berg 1993%, but the surface
chemistry is also important for the interaction between the fibres in the wet state during the con-
solidation of the paper. During this process it has earlier been shown that the state of swelling of
the fibre wall and the apparent modulus of the fibre wall will determine the deformation of the
fibres in the fibre/fibre contacts (see for example Lindstrom 1986, and Scallan and Tigerstrom
1992). Before entering into a more detailed overview of the work conducted to determine both
the surface energy of the fibres and fibre swelling it is necessary to review the detailed interac-
tion between the fibres during consolidation of the wet fibre web in order to clarify why the
chemistry of the fibres surface is so important. A short description will also be given on how the
surface energy of the paper will determine the interaction between the dry paper and other sol-
ids or liquids.

Two fibres coming into close contact with each other can as a first approximation be repre-
sented by the interaction between two crossed cylinders as illustrated in Figure 4.1. When water
is removed, capillaries are formed in the fibre/fibre contact and capillary forces pull the fibres
together.

The forces acting between the fibres, apart from the capillary forces, are the wellknown elec-
trostatic forces, van der Waals forces and polar type of interactions often referred to as acid/base
interactions. For cellulose fibres, the electrostatic interactions are dominated by carboxylic
groups or sulphonic acid groups (see for example Sjostrom 1989). The origin of these groups
will be discussed in more detail below. Naturally this view of the fibres as crossed cylinders is a
rough approximation and is used here to demonstrate the influence of different factors on the in-
teraction between the fibres. In a real situation, the fibres are deformed as the capillary forces
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D = distance between fibres
A = affected area

fibre 1

water
meniscus

fibre 2

Figure 4.1. Schematic representation of the interaction between two fibres during water removal. The radius of
the fibres is R, the distance between the fibres D and the affected area in the contact zone is 4.

pull the fibres together and in the dry state the fibres have a shape which more resembles two
ribbons brought close to each other. For crossed cylinders the total potential energy (W) be-
tween the cylinders can be represented by the equation:

The forces acting between the fibres, apart from the capillary forces, are the wellknown elec-
trostatic forces, van der Waals forces and polar type of interactions often referred to as acid/base
interactions. For cellulose fibres, the electrostatic interactions are dominated by carboxylic
groups or sulphonic acid groups (see for example Sjostrom 1989). The origin of these groups
will be discussed in more detail below. Naturally this view of the fibres as crossed cylinders is a
rough approximation and is used here to demonstrate the influence of different factors on the in-
teraction between the fibres. In a real situation, the fibres are deformed as the capillary forces
pull the fibres together and in the dry state the fibres have a shape which more resembles two
ribbons brought close to each other. For crossed cylinders the total potential energy (W) be-
tween the cylinders can be represented by the equation:

yl
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where

R=Radius of the cylinders (i.e. Fibres)

x=Debye length

A =Hamaker constant of the cellulose/water system
D =Distance between the cylinders

y o &XP (zey,/2 kT)—1
exp (zey,/2 kT)+1

¥, = Surface potential
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n,=Number of ions per unit volume in solution

z=Valency of the counter ion
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Figure 4.2a. Interaction energy between two crossed cylinders, i.e. fibres, calculated from eq. 1. A salt concentra-
tion of 10 M NaCl was used for these calculations and different degrees of neutralisation of the surface charges
were chosen to demonstrate how this influences the interaction between the cylinders. The vertical line shows the
Debye length.
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Figure 4.2b. Interaction energy between two crossed cylinders, i.e. fibres, calculated from eq.1. A salt concentra-
tion of 102 M NaCl was used for these calculations and different degrees of neutralisation of the surface charges
were chosen to demonstrate how this influences the interaction between the cylinders.

By inserting appropriate values for the surface charge and Hamaker constant for the cellulose
(in the present calculations a surface charge of 25 peq/g, a specific surface area of the external
surface of the fibres of 1 m*g, a Hamaker constant of cellulose of 6.7 - 102° J, Winter (1987),
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and a Hamaker constant of water of 3.82 - 1072 J) the results presented in Figure 4.2a and Fig-
ure 4.2b were obtained.
It is evident in these figures that:

a) the electrostatic repulsion is very large in deionised water and the charge has to be signifi-
cantly reduced to allow for the fibres to come close enough together to form the bond nec-
essary for paper strength to develop. The forces created by this electrostatic repulsion are
naturally counteracted by the capillary forces existing in the contact zone, as is discussed
below.

b) at higher ionic strengths this repulsion is naturally reduced, but values of about 1 - 10° kT
are still found at 0.01 M NaCl.

In Figure 4.2a and Figure 4.2b, it is also seen that very large surface potentials are achieved.
In reality counterion binding leads to a decreased surface potential, but this has not been taken
into account in these very simple calculations.

At the same time, the capillary pressure, caused by the water meniscus formed in the contact
zone between the fibres, draws the fibres together. To overcome the repulsion between the fi-
bres, a sufficiently small capillary radius has to be formed before molecular contact between the
fibres can occur. A contact zone between the fibres is then formed and the size of this contact
zone is very dependent on the elastic modulus of the fibre wall, which in turn is very dependant
on the degree of swelling of the fibre wall. The true nature of the surface of the cellulosic fibres
in the contact zone determines to what extent there will be molecular contact or not between the
fibres. It is strongly believed that the flexibility of the outer surface layers of the fibres, as dis-
cussed by Pelton (1993) is very important for the degree of bonding between the fibres.

This discussion shows that the electrostatic charge, the Hamaker constant and the swelling of
the cellulosic fibre wall are very important for how the interaction between the fibres takes
place. The swelling forces within the fibre wall are not however sufficient to create a flexible fi-
bre with a large bonding ability to other fibres. In order to achieve this, it is necessary to delam-
inate the fibre wall and thereby remove some of the swelling restraints created by the
interlamellar bonds within the fibre wall. This delimitation is brought about by the beating oper-
ation which is thus indirectly essential for the swelling of the fibre wall. A knowledge of the
size of these entities, i.e. electrostatic charge, Hamaker constants and fibre swelling, and the
factors controlling their magnitude is hence very important in order to understand the develop-
ment of bonding between the fibres and the creation of paper strength. It should also be stated
that in this simplified initial calculations in order to show the importance of different factors for
the interaction between wet wood fibres the influence of swelling on the efficient Hamaker con-
stant of cellulose has not been taken into onsideration.

Another important factor, which has to be considered, is how the pressing operation influ-
ences these interactions. To have a complete view of the interaction, the force-balance between
the fibres should be with the force complemented with the force applied during pressing. The
pressing force will naturally compress the fibres, i.e. flatten the “cylinders®, and help the capil-
lary forces to overcome the electrostatic repulsion. On the other hand, the pressing naturally re-
moves more water and the size of the contact zone (i.e. smaller capillaries are formed directly)
between two fibres will hence become smaller when more water is removed. All this shows that
the model of the fibres as two interacting cylinders must be used with caution.

According to Fowkes (1962 and 1964) and as described in detail by van Oss (1994) and Berg
(1993°) there are additional polar interactions between substrates, i.e. fibres, in aqueous media



69

and currently there is a large scientific debate on how these interactions should be determined
and also summarised theoretically. Without entering this debate, it can be stated that there will
be additional forces between the fibres in the wet state depending on the acid/base properties of
the fibres, and these will naturally add to the forces already mentioned. Today the change of the
acid/base interaction with distance between the fibres is not known and these forces have there-
fore not been included in the calculations.

When the dry paper is contacted with other types of substances, the interaction will be con-
trolled by the van der Waals interactions and the acid/base interactions. This was described for
example by Berg (1993%) and the total work of adhesion between two different materials can be
described by the equation:

W, . = W+ pne 4.2)

total

where
wE" = Lifshitz-van der Waals interactions
WAB = Acid-Base Interactions

The Lifshitz-van der Waals interactions can in turn be described by the following relation-
ship.

WLW — 2 . (%LW . %LW)I/Z (43)

where
%2V = Lifshitz-van der Waals contribution to the surface energy of the solid
#*V = Lifshitz-van der Waals contribution to the surface energy of the liquid

and

WAB — 2 . ((}/;r . }/]—)I/Z + (}/S— . }/l+)]/2) (44)

where
%', %= Acid contribution to the surface energy of the solid and liquid respectively
%, % =Base contribution to the surface energy of the solid and liquid respectively.

There are several ways of calculating the acid/base interaction between the surfaces and the
van Oss approach (van Oss 1995) was chosen here to illustrate how the composition of the fibre
and paper surface influences the interaction with other materials. From equation (4.2)—(4.4) it is
clear that

a) the van der Waal interactions are always important for the total interaction between differ-
ent materials.

b) polar interactions are also important for many materials the type of polarity of the materials
is important. If both materials have electron donor properties there will be no polar interac-
tion, despite the fact that both materials have polar properties.

Berg, (1993*") also gave several examples of how differences in the acid-base properties of
different materials really influence the interaction with liquids and solids.

It is obvious that a knowledge of the chemical composition of the fibre surface is important
in order to optimise the interaction of the fibres in the wet state, to enhance fibre/fibre bond for-
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mation and to optimise the surface chemistry of papers for use in different practical applica-
tions. The following sections will therefore be devoted to a summary of what is known about

a) the surface chemical properties of the constituents of the fibres
b) the surface chemical properties of different fibres (pulps) and papers.

4.2 Surface Energy of the Chemical Constituents of the Fibre Wall,
Fibre and Paper

Before starting the detailed description of the available data on the surface chemistry of differ-
ent materials it may be appropriate to mention that the results are naturally very dependent on
the techniques used to collect the data. The most easily available technique for surface energy
determinations is contact angle measurements with different liquids. This technique makes it
possible to determine both the LW-part of the surface energy and the acid/base part. However,
there are severe drawbacks and no satisfactory method has been defined for determining contact
angles on porous substrates such as paper. Another popular method for the determination of sur-
face energy and the different components of the surface energy is Inverse Gas Chromatography
(IGC) where the retention times of different probe molecules are measured. The evaluation
techniques for the data collected by this method often give results different from those given by
the contact angle methods and the reason for this is still not exactly known. As a further compli-
cation, there are different evaluation principles for the data collected with both contact angles
and IGC. These problems are discussed in the different sections below, but due to the large vari-
ation in the techniques used, the data in the tables must be treated with caution.

4.2.1 Surface Energy Determined by Contact Angle Measurements

The origin of the use of contact angle measurements is the Young equation which gives a rela-
tion between the surface energy of the solid, the surface energy of the liquid, the interaction be-
tween the solid and the liquid and the contact angle of the liquid on the solid.

%= %cos0+y, 4.5)

where
%= Surface energy of the solid in the environment used in the experiments
%= Surface energy of the interface between the solid and the liquid
= surface energy of the liquid in the environment used in the experiments
It is also commonly known that v, can be characterised by the relationship:

Y = %t }/lfld-lp (4.6)

where
I'= Contribution of the dispersive forces to the surface energy of the interface
PP =Contribution of the polar forces to the surface energy of the interface
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It must here be emphasized that the dispersive contribution in equation (4.6) is not the same
as the Lifshitz- van der Waals term mentioned in e.q. (4.2). In the treatment given in equation
(4.6), the dispersion forces include only the London dispersion forces and the dipole-dipole, in-
duced dipole- dipole interactions and hydrogen bonding interactions are all included in the polar
term. The treatment in equation (4.4) is based on the work by Chaudhury (1984) who showed
that the Lifshitz- van der Waals component is simply a sum of the London dispersion forces, the
induction forces (Debye) and the dipole forces (Keesom). This means that it is not possible ex-
actly to compare the results from evaluations by equation (4.6) and equation (4.4) even though
they should give the same trends when characterising different surfaces.

It has been shown for example by Wu (1982), that the term I¢ in equation (4.6) can be written
as

Id — 2 . (}/qd . %d)l/z (47)

By inserting equations (4.7) and (4.6) into equation (4.5) the following useful relationship is
obtained:

n(l+cos @) =2 (5 yH?+ P 4.8)

By using different liquids with known properties, it is possible to determine % and P and,
knowing how to resolve the /P term mathematically, it is also possible to determine the polar
properties of the solid surface. The derivation of equation (4.8) has been included since a fair
amount of work was conducted before the acid/base concept was introduced. Some of the earli-
er contact angle data has been transformed into a dispersive component of the surface energy
and a polar interaction with the liquid in question, since the mathematical form of the polar in-
teractions was not known. However, later work has made use of equation (4.4) and liquids char-
acterised from the Lifshitz- van der Waals and acid-base concept and therefore these data are
also used in the summary below.

Sandell and Luner (1969) prepared films from cellulose and hemicellulose, Lee and Luner
prepared films from lignin (1972) and Winter (1987) prepared films from different cellulose
materials and the results of their work are given in Table 4.1. In this table, the critical surface
tension of the hemicellulose films has also been included. This entity is achieved by measuring
cos fof a liquid on the sample for different apolar liquids, extrapolating to cos 8= 1 and reading
the surface tension of the liquid at this position. This value can then be taken as a rough estimate
of the dispersive part of the surface energy of the solid. It should be stated that this treatment
holds true for nonpolar solids but for polar solids, it must be treated with much caution (Wu
1982).

Table 4.1 shows that the dispersive part of the interaction between cellulose, hemicellulose
and lignin and different liquids is always important and that the greatest difference between the
cellulose and the lignin can be found in the polar interactions with water. This difference means
that more polar liquids will wet the cellulose much more easily than they will wet the lignin. To
illustrate this more the I” term in table 2 was recalculated into a y by using a geometric average
as in equation (9), also for the polar part of the surface energy. This is naturally not correct but it
can be used to illustrate the difference between cellulose and lignin.
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Table 4.1. Summary of the dispersive component of the surface energy of films from lignin, cellulose
and hemicellulose. In the table, the polar interaction with water has been included as well as the criti-
cal surface energy of some materials. The data was used by applying equations (6)—(8). No full chemi-
cal characterisation of the materials was given by the authors. The lignin film was prepared by Lee and
Luner (1972) from a commercially available kraft lignin.

Material 7% (mNm/m? 1P (mNm/m?) 7% (mMNm/m?
Lignin (hardwood) 41 50 36
Cellulose (Avicel)® 45 78.6 36
Cellulose (Rayon)® 25.1 89 -
Cellulose (MCC)® 37.2 78 -
Hardwood xylan ¢ - - 34
Softwood xylan © - - 35

*Sandell and Luner (1969), from commercial microcrystalline (MCC) cellulose
"Winter (1987), from a non-extracted commercial rayon material

‘Winter (1987), from specially prepared microcrystalline (MCC) cellulose
dSandell and Luner (1969) extracted with DMSO

*Sandell and Luner (1969) extracted with water

P=2-(F p" (4.9)
With this treatment the data given in Table 4.2 were obtained.

Table 4.2. Summary of the surface energy data for lignin and cellulose from the work of Felix (1993)*,
Westerlind (1988)** and Lee and Luner (1972)". The data in row 1 and 3 have been calculated by
applying a harmonic mean equation according to Wu (1982) instead of the geometric mean used for
the rest of the data in the table. The data from the work by Felix and Westerlind were collected from
measurements with single fibre wetting whereas the rest of the data were collected from goniometric
measurements.

Material Liquids 7.4 (mMNm/m? 7P (mMNm/m? % (MNm/m?
Cellulose* Water/CH,l, 25.5 43.2 68.7
Cellulose (cotton)*™* Water/CH,l, 27.5 41.0 68.5
Cellulose (cotton)™ Water/CH,l, 31.0 47.0 78.0
Cellulose (Avicel)" Water/aBr.N 42.2 26.5 68.7
Cellulose" Glycerol/oBr.N 422 17.6 59.8
Lignin" (Hardwood) Water/aBr.N 43.5 10.9 54.4
Lignin"(Hardwood) Glycerol/aBr.N 43.5 2.4 45.9

These results show more clearly that the polar component is considerably smaller for the
hardwood lignin, which means that polar liquids will wet the cellulose more easily. It also
means that, when fibres with surfaces covered with lignin are brought into contact with other
polar materials there will be a much lower interaction between these materials than between fi-
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bres containing only cellulose and the material in question. Another factor, which will influence
the interaction, is naturally the hemicellulose, but no comparable data are available for hemicel-
lulose.

The results in Table 4.2 also show that there is a large scatter in the data, probably due both
to the nature of the material used and the method used for evaluation. There is hence a great
need for comparative investigations of the different methods and a standardisation of the mea-
surements, in order to be able to compare the data on a quantitative and not just a qualitative ba-
sis.

Later work conducted after the introduction of the acid-base concept includes this type of
evaluation of the fibres or films. A large volume of data has been prepared by van Oss (1994)
and these data also include cellulose, but the origin of this cellulose material is not defined.
Work by Berg (1993%) and by Toussaint and Luner (1993) also include fibres and films respec-
tively. Berg (1993%) used single fibre wetting with different liquids and Toussaint (1993) used
cellulose films prepared from cellulose acetate and subsequently deacetylated. The results of
these investigations are summarised in Table 4.3.

Table 4.3. Summary of the surface energy of a number of different cellulosic materials. Apart from the
Lifshitz-van der Waals component of the surface energy the acid base properties of the materials, cal-
culated according equations (3) and (4) are summarised.

Material %" A % A Jhotal

(mNm/m? (mNm/m? | (mNm/m? | (mNm/m? (mNm/m?
SWBK? 41.8 0.2 24.5 4.4 46.2
HWBK? 43.2 0.4 16.3 5.1 48.3
CTMP? 30.8 1.0 67.8 16.5 47.3
Cellulose® 44 1.6 17.2 10.5 54.5
Cellulose® 39.1 2.0 39.7 17.8 56.9
“Berg (1993%)

Yvan Oss. (1994)
9Toussaint and Luner (1993)

The Lifshitz-van der Waals components of these materials have approximately the same val-
ues except for the CTMP fibres. This is also expected since these fibres are covered with lignin.
The result is not however in accordance with the data in Table 4.2, where it was shown that the
dispersive component of the surface energy was about the same for lignin and cellulose. The
data are not however fully comparable, since the Lifshitz van-der Waals component by defini-
tion is different from the y.* as determined according to equation (4.7). Another explanation can
be that the lignin materials in the two investigations are not the same, since the CTMP fibres
contain hydrogen peroxide bleached lignin whereas the sample reported in Table 4.2 was not
peroxide bleached.

Another factor, which was not given by the authors, was the content of sulphonic acid
groups, which has a large influence on the properties of the fibres. Considering all this, it can
only be concluded that the samples cannot be compared thoroughly, since the characterisation
of the samples is not sufficiently good. In order to make a satisfactory comparison, it is neces-
sary to know



1) the concentration of extractives.

2) the types and degree of modifications of the lignin in the pulps and also whether there is a
difference between softwood and hardwood lignin.

3) how the fibres have been defibrated, which parts of the cell wall are exposed.

4) even when rayon was used it is necessary to know how the rayon has been produced, since
the process may leave contaminates which in turn may be very important for the surface
properties of the rayon films.

The Table 4.3 also shows that samples, which should be similar, i.e. the SWBK, HWBK and
the cellulose samples still have very different properties. This might be caused by some flaws in
the method but it is probably only a sign that the materials have different properties. This state-
ment is based on the results presented by Toussaint and Luner (1993) who showed that the mea-
sured changes in the surface energy and its separate components could be used to predict the
interaction between cellulose and synthetic polymers.

Another result presented in Table 4.3 is that the fibres have a basic character, which is rather
unexpected since the fibre surface, at least of the CTMP, should have a lot of acidic groups. It is
not only the sulphonic and carboxylic acid groups that can contribute to the interactions as de-
fined by the definition of the Lewis acid/base concept, but also these groups are believed to play
a dominating role for this material. On the other hand, the occurrence of a basic nature of the fi-
bres is not surprising, since the method used to determine these properties (Berg 1993%) often re-
sults in surfaces with basic properties, and Berg (1993) also claims that this is a sign that this
evaluation principal is not totally correct. Without going into too much detail on this topic, it
should also be mentioned that the properties of the different liquids used to determine the con-
tact angle have been determined under the assumption that the electron donor and electron ac-
ceptor properties of water are the same, i.e. 25.5 mNm/m?. Recent publications have shown that
the Lewis acid component for water should be 34.2 mNm/m? and that the Lewis base compo-
nent should be 19 mNm/m?, (Lee 1996). This results in lower values for the Lewis base compo-
nent for all surfaces, but not sufficiently to change the properties to acidic properties. As for the
results in Table 4.3, it must again be concluded that further investigations are needed where the
surface properties of the fibres are systematically changed and then characterised with these
methods. In view of this, the large base component of the surface energy of the CTMP is diffi-
cult to discuss without any further information, but this large value indicates that it should be
possible to find certain specific properties of these fibres.

It is also interesting to note that there are no systematic characterisations of extractives avail-
able in the literature regarding Lifshitz-van der Waals components and acid base properties of
the pure components. This is surprising, since these components are believed to have a pro-
found effect on the adhesive interaction between fibres and other materials. It was shown by
Aberson (1970) that the existence of low amounts of benzene extractives (<0.1 %) resulted in
drastic changes in the contact angle of water on these fibres. This is shown in Figure 4.3 where
the contact angle is shown as a function of the extractives content.

Aberson (1970) also showed that this difference in contact angle between different pulps had
a very large effect on the absorption properties of pulps containing these fibres. The same type
of results has also been found in later investigations by Hodgson and Berg (1988). The ageing
effect shown by Aberson (1970) in Figure 4.3 has been discussed in terms of vapour phase mi-
gration of extractives, as originally shown by Swanson (1959). Without going further into the
discussion of extractives it should be stated that further investigations of pure extractives com-
ponents regarding both Lifshitz-van der Waals parts of the surface energy and acid/base proper-
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ties of the surface energy are definitely needed to understand the complete interaction between
fibres and other materials.

As a final comment on the surface energy evaluation of cellulosic fibres through contact an-
gle measurements, it should be mentioned that the fibres are very difficult to characterise both
since they have a heterogeneous surface with a mixture of lignin, cellulose, extractives and
hemicellulose and since even fairly clean surfaces of bleached chemical sulphite fibres for vis-
cose production have moisture- and temperature; dependant surface properties. This was shown
in early work by Borgin (1961) where it was shown that the water contact angle could be
changed from 35 °C to 55 °C by heat treatment at 140 °C and 0 % RH for 7 hours. This was in-
terpreted as being due to a reorientation of the hydroxyl groups at elevated temperatures to-
wards the interior of the fibres. This changes the properties of the fibres and also shows that a
definition of the ground state used for evaluation of surface energy of the fibres is also very im-
portant. A word of caution is needed for this interpretation, however since the heat treatment
used during the drying might have caused a migration of extractives, which are probably present
in these fibres.

70° -

black spruce
aged 1hrat 105°C

black spruce
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contact angle
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Figure 4. 3. The influence of extractives content on the contact angle of bleached sulphite fibres against water. In
the figure results from both “fresh fibres and aged fibres are shown. Reprinted from Aberson (1970).

In summary, it must be concluded that despite the large efforts made by different researchers,
it is striking to note that the chemical characterisation of most materials investigated is not thor-
ough enough to allow for unambiguous interpretations of the results. The same is also true of
the different techniques and it is obvious that a standardisation of how the contact angle can be
and should be used is very important for future research in this area.

4.2.2 Surface Energy Determined by Inverse Gas Chromatography
The discussion so far has been focused on the acid/base concept as defined by van Oss et.al.

(1994) and the evaluations of the acid-base properties have also been focused on different con-
cepts of this evaluation principle. Since the techniques are very different for the evaluation of
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the acid-base properties and since the entities achieved with the different evaluation principles
are also very different, the following text is fairly detailed in order to compare the different data
in a clear way.

As proposed by Fowkes (1978), the acid/base part of the work of adhesion, W*® as defined in
equation (4.2), is a direct function of the enthalpy of the formation of an acid/base linkage be-
tween different materials according to:

W = fir (~AH") (4.10)

where
n =Number of acid/base linkages per unit area
f=Conversion factor to equate the Gibbs free energy with an enthalpic quantity
AH*® =Enthalpy of the acid/base linkage formation

One common way of determining the enthalpy of an acid/base linkage formation is that of
Drago as described by Jacob and Berg (1994). However, this approach not has been applied to
cellulose to any great extent since the Drago approach cannot handle probe molecules with both
acidic and basic sites it. Another approach which can handle probes with both acidic and basic
sites is the Gutmann (1966) approach which can be written in the following form.

(—AH"®) = (DN4AN,)/100 + (DN, AN5)/100 (4.11)

where
DNy = Electron-donating ability of the solid
DN, = Electron-donating ability of the probe molecules
AN, = Electron-accepting ability of the probe molecules
ANg= Electron-accepting ability of the solid

This equation means that it is possible to determine the electron-donor and electron-acceptor
properties of the solid by determining DH*® for different probes and by plotting DH*®/AN, as a
function of DN, /AN, . The slope of this graph gives ANy and the intercept gives DNy.

It was found by Dorris and Gray (1980) that the Gibbs free energy of interaction between a
probe molecule and a solid could be determined by Inverse Gas Chromatography (IGC). In this
procedure a GC column is packed with the material to be characterised and probe molecules are
then injected on this column and the retention time of the probe molecules is then used to calcu-
late the interaction energy between the probe molecules and the column material. Schematically
this is shown in Figure 4.4.

The free energy of interaction can then be calculated from the following relationships:

W, =-AG,/a (4.12)

ads’ ““mol

where
W, =Work of adhesion between a probe molecule and a solid
AG,,, = Gibbs free energy of adsorption
a,,,, =Molar area of the probe molecule on the solid

~AG,,,= RTInVy, +C (4.13)
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where
R=Gas constant
T'= Absolute temperature
¥ =Retention volume in the IGC equipment
C=Constant

detector and
flowmeter

column in
injector GC oven

carrier gas

Figure 4.4. Schematic representation of the Inverse Gas Chromatography (IGC) set-up used to determine the free
energy of interaction between probe molecules and the column material, i.e. wood based fibres.

Dorris and Gray (1980) also showed that the Lifshitz-van der Waals part of the surface ener-
gy could be determined by combining equations (4.3), (4.12) and (4.13) into the equation:

RTInVy =2a,, (7/st v )7 +C (4.14)

where
5V =Lifshitz-van der Waals component of the surface energy of the probe molecule

By using probe molecules having only London dispersive interactions with the solid and by
plotting R7TInV  as a function of amol(“V)"?, it is possible to determine *" from the slope of
this graph. In order to determine the acid/base interaction between a probe molecule and the sol-
id, a probe molecule with a known molecular area on the solid is injected in the IGC equipment
and its distance from the reference line according to equation (4.14) is then a measure of the
acid-base contribution to the Gibbs free energy of adsorption. In mathematical terms this can be
written as:

_AGAB — RTIH(V]\E;mbe / Vv]\.;%lkane)(:3 (415)

From these equations, it is possible to determine both the Lifshitz-van der Waals component
of the surface energy of the solid and the acid-base contribution to the energy of interaction be-
tween a probe molecule and the solid by using IGC. By performing calorimetric measurements
with different probe molecules and by applying the approach of Gutmann (1966) it is also pos-
sible to separate this acid-base interaction into an electron donor and an electron-acceptor prop-
erty of the solid.
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This is very tedious work and only a few publications available where the electron; acceptor
and electron; donor properties of cellulosic fibres have been determined with the described
technique. More publications are available where the Lifshitz-van der Waals components of the
surface energy of the solid have been determined and where the acid-base interaction between
the fibres and a probe molecule has also been determined. In Table 4.4, data from some fairly
recent publications have been summarised and 3V, AG*® (with different probe molecules), K,
and K (constants describing the electron-acceptor and electron-donor properties of the solid re-
spectively) values have been collected.

Table 4.4. Summary of surface energy determinations of different cellulosic fibres, and Micro Crystal-
line Cellulose (MCC), with the aid of IGC. Both data for ", constants describing the electron accep-
tor (K,) and electron donor (K,) properties of the materials and ~AG*® for interaction with different

probes are included in the table.There is no full chemical characterisation of the different pulps used.

Material 7 K, K, |-AG"}(mNm/m?
(mNm/m? Probe (acid/base)
60% Beechwood 40% Birch- 44.0 0.31 | 0.24 |Several
wood (1%)
CTMP (2%) 5.7 -5 |Several
SWBK (2%) 4.0 0 |Several
MCC (2%) 4.0 0 |Several
Whatman filter paper (4*) 48.4 0.41 | 0.26 |Several
Softwood CIO, Bleached(3*) 47.0 5.0/27.6 chloroform/ p-dioxane
Softwood H,O, Bleached (3%) 43.5 3.9/29.5 chloroform/p-dioxane
Softwood O, Bleached (3%) 42.1 3.7/28.9 chloroform/p-dioxane
Hardwood CIO, Bleached (3*) 46.5 5.8/25.8 chloroform/p-dioxane

1* = Felix (1993), 2* = Jacob (1994), 3* = Lundqvist (1996), 4* = Lee (1989)

It is very difficult to obtain a clear picture of the acid-base properties of the fibres. If the data
of Felix (1993) and Lee (1989) are compared with the data of Jacob (1994), it is found that the
absolute values differ and so does also the trend of the data. The data of Felix (1993) and Lee
(1989) are in fairly good agreement and they show that paper is both acidic and basic with dom-
inance for the acidic properties. This is also found in the work of Lundqvist (1996) where the
interaction energies with the basic probes is much larger than the interaction with the acidic
probe, which again indicates that materials from bleached chemical pulps with a dominating
content of cellulose have a predominantly acidic character. In contrast, Jacobs data (1994) show
that both fibres containing mainly cellulose and MCC have a monofunctional acidic nature and
that lignin-containing fibres (CTMP) give anomalous results with negative basic properties (!).
Since Jacob (1994) also points out that the interpretation of her data, which is made at a surface
coverage of 2 % and not at infinite dilution, as for the rest of the data in Table 4.4, is not
straightforward these data must be treated with some caution. The common picture emerges that
fibres are both acidic and basic in nature but that they have a predominantly acidic character and
the constants given in the Table 4.4 are then also in fairly good agreement. It is also clear that
the different investigations give fairly comparable results with regard to the Lifshitz-van der
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Waals components of the surface energy of the fibres containing mainly cellulose. This kind of
fibre always contains hemicellulose and the data in Table 4.4 are therefore typical for fibres
containing both cellulose and hemicellulose.

When these data are compared with the data in Table 4.3, it is clear that there is a fairly good
agreement between the different methods regarding the Lifshitz-van der Waals components,
with the minor difference that the contact angle approach gives values slightly lower than the
IGC method. This indicates that the different methods are measuring the same entity and that
this entity is probably the Lifshitz-van der Waals component of the surface energy. A similar
comparison has also been made by Lundquist (1996) who compared different laboratory-pre-
pared fine paper sheets. The sheets consisted of 50 % bleached softwood pulp, 50 % bleached
hardwood pulp, and when filler was added it was added at an amount of 20.5 % and, regardless
of pH, kaolin was used as filler. Furthermore, the sheets were either sized with rosin dispersion
size (and alum and the sheets were prepared at a pH of 4.5) or with alkylketene dimer size. The
results of this comparison are shown in Figure 4.5.
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Figure 4.5. The Lifschitz-van der Waals part of the surface energy for different laboratory-prepared fine paper
sheets obtained by IGC and contact angle measurements. Reprinted from Lundquist (1996).

As can be seen in Figure 4.5, the contact angle data are generally lower than the IGC data
but the trend for the different sheets is the same and it is also clear that the difference in the case
of the more hydrophobic sheets, i.c. sheets containing sizing agents, is lower than the difference
for the more hydrophilic sheets. This same trend was found by Felix (1993) where contact angle
measurements (single fibre wetting in a Cahn balance) were compared with IGC measurements.
These measurements showed that the dispersive part of the surface energy was 25.5 mNm/m? as
determined with contact angle measurements and 44.0 mNm/m? as determined with IGC. Felix
ascribes this discrepancy to the fact that the IGC measures the surface at zero surface coverage
whereas the contact angle measurements measures the surface properties “through* a multilayer
of the contact liquid on the adsorbate. This statement is however contradicted by the results in
Table 4.2, where it is shown that it is mainly single fibre wetting which gives very low values
for the dispersive part of the surface energy of the fibres. The reason for this is not known.
However, from these comparisons, it may be concluded that there is a good agreement between
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the contact angle method, from goniometric measurements, and the IGC method when the dis-
persive part of the surface energy is considered and that the difference is larger the higher the
surface energy of the solid.

As has already been mentioned, the discrepancy is larger when the acid-base properties of
the fibres, as determined by the two methods, are compared. In the IGC method the determina-
tion yields virtually acidic fibres whereas the contact angle method yields almost totally basic
fibres. This discrepancy has not been resolved at present but a recent publication, (Lee 1996),
has shown that the division of the polar properties of water in equal acidic and basic parts is
probably not correct and that a more realistic value would be a Lewis acid component value of
34.2 mNm/m? and a Lewis base value for water of 19.0 mNm/m?”. As was discussed in connec-
tion with Table 4.3, this will result in a lower Lewis base component for the tested surfaces but
it will not be enough to change the basic properties to acidic properties.

Since there are, today, unexplained differences between the methods, systematic investiga-
tions are needed to clarify the reasons. Until this is done the acid-base properties as determined
with the two methods must be treated with considerable caution. In this respect, a very interest-
ing investigation has recently been published, (Lundquist 1996), where fibres have been
carboxymethylated to different degrees and then measured with the IGC technique. Un-
fortunately, contact angle measurements were not published, but the IGC data clearly show that
the fibres become more and more acidic with an increasing degree of carboxymethylation and
as shown in Figure 4.6, there is an almost linear relationship between D.S of the fibres and the
interaction energy with a basic probe, p-dioxane.
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Figure 4.6. The interaction energy between carboxymethylated bleached softwood cellulosic fibres and a basic
probe, p-dioxane, as a function of degree of substitution of the fibres (Lundqvist 1996).

This shows that the IGC method can be used to determine correctly a change in the acid-base
properties of the fibres. Lundquist (1996) also showed that a modification of the fibres with a
basic component, i.e. a commercial diethylaminoethyl cellulose was used, resulted in a cellulos-
ic surface with a predominantly basic nature. This gives further support to the belief that the
IGC method can be used not only to determine the Lifshitz-van der Waals component of the
surface but also by using well characterised probe molecules, to detect correctly changes in the
acid-base properties of the surface.
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4.3 Chemical Characterisation of the Fibre Surface

The chemical composition of the fibre surface can be significantly different from the bulk
composition of the fibres. Due to the lack of suitable techniques, it has however been very diffi-
cult to study the surfaces of the fibres separately from the bulk of the fibres. The development
of the ESCA (Electron Spectroscopy for Chemical Analysis)-technique opened up new oppor-
tunities and several workers have used this technique to study fibre surfaces over the last 20
years. With this technique a sample is exposed to x-ray radiation and the energy from this radi-
ation releases electrons from different energy levels of the materials in the substrate. By
analysing the energy of the released electrons it is possible to identify from which energy level
in the atoms the electrons are released. All elements show different patterns with this methodol-
ogy and it is therefore possible to identify the chemical composition on the surface of the sub-
strate with this technique. A schematic description of this technique is shown in Figure 4.7.

energy analyzer

detector

4

Figure 4.7. Schematic representation of the working principles behind the ESCA measurements.

The following section gives a short review of how this technique has been applied and a
summary of the results achieved in these investigations.

Apparently Dorris and Gray (1978) were the first to study fibres with the ESCA technique.
They used the C(1s) and the O(1s) peaks to characterise the chemical composition of the surfac-
es of the fibres and they claimed that the escape depth was 1-5 nm and that this was a typical
measure for the depth of the analysis in their investigation. They worked on the assumption that
the carbon atoms could be divided in different classes depending on the chemical surroundings
of the atoms according to the following:

1) carbon atoms bonded only to carbon and/or hydrogen (C-C)
2) carbon atoms bonded only to a single oxygen other than a carbonyl oxygen

(C-0)
3) carbon atoms bonded to two non-carbonyl oxygen’s or to a single carbonyl oxygen

(0-C-0, C=0)
4) carbon atoms bonded to a carbonyl oxygen and to a non carbonyl oxygen

(0=C-0)

In the early paper they worked only with the ratio between O(1s) oxygen atoms and C(1s) at-

oms, Ny/N.. It was first in a later paper, (Dorris and Gray 1978°) that they showed how the
C(1s) peak could be deconvoluted into peaks corresponding to the different groups and, in this
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later work, they also showed that the results with only the relative intensities used in their first
work were a good approximation. By comparing calculated values for lignin and cellulose with
measured values, they achieved the results given in Table 4.5.

Table 4.5. Calculated oxygen-to-carbon ratios for different materials (from Dorris and Gray 1978%). The
different values for kraft pulps and Whatman filter papers correspond to different samples and should
represent the scatter of properties for different materials.

Material No/Ng
Cellulose (Calculated) 0.83
Spruce millwood lignin (calculated) 0.33
Spruce dioxane lignin (calculated) 0.36
Whatman filter paper 0.80, 0.83, 0.79
Bleached kraft pulp 0.72,1.14, 0.62
Bleached sulphite pulp 0.73
Dioxane lignin on filter paper 0.36
Dioxane lignin on glass 0.31

The authors concluded that the difference between the calculated values and the measured
values could be ascribed to the existence on the surface of organic compounds other than cellu-
lose and lignin.

In a later work, the same authors, (Dorris and Gray 1978%) presented a way to calculate the
weight fraction of cellulose and lignin on the surface of the fibres from the theoretical composi-
tion of cellulose (C;O5) and lignin (C, ,,0; 5,) according to the equations:

W, = 1.1325, /(1 +0.1325,) (4.16)

where
W, = Weight fraction of the lignin on the surface
S; = Segment mole fraction of lignin on the surface (according to eq. 4.17 below)

S, = (5 6(Ny/N2) / (1.68 + 3.92(No/N,)) (4.17)

where N, and N, are defined as above.

With these definitions, the authors characterised many different mechanical pulps and, by
measuring both unextracted and Benzene/acetone/water-extracted pulps, it was possible to de-
termine both the influence of the extractives and the weight fraction of lignin on the surface of
the fibres, assuming that the extracted fibres contained only cellulose and lignin. The results
given in Table 4.6 were presented by Dorris and Gray (1978°).
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Table 4.6. Summary of the data for mechanical pulps characterised by Dorris and Gray (1978°. The
table shows both the original data for the pulps as well as the values for the extracted sheets and the
corresponding weight fraction of lignin on the surface according to eq. (16) and (17).

Material No/N¢ Solvent-Extracted Lignin Weight fraction
(Benzene/acetone/ (on the surface)
water)

SGW (Mill deckers) 0.47 0.63 0.32

-“~ (fines free) 0.52

-“- (aged) 0.46 0.62 0.34
SGW (Mill grinders) (fines free) 0.49 0.58 0.41

-“- (Aged) 0.50

RMP (Mill deckers) (fines free) 0.48

RMP (Mill grinders) (fines free) 0.46 0.65 0.28

TMP (pilot plant) 0.44 0.56 0.45

It is clear that the amount of lignin on the surface of the fibres corresponds approximately to
the average bulk concentration of lignin of the fibres, i.e. all except TMP have values somewhat
higher than the bulk concentration of lignin. Table 4.6 also shows that the TMP fibres seems to
have a higher content of lignin on the surface, which may also be expected considering the pro-
cess conditions used to produce these pulps. It is also clear that there is a large influence of the
extractives despite the fairly low total amount of extractives in the sheets. This finding was sup-
ported by experiments with a single-stage high temperature TMP where the N,/N_ ratio de-
creased from 0.47 to 0.39 when the energy was increased in the refining, indicating that the
surfaces were covered with material rich in carbon. The authors were not able to determine the
exact source of this material but the extractives were indicated as being mainly responsible for
this decrease. This statement is also supported by later work by Katz and Gray (1980). It may
thus be concluded that ESCA proved to be a very useful tool to characterise the outermost sur-
face of the fibres and, using simple mathematical formulae and careful extractions of the pulps,
it was possible to determine the weight fraction of cellulose and lignin on the surface and also
the influence of the extractives on the N,/N, ratios detected.

Several workers continued to apply ESCA to different pulp grades and a good summary, see
Table 4.7, of this work was given by Carlsson (1996) who summarised both own work and sim-
ilar work conducted by others. This summary also follows very closely the summary given by
Laine (1994).
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Table 4.7. The N /N, ratio for different materials and a summary of the distribution of how the carbon
atoms are linked to oxygen (in % of total). From Carlsson (1996) but the summary follows very closely
the summary given by Laine (1994). The bleached chemical pulp was extracted with DiChloroMethane
(DCM).

Material No/N. | C-C Cc-0 | 0-C-0 | 0—C=0
(%) (%) (%) (%)
Cellulose (theoretical) 0.83 0 83 17 0
Extr. Bleached kraft 0.80 6 75 18 1
Galactoglucomannan(theoretical) 0.81 3 78 16 3
Arabinoglucuronoxylane(theoretical) 0.81 0 78 19 3
Xylan (Laine 1994) 0.83 5 67 24 4
Lignin (theoretical) 0.33 49 49 2 0
Kraft lignin (Laine 1994) 0.32 52 38 7 3
Kraft lignin(Mjoberg 1981) 0.40 - - - -
Oleic acid (theoretical) 0.11 94 0 0 6
Extractable mtrl. 0.12 93 5 0 2

This table shows that the extracted bleached pulps are very close to the theoretical value for
cellulose but some C—C linkages are nevertheless found in this pulp indicating the existence of
remaining lignin and/or extractives. However, according to Laine (1994), the C—C linkages
found in the extracted pulp are probably due to a strongly adsorbed extractive, which it is not
possible to remove with the DCM treatment.

It is also clear in the table that the lignin data of Laine (1994) fit the theoretical data, accord-
ing to Freudenberg, very well, whereas the data of Mjoberg (1981) showed a considerably high-
er value. Both investigations used lignin isolated from spent liquors from kraft cooks and the
reason for the difference between the investigations seems to be linked to the existence of small
amounts of carbohydrates in the samples tested by Mjoberg, according to Carlsson (1996). The
results also show the importance of the extractives for the N/N ratio on the fibres, since the
value of the ratio for the extractives is so much lower than for example for cellulose.

Strom and Carlsson (1992) introduced a simple way of calculating the surface coverage of
the fibres of extractives and lignin using the N,/N, ratios for the original pulps, extracted pulps
and pure carbohydrates according to the equations

Na / Nc(aﬁer extraction) No / Nc(bejore extraction) (4 18)
No / Nc(aftcr extraction) No / N(cxtractivcs)

extr

N, o / N, ¢ (after extraction) N, o / N, ¢ (carbohydrates)
N,/ N, g — N, / N,

(4.19)

lignin =
(lignin) (carbohydrates)

These equations assume that the depth of analysis is lower than the depth of the covering lay-
er. This is naturally a fairly rough assumption and, as was pointed out by Carlsson (1996), the
thickness of extractive layers may be smaller than the depth of analysis in the ESCA equipment
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and this means that the surface coverage of extractives as determined with equation (4.18) is un-
derestimated. Carlsson (1996) also claims that the depth of analysis in the ESCA experiments
was 5—10 nm, which is fairly thick in relation to a monolayer coverage of for example extrac-
tives. The influence of the depth of analysis was also discussed by Laine (1994) who found, us-
ing ESCA analysis with different angles of emission, that the thickness of the surface layer of
lignin was very thin. With these assumptions in mind, the summary presented in Table 4.8 can
be made regarding the surface coverage of extractives and lignin for different pulps, Carlsson
(1996) and Carlsson (1995):

Table 4.8. Summary of composition of a number of different pulps (total amounts of DCM and lignin)
(evaluated from the kappa number of the pulps and appropriate conversion factors) and the surface
coverage of extractives and of lignin (on extracted pulps). From Carlsson (1995) and Carlsson (1996).

Material DCM extrac- | Bulk Lignin (%) | @, .cuves(SUrface |  Lignin/carbohydr.
tives (%) by weight composition) (surface composi-
tion)
Highyield kraft 0.2 12 13 66/34
-“-, aged 0.2 12 11 66/34
Unbleached kraft 0.09 3.3 9 30/70
-“-, aged 0.09 3.3 11 30/70
Bleached kraft 0.04 <0.1 2 14/86
-“-, aged 0.04 <0.1 0-5 14/86
Unbleached sulphite 0.6 4.3 14 28/72
-“-, aged 0.6 4.3 28 28/72

Table 4.8 shows that the ESCA technique is a very powerful tool to characterise different
pulps and the influence of ageing and extraction on the surface properties of these pulps with re-
gard to the interaction between fibres and fibres and other materials. It is also clear in the table
that it is possible to determine the migration of extractives when sulphite pulps, i.e. pulps with a
high extractives content, are stored. The table shows that the surface coverage increases from 14
to 28 % when the pulps are aged. Considering that the concentration of DCM extractives is only
0.6 %, it is astonishing to find a surface coverage of 28 %.

It is also obvious in Table 4.8 that the surface concentration of lignin is considerably higher
than the bulk concentration of the lignin. As was mentioned earlier, this was also found by
Laine (1994) using ESCA with different angles of emission, which means different depths of
analysis of the fibres.

In a later work, Laine et.al. (1996) investigated how different bleaching conditions affected
the surface composition of fibres from an unbleached chemical pulp with an initial (unbleached)
kappa value of 25.9. In general the author found that after the cooking there is a higher content
of lignin on the fibre surfaces and that this slows down the bleaching response of different
bleaching chemicals. The investigation also showed that the fraction of surface lignin which is
removed by O, and H,0, bleaching is lower than the average removal of the lignin, whereas O,
gives the same fractional removal of lignin regardless of the position of the lignin in the fibre
wall. The influence of ClO, depends on the number of bleaching stages before the addition of



86

the ClO,. This large investigation is summarised in Figure 4.8 which shows the fraction of sur-
face lignin, calculated according to eq. (4.19), as a function of the total lignin content. The se-
quence of bleaching and not only the chemicals as such has a large influence on the results.
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Figure 4.8. The surface coverage of lignin as a function of the total amount of lignin in softwood kraft pulps. O =
oxygen, P = peroxide, Z = ozone, D = chlorine dioxide and E = alkaline extraction. The unbleached sample,
marked with an arrow, is the starting material for the bleaching and results from the other unbleached samples are
from Laine (1994). From Laine (1996").

In this study, the surface coverage of the extractives was also investigated and it was found
that the surface coverage varied between 2 and 9 % for the different bleaching conditions,
whereas the total amount of extractives varied between 0.06 and 0.15 %. This is probably due to
a reprecipitation of the extractives on the fibre surfaces. The bleaching studies also showed that
the surface fraction of extractives decreases with O, and slightly with H,0, whereas O, and
ClO, bleaching had only a minor effect on the extractives on the fibre surface. In this respect it
is believed that the neutral components of the extractives play a major role, but it must be kept
in mind that bleaching operations represent two alkaline and two acidic treatments and that this,
as such, has a large impact on the achieved results.

By combining enzyme treatment of unbleached chemical pulps, Buchert et.al. (1996) were
able to draw some interesting conclusions regarding the relative location of the lignin, carbohy-
drates and extractives on the fibre surface. A xylanase treatment of a birch pulp, with a kappa
number of 18.2, resulted in the removal of 29 % of the xylan originally present in the pulp and a
simultaneous removal of 10 % of the lignin originally present in the pulp, but no change in the
surface coverage of lignin, which indicates the existence of lignin/carbohydrate complexes.
Treatment of the same pulp with a mannanase did not result in the same lignin removal. An
analysis of the extractives of these pulps showed that the overall weight fraction of the extrac-
tives was 0.5 % but that the surface coverage was 35 %. The xylanase treatment reduces the sur-
face concentration of the extractives from 35 to 20 % and this also indicates a link between the
extractives and the xylan. A similar treatment of a pine kraft pulp with an initial kappa number
of 25.9 did not give the same result. When treating these fibres with xylanase, 21 % the xylan
originally present was removed and, at the same time, the lignin coverage of the surface in-
creased from 17 to 28 % and only 2 % of the lignin was removed with the xylan. This indicates
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that the xylan is located outside the lignin on the surface of the fibres and also that the lignin is
precipitated first before the xylan is reprecipitated on top of the lignin. In turn, these results also
show, according to the authors, that there is no linkage between the lignin and the xylan as was
found for the birch pulp. A treatment of the fibres with mannanase resulted in a decrease in the
galactoglucomannan content by about 24 % of the material originally present. All these results
show the very fruitful effect of combining selective removal of certain compounds from the fi-
bres with an analysis of the difference with specific techniques such as ESCA. The investigation
will probably lead to similar work in the future, even though some of the conclusions drawn are
rather far reaching. Instead of cleavage of linkages between lignin and carbohydrates, pure
washing can be used to explain the results. Nevertheless the combination of the techniques is
very interesting.

Similar studies have been conducted by Heijnesson et.al. (1995) where the surfaces of differ-
ent unbleached pulps were mechanically peeled with a novel procedure, and both the remaining
fibres and the material peeled from the fibres were analysed. The results were essentially the
same as those already mentioned, which means that the surfaces are richer in lignin-rich materi-
als which can be peeled off with the described technique. A possible future application would
be to combine the mechanical peeling methodology with the ESCA technique.

Another very interesting technique for chemical characterisation of the fibre surface is the
Atomic Force Microscope (AFM) technique, where a very fine tip interacts with the fibre sur-
face and either the force between the surface and the tip is detected or a topological map of the
surface is drawn, Hanley (1992, 1994 and 1996). Fibres represent a very difficult task for this
very sensitive technique with their extremely rough surfaces but, as was demonstrated by Han-
ley, both fibrillation, (Hanley et.al. 1992) and fibril angle (Hanley 1994) can be detected by the
technique. Pereira et.al. (1995) also used the AFM technique to characterise the residual lignin
in kraft pulps.

In order to achieve a more specific mapping of the fibre surface, a better characterised tip is
needed in the AFM and, in a recent work by Akari (1996), it has been demonstrated that by
coating the tip with carboxyl groups it is possible to obtain an image of single polyethyle-
neimine molecules on polystyrene latices. With this technique, it should also be possible to in-
vestigate the distribution of anionic charges on fibres and by modifying the tip with different
probe molecules it should be possible to study other types of interactions with high lateral reso-
lution.

As a summary of this description of the use of ESCA to characterise the fibre surface, it may
be mentioned that the surface composition of the fibres can be significantly different from the
bulk composition. In the case of the lignin the differences are not very large, i.e. smaller than
one order of magnitude, but for extractives the difference in composition between the bulk and
the surface is even larger than an order of magnitude. It should also be emphasised that the re-
sults achieved with well characterised pulps and modern ESCA equipment are very interesting
and that the combination of ESCA analysis and e.g. the effects of treatment with well charac-
terised enzymes looks very promising for the future chemical characterisation of the fibre sur-
face. Many of these conclusions are based on the assumptions in eq. (18) and (19), and model
experiments are definitely needed to show the validity and limitations of these assumptions. The
AFM techniques with chemically modified tips or latices are also very interesting techniques
for the surface characterisation of fibres.
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5.1 Introduction

Elongated, elastic cellulose fibres suspended in water have a strong tendency to form connected
fibre networks. This influences the flow picture for a fibre suspension, and is important in a
number of process steps. Most important is to minimize the occurrence of fibre flocks with any
essential network strength at the moment of the sheet forming. In this chapter, the mechanical
flocculation of cellulose fibres will be treated in detail.

A fibre under free rotation in a dilute fibre suspension covers a spherical volume with a max-
imum diameter equal to the fibre length. The maximum concentration of freely mobile fibres
with length L is then represented by the case of closely packed spheres of diameter L. The corre-
sponding volume concentration c, of fibres will then depend not only on the fibre length L but
also on the fibre diameter d, and in reality it will be unambiguously determined by the slender-
ness ratio of the fibre L/d. The more slender the fibre, the lower is the volume concentration re-
quired to give the fibres full individual freedom of movement.

5.2 Sediment Concentration

Add a small amount of cellulose fibres to a beaker of water, circa 0.5 g fibres per litre water. If
the beaker is left undisturbed, the fibres will gradually settle at the bottom of the beaker under
the influence of gravity (density of cellulose = 1.5 g/cm?). If the weight of the added fibres is
known, it is possible from the height of the sediment to calculate the weight concentration of the
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fibres in the sediment, the so-called sediment concentration. The sediment concentration is usu-
ally expressed either as a percentage or in the ten times smaller unit g/1.

The sediment consists of a mechanically connected fibre floc. The sediment concentration is
actually the lowest concentration at which a connected floc can be formed by these fibres. The
least stirring in the beaker is sufficient to cause the fibres in the sediment to whirl up, which in-
dicates that the floc strength in the sediment is very low. In the treatment of wastewater, sedi-
ment is concentrated through careful stirring.

The level of the sediment concentration depends mainly on the mean slenderness of the fi-
bres. For normal cellulose fibres, the slenderness lies within an interval of 50 to 300. The higher
the slenderness, the lower is the sediment concentration. Table 5.1 shows the approximate sedi-
ment concentration for some different types of pulp.

Table 5.1. Sediment concentration in g/I.

Softwood fibres 2-3
Hardwood fibres 4-5
TMP 4-6
Groundwood pulp 5-9

In order to be able to make a paper with a low occurrence of fibre flocs from a fibre suspen-
sion, the fibre concentration must not greatly exceed the sediment concentration of the pulp.

5.3 Network Generation and Flocculation

Carefully add dry, unflocculated fibres (e.g. cut polymer fibres) to a beaker with water to a con-
centration clearly greater than the sediment concentration, and mix gently with a rod. Place the
rod in the middle of the beaker, and it will immediately fall against the edge of the beaker.

Add turbulence energy with the help of a small propeller agitator. When the stirring has been
stopped, the rod can be placed in the middle of the beaker, without falling against the beaker
edge. The fibre suspension thus no longer behaves as a liquid (a liquid cannot take up shear
stresses without continuing deformation) but as an elastic body, a fibre network, with consider-
able network strength.

The explanation of this network strength is that, during the turbulent stirring process, the fi-
bres have been deformed from their natural shapes, which they then strive to regain when the
stirring ceases. When they then strike adjacent fibres, the springing back is hindered, and the fi-
bres become locked in fixed shapes in a network. As shown in Figure 5.1, at least three contact
points are required with the surrounding fibres for a fibre to be kept in an interlocked state.

It is traditionally suggested that fibre flocs are broken down by turbulent shear, and thus it is
often suggested that turbulence generation in a headbox is a useful way of avoiding fibre floccu-
lation in the final paper. The above-described experiment clearly demonstrates, however, that
when turbulence decays, fibre flocs are reformed. Temporary floc breakdown can therefore be
obtained by the introduction of turbulent energy, but re-flocculation will always take place.
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Figure 5.1. Top: Mobile fibres; Bottom: Interlocked fibre.

Meyer and Wahren analysed how the average number of contact points n with surrounding
fibres depends on the slenderness of the fibres L/d and the volume concentration c. They then
derived an approximate relationship according to the equation:

¢ = 3 (5.1)
(2L+"j (n-1)
n

Kerekes and Soszynski have reported two experiments, which confirm the validity of the
above model for network forming. First they poured a fibre suspension into a rotating beaker
with a sloping axis. After a period of time, uniform, nearly spherical fibre flocs then form, so-
called Jaquelin-flocs, see Figure 5.2.

When flocs had been formed, the fibre suspension was diluted with water, under continued
rotation of the beaker. If the original fibre concentration was low, the fibre flocs were broken up
by this dilution. When the original concentration was progressively increased, conditions were
eventually reached where the flocs resisted the subsequent dilution. They call this critical, orig-
inal concentration the threshold concentration, and the way in which it varies with the slender-
ness of the fibres is shown in Figure 5.3.

Figure 5.2. Jaquelin-flocs.



96

0.05 |
Meyer & Wahren, n=3 diameter (um)
- 0.04 = 19.8
2 1279
2 o003 * 44.2
c
3
c 0.02
Q
(8]
3 0.01 ]
g ‘ - A | ]
(2] B —
(L) 0 1 1 1 1 1 1 1
= 40 80 120 160 200

fibre slenderness (L/d) —

Figure 5.3. Threshold concentration as a function of fibre slenderness. The full line corresponds to equation 17-1
with n = 3 (Kerekes and Soszynski).

In Figure 5.3, a curve has also been drawn according to equation 5.1 with an average of three
contact points between a fibre and the surrounding fibres. It can be seen that there is good
agreement between this curve and the experimentally determined threshold concentration.

Kerekes and Soszynski then verified by another experiment that the mechanical interlocking
of the fibres is decisive for the strength of the flocs. They produced Jaquelin-flocs from polymer
fibres and then heated the suspension above the softening temperature of the polymer. Flocs ex-
posed to this temperature treatment were considerably easier to break up than non-treated flocs.
This can be explained by the fact that the stress relaxation in the fibres, which has been possible
at the higher temperature level, has really reduced the connecting forces between the fibres in
the flocs.

5.4 Crowding Factor

Kerekes has introduced the concept of crowding factor N for the number of fibres of length L
and diameter d within a reference volume, at a volume concentration of ¢,. The reference vol-
ume is chosen as the volume of the sphere created by a freely rotating fibre of length L. The fol-
lowing relationship is then valid for the crowding factor N:

2
N Ecv(ij (5.2)

Since the density of cellulose is approx. 1.5, it would be expected that the volume concentra-
tion of the fibres is less than the weight concentration, but considering the amount of water in-
side the fibre wall and lumen, the volume concentration can be as high as twice the mass
concentration.

The mass concentration c,, is much easier to evaluate experimentally, and the Crowding fac-
tor N can alternatively be evaluated from the equation:
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2
N=Ze L (5.3)
6 o
where L is fibre length in mm and w is fibre coarseness in g/m
Using a small laboratory device, Kerekes studied flocculation after an initial dispersion with
grid induced mixing, see Figure 5.4, left. The grid was initially in top position, and moved
quickly downwards through the suspension. When turbulence had decayed, flocculation was
evaluated from photographs taken in transmitted light, see Figure 5.4, right.

vertical
channel

Figure 5.4. Left: Device with grid and fibre suspension in vertical, narrow channel. Right: Final state of floccula-
tion for Douglas fir, 0.5 %, Crowding Factor N = 75 (Kerekes).

Applying the above method, Kerekes has derived a relationship between the Crowding factor
and fibre contacts at increasing concentrations, see Table 5.2.

Table 5.2. Fibre contacts — Crowding factor.

Concentration type of fibre contact corwding factor N
Dilute Rare collisions N<1
semi-conentrated Frequent collisions 1<N<60
conentrated continuous contact N>60

5.5 Floc Stretching

Floc breakdown by stretching in an elongational flow is a more efficient way of reducing floc
size than turbulent shear, since reflocculation will not take place. This mechanism has been
known for a long time, but was earlier not emphasised in papermaking. Nordstrom demonstrat-
ed that paper formation is improved by a strong acceleration flow in the headbox nozzle (see
further in the chapter on Forming). This was a result of stretching the flocs to breakage
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Physically, in a contracting nozzle flow the fluid at the front end of a floc will move at a
higher velocity than that at the back end. The longitudinal flow friction forces then created in-
side a floc will stretch it and eventually break it apart, see Figure 5.5.

\

Q@ o=

Figure 5.5. Floc stretching and breaking in a contracting nozzle flow.

5.6 Floc Strength

The assumption that the mechanical interlocking of the individual fibres creates the strength of
the fibre network predicts that the network strength increases with increasing fibre concentra-
tion. With measurements in a rheometer, Wahren showed a relationship between the shear fail-
ure strength 7 of the network and the fibre concentration ¢ according to the formula:

Ty :ro(c—cs)k (54)

where 7 and k are characteristic parameters for the fibres and c; is the sediment concentration.
The network strength is thus zero at the sediment concentration and then increases rapidly. At
high concentrations, the network strength is approximately proportional to c,, where the expo-
nent k is close to two for most pulps. At concentrations close to the sediment concentration, col-
loidal phenomena can influence the network strength. In this way, the occurrence of fibre flocs
in the finished paper can e.g. be influenced by the choice of retention chemicals.

If considerable amounts of air are present in the system, this interacts with the fibres. Small
air bubbles may get stuck in the fibre network and may influence the network formation, espe-
cially at low concentrations.

5.7 Pipe Flow

In pipe flow, fibre suspensions will in principle behave in different ways depending on the flow
rate, see Figure 5.6.

At low speeds, a plug flow occurs, where all the fibres move as a connected network. The
whole speed difference is located in a boundary layer which is laminar at low speeds, and which
consists of practically fibre-free water. If a T-junction is connected, almost pure water can then
be withdrawn at low discharge rates. In this case, suspension sampling therefore requires very
large discharge flows, if the concentration of the sample is to be representative of the average
concentration in the pipe.
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plug flow

mixed flow

turbulent flow  flow profiles
Figure 5.6. Different pipe flow mechanisms for fibre suspensions.

At higher flow rates, the boundary layer becomes turbulent, and the surface of the plug be-
gins to break up. A flow region is entered which is usually called mixed flow, and which may
eventually transform into a completely turbulent flow at very high flow rates.

When a suspension flows in a pipe, it is exposed to a retarding shear force 7 through friction
against the pipe wall. The frictional force gives rise to a pressure drop along the pipe, as shown
in Figure 5.7.

p+Ap
Figure 5.7. Pressure Ap during a flow along the pipe length AL.

At equilibrium, the frictional force must balance the force generated by the pressure drop:

2

DAL = Ap T2 — PP (5.5)
4 4 AL

The pressure drop Ap can thus be represented by the shear stress z.

In Figure 5.8, the flow of water is compared with a fibre suspension, and the pressure drop is
shown as a function of the flow rate.

To start the fibre suspension to move from standstill, a considerable initial pressure drop is
required. This is due to the fact that the fibre network is pressed against the pipe wall, and that
the static friction between fibres and pipe wall must be overcome.
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Figure 5.8. Pressure drop as a function of flow velocity in pipe flow for a fibre suspension and for water.

When fibre suspensions are pumped through complex pipe systems, the start itself can give
rise to problems. At standstill, parts of the suspension can be drained (e.g., at valves), so that lo-
cal high fibre concentrations occur, and thereby related high initial pressure drops. It is actually
easier to start the pumping of a fibre suspension the greater the pipe diameter is. The explana-
tion is that the frictional forces are proportional to the circumference area of the pipe (i.e. to the
diameter) whilst the driving pump pressure force is proportional to the cross-sectional area of
the pipe (i.e. to the square of the diameter). This is never the case for the flow of Newtonian flu-
ids, like water.

At very low flow rates, rolls of loose fibres are formed between the pipe wall and the net-
work covering the main part of the cross section. With increasing flow rate, the frictional pres-
sure drop increases rapidly within the roll-generating region.

If the rate is further increased, the boundary layer begins to become turbulent. The pressure
drop then passes through a maximum, drops and reaches a minimum when the flow in the
boundary layer has become completely turbulent. Thereafter, the region of turbulent flow be-
gins to stretch further into the fibre suspension, and the pressure drop increases.

As shown in Figure 5.8, the curves for water and fibre suspension cross each other and the
fibres therefore induce a frictional decrease at high flow rates. The explanation is that the fibres
have a dampening effect on the generation of turbulence. It can be pointed out that a further
friction decrease can be obtained if friction-reducing polymers are added. This is due to the fact
that these polymers, which have a considerably smaller geometrical extension than the fibres,
dampen the generation of very small-scale turbulence.

Figure 5.9 shows experimentally determined pressure drop curves for a long-fibre pulp.
Within normally used ranges, the following approximate relationship (5.6) is valid for the con-
centration dependence of the pressure drop Ap, also for a concentration range considerably
above the maximum 3.4 per cent concentration shown in Figure 5.9.

L
Ap :k5c2 (5.6)

Here, k is a fibre-dependent parameter, L/D the pipe length expressed in number of diameters
D, and c the fibre concentration.
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Figure 5.9. Pipe flow pressure drop at different concentrations of long fibre pulp (Moéller et al). a) Roll generation
range; b) Plug flow range; ¢) Range with increasing boundary layer turbulence; d) Mixed flow with a lower pres-
sure drop than for water, and where the pressure drop curve approaches the water curve from below at high veloc-
ities.

The dependence on the square of the concentration is also valid for the strength of the fibre
network according to equation (5.2). This confirms that the friction is intimately related to the
strength of the fibre network close to the pipe wall.

It can be noted that mechanical sensors for fibre concentration in the interval of 2—5 per cent
measure a frictional quantity, which is also closely related to the network strength. The sensor
signal therefore becomes almost proportional to the square of the concentration. When the
curves for water and fibre suspension intersect each other, the following approximate relation-
ship between the flow velocity u and fibre concentration c is valid (5.7):

u=1.22c" (5.7)

The constant 1.22 is not dimensionless.

5.8 High Concentration Fibre Suspensions

The pipe flow apparatus used by Moller to obtain the results in Figure 5.9, was not dimensioned
for higher concentrations than approx. 3.5 per cent. Gullichsen has later shown that the principal
appearance of the curves from the pipe flow tests is the same at much higher concentrations.
Gullichsen made tests with high-concentration fibre suspensions in a cylindrical vessel, and not-
ed the torque required to drive a central agitator at a given rotational speed for different concen-
tration levels, see Figure 5.10.
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Figure 5.10. Shear stress versus rotational speed at different fibre concentration levels. The black circles repre-
sent start of wall range fluidisation (Gullichsen).

With a transparent housing of the vessel, it was possible with high-speed filming to deter-
mine when the state of the fibre suspension at the wall became “fluidised”. The results show a
great similarity to the pipe flow tests in Figure 5.9, indicating that fibre suspensions behave in
principle in similar ways regardless of the concentration. At consistencies as high as 12 per
cent, fibre suspensions can still be fluidised if the local energy supply is sufficiently high. It
may seem surprising that even at fibre concentrations as high as 12 per cent, the friction pres-
sure drop at high flow rates according to Gullichsen's test becomes lower for a fibre suspension
than for pure water.

In the pumping of fibre suspensions with conventional centrifugal pumps (with open pump
wheels), total separation is obtained at the inlet at fibre concentrations higher than about 4 per
cent. Gullichsen therefore equipped the pump wheel with a dispersion propeller at the inlet, so
that a fluidised fibre suspension reached the pump wheel itself. In this way, it was possible to
pump fibre suspensions with consistencies of up to 10—15 per cent. For this development, he
was awarded the Wallenberg prize (“The Forest Products Industry's Nobel Prize”). Increased
concentration is now being used within different sections, specifically in the pulp-making pro-
cesses, which may lead to both an energy saving and reduced apparatus costs. Common to these
applications is that, as a result of a local high-energy supply, the fibre network is fluidized,
which is a basic condition for carrying out the processes.

The terminology to designate the increased concentration differs between e g pulp- and pa-
permaking, since the designation is based on the conventional concentration in the processes
concerned. In high-concentration forming, the concentration is around 3 per cent, which in the
pulping area would be considered as low concentration. In beating, on the other hand, low-con-
centration beating takes place at a concentration of 3—4 per cent and high-concentration beating
at about 30 per cent. Beating at a concentration range of 10—15 per cent can then be designated
beating at medium-concentration, a term also used for many of the pulp-making processes.
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6.1 Introduction

The task of a paper machine is to produce a product with a given grammage and composition,
constant in time. For this to be possible a constant flow of the correct material components must
be fed to the paper machine and the retention of each single component must be constant. It is
possible to maintain accurate volume flows with the help of speed controlled pumps and mag-
netic flow meters. If accurate equipment also existed for the online measurement of concentra-
tion, it would therefore be possible accurately to control the material flow even if the
concentration of the fibre suspension fed to the paper machine varied. Today's concentration
meters are not, however, sufficiently accurate for this purpose. It is therefore important that the
process equipment is chosen and dimensioned with special regard to the task of keeping all con-
centration variations as small as possible.
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A flow schedule is a "connection schedule" for the papermaking process, and defines how
different equipments are connected and how water and material are led in different stages of the
manufacturing process. Besides all the flows in the "manufacturing direction", there are also a
large number of return flows. The main task of the white water system is to recycle water and
material, to reduce the water consumption and to reduce material losses. The broke system
feeds back the paper web from different stages of the manufacturing process, such as edge trim,
during web failure and operation disturbances and portions of the finished product, which have
been rejected for quality reasons.

Because of e.g. variations in the incoming raw material and consequent retention variations
and variations in the amount of broke, there are always variations in the concentration and ma-
terial composition at all positions in the white water system. To minimize these variations, a
typical flow schedule includes not less than 20 circuits for control of the concentration. It is not
our ambition to discuss in detail a realistic flow schedule in this book, but to give a certain in-
sight into water consumption, material losses and related problems.

For economical and environmental reasons, it is important to minimize the water consump-
tion and to reduce the material content of the discharged effluent. A high degree of closure
means low water consumption and low material losses in the effluent, while the opposite is usu-
ally called an open system. To illuminate the concept of degree of closure, this chapter shows
how this is improved when the process has been developed, and simple water and material bal-
ances are used for this purpose. A description is also given of the disc filter, which has a very
important function in today's paper mills with regard to reducing material losses and keeping
undesired material transfers between different paper machines under control.

In order to illustrate the methods available for the analysis of complete white water systems,
it is shown how it is possible to analyse the conditions in a single circulation and how this can
be extended with computer aids to more complete systems.

Finally, the manner in which the volume of the system influences the dynamic properties of
the system is demonstrated, with special emphasis on the influence of different retention levels
for individual components.

6.2 Total Balances

A paper mill can be illustrated as in Figure 6.1, where Q is the total material flow, including all
components.

ventilation Q,

|

pulp Q,, product Q,
paper mill

fresh water Q¢ {
effluent Q,

Figure 6.1. Water and material balance for a paper mill.
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The total flow Q can be divided into a number of components ¢(i), of e.g. water (1), coarse
fibre (2), fine fibre (3), filler (4) and dissolved components (5). At equilibrium in the system,
there is a balance for each component between incoming and outgoing component flows.

For water:

an(D+a,(1)=4,(1)+q,(1)+q.(1) (6.1)

In the case of the water losses ¢ (/) through ventilation, approximately half the water that is
evaporated in the drying section is lost, but the material content of this water is low. For the oth-
er components, the following balance applies:

qm(i)qu(i)+qe(i) (6.2)

where the effluent losses g, are normally small.

If the balance is to be used for general comparisons, the specific flows required to produce
one ton of paper should be calculated.

The material flow ¢ for a given component can be calculated from the total mass flow QO and
the concentration c, using the equation:

q=0c 6.3)
The effluent losses are especially important:

effluent losses = Q.c, (6.4)

6.3 The Short and Long Circulations

To reduce the effluent losses to a minimum, the white water system in a modern paper mill is
designed so that the water is reused to the greatest possible extent, and so that material, which it
contains, can be added to the product, see Figure 6.2.

forming
stock additives
preparation fresh water
pulp stock 4 thick stock  mix i wet web
L 1 N 1
material Q. O

recovery

short circulation

l long circulation
water for reuse
and effluent

Figure 6.2. Basic principles of the white water system of a paper machine, including a short and a long
circulation.
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The short circulation dilutes the thick stock pulp to a mix with a suitable concentration for
sheet forming, which normally means a fibre concentration of less than one per cent.

All surplus white water is recycled in the long circulation, which is drawn very schematically
in the figure, since in reality it includes a large number of flow loops, including the broke han-
dling system. The water, which leaves the system, is first cleaned through an internal recycling
of material over a disc filter. A certain proportion of the water which is reused is also first be
cleaned, to be useful for e g showers.

The water flow ¢(/) in tons (= m3) required to transport 1 ton of material (specific water
flow) at a concentration of ¢ per cent can be calculated from the equation:

_100-¢

c

q (6.5)

The specific water flow at different positions of the process, see schedule in Figure 6.2, has
been calculated using equation (6.5) and are shown in Table 6.1.

Table 6.1. Specific water flow at different positions in the process.

Position Fibre concentration (%) Water (m® per ton product)
Thick stock pulp 4 24

Mix (headbox) 0.5 199

Web after the wire section 20 4

Web after press section 40 1.5

6.4 Open and Closed Systems

During the first half of the twentieth century, the white water system was normally open, see
Figure 6.3. In addition to the water, which was added with the pulp, a large amount of fresh wa-
ter was also added. This was pure water, which was used for dilution of the stock, as shower
water to keep headbox and the wire section clean, as sealing water to seal packing boxes in
pumps, as cooling water etc. It was also typical that the effluents were not separated according
to the degree of cleanliness. Everything was mixed in a common effluent. The only feedback of
water, which occurred, was in the short circulation.
The following figures could apply to a typical old mill:

+  effluent flow Q,: 200 m*/ton product
» effluent concentration c,: 1500 mg/l = 1.5 kg/ m’
»  material losses Q.c,: 200 - 1.5 = 300 kg/ton product

A first, simple stage of closing the white water system was to introduce a white water tank,
for the overflow from the wire pit and for the dewatering from the later parts of the wire section.
The tank should be large enough to allow low flow velocities, so that some sedimentation of
material was possible. From the bottom of the tank, water enriched by sedimented material was
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recirculated for internal use in the stock preparation plant, thus reducing the need for fresh wa-
ter. The effluent water leaving as overflow was then partially cleaned, see Figure 6.4.
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Figure 6.3. Old design of open paper machine white water system (SSVL).

fresh water

sealing | shower l
water | P water |
pulp stock = ‘ I |
mill preparation
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= = seal
wirefE=. pit
pit f = 2
= AS T vacuum system
white water tank

effluent containing fibres
Figure 6.4. White water flow diagram, circa 1970 (SSVL).

The following values could then be representative for the effluent losses, indicating a consid-
erable decrease in comparison with the open systems:

+ effluent flow Q,: 100 m*/ton product
« effluent concentration ¢,: 350 mg/l = 0.35 kg/ m’
» material loss Q,c,: 100 - 0.35 = 35 kg/ton product

In a modern closed white water system, as shown in Figure 6.5, a large part of the fresh wa-
ter supply is replaced with uncleaned and cleaned white water from the long circulation. To re-
duce the water supply to the process, it is also necessary to concentrate the incoming pulp and
thus to reduce the water added with the pulp from the pulp mill. There is also a separation be-
tween fibre-free and fibre-containing effluents. For example, by avoiding contamination with
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fibres in the cooling water from the vacuum pumps, this water can be mixed with the fibre-free
effluent.

fresh water
=N

seatling I shower . | —l
s water H i
press I ' water ! |

-

pulp stock
mill preparation

vacuum system

L ..
pit fibre-free effluent

fibre material — -
effluent containing fibres

fibre
recovery

Figure 6.5. Modern design of a closed white water system. (SSVL).

It is today possible to reach effluent flows as low as 10-20 m*/ton. If the fibre-containing ef-
fluent is cleaned internally with a disc filter, a realistic value of the material content in the efflu-
ent with chemical pulps can be 50 mg/l, and it is somewhat higher for mechanical pulps.

The following figures can be attained in a modern mill:

« effluent flow Q,: 10 m*/ton product
«  effluent concentration ¢,: 50 mg/l = 0.05 kg/m’
»  material losses Q,c,:10 - 0.05 = 0.5 kg/ton product

These values are valid only when everything functions well; if there are disturbances, it may
be necessary to let water pass the internal cleaning. The discharge is then taken directly to the
external cleaning. Temporary discharges are often responsible for the greatest material losses
from a modern paper mill.

The water consumption differs considerably between different product types. Most fresh wa-
ter consumptions, such as showers, sealing water etc, are fairly independent of the production
rate. A considerably higher specific water consumption and specific material discharge are then
obtained in the case of e g tissue paper (very low grammage) than in the manufacture of high
grammage board products.

6.4.1 Disc Filter

The disc filter mentioned earlier is used to recover fibres, fines and filler material from internal
flows. The principle design of a disc filter is shown in Figure 6.6.

The white water to be filtered is sucked through wire-cowered hollow discs, which are partly
submerged in a trench. The degree of separation for fine materials would, however, be too poor
if only the uncovered wire were used as filter medium. Besides the uncleaned white water, addi-
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tional “sweetener” pulp is therefore added to the disc filter headbox. A suitable stock compo-
nent (with low filtration resistance) is used for this purpose, and is after the filter passage
returned to the stock line together with the material separated from the white water.

wire fushi rilease
ShOWer....lTI.S. |ngs IFOWGI' vaccum
k. breaking

shower

recovered
stock

drop leg, 7m

cloudy filtrate clear filtrate

Figure 6.6. Disc filter for material recovery from white water.

The sweetener pulp is first mixed with the uncleaned white water in the headbox. A pulp
cake is formed during dewatering on the wire screen, through which the white water is to be fil-
tered according to a filtration cycle described in Figure 6.6. The procedure is similar to the pa-
permaking process itself.

The filter is built around a tubular axis, the cross-section of which is divided (in the picture)
into ten sectors. Each filter disc consists of ten filter sectors, which are each connected to a
channel in the filter axis. A filtrate valve at the end of the pipe axis opens and breaks for vacu-
um to the channels (filter sectors) respectively. Vacuum is created with a drop leg or with a vac-
uum pump.

When the axis of the filter discs rotates, the following work cycle is obtained:

The filter sector enters the suspension

The filter sector is under vacuum and cloudy filtrate is extracted

The filtrate valve changes from cloudy to clear filtrate

The vacuum is disconnected by a vacuum breaker shower

The fibre cake is removed with the help of a shower and is recovered to the stock line
through the funnels between the discs

Cleaned water is drained from the filter sector via the axis channel

The filter wire is cleaned with the help of an oscillating shower

mgoaQw >

Q™

The cloudy filtrate is recycled. The clear filtrate can partly be reused, partly be discharged to
the external effluent treatment.
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6.4.2 Separation of Paper Machine Systems

A mill with several paper machines often has, at least to a certain extent, a connection between
the long circulations of the different machines. Material will thus be transferred between the dif-
ferent machines. This can be avoided by using a disc filter for internal process closure. A disc
filter can be connected in the long circulation for a given paper machine, and the separated ma-
terial can be recycled to the stock line of that machine. In this way, the machine is isolated from
the other paper machines in the mill with regard to the separated material. This technology is
applied particularly in the case of printing paper machines using mechanical pulp furnish, since
these contain large proportions of fines with low retention. There are also examples of the utili-
zation of two disc filters connected in series for this function, to effectively separate two ma-
chines from each other with regard to material carry-over. Examples of material transfer
between machines are treated in Section 6.5.

6.5 The Retention Concept

Figure 6.7 demonstrates how material is recycled via the white water system. In a normal mill
today, material flows are monitored in the short circulation, but no attempts are made to quanti-
fy the corresponding flows in the long circulation. This is due to practical reasons, since the
long circulation in reality consists of large number of loops.

100 100+B-C-D 100+B-D 100+A+B-D 100D
L L> .
thick Q_ O
C stock '
B-C-D A
B
D

Figure 6.7. Per cent material in the white water system.

A: In the short circulation

B: In the long circulation.

C: Material recovered by the disc filter

D: To external cleaning or common stock preparation system.

A common misconception is that the thick stock pulp (/00 + B — D) reflects the material
composition of the furnish and the product. Figure 6.7 shows clearly that this is not the case.
There may actually be considerable material quantities, which are recycled, and as an example,
the long circulation in newsprint manufacture can contribute with up to half the amount of fines
in the thick stock, which is fed into the short circulation. It is normally impossible to obtain a
relevant stock sample, which is not enriched with recirculated material. Web edge trim after the
couch is often the best alternative.

In order to quantify the degree of material separation in a specific process, the retention con-
cept is used:
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Retention = The proportion of a component present in an original mixture which is found in
the mixture at some stage of its treatment or in the final product.
In order to calculate a retention value, three quantities must thus be specified:

1. the material component
2. the original stage in the process
3. the later stage in the process

It is especially important to point out that the retention should be determined for each com-
ponent individually, since it can differ considerably between different components. Of main in-
terest is the retention level of low retention components like fines and filler.

6.5.1 The Retention of the Short Circulation

Figure 6.8 defines the total flow rates Q and component concentrations ¢ in the short circula-
tion.

Qo co Q1 ¢y

‘
|
Q; ¢

Figure 6.8. Total flows O and component concentrations ¢ needed to define the retention R in the short circula-
tion.

The retention of the short circulation R, can then be calculated according to equation (6.6).

Re = Oyco _ Oic, -0, —1— 0O,
= = =
O¢ Oc O

(6.6)

If the retention Ry is calculated according to Equation 6.6, both the concentrations and the
flow rates must be known. In practice, however, it is difficult to determine the flow rates Q,
since these are normally not measured. An approximate value of the retention of the short circu-
lation has therefore been introduced (called “Single Pass Retention” in US) by neglecting the
influence of flow ratio Q,/Q, in Equation (6.6). This ratio approaches unity, with an increasing
degree of dilution of the thick stock.

The term Primary retention, R, is here proposed to designate this type of "retention", which
in principle differs from the correct retention level Ry,

Rp=1-22 6.7)

G
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According to Equation (6.7), the primary retention R, will underestimate the real retention R
of the short circulation.

Since the primary retention gives only an approximate value of the retention in the short cir-
culation, it cannot be used for comparisons between different paper machines or between before
and after a rebuild of the white water system on a paper machine. The use of R, is on the other
hand a simple way to follow-up retention changes on a given paper machine. It should however
not be applied to the calculation of material balances.

The primary retention takes into consideration only the concentration difference between
mix and white water. It then gives a better measure of the local efficiency of the filtration pro-
cess on the wire, than the correctly defined retention value would give. If only a small part of
the wire section is considered, e.g. the dewatering by a single dewatering element, the use of the
correct retention definition Rg would mean that the calculated value would depend mainly on
the amount of dewatering. 5 % local dewatering, with the same white water concentration as
that in the headbox would give Rg= 95 %. For the primary retention, however, we would calcu-
late R, = 0, a more informative value in this case.

6.5.2 The Retention of the Long Circulation

In a paper mill, one is normally satisfied with considering the retention of the short circulation,
but with today's high degrees of system closure, there is also reason to consider the material
content in the long circulation. Figure 6.9 shows the parameters, which define the retention lev-
el R, of the long circulation.

Q
0 % RL Qs c3

Figure 6.9. Total flows  and component concentrations ¢, defining the retention R, in the long circulation.

The figure shows that the material flow on the wire, which passes the borderline between the
short, and the long circulation is equal to Q,c,, i.e. equal to the flow, which enters with the thick
stock. It therefore follows that the retention R; in the long circulation can be calculated as the
ratio between the material flows in the web after the couch and that entering with the thick stock
according to Equation (6.8).

0563
R == 6.8
‘ 0o (68)

Like in the case of the retention in the short circulation, it is desirable also in the case of the
long circulation to be able to calculate an approximate retention value with the help of concen-
trations alone, i.e. without knowledge of the flow rates involved. In this case, however, in con-
trast to what was the case for the primary retention, it is not possible to neglect the flow rate
ratio 0,/ Q, since this differs considerably from unity.
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If we consider a chemical pulp furnish consisting of fines and fibres only, it is possible to
make a simple evaluation of fines retention in the long circulation, assuming that the fibre reten-
tion at this late stage of dewatering amounts to 100 %, which is a good approximation. The ap-
proximate long circulation retention value for fines, R, ., can then be calculated using Equation
6.9:

R, = I=my (6.9)

where m, and m, are the proportions of fines components in the web after the couch and in
the thick stock respectively.

In the calculation one then relies on the fines content in relation to the constant fibre content.
It should be noted that if web edge trim after the couch is taken as web sample, it does not mat-
ter that the dry content is influenced by e.g. edge cut showers, since the water content (or rather
concentration c¢) will not influence the calculations.

In the characterisation of mechanical pulps, the size distribution of the material is often de-
termined by removing a fines fraction m with the help of a "200 mesh" wire. The rest, (1 —m), is
then an approximate measure of the “long-fibre” fraction.

6.5.3 Wire Retention

The total wire retention R, defined as the material flow in the wet sheet in relation to the mate-
rial flow from the headbox, see Figure 6.10, is given by Equation (6.10):

Ry, :% (6.10)

Q‘| C1q

~ Rw 0.3 C3

S

Figure 6.10. Flow rates (J and concentrations ¢ for determination of wire retention RW.

By combining Equations (6.6) and (6.8), it can be shown that R, is equal to the product of
the retention of the short and long circulations:

Ry = RsR, (6.11)

If the retention has been calculated separately in the short and long circulations, it is thus
easy to calculate the wire retention. If R; and R, are changed so that the wire retention remains
unchanged, however, the conditions as a whole are less favourable with a low value of the re-
tention in the long circulation. This is due to the fact that a larger part of the white water system
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of the paper machine is influenced in such a case, which means that the time effects are larger
(see Section 6.6).

An approximate value of the wire retention level of fines R, can be calculated as the prod-
uct of the primary fines retention R, and the approximate long circulation fines retention, R, .
from Equations (6.7) and (6.9)

my 1—m,

Ryp = Rpp Ry = [1 _C_z] (6.12)

¢ )l-my m

Since the first is underestimated whilst the latter is overestimated, the product will be more
correct than the single factors. It is worth repeating that the overall retention value for the com-
plete furnish is of less interest than that of the low retention level components.

6.6 Simplified Balance Calculation

A simplified evaluation of fines material flow in a short circulation will be demonstrated below.

Assume that one unit of fines material is added with the thick stock, and that the wire reten-
tion for this component is 20 per cent. Assume further that, of the flow dewatered through the
wire, 75 per cent is led to the short circulation whilst the remaining 25 per cent is recycled
through the long circulation, see Figure 6.11.

1 T+x

(1-0.2)(1+x)
0.75(1-0.2) (1+x) z

Figure 6.11. Fines balance in a short circulation.

Let the recycled material flow in the short circulation be x. The flow carried to the headbox is
then

(1+x)

and the proportion passing through the wire is
(1-0.2)(1 +x)

If 75 per cent is led to the short circulation, this flow amounts to
0.75(1-0.2)(1 +x)

According to the first assumption, this flow is then equal to x, i.e.
X=0.75(1 — 0.2)(1 + x), which givesx = 1.5

Figure 6.12 shows a summary of the fines flow. Note that, in this special case, as much fines
is recycled via the long circulation as was originally added to the stock.
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1.5

Figure 6.12. Fines flow in a short circulation.

Figure 6.13 shows an example of the transport of material, ¢ g fines, between two parallel
paper machines. It could represent newsprint manufacturing with a common TMP plant. Both
long circulations are returned to the common TMP plant, which means mixing of the long circu-
lations. One machine has a retention level of 50 per cent whilst the other has 25 per cent. Of the
originally added fines material, a larger proportion will reach the product from the machine with
the higher retention level. The calculation is carried out in a similar way as for the short circula-
tion above.

0.75y 0.25y

Figure 6.13. Effect on product composition of mixing between the long circulation flows for two machines with
different retention levels.

Carry out the calculation and show that circa 16 per cent extra fines will end up in the prod-
uct from the machine with the higher retention level, while the corresponding reduction is valid
for the other machine.

This would not be acceptable regarding product quality, if the two machines are expected to
produce similar products. In reality two separate TMP lines would be used. Alternatively, each
long circulation could be cleaned using a disc filter, and the separated materials returned to re-
spective machine.

6.7 Dynamics of the White Water System

In a mill, the conditions are in reality not static but are instead highly dynamic, where several
days' prehistory can influence the conditions at a certain time. To reduce the amplitudes of dif-
ferent variations, mixing tanks with suitable residing times are used. To reduce the variations in
incoming stock, three successive tanks with preceding concentration controls are traditionally
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applied. However, each additional tank volume will slow down the dynamics of the whole sys-
tem.

Previously, we have analysed balances for systems run at stationary conditions. The follow-
ing text describes a simple dynamic case: Start-up of a water-filled short circulation, see Figure
6.14. All flow rates Q are constant, and only the material concentrations ¢ vary with time. Be-
sides the steady state equations also applicable in the static case, the dynamic conditions in the
wire pit must now be added, and its volume ¥ is if deciding importance. Efficient mixing is as-
sumed to take place at all times, so that the outlet concentration is equal to the average concen-
tration in the pit. The following material conserving equation then applies:

Qo ¢o

’—\ R Qg cslt)
Q1 O

Q, | colt) Q, | cylt)

4@7——8 v

Co(t)

Figure 6.14. Parameters involved in the calculation of dynamics in the short circulation.

V%:chv(t)—@cz(t) (6.13)

Starting with a water-filled system, the boundary condition c,(0) = 0 applies. For the concen-
tration c; in the sheet on the wire, the following relationship can then be derived:

o () 1—(1=R)e T2 (6.14)

Co

The normalized time #/(V/Q,) is a measure of the number of times the liquid volume in the
wire pit has been replaced.
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Figure 6.15. Dynamics for start up of a water filled short circulation. Normalised concentration c,/c, on the wire
as a function of dimensionless time #/(V/Q,) at different retention levels R.
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In Figure 6.15, the equation has been drawn for values of the retention R of between 10 and
80 per cent. The figure shows clearly that the approach to steady state is slower the lower the re-
tention value. The reason is that, before steady state is attained, there must be time for a corre-
spondingly high concentration of components with low retention to be built up in the white
water system. This means that e.g. fines and filler, which have a relatively low retention level,
reach steady state considerably more slowly than the fibre fraction.

Note that the lowest retention level possible applies to dissolved components. If these follow
the water flow, the minimum retention, with the designations in Figure 6.14, amounts to:

Ry =—22 6.15)

_Q0+Q2

which inserted into Equation 6.14 will give the following relationship
t

1
|:C3_(t):| -1— 0,10, e_”Qz/Qo@ 6.16)
& Dissolved material 1+ Q2 / QO

Since the retention level influences the time to equilibrium, there is no simple way to change
the web grammage, while maintaining a constant product composition. To e.g. increase the
grammage, the thick stock flow is increased. When the thick stock flow is increased, the fibre
content (high retention) in the web changes rapidly, while the fines fraction (low retention) is
slowly built up to its equilibrium position in the web. During the intermediate time, too low a
fines content will therefore be present in the product. When the thick stock dosage is reduced,
the fines content in the product will instead initially become too high. A better understanding of
the dynamic conditions in the white water system of a paper machine will become increasingly
important, as the demands for quality uniformity increase.

6.8 Computer Calculation of Static and Dynamic Material
Balances

In the 1970's, the computer program GEMS (General Energy and Mass Balance System) was
developed for the numerical solution of this type of equation system. The total flow scheme was
then first divided into different sub-processes, e.g. mixing, dewatering, dilution etc. The sub-
processes were then combined together to describe the system of interest, see Figure 6.16. The
equation system was then solved (applying iterative algorithms), using a mainframe computer.

To simulate the dynamic behaviour of the system, the SIMNON program was applied. Start-
ing from the static balance, relevant volumes and transport times must be included.

It was normally not the computer part of the work, which was the most extensive in studies
of a real system, but instead the task of collecting a sufficient amount of input data (retention
values, flows etc) to characterise the system. Later, commercial simulation programs with
graphical interfaces have been developed, which can be run on personal computers, Flow Mac
and Ideas are based on the Extend program, and several other programs exist, like Wingems,
PAPMOD and Balas. Some of these programs are also able to carry out dynamic calculations in
white water systems.
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Figure 6.16. Block diagram of the GEMS type for computer calculation of system balances on a machine for the
manufacture of three-ply linerboard.

6.9 The FEX Pilot Machine

Figure 6.17 shows the white water system in the pilot paper machine FEX at STFI-PF.

Pulp is prepared batch wise, including refining. The stock is stored in five large chests, and
total storage capacity is ca 500 m®. Two stock lines with individual compositions can be fed for
three-ply forming. A large number of chemicals addition positions are provided.

In the two short circulations, trash separator and deaeration is provided. A disc filter is in-
stalled, and the excess white water is filtered before leaving the system. After passing through
the machine, paper samples can be rolled at the press section, for separate drying in a ten cylin-
der off-line dryer. However, most of the paper is mixed with cleaned white water, pumped back
to a screw press and dumped in a container for recycling to some paper mill.

In Figure 6.18 the FEX System is modelled using the FEXTEND Program (based on Ex-
tend).

A single-ply application is modelled starting where the thick stock is added and ending
where the web leaves the press section. A main advantage of this graphical interface based pro-
gram — besides being possible to run on a desk top computer — is the possibility to introduce in-
dividual drawings of the different components in the model, such as wire section, wire pit,
deaerator, disc filter etc.

Figure 6.19 shows the result of a simulation for fibres, fines and solved materials respective-
ly, regarding the dynamic behaviour during start-up of the water filled FEX System. According
to the simulation, 60 minutes are required before 90 per cent of the steady-state value has been
attained for the solved components, while 20 minutes are enough for fines and only 10 minutes
for the fibre fraction. Experimentally determined results agree approximately with the simula-
tions.
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Figure 6.17. White water system for the pilot plant FEX at STFI. Black triangles indicate points for chemicals

addition.

Figure 6.18. Simulation model for the white water system of the FEX machine. Piping enlargements (five places)

represent transport times (FEXTEND).
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Figure 6.19. Time to equilibrium for fibre, fines and solved material after start-up of a water filled system of the
FEX machine. Fully drawn curves: experimental; broken curves: simulations.
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7.1 Aim of Beating/Refining - Effect on the Fibres

Beating/refining is a mechanical treatment of a pulp suspension, with the aim to achieve pulp
properties suitable for papermaking. The term beating is used mainly for treatments in laborato-
ry equipment and in old-fashioned mill beaters. The term refining refers to a similar treatment
but is more appropriate for modern mill equipment and will be used exclusively for mill pro-
cesses in the following. It is mainly chemical and semichemical pulps and recycled fibres,
which are treated in separate refining stages whereas the properties of for instance mechanical
pulps are primarily developed already in connection with the mechanical treatment in the pulp-
ing stage/stages.

The refining makes the fibres flexible and ready to form fibre to fibre bonds in paper. A pri-
mary goal is to produce strength, usually in the form of high tensile strength, or in some cases
high tensile energy absorption (achieved by high consistency refining). Refining helps to
straighten the free fibre segments in paper to a certain extent and to improve the formation of
paper. For the present situation with both softwood and hardwood pulps available for the fur-
nishes the normal target of the refining is to improve bonding ability of the fibres whereas fibre
cutting is reserved for excessively long fibres, see Figure 7.1.

Refining requires a considerable amount of energy, increases the drainage resistance of the
refined pulp and decreases the bulk of the paper, the latter also being negative when bending
stiffness is important for the product. In fact, refining influences all paper properties to some ex-
tent. As both positive and negative effects are obtained the refining should not be brought fur-
ther in commercial operation than is absolutely necessary for satisfying the paper quality
specifications.
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Figure 7.1. Two different primary targets in refining of papermaking fibres, to improve bonding ability of fibres
("fibrillating refining") and to reduce fibre length ("fibre cutting").

Figure 7.2 shows the characteristic features of a refining zone. (For refining plate pattern,
see Figure 7.8.) The pulp suspension, normally at low consistency (2—6 % and most typically
3-5 %), is pumped through a refining zone. Refining takes place when the fibres are trapped be-
tween a rotating and a stationary bar or between counter-rotating bars, whereas the fibre net-
work is reorganised in the grooves between the bars so that it again becomes accessible to
refining forces in the next passage between bars.

WWW wurw

fibrillating refining fibre cutting refining
bars are approx. bars are clearly
as wide as grooves narrower than grooves

Figure 7.2. Schematic picture of refiner sets for fibrillating refining and fibre cutting respectively. Courtesy of
Metso Paper.

The stresses that fibres experience under these conditions are responsible for the refining ef-
fects. As illustrated in Figure 7.3, fibres are influenced by tensile, compression, and shear forc-
es, which give a complicated pattern of refining effects. Furthermore, the degree of refining
varies considerably between fibres in commercial operation. In some cases both practically un-
refined and strongly refined fibres can be found in the suspension after refining.

The heterogeneity of refining produces a pattern of different fibre effects, as illustrated in
Figure 7.4. Depending on differences in refining conditions, the proportions between the differ-
ent fibre effects may vary considerably. Generally internal and external fibrillation is essentially
positive refining effects for strength development, although it also causes enclosure of water
and increased drainage problems. Fibre cutting and fibre deformation through axial compres-
sion are more or less negative in this case. On the contrary when using excessively long fibers,
fiber cutting might be the preferred effect to achieve improved formation. It is therefore quite
obvious that refining is a very complex process, which puts serious demands on refiner design
and refining strategy.
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Figure 7.3. Impression of fibres trapped between counterrotating bars (Page 1989). Courtesy of Fundamental
Research Committee.

Figure 7.4. Schematic picture of the effect of refining on a fibre.

A. Fibre cutting

B. Fibre deformation (development of curl, kinks and fibre microcompressions, as well as fibre straightening
C. Creation of fines

D. External fibrillation

E. Internal fibrillation

F. Dissolution/migration of fibre wall material

G. Other changes, primarily on the molecular level

7.2 Refining Equipment - Process Conditions

The refining equipment can be either conical or disc type refiners as schematically shown in
Figure 7.5a and Figure 7.5b. Figure 7.6 shows an example of a conical refiner and Figure 7.7
of a disc refiner.
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Figure 7.5. Schematic description of conical and disc type refiners. Courtesy of Metso Paper.

Figure 7.6. Picture of a Metso cantilevered conical refiner. Courtesy of Metso Paper.
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Figure 7.7. Picture of a Beloit double disc refiner. Courtesy of Metso Paper.

The conical refiners today normally have a rather low cone angle (<30°) and some also have
a cantilevered design for easy access to fillings (plates). These refiners are used in low consis-
tency refining. Disc refiners can be divided into single disc, double disc and multi disc refiners.
Single disc are today mostly used in high consistency refining whereas double disc is normally
used for low consistency refining. Multi disc refiners are intended for rather low intensity refin-
ing with a fine plate pattern and therefor suitable for special applications where a gentle fibre
treatment is needed such as in post refining of mechanical pulps.

The refining action is normally described in terms of a theory called the specific edge load
theory. This rather simple description of the complex refining process characterises the refining
action with the help of only two parameters, namely the amount of energy consumed expressed
as the net energy consumed per dry weight of pulp and the refining intensity expressed as the
net energy consumed per length of bars crossing each other.

In mathematical terms

P-PR,
Enet = .
q-c
spr-P-h
L=Z Z;l-n
where

E ., = specific refining energy, [kWh/t] (bone dry ton)
P = total refining power, [kW]

P, = idling power (no load power), [kW]

g = flow, [m*/h]

¢ = fibre consistency, [t/m’]

SEL = specific edge load, [J/m]

L = cutting edge length per time, [km/s]
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Z. = number of rotor bars

Z, = number of stator (or counter rotating) bars

/ = common contact length of opposite bars [km]
n = rotational speed, [1/s].

The SEL theory fails to consider several important factors, such as refining consistency, bar
and groove dimensions and gap clearance. More sophisticated theories have been presented but
these theories have not been accepted to the same extent as the simpler SEL theory, which has
proven to be industrially useful.

The refining plates with the bar and groove pattern has to be changed regularly as they are
worn down. For smaller refiners the cone or disc refiner plate can be cast in one piece, but for
the bigger machines the plates are manufactured in segments. A plate segment is shown in Fig-
ure 7.8. Observe that the direction of bars and grooves deviate from the radial direction, and
furthermore that the deviations normally are opposite for the rotor and the stator (or the counter
rotating plate). This is to certify that bar areas always will be in a crossing position and thus car-
ry the load applied. An alteration between bar-bar and bar-groove load carrying will cause un-
wanted vibrations.

BA=18° CEL = Zr * Zst * |

Both rotor and stator are made of 12
segments (360/30), Each segment has
* 4(four) 315 mm long bars

* 2(two) 210 mm long bars

Z1+ 2(two) 105 mm long bars

Z2 11=12=13=100 mm,
real bar length = 11....13 /cosBA

One full turn means

* Zone1 = 96r+96st bars, & 1056 mm long
* Zone2 = 72r+72st bars, &4 105 mm long
* Zone3 = 48r+48st bars, 4 105 mm long

Cutting edge length calculation

*Zone1 96 * 96 * 0.105 m = 967.7 m/rev
*Zone2 72*72* 0.105 m = 544.3 m/rev
* Zone3 48 * 48 * 0.105 m = 241.9 m/rev

Total (Zone1....Zone3) = 1753.9 m/rev

CEL =1.754 km/rev for a single disc or conical refiner
= 3.508 km/rev for a double disc refiner

Figure 7.8. Refiner plate segment. Cutting edge length calculation. Courtesy of Metso Paper.

Refiner plate manufacturing is a precision job as the normal distance between bars in low
consistency refining is in the range of one or two tenth of a millimetre. This is to be compared
with the width of a swollen fibre which is in the range of 2040 um.

For a specific pulp lower SEL promotes internal and external fibrillation whereas higher SEL
gives a harsher treatment leading to more fibre damage in terms of fibre cutting and fines pro-
duction. In terms of paper properties the harsher treatment at higher SEL results in lower attain-
able maximum strength levels though the initial increase in strength normally is comparable or
faster than what is achieved at lower SEL, cf. Figure 7.9.

In practice, the SEL normally spans from around 0.5 to 6 J/m. For multi discs the figures are
lower and for specific refining purposes such as cutting of fibres they can be higher than 6 J/m.
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As sulphite and hardwood sulphate pulps are more sensitive to mechanical treatment and re-
quire less refining energy, these pulps are refined at rather low SEL (0.5-1.5) whereas softwood
sulphate pulps normally are refined at higher SEL (1.5-6.0).

tensile index

spec. edge load (Ws/m)

specific refining energy

Figure 7.9. Shows principally the effect of edge load in refining of chemical pulps expressed in terms of tensile
index as a function of specific refining energy. Observe that the initial strength development normally is compara-
ble or faster for higher SEL's compared to lower SEL's. On the other hand the maximum achievable strength is
normally lower and is reached faster at higher SEL's. Some more easily refined hardwood pulps can deviate from
this pattern.

With a given refiner supplied with a specific set of refining plates the degrees of freedom of
operation is limited. According to the specific edge load theory the refining result is character-
ised by two parameters, namely the amount of specific energy consumed and the intensity fac-
tor. As can be seen from the mathematical expressions an increase in load through increased
power will at the same time change the specific edge load.

As refiners today are limited to only one rotational speed, the only way to change the specific
energy consumption at a given SEL is to regulate the flow, but this is not practical in a continu-
ous process with limited buffer capacities. In practise the refining is therefor controlled through
changes in power even though the specific edge load will vary somewhat.

Taking into account that every refiner has a range of operation in terms of power and
throughput (flow) it is obvious that a careful selection of refining strategy and equipment should
be made for every investment in refiner capacity. Observe that the throughput is essential not
only for production capacity as such, but also for qualitative reasons. An increased throughput
leads to a shorter dwell time for fibres in the refining zone and thus less probability to be treat-
ed. Thus, the amount of fibres flowing right through the grooves increases at higher throughput,
resulting in a more heterogeneous refining.

7.3 Refining of Different Pulp Types

The final papermaking properties of mechanical pulps are developed already in connection with
the fiber liberation in the mechanical pulping process. But to reach extremely low shive content
post refining at low consistency in the paper mill is sometimes applied. A gentle treatment has
also shown to give a limited positive effect on the strength potential.
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For mixtures of chemical and mechanical pulps it is a normal practice to fine-tune the prop-
erties of the fibre furnish in a final refiner just before the paper machine.

Contrary to what is the case for pulps with low yields, the mechanical pulps retain most of
their previously attained papermaking properties during pulp drying, to a great extent due to the
wet stiffness provided by the native lignin, which effectively counteracts the contracting capil-
lary forces in drying.

On the other hand, drying of chemical pulps does not only eliminate effects of refining on the
papermaking properties, but makes it even more difficult to develop papermaking properties
similar to those of never-dried pulps in a refining operation. Theoretically it would be possible
to reproduce the properties of refined, never-dried pulp through increased refining, although at
an increased drainage resistance and gentle beating in the laboratory, such as in a PFI beater,
comes close to this theoretical standard. But a normal experience in industrial refining is inferi-
or results due to a harsher and more heterogeneous treatment of the dried fibres.

Semichemical pulping requires that, for defibration, the dissolution in the initial cooking
stage be supplemented by a mechanical treatment in a medium or high consistency refiner stage.
In integrated pulp and paper mills, which is the normal concept for this pulp type, it is followed
by a separate refining stage, usually at low consistency, for development of the papermaking
properties. There is however no clear-cut borderline between defibration and development of
papermaking properties in such a system.

digester inline blowtank screens wash screwpresses post thick storage tower
refiners filters refiners  stock

reject pump
- refiner

A
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Yol ‘
extraction
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to paper mill

white water from P.M.
wash water

black black black
liquor ) liquor liquor
tank tank tank

Figure 7.10. An example of refiner systems for defibration and development of desired papermaking properties
of high yield kraft pulp for linerboard. Courtesy of SCA Packaging Munksund.

The production of high yield softwood kraft pulp for kraft linerboard, kappa number usually
around 90, may be a typical example of such a semichemical system with continuous cooking
Figure 7.10. A so-called in line refiner defibrates the cooked chips to such an extent that good
washing can be obtained without drainage problems. After brown stock washing the rather
coarse pulp is run through a deshiving medium consistency refiner in the paper mill, which also
starts to develop papermaking properties. A low consistency refiner in the paper mill finishes
the development of papermaking properties, at the same time as the remaining shives are defi-
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brated. The optimal results are obtained when both defibration and development of papermak-
ing properties are divided between the different refining stages after washing.

In unbleached kraft pulp, lignin is the main source of refining resistance. This is particularly
important for high yield kraft pulp for which the refining resistance limits the aim towards a
high kappa number and a correspondingly high yield. Gentle beating in the laboratory can in-
deed produce high tensile strength also in the case of unusually high kappa numbers (high lignin
contents) but the less gentle mill refining systems are not capable of managing pulps with a high
refining resistance. The higher the resistance, the higher the refining intensity (specific edge
load) needed, which makes it even more difficult to match a high tensile strength target, since
the maximum attainable tensile strength decreases with increased refining intensity. This sets an
upper limit to the target kappa number as mentioned above.

Refining of an unbleached chemical softwood kraft pulp is carried out either at low consis-
tency or in turn at high consistency (28-35 %) and low consistency, Figure 7.11. The latter case
is specifically used in production of sack paper, where high strain and high tensile energy ab-
sorption values are needed. The refining at high consistency results in curled fibres with some
micro-compressed zones, which gives a "fibre straightening" and "fibre extension" potential in
the paper network, that is to say increased strain. These high-consistency refining effects are
mainly due to mechanical force induced structural changes in the lignin matrix of the fibre wall.
The low consistency refining stage following the high consistency refining is necessary to
achieve the desired strength values, though low consistency refining also counteracts the high
consistency refining effects by straightening the fibres.

Twin roll press

32 - 35 % pulp

HC-refining stage
4 % pulp -

water

v

Figure 7.11. HC — LC refining of unbleached chemical kraft pulp for sack paper.
Courtesy of Metso Paper.

Even if the lignin is not the same kind of obstacle for reaching high tensile strength, as for
high yield pulp, the content of lignin and its condition are important issues for the refining. In
general, the refining resistance decreases with the lignin content and is practically no longer in-
fluenced by lignin for softwood kraft pulps at kappa number 20 (lignin content about 3 %) and
lower.
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Swelling of the lignin in unbleached pulp promotes the refining. Hence, both pH (for its in-
fluence on the content of charged groups in lignin) and ionic strength are important refining
variables in the case of unbleached kraft.
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Figure 7.12. Solute exclusion data of Stone et al. Note that the data for the beaten pulp show the beginning of the
second distribution, corresponding to the cracks.
(A = &ngstrom). (Page, Cambridge 1989.) Courtesy of Fundamental Research Committee.

Swelling as such does not give significant refining effects but it can make refining easier. To
make the fibres sufficiently flexible, a de-lamination of the fibre wall is needed. The difference
between swelling and de-lamination in this context is illustrated by Figure 7.12. Indeed, swell-
ing gives a very open structure to the lignin/hemicellulose matrix between the cellulose fibrils
in chemical pulp, but the matrix is obviously strong enough to help preserve the fairly high stiff-
ness of the unrefined fibre wall. Refining on the other hand produces so-called cracks and de-
lamination in the fibre wall, which radically reduces the stiffness of the fibre wall.

Another important refining effect is external fibrillation. It is a result of changes in the outer
layers of the fibre, at first in the primary wall (P) and then also the outer layer of the secondary
wall (S1). Extensive removal of P and S1 has a profound effect on the fibre stability but requires
an unusually powerful refining. In normal refining the effect on P and S1 is smaller but not neg-
ligible.

Refining of bleached chemical pulp has a somewhat different fibre background. The matrix
between cellulose fibrils now consists almost exclusively of hemicellulose, which has a strong
affinity to water and swells more or less independently of possible charges on the hemicellulose
(the charges being mainly carboxylate groups from uronic acid on xylan, to a great extent hex-
enuronic acid groups). Neither pH, nor ionic strength seems to have a significant effect on the
refining result in the case of a bleached softwood kraft pulp. It is likely that these factors, which
are known to promote swelling of the charged components, have a positive effect but that the
effect seems to be so small that, with the normal scatter of the process, it cannot be proven.

Bleached softwood kraft pulp contains normally fairly little hemicellulose, also when cooked
to a fairly high kappa number. Cooking to low kappa numbers leads to hemicellulose contents,
which are critically low for developing a high tensile strength by the refining process. At low
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hemicellulose content the fibres loose elasticity, a development which is strengthened by an in-
creased degradation of cellulose.

Bleached birch kraft pulp is quite easy to refine but may be sensitive to a high intensity in the
refining process. In general, it has a high content of more or less charged hemicellulose, at the
same time as the hemicellulose content varies considerably. This variation is clearly reflected in
variations in refining behaviour (the more hemicellulose the more rapid strength development).
Even so, it is suitable to refine only lightly, particularly in the case of never-dried pulp. It may,
however, be necessary to extend the refining somewhat to straighten curled fibres in some cases.

Commercial bleached eucalypt kraft pulps (dried pulps) have small, rather stiff fibres with
fairly little hemicellulose. They require considerably more refining for the development of ten-
sile strength than the corresponding birch pulps, but may then develop a surprisingly good
strength. Variation of the hemicellulose content is more critical to the strength development be-
cause of the low general level of hemicellulose and the short fibres, which require good bonding
between the fibres to produce strong paper.

At a given capacity and specific energy consumption the shorter hardwood fibres gives a
smaller clearance between the bars in the refining zone than softwood fibres. It is likely to be an
effect of a less rigid wet fibre network with lower strength and thus a somewhat different rheol-
ogy (a lower apparent viscosity of the pulp suspension). Fibre stiffness should also be of impor-
tance in this connection. The clearance is known to decrease during repeated circulation of a
pulp through a refiner.

Sulphite pulps are easier to refine than kraft pulps. Sulphonation of the lignin makes the
lignin swell and thereby considerably decreases its adverse effects in refining. This is particular-
ly obvious when semichemical softwood bisulphite pulp at 70 % yield is compared with semi-
chemical softwood kraft pulp at 56 % yield, Table 7.1. The changes in lignin structure is no
doubt of great importance but there is a considerable difference in beatability also for bleached
pulps, which indicates that part of the better beatability is to be explained by differences on the
carbohydrate side. It is then noteworthy that a comparison between different bleached pulps
show that the softwood sulphite pulps have a lower hemicellulose content than the softwood
kraft pulps, even though the pulp yield in the case of softwood sulphite pulps is higher (due to a
very high cellulose yield in the sulphite cook, Table 7. 2.

Table 7.1. Comparison between semichemical bisulphite and semichemical kraft pulp at a paper den-
sity of 750 kg/md.

Pulp (newer dried) Lignincontent, | Beater (PFI) | Tensile index Tear index
% revolutions
Semichemical spruce bisul- 20 3300 93 6.3

phate, yield 70 %

Semichemical spruce kraft, yield 13 11000 92 9.5
58 %
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Table 7.2. Comparison between bleached sulphite and bleached kraft pulp at a paper density of
750 kg/md.

Pulp (dried) Hemicuellulose | Beater (PFl) | Tensile index | Tear index
content, % revolutions

Bleached spruce acid sulphite, yield 15 1900 62 8.7

47.5 %

Bleached spruce kraft, yield 45 % 17.5 4000 86 10.5

Table 7.3 gives a summary of pulp types and energy consumption in refining of the pulps for
some different paper products.

Table 7.3. Some examples of refining energy for pulps used for some different paper products.

Product Basis weight Pulp type Energy kWh/t
Sack paper 70-90 Sulphate, unbleached 300-400
Kraftliner 100-300 Sulphate, unbleached
-top layer 250-300
-bottom layer 150-200
Kraftliner (heavy duty) 400-440 Sulphate, unbleached 150-250
Fluting 115-140 Semi chemical 300-500
Carton board 200-400 Sulphate, unbleached 150-200
Printing paper 60-100 Softwood sulphate, bleached 150-200
Hardwood sulphate, bleached 50-100
Graphic paper (News, 40-80 Sulphate, bleached (or semi- 150-200
SC, LWC) bleached)
Greaseproof 30-60 Sulphite 800-1000
Bank note paper 80 Cotton 2000

7.4 Refining Systems

An important issue, which has been studied extensively, is whether different kind of pulps, such
as softwood and hardwood pulps, should be refined separately or in mixture. In some cases it
would be practical to work with mixtures so as to minimise the extent of the equipment. In other
cases there is a wish to have an individual choice of refining degree for the different pulps,
which then adds a degree of freedom to reach lowest possible production cost for a given paper
grade with a given set of paper properties.

Softwood pulps and hardwood pulps form different kinds of fibre networks with different
rheological properties. This can be illustrated by the fact that hardwood pulps gives a much
smaller clearance between the bars in the refining zone than softwoods at certain given process
conditions. Mixtures of hardwood and softwood pulps gives intermediate clearances which in-
dicate that the components in mixed refining is subjected to a treatment that differs somewhat
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from the treatment they get when refined separately. In practise though the difference in refin-
ing result generally seems to be rather small.

Another strategic issue is whether refining should be performed with the refiners in parallel
or in series. As long as the refiners can be operated within their recommended working range
the difference in refining result between the two systems seems to be small. Parallel refining
gives a longer retention time in each refiner whereas serial refining, by means of repeated pas-
sages through refining zones, may give some advantage on refining homogeneity and on pro-
cess control, although this advantage seems to be marginal.

Regardless of the refining strategy the refiner system must allow for a refiner to be closed
down for maintenance or change of plates without jeopardising the overall refining result. This
aspect which influences both capacity, system layout and control functions, must be taken into
account when designing refining systems.

7.5 Refining Process Control

A primary control strategy of refining has been to aim at constant specific energy consumption.
It implies feed-forward control of pulp consistency, flow of pulp suspension, and net supply of
electric power (total power - no load power). A good control demands a high accuracy of all the
primary measurement signals for the control, which may be difficult to fulfil. The weakest link
seems to be the pulp consistency measurement. A supplementary feed-back control loop would
therefor be desirable. Figure 7.13 shows a typical refining line including traditional instrumen-
tation, with three refiners in series.
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Figure 7.13. Typical refining line including traditional instrumentation, with three refiners in series. Courtesy of
Metso Paper.

Feedback control may utilise some kind of drainage tester on the fibre suspension after refin-
ing, preferably on-line measurement as close to the refiners as possible so as to minimise the
time lag. In closed paper mill systems the measurement can be markedly disturbed by variations
in fines content of the white water used for dilution. Other measurements suitable for feedback
are temperature rise of the fibre suspension, couch vacuum on the paper machine, and different
properties of the finished paper. The latter measurement category represents the ultimate tar-
gets, but the value for feedback control decreases with the distance from the refiners and the
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time lag between the refiner process and the measurements. With a long time lag the frequency
and the amplification of the control measures must be considerably subdued.

On-line measurement of fiber length is another proposal of sensor for feedback. In normal,
not particularly rough refining, the resolution of the measurement may not be strong enough to
permit other than a weak amplification of the fiber length signal in the control, i. e. it should
serve only for minor corrections of the drainage target if any.

A major disturbance is variations in pulp beatability. This requires a more sophisticated con-
trol strategy. Unfortunately there are no sufficiently reliable measurement options available to-
day, which leaves only two alternatives. The first priority is of course to produce pulps or pulp
mixtures with constant beatability, something, which so far has not been given sufficient priori-
ty. The second alternative seems to be a rather sophisticated drainage resistance control, with
compensation for different measurable conditions and pulp properties, and with due consider-
ation to the time lag of certain data. A main problem with the control is however the reliability
of the quality measurements. A possible control strategy for this is shown in Figure 7.14.

inputs filtering system deviation control output
measurements: SEC set point
- SEC final —
- production rate —| exponent. control
—fillings vibration set value - measure
freeness measurement
_fr ; S
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- fibre length } adaptive
set values:
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—fillings vibration high limit

~ SEC high and low limits |

Figure 7.14. Possible refining control for difficult cases. (SEC=specific energy consumption). Courtesy of SPCI.

7.6 Concluding Remarks

As has been illustrated in the preceding, refining is a very complex process, as regards both pro-
cess conditions and effects on the fibres. A general picture has been given of the available fun-
damental knowledge but it must be stressed that the process knowledge required in practical
applications must still to a great extent be empirical. This results in a considerable variation in
mill practices.

The process control has difficulty in coping with varying beatability of the incoming fibre
material. A high priority should therefore be given to a consistent beatability of the pulp supply,
higher than is usually the case. It is important to have a good control of fibre flow through the
refiner and net energy input. Feedback of refining results such as freeness, temperature rise,
couch vacuum, and paper properties is required to take care of special disturbances but can only
be used with low amplification in relation to the time lag of the signals.

Since the refining conditions can greatly influence on how well the potential of the pulps is
utilised and how the refining results agree with the property profile of the paper to be produced,
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it is important to carefully choose suitable equipment and conditions for the refining process. It
is particularly important to choose such a design capacity of the refiners that they can operate
reasonably close to the optimal conditions. Overloaded refiners will produce an inferior fibre
strength development.
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8.1 Principles of the Short Circulation

In the short circulation, the thick stock is

»  diluted with white water, to a suitable forming concentration
* machine screened

» centrifugally cleaned

*  deaerated

*  pumped to the headbox

The traditional design is rather conservative regarding the possibilities to deliver a highly even
fibre concentration to the headbox, and a new design principle allowing a more even production
is suggested.

The fibre raw material, which is delivered from a pulp mill to the paper mill, is designated
“pulp”, and it is prepared to a “stock’” through proper refining and product and process chemi-
cals addition. Through successive dilutions of the stock with white water, taking into consider-
ation on-line measured concentration variations, and including mixing in intermediate chests,
variations in concentration of the stock are reduced. It is finally passing the machine chest, from
which the “thick stock” is fed to the short circulation.

The thick stock has a fibre content of 3—4 per cent and must in the short circulation be diluted
with white water from the wire section to a “mix” with a concentration of 0.1-1.5 per cent, de-
pending on the product to be manufactured. The higher the strength desired in the final product,
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the greater is the dilution required. Retention aid components can be added in the short circula-
tion.

The principle for the design of today's short circulation is shown in Figure 8.1. The thick
stock is first diluted with white water from the wire pit. The pulp is thereafter machine-
screened, and the reject is re-screened, sometimes twice. Accepts and rejects are recycled, while
the final fibre reject level is low enough to leave the system. This is followed by centrifugal
cleaning, with up to six stages before the fibre reject level is low enough. The mix is then deaer-
ated and the overflow is recycled to the short circulation. The mix is finally fed to the headbox,
from which a certain overflow is recycled to the short circulation.

Several circulation circuits are thus present inside the short circulation, and since the concen-
trations in these are not controlled, concentration variations in the mix fed to the headbox can be
introduced via these circuits.

deaerator
headbox
S wire section
0O
cleaners l
screens
wire pit
thick stock J J white water

screen- and cleaner reject

Figure 8.1. Schematic diagram of a conventional short circulation.

An example of a short circulation design in an industrial application is shown in Figure 8.2.

Thick stock top
Thick stock base

White water base
White water top

Figure 8.2. Short circulation loops for a two-ply linerboard machine
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8.2 Dilution of Thick Stock Pulp

Great attention must be given to the mixing of the thick stock and the white water, since poor
mixing gives rise to concentration variations and thereby grammage variations. A method for
achieving good mixing is to add the thick stock in a white water pipeline at a higher flow rate in
a central pipe surrounded by a concentric channel for the white water. This arrangement func-
tions in the same way as a jet pump, and the turbulence level in the mixing zone becomes higher
the more energy is added with the excess speed of the thick stock jet.

The process of mixing a thick stock jet with pure water has been studied (Tegengren, MSc
thesis 1983) in a plexiglas pipe, in which the process was filmed. It was slightly surprising that
the most important parameter was found to be not the absolute speed difference between the
thick stock and water, but the ratio of these two speeds. A speed ratio of eight gave good mix-
ing, as shown in Figure 8.3.

Figure8.3. Stock blending of thick stock and white water from left to right) at different velocity ratios thick
stock/white water flow. (flowing Top: 1.5 Middle: 5.3 Bottom: 10.8).

In Figure 8.4 the design of thick stock addition to white water on the FEX pilot paper ma-
chine at STFI is shown. The coarse pipes entering from above carry the white water from the
two circulation loops. 90 degree bends turn the flows to a horizontal direction. Thick stock is
added at the ends of the bends, coaxially with the horizontal white water flows. A considerable
mixing length is allowed before the pump, feeding the trash separators and finally the deaerators
located on the roof of the building.

Figure 8.4. Thick stock mixing into white water flow on the FEX pilot paper machine.
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8.3 Screening

A screen placed in the short circulation is called a machine screen, and its main task is to sepa-
rate impurities, which could damage the paper machine, and hard fibre flocs, stickies, etc which
could lead to web breaks in the paper machine and quality defects in the finished paper. Normal
shives separation must have been carried out at an earlier stage. Since the screen is placed after
the addition of thick stock, all variations in the fibre reject flow from the machine screen system
will result in grammage variations in the finished product. It is therefore important that the re-
ject flow is low, which means that there must be at least one further screening of the reject and
recycling of the accept. The most favourable placing of the screen would instead be immediate-
ly before the machine tub. Since the machine screen feeds the headbox, it is important that pres-
sure pulsations are avoided, especially in headboxes, which are particularly sensitive to such
variations. These require special attention to the choice of screens and pumps. Even so, a sepa-
rate damper is necessary before the headbox in some cases to reduce the pressure pulsations.

8.3.1 Screening Terms and Screen Curves

By screening, it is possible to separate undesired components from a fibre suspension. The
screening process is subject to two types of error, on the one hand the a-error which is that all
undesired particles are not separated and on the other hand the b-error which means that accept-
able fibres accompany the separated components. To reduce these two errors to acceptable lev-
els, it is usually necessary to use several screens, connected in a screening system.

In the following, the function of a screen is first described and thereafter, the structure of a
screening system is briefly treated. In screening, an inject flow is divided into an accept and a
reject flow, see Figure 8.5.

inject material flow g;
l shive content s;

——— reject material flow q,
shive content s,

|

accept material flow q,
shive content s,

Figure 8.5. Definition of screen parameters.

To achieve a positive screening effect, the contamination content must be greater in the re-
ject flow than in the accept flow, at the same time as the fibre losses with the reject must be
small. The separating function of a screen is described by the screen curve which shows the de-
gree of shives separation S as a function of the degree of fibre reject R. The degree of shives
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separation S, i.e. the probability that a shive shall end up in the reject, can be described by the
ratio between shives flow in the reject divided by the shives flow in the inject:

g5 8.1
qi Si
The degree of fibre reject R, i.e. the proportion of incoming fibres, which end up in the reject,
can be written as:

4q-
R=-"= 8.2
7 (8.2)
The shape of a screen curve can be approximately described by the Q-factor, where O de-
fines the relationship between S and R according to the equation

Sd
O=1-—+ (8.3)
S?
Figure 8.6 shows the appearance of the screen curve for different values of the parameter Q.
QO = 0 corresponds to a straight line with an inclination of 45 degrees. This represents pure flow di-
vision, where there is no screening effect. With increasing value of O, the screening effect is im-
proved. Q = 1 corresponds to the perfect screen, in which the shives separation is complete at all
reject levels. The Q-factor for a working screen can be evaluated very simply using the equation:

R
>~ 1-00-x)

This means that Q can be determined simply by analysis of the shives contents in the accept
and in the reject, and that it is not necessary to determine a complete shives balance over the
screen. The advantage is that it is then also possible to compare the function of two screens,
which happen to be working at different reject levels, without needing to know these levels.

(8.4)

1.0

0.8

0.6

0.4

0.2

shive reject rate (S)

02 04 06 08 10

fibre reject rate (R) ——

Figure 8.6. The appearance of the screen curve for different values of the O-factor.
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It should be pointed out that the screen curve defined by a certain Q-value calculated accord-
ing to equation 3 naturally agrees exactly with the real screen curve only in one single point,
namely at the reject level which was valid on the sampling occasion. Elsewhere, Equation 4
gives only an approximate value of the screen curve but it has been shown that the approxima-
tion is in practice normally good.

8.3.2 Screen Design

Screening takes place through screen drums, perforated with holes or slits. The screen openings
are all the time kept free from blockage by the passage of some type of clearing organ along the
screen surface. The perforations consist of cylindrical holes, normally with a diameter of
1.2-2.5 mm, coned towards the accept side. They are placed in a certain screen hole pattern,
and the open screen area amounts to 10-20 per cent. When the demand for a cleaning effect is
very high, screen slits are used, with an opening of down to a few tenths of a mm. The open area
and thereby the capacity is lower on a slitted screen drum than on a hole-perforated one.

It should be pointed out that not only particles larger than the screen openings are separated.
Through orientation of long particles parallel with the screen surface, a considerable separation
of long particles is obtained, even when their cross-section dimensions are considerably smaller
than the screen openings. The flow through the screen drum can take place from outside in-
wards or the opposite, see Figure 8.7.

If the flow follows the previous case, one works against the centrifugal force, which is fa-
vourable for the separation of heavy particles. This gives an increased pressure drop, however.
In flow inside - outwards, low-pressure drops are obtained, but there is a tendency to collect
heavy contaminations (sand, stone etc) on the screen surface (on the inject side).

R L

”~ ~
N

/ ? //—f\‘
‘B(\ I "(“ M\Q 1 BJ'w

Figure 8.7. Screening and cleaning geometries. The arrows show the direction of movement of the inject and the
cleaning organs.

The cleaning organs can be placed either on the inject or on the accept side. The cleaning or-
gans are designed for sucking away (from the inject side) blocking material or removal by
pressing (from the accept side). A suction effect is obtained in the form of an under/overpres-
sure zone, generated by the cleaning organ, which moves at a high speed (at least 20 m/s) con-
centrically with the screen surface.
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In some newly developed screens, the suction pulse is so extensive that water is sucked back
through the cone-shaped screen holes (the fibres get stuck in the cones). This water then locally
dilutes the inject, and then it is possible to screen with input inject concentrations of circa 3 per
cent. Conventional screening takes place at a concentration of less than 1 per cent.

If the cleaning organs lie on the inject side, the generated pressure pulses will be dampened
slightly by the screen drum. This procedure is therefore used in the input to headboxes, where
the sensitivity to pressure variations is great.

8.3.3 Screen Coupling

Screening in one step does not normally give sufficient separation of contaminations, and also
too high fibre losses with the reject. Several screens are therefore normally combined in the
screen system. Figure 8.8 gives examples of a screen system with double screening of the ac-
cept and cascade screening of the reject. Double screening means that the accept from a primary
screen is screened in a secondary screen.

The reject is returned to a reject screen from which in turn the accept is returned to the pri-
mary screen. The fibre flow in the reject from the reject screen is considerably less than from
the primary screen, at the same time as the accept from the secondary screen is considerably
cleaner than that from the primary screen. In industrial screening systems, the reject is often
post-treated in some way. For mechanical pulps, the reject is refined and the strongest pulp frac-
tion is thus obtained.

inject
-]
primary screen reject screen
reject
secondary screen
accept

Figure 8.8. Screen system with double screening of accept and cascade screening of reject.
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8.4 Centrifugal Separation

Besides screens, centrifugal separators are often included in the pulp preparation systems.
These are cyclones in which a fibre suspension is exposed to high centrifugal forces, see Figure
8.9, and where the separation takes place according to particle density.

The inject is fed tangentially, and the accept is taken out in the central, upwards-directed
pipe. The reject is flushed out at the bottom of the cone. To give a good cleaning effect, a vortex
cleaner should have a small diameter, which means that a large number of vortex cleaners must
be connected in parallel to manage normal pulp flows. The fibre concentration in a vortex clean-
er should be below 1 per cent. At higher concentrations, fibre networks arise and hold back the
contaminations to be separated. To avoid too great a thickening of the mix at the reject outlet
and thereby plugging, the reject level must be high, at least 20 per cent.

accept
inject
—= |
reject

Figure 8.9. Basic principle of a centrifugal cleaner.

If vortex cleaning is necessary, special consideration must be given to the large reject quanti-
ties, which are necessary. To reduce the total reject to a suitably low level, the reject must there-
fore be treated in several vortex cleaning steps. With five vortex cleaning steps with 30 per cent
reject in each case, the final fibre loss amounts to 0.24 per cent of the originally fibre input.

Traditionally, vortex cleaners have been used to separate e.g. shives and bark specks. Today,
vortex cleaners are also used to separate fibre materials according to specific area, which e.g.
for mechanical pulp means that the fibre material can be divided into fractions with different
bonding properties. Another field of use is to separate light particles, e.g. plastic contamina-
tions, in recycled paper preparation. In this “reversed vortex cleaning”, the reject is taken out
through the upwards-directed pipe.
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8.5 Deaeration

Deaeration of the stock blend in the short circulation has the task of removing all air bubbles,
even those that adhere to fibre surfaces. The stock blend is sprayed through a slice onto the roof
of a deaeration tank under vacuum, as illustrated in Figure 8.10. Air bubbles are thus separated
out and taken to the vacuum system. The deaerated stock blend then passes over the overflow
under very constant flow conditions to the feed pump, which carries the stock blend to the head-
box.

The presence of air bubbles leads to large problems particularly at high machine speeds, i.e.
when the stock blend is added under high pressure in the headbox. This air then expands in the
jet from the headbox so that the jet quality drops, and it subsequently disturbs the dewatering
process in the wire section.

vacuum

R mix with air

|

e

overflow deaerated mix

Figure 8.10. Deaeration tank.

8.6 Simplified Short Circulation

A proposal to improve the short circulation with regard to grammage stability compared with
Figure 8.1 is shown in Figure 8.11. The thick stock is here diluted with deaerated white water
(the air content in the thick stock is normally very low), and there is no reject withdrawal of fi-
bre material. The stock blend finally passes a junk trap, which is only intermittently emptied of
impurities, and does not give a continuous reject flow.

white water

deaerator v 1

wire pit
overflow

trash separator

——
thick stock pump  mix pump to headbox

Figure 8.11. Proposal for a simplified short circulation.
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The trash separator also has a dispersing effect on fibre flocs and stickies. The finished stock
blend is fed to the headbox. A precondition for applying this alternative is that the thick stock is
already screened, but this is today fully possible since there are several types of screen equip-
ments, which work within a concentration range of 3—4 per cent. It is further assumed that vor-
tex cleaning has already been carried out to the necessary extent, preferably in connection with
the pulp preparation. A local dilution and thickening is then necessary. As mentioned earlier,
vortex cleaning is not yet possible at concentrations above one per cent.
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9.1 Background

The field of polyelectrolyte adsorption onto cellulosic fibres has been studied in detail for
around 40 years. Initially the studies focused on wet strength additives but later the focus has
been changed towards retention and fixing agents in order to elucidate the working mechanism
behind these additives. Today the knowledge about the equilibrium adsorption , in mg/g, of pol-
eyelectrolytes is rather good whereas the kinetics of adsorption is not as well investigated. Fur-
thermore it has become obvious in many investigations during the last ten years that the
conformation of the adsorbed polymers on the fibre surface is probably as important as the ad-
sorbed amount for the action of these polyelectrolytes. Furthermore, fairly recent results indi-
cate that the change of this conformation with time is also very important. These two latest
issues, i.e. the conformation and its change with time are at the moment very poorly character-
ised.
With this as a background this chapter focuses upon the following questions

a) Why are the polyelectrolytes adsorbed onto cellulosic fibres? The easiest way to describe
the adsorption is as an interaction between the charges on the fibres and the charges on the
polyelectrolytes. However the entropy gain upon the release of counterions to the charges on
the fibres and the polyelectrolytes gives a much larger contribution to the adsorption energy
than the charge interaction. There are some investigations which clarify the influence of cer-
tain basic parameters on the fibres and the surfaces and these investigations will be reviewed.
An attempt will also be made to create a link between published adsorption data and the Sch-
eutjens-Fleer theory for polyelectrolyte adsorption. Another important question is how the
polyelectrolytes are adsorbed on the fibres, i.e. are the segments only found in trains on the



148

surface or will there be some loops and/or tails protruding into the solution? Very little is
known about this but the topic will be discussed in some detail.

b) Where are the polyelectrolytes adsorbed- on the external surfaces of the fibres or within the
fibre wall and how is this related to the molecular properties of the polyelectrolytes? There
are a lot of definitions in the literature about fibre surfaces, external surfaces etc. but it is
important to link the adsorption to molecular properties and the work in this area will be
reviewed. The influence of fines will also be discussed.

¢) What controls the kinetics of polyelectrolyte adsorption and are there models to describe this
adsorption? It is still not entirely known how polymers that adsorb onto the internal surfaces
of the fibres are then transported through the fibre wall. The work conducted in this area will
be reviewed. It is also important to know the kinetics of the reconformation of the polymer
on the fibre surface and this topic will also be discussed in detail. Finally the kinetics of des-
orption will be treated.

9.2 General

For most cationic polymeric additives used in the paper industry it is essential to have good ad-
sorption of the polymer onto fibres, fines and fillers in order to have good efficiency of the
polymer. The process of polyelectrolyte adsorption onto cellulose fibres has therefore attracted
a considerable interest over the last 40—50 years and a number of reviews on the topic have al-
ready been published [1-4]. It is therefore not the purpose of the present chapter to give a com-
plete review on all the literature available in the area but more to answer the following questions

* Why and how are the polyelectrolytes adsorbed on the fibres?
*  Where are they adsorbed?
* How fast do they adsorb?

In order to create a link to the current knowledge of the theoretical understanding of poly-
electrolyte adsorption the examples chosen from the literature will be linked to mainly the Sch-
eutjens-Fleer theory for polyelectrolyte adsorption [5, 6]. It is furthermore the ambition of this
chapter to highlight some future developments and research needs with this analysis.

9.3 Why and How are the Polyelectrolytes Adsorbed onto
Cellulosic Fibres

In the theoretical treatment of the polyelectrolyte adsorption [5, 6] four major entities are used
to discuss and explain polyelectrolyte adsorption and these are y, y, .0, and q,,. The first two
correspond to the Flory-Huggins parameter of polymers in solution and the adsorption energy
parameter respectively. The y, parameter is dependant on the difference between the adsorption
energy of a polymer segment and a solvent molecule. Simply stated the adsorption is enhanced
if the y parameter has a value larger than 0.5 since the polymer then has a poor solubility in the
solvent used .The adsorption is also enhanced the higher the value of the y, parameter.The o,
and the ¢g,, correspond to the surface charge and the charge of a polymer segment respectively.



149

In [5] the theoretical predictions of the SF (Scheutjens-Fleer)-theory for polyelectrolyteadsorp-
tion were summarised with the following Figure 9.1.

()| @
1

/
Am / poor solvent
/

© ©0/dm>0 — logc,

Figure 9.1. Schematic overview of polyelectrolyte adsorption. Different polyelectrolytes and different surfaces
were used for the numerical simulations and the adsorption is shown as a function of salt concentration, ¢,. From

[5].

The curves in Figure 9.1 that will be more thoroughly discussed are 3, 4 (4’and 4°") and 5,
which describe the adsorption of polyelectrolytes on oppositely charged surfaces. The ordinate
in the figure represents the adsorbed amount of polymer on the surface. For pure charge com-
pensation the sum of the charges on the surface and of the adsorbed polymer is zero, i.e.
q,,* 0.,= o, I* (where o, - I* is the charge per site on the surface). This situation corresponds to
(6,/4,,), - I*in the figure. For the situation where there is a non-electrostatic contribution to the
adsorbed amount, 6, will both contain a fraction corresponding to charge compensation and a
fraction corresponding to a positive y, value. This situation corresponds to (o,/q,,), - I*in Fig-
ure 9.1.

To repeat, the parameters of largest importance for the present discussion are :

* (oyq,) which is the ratio between the surface charge and the polymer segment charge

X which was defined above and it might be added that this is the non-electrostatic
adsorption energy parameter
* e which is the critical value of the y, parameter above which adsorption will occur

Curve 3 in Figure 9.1 corresponds to pure electrosorption, for polyelectrolytes with a high
charge density. The only driving force for the adsorption is the charge interaction between the
polymer segments and the charge on the surface. For this situation there is a charge balance be-
tween the charges on the surface and on the polymer and as the salt concentration is increased
the interaction between the segments and the surface is decreased and the adsorption is hence
decreased. For curve 4 there is also a non-electrostatic contribution to the adsorption of the
polymer and as the electrolyte concentration is increased the repulsion between the polymer
segments on the solid surface is decreased and the adsorption is increased.

Since many charged polymers loose some of their solubility, i.e. the efficient y parameter is
increased, as the repulsion between the segment decreases the adsorption will be even further
enhanced. This means that the adsorption can increase drastically as indicated in the figure (4”).
On the other hand if there is a specific interaction between the counterions and the surface, the
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counterions will start to compete for the surface sites with the polymer segments, which will
lead to a decrease in adsorption (curve 4°).

In Figure 9.1 there is also one curve (curve 5), which corresponds to the situation with an
initial, i.e. at low salt concentrations, contribution from both electrosorption and non-electro-
static interactions between the polymer segments and the surface. This situation is valid for
polyelectrolytes with a low charge density and as the salt concentration is increased the adsorp-
tion approaches the adsorption for highly charged polyelectrolytes but with the same y,. A sche-
matic representation of this situation is shown in Figure 9.2 where cartoons of the adsorbed
structure has been combined with Figure 9.1 [5].

low ¢,

®
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// poor solvent
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Figure 9.2. A schematic representation of the adsorbed polyelectrolyte structure at differentsalt concentrations
and different polyelectrolyte surface interactions in Figure 9.1.

With this as a background it is now useful to try to review what has been done regarding
polyelectyrolyte adsorption on cellulose fibres. It is naturally difficult to exactly fit the pub-
lished data totally according to the categories mentioned above so the interpretations made in
the following text have to be treated with caution. Van de Steeg [7, 8] has tried to create a link
between the SF theory and the adsorption of cationic starch on micro-crystalline cellulose and
for pure electrosorption the following results were achieved from calculations for adsorption of
polyelectrolytes of low charge density to oppositely charged surfaces, Figure 9.3a and Figure
9.3 b.

There are two major features in Figure 9.3 a. First it can be noted that as the charge densi-
ty,a, of the polymer increases there is a decrease in adsorption of the polyelectrolyte at low salt
concentrations. Furthermore, as the salt concentration increases the polyelectrolytes with the
lower charge densities will loose more of their adsorption compared with the polyelectrolytes of
higher charge density. If the polyelectrolyte with a charge density of 0.015 is compared with the
polyelelctrolyte with a charge density of 0.2 it can be seen that at a salt concentration of around
0.03 M the adsorption of the polymer with the lower charge density is virtually zero whereas the
adsorption of the polymer with a charge density of 0.2 is unchanged compared to deionised wa-
ter. These data can also be plotted as a function of charge density,«, and then the results in Fig-
ure 9.3b are achieved. For the lower salt concentrations there is a characteristic maxima in
adsorbed amount at increasing charge density that is a result of the assumption that there is no



151

contribution to the interaction between the polyelectrolyte and the surface apart from pure elec-
trostatic interaction.
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Figure 9.3. Pure electrosorption of polyelectrolytes with low charge density on oppositely charged surfaces. Fig-
ure a) shows the adsorbed amount as a function of salt concentration for polyelectrolytes of different charge den-
sities(a) and figure b) shows the adsorption as a function of charge density (&) for different salt concentrations.
The calculations were based on the following parameters in the SF theory [6]: Number of segments in the
polymer =100, lattice size (hexagonal lattice) = 0.6 nm, y = 0.5, ¥, = 0, solution volume fraction of polyelectro-
lyte (¢,) = 1073, surface charge (o;) = 10~ mC/m?) adapted from [8].

These kinds of results were partly presented in [7] but also found for the adsorption of cat-
ionic potato starch on peroxide bleached mechanical pulps [9] and for the adsorption of cationic
polyacrylamides on bleached kraft pulps (50/50 mixture of hardwood and softwood)[10]. Ex-
amples of the results from [9] are shown in Figure 9.4 a and Figure 9.4b below
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Figure 9.4. Plateau adsorption as a function of salt concentration for adsorption of cationic potato starch, of dif-
ferent charge densities, on bleached thermomechnical pulp and b. Plateau adsorption as a function of charge den-
sity (D.S.) of the starch for different salt concentrations. Adapted from [9].

These results suggest that there is no non-electrostatic contribution to the adsorption energy
and that small ions can totally prevent the adsorption of the polymers onto the fibres. Similar re-
sults but with a different shape of the curve were also found in [11] (adsorption of cationic poly-
acrylamides on bleached softwood kraft pulp) and [12] (adsorption of cationic potato starch on
bleached softwood kraft pulp). In these investigations it was found that the adsorption was ini-
tially increasing upon increased salt concentration and then again decreased when the salt con-
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centration was increased above about 10> M NaCl. This is shown for adsorption of cationic
polyacrylamide in Figure 9.5 where the adsorption of cationic polyacrylamide on bleached soft-
wood fibres is shown. In the figure the adsorption in % (polymer on fibre) is shown at a poly-
mer addition of 1 % for different molar degrees of substitution of the polymer.
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Figure 9.5. Adsorption of cationic polyacrylamides, with different degrees of substitution, on bleached softwood
pulp as a function of salt, NaCl, concentration. The adsorption is shown in % of polymer on the fibres(i.e.
1 % = 10 mg/g). Polymer addition was 1 % (10 mg/g) and the pH during adsorption was 8.Adapted from [11].

The adsorption behaviour can most probably be ascribed to a pure electrosorption behaviour
where the initial increase is linked to a coiling of the polyelectrolyte with increasing salt con-
centration. Since the fibres are highly porous this will allow the polymer to enter some of the
larger pores in the fibre wall. This will in turn lead to a higher polyelectrolyte adsorption. The
maxima could in turn also be explained by a non-electrostatic contribution to the adsorption and
a specific interaction between the charged groups on the fibres and the sodium ions in the solu-
tion. However, since no such tendencies were found in [10] this explanation seems unlikely.

The same trend in the plateau-adsorption, as a function of salt concentration, was found in
[13] and in this investigation the authors concluded that the behaviour could be explained by a
non-electrostatic contribution to the adsorption and by a specific interaction between the differ-
ent (counter) ions and the charged groups on the microcrystalline cellulose. These results are
shown in Figure 9.6 below and the experimental results were compared with theoretical predic-
tions from the SF-theory [6]. The authors support their conclusion with the results from experi-
ments with different monovalent counterions but it is still not clear how the porous nature of the
microcrystalline cellulose substrate might have affected the results.

Hence it might be concluded that the available SF theory can be used to describe the adsorp-
tion cationic polymers to cellulosic fibres to a very large extent, despite the fact that some fac-
tors still need to be clarified.Long before theoretical modelling was a common tool for studying
polyelectrolyte adsorption several investigators found a link between the charges on the poly-
electrolyte and the charges on the adsorbed polyelectrolyte [14—18]. Trout [14] was apparently
the first to introduce the term ion-exchange reaction where the counterions to the charged
groups on the fibres were exchanged with the charged groups on the polyelectrolyte. An exam-
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ple of this is shown in Figure 9.7 where the adsorption of polyethyleneimine onto different
types of fibres is shown. Similar conclusions regarding the adsorption of wet strength resins
onto fibres, i.e. a charge compensation between charges on the fibres and charges on the poly-
electrolyte, were also found by Bates [15].

6 0.38

o - 0.19
(@]
£
% D>
L'E
0

log [NaCl] —

Figure 9.6. Adsorption of cationic amylopectin (D.S. = 0.035) on microcrystalline cellulose, and comparison
between experimental results and theoretical calculations, as a function of salt concentration. Adapted from [13].
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Figure 9.7. Adsorption of polyethyleneimine on different types of fibres as a function of the amount of charged
groups on the fibres. The fibres were (according to the specification in [14]): cotton linters, bleached sulphite,
alpha pulp and unbleached kraft. Adapted from [14].

It was not clear from these measurements whether there was a 1:1 combination of the charg-
es on the polyelectrolyte with the charges on the fibres since only the total adsorption was mea-
sured. To resolve this question a different approach was used by Winter et.al [16] who
measured the adsorption of a 3.6-ionene and poly DiMethyDiAllylAmmoniumChloride (DM-
DAAC) on both carboxymethylated rayon fibres and carboxymethylated bleached chemical
softwood fibres. In addition to measuring of just the adsorption of polyelectrolyte the release of
counterions was simultaneously estimated by measuring the conductivity in the solution. The
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results showed that there was a linear 1:1 relationship between the adsorption 3.6-ionene and
ion-exchange capacity of both types of fibres, which is shown in Figure 9.8.
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Figure 9.8. Comparison between ion-exchange capacities from adsorption isotherms of 3.6. ionene at pH = 8 in
deionised water, and the ion-exchange capacity from conductometric titrations. The figure contains results from
experiments with both rayon fibres and bleached softwood fibres Adapted from [16].

The results from the combination of both adsorption measurements and the measured release
of counter ions showed that there indeed was a very close match between the charges on the fi-
bre surface and the charges on the polyelectrolyte. The authors defined an adsorption stoichiom-
etry as the relation between the released amount of counter ions and the adsorbed amount of
polyelectrolyte charges and found a stoichiometry of 90 % regardless of surface charge of the
fibres and the types of fibres used. This behaviour matches the behaviour of pure electrosorp-
tion but since the release of counterions could not be used to determine the adsorption stoichi-
ometry at higher salt concentrations it was not possible to conclude if y is zero. Wégberg et.al.
[17] later refined the technique in [16] by specifically measuring the release of bromine ions,
counter ions to the 3.6 ionene, and found that the adsorption stoichiometry decreased as the fi-
bre surfaces were saturated with polyelectrolyte, as shown in Figure 9.9.This indicated that the
polyelectrolyte was adsorbed with a larger fraction of the segments in loops and tails as the sur-
faces were completely saturated. This will be discussed in more detail later.

The results in [16, 17] also indicated that polyelectrolyte adsorption could be used for a fast
determination of the charge of the fibres provided the pores of the fibres were large enough
[18]. As shown in Figure 9.9, for the fibres with a D.S.(degree of substitution) of 0.064, there
was no difference in adsorption results between the fibres and the microfibrills prepared from
the same fibres. This showed that the polyelectrolyte could reach all the charges in the fibre
wall for this specific type of fibre. By utilising polyelectrolytes with different molecular mass
the adsorption on different structural levels in the fibres could be determined [19]. This will also
be discussed under the headline “Where are the polyelectrolytes adsorbed” below.
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Figure 9.9. Adsorption stoichiometry, i.e. amount of released counter ions divided by the amount of adsorbed
polyelectrolyte charges in %, as a function of polyelectrolyte adsorption. The charge of the fibres and fibrils was
381 peq./g and the pH during the adsorption measurement was pH = 7 and only deionised water was used.
Adapted from [17].

As discussed earlier the adsorption results in Figure 9.9 indicated that the conformation of
the adsorbed polyelectrolytes changed as the fibres start to become completely saturated with
polymer. Naturally it is very hard to determine the exact conformation of the polyelectrolytes on
the fibre surface and to the knowledge of the author there are no direct measurements of the
conformation of cationic polyelectrolytes on cellulosic surfaces published. However, indirect
measurements that are based on binding of anionic particles to cellulosic fibres that first have
been pre-saturated to different degrees with cationic polyelectrolytes have been published [20].
These measurements are based on the quite simple assumption that polyelectrolytes protruding
out from the fibre surface are more efficient to bind anionic particles than polyelectrolytes with
a flat conformation on the fibre surface. An example of these measurements are shown in Fig-
ure 9.10 where the binding of montmorillonite clay particles to bleached softwood fibres which
have first been saturated with cationic polyacrylamide to different degrees. As can be seen in
the figure the binding of the montmorillonite clay increases as the adsorption of C-PAM in-
creases (note that the abscissa gives the added amount but this corresponds to the adsorbed
amount in this special case since all added polyelectrolyte was adsorbed by the fibre [20]). It is
interesting to note that despite a considerable increase in adsorption there is no more binding of
the montmorillonite clay after a certain level of polyelectrolyte adsorption. This might also be
due to a complete coverage of the fibre surface with montmorillonite clay.

The change in adsorption conformation and the ability of the adsorbed polyelectrolyte to ad-
sorb montmorillonite is also schematically shown in Figure 9.11.
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Figure 9.10. Adsorption of montmorillonite clay to cellulosic fibres which have been presaturated to different
degrees with C-PAM. The preadsorption time was 3 minutes and the fibre concenbtration was 2 g/l during the
preadsorption. The pH during the clay adsorption was pH = 8, the concentration of fibres was 20 g/1, addition of
montmorillonite was 2 mg/g and the adsorption time was 5 minutes. Adapted from [20]
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Figure 9.11. Schematic representation of how the adsorbed amount of C-PAM changes with addition of the poly-
electrolyte and how this will change the binding ability of added montmorillonite.

Similar results are discussed in [5] regarding the increase of the hydrodynamic layer thick-
ness of cationic polyacrylamide adsorbed onto silica surfaces upon increasing polymer adsorp-
tion. There is large similarity between the results shown in Figure 9.10 and the results shown in
[5]. In [5] it was suggested that this curve shape, i.e. a flattening off in thickness of the adsorbed
layer at higher polyelectrolyte adsorption, was typical for diffuse chain conformation for pure
electrosorption. In this mode the chains are captured in the electrical double layer and are hence
not lying flat on the surface and the chain conformations are, according to [5], independent of
the degree of ion exchange in the double layer as soon as 50 % of the small ions are replaced by
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polyelectrolyte chains. Since most polyelectrolytes in the paper industry are efficient through
some kind of bridging between surfaces it must be important, for future research, to determine
in detail the factors controlling the conformations of polyelectrolytes adsorbed to cellulose sur-
faces and to find ways of controlling this conformation. It will also be important to link simula-
tions of how charged co-polymers are adsorbed to the different surfaces with similar
measurements of model systems of polyelectrolytes and model cellulose surfaces.

Apart from studying the change of conformation of adsorbed polyelectrolytes with an in-
crease of the adsorbed amount it is also important to study how the conformation is changed
upon increasing salt concentration. Again, this has not, to the knowledge of the author, been di-
rectly examined experimentally for cellulose surfaces. However for model systems, i.e. adsorp-
tion of cationic polyacrylamides on silicon surfaces this has been examined by using
ellipsometry [21]. As demonstrated in Figure 9.12 there is a rather dramatic expansion of the
adsorbed layer of C-PAM when changing the NaCl concentration from 10 mM to 100 mM and
the time scale for the change is around 100 s. The concept of kinetics of adsorption and recon-
formation will though be treated separately under the headline “Kinetics of adsorption and re-
conformation” and this example is included here merely to demonstrate the change in
conformation of an adsorbed polyelectrolyte when the salt concentration is changed.
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Figure 9.12. Change in polymer conformation upon change in salt concentration. The system consisted of cat-
ionic polyacrylamide adsorbed on silicon surfaces and 1 mM NaHCO, was used as a buffer throughout the exper-
iments. Adapted from [21].

With an even higher salt concentration the polymer will have an even larger extension and
eventually the polymer will be totally displaced by small ions as the salt concentration is in-
creased as described by curve 3 in Figure 9.1. This behaviour has also been described theoreti-
cally by van de Steeg [13] and as shown in Figure 9.13, there is a dramatic change in
conformation when the salt concentration is changed from 10 mM to 100 mM. In the figure the
fraction of trains and loops decreases while the fraction of tails increases. Hence, by comparison
of Figure 9.12 and Figure 9.13 it has once again been found that the SF-theory can be used to
predict the adsorption of polyelectrolytes on cellulose and similar surfaces.
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Figure 9.13. Structure of the adsorbed layer as a function of salt concentration. From model calculations with the
SF-theory [6]. The amount of loops, tails and trains are given as fractions of the adsorbed amount. Chain

length = 500, segment charge = 0.1, surface charge density —0.01 C/m?, interaction parameter for the segments
X = 0.6 an interaction pareameter for the cations y,. = 4. Adapted from [13]

It must be stressed once again, though, that there are no direct measurements of polyelectro-
lyte conformation on cellulose surfaces , to the knowledge of the author, and this is an area,
which definitely has a large potential for future research and development.

9.4 Where are Polyelecrolytes Adsorbed on Fibres

Since cellulosic fibres are porous in nature it is obvious that the molecular mass of the polyelec-
trolyte will have a large impact on the adsorbed amount. It has also generally been found that
when the molecular mass of the polymer decreases there is an increase in adsorption since more
surfaces will be available for the polymer with the lower molecular mass. This holds true for
polyetyleneimine [22-26], cationic dextran [27] cationic polyacrylamides [28, 29], polyDM-
DAAC [30] and possibly also many other types of cationic water-soluble polyelectrolytes. As
an example of this behaviour the adsorption of cationic polyacrylamides on cellulosic fibres are
shown in Figure 9.14 [29].

All the different investigations mentioned above show the same result, i.e. that the polymers
will reach different levels of the fibre wall, and different structural levels of the microcrystalline
cellulose substrate, depending on their molecular mass or more correctly the size of the poly-
electrolytes. Several investigators [17—19] have also claimed that the combination of this fact
and the fact that highly charged polyelectrolytes are adsorbed through an ion-exchange mecha-
nism makes it possible to determine the charge on different structural levels in the fibres.

In [17] the adsorption and the adsorption stoichiometry, as defined earlier, were determined
on fibres and microfibrillated fibres in order to test how the “removal” of the porous nature of
the fibre wall would affect the adsorption. It was shown in Figure 9.9 that the adsorption and
adsorption stoichiometry of polybrene was not at all affected by the porous structure of the fibre
wall and that this polymer hence had access to all available surfaces of the fibres used in the ex-
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Figure 9.14. Adsorption of cationic polyacrylamide on cellulosic fibres for different molecular mass of the poly-
electrolyte. The pH during the adsorption was pH = 4.5-5 , the fibre concentration was 4 g/l and the adsorption
time was 15 000 minutes.O and ® =2.5and 2.0 - 10*,A A =5.2and 5.3 - 10°,M = 9.0 and 10 - 10°. The higher
value of the molecular weight corresponds to fluorescently labelled C-PAM whereas the lower value corresponds
to the non-labelled polymer. The half filled circle corresponds to polybrene adsorption. Adapted from [29].

periments. In [17] it was also concluded that this was true for the fibres that had been car-
boxymethylated to a degree of substitution of 0.064. There was naturally a large difference in
adsorbed amount compared to the native fibres but the adsorption stoichiometry showed the
same pattern as for the native fibres. This, in turn, showed that the polybrene molecule has a di-
mension that is close to the dimension of the pores of the fibre wall and when the fibre wall has
a low degree of swelling the molecule will not be able to reach all the charges in the fibre wall.
It would hence be of great importance to have an exact knowledge of the dimension of the poly-
brene molecule but unfortunaltely this is not available in the literature. In [18] the dimension,
i.e. radius of gyration, was estimated to be somewhere between 26 A and 225 A which is in the
same size range of pores that has been estimated from solute exclusion techniques [31]. Howev-
er, due to the large uncertainty in the determination of the dimension of this molecule it is diffi-
cult to judge if the reported values agree.

Recently, the size-range of the pore size distribution of the fibre wall, as reported in [31] has
been questioned in [32]. These authors compared the adsorption of polyethyleneimine (PEI)
with different molecular mass on porous glass and non-porous glass and on cellulosic fibres. In
order to suppress the electrostatic effect to as high degree as possible the adsorption experi-
ments were performed at pH = 10. As is shown in Figure 9.15 [32] there is a break in the ad-
sorption (i.e. saturation adsorption in mg/g) at a polymer radius of around 13 nm. This means
that the surfaces available for a polymer with a radius of 1 nm are also available for a polymer
with a radius of gyration of 13 nm. In the figure is also included the specific adsorption for PEI
on glass.
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Figure 9.15. The saturation adsorption of PEI on bleached sulphite pulp (D), a bleached softwood kraft pulp(B)
and microcrystalline pulp as a function of polymer size. The adsorption was conducted at pH = 10. The specific
adsorption on non-porous glass in mg/m? (left scale) is included for comparison and the adsorption in mg/g for the
different cellulose substrates are shown on the right scale. Adapted from [32].

Since the relationship between the pore size on porous glass and the radius of the polymer
was 3-5, i.e. the pore has to be 3—5 times larger to allow the polymer to enter the pores, it was
suggested that there was a rather narrow pore size distribution of the fibres around 40—-65 nm
which is in rather sharp contrast to the pore size range 0.25-5 nm as found in [31]. In [32] it was
also argued that there are larger pores in the fibre wall but they are found in pockets that are
only possible to reach via smaller pores. However, this statement needs further investigation. It
can hence be concluded that there exists a relationship between the size of the polyelectrolyte
molecules and the pore size of the fibre wall. This is also schematically shown in Figure 9.16
where the measured dimension of a polyDiMethylDiAllylAmmonium Chloride with a molecu-
lar mass of 70.000 is drawn to scale to the dimension of the pores of the fibre wall as deter-
mined with deep etched freeze drying Scanning Electron Microscopy technique. For clarity the
stretched dimension of the polyelecvtrolyte is also shown in order to show how the coiling of
the molecule will allow for a penetration into some of the pores of the fibres wall.

It can hence be concluded that there is a need to further study this relationship using poly-
electrolytes with a well-known size distribution and with a good characterization of how the di-
mension of the polyelectrolyte changes with salt concentration and the presence of a surface to
which the polyelectrolytes can adsorb. Apart form being of purely academic interest these kind
of investigations would give further information on the structure of the fibre wall and secondly
it would give important information to paper chemists, among others, who would like to add
polyelectrolytes to change the interior and the exterior of the fibre wall.
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Figure 9.16. Schematic representation of how a poly-DiMethylDiAllylAmmonium Chloride with a molecular
mass of 70.000,drawn to scale to the dimension of the pores of the fibre wall as determined with deep etched
freeze drying Scanning Electron Microscopy technique, will have access to some parts of the fibre wall. For clar-
ity the stretched dimension of the polyelectrolyte is also shown in order to show how the coiling of the molecule
will allow for a penetration into some of the pores of the fibres wall. The bar in the figure corresponds to 100 nm.

Another factor, which is of great importance for the adsorption of polyelectrolytes to cellu-
losic fibres, is the presence of cellulosic fines from the fibres. Since these materials have large
specific surface area, i.e. a large area available for high molecular mass polyelectrolytes, they
will adsorb a high amount of added polyelectrolytes despite the fairly low amount of fines. Nat-
urally this is valid only for polyelectrolytes with a molecular mass large enough to prevent the
polymers for entering the fibre wall. The influence of fines has been discussed in a number of
investigations [9, 33-35] and it was established that it is not only the amount of fines that is im-
portant but also the properties of the fines [35]. In Figure 9.17a and Figure 9.17b this effect is
summarised [35]. In Figure 9.17a the plateau adsorption of cationic starch on different bleached
softwood fibres is shown and in Figure 9.17b the adsorption of starch on the fines from the dif-
ferent fibres are shown. The adsorption on the long-fibre fraction from the different pulps is the
same whereas there is a fairly large difference in adsorption on the total pulps.

Since the adsorption to the long-fibre fraction was the same the authors [35] concluded that
the difference in adsorption could be ascribed to the fines fraction and as is shown in Figure
9.17b there was also a large difference between different fines. Microscopy investigations
showed that there actually was a difference in the morphology of the fines that could explain the
adsorption results. The fines from the beaten fibres had a fibrillar structure whereas the fines
from the unbeaten fibres consisted to a large extent of non-fibrillar fibre fragments. The authors
could not explain the levelling off at lower D.S. of the cationic starch in Figure 17b in [35] but
with reference to the SF-theory [5, 6, 8] it may be suggested here that there is a maximum in the
plateau adsorption as a function of the charge of the polyelectrolyte. The difference between the
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fines and the fibres might also be caused by a different y, parameter for these two materials and
that the fibres have a highery, value. This has to be taken as a suggestion but it is definitely
worth further investigations. Again this shows the usefulness of comparing the experimental re-
sults with the existing theories.

30 1 300

i e dried, beaten B

o never dried, beaten 250 L

S 20 ® |ong fibre fraction S 200}

%L@ .‘C:L@ 150 I

8E 82 "I

s 10 & < 100 |

e 3t

L o] L

£5 wop
2% 0 \ [ | \ | \ | \ 2% 0 | | | |

0.01 0.02 0.03 0.04 0.05 0.06 0.01 0.02 0.03 0.04 0.05 0.06

Figure 9.17. a) Plateau adsorption of cationic potato starch as a function of D.S. (degree of substitution) of the

starch. A beaten, dried softwood kraft pulp(®) is compared with a never dried, beaten softwood kraft pulp (=) and
the long fibre fraction of both pulps(®). pH during the adsorption was 7 and the adsorption time was 10 minutes. b)
Plateau adsorption on the fines fraction from the pulps mentioned in Figure 9.14 a). The adsorbed amount was cal-
culated from the adsorption data in Figure 9.14a and the amount of fines in the different pulps. Adapted from [35].

Concluding this section it is obvious that the porous structure of the fibres will influence the
adsorption to a large extent and since both the dimensions of the polyelectrolytes and the di-
mensions of the pores in the fibres is not exactly known it will be hard to predict the adsorption
of a polyelectrolyte on a certain type of fibre. Even if it might not be fully worth the effort to get
an exact relationship for all types of polymers and fibres it is recommended to establish differ-
ent adsorption regimes for certain fibre types and certain types of polyelectrolytes,. i.e. fixing
agents, dry strength agents, wet strength agents and retention aids. It is also clear that the
amount and types of fines are important parameters for the polyelectrolyte adsorption and from
a practical point of view it is the opinion of the author that this area definitely needs more work.
It is naturally a tough area to study since the preparation of the fines fraction will always take
time-consuming sample preparation methodology development.

9.5 How Fast are the Polyelectrolytes Adsorbed to Cellulosic
Fibres

In many industrial applications the effect of the added polyelectrolyte is expected only seconds
after the polyelectrolyte has been added to the fibre/water mixture. This makes the adsorption
kinetics very important and consequently this fact has given support to a fair amount of research
on adsorption kinetics. As pointed out by for example van de Ven [36] and by Lindstrom [28]
the following processes occur during the adsorption

» Transport of the polyelectrolytes from the solution to the fibre surface (the definition of the
available fibre surface is dependant on the molecular mass of the polyelectrolyte)
» Attachment of the polyelectrolyte onto the fibre surface
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» Reconformation of the polyelectrolyte on the fibre surface
+ Detachment of the polyelectrolyte from the fibre surface

The general understanding, at present, is that as the polyelectrolytes collide with the fibres
either by Brownian motion [36] or through turbulent transport [30, 37] and this process is
equivalent to the first item mentioned above. Several attempts have also been made to model
the adsorption kinetics of polyelectrolytes onto cellulosic fibres [22, 30, 36]. All these attempts
use some kind of Langmuir model to describe the kinetics. Kindler et al. [22] introduced a stag-
nant layer around the fibres in order to use a mass-transfer model whereas van de Ven [36] and
Wiégberg [30] utilised a Brownian collision or a turbulent collision model where the fibres are
viewed as rigid spheres, which collide with spherical polyelectrolyte molecules. In [36] a des-
orption process was also included in the proposed rate equation but in most modelling situations
the time for desorption was set at infinity. In [30] only one fitting parameter was used to fit the
data to the experimental results and that was the collision efficiency factor, a, and no desorption
process was used. The equations can naturally be made more or less complicated and in [38] an-
other factor was included and this was a factor to describe the migration of polyelectrolyte into
the lumen of the fibres with the characteristic time 7.

All these models gave excellent fit to the experimental data but in [22] very thick stagnant
layers were found (of the order of 4 cm) and the authors concluded that the stagnant layer ap-
proach was too simple and that the layer thickness, as defined in the equations, would also in-
clude diffusion and subsequent adsorption within the fibrous structure, entropy barriers, or
solvent interactions”. With the approach chosen in [22] it was not possible to separate these pro-
cesses. Nevertheless the modelling showed that it was possible to get a good match with exper-
imental results the only complication was that a more advanced model was needed to sort out
the details. van de Ven [36,38] used a more elaborate model to get a more detailed description
of the adsorption process. To give a few examples of the results the following characteristic tim-
escales can be mentioned [36, 38]

7,4 1S typical around 1 minute
is typical of the order of 200 minutes

Tlumcn

These values were obtained by fitting the adsorption model to the data shown in Figure 9.18
below. The full lines in the figure correspond to the fit of the model and the symbols correspond
to actually measured values. As can be seen the fit is very good and the model can hence be
used to predict the adsorption of polyethyleneimine onto cellulosic fibres under certain condi-
tions. Naturally the calculated timescales are dependant on the experimental conditions but the
times mentioned above are representative of typical conditions occurring in practice.

In the turbulent model [30] it was found that there was a very good agreement between the
experimental data for the adsorption of the low molecular mass polyelectrolyte and the simulat-
ed values assuming a collision efficiency factor of 0.25, i.e. every fourth collision led to an ad-
sorption. For the high molecular mass polyelectrolyte there was not at all as good agreement
and it was obvious that a more elaborate approach was needed but on the other hand this kind of
model also needs further input parameters which in turn makes it necessary to find timescales
for polyelectrolyte reconformation on the surfaces and polymer diffusion onto fibre surfaces.
These data are not available today and further work should be definitely devoted to determine
these.



164

0.8 T i 1 I B
07 |- _
! 0.6 6.25mg _
é 0.5 3125mg |
2
E 0.4 —
.E 0.3 ® 1.25mg
g 0.2 % 0.625mg|
B -
0 1 | | 1 I
0 50 100 150 200 250 300

time (sec) ——

Figure 9.18. Adsorption of polyethyleneimine as a function of time for different polymer additions. Fibre concen-
tration was 2 g/l, stirring speed 80 rev./min, KCl concentration was 2.5 - 10~ and the pH was 6. The desorption
time was set to infinity. Adapted from [38].

Another interesting feature was found in [30] and that was that the adsorption of the low mo-
lecular polyDMDAAC was not at all affected by the presence of a preasdorbed saturated layer
of high molecular mass polyDMDAAC on the surface of the fibres. This is shown in Figure
9.19 below.
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Figure 9.19. Kintetics of adsorption of LM, polymer on fresh fibres and fibres precovered with HM_, polymer..
The fibre concentration was 5 g/l and the pH = 8 in all measurements. Adapted from [30].
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This indicates that the polyelectrolytes diffuse into the fibre structure before they are ad-
sorbed onto the cellulose surface and that they do not first adsorb on the external surface and
then migrate into the fibre wall by a reptation process. Needless to say this is an area for future
research and again new techniques, with high enough resolution are needed to study these pro-
cesses.

The results presented in [37] clearly indicated that the polyelectrolytes adsorb in a state very
similar to the one they have in solution and with time they reconform to a more flat conforma-
tion according to the theories for polyelectrolyte adsorption. Since almost all types of actions of
the polyelectrolytes depend on some kind of bridging between surfaces it is essential to have
some information about the kinetics of this reconformation. As was mentioned earlier in this pa-
per the literature in this area is a very limited and there are only some indirect measurements
available on this topic [39, 40]. In [39] the reconformation time was estimated from the release
of counterions from the polyelectrolyte and in [40] it was estimated from binding of anionic
polyacrylamide at different times after adsorption of a high molecular mass cationic polyacryl-
amide to the fibres. An example from [40] is shown in Figure 9.20. The authors in [40] con-
cluded that as the adsorption of anionic polyacrylamide levels off the cationic polymer would
have reached its equilibrium conformation. The time taken to reach this levelling off was taken
as a measure of the polymer reconformation time.

—_—
=
o
T
°

(mg/mg C-PAM2)
o
(2]
: :

adsorption

! . !
200 400 600

time of reaction before addition of A-PAM (s) —=

o
o

Figure 9.20. Adsorption of anionic polyacrylamide (A-PAM) onto a fines-free, bleached softwood kraft pulp to
which a high molecular mass cationic polyacrylamide (C-PAM) first had been pre-adsorbed. A-PAM was added
at different times after addition of the C-PAM. pH during the measurements was pH = 7.5. Adopted from [40].

It can be seen in the figure that the reconformation times are rather short and after 100 s little
is changing. A simplified cartoon of this process is also shown in Figure 9.21.

In Table 9.1 a short summary of the data in [39] and [40] are shown and the overall conclu-
sion is that the polymer reconforms very fast to a flat conformation for the polyelectrolytes used
in these investigations. The D.S.-values given in the table corresponds to the D.S. of the C-
PAM and that the 3.6.-ionene is fully charged in the entire pH-range.
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Interpretation

Figure 9.21. Simplified interpretation of the reconformation indirectly detected in Figure 9.20. Adopted from
[40].

Table 9.1. Summary of the indirect estimation of reconformation times of cationic polyelectrolytes
adsorbed onto cellulosic fibres. The D.S.-values correspond to an average number of charged groups
on the polyelectrolytes given as mole fractions of the total number of groups in the polymer backbone.

System investigated Fibres D.S.-value (Frac- |Time to Equi- | Reference
tion by mole) librium (s)
A-PAM to pre-adsorbed |Bleached softwood A-PAM =0.16 100-200 [40]
C-PAM fibres C-PAM =0.3
C-PAM Carboxymethylated 0.3 60-180 [39]
bleached softwood
D.S. =0.065
3.6. -ionene -- 0.18 ~ 60 [39]

It should be mentioned that the reconformation times are rather short compared to reconfor-
mation times achieved for adsorption of polyvinylpyridine on anionic latex particles [41]. These
authors found that two different types of reconformation processes occurred. When the polymer
was added to the latex at a very low feeding rate there was one type of relaxation on the surface
and this relaxation process was of the order of 2000 minutes. When the polymer was added at a
higher feed rate there was first an oversaturation of the surface by the polyelectrolyte and when
the polymers started to reconform there was also a desorption process taking place. The time for
the reconformation in this case was of the order of 10 minutes. It is today not clear how the re-
conformation of polyelectrolytes on fibre surfaces should be categorised and how the relatively
short reconformation times on the fibre surfaces should be explained. It might be suggested that
there is a different type of reconformation on a macroscopically rough surface than on a flat sur-
face. This in turn might be very important and the reconformation process and the factors con-
trolling this should definitely be studied further. With instrumentation such as ellipsometry and
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with the new developments of smooth cellulose surfaces [42,43] this will be a very interesting
future research area.

The last process mentioned above, i.e. the exchange of adsorbed polyelectrolytes has been an
area for large controversy over the years for a number of reasons. First of all the general concept
of the polymer adsorption as an equilibrium process has been very important for the develop-
ment of different theoretical models [5] based on thermodynamic relations. This discussion was
spurred by the fact that it is very hard to find any desorbed polymer when diluting a system with
adsorbed polymers with pure solvent. This was thoroughly discussed in [5] and on a segment
basis the adsorption can definitely be regarded as an equilibrium process but it will naturally be
difficult for a large macromolecule to desorb due to its large number of attachment points. For
polyelectrolytes with opposite sign to the surface, the desorption will be even more difficult and
careful investigations of the desorption process have been conducted by Tanaka et.al [3, 44, 45]
by using an elegant technique with fluorescent labelling. By first treating the fibres with cation-
ic polyacrylamides containing a fluorescent label, washing and then treating the fibres with a
non-labelled polyacrylamide it was possible to detect the desorption simply by measuring the
fluorescence of the water phase surrounding the fibres. The non-labelled polymer was denoted
as a displacer since it was used to test if the pre-adsorbed polymer could be displaced or not.

It was found in these investigations that;

1. No desorption took place without displacing polymer present

2. The desorption was very slow and virtually non-existent for high molecular mass polyelec-
trolytes and increased with decreasing molecular mass and for a C-PAM with a molecular
mass of 2.9 - 10* (1.43 meq./g) a final desorption of 50 % was finished within 2 days. For a
C-PAM with a molecular mass of 5.2 - 10° (1.38 meq./g) about 25 % could be desorbed and
this process was finished within 12 days.

3. With a decreasing charge density the exchange was faster. By using a C-PAM with a molec-
ular mass of 5.2 - 10° and a charge density of 0.66 meq./g the fraction of desorbed C-PAM
could be increased to around 50 % and this process was finished within 1 day.

An example of these results is shown in Figure 9.22 and is representative of the results dis-
cussed under 2) above.

The reason why only fractions of the polyelectrolyte can be desorbed despite a ten-fold ex-
cess of displacing polyelectrolyte is not exactly known but probably this can be explained by ei-
ther heterogeneity in the adsorbed conformation of the preadsorbed C-PAM or a very slow
migration of the polyelectrolyte into the outer layers of the fibres. Probably both these sugges-
tions are valid but the fact that the amount of C-PAM that could be desorbed was very depen-
dent on the time between adsorption and desorption suggested that the penetration into the
external part of the fibre wall was indeed important [44]. It must be stressed though that this
penetration was found for very long times and hence this finding should not be mixed up with
the findings mentioned in conjunction with Figure 9.19.

Apart from these simple model systems there are some interesting aspects on polyelectrolyte
adsorption kinetics that need some further comments. In practice it is very common to add dif-
ferent types of polyelectrolytes very close to each other in the papermaking system. Since most
of the polyelectrolytes, as mentioned previously, have their effect while being adsorbed to the
fibres or fines surfaces it is important to know which of the polyelectrolytes in a mixture that
will adsorb to the fibres first and how this will affect the effect of the polyelectrolyte. In [20] it
was for example found that an addition of a highly charged cationic polyelectrolyte could sig-
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Figure 9.22. The fraction of desorbed fluorescently labelled C-PAM as a function of displacement time. Filled
symbols correspond to the situation with no displacer present.The molecular mass of the polyelectrolytes was O =
2.9-10,A=52-10°and O0=9.0 - 10°. Adsorption time was 10 days and the pH was 4.5-5 during the experi-
ments. Adapted from (45)

nificantly enhance the flocculating ability of micro-particle based retention agents. Theoretical-
ly it might be postulated that small molecules should diffuse faster to the fibre surface, provided
that Brownian diffusion across some kind of stagnant liquid layer on the surfaces of the fibres is
a rate-limiting step. However since turbulent collisions might be the dominating collision mech-
anism [30, 37] it is not so clear how the molecular mass might affect the adsorption process
since the cellulosic fibre will dominate this process due to their size. In [46] this was investigat-
ed for C-PAM with different molecular weight by utilising the fluorescent labelling technique
as mentioned earlier. The results showed that in a 1:1 mixture of high and low molecular
weights C-PAM very close to equal amounts were adsorbed to the cellulosic fibres. This indi-
cates that Brownian diffusion is not the mechanism responsible for the adsorption of polyelec-
trolytes on cellulosic fibres under realistic conditions.

Finally it should be briefly discussed how the presence of different components in a furnish
might affect the equilibrium adsorption and the adsorption kinetics. In [28] it was detected that
the fine material from a bleached sulphite pulp showed a transient surface potential, from mi-
croelectrophoresis measurements, in the presence of fibres [2]. The authors concluded that this
was due to a more rapid adsorption of the C-PAM to the fines material and at low polyelectro-
lyte additions some polyelectrolyte could be transferred to the long fibre fraction. This conclu-
sion was based on the fact that in the absence of long fibres this transfer could not be detected
[2]. The reverse process, a transfer of C-PAM from fibres to polystyrene latex was detected in
[47] and it was found that the amount of segments from the polymer protruding into solution
was important for the transfer reaction. It was detected that the transfer was easiest for the medi-
um molecular mass polymer and most difficult for the low molecular mass polymer leaving the
high molecular mass polymer in between. A larger number of anchoring points for this polymer
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can explain the fact that the high molecular mass polyelectrolyte transferred with a lower rate
than the medium molecular mass polyelectrolyte. The reason to the low transfer rate of the low
molecular mass polyelectrolyte can be explained by the fact that it is rapidly adsorbed into the
interior of the fibre wall and is hence not as easily transferred due to this. The importance of the
extension of the polymer segments into solution could also bet detected as a dependence of de-
lay time between adsorption of C-PAM and addition of polystyrene latex. When the delay time
was increased there was a lower amount of C-PAM transferred to the latex.

9.6 Recommendations for Future Work

It has been indicated in the text where more research is needed, according to the author, but in
summary the following research areas can be mentioned:

Tailormaking of polyelectrolytes to give them certain y, and y parameters so that they can
tolerate systems with high salt concentrations and still give high adsorption to fibres and
fines. By using the information in Figure 9.1 it should be possible to produce suitable poly-
electrolytes.Furthermore, by using non-charged adsorbing species it should also be possible
to create polyelectrolytes which could tolerate high amounts of dissoloved and colloidal sub-
stances.

Prepare block-copolymers, which have one type of segments with a high affinity for the fibre
surface and one type of segments that have a high affinity for other type of materials. These
latter materials can be microparticles, fillers, dissolved and/or colloidal materials. Generally
the block-copolymers are very interesting for several applications but today their cost might
be a bit too high. This might however change very fast and therefore they are of high interest
for research purposes.

There is a need to find a better correlation between polyelectrolyte size and the pore size of
the fibre wall and to determine the rate constants for penetration of polyelectrolytes into the
fibre wall. This is for example of importance when trying to modify both the fibre surface
and the interior of the fibre wall.

Determination of the conformation of polyelectrolytes on fibre surfaces. Clarification of the
importance

Surface structure of the fibres

Surface charge of the fibres

Surface structure of the fibres

Polyelectrolyte structure

Polyelectrolytre charge

Salt concentration and type of salt

Time after polyelectrolyte addition

Studies of some of these items are underway and here the different types of smooth cellulosic
surfaces that have been developed during the last years will be of large strategic research
importance.

Creation of a better link between the more recent development of polyelectrolyte adsorption
theories and the adsorption of different types of polyelectrolytes onto cellulosic fibres is
essential. In this way more efficient experiments will be conducted and furthermore a theo-
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retical model for adsorption of polyelectrolytes onto fibres can be developed including both
statics and dynamics. The dynamic aspect is very important and has often been neglected.
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10.1 Introduction

The complete forming process really includes everything from the input of the thick stock into
the short circulation to the delivery of a wet paper web from the wire section. Although this in-
cludes also the short circulation, in which the mix is prepared, this part is treated in Chapter 8. A
headbox feeds the mix to the wire section in the form of a thin jet across the full width of the
wire. The sheet build-up takes place through dewatering of the mix in the wire section, which
may be of single or twin wire design. The final fibre distribution in the paper web is determined
during the forming, and is characterised by formation and fibre orientation parameters. The fi-
bre distribution at different levels in the z-direction of a paper web is of increasing importance.
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10.2 Paper Formation and Fibre Orientation Parameters

The formation of a paper sheet is the local grammage distribution determined by the material
distribution in the plane of the sheet in the floc size range, ie up to 30—50 mm. It has a great in-
fluence on many sheet properties and it is therefore desirable to be able to quantify this distribu-
tion. In the field of paper process technology, care should be taken not to confuse the words
"forming", which refers to the process, and "formation" which refers to the structure. To charac-
terize the formation, a signal is required which represents the local grammage. An approximate
measurement can sometimes be made with light absorption. Beta-radiation absorption gives a
correct result, however, and a laboratory method has been developed using beta-radiography to
measure formation.
Formation is quantified in terms of

*  The formation number F,

*  The small scale and large scale formation numbers F, and F, respectively or, most com-
pletely, by

*  The formation spectrum, covering a range from ca 0.1 mm to 30—50 mm.

Fibre orientation is characterised by

»  Fibre orientation anisotropy; machine direction/cross direction (MD/CD)
»  Fibre orientation misalignment angle « (relative to MD).

10.2.1 Light and Beta-Radiation Absorption

Traditionally, paper is studied against a background light and the variations in light transmis-
sion are judged in order to assess the formation. This simplified method can, however, give mis-
leading results especially in two cases:

*  when the paper consists of components with different optical properties
*  when the paper is calendered.

Light transmission through a paper can be described by the Kubelka-Munk equations. These
show that it is the product of the light absorption coefficient & and the grammage w and the
product of the light scattering coefficient s and the grammage w which determine the degree of
light transmission. For a filler-containing paper where both & and s differ between fibres and
filler, it is impossible to determine whether e.g. a local reduction in light transmission depends
on an increase in the fibre amount or in a slightly smaller increase in the local filler amount.
During calendering, the thickest regions (high local grammage) will be subjected to an extra
high pressure and the light scattering coefficient may decrease locally. This will increase the
light transmission without influencing the local grammage. All formation measurement with the
help of light transmission should therefore take place before calendering.

Beta-radiation absorption is normally used on-line to determine the grammage of the paper at
the dry end of the machine. The use of beta-radiation is especially suitable for grammage deter-
mination on paper since beta-radiation has a practically constant absorption coefficient for all
relevant chemical elements and also a negligible scattering. Unfortunately, it is not possible to
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measure formation on-line in the same way as grammage since the very small measurement
area gives inadequate amounts of transmitted radiation.

Laboratory measurement of formation is carried out at e.g. STFI with the help of beta-radi-
ography. A beta-radiogram is first produced by recording on an X-ray film the radiation trans-
mitted through the sample from a radioactive (C-14) source with an extension of
100 x 1500 mm. A calibration scale with known grammages is placed along one edge of the
sample. After about 30 minutes' exposure, the film is developed. This radiogram is then ana-
lysed with a desktop scanner, with a resolution of 300 dpi (dots per inch), which corresponds to
circa 0.08 mm. The calibration scale with known grammages makes it possible automatically to
translate the blackening of the film into local grammage data. Figure 10.1 shows variations in
the local grammage of a sample of newsprint, measured with beta-radiation absorption. The
measurement was made with a circular measurement area with a diameter of 0.1 mm.

60 -

grammage

(g/m?)

0 10 20 30 40

scanning length (mm) ——=

Figure 10.1. Local grammage along a sample of newsprint, with 0.1 mm measuring area.

10.2.2 Formation Number and Formation Spectrum

The grammage variations can be characterised by the formation number F, which is defined as
the coefficient of variation of the local grammage, i.e. the standard deviation o(w) divided by
the average grammage w,;:

F=cw)/w, (10.1)

The geometrical resolution of the grammage measurement is of decisive importance for the
size of the formation number. The smaller the measurement area, the more small-scale varia-
tions can be detected and the greater is the formation number. The formation number is gram-
mage-dependent and is statistically inversely proportional to the square root of the mean
grammage.

A more complete characterization of the formation is given by an effect spectrum for the lo-
cal grammage normalized with respect to the mean grammage. The most common type of effect
spectrum is the frequency spectrum which can be obtained directly by frequency analysis of a
measurement signal. In order to transfer to a variable which is independent of the scanning
speed and to characterize the floc occurrence in a paper more directly, the frequency f'is trans-
formed to the corresponding wavelength / where u is the speed of scanning:
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l=u/} (10.2)

The wavelength spectrum thus obtained describes the occurrence of flocs of different sizes.
The wavelength spectrum of the grammage is called the formation spectrum. The area beneath
an effect spectrum is equal to the variance of the studied dimension, and the area beneath a for-
mation spectrum is thus equal to the square of the formation number F*. The complete informa-
tion in the form of a formation spectrum can be simplified with the small-scale value F, and the
large-scale value F,. In the STFI method, a small-scale range of 0.3—-3 mm and a large-scale
range of 3—30 mm are used. The calculation of these two values involves integration of the
wavelength spectrum over the corresponding wavelength intervals.

Because of the logarithmic wavelength scale, spectra presented as variance per unit wave-
length have the disadvantage that it is difficult directly to perceive the importance of large flocs.
To give a more correct picture of the contribution to the real area beneath the spectrum, in spite
of the logarithmic scale, a slightly modified form is now used at STFI, in which the variance is
presented within wavelength intervals proportional to the wavelength. This means in practice
that the spectral density in a wavelength spectrum on a logarithmic wavelength axis is multi-
plied by the wavelength (and a constant which is dependent on the chosen band width) so that
the level at small wavelengths decreases while that at large wavelengths increases.

Figure 10.2 shows radiograms of two paper samples, formed at different mix concentra-
tions.The image to the right shows clearly the dominating occurrence of large flocs in the paper
with the higher forming concentration. The corresponding formation spectra are shown in Fig-
ure 10.3. These formation spectra also clearly demonstrate the domination of large flocs at the
higher forming concentration.

Figure 10.2. Beta radiograms for the two kraft paper samples. Softwood kraft pulp, 60 g/m?, blade forming at dif-
ferent consistencies (FEX trial). In the radiogram, high grey level corresponds to low grammage. Left: Forming
concentration 4 g/l Right: Forming concentration 10 g/1.

10.2.3 Fibre Orientation Anisotropy and Misalignment

The number of fibres is measured in all directions, and the result is presented in a polar diagram,
see Figure 10.4. Often an ellipse is fitted to the results, to describe the fibre orientation distribu-
tion.

Two important parameters are evaluation from the shape and slope of this ellipse:
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Figure 10.3. Modified formation spectra for the two samples in figure 37.2 Unbroken line: Concentration 4 g/1, F/
=13.3, F, =9.3, F, =9.5 Broken line: Concentration 10 g/l, F19.1, F, =9.8, F, = 16.4.

»  Fibre orientation anisotropy ratio MD/CD
*  Fibre orientation misalignment angle c.

The MD/CD ratio is often approximated by the ratio of the long axis (a) and short axis () of
the ellipse.
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Figure 10.4. Fibre orientation distribution, polar diagram Left: Isotropic distribution. Right: Anisotropy ratio a/b
and misalignment angle a.

10.3 The Headbox

The main function of the headbox is to distribute the mix evenly across the wire section. This
means, for example, that the flow from a pipe with a diameter of 800 mm shall be transformed
into a 10 mm high and 10 000 mm wide jet, with absolutely the same flow rate and flow direc-
tion at any point, as indicated in Figure 10.5. This transformation takes place mainly in three
steps:
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*  The transverse distributor makes a first distribution of the mix across the machine
*  One or two internal pipe sections improve the CD profile
*  The headbox slice forms the final jet.

Between the transverse distributor and the slice there is an intermediate chamber.

Z
? 800 mm \\yo’b,))

Figure 10.5. Feed pipe for mix flow and cross-section of jet from headbox (not to scale).

10.3.1 Cross Direction (CD) Distribution

A modern transverse distributor consists of a channel, which runs across the whole headbox,
and from which discharge takes place successively through a hole in the wall, see Figure 10.6,
and a pipe package, which leads to the headbox slice (or to an intermediate chamber).

Figure 10.6. Transverse distributor with main flow Q, discharges AQ and overflow q.

If a perfect headbox jet is to be delivered to the wire section, the mix flow AQ, the same
through each pipe, must be the same. This means that the static pressure along the transverse
distributor channel must be kept constant. The friction pressure drop along the channel must
therefore be compensated for by a corresponding pressure rise. This can be achieved by trans-
forming a part of the velocity energy in the flow along the channel to static pressure by succes-
sively reducing the flow rate. The channel then functions in principle as a diffusor, even though
the cross-sectional area A(x) decreases in practice along the channel in contrast to a convention-
al diffusor. This is possible since the volume flow along the channel decreases continuously be-
cause of the discharges AQ.
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u(x) = %EAQ (10.3)

Equation (10.3) describes the flow rate u(x) along the transverse distributor, where n(x) is
the number of part flows AQ discharged before position x. The cross-sectional area 4(x) along
the channel changes so that for a given dimensioning of the input flow O and the overflow ¢, a
constant static pressure is obtained along the whole transverse distributor. It will not however be
possible to maintain a constant pressure along the whole channel under other flow conditions. If
there is a pressure difference between the inlet and outlet, the overflow ¢ can be adjusted so that
pressure agreement is attained. Some pressure deviations along the channel can nevertheless
still remain. The distance between the discharge holes should be so large that bridging of fibres
across two adjacent holes is avoided. Such "fibre piling" would lead to the build-up of disturb-
ing fibre flocs.

The discharge holes lead to the headbox slice and the intermediate chamber via a pipe pack-
age. The higher the pressure drop across this pipe package, the smaller are the differences be-
tween the individual discharge flows AQ caused by variations in static pressure along the
transverse distributor channel. To achieve these high pressure drops, the flow rate must be high
which means that the flow area in the pipe package must be relatively small. This means that the
open area at the inlet of the pipe package, i.e. the ratio of the cross-sectional area of the flow to
the total cross-sectional area, is small.

To improve the stability of the flow at the transfer from pipe package to subsequent slice or
intermediate chamber, the pipes are expanded with a gradual or sudden increase in area, so that
the flow rate is successively reduced. The output from the headbox slice can then take place
with a large open area, see also Section 10.3.3.

10.3.2 Intermediate Chamber

If there is an intermediate chamber, its function is to equalize the speed profile of the flow
from the pipe package of the transverse distributor so that the headbox slice is fed with an even
better distributed flow. Depending on the construction of the intermediate chamber, a headbox
is called either an air-cushion box or a hydraulic box. The air-cushion box contains an air vol-
ume above the mix in the intermediate chamber whereas the hydraulic box is completely filled
with liquid. Some hydraulic headboxes lack an intermediate chamber, and the pipe package
from the transverse distributor then feeds the headbox slice directly.

The air-cushion headboxes are a further development of the original, completely open,
headboxes where gravity was the only driving force for the outflow through the slice. At high
machine speeds, however, too high a mix height is required in an open headbox to achieve the
required jet speed. A jet speed of 250 m/min requires, for example, a mix height of 0.9 m. At
high speeds, it was therefore better to close the headbox and place a pressurized air-cushion
over the mix in the intermediate chamber to create the conditions for a higher outflow speed.
The function of the compressible air cushion was also to have a damping effect on pressure
fluctuations in the mix flow to the headbox.

A traditional way of equalizing speed profiles which is applied in e.g. wind tunnels is to let
the flow pass a number of nets which cause pressure drops and thus generate lateral flow from
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areas with high flow rates. Unfortunately, nets cannot be applied in a headbox since fibres
would very rapidly clog them. Instead, perforated distributor rolls having circular holes with an
open area of at least 50 per cent are instead placed in the intermediate chamber. Their function
is to generate a pressure drop and thereby even out the speed profile across the headbox. They
are kept in slow rotation to reduce the tendency for fibre flocs to form at the edges of the holes.
Earlier perforated roll boxes could be equipped with up to five perforated rolls, but a modern
headbox is normally equipped with two, see Figure 10.7.

The mix height in the intermediate chamber is normally 500—1000 mm, and the mix is fed
directly from this chamber to the headbox slice. This means that the contraction in the headbox
slice, i.e. the ratio of the input to the output cross-sectional area of the slice, is large. Air-cush-
ion boxes are now used mainly at low machine speeds and in the manufacture of different types
of kraft paper, which require large slices.

=
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Figure 10.7. Air cusion headbox with two perforated rolls.

Hydraulic headboxes were constructed especially for twin-wire forming. One of the main
requirements was small dimensions to facilitate a short free jet from the headbox between the
wires. Hydraulic boxes lack the conventional air cushion and are available either with or with-
out an intermediate chamber. If pressure pulsations occur in the mix flow, it may be necessary
to install a separate damper before a hydraulic box, which in turn contains an air cushion. In a
hydraulic box with an intermediate chamber, the perforated rolls in the air-cushion box are re-
placed with a fixed pipe package between the intermediate chamber and the headbox slice to
equalize the profile. This is possible since the turbulence level is higher, so that floc formation
on the upstream side of the pipe package is avoided. The total mix height at the entrance to the
outlet slice is normally less than in the air cushion boxes and, compared with these, a hydraulic
box therefore often has a smaller slice contraction.

10.3.3 Headbox Slice

In the outlet slice of the headbox, the mix is accelerated and the degree of acceleration is equal
to the slice contraction. The greater the acceleration, the smaller are the relative speed variations
in the jet. Turbulence must also be included in the harmful speed variations, except for the most
fine-scaled turbulence, which is favourable for floc decomposition. The turbulence energy,
which occurs at the beginning of the slice because of the mixing process between the single jets,
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will also remain in the jet, which leaves the headbox, since no essential turbulence decay takes
place. The higher this turbulence energy is, the more rapidly is the jet broken in the free flow
process from headbox to wire section. To generate a jet with the smallest possible speed varia-
tions, feeding with a large open area and a high slice contraction is therefore favourable. The
lower mix heights in hydraulic headboxes than in air-cushion headboxes often results in a
smaller degree of large-scale turbulence in the jet, however, and this in turn leads to less large-
scale grammage variations in the finished paper.

Manufacturers of headboxes often set an empirically determined upper limit for the input
speed of the mix when dimensioning the headbox slice. It should be pointed out, however, that
the speed in itself is not harmful but rather the speed-related turbulence energy in the flow,
which also depends on the particular feed geometry.

The size of the speed defects fed to the outlet slice is determined to a high degree by the size
of the open area of the feed. A low open area (thinly distributed jets) gives large local speed
variations, whereas a 100 per cent open area could yield a feed with small local speed varia-
tions. In air-cushion boxes, the open area of the feed is determined by the dimensions of the last
perforated roll and, as mentioned earlier, the open area of the perforated rolls is normally about
50 per cent. In the first hydraulic boxes, the outlet slice was fed by pipe packages with a fairly
low open area, which gave relatively high turbulence levels. To counteract the generation of too
large-scale speed fluctuations, Beloit divides the channel into several, thin channels with the
help of thin, flexible middle walls, see Figure 10.8, a technique which was introduced at the end
of the 1960's.

Figure 10.8. Headbox slice with thin, flexible middle walls. For two-layer forming, see Section 10.3.5 (Beloit).

Voith developed another solution during the 1970s, which modified the outlet section of the
pipe package, which fed the slice. At the inlet side, the pipe package consisted of widely spaced
cylindrical pipes (low open area). Towards the outlet of the pipes, the shape was modified so
that they were expanded to a hexagonal shape. These hexagons could then be packed close to
each other, so that a very high open area was attained.

A similar principle but with a rectangular discharge shape is now also used by Valmet.
Along the walls of the pipes, a border layer of water develops, and the vertical walls can gener-
ate streaks in the paper if several are placed above each other. Valmet has therefore chosen to
use a certain displacement between the different rows, although this in turn causes problems at
the edges of the headbox.
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Escher Wyss produced an alternative pipe package in the 1970's in so-called step-diffuser
headboxes, see Figure 10.9.

velocity profiles
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Figure 10.9. The pipe package of the transverse distributor has been equipped with pipes with stepwise increasing
flow area, with circular cross-sections except in the discharge section where they are square shaped (Escher
Wyss).

An area increase takes place through sudden expansions of the circular pipe section. Only the
final stage has a square section in order to permit close packing. The sudden increase in area
means that the border layers are broken up, which reduces the problems of grammage streaks
when several units are stacked vertically.

During the 1990's, Beloit has moved on to a combination of step diffusers and a final gentle
transition from a circular to a rectangular section.

Slice contraction. It has been stated earlier that a high contraction in the discharge region of
the headbox is a good way of reducing speed variations in the output jet. Figure 10.10 shows re-
sults from studies of a channel in Beloit's Converflo headbox (cf. Figure 10.8), which was fed
with relatively widely spaced pipes. It is evident in the figure that the smallest discharge height,
i.e. the largest slice contraction, gives the most even speed profile of the jet.

As mentioned previously, air-cushion boxes have a large stock height at the entrance to the
slice. This gives a high contraction, and also permits the use of large slices with acceptable jet
quality. On e.g. sack paper machines, slices of up to 80 m can be desirable. It has not been pos-
sible to use such large slices on hydraulic boxes, which in the first place have been developed
for printing paper forming in twin-wire machines. The slice opening then seldom exceeds
20 mm. Recently, hydraulic boxes have been developed also for e.g. sack paper, in which the
number of pipe layers in the pipe package which feeds the slice has been increased to obtain an
acceptable jet quality.

High contraction in the slice of the headbox causes a considerable orienting of the fibres in
the machine direction. It can therefore be impossible to make sheets with a low anisotropy ratio
using such a headbox. The fibre orientation in the finished sheet is, however, often determined
primarily by the dewatering ratio in the wire section.

The accelerating flow in the headbox slice is good for the state of flocculation of the fibres.
The flocs are stretched in the flow direction and they can be broken down into smaller units, es-
pecially in mechanical pulps. The influence of slice contraction on the anisotropy and formation
is demonstrated in Section 10.5.3 "Twin-wire forming".
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Figure 10.10. Velocity CD—profiles at different slice openings d,, (Beloit).

10.3.4 Mix Jet

As mentioned previously, a good mix jet requires that the speed and flow direction shall be the
same across the whole width of the machine and that the jet has a constant thickness. Even if the
thickness of the jet is constant at the exit from the headbox, it will be changed during the jour-
ney from headbox to wire, because of crooked flow and inherent turbulence. The lower the de-
gree of turbulence, the longer can the free jet exist without harmful deformations.

Jet contraction and angle. Figure 10.11 shows the discharge from a headbox and the free
mix jet. The upper wall often ends with a "lip slice". This has two functions, on the one hand to
facilitate a local change in the slice height (see later in this Section), and on the other hand to re-
duce, through local acceleration, the influence of the border layer formed along the upper wall.
Because of the jet contraction, the jet thickness h at "vena contracta" is always less than the geo-
metrical slice opening /, between the upper and lower lips. The ratio is called the contraction
coefficient u of the jet; Equation (10.4).

h
= G (10.4)

The contraction coefficient pn and jet angle « depend on the angle of inclination of the front
wall, the relative downwards protrusion Y/h, and the relative protrusion of the lower lip x/h,,.
The slice A, is adjusted by a vertical displacement of the upper lip. The angle o and thereby the
point of impact in the wire section is normally changed by changing the protrusion x of the low-
er lip.
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Figure 10.11. Outflow from a headbox with sloping upper wall and a vertical lip ruler.

For a headbox, the jet speed at vena contracta can in the general case be calculated with the
aid of the energy equation (10.5):

p+§u2 + pgH,+U = constant (10.5)

Here, p is pressure, p is density, u is flow speed, H, is height level and U internal energy

The friction pressure drop from the pressure measurement position, i.e. the positive sign
downwards in the box in Figure 10.11, to the discharge is Apy. It is transformed e.g. through vis-
cous dissipation into heat and thereby increases the internal energy U. The pressure drop Ap;
and the overpressure p, in the box can be expressed as "pressure heights A" by inserting Equa-
tions (10.6) and (10.7).

Ap, = pgAH , (10.6)
P =pgH, (10.7)
The mass equation for the volume flow Q further gives Equation (10.8).

O = hy, = phyu (10.8)

If equations (10.5)—(10.8) are combined, Equation (10.9) is obtained.

|_AH,_AH,
H,  H,

u= |2gH, !

2
1| 4
hy

(10.9)
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Figure 10.12. Outflow conditions from a hydraulic headbox.

This equation is thus valid for a hydraulic box (Figure 10.12), in which the friction pressure
drop in the box, the dynamic pressure at the pressure measurement points and the height differ-
ences cannot be neglected. In air-cushion boxes, the mix speed inside the box is often so low
that both the friction pressure drop and the dynamic pressure can be neglected. An air-cushion
box also normally works horizontally. Equation (10.9) then reduces to the well-known Equation
(10) for height-generated outflow.

u=2gH, (10.10)

H, is here the sum of the mix height in the middle chamber and the pressure height in the air
cushion. At very low jet speeds, it may be necessary to use an under pressure in the air cushion.

Control of grammage profile. In the final stage before the outflow from the headbox, the
transverse distribution of the mix can be influenced by the slice profile, through a local defor-
mation of the lip slice (cf. Figure 10.11). A local reduction in the slice opening reduces the mix
outflow in this position, but at the same time certain lateral speed components are generated.
These sideways components cause quality problems in the finished paper since the fibre direc-
tion distribution within the sheet is no longer symmetrical around the machine direction.

The size of the lateral flow components depends to a high degree on the design of the dis-
charge slice of the headbox. With the very rapid mix acceleration obtained in the earlier air-
cushion boxes with a vertical front wall, the lateral flow was relatively small, but the more
pointed slices on modern headboxes gives larger lateral flow components. Local adjustments of
the slice may be necessary because of an uneven feed from the transverse distributor, because of
transverse effects in the wire section or drying section or because a total optimization of product
properties often requires a grammage profile with certain deviations from constant grammage.

In those cases where the feed from the transverse distributor is uneven, the lateral flow ef-
fects will be much smaller than if the headbox is equipped with an intermediate chamber. As
mentioned earlier, this makes it possible to achieve a certain degree of equalization through lat-
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eral flow already in the intermediate chamber, and consequently there will be fewer tendencies
to a crooked flow in the output jet.

The position of the lip ruler is controlled by "lip screws", which are placed across the whole
width of the headbox at intervals of 100-150 mm. On modern machines, the lip ruler is
equipped with position indicators so that the slice profile can easily be read. Together with re-
mote-controlled lip screws, this also makes automatic control of the lip profile possible.

A new way of controlling the grammage profile is through profile dilution, where white wa-
ter is added locally in different transverse positions to compensate for streaks with locally high
grammage. According to one method, the dilution water is added in the pipes from the trans-
verse distributor channel (Voith), see Figure 10.13, while in another (Metso) the addition takes
place it a step in a step diffuser pipe package.

The important advantage of the dilution method compared with lip deformation is that local
CD-flow flow in the headbox jet is avoided and it is also possible to influence comparatively
thin grammage streaks. The first two new Swedish paper machines equipped with profile dilu-
tion were started up during 1996, and today dilution CD-profile control is standard on all new
headboxes.

Figure 10.13. Design for addition of dilution fluid to pipes feeding headbox (Voith).

10.3.5 Multi-Layer Headboxes

For the manufacture of soft crépe paper, two-layer headboxes are used at several mills in USA.
From a single headbox, a layered jet is then fed out which contains two different types of stock.
This provides better possibilities of optimizing both the créping process and the softness of the
final product. Liner is another product where two-layer manufacture is applied industrially, es-
pecially in new machines for test liner.

In the manufacture of three-layered printing paper, there is a great potential for both raw ma-
terial saving and quality improvement. It is possible to use different raw materials in the surface
layer and middle layer, it is possible to fractionate a given stock and to place the different com-
ponents in a suitable way in the thickness direction, and it is possible to place different types
and different amounts of filler on the surfaces and in the middle of the paper. Several machine
manufacturers are carrying out development work on multi-layer headboxes.
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The main principle of a multi-layer headbox is a separate transverse distributor for each layer
and that the mix flows are then kept separate in the intermediate chamber and in the outlet slice
with the help of separation vanes. They can be thin and flexible, as in the headbox shown in
Figure 10.11. They can also be made stiffer through reinforcement with e.g. kevlar fibre, which
has been found to be favourable from a stability viewpoint.

The technical design of the slice outlet and the end shape and length of the separation vanes
are very critical. Much development work still remains here. A new idea, which is under devel-
opment on the FEX machine at STFI, is to reduce the mixing between the individual layers by
adding white water at the end of the separation vanes. A suitable flow velocity of the added wa-
ter can counteract the instabilities generated by the boundary layers on the separation vanes.
With the help of the new technology for profile dilution, it is possible to control the grammage
profile of the individual layers in multi-layer forming.

10.3.6 High-Concentration Headboxes

Conventional forming takes place at consistencies of less than one per cent. Forming at high
consistencies means smaller volume flows and thus smaller pipe diameters, pump sizes etc.
High-concentration forming thus has a potential for both reduced investment costs and lower
energy consumption.

A high-concentration headbox has been developed at STFI, which works at a concentration
of about 3 per cent. The mix is fluidized by being pumped past bends, which cause a pressure
drop and thus generate turbulence. The turbulence then decays in narrow channels with a small-
est height of circa 2.5 mm, see Figure 10.14. The size of the fibre flocs, which are re-formed as
the turbulence decays, is thus limited geometrically by the available space.

The forming process at high concentration can be likened to an extrusion procedure. The
stock jet which leaving the headbox consists of a connected fibre network, so that the final sheet
structure has already to some extent been formed in the headbox. The process therefore differs
considerably from a conventional forming process where the sheet is built up in the wire sec-
tion. The high-concentration formed sheet has a high z-strength and also as higher sheet
strength than conventional sheets. The principle is therefore used industrially for forming mid-
dle layers in carton board.

HE%///%IIW/;{& 4%!"!%!' ~

Figure 10.14. Headbox for high-concentration forming (STFT).
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10.4 The Dewatering Process

The water is drained from the mix in the wire section and a wet sheet is formed. The dewatering
process can thus in principle be of two different kinds, filtration or thickening, see Figure 10.15.

24
mix ,{) 9
thickening
fibre mat
filtrated
fibre mat

Figure 10.15. Dewatering through filtration (left) or thickening (to right), (Parker).

The filtration case is valid in conventional sheet forming, i.e. the fibres are placed succes-
sively on the wire in a wet sheet as the suspending water is removed. The strongly layered sheet
structure characteristic of conventional paper is then obtained. Above the wet sheet there is a
mix with the same concentration as in the jet from the headbox. At the dry line (sometimes
called the wet line, depending on the context), dewatering according to the filtration principle is
completed and the remainder of the dewatering takes place as a thickening process. The wet
sheet is thus progressively compressed as its dry content is increased.

In high-concentration forming, the mix has so high a concentration (ca 3 per cent) that a con-
nected fibre network with considerable network strength is formed already in the headbox (Sec-
tion 10.3). The dewatering in this case is purely a thickening process and the resulting sheet
structure is considerably more "three-dimensional" than that of the more layered "two-dimen-
sional" sheets.

The dewatering resistance in filtration dewatering depends on the properties of the fibres (di-
mensions, elastic properties), the structure of the formed wet web, the penetration of the sheet
into the wire, the compression of the sheet by the dewatering pressure etc. Only empirical meth-
ods have therefore been used so far to predict dewatering capacity. A commonly used version is
the Koszeny-Karman equation where dQ/dt is flow rate per unit area, Ap is pressure drop, C is
concentration, S is surface area, u is fluid viscosity and K is the Karman constant.

Porosity-concentration:

do_1(-¢cy1

_ (10.11)
dt K SC* #Ap

G
:Ewa(Ap)n (10.12)
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Here, ¢ is dewatering time, C is mix concentration, w is deposited grammage and Ap is dewa-
tering pressure. G, a and n are empirical constants.

It is important that the fibre distribution is as uniform as possible so that the best formation is
attained. Traditionally, there are three main ways of improving the fibre distribution, viz. dewa-
tering, directed shearing and turbulence, see Figure 10.16.
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Figure 10.16. Principles for improving fibre distribution: Turbulence, elongation, dewatering and oriented shear.

Dewatering in itself has a self-healing effect on the fibre distribution. This can be explained
by the fact that a local low fibre amount leads to a local low dewatering resistance, which in
turn increases the local dewatering and thus tends to increase the amount of deposited fibres,
thus having an equalizing effect on the fibre distribution. A sheet with a random fibre distribu-
tion would therefore show a poorer formation than a real sheet formed at a low concentration,
e.g. a laboratory sheet, especially regarding small-scale unevenness (Norman, doctoral thesis
1974).

At more normal forming consistencies, mechanically connected fibre flocs are also formed,
with or without network strength. The weakest of these can be broken up during the dewatering
process through directed shearing. The directed shearing can also contribute to removing fibres
so that they can be deposited in areas with local low dewatering resistance. Directed shearing
also influences the fibre orientation. The orientation of the fibres increases since the fibres,
which are deposited on the surface of the wet sheet, are "combed out" in the shearing direction.
In this way, the fibre orientation can be increased in the machine direction by giving the mix a
speed in the machine direction, which deviates from the speed of the wire. The jet-to-wire dis-
charge ratio is the ratio of the speed of the mix to the speed of the wire.

By generating turbulence in the mix, it is possible to break fibre flocs in the dewatering pro-
cess itself and thereby to improve the formation of the paper. On a fourdrinier wire, the activity
level, i.e. the degree of disturbance of the free liquid surface, usually quantifies the degree of
turbulence in the mix. In dewatering on a fourdrinier wire, the possibility of increasing the tur-
bulence is limited since too high a degree of activity leads to harmful disturbances of the paper
formation. In twin-wire dewatering on the other hand, higher turbulence levels can be used
since there is no free liquid surface.

It has recently been shown that fibre flocs can be broken down through a tearing-apart effect
with the help of an extensional flow. Extensional flow is developed already by the acceleration
in the headbox, and a considerable improvement in formation can be obtained using a high slice
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contraction, (Nordstrdm, doctoral thesis 1995, see also Section 10.4.3). Extensional flow can
also be achieved through pressure pulses in twin-wire dewatering.

10.4.1 Forming Wires (Fabrics)

The wire through which the mix is dewatered consists of a fabric spliced into an endless band.
The fabric is characterized by the threads (material, dimensions) and the fabric pattern. The tra-
ditional bronze wire was single-layered with one layer of lengthwise threads and one layer of
transverse threads, and with a 2-thread symmetry where the fabric pattern is continuously re-
peated after two threads. The fabric pattern was thus the most simple imaginable; each thread in
the length direction and in the cross-direction ran alternatingly above and below the crossing
threads.

During the 1970's, the plastic wire replaced the bronze wire since the increasing machine
speeds gave the bronze wire too short a lifespan, due to the poor wear resistance of the bronze
threads. The lifespan was increased radically by a transition to wear-resistant polymer threads.
The 2-thread plastic wires had such a high stretchability that they could not be tightened suffi-
ciently with the existing wire-stretching equipment. This depended on the low bending stiffness
of the polymer threads in combination with the high average angle formed by the threads with
the plane of the wire in this fabric pattern. A transfer then took place to multi-phase fabric pat-
terns, in which the average angle of the threads to the plane of the wire is smaller and the tensile
stiffness is increased. A 5-thread pattern, for example, means that a thread runs over four cross-
ing threads and below a fifth.

A wire should be constructed so that the lengthwise threads are protected from wear since the
force, which drags the wire through the wire section, loads these. The wear should therefore in
the first place be absorbed by the cross-threads, which should lie on the wear side to the greatest
possible extent. The paper side of a wire should give the best possible support in the sheet form-
ing, so that the smallest possible wire marking is generated in the paper and so that the wire
openings are not blocked by fibres and the dewatering reduced. Especially for the latter reason,
it is an advantage if the cross-threads lie on the paper side to the greatest possible extent. Fibres
which lie predominately in the length direction can then more easily bridge the wire openings
without penetrating down and hindering the dewatering.

For a single-layered wire, the geometry of the paper side is by definition opposite to that of
the wear side. It is therefore impossible to construct a single-layered wire so that both the paper
side and the wear side have mainly transversely running threads in the surface. To facilitate an
optimum construction of both the paper and wear side of the wire, the double-layered wire was
first introduced (Nordiskafilt, 1970s) and subsequently the multi-layered wire, see Figure
10.17.

With a multi-layered construction, it is in principle possible to start from a coarse lower wire,
which is dimensioned for maximum resistance to wear, and a fine upper wire, which is opti-
mized for sheet support in the dewatering. These wires are then woven together into one unit.
Development regarding wires is still in progress and includes thread materials, thread dimen-
sions and thread treatment, and fabric patterns.
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Figure 10.17. Multi-layered wire (Albany International, Halmstad).

10.4.2 Fourdrinier Forming

With the development of the continuous paper machine in the beginning of the 19th century, the
fourdrinier wire section was introduced. This was formed by a number of rolls, which supported
the wire within its horizontal dewatering section. To reduce the friction against the wire, the
rolls could be rotated. The dewatering took place completely with the help of gravity, but with
the development towards an increased production capacity, a demand for special dewatering el-
ements gradually arose. To improve the formation of the manufactured paper, the wire was
shaken horizontally sideways, generating a mixture of "directed shearing" and "turbulence" in
the mix on the wire (Figure 10.18).

dandy roll
wet
headbox table foils elements suction dry suction couch
jet rolls boxes boxes roll

Figure 10.18. Fourdrinier machine.

As the machine speed was gradually increased, a speed range was entered where the rotating
support rolls, the register rolls, developed a certain dewatering ability. This arose due to a local
under pressure between wire and roll with increasing separation distance in the exit nip. The
maximum attainable under pressure corresponds to the dynamic pressure p2/2 of the mix on the
wire. The under pressure at the register roll deflects the wire slightly downwards before it re-
turns to its original level at the next register roll. This vertical shaking increases the degree of
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activity on the wire and has a favourable effect on the formation of the paper being made. At
machine speeds of above about 500 m/min, however, the shaking becomes so strong that the de-
gree of activity on the wire becomes too high. At high machine speeds, the register roll can
therefore no longer be used as a dewatering element.

Before a register roll, the wire normally holds a water layer on the bottom side and this is
pressed up through the wire before the above-mentioned suction pulse generates dewatering.
The washing effect, which is thus, introduced results in a low fines (and filler) content in the pa-
per on the wire side, i.e. on the side of the paper, which has lain against the wire in the dewater-
ing.

During the 1960's, the foil was introduced as a dewatering element on fourdrinier wire ma-
chines. This consists of a strip fitted below the wire, the upper side of which forms a grazing an-
gle with the wire which generates an under pressure. The amplitude of the suction pulse is
determined by the foil angle, which is normally about one degree. As in register roll dewatering,
the under pressure means that the wire is deflected vertically which means that turbulence is
generated on the wire. A suitable foil angle is chosen to attain the desired degree of activity on
the wire and this angle is smaller the higher the machine speed. A number of foils are often fit-
ted onto a vacuum box, which means that the dewatering capacity is increased since dewatering
can also take place between the strips. Figure 10.19 shows the difference in under pressure
pulse between a register roll and a foil.
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Figure 10.19. Comparison between the suction pulses of a table roll (above) and of foils element (below) at
2000 ft/min (Wrist).

A step foil consists of a flat, short supporting surface and a lower surface, which is parallel
with this, between which there is a gap of a few millimetres. A step foil unit consists of a num-
ber of step foils fitted onto a vacuum box. To change the degree of activity on a wire without
having to change to a foil list with a different angle, a step foil unit can be used and the vacuum
level on this can be changed. The higher the vacuum, the greater is the downward suction and
thereby the greater the degree of activity on the wire.

With the Iso-Flo foil arrangement from Johnson Wire, a number of horizontal supporting
strips are fitted on a vacuum box. Every alternate strip is slightly lowered so that already at a
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moderate vacuum, the wire is sucked down towards the lower supporting strips and thereby re-
ceives a vertical pulsating movement. The vacuum level and thereby the dewatering capacity
can here then be increased without influencing the vertical agitation.

The fibre direction anisotropy in the sheet, which leaves the wire section, depends partly
on the fibre direction distribution in the mix jet from the headbox and partly on the change in
the fibre direction distribution during the dewatering process. The fibre orientation in the length
direction cannot be reduced during the dewatering process; directed shearing can only increase
it. This is produced as a result of a speed difference between mix and wire, i.e. as a result of a
jet-to-wire discharge ratio, which is not 1. The greater the speed difference, the greater is the di-
rectional effect (Figure 10.20). Only relatively small speed differences can be used in practice,
however, since large differences result in disturbances in the mix and thereby a poorer forma-
tion. In addition to the effects of fibre orientation, the anisotropy of the finished paper is also af-
fected to a great extent by the web tension conditions in the drying section.
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Figure 10.20. Influence of jet -to-wire speed difference on formation and anisotropy ratio (Svensson and Osterb-
erg).

10.5 Twin-Wire Forming

The greater the machine speed, the longer is the wire section required to dewater a given prod-
uct. At machine speeds above about 1000 m/min, the problems increase with an unstable liquid
surface on a fourdrinier wire section, e.g. depending on a considerable friction between air and
mix. This means that there are practical difficulties in applying fourdrinier wire forming at high
machine speeds. Attention was given to these problems already during the 1950's and experi-
ments then began in which the mix was ejected between two wires, so-called twin-wire form-
ing. This new principle had the two advantages of increasing the dewatering capacity by
allowing dewatering through two wires and of avoiding the free surface between mix and air in
the dewatering process. During the 1970's, twin-wire forming became the dominating principle
for newly installed printing paper machines. It was soon found that two-sided dewatering gave a
more symmetrical paper than could be attained on the fourdrinier wire machines. This also led
to a modernization of many printing paper machines, which were rebuilt for twin-wire forming.
A forming unit in which the dewatering starts directly in a twin-wire nip is usually called a gap-
former.
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In a hybrid-former, on the other hand, the initial dewatering takes place on a fourdrinier wire
section and the rest of the dewatering (from an average concentration on the wire of about 2 per
cent) according to the twin-wire principle. Most hybrid machines were originally fourdrinier
wire machines complemented with an upper wire for dewatering upwards at the end of the wire
section. Thus, at a relatively low cost, the following advantages have been attained with twin-
wire dewatering:

+  high dewatering capacity

*  good formation

*  symmetrical sheet

* low linting (fibre release in printing)

It should be pointed out that twin-wire dewatering does not double, but rather quadruples the
dewatering capacity compared with one-sided equipment, due to the fact that dewatering takes
place through two wires at the same time as the dewatering resistance is halved since half the
grammage is formed on each wire, see Figure 10.21.

fibre webs

suspension

Figure 10.21. Two-sided dewatering.

10.5.1 Roll Forming

In the simplest form of twin-wire forming, the two wires are stretched around the periphery of a
rotating roll. If a tensile stress 7 (force per unit width) is applied in the outer wire, the dewater-
ing pressure p generated in the mix between the wires gives Equation (10.13) where R is the ra-
dius of curvature of the outer wire.

p=T/R (10.13)

To a good approximation, the radius of curvature of the wire becomes equal to the radius of
the roll. The dewatering pressure then becomes constant during the dewatering process, except
in the first stage during which the pressure is built up. To facilitate two-sided dewatering, the
surface of the roll is open so that it can receive the water, which passes through the inner wire,
see Figure 10.22.

The water, which is pressed into the roll, is expelled after the internal wire with the sheet has
left the roll. It is thereafter led to the wire pit. The rest of the water passes through the external
wire and is also led to the wire pit. The surface of the roll usually contains several suction zones
so that the pressure below the wire can be controlled. This is necessary if symmetrical dewater-
ing is to be obtained. It is in fact necessary to compensate for the centrifugal pressure p,, which
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influences the mix between the wires according to Equation (10.14) where p is the density of
the mix, 4 is the distance between the wires, v is the mix velocity and R is the radius of curva-
ture of the roll.

Figure 10.22. Twin-wire dewatering according to the roll forming principle.
2
p.=phv’ /R (10.14)

Because of the influence of the centrifugal force, the pressure drop across the internal wire
decreases by p.. To compensate for this and to maintain the same pressure drop across the exter-
nal and the internal wires, a corresponding under pressure is created with the aid of the suction
zones in the roll.

Fibre orientation anisotropy. When the mix jet from the headbox enters between the wires,
it is met by a dewatering pressure of p = 7/R, which means that the jet is decelerated. If the en-
ergy equation (Bernoulli's Equation) is applied to the mix from the free jet and to the mix be-
tween the wires, we obtain Equation {10.15) where u is the jet velocity, y is the mix velocity
after the deceleration and 7/R is the dewatering pressure.

u? [
p7 +0= p;+} (10.15)

If it is required that the sheet shall have the lowest possible fibre orientation, the mix shall,
through the braking at the inlet to the forming zone, assume the same speed as the wires. The
combing-out effect of directed shearing is then minimized during the rest of the dewatering
process. By inserting y = vin Equation (10.15), where v is the wire speed and then solving the
discharge ratio (u/v), for minimum anisotropy, we obtain Equation (10.16).

] _ fro i
)" R (10.16)

This means that if a paper with the least possible fibre orientation is desired on a twin-wire
machine, a jet-to-wire discharge ratio greater than 1 must always be used. This differs in princi-
ple from the fourdrinier wire case, where the least fibre orientation is attained at a jet to wire ve-
locity ratio equal to 1.
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Influence of headbox. As described above, the pressure is constant during most of the dew-
atering process in roll forming. This means that it is possible to introduce directed shearing or
turbulence during the forming and thus improve the formation. The only variable by which the
formation can be influenced is the jet speed or in reality the jet-to-wire speed difference. At a
speed difference of zero, the state in the jet from the headbox will mainly be frozen, but a slight
speed difference will increase the fibre orientation and improve the formation by directed shear-
ing.

Roll forming can be characterized as an easily run (few variables) and reliable process which
gives a slightly flocculated paper. The formation is not acceptable for high-class printing paper,
and pure roll forming is not therefore used today on new printing paper machines. The undis-
turbed dewatering process gives a relatively high retention level, however, which reduces the
need for a retention agent.

Figure 10.23 shows how the fibre orientation of the paper measured as the tensile stiffness
anisotropy depends on the speed difference between the mix and the wires. The traditional re-
sult is shown by the square symbols in the figure, which represent a headbox with a low slice
contraction. The anisotropy in the jet itself can be estimated to be about 1.6 and increases rapid-
ly with the increasing speed difference between mix and wires. The filled circles represent a
headbox with high slice contraction and a jet anisotropy of about 2.4. Also in this case, the
anisotropy of the paper increases with increasing speed difference. The unfilled circles repre-
sent a headbox with a high headbox contraction where the orientation conditions remain com-
pletely unchanged. Already in the jet, the anisotropy is above 4 and only a small decrease can be
achieved by altering the speed difference between mix and wires. The conclusion is that, at a
sufficiently high contraction in the headbox slice, the jet develops a high degree of fibre orienta-
tion, which cannot then be further influenced in the dewatering process (Nordstrom, doctoral
thesis 1995).
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Figure 10.23. The influence on anisotropy of the speed difference between a decelerated mix jet and wires for dif-
ferent contraction in the headbox slice.

Figure 10.24 shows the corresponding influence on the small-scale formation of the paper,
i.e. within a wavelength range of 0.3—3 mm. The square symbols represent the traditional case
here also, and the formation is improved when the speed difference between mix and wires in-
creases from zero. This formation improvement has earlier been described as being the result of
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a directed shearing. A further increase in the speed difference leads to a poorer formation. The
figure also shows that at a high headbox contraction (unfilled circles), the process is changed.
The best formation is instead obtained at a speed difference of zero. This must be due to an im-
proved state of flocculation in the headbox jet at the high contraction. The formation is then
worsened by the application of directed shearing through a speed difference.
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Figure 10.24. The influence on small-scale formation of the speed difference between a braked mix jet and wires
for different contractions in the headbox slice. Roll forming at 700 m/min, TMP pulp (FEX-test).

10.5.2 Blade Forming

In twin-wire forming, as opposed to pure roll forming, it is possible to generate a pulsating de-
watering pressure. This can be produced by deflection of the wires across a deflector blade, see
Figure 10.25. The figure demonstrates how a force F' on the outer wire is needed, to balance the
vertical downwards components of the pulling forces 7 (left and right) on the tensioned outer
wire.

outer wire

mix inner wire
deflector

blade
Figure 10.25. Dewatering force F during wire deflection across a deflector blade (Norman 1978).

The following vertical force balance is then valid for the outer wire where F' (kN/m) is the
force on the outer wire, 7 (kN/m) is wire tension and 2a is the total angle of outer wire deflec-
tion (Equation 10.17).
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F=2Tsinx (10.17)

When the two wires pass the blade without deflection, no dewatering pressure is generated.
If the deflector blade were pushed upwards against the inner wire, it would deflect. The space
between the wires would then decrease. The mix would then lift the outer wire, to try to restore
the original space between the wires. In doing so, it would bend the outer wire, and below the
now curved outer wire, a pressure zone would then be generated according to the basic Equation
{10.13) p = T/R. This pressure zone would transfer the force F to the deflector blade and gener-
ates dewatering through the wires.

The distribution of the force F in the form of a pressure pulse with extension L in the mix be-
tween the wires depends on several factors, e.g.:

» the shape of the deflector
* the wire speed
» the mix thickness between the wires

A major affect of a pressure pulse on fibre flocs in the mix between the wires is acceleration
in the downstream end of the pulse. This will stretch the flocs and eventually break them apart.
Figure 10.26 shows an example of pressure pulse shape. The pressure has been measured
through pressure tappings drilled in a V-shaped blade with a local angle change of 2.3° at the
middle of the blade.
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Figure 10.26. Pressure distribution along a blade with an angular change at the centre. Broken curve: Higher
deflection angle over downstream edge. Machine speed 1200 m/min, wire tension 6 kN/m, wire distance circa
2 mm (FEX trial, 1995).

The figure shows that the pressure pulse at blade centre is developed almost completely be-
fore the angular change. This means that if a flat blade is used in a blade former, with outer wire
deflection at the blade front edge, the pressure pulse will lie almost completely before the blade.
This explains why approximately the same dewatering can be obtained through both wires in
blade forming.
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If all deflector blades are placed on the same side of the wires, the pressure event is practical-
ly unchanged if the distance between the wires is changed, because the outer wire is freely mo-
bile in the thickness direction. This means that the dewatering pressure, like in a roll former, is
self-adjusting at changes in e.g. slice opening or mix dewatering properties. If a deflector is also
added on the opposite sides of the wires, however, the wire deflection angles over the blades
will become strongly dependent on the mix thickness between the wires, see Figure 10.27.

Figure 10.27. Wire shape with deflector blades on both sides. Unbroken lines: Original wire shape Broken lines:
Doubled distance between the wires.

Originally, the wires could pass along straight paths between the three blades, whereas a
doubling of the wire distance means a sick-sack wire run. To maintain a given pressure with a
change in the thickness of the headbox jet or of the dewatering properties of the mix, the posi-
tions of the deflectors on one side must therefore be adjusted if these are placed on both sides of
the wires. This was not, however, possible with the earlier designs of blade former units.

Forming and retention. The pressure pulses generated by the deflector blades cause a di-
rected shearing and elongational flow in the mix between the wires. This contributes to an im-
proved formation in the paper compared with the constant dewatering pressure in roll forming.
The disturbed flow conditions during the dewatering in a blade former leads, however, to great-
er material losses through the wires, ie to a lower retention level.

10.5.3 Roll Blade Formers

For printing paper machines during the late 1980s, dewatering with combinations of constant
and pulsating dewatering pressure was applied. The first design according to this principle was
the Bel Baie 111, see Figure 10.28. The advantages of this arrangement are that the initial dewa-
tering takes place under pulsating conditions, which gives good formation, while the later dew-
atering takes place under constant pressure, which is favourable for the retention. Valmet in
their Speedformer HS used the reversed combination, i.e. roll followed by blades.

In connection with board manufacture, which takes place at relatively low speeds, it has been
difficult to avoid flow instabilities in a twin-wire nip. A development was introduced by Dérries
(now part of Voith) in the form of an upwards-dewatering wire, placed on top of a fourdrinier
wire. Blades located below the wire could be pressed upwards with individually adjustable
loads, see Figure 10.29.
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Bel Baie®lll
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Figure 10.28. Bel Baie 11, twin-wire forming with blades and roll. The pressure event during dewatering is
shown to the left (Beloit).
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Figure 10.29. Duoformer D, twin-wire top forming with unit with loadable blades (Dérries patent, 1986).

This was the first twin-wire arrangement where the distribution of the dewatering pressure
along the forming zone could be varied during operation. However, it was not realised at the
time, that the pressure event was in reality pulsating, with the wires following a sick-sack shape
(see Figure 10.27).

In 1991, on the FEX machine at STFI, initial roll forming was combined with blade forming
according to the Dérries principle, with loadable blades on one side, see Figure 10.30. The
headbox and the outer wire lead-in roll are movable around the centre of the forming roll and
the roll cover angle can thus be adjusted during operation. After the forming roll there is an ar-
rangement of deflectors. To the right, a number of fixed blades are fitted along a vertical line.
To the left are movable blades, equipped with position indicators, and with individually adjust-
able load forces.

It is important that the movable blades are on the same side as the movable, outer wire on the
roll. This will generate self-adjusting pressure pulses, even when the thickness of the mix layer,
between the wires leaving the roll, is changed This design arrangement, with a symmetrical
forming process at all stages, makes it possible to select an suitable amount of the dewatering at
constant pressure on the roll, and thus leave an optimum amount of water for the blade section,
permitting formation improvement with the adjustable pressure pulses, while maintaining a
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high retention level. The basic principles of the STFI-former is since the middle 1990s also ap-
plied by the two major machine manufacturers Voith and Valmet (later Metso). The design of

the Voith CFD is shown in Figure 10.31.
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Figure 10.30. The STFI-former: Initial dewatering with constant pressure, followed by adjustable pressure pulses

(FEX 1991).
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Figure 10.31. Voith CFD former with initial roll forming, followed by blade forming with adjustable pressure
pulses.
In the early 2000s, the design was slightly changed when the Douformer TQv was intro-
duced. The blade section is then vertical, just like in the STFI-Former. It should be pointed out
that the adjustable blades in the Voith designs always have been mounted against the inner wire

of the preceding roll.
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Valmet developed the SPEED-FORMER MB according the principles of the STFI-Former,
but with the loadable blades against the roll inner wire. It was around year 2000 modified to the
Valmet (later Metso) OptiFormer, now with the loadable blades on the same side as in the
STFI-Former. The basic design is shown in Figure 10.32.

Figure 10.32. Metso OptiFormer with initial roll forming, followed by blade forming with adjustable pressure
pulses.
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11.1 Introduction

The demand that local variations in different paper properties be kept small is increasing steadi-
ly, as a result of a need both to increase the efficiency of the production process and to improve
the convertibility, e.g. in more and more rapid printing presses and packaging machines. This
makes increased demands both on the design of the manufacturing process and on the measure-
ment of important paper properties on-line in order to give greater control possibilities.

Measurement equipment for on-line measurement of grammage and moisture content was
introduced in the 1960s and, to begin with, it was then possible to measure and control the vari-
ations in time, i.e. the longitudinal variations. When traversing meters were installed, it also be-
came possible to record the cross-machine variations. Besides the longitudinal and cross-
machine variations, the random, uncontrollable variations, usually called residual variations,
can be evaluated with variance analysis. A further way of characterizing the variations is with
the help of a frequency spectrum.

Today, there is also measurement equipment for web thickness, which gives greater possibil-
ities of controlling the roll quality, and for ash content, optical properties, including colour and
"optical formation". Equipment for the measurement of different mechanical properties is also
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being developed. Progress is also being made towards the measurement of the contents of dif-
ferent components in white water, as a basis for retention control.

11.2 Characterization of Variations

The characterization of variations is here exemplified with grammage variations, but the meth-
od can of course be applied to the variations in an arbitrary property.

11.2.1 Distribution Curve

The easiest way of describing grammage variations is to plot the number of single samples
within different grammage intervals in a distribution curve of the type shown in Figure 11.1.
From this distribution curve, the average grammage wm can be calculated, and the width of the
distribution is a measure of the spread of the grammage. A quality specification for a given
product can include the average grammage and how large a proportion of the product may be
lower than the grammage wmin.
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Figure 11.1. Distribution curve for local grammage.

Variance, standard deviation and variation coefficient. The grammage scatter is normally
described with the help of the variance o*(w). This is defined as the mean value of the square of
the local deviation from the average grammage wm:

n

0'2(w)=12(w,-—wm)2:<w[2)m—(wm)2 (11.1)

i=l1

The validity of the equation can be shown by development of the middle line. The square
root of the variance, o(w), is called the standard deviation and it is often expressed in relation to
the average grammage, and is then called the coefficient of variation V(w):

V(W):m (11.2)

m

(Cf. the definition of formation number, Equation (10.1))
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The size of the measurement surface. The grammage variations which can be measured on a
given paper web depend strongly on the size of the measurement area. The larger the measure-
ment area, the smaller are the variations recorded. Consider a surface with an area A m% of a pa-
per with an average of N fibres per m?. The average number of fibres within the surface is then
AN. If we assume that the number of fibres within the area A4 is Poisson-distributed, then the var-
iance in the number of fibres is equal to the average number of fibres. The coefficient of variation
of the grammage 7(w) according to the Poisson distribution is then given by Equation (11.3).

NmAN 1

—k— (11.3)

Vlwy= mAN J4

(m = the weight per fibre; k = constant)

This equation shows that the recorded variations decrease in proportion to the inverse of the
square root of the area of the measurement region. For randomly spread fibres, the number of fi-
bres within a given measurement area is Poisson-distributed. This distribution is only approxi-
mately valid for paper in the measurement areas concerned but the argument demonstrates that
there is a relationship between the coefficient of variation of the grammage and the size of the
measurement area.

11.2.2 Variance Analysis

For a variable composed of a number of independent components, the variance of the variable is
equal to the sum of the variances of the components. For an analysis of the process reasons for
the total variance in grammage, a division into variance components is productive. Figure 11.2
shows two of the components. These are the grammage variations in the machine direction
(MD) and in the cross-machine direction (CD).

CD

gV

- MD

Figure 11.2. The length profile (MD) and cross-machine profile (CD) of the grammage.

The whole paper web is divided into a number of equally large sample areas and the gram-
mage is determined for each sample. From these values, the total variance o7, and longitudi-
nal variance o3, for the average longitudinal profile of the grammage and the cross-machine
variance o, for the average cross-machine profile of the grammage are calculated. The fol-
lowing definition is then valid for the residual variance og,qu

2 _ 2 2 2
OResidual = OTot ~Omp —Ocp (11.4)
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The residual variance is a measure of the random variations in grammage, which cannot be
avoided. This is thus the most serious kind of grammage variation.

11.2.3 Traversing Measurement

To evaluate the properties of the paper across the whole web width, traversing measurement
equipment is required. The measurement area then moves at an angle « to the direction of
movement of the web, see Figure 11.3

For a newsprint paper machine, the following data can apply:

e Machine rate 1200 m/min = 20 m/s

*  Machine width 9 m

*  Traversing time 10 s

*  Resultant angle o= arctan 9/(10 - 20) =2.6°

Since the angle o is small, the scanning line becomes almost parallel to the longitudinal di-
rection of the paper web, so that only a very small part of the paper is in fact analysed. Shorter
traversing times, a small measurement area and a short time between the measurements are
therefore striven for.
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Figure 11.3. The movement of the measurement surface in traversing measurement.

It should be pointed out that the evaluation of average grammage profiles in the machine and
cross-machine directions is not simple but requires fairly extensive computer treatment. As an
example, Figure 11.4 shows how an uneven grammage profile influences the recorded "length
variations". With modern computer technology, it is now possible to evaluate all four variance
components Tot, MD, CD, and Residual from on-line measurements with traversing measure-
ment heads.
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Figure 11.4. Left: The path of the measurement sensor and the cross direction profile. Right: Recorded variation
in the machine direction.

11.2.4 Spectral Analysis

Another way of describing the variance is by an effect spectrum. One such spectrum is the fre-
quency spectrum, which describes the contribution to the variance in different frequency rang-
es. In a frequency spectrum, periodic variations at a certain frequency appear as a "spike" in the
spectrum, and it is possible to quantify the contribution to the variance of this periodic variation.
With knowledge of the frequency of the disturbance, it is often possible to trace the source of
the disturbance. A frequency spectrum can be transformed into a wavelength spectrum, from
which the geometric extension of the disturbances can be read.

11.3 Grammage Variations

As mentioned initially, the grammage was the first web property to be measured on-line. The
absorption of B-radiation from different isotopes (Promethium-147, Krypton-85 and others) was
used as measurement principle. f-radiation is especially useful since its absorption properties
are only mass dependent and independent of the composition of the absorbed pulp.

The radiation source is placed on one side of the web and the detector on the other. It is es-
sential for the accuracy of the measurement that the distance between these units and their rela-
tive positions are kept constant during the traversing across the machine. This requires that the
equipment be fitted in very stable frames, which have e.g. temperature control through water
flow. At the end positions, the measurement heads can be driven out to the side of the web,
which means that it is in principle possible to calibrate the meter, with no sample present be-
tween each traverse. Compensation for several error sources is necessary. As an example, it can
be mentioned that in the measurement of the grammage of soft crépe paper, the mass of the at-
mospheric moisture in the measurement gap can be of the same order of magnitude as the fibre
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mass. To separate the fibre mass from the total grammage, a measurement of the moisture con-
tent is also required, see further Section 11.4.

11.3.1 Length Variations

The length variations in grammage are in the first place due to concentration variations in the
incoming pulp. To reduce these variations, an equalization chest is used, as was indicated al-
ready in the chapter "flow balances". The equalization takes place by mixing in the chest. The
magnitude of the damping depends on the frequency, or on its inverse value the period, of the
concentration oscillation, see Figure 11.5. Rapid variations with a short period are damped ef-
fectively, whereas variations which are slower than the average residence time in the chest V/Q
(V' = chest volume, Q = volumetric flow through chest) remain largely unaffected.

Division into several chests obtains an efficient equalization. The last equalization chest is
the machine chest, which is dimensioned with consideration to the transport time from the tub
to the measurement position for grammage at the dry end of the machine. Since this time
amounts to a few minutes, the chest is dimensioned so that the emptying time is slightly longer.
Periodic pressure variations generate grammage variations in the machine direction, especially
when hydraulic headboxes are used. Pressure pulses can be generated by e.g. filters and pumps.

outgoing concentration variations
1.0 +
0.8 T
0.6 T
0.4 T

0.2 1

0 } } } } }
0.03 041 0.3 1 3 10

normalised period time, tQ/V

Figure 11.5. Damping in a chest of sinusoidal concentration variations with different periods, normalized with
respect to the filling time of the chest V/Q.

Different grammage disturbances and their disturbance sources are listed in Table 11.1.
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Table 11.1. Grammage variations in the machine direction within different frequency intervals and
wavelength regions. Valid for a machine speed of 600 m/min.

Frequency Wavelength |Random Variations |Periodic Equalizing Measures
1/s m Variations
0.001 10,000 Stock Control of Thick Stock
0.01 1,000 Variations Dosage
0.1 100
1 10 Pressure Pulsa-
Instability in Head-  |tions Equalization in Machine
10 1
box Chest
100 0,1
1,000 0.01
Fibre Flocculation Wire Mark
10,000 0.001

11.3.2 Cross-machine variations

The cross-machine profile of the grammage can be controlled with the slice profile. A local in-
crease in the lip opening delivers a locally extra thick mix jet in this position but during the de-
watering process, a considerable lateral redistribution then takes place. The grammage thus
increases over a fairly wide area, the thicker the mix jet is the wider the area. A local increase in
outflow takes place at the expense of the outflow on both sides, and this in turn leads to local
grammage reductions around a central grammage increase.

The total profile response accompanying a change in the lip profile is thus complex. Com-
puterized systems are therefore required to calculate the optimum change in the lip profile to at-
tain a desired change in the grammage profile. It should be pointed out that the desired profile,
the target profile, is not always constant across the whole wire width. To attain the desired dry
content profile, a higher grammage may e.g. be required at the edges. It should also be pointed
out that any local change in the lip opening leads to certain lateral flows, which influence the fi-
bre direction distribution. Areas are created with a skew fibre direction distribution, which is a
matter of increasing concern in the manufacture of e.g. copy paper and liner.

To avoid a skew fibre direction distribution, a method has now been introduced to control the
concentration profile, see Chapter 10. In general, it is easier to adjust the grammage profile on a
twin-wire machine than on a Fourdrinier machine, since considerably less lateral flow occurs.
On twin-wire machines, on the other hand, it is more important that the mechanical properties
of the wires are constant across the whole machine width since it is the wire tension, which gen-
erates the dewatering pressure.

11.3.3 Residual Variations

The residual variance is calculated, as has earlier been described using Equation 4. Since the re-
sidual variations are random and not controllable, only rebuilding of the high-concentration
pulp system, short circulation, headbox or wire section can reduce them. With regard to the
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headbox, the stability is greater in a modern hydraulic box than in a conventional air-cushion
headbox. This is because the volumes of the flowing mix are smaller, so that instabilities with a
large spatial extension can be avoided. Normally, the residual variations increase with increas-
ing machine speed. This is especially true in dewatering on Fourdrinier wire sections, where the
mix on the open wire is exposed to flow disturbances in the lateral and longitudinal directions.
In pure twin-wire dewatering, the mix is held between two wires and this means that the residu-
al variations are about half the size of those in Fourdrinier wire dewatering.

11.4 Moisture Content Variations

The moisture content is often measured with radiation absorption, the transmission at two wave-
lengths within the infrared area being compared. The measurement equipment is placed on the
same measurement head as the grammage meter. This means that the moisture content meter
performs the same traversing movements as the grammage meter and that the evaluation there-
fore follows the same pattern.

11.4.1 Longitudinal Variations

Longitudinal variations in moisture content are controlled with the steam pressure in the drying
cylinders. It should be pointed out that it is necessary to know the change in both fibre mass and
moisture content to be able to control the steam pressure at a reasonable level. For example, a
temporary increase in the fibre mass gives an increase in the moisture content but it is in this
case the fibre mass, which must be altered, and not the drying capacity. It is not unusual for the
drying capacity to be the production-limiting factor on a paper machine. Speed optimization can
then be applied, which means that the steam pressure in the cylinders is kept at maximum all the
time, and the dry content is instead controlled by changing the machine speed. Reducing the
machine speed and thereby also the required drying capacity can compensate for too high a
moisture content.

11.4.2 Cross-Machine Variations

Variations in the moisture content profile need not depend only on an uneven drying energy dis-
tribution. They can also be due to an uneven solids content profile after the wire section or an
uneven pressing efficiency across the machine. However, it is very unusual to measure the dry
content profile already after the press section, so it is difficult in practice to determine where in
the process moisture streaks arise.

A common way of achieving a more even moisture profile is to add water in the streaks
where the moisture content is low. It may seem uneconomic from an energy viewpoint to first
over-dry the web and then add water, but it has been shown to be a very efficient control meth-
od. A large number of water nozzles are fitted across the machine, normally at the beginning of
the dryer section. Each nozzle is equipped with a valve and these are controlled by a computer-
ized system.
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An alternative way of controlling the moisture profile is with the help of infrared radiators.
At the end of the dryer, an infrared dryer is placed consisting of a large number of radiation ele-
ments in the cross direction. The power to the individual elements is controlled on the basis of
the desired change in moisture profile.

11.5 Thickness Profiles

The roll quality is decisive for the runnability in a coming conversion stage, such as a printing
press, sack machine etc. The thickness of the web is decisive for the roll quality and its profile
must therefore be controlled. Varying the surface pressure across the machine calender does
this. The local diameter of the smoothing rolls is dependent on the temperature. A locally too
thick web requires a higher local surface pressure, and the local glazing temperature is therefore
increased, with a greater diameter and reduced output web thickness as a consequence. The
temperature is adjusted with the help of nozzles blowing hot or cold air. There are also systems
where the temperature profile is controlled with induction spools.

11.6 Retention Control

To be able to maintain a constant composition of the web, with regard to e.g. filler content, the
content of the corresponding component in the white water system is measured. Centrally
placed measurement equipment is connected via test pipelines with different positions in the
system, such as headbox and wire pit. Measurements are then made successively on samples
from the different measurement positions, with a time interval of a few minutes. On the basis of
these measurements, the retention can be calculated and the retention agent dosage can be con-
trolled so that constant retention is maintained. The runnability is further improved if the high-
concentration pulp is characterized with regard to the surface properties before the retention
agent addition. This makes it possible to compensate for changes in the incoming fibre material
before they have had time to influence the retention of a given component. The surface proper-
ties can be characterized by e.g. colloid titration and the retention agent requirement can be pre-
dicted.
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12.1 Introduction

Before reaching the dryer section, the paper web is pressed against one or between two felts in
2—4 press nips in which the dry solids content increases from ca. 20 per cent after the wire sec-
tion to ca. 40-50 per cent. High dry solids content after the press section is desirable since it is
less energy consuming to press out water than to vaporize it. The paper web is pressed either be-
tween a smooth surface and a single press felt: one-sided or single-felt pressing, or between two
press felts: two-sided or double-felt pressing. The flow is thus mainly transverse, i.e. the water
flows in the z-direction of the sheet, into the blanket, and then out of the felt through its reverse
side. In the pressing of a moving web, there is also a certain superposed longitudinal lengthwise
flow in the felt and sheet.

Increasing demands are being made on the pressing operation with regard to the properties of
the final product. Surface defects, which worsen the printability of the paper, must not be intro-
duced. Surface density is important for printing. For products where the bending stiffness is an
important property, the desire for a high dry content level after the press section must be bal-
anced against the need for high bending stiffness in the final product. The water squeezing can
be altered by changing in the properties of the press equipment (pressure pulse, felts) and by
changes in the paper web (the water content of the fibres, temperature, sheet structure).
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This chapter presents the theory of pressing, on one hand plane pressing of sheets, and on the
other hand the pressing of a moving paper web in a press nip. Finally, the design of some press
sections is briefly described.

12.2 Plane Pressing

Both theoretically and experimentally, it is much easier to study plane pressing of a sheet be-
tween two parallel surfaces than the pressing of a moving web in a press nip. Most basic studies
of the pressing process have therefore considered the plane pressing case.

If a given press force is applied, the force in the sheet will be balanced by two components:

e The mechanical elastic force in the fibre network
»  The liquid pressure due to friction forces from the flowing liquid

The properties of the sheet during the pressing process can be described in a very simplified
way by a so-called Kelvin model, Figure 12.1. The spring represents the network forces and the
damper represents the hydraulic forces. According to the simplified model, the sum of the net-
work force and the hydraulic forces is balanced by the applied press force. If the greater part of
the press force is taken up by the fibre network, the process is said to be compression-limited.
To increase the squeezing-out of water in a compression-limited process, the press force must
be increased so that the "spring" can be further compressed. When the hydraulic forces domi-
nate over the network force, the process is said to be flow-limited. In such a process, the squeez-
ing of water increases if either the press force or the press time is increased.

Figure 12.1. Sheet under compression between two plates, (left) and Kelvin model with spring and dashpot
(right).

Water leaves the sheet from cavities between the fibres. The size of the cavities is character-
ized by the permeability of the sheet. Some water also comes from within the fibres, depending
on the degree of swelling (Water Retention Value = WRYV). The permeability of the fibres is
considerably lower than that of the sheet.

12.2.1 Compression-Limited Press Nips

Water in the cavities between the fibres is squeezed out if the hydraulic pressure inside the sheet
is higher than at its surface. When the network force of the compressed fibre network is so large
that it resists the applied press force without further compression, no further water is squeezed
out of the cavities. If the dry content after the pressing process depends only on the applied sur-
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face pressure, the process is said to be compression-limited, as mentioned previously. Assume
that the pressure is increased, so that further compression of the sheet takes place and so that a
corresponding volume of water is pressed out.

AQ = AAl (12.1)

AQ is water volume squeezed out of the paper

A is the area of the sheet

Al is the thickness decrease of the sheet

The change in the sheet thickness is determined by the modulus of elasticity E in the z-direc-
tion according to Hooke's law, which inserted in Equation 1 gives:

0 _ 18
A E

/ is the sheet thickness
Ap is the applied pressure increase

(12.2)

To calculate the effect of a pressure increase, it is thus necessary to know the elasticity mod-
ulus E. The higher the value of the elasticity modulus, the more difficult is the sheet to compress
and the more compression-limited is the pressing process.

If a sheet is pressed for a long time between smooth but at the same time permeable surfaces,
it is possible to attain high dry contents with moderate surface pressures. Figure 12.2 shows the
results from plane pressing tests in which the dry content has been calculated from the thickness
of the sheet. This is a pure case of compression-limited pressing, since the press time was so
long that all flow had ceased.

dryness (%)
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Figure 12.2. Dry content in static plane pressing of different pulps. (Carlsson and Lindstrém, STFI).

In the figure, it can be seen that already at a surface pressure of 5 bar (0.5 MPa), a dry solids
content of 50 per cent can be reached. In the press nip of a paper machine, the maximum surface
pressure amounts to circa 5 MPa. A surface pressure one magnitude higher, i.e. circa 50 MPa,
gives dry contents of 75-85 per cent.
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12.2.2 Flow-Limited Press Nips

In flow-limited press nips, the friction resistance in the outflow is decisive for the amount of
water squeezed out. Figure 12.3 shows the principle for the determination of the permeability
of a sheet as a function of its dry content. The sheet is compressed between two permeable
plates to the desired thickness and thus to the desired dry content, by a press force F. A hydrau-
lic pressure difference p between the two sides of the sheet then generates a flow through the
sheet, which is measured.

Figure 12.3. Permeability measurement on a compressed sheet.

The flow is normally laminar and can be described by the following Equation:
U=— (12.3)

u is the average rate of flow across the whole surface of the sheet

K is the permeability of the sheet

p 1s the static pressure at the upper side of the sheet

[ is the thickness of the sheet, and

7 is the viscosity of the water.

The permeability K has the dimension m2 and is a measure of the effective, available area for
water flow. There are two practical aspects on the evaluation of K according to Figure 12.3.

The surface structure of the permeable plates must be smooth enough to give an even pres-
sure distribution on the sheet and at the same time the surfaces must be permeable. However,
too small holes in the surface will make it easily sealed by the sheet fibres, which can cause a
considerable sealing affect. In extreme cases, a low permeability of the interfaces between the
permeable plates and the web surfaces may dominate the total permeability.

The flow across the sheet will generate fibre friction forces in the flow direction, and thus
compressive forces on the sheet. This will in turn cause a compression force, increasing from
top to bottom, and a corresponding gradient in sheet density. The evaluated permeability then
represents a mean value within the actual sheet density range.

During the time At, a volume AQ of water passes through the sheet of area A, according to
Equation 4.
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AQ K
22 —uAt=—pAt
) I? (12.4)

The water flow is thus proportional to the product of pressure and time, which is called the
pressure impulse, I. In the more general case with a varying pressure during the press time 7,
the following definition applies:

1=[ p(yar (12.5)

The press impulse is thus equal to the area below the pressure curve in a pressure-time dia-
gram, as in e.g. Figure 12.10. In a flow-limited pressing process, the permeability K of the sheet
is not constant but varies in time and in the z-direction of the sheet. A one-sided pressing proc-
ess of this type is shown in Figure 12.4.

It is characteristic that the fibre network is compressed most on the side where the water
leaves the sheet. Since the liquid pressure decreases to almost zero in the interface between the
sheet and the felt, i.e. where the water leaves the sheet, the dominating part of the press force
will compress the network at this level. The result of this phenomenon is that, during pressing in
a single-felt press nip, paper develops a higher density and thus also higher surface strength on
the side turned towards the felt. The effect becomes more marked the higher the pressure and
the shorter the press time that is used. he opposite side will instead be smoother, du to contact
with the even press surface.

Figure 12.4. One-sided, flow-limited pressing process.

A two-sided pressing process consists of two one-sided processes, with half the grammage
in each case, and with the impermeable surfaces turned towards each other at the dewatering
centre, as shown in Figure 12.5. This means that the dewatering capacity is four times that in
one-sided pressing, due to half the flow rate and twice the permeability in each half of the sheet.
In a double-felted press nip, the two sides of the sheet become more densified than the centre.
This is favourable both from a printability viewpoint and from a bending stiffness viewpoint.
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Figure 12.5. A two-sided, flow-limited pressing process.

Fibre-swelling. In the description above, no consideration has been given to the fact that wa-
ter is also pressed out from within the fibres. For this to take place, the individual fibres must be
compressed so that the liquid pressure inside them increases. The pores through which water
can leave the fibres are very small, which means that fibres with a high WRV give a strongly
flow-limited pressing process. The highly swollen fibres are also more plastic and therefore
form a sheet structure with a low permeability.

In an extreme case, highly swollen fibres can be imagined as elastic, water-filled hoses. If
such a hose is squeezed only locally, the water can in the first place flow along the hose. Effi-
cient water removal then requires a very even pressure distribution, see further Section 12.3.

In summary, the degree of swelling of the fibres has a decisive importance for the dry con-
tent attained in a pressing process. Data are shown in Figure 12.6 as an example, where it
should be pointed out that they refer to laboratory roll pressing. WRYV is also changed by the ad-
dition of polymers.

press dryness (%)
55 1
50 7
45 7
40
35 -

1.2 16 2.0 24 28 32 36 4.0
degree of swelling (WRV)

Figure 12.6. Press dry content as a function of WRV. Roll pressing. pmax = 3.45 MPa (Busker, Beloit).

The influence of pH. The swellability of a pulp depends e.g. on the content of dissociable
groups (carboxyl-groups, sulphonic acid groups) and the ionic state in which these groups exist.
At a high pH, the groups are dissociated and the repulsion between the charged groups leads to
a swelling of the fibre. If a salt is added, the swelling decreases, since the charged groups are
screened. If the charged groups are converted to their proton state through treatment at low pH,
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there are no longer any charged groups in the structure, and this means that the swelling of the
fibre decreases. The degree of swelling change also depends upon the stiffness of the fibre wall.

The viscosity of water. An increase in the temperature of the sheet during the pressing pro-
cess means that the temperature of the water is increased and that its viscosity is therefore re-
duced, see Figure 12.7. According to Equation 3, a reduction in the viscosity lowers the friction
resistance in the outflow of the water, so that the dry content after pressing increases (unless the
process is purely compression-limited).

viscosity (10%-n kg/ms)
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Figure 12.7. The viscosity of water as a function of temperature.

From experience, a temperature increase of 20°C usually gives a dry content increase after
the press of about one per cent. If the web temperature can be increased to almost 100°C, pulps
with a high lignin content, e.g. mechanical pulps, will also soften. The stiffness of the fibres
thus decreases, and a dry content increase becomes possible as a result of the lower elasticity
modulus of the fibre network (see Equation 2).

12.3 Press Felts

The task of the press felt in a press nip is to receive the water which has been pressed out of the
paper web, to hold it when the web and felt separate after the press nip, and to carry it to the
white water system. The felt thus helps the water in the press nip to flow out from the sheet in
the z-direction.

Until the 1960's, felts were woven from wool and were "felted" to a more even structure
through mechanical treatment in hot water. This felting process was based on the fact that the
surface of the wool fibre is covered by small hooks, which can interact and thereby lock the fi-
bres in a felted structure.

During the 1960's, wool was replaced as raw material in press felts by polymer fibres, in the
first place to give the felts a longer lifespan. Because of their smooth surfaces, polymer fibres
cannot be felted but they are instead needled onto a base fabric. Simplified, the base fabric can
be described as a coarse wire in which the threads are usually of a monofilament type (homoge-
neous threads) or in certain cases multi filaments (spun threads). A preformed layer of batt fi-
bres is placed on the base fabric, and barbed needles anchor these with each other and with the
basic fabric by being thrust perpendicular to the felt a large number of times. Figure 12.8 shows
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a cross-section of a felt with a multi-layer base fabric of monofilaments and needled batt fibres.
Note that some fibres run vertically down into the felt, a result of the needling process.

Figure 12.8. Needled press felt, 5 mm thick, with multi-layered base fabric (Albany Int, Halmstad).

The base fabric has two tasks, to provide a mechanically connecting frame for the felt and to
create an incompressible volume, which can hold water inside the press nip. The base fabric to-
day often consists of a double-layered fabric at the bottom and a finer single-layered fabric on
top. To further reduce the unevenness of the base fabric, there is a development in which paral-
lel thread layers are used in the lengthwise and crosswise directions, which are then fixed by the
needling of batt fibres.

To bridge the unevenness of the basic fabric, coarse batt fibres are used lowermost and the
surface is covered with fine batt fibres to give a smoother surface. The requirements regarding
mechanical properties of the batt fibres are high, since it is their durability, which decides the
lifespan of the press felt. The lifespan of the felt is determined by how long the structure can re-
sist permanent compression. If the structure does not spring back sufficiently between two press
pulses, it is no longer possible to keep it free from clogging. The permeability then decreases
and thus also the potential for the felt to take up water from the web in the nip.

A common felt lifespan could be 2-3 months. Figure 12.9 shows a press felt under normal
pressure in contact with a newsprint sheet. It is clear that the surface of the felt is relatively un-
even and that the pressure is therefore only applied to sparsely distributed areas. A consequence
of this is probably that the water is only moved along the sheet to a certain extent. At the same

Figure 12.9. Press roll (top), newsprint sheet (middle) and press felt (bottom), (Beloit).
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time, the felt can leave considerable amounts of water on the paper web at the time of separa-
tion; see further in Section "12.4.3 Rewetting".

Since both uneven pressure distribution and rewetting are surface effects, they increase in
importance with decreasing grammage and for double felted in comparison to single felted
pressing.

12.4 Press Nip

In Section 12.2, Plane pressing, the properties of a paper sheet were described in a one-dimen-
sional pressing process in which all variations in the plane of the sheet were neglected. A paper
web, which moves through a press nip together with one or two press, felts experiences strong
pressure gradients in the machine direction and variations in the plane of the web because of the
local unevenness of the felt.

The dry content of a press felt is as a rule so low that it becomes saturated with water in the
press nip. To be able to remove water from the paper web, it is then necessary that water can be
transferred from the felt to the press surface behind it. This is achieved in press roll surfaces by
equipping them with either thin, parallel grooves (ventanip rolls) or small shallow indentations
(blind-drilled rolls). Washing water is added to the press felts between the press nips, often by
high-pressure spraying against the paper side. Some of this water is sucked up by suction boxes
(“Uhle boxes”), but normally the dry content of the felt is still determined by the degree of com-
pression in the press nips

12.4.1 Roll Pressing

In roll pressing, the sheet is exposed to a pressure pulse according to Figure 12.10 where, as has
been pointed out earlier, the area below the pressure curve is equal to the press impulse. The to-
tal press force on a press roll per metre roll width is called the line load and is usually expressed
in kN/m. The maximum line load on a conventional roll press is 200-300 kN/m.

pressure (MPa)
5 4
4 4

time (ms)
Figure 12.10. Example of a roll press pulse in the pressing of newsprint.

A simple relationship between press impulse /, the line load L of the press nip and the ma-
chine speed u can be derived as follows:
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[ is press impulse (kPas), p (average) pressure (kPa), ¢ press time (s), F press force (kN), b
press nip width in CD (m), / press nip length in MD (m), L nip line load (kN/m) and «# machine
speed (m/s).

If the press pulse is to be maintained with increasing machine speed, the line load must thus
be increased to the same extent.

In 1968, a model was developed to describe the process in roll pressing, still useful in its fun-
damental features, see Figure 12.11. The authors divide the pressing process into four main
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Figure 12.11. Roll pressing model (Wahlstrom, Larsson and Nilsson, KMW).

Zone 1: The whole applied pressure is taken up by the fibre network. Both the sheet and the
felt contain air which is pressed out in this zone. The upper zone limit is the position where the
sheet has become water-filled.

Zone 2: The hydraulic pressure is built up in the sheet and water begins to flow. In this zone,
the felt also becomes saturated and its hydraulic pressure begins to build up. It never attains the
pressure level in the sheet, however, since the roll surface behind the felt will let in surplus wa-
ter into holes or grooves. A low felt pressure is required for water to flow out of the sheet. The
zone ends at the position where the applied pressure reaches its maximum, which is assumed to
be in the middle of the nip.

Zone 3: The water here continues to flow out of the sheet. The hydraulic pressure in the sheet
decreases and, at the upper limit of the zone, it again reaches a value of zero. Note that the pres-
sure on the fibre network continues to rise and reaches its maximum at the zone limit, not in the
middle of the nip.
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Zone 4: Negative values are here obtained for the hydraulic pressure, which suggests that
water could be absorbed into the sheet again, so-called rewetting (see further Section 12.4.3).
The zone is completed when the total pressure again reaches a value of zero.

To this original description of the four zones, a few complementary viewpoints can today be
added:

The model does not take into consideration gradients in the z-direction of the sheet. It is fur-
ther not certain that all air leaves the sheet in zone 1. Part of the air can be enclosed in the fibre
network when the structure begins to compress. The volume of the air will of course decrease
strongly when the pressure rises. No consideration has been taken to the flow in the plane of the
sheet. The strong rewetting indicated in zone 4, where the thickness of the sheet increases from
H_, to H_, is now considered to be unrealistic.

out?

12.4.2 Extended Press Nips

An increase in the press impulse leads to a higher pressing efficiency. In a conventional roll
press, however, the maximum felt pressure allowed limits the applicable press force. If this is
exceeded, the lifespan of the felt decreases radically. Further, the pressure increase along the
web at press nip entrance can become so strong that the web is crushed, which means that it is
locally pulled apart by flow in the plane of the sheet. A soft press nip gives a low maximum
pressure. This can be achieved by double felting or by soft covers on the press rolls. Another but
more expensive method is to use press rolls with extra large diameters.

To achieve any considerable increase in the press impulse, an extended press nip is required.
This is based in principle on a non-exploited East-German patent, which treats a shoe-press, see
Figure 12.12.

Figure 12.12. The principle for a shoe-press. (Jahn and Kretzschmar, Patent 1970).
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Independently of the German invention, an extended press nip was developed by Beloit in
the mid-1970s, see Figure 12.13. The lower press roll has here been replaced with a stationary,
concave press-shoe. A belt runs over the shoe and between these, an oil film lubricates. Above
the belt, press felts and paper web then run in a conventional way.

paper web

Figure 12.13. Extended press nip with oil-lubricated press-shoe. (Beloit).

The length of the press-shoe can be chosen so that the press nip becomes considerably longer
(normal length circa 250 mm) than in roll pressing. In the extended press nips, which are used
industrially today, line loads of more than 1000 kN/m can be used. The pressure distribution
along the press nip can be influenced by the position of the support point of the press-shoe. If
this is placed centrally, a symmetrical press curve is obtained. If instead the support is placed
closer to the rear edge, a gradually increasing pressure is obtained which is favourable for the
pressing-out of water. Pressure curves for a roll press and a shoe-press are compared in Figure
12.14.

pressure (kPa)

14
105 roll press —
7 shoe press
35 ,’ ——————————— \

\!
1 time unit »‘—«

le— 7 time units ——

Figure 12.14. Pressure curves for roll press and shoe-press (Beloit).

Several machine manufacturers have now developed shoe-presses. Voith applies hydralic
pressure to apply the press force. The pressure distribution is then controlled by the shoe shape.
In Voith's version, the belt forms the periphery of a cylinder with normal press roll size. This
means a compact structure with simplified control of oil mist leakage. Valmet-KMW's version
is similar to that of Voith, but the press-shoe has been modified so that the press forces in the
beginning, in the middle and at the end of the shoe can be controlled individually, on-line.
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12.4.3 Rewetting

As "proof" that a considerable rewetting takes place in zone 4 (see Figure 12.11), experiments
are usually referred to where dry solids contents of 65-70 per cent in the middle nip have been
calculated, at the same time as the outgoing dry solids content of the sheet has been measured to
40 per cent. The dry content in the middle nip has then been calculated from measurements of
the distance between the press rolls in the presence and absence of the paper web. There are of
course two considerable sources of error, which make it impossible to calculate the dry content
of the paper web from this type of thickness measurement.

»  Firstly, the water in the paper web in the middle of the press nip has a higher speed than the
fibre network. This means that there is actually more water present than corresponds to the
free space in the sheet. The excess speed of the water in a press felt has been studied exper-
imentally and the water in the paper web is exposed to similar conditions in a press nip.

*  Secondly, the minimum thickness of the web is evaluated and not the average thickness. If
the sheet is removed, the felt will rest on the most protruding batt fibres, which means that
it is the sheet thickness, which existed at these contact points, which will be evaluated from
the thickness difference calculation.

Today, there is a general agreement that, except in very slow machines, the reabsorption of
water to the paper during the expansion stage of the press nip is negligible. It is proposed that
the rewetting process be divided into three stages:

» Internal rewetting in the expanding part of the press nip

»  External rewetting while the paper is in contact with the felt after the press nip.

»  Separation rewetting; the water left by the felt on the paper web surface at separation of felt
from paper.

The internal rewetting is normally negligible. The external rewetting is minimized by separa-
tion of felt and paper as soon as possible after the press nip. The separation rewetting is mini-
mized by a smooth felt surface, so that the smallest possible water volume is available for
division through "film splitting" (analogous to the splitting of printing ink between print surface
and paper surface) at separation. The felt structure should further be so dense that the felt holds
"its own" water and does not leave parts of it on the paper surface. In Section 12.3 it was point-
ed out that the felt generates an uneven pressure on the paper surface. Since both uneven pres-
sure distribution and separation rewetting are surface effects generated by an uneven felt
surface, they are difficult to evaluate separately.

12.4.4 Web Transfer

The basic rule for the movement of the paper web through a press section is that it always fol-
lows the smoothest surface. After a single-felted press nip, it will therefore always follow the
smooth roll and not the more uneven felt surface. In double-felted press nips, special measures
must be taken so that the web follows the desired felt. A special felt guide roll is then placed be-
low the felt, which the web should not follow; see examples in Figure 12.15 and Figure 12.16.
If the felt is lifted from the underlying roll, air has access to the back of the felt, and the web is
transferred to the other felt surface. However, it is not certain that the web follows a felt, which
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is curved along a roll surface, since the centrifugal force strives to throw the web off. A press
roll must therefore be equipped with a suction zone if the web is to be carried safely to the next
press nip. Such press suction rolls are used in Figure 12.15 and Figure 12.16.

12.5 The Design of a Press Section

The main task of the press section is to increase the dry solids content of the paper web be-
fore it enters the dryer section, both to increase the strength of the web, and thereby the run-
nability, and to save drying energy. However, it is not possible to strive for maximum dry solids
content without observing the influence of the pressing on certain paper properties. Pressing to
higher dry solids content normally gives a higher sheet density and thus a lower bending stiff-
ness. This limits the optimum press dry content especially for carton board products. Felts have
a negative effect on paper surface smoothness, but at the same time a positive effect on paper
surface density. These parameters effect print quality. For both running and paper property rea-
sons, the design of the press section must be adapted to the actual product concerned. Some ex-
amples of the design of press sections for liner board and newsprint are shown below.

12.5.1 Liner Board

The press section of the liner board machine is characterized primarily by a demand for high
outgoing dry solids content, which is important for the production economy. This was the main
reason why extended press nips were first applied on liner board machines. A typical rebuilt
press section on a liner board machine is shown in Figure 12.15, where an extended press nip
has been added after a conventional roll press. The press section starts with a one double-felted
and one single-felted roll press nip. The third press nip is a double-felted, extended press nip of
the shoe-press type. Compared with a conventional third press nip, the shoe-press gives ca eight
per cent higher dry solids content. This permits a considerable production increase. The density
of the product also increases which means a certain increase in the compression strength in the
cross-direction, an important property for liner board. In a modern liner board machine, the
press section would consist of two double felted extended press nips.

— felts
— paper web

Figure 12.15. Press section with extended 3rd press nip.
1 = venta nip or blind-drilled roll; 2 = suction press roll; 3 = smooth roll; 4 = roll with internal press shoe.
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12.5.2 Newsprint

A press section for a traditional newsprint paper machine is shown in Figure 12.16. The press
section begins with a double-felted press nip followed by two single-felted nips. Later a fourth
press nip was added. The fourth nip gives a slightly higher dry solids content which means a
lower energy requirement in the dryer section, but also an improved runnability in the drying
section through a greater web strength. In the fourth press nip, the upper side of the web con-
tacts a smooth roll surface, which is favourable for the equilibration of the surface properties of
the two web sides, since the bottom side of the web has contacted a smooth roll surface in the
two previous press nips.

— felts
= paper web

Figure 12.16. Four-nip press section for newsprint.
1 = venta nip or blind-drilled roll; 2 = suction press roll; 3 = smooth roll.

In a modern press section for newsprint, two double felted, extended press nips are applied,
see Figure 12.17. This means a closed web transfer along the entire press and drying sections,
with correspondingly high runnability. As mentioned in Section 12.4.3, Rewetting, double felt-
ing in the last press nip will give separation rewetting on both web sides. Furthermore, the web
will remain on a press felt for some distance (and time) after the last press nip, which will gen-

-
) metsol

(3]
>

VA n

Figure 12.17. Modern newsprint press section, with two extended press nips (Metso).
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erate a considerable amount of external rewetting. To increase web dryness, the bottom felt in
the second press nip is therefore sometimes replaced by a press belt.

Figure 12.18 and Figure 12.19 show the web two-sidedness, expressed as top side value di-
vided by bottom side value, for surface roughness and oil absorption respectively, using differ-
ent press section setups.

roughness TS/BS
2.0

15 -

1.0 1

Figure 12.18. Surface roughness two-sidedness, Top Side / Bottom Side, for three press section conditions
(Metso); Left: Two double felted press nips; Centre: Bottom felt in second press nip of left case replaced by press
band; Right: One double felted nip + two single felted nips.

Web surface roughness will reflect the degree of imprint by felt surfaces. Therefore the bot-
tom surface will become smoother when the last bottom felt is replaced by a press band (centre)
or when a smooth roll surface is applied on the bottom side in the last two press nips (right),
Figure 12.18. Correspondingly, the web surfaces with lower roughness will show a lower sur-
face density and thus a higher oil absorption, Figure 12.19.

oil absorbency TS/BS
1.5

Figure 12.19. Oil absorbancy two-sidedness, Top Side / Bottom Side, for three press section conditions (Metso)
Left: Two double felted press nips . Centre: Bottom felt in second press nip of left case replaced by press band.
Right: One double felted nip + two single felted nips.
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12.5.3 Single Nip Press Section

Single nip press sections have been introduced, see Figure 12.20, initially on a fine paper ma-
chine producing copy paper. Outgoing web dryness was high, but some problems regarding pa-
per surface roughness was observed. This is understandable, since only one felt is in contact
with each web surface during the whole pressing operation. This has enforced press felt surface
developments, and further work is also made on improving felt life time.

iy

Figure 12.20. Single nip press section for copy paper (Metso).
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13.1 Introduction

Drying of paper is the final step in the water removal and web consolidation process where the
dry matter content is increased from 35-45 % to 93-95 %. Thus 1.2—1.8 kg water per kg paper
is removed by evaporation in the dryer section representing less than 1 % of the total water in
the stock flow to the headbox. Evaporation of water requires supply of large amounts of energy
as well as effective removal of the water vapour from the web. The energy supplied with the
condensing steam is transferred to the humid air in the hood and efficient recovery of this part is
necessary for low production costs. The paper dryer should be designed to facilitate high capac-
ity, high productivity, good energy efficiency and producing paper with the specified quality
parameters.

The largest part of the produced paper is dried on a multi-cylinder paper dryer where the sur-
faces of the web are alternating between contact with a hot cast iron cylinder and transport in
hot humid air between the cylinders. This process is repeated with different boundary condi-
tions from 30 to over 100 times until the moisture content has been reduced down to the desired
level. The principle of using cast iron cylinders for drying of paper was first established around
1820 when the cylinders were heated by burning coal on the inside of the cylinders. The first
paper machine in Sweden with this design was installed in 1832 at the Klippan paper mill.

Today the principle is the same but the cylinders are normally heated with condensing steam
even if gas and radiation heated cylinders also exist. The capacity of the paper machine has dou-
bled many times over by increasing the machine speed up to 2000 m/min, increasing the width
up to 10 m requiring more advanced control of process parameters. A number of technical com-
ponents have been added such as single tier designs and vacuum rolls and the complexity has
increased by including on-line coating and calender stations.

13.2 Overview of Different Paper Drying Processes

13.2.1 Paper Drying Techniques used in Sweden

The multi-cylinder dryer is by far the most common dryer and is used for all kinds of paper
except for tissue. Newsprint is dried on modern multi-cylinder dryers while coated papers are
predried on a multi-cylinder design, followed by coating and drying the coated surface with in-
frared, air foil dryers and finally a small number of cylinders. Some board qualities require a
smooth glazed surface which could be accomplished with a MG-Yankee cylinder in the middle
of the dryer section. Tissue is dried on one large Yankee-cylinder equipped with an impinge-
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ment hood and pulp is normally dried with an airborne web design or in a flash-dryer. A sum-
mary of the different kinds of paper and pulp dryers used is shown in Table 13.1.

Table 13.1. Different types of paper and pulp dryers used in Sweden.

Multi- IR Air-foil Yankee Air- Flash-
cylinder borne |dryer
web
MG Tissue

Product All kinds |Coated Coated Cardboard |Tissue Pulp Pulp

of paper |papers papers, Sack

paper
Energy sup- |Steam Electricity, Steam, natu- |Steam Steam, nat- |Steam |Natural
ply natural gas or |ral gas or pro- ural gas or gas, pro-
propane pane propane pane or
oil

Number in |85 20 (3 gas- 20 10 14 27 6
operation in heated)
Sweden
2002

The cylinder dryer is heated with condensing steam and the heat is transferred by contact be-
tween a hot metal surface and the paper. IR-dryers require higher temperatures and are heated
either with electricity or gas and the heat is transferred by radiation between a hot surface and
the paper. Impingement hoods (such as airfoils or hoods used for the drying of tissue) as well as
the flash dryer operate at high temperatures which require natural gas or propane as the energy
source and the heat is transferred by convection between the air or the gas stream and the paper.

The number of dryers in operation in the Swedish pulp and paper mills in 2002 is shown in
Table 13.1.

13.2.2 Some Definitions

Before coating stations and surface sizing the dry matter content is constant throughout the dry-
er section and by using moisture ratio the amount of water removed between various positions
can be directly calculated as the difference of moisture ratio values. Depending on the purpose

the moisture content in the web can be given by the following variables:

kg dry matter

% dry matter content (DMC )= kg dry matter + kg waterloo (13.1)

% moisture content (MC )= kg water 100 =100 — DMC (13.2)
kg dry matter + kg water

% moisture ratio (MR ) = kg water Mc (13.3)

kg dry matter B 100-DMC
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Example
13.1

Estimate the amount of water removed in the dryer part of a paper machine producing
newsprint with a basis weight of 45 g/m2 running at 1100 m/min. The machine width
is 8.2 m, the dry matter content after the press section is 40 % and the final dry matter
content is 94 %.

According to equations (2.2) and (2.3) the result is:

Water removed = 8,2@0.045 100-40 _ 100-94
60 40 94

=9.71kg water/s =35.0 t/h

13.3 Multi-Cylinder Paper Dryer

13.3.1 Overall Principles

The principle for the multi-cylinder dryer is repeated contact between the paper and a hot cast
iron cylinder followed by a free draw between two cylinders, the principle is shown in Figure
13.1. The multi-cylinder dryer is built of three main components:

* asteam and condensate system for the energy supply

* anumber of cast iron cylinders for the energy transfer from the steam to the paper

* ahood covering the dryer to evacuate the evaporated water vapours and facilitate energy
recovery from the humid air

Traditionally the cylinders have been arranged in an upper row and a lower row of cylinders
but today machines for newsprint and printing papers are built with only one row of steam heat-
ed cylinders. Also designs where the cylinders are placed above each other in what is called a
“’stack’” are in operation. In the dryer the web is supported by a dryer fabric, traditionally one
for the upper row of cylinders and one for the lower row of cylinders (double tier design), but
today a number of different designs are in operation. This will be discussed in more detail in
Section 13.3.4. The cyclic process is repeated (dryers with up to 170 cylinders have been built)
until the web has reached the dry matter content of 93-95 %.

Figure 13.1. Main components in the multi-cylinder dryer.
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The steam inside the cast iron cylinders condenses at the saturation temperature forming a
condensate layer on the inside of the cylinder. The latent heat is transported by convection and
conduction from the condensate surface through the condensate layer to the inside surface of the
cylinder. The condensate layer with a thickness of a few mm represents an important resistance
for heat transfer and efficient condensate removal is vital for an efficient operation of the dryer.
This will be treated in more detail in Section 13.3.2.

The heat is transported by conduction through the the cylinder and transferred to the paper
web. The energy is used for heating up and evaporation of water from the paper web. As the pa-
per leaves one cylinder it enters what is called the free draw where water evaporates and cooling
of the web is taking place. In the free draw heat is also transferred due to convective heat trans-
fer between the web and the surrounding hot humid air but this part is normally much lower
than the heat transferred from the cylinder and the process in the free draw is close to adiabatic.

13.3.2 Web Temperatures and Evaporation Rates

During drying on and between the cylinders different conditions for heat and mass transfer oc-
cur in different positions. The classical description by Nissan and Hansen for these phenomena
in a double tier design has been to divide the processes in four different phases as shown in Fig-
ure 13.2. The corresponding web temperatures and evaporation rates are shown in Figure 13.3
and Figure 13.4.

Figure 13.2. Classical four phases in the multi-cylinder dryer.

The pases can be described by:

*  Phase I The web is brought into contact with the hot cylinder and heat transfer takes place
to the lower side of the web rising the web temperature. Evaporation takes place from the
upper side of the web at a low rate due to the low web temperature after the free draw.

*  Phase II Heat transfer takes place to the lower side rising the web temperature. The upper
side is covered by the dryer fabric resulting in an additional resistance for mass transfer.
The increased paper temperature results in an increased drying rate.
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*  Phase III The fabric is no longer in contact with the web resulting in less resistance for
mass transfer and an increased drying rate. The temperature of the contact side continues to
increase while the temperature of the open side starts to decrease.

*  Phase IV The web enters the free draw between the cylinders and evaporation takes place
from both sides of the web resulting in high drying rates. The web is cooled by evaporation
and receives some energy by convective heat transfer from the surrounding hot humid air
but the total result is a decreased paper temperature.

The multi-cylinder dryer is a contact dryer and thus the conditions for wet bulb equilibrium
are not applicable and consequently the web does not reach the wet bulb temperature and the
corresponding constant drying rate. This is shown in Figure 13.4. The conditions for heat and
mass transfer are different in each phase and thus the drying rate varies during the different
phases. The drying rate is a result of machine parameters such as cylinder diameter and length
of the free draw and operating parameters such as steam pressures in the different steam groups
and moisture content in the hood. Some typical operating data for the cylinder dryer are given in
Table 13.2.

100 1
contact side

- 95 open side
8
< 90
o
2 85
3 point B: starting of phase |
g 80 oL point C: starting of phase Il
g 5 e point D: starting of phase Il
5 F—| pointE: starting of phase IV
S 70 I I I I point F: end of phase IV
e 0 0.2 0.4 0.6 0.8 1

fractional cycle location

Figure 13.3. Local web temperatures during the four phases of cylinder drying.
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Figure 13.4. Local evaporation rates during the four phases of cylinder drying.
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Table 13.2. Operating data for the multi-cylinder paper dryer.

Drying |Cylinder surface |Web Mechanical con- |Total resi- Specific energy
rate’ temperature temperature2 tact pressure dence time use

kg/m?h | °C °C kPa s kJ/kg water
10-30 70-150 <100 2-5 10-100 2800-5000

'Based on the cylinder surface area.
2At low moisture content the web surfaces could rise above 100 °C.

The drying rate can be calculated either based on the total paper surface area in the dryer or
the total cylinder surface area. Using the cylinder surface area is the standard method when cal-
culating the Tappi drying rate as will be shown in Section 13.5.1.

13.3.3 Condensate System

Overall principles. The necessary steam for heating the drying cylinders is supplied either di-
rectly from the power boilers or from the backpressure turbine. To control the energy transfer
and thus the drying rates in different parts in the dryer, the cylinders are divided in a number of
steam groups with different steam pressures. The number of groups range between 4 and 20,
one system with 9 groups is shown Figure 13.5.

Most of the steam supplied condenses in the cylinders but 10-15 % of the steam is used for
removal of the condensate and goes through the cylinder. This steam is called blow-through
steam and is normally recirculated to a steam group with a lower pressure. The steam groups are
divided in upper groups and lower groups supplying steam to a number of either upper or lower
cylinders. In this way it is possible to control the evaporation from both sides of the web and
control shrinkage and quality parameters such as curl. The steam leaving the final group in the
system has to be condensed by cooling water and the total amount of condensate is returned to
the power boilers for steam production.

The amount of energy transfer and thus the drying rate is controlled with the steam pressure;
a high pressure results in a high saturation temperature, a high temperature difference for the
heat transfer and a large heat transfer rate. A low pressure results in a low saturation tempera-
ture, a low temperature difference for the heat transfer and a low heat transfer rate. Normally the
steam pressure is gradually increased from the wet to the dry end of the machine and range from
subatmospheric (< 100 kPa) in the wet end to 500 kPa in the dry end of the dryer.

Two different steam supply systems exist:

» acascade system where the blow-through steam is led to the next group see Figure 13.5
* athermocompressor system where high pressure steam is used to compress and
» recirculate the blow-through steam to the same steam group.

The advantage with the cascade system is that it is a simple and reliable design which re-
quires steam of lower pressure. It can be arranged and controlled in different ways. The advan-
tage with the thermocompressor design is that it allows a wider control range and recirculation
of steam reduces the amount which is led to the condensor.
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Figure 13.5. Layout of a cascade condensate system for a cardboard dryer.

Condensate behaviour and condensate heat transfer coefficients. The steam condenses
on the inner cylinder surface forming a layer of condensate. The behaviour of the condensate
layer varies with the cylinder speed, the cylinder diameter, the layer thickness and the design of
the inner surface. The behaviour of the condensate is determined by a force balance for the con-
densate, that is gravitational, frictional and centrifugal forces. For a smooth inner surface the be-
haviour is normally classified in three different modes as shown in Figure 13.6 below.

At low cylinder speeds the steam flows as a thin film on the inner cylinder surface to the bot-
tom of the cylinder where it accumulates as a puddle. As the speed is increased the friction at
the wall tends to drag the condensate along the inner cylinder wall but at the top position gravity
is too strong and some of the condensate falls down into the puddle, This regime is called the
cascading regime and the heat transfer coefficients remain high but high powers are needed for
driving the cylinder. Increasing the speed further results in higher frictional forces, higher con-
densate velocities and higher centrifugal forces on the condensate which stabilize the conden-
sate layer as a thin film along the inside surface of the cylinder. This behaviour is called the
rimming case and a first estimate of the rimming speed can be obtained by setting the centrifu-
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gal acceleration equal to the gravitational acceleration. In practice the rimming speed is also in-
fluence by other variables such as layer thickness and physical data and tends to be higher than
the value calculated with the simple balance between gravity and centrifugal force.

puddle cascade rimming
Figure 13.6. Condensate behaviour in drying cylinders.

The heat transfer coefficient for the condensate layer is determined by the thickness and the
flow behaviour (laminar—turbulent) of this layer. At low speeds where the condensate flows
along the inside wall to a puddle in the bottom the coefficients can be calculated from film con-
densation correlations. The process is characterised by high heat transfer coefficients through
the condensate, typical values are in the range 20004000 W/m? °C.

Above the rimming speed the condensate is stabilised by the centrifugal force and as a first
estimate can be considered as a laminar film of condensate. In this case the heat transfer coeffi-
cient can be calculated as heat conduction through a layer of water according to:

k.

_ "cond
hcand - l
cond

(13.4)

Typical condensate heat transfer coefficients for the rimming case are in the range
500-2000 W/m*°C

Example Estimate the condensate heat transfer coefficient in a 1.5 m drying cylinder
13.2 with a condensate thickness of 2 mm. The cylinder is running at 1200 m/min.
The centrifugal acceleration on the condensate is calculated as:

2 2
Veyt 20
a cAR

i = =533 m/s?
R, 0.75

The centrifugal acceleration on the condensate can is 533 m/s? or 54 g. The speed is
well above the rimming speed and the layer can be assumed to be laminar. The ther-

mal conductivity for water (taken at 120 °C) is 0.68 W/m °C. The result for the conden-
sate heat transfer coefficient based on equation (3.1) is

Pogna = 068 _ 340 Wim?ec
0.002

This is a rather low condensate heat transfer coefficient representing a major resis-
tance for heat transfer which shows the importance of effective condensate removal
especially at high cylinder speeds.
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As shown in Example 13.2, the condensate heat transfer coefficients are low at high cylinder
velocities even if the thickness of the condensate layer is maintained low. The most common
method to increase the condensate heat transfer coefficient is to install so-called “spoiler bars”
on the inside of the cylinders. With this method a number of rectangular steelbars (typical
height 20 mm) are fastened on the inside of cylinder inducing turbulence in the condensate layer
by forcing the condensate to flow over these bars.

Condensate Drainage. For proper operation of the dryer it is important that the condensate
and the non-condensable gases are evacuated from the cylinders. By applying a differential
pressure over the cylinder the excess steam (blow-through steam) entrains the condensate with a
design called siphon. The siphon is in principle a tube extending close to the inner cylinder sur-
face where high steam velocities break up and entrain the condensate and flows as a two-phase
mixture in the tube out of the cylinder. Three different designs are used:

Scoop If the condensate is in the puddle mode it can be emptied with a scoop which goes
through the puddle during each rotation and forces the condensate to flow from the
periphery to the centre of the cylinder

Stationary The siphon is stationary and the siphon head is positioned close to the inner surface
siphon for efficient condensate removal. The dynamic pressure of the condensate layer can
be recovered and the pressure differential is low with this design. The mechanical
design should be careful due to the low clearance between the cylinder and the
siphon head.

steam and steam
condensate

Figure 13.7. The deltasint stationary siphon (Deublin Italy).

Rotating The siphon is rotating with the cylinder and the blow-through steam is used to entrain
siphon the condensate into the siphon. The centrifugal forces on the steam and the conden-
sate has to be overcome in this design resulting in high pressure differentials at high
cylinder speeds.

The steam and the condensate are transported as a two-phase mixture in the siphon and the
total pressure drop is given by the sum of the frictional, gravitational, accelerational and centrif-
ugal components. The gravitational component is due to elevation changes of the steam and the
condensate. It changes sign during the rotation and can normally be neglected. The accelera-
tional component is due to the velocity increase arising from density changes as the pressure de-
creases. Except at very low pressures or very high pressure drops this component can also
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normally be neglected. The frictional component is due to friction at the siphon inlet and the
two-phase flow in the siphon tube and the centrifugal component (only rotating siphons) due to
centrifugal forces on the steam and the condensate given by the density of the two-phase mix-
ture and the centrifugal acceleration. Normally these are the main components in the total pres-
sure drop.

The pressure drop for a rotating siphon for different amounts of blow-through steam is
shown in Figure 13.8.

frictional
pressure
losses
3 dominate
2 .
© no cylinder
o . drainage
2 | centrifugal
@ | pressure
g |losses
dominate
‘ T Apmin
Mmin mopt

blow-through steam

Figure 13.8. Pressure drop curve for a rotating siphon.

Increasing the amount of blow-through steam increases the velocities of the steam and the
condensate in the siphon tube and thus also the frictional losses. The reduced density results in a
low centrifugal pressure drop. Decreasing the amount of blow-through steam decreases the ve-
locities resulting in low frictional losses but the increased density (due to more liquid in the
flow) results in a rapidly increasing centrifugal pressure drop. Below a certain amount of blow-
through steam the entrainment forces on the condensate are not large enough to overcome the
centrifugal forces and cylinder drainage stops and the cylinder fills up with condensate. Thus
the siphon design should be performed with great care in order to ensure cylinder drainage with-
out excessive use of blow-through steam.

13.3.4 Dryer Fabric

The paper web is supported by a dryer fabric and the main functions of the fabric are the follow-
ing:

» establish a good contact for the heat transfer between the cylinder and the web

»  support the weak wet web throughout dryer section so that the number of web breaks are
limited

« facilitate pocket ventilation

»  control paper properties such as shrinkage and cockling

» facilitate water vapour transport through the fabric

+ act as driving element for the cylinders
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The dryer fabric is a weaved open structure made from synthetic fibres with appropriate sur-
face, permeability and mechanical properties. Some examples of different designs are shown in

Figure 13.9.

2 layer

11/2 layer
100% monofilament structure

11/2 layer
100% flat monofilament structure

2 1/2 layer
plied monofilament stuffer yarn

100% monofilament structure

unfilled spiral fabric

Figure 13.9. Different dryer fabric structures (by courtesy from Albany Finland).

Traditionally one fabric was used for the upper row of cylinders and one for the lower row of
cylinders, In this design the web travels without support in the free draw and as the speed was
increased for newsprint machines the number of web breaks became too large and machines
with a single tier were built. Today modern newsprint and printing paper machines utilizes non-
heated vacuum rolls. The principles for the different designs are shown in Figure 13.10, Figure

13.11 and Figure 13.12.

two tier design

Figure 13.10. Two tier dryer fabric configuration.

The two tier design uses an upper fabric for
the upper group of cylinders and a lower fab-
ric for the lower group of cylinders. In the free
draw the web is not covered by a fabric
which facilitates evaporation from both sides
of the web resulting in high drying rates. At
the same time the web has no support in the
free draw which for a wet weak web could
result in web breaks. Thus the design is nor-
mally not used in the first one or two groups
directly after the press section. Efficient heat
transfer is accom-plished for both the upper
and lower group of cylinders.
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The single tier design uses the same fabric
for the upper and the lower group of cylin-
ders, thus the fabric follows and supports the
web in the free draw. In the free draw most of
the evaporation occurs from one side of the
web reducing the drying rate. In the lower
group the fabric lies between the hot cylinder
and the web drastically reducing the heat
transfer from these cylinders. This design
was originally developed for newsprint
machines to avoid web breaks at higher
machine speeds and is today used in the first
one or two groups after the press section.

single tier design

Figure 13.11. Single tier dryer fabric configuration.

In the vacuum roll design the lower group of
cylinders has been replaced with a vacuum
roll with the pupose to transport the paper to
the next upper cylinder. The vacuum roll is
not heated and the vacumm used does not
result in any significant amounts of air flow
through the web. Heat is supplied to only
one side and most of the evaporation occurs
from this side of the web. Several newsprint
and fineprint dryers are today designed in
this way and the onesidedness of the paper
corrected for in a calender after the dryer
single tier with vacuum roll section.

Figure 13.12. Single tier with vacuum roll dryer
fabric figuration.

13.3.5 Dryer Hood

The dryer hood is designed to remove the evaporated water, establish constant drying condi-
tions across the width of the machine and recover as much of the energy in the humid air as pos-
sible. The principle is shown in Figure 13.13.
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ure 13.13. The dryer hood and the air distribution system.

The process will be described by following the air through the system according to the num-

bers in Figure 13.13.
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Inlet air to the hood is taken from below the roof of the machine hall.

The air is preheated with the outgoing humid air from the hood.

Further preheating is performed in a steam/air heat exchanger.

Air from the vacuum pumps is mixed with the inlet air.

The hot dry air is supplied as pocket ventilation between and below the cylinders to remove
the evaporated water and ensure a uniform drying.

Leakage air entering the hood in the cellar.

The humid air with a lower density than dry air accumulates at the top of the hood.

The energy content in the humid air is recovered, initially by preheating the ingoing air.
The outgoing air from the first heat exchanger is further cooled in a water/air heat
exchanger and the water used for heating of the air supplied to the machine hall.

The outgoing air from the second heat exchanger enters into a scrubber where the humid air
is brought into direct counter-contact with cool water. The air is cooled and part of the
water vapour is condensed heating up the water.

The cooled saturated air leaves the building through the chimney.

Outdoor air used for ventilation of the machine hall.

Preheating and ventilation of the machine hall.

A mass balance for the water vapour determines the parameters in the hood according to:

GinXin + Glcalecak + mcvap = (Gin + Glcak )Xout (135)

ere G is the air flow-rate given as kg dry air/s, X is the water content given as kg water/kg dry
and m,,,, the amount of evaporated water in the hood given as kg watet/s.
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Example
13.3

Estimate the amount of dry air needed in the hood for the dryer described in Example
13.1.

Assume that the amount of leakage air is 25 % of the inlet air, the moisture content of
the inlet air is 0.02 kg water/kg dry air, the humidity of the outlet air is 0.13 kg water/kg
dry air and the leakage air moisture content is 0.015 kg water/kg dry air. According to
Example 13.1 and Equation (3) the inlet air flow-rate can be calculated as:

G, 0.02+0.25G,,0.015+9.71=(G,, +0.25G,,)0.13
G,, =70.0 kg/s = 252 t/h = 300000 m*/h

Thus very high air flow-rates are needed and correct design of fans and air ducts are
of utmost importance for high energy efficiency and good control of the evaporation in
different parts of the dryer.

The process changes in Example 13.3 can be described in a Mollier diagram as is shown in
Figure 13.14 (the air from the vacuum pumps is not included).

In the heat exchangers the inlet air is heated with a constant moisture content up to a temper-
ature of 120 °C. Before the air is blown into the dryer it is mixed with the leakage air reducing
the moisture content and the temperature. In the dryer the moisture content increases and the
temperature is slightly decreased. The outgoing air is cooled with a constant moisture content in
the first heat exchangers and in the scrubber it is cooled down along the saturation curve caus-
ing condensation of water vapour and recovery of the latent heat of evaporation.

The humidity level in the hood affects both the drying rate and the possibilities for energy re-
covery. Low humidities increases the drying rate (see Equation (12) below) but also results in
less efficient energy recovery while higher humidities decreases the drying rate and leads to
more efficient energy recovery. The operating point must thus find the optimum between these
two parameters.
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Figure 13.14. Mollier chart for the air in the dryer hood.
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Example Estimate the amount of energy that can be recovered based on the data used in

13.4 Example 13.3.

The energy recovered is the air flow-rate multiplied with the difference in the enthalpy
of the air from the hood and the scrubber according to:

Q:Gout(H7 _HIO)

0 =87.5(438-263)=15300 kW

By condensing the water vapour large amounts of energy can be recovered. However
as shown in Figure 13.14 this requires cooling the air down to a temperature of 48 °C
which limits the use of this energy

13.4 Mass Transfer Inside the Web

13.4.1 Web Structure and some Definitions

Wet paper is a heterogeneous material consisting of a three-phases; liquid water, a gas mixture
of air and water vapour and a solid phase built of a porous cellulose fibres. The proportions of
these phases are not constant but vary as drying proceeds, free water in the inter-fibre pores
(pores between the fibres) evaporates, the intra-fibre pores (pores inside the fibres) closes and
the porous structure shrinks and changes shape as the paper dries. Some fundamental under-
standing of the porous structure and where the water is in this structure is necessary in order to
understand the drying process and the development of quality parameters.

The total web thickness typically ranges from 75 um to 600 pum built of fibres with a thick-
ness in the range between 15 um and 30 um. The size of the inter-fibre pores is of the magni-
tude 1 to 10 pm while the intra-fibre pores are much smaller.

The definitions of water content appropriate for drying of paper are given in Table 13.3.

The ability of the fibres to hold water can be measured with centrifugation (Water Retention
Value) or solute exclusion techniques (Fibre Saturation Point). The most applied on the indus-
trial level is the WRV-value. Normally it is assumed that this results in the removal of the water
in the inter-fibre pores and that the remaining water is held by the fibres in the intra-fibre pores.
The values vary depending on pulp and treatment but are typically in the range 1-2 g/g dry mat-
ter.

The critical moisture content (CMC) is the moisture ratio where the evaporation rate drops
due to some internal mass transfer resistance. Normally the CMC occurs at a higher moisture
content than the hygroscopic moisture content (HMC) but in some cases the reverse could also
occur. Below the CMC and the HMC the drying rate is reduced both due to moisture diffusion
inside the material and a vapour pressure reduction from the sorption isotherm.
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Table 13.3. Water content values applicable for drying of paper.

Water retention WRV | The amount of water held by the pulp as measured after centrifugation
value at 3000 g during 15 minutes

Fibre saturation FSP | The amount of water held by the pulp as measured by solute exclusion
point methods

Critical moisture CMC |The critical moisture content is the moisture content when the surface
content of the material no longer behaves as a wet surface. Thus evaporation

will take place either on a limited part of the surface area or inside the
material and consequently the drying rate will decrease. The CMC is a
function of both the basis weight and the evaporation rate.

Hygroscopic mois- |[HMC |The hygroscopic moisture content is the moisture content where the
ture content vapour pressure of the water in the material is lower than the vapour
pressure of pure water. The material then enters the hygroscopic region
and the sorption isotherm of the material gives the relation between the
relative humidity and the HMC.

13.4.2 Distribution of Water and Water Transport Mechanisms

Comparing the WRV-values for the pulp mixture used and the water content after the press sec-
tion gives a good indication of how the evaporation of water from the web will take place in the
dryer section. At moisture ratios of 3—4 kg water/kg dry matter both the fibres and most of the
inter-fibre pores are saturated with water. Drying takes place both from the free water between
the fibres and from the water held by the fibres. Below the WRV-value all of the water in the in-
ter-fibre pores is removed and below this point the remaining water in the fibres is removed, the
principle behaviour is shown in Figure 13.15.

H,0 (g)

less porous fibre walls
liquid transport of water

more porous fibre walls
air and water vapour (g)

cellulose fibre and water (l)

site for evaporation

Figure 13.15. Distribution of water and water transport below the WRV.
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Below the WRYV the amount of free water in the inter-fibre pores for most pulps is limited
and the water is transported either as liquid due to capillary forces in the fibres and between the
contact points of the fibres or as vapour due to diffusion in the inter-fibre pores. In the drying
section the evaporation will thus take place from the surfaces of the fibres resulting in a mois-
ture gradient in the web. As the water is removed the intra-fibre pores close a process which in-
creases the resistance to mass transfer inside the fibres. Finally the sheet enters the hygroscopic
region and the drying process is also affected by the sorption isotherm for the fibres used. When
the sheet is dry the fibre wall is essentially non-porous.

Molecular transport (diffusion) of water vapour is governed by Fick’s law:

dcC,
dz

JA :_Deff (13.6)

where J,, is the molar flux of water vapour per unit area (mol/m’s), D is the effective diffu-
sivity for the porous web (m%/s) CA is the concentration of water vapour (mol/m®). The effec-
tive diffusivity for a dry sheet can be measured by measuring the weight loss from a water
reservoir under controlled conditions. Given a concentration difference over the paper web the
transport of water vapour through the paper can then be calculated using Equation (6).

13.4.3 Web Shrinkage and Paper Quality

As water is removed during the consolidation process the fibres collapse and the fibre network
changes shape and shrinks in the machine, in the cross and in the thickness directions. Cross di-
rection shrinkage on the cylinder will be resisted by the felt but in the free draw between the
cylinders almost free shrinkage can occur. This CD-shrinkage is typically a few percent but un-
even over the width of the machine causing large variations in mechanical properties such as
strength and stiffness. The paper shrinkage in the thickness direction is closely related to the
distribution of moisture affecting the tendency of the paper to curl, that is how the paper is
changing its shape during exposure to temperature and moisture. The most common method to
avoid curl in the dryer is to control that the same amount of water is evaporated from both sides
of the web by controlling the steam pressures in the top and bottom groups of the dryer.

Application of too high steam pressures in the dryer rises the web temperature and thus the
vapour pressure inside the web. For high basis weight webs with a low permeability, such as
cardboard, the increased pressure inside the web may cause delamination of the web (splitting
the web into two parts) completely destroying the product. Thus the process parameters in the
dryer must be selected for optimum drying rate as well as optimum quality parameters.

13.5 Methods to Calculate Drying Rate

Calculation of the drying rate is an important task for the design and control of the dryer. The
process can be modelled quite well by setting up the geometry for the process combined with a
systematic analysis of the physical phenomena occurring in the dryer. Depending on the accura-
cy and the time available this can be performed with different methods, from simple and rapid
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methods with a rough accuracy to more advanced and time consuming computer based methods
but also much better accuracy. In this paragraph three levels of calculation methods for the dry-
ing rate will be presented.

13.5.1 Tappi Drying Rate

Tappi publishes charts for the drying rate as a function of the steam temperature inside the cyl-
inders for different paper grades. One example for newsprint with machine speeds above
915 m/min is shown in Figure 13.16. It should be noticed that the drying rate is based on the to-
tal cylinder surface, not on the paper surface where evaporation takes place. By summing up the
contributions from all cylinders in the steam groups in the dryer the total drying rate can be
quite easily calculated. The limitation with these diagrams is that they are based on compila-
tions from a number of machines with different designs and the scatter in the data is substantial.
The best use of these diagrams is to calculate the capacity increase from a given base case for a
given increase in steam pressure in one or several of the steam groups.
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Figure 13.16. Tappi chart for paper machine drying rate for newsprint (machine speed > 915 m/min).
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Example
13.5

The dryer on a newsprint machine consists of 51 cylinders with a diameter of 1.5 m.
The cylinders are equipped with spoiler bars and divided in four groups as given in the
table below. Estimate the capacity increase in the dryer if 4 more cylinders are
installed in group 4.
The drying rate per cylinder surface in each group can be read from Figure 13.16.

The results are:

Group Number of cylinders Steam pressure, kPa

1 7 110

2 12 140

3 22 185

4 10 220

Group Tappi drying rate Evaporation per meter width
before after

kg/mh kg/mh kg/mh

1 12.6 415 415

2 15.3 865 865

3 18.5 1917 1917

4 20.3 956 1339

Total 4153 4536

The capacity increase is 4536/4153 = 1.092 or 9.2 %. The increase in cylinder area is
proportional to 55/51 = 1.078 or 7.8 % and for dryers where the drying rate does not

differ much between the groups the area proportional method can be used for a quick
estimate of the capacity increase.

13.5.2 Method Based on an Energy Balance

The balance between the supplied energy from the condensing steam and the energy needed for
the evaporation of water determines the operating point for the drying process. Assuming a con-
stant cylinder temperature around the cylinder and in the web, the equations describing this pro-
cess can be quite easily solved by a graphical procedure. Typically two-thirds of the cylinder
surface is in contact with the web, thus the areas for the condensate layer and the paper contact
are not the same. However the energy supplied to the web on the cylinder is partly used for
evaporation in the draw (from one or both sides of the web), thus as a first estimate this differ-

ence in areas can be neglected.

The principle for the energy transfer between the steam and the paper is shown in Figure

13.17.
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steam temp. T (125) ——<

inner cylinder surface evaporation of water

temp. Tey, in (115) air temp. Ty, (110)

outer cylinder surface | =
temp. Tcyl, out (100) -]

paper temp. T, (75)

condensate cylinder airfilm paper

Figure 13.17. Temperature profile from steam to paper (typical figures in brackets).

The heat flux from the steam to the paper is transferred through the condensate layer, the cyl-
inder and the air layer to the paper. The heat flux trough the condensate layer is calculated from
a condensate heat transfer coefficient:

qs = cond(Ts _Téyl,in) (137)

The magnitude for the condensate heat transfer coefficient ranges between 500 and 4000 W/
m? °C, see Section 13.3.3. Heat transfer through the cylinder is given by Fourier’s law of heat
conduction:

kcyl
l

cyl

qs = (Tcyl,in - Téyl,out) (138)

Typical data for a dryer cylinder are 50 W/m °C for the thermal conductivity and 25 mm for
the thickness of the cylinder.

The heat transfer from the cylinder to the paper is calculated with a contact heat transfer co-
efficient which accounts for the resistance (the air film and scale on the cylinder) between the
cylinder and the paper:

qs = hcom(T;yl,out - T;)) (139)

Normally this coefficient is considered to be a function of the web moisture content. Typical
values are 1000—-1500 W/m? °C at high moisture contents and 200-500 W/m? °C at low mois-
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ture contents. Assuming a constant heat flux through the cylinder the cylinder temperature can
be eliminated from Equations (13.7—13.9). The result for the heat flux is:

(rL-T)

q, =
Loy, 1 (13.10)
hema ke

cond cyl

cont

For a given steam pressure and thus steam temperature the heat flux in Equation (13.10) is a
linear function of only the paper temperature.

Convective heat transfer between the air and the web supplies energy to the web according
to:

qair:hair(z:)ir_];) (1311)

The convective heat transfer coefficient between the surface and the air can be calculated
from standard Nusselt-Reynolds-Prandtl correlations and is typically in the range 20-70 W/
m? °C and normally this amount of energy is much lower than the energy transferred from the
steam. In the following calculations it will be neglected.

Example Calculate the heat flux in a dryer operating with a steam saturation temperature of
13.6 125 °C, a condensate heat transfer coefficient of 2000 W/m? °C, a cylinder thickness
of 25 mm, a contact

- 125-75)
E=rT 0025 1
+ +
2000 50 1000

coefficient of 1000 W/m? °C and a paper temperature of 75 °C.
According to Equation (10) the heat flux is given by:

=25000 W/m?

Assuming no moisture gradients in the sheet and moisture ratios above the HMC (no vapour
pressure decrease from the sorption isotherm) the rate of mass transfer from a wet paper surface
can be calculated with Stefan’s equation according to:

(13.12)

mevap =

kMP [P py
n
R(T,+273) | P-p,

The mass transfer coefficient k, given as m/s is normally calculated from the heat transfer co-
efficient based on the analogy between heat and mass transfer according to:

hair
ky =—— (13.13)
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Example Estimate the rate of evaporation from a wet paper surface with a temperature of

13.7 75 °C. Assume that the heat transfer coefficient between the paper surface and the air
is 25 W/m2 °C, the surrounding air moisture content is 0.1 kg water/kg dry air and the
air temperature is 110 °C.

The mass transfer coefficient is calculated from Equation (13):

o B
0.91-1100

The water vapour pressure in the air is calculated from Equation (14):

=0.025 m/s

.1
Pair = 0—100000 =13900 Pa
18
—+0.1

29

The water vapour pressure at the paper surface is calculated from Equation (15):

3816.44

18.3036—
Py = 133.3226( 75*227'°2j =38600 Pa

Finally the rate of evaporation can be calculated from Equation (12):

0.025-0.018-10° {105 —13900

Meyap = n 3 =0.0053 kg/mzs =18.9 kgm2h
8.314(75+273) 10° -38600

The density and the specific heat should be based on data for the humid air. The total pres-
sure P is normally atmospheric and the partial pressure of water vapour in the air pair can be
calculated from the air moisture ratio:

Pair :lgip
—+ X
29

(13.14)

Above the HMC the vapour pressure at the paper surface is given by the vapour pressure for
pure water. It is only a function of the paper temperature and can be calculated with the follow-
ing equation:

3816.44
T,+227.02

18. —
P =133.322e[ (13.15)

Thus the amount of evaporation from Equation (13.12) is also only a function of the paper
temperature.
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The energy required for the evaporation of water from the web is the mass flux calculated
with Equation (13.12) multiplied with the latent heat of evaporation. The result is:

(13.16)

qevap =

kM PAH [ P—p,,
n
R(T,+273) | P-p,

Thus the energy transferred from the steam as given by Equation (13.10) must equal the en-
ergy required for evaporation as given by Equation (13.16). Both these equations can be plotted
in a graph as function of the paper temperature and the intersection of the curves represents the
operating point (given as paper temperature or heat flux) for the studied section in the dryer.
The following example explains the technique in more detail.

In spite of the simplified assumptions of a constant paper temperature and lumping the cylin-
der and the free draw sections into one process, the described procedure gives more accurate es-
timates of the drying rates than the method based on Tappi drying rates. The method provides
possibilities to investigate not only the influence of the steam pressure but also other variables
such as the heat and mass transfer coefficients and the moisture content in the hood.

40 T T T T
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Figure 13.18. Heat flux for different paper temperatures. The operating point is given by the intersection of the
lines and occurs at a paper temperature of 81.0 °C corresponding to a heat flux of 18.6 kW/m?. This represents a
drying rate of 0.0080 kg/m’s or 28.9 kg/m’h.
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Example
13.8a

Estimate the drying rate for a steam group in a cylinder dryer operating with the fol-
lowing parameters:

Steam pressure 190 kPa

Condensate heat transfer coefficient 2500 W/m? °C
Cylinder thickness 25 mm

Contact coefficient 900 W/m?2°C

Air moisture content 0.1 kg water/kg dry air
Air heat transfer coefficient 25 W/m? °C

At 190 kPa the steam saturation temperature is 118.6 °C and inserting the given val-
ues in Equation (10) gives the following equation for the heat flux from the steam to
the paper:

) 118.6-T,
qs_(l 0.025 1}

=497(118.6-T)

—+
2000 50 900

This equation can be plotted in a diagram as a function of the paper temperature.
Based on the given data and the results in Example 13.7, Equation (16) takes the fol-
lowing form:

©0.025-0.018-10°-2320-10° {105—13900}_

e 8.314(T, +273) 10° - p,

_1.26:107 | 86100
T,+273 |10’ -p,

The latent heat of evaporation is only a weak function of the temperature but was
taken as constant at 75 °C in these calculations. The result can be plotted in the same
diagram as the previous equation, the result is shown in Figure 13.18 below.

Example
13.8b

Estimate the drying rate for the following change in the dryer:

The steam pressure is increased to 240 kPa

At 240 kPa the steam saturation temperature is 126.1 °C which gives the following
equation for the heat flux:

g, =497(126.1-T,).

This Equation is plotted in Figure 13.18. The intersection between the equations now
occurs at 82.8 °C corresponding to a heat flux of 21.6 kW/m?. This represents a drying
rate of 0.0093 kg/m? s or 33.5 kg/m? h an increase of 16 %.

Example
13.8¢c

Estimate the drying rate for the following change in the dryer:

The air moisture content in the hood is increased to 0.2 kg water/kg dry air

In this case the water vapour pressure in the air is calculated as 24400 Pa. Plotting the
new curve for the energy for evaporation results in the new graph shown in
Figure13.19.
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Figure 13.19. Heat flux for different paper temperatures.

Notice that no evaporation occurs at paper temperatures below 65 °C, the dewpoint of the air. The intersection
between the equations now occurs at 83.3 °C corresponding to a heat flux of 17.5 kW/m?. This represents a drying
rate of 0.0075 kg/m’s or 27.2 kg/m’h a decrease of 6 %. Notice that the paper temperature increases with an
increase in the hood moisture content.

13.5.3 Computer Simulation Tools

In order to obtain accurate results for the local web temperature, the drying rate, and moisture
gradients in the web, the exact geometry of the dryer must be specified and the equations for the
unsteady heat and mass transfer processes in the web solved with a step by step procedure from
the press section to the pope. This is well suited for computer based simulation programs. Often
the programs start with the Nissan description of dividing the process in four different phases.
However with the development of new dryer designs, such as single felted dryers and vacuum
rolls, this description is not sufficient to describe and model the modern paper dryers. One ex-
ample of different computational phases is shown in Figure 13.20 below where 17 different
phases were used to model the paper dryer. Still today many other combinations exist which can
not be modelled using that description.

The heat and mass transfer phenomena inside the web could be treated in a number of ways
depending on the goals with the program. If only the local drying rate should be calculated it
could be sufficient to calculate temperature gradients but neglect moisture gradients. If on the
other hand web shrinkage is to be modelled moisture gradients must be included and depending
on basis weight and drying rate calculation of the temperature gradients could also be necessary.
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Figure 13.20. Different computational phases used in simulation programs.

13.6 Energy Use

The dryer section is the largest single consumer of steam on an integrated paper mill. The aver-
age thermal energy use in the dryer section of the paper machine at an ingoing moisture content
0f 40 % is 6000 MJ/ton paper. This corresponds to 4000 kJ/kg water evaporated or 1.7 times the
latent heat of evaporation. Based on a total paper production of 11 million tons (year 2000) the
total thermal energy use for drying of paper in Sweden would be 18 TWh. Further the electrical
energy use in the paper machine (not only the dryer) can be estimated at 8 TWh. The total fig-
ures are very high and efficient energy use in the dryer is of high importance for low production
costs.

Condensing steam supplies the largest amount of energy but electricity, natural gas or pro-
pane are also used. In Sweden the supply of natural gas pipeline extends from Malmé to Goth-
enburg and is thus limited to the mills at Hyltebruk and Mdlndal.

The minimum specific energy use (energy use per kg water evaporated) includes the latent
heat of evaporation, heating up the web from the press section to the reel, heating up the leakage
air to the hood and some heat losses. An estimate for a modern machine is given in Table 13.4
below.



258

Table 13.4. Specific energy use for a modern multi-cylinder paper dryer.

Energy use Specific energy
kJd/kg water evaporated

Latent heat of evaporation including heat of sorption 2410

Heating the web and the remaining water 50
Heating up leakage air 125
Heat losses 150
Total 2735

Some of the paper produced needs to be repulped and redried which explains part of the dif-
ference between 4000 for the existing and 2735 kJ/kg for the modern machine but also indicates
further possibilities for energy savings in the dryer.

Knowing the specific energy use for the process the steam consumption in the dryer can be
estimated quite easily, one example is shown below.

Example Estimate the amount of steam needed in the dryer for the paper machine in Example
13.9 13.1. Assume that low pressure steam is available at 400 kPa and that the specific
energy use for the dryer is 3400 kd/kg water removed.

According to Example 13.1, the amount of water removed is 9.71 kg/s. Thus the ther-
mal energy to the dryer and the steam consumption can be calculated as:

Thermal energy required =9.71-3400 = 33000 kW

Thermal energy required = % =15.5kg/s=55.7 t/h

The most efficient way to reduce the amounts of thermal energy in the dryer is to reduce the
amount of water that is to be evaporated in the dryer by increasing the dryness of the web from
the press section. A good role of thumb is shown in the example below. Some techniques which
can be applied are using shoe-press technology, using heated centre rolls and preheating the
web with steam boxes before the press section.

Most of the energy supplied with the steam will appear in the hot humid air leaving the hood,
thus efficient energy recovery is essential for an energy efficient paper mill. As shown in exam-
ples 3-3 and 6-1 the energy that could be recovered was 15 300 kW as compared with the sup-
plied amount 33 000 kW. Thus the percentage of the energy that could be recovered was 46 %.
On modern machines this percentage could increase to 50-55 % during the cold period of the
year.
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Example
13.10

Estimate the reduction in steam consumption in the dryer if the dry matter content
after the press section is increased from 40 to 41 %. Use the data in Example 13.1.
According to Example 13.1, the amount of water removed at 40 % dryness is 9.71 kg/
s. Increasing the dryness to 41 % results in the following change:

1100 [100—41_100—94

Water removed =8.2- ——-0.045- =9.30 kg water/s
60 41 94

The amount of water to be removed is decreased to 9.30 kg/s or by 4 %. Either the
steam consumption can be reduced with this value or the machine speed increased
with the same amount.

Rule of thumb!

1 % increase in dry matter content after the press section at 40 % will require 4 %
less steam to the dryer. Alternatively the capacity could be increased by the same
amount for the same steam flow to the dryer.

13.7 Drying of Tissue, Coated Papers and Pulp

13.7.1 Drying of Tissue

General. Tissue products (kitchenpaper, towells, toilet paper, napkins and tablecloths etc.) have
a basis weight between 15-50 g/m? and a porous elastic structure with a good capacity to absorb
water. Two different drying techniques are used, the Yankee-cylinder and the through air drying
technique (TAD). The Yankee-cylinder has been the traditional method but during the last 10
years a number of TAD-dryers have been built. So far there are 8 TAD-dryers in operation in
Europe but none in Sweden.

The Yankee-dryer. On the Yankee-dryer the paper is dried on one large cast iron cylinder
with a diameter of 5—7 m. It is heated with steam on the inside and hot air blown at high veloci-
ties on the outside of the web. The principle is shown in Figure 13.21 below.

steam temp. T (145) ———O air (250-550)

condensate

outer cylinder surface
temp. Ty, out (90)

evaporation of water

paper temp. T, (90)

UILEUSLE

cylinder paper

Figure 13.21. Principle for a Yankee-dryer.
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After forming the tissue web in one or more layers it is transferred to a wire which presses
the web against the Yankee-cylinder so that it sticks to the hot surface resulting in good contact
between the cylinder and the web. Normally a dry matter content of 3545 % is achieved after
pressing the paper against the cylinder. The energy from the condensing steam is transferred by
conduction through the cylinder and in order to achieve high heat transfer rates it is equipped
with grooves to reduce the resistance for heat transfer through the cylinder. Due to the centrifu-
gal force the condensate accumulates in the bottom of the grooves and is taken out with a num-
ber of small tubes (“’straws’’) and collected in siphon tubes similar to the ones used in multi-
cylinder dryers.

The drier is equipped with two hoods on the outside blowing hot air with a temperature of
250-550 °C at velocities of 75—150 m/s on the web resulting in very high convective heat trans-
fer coefficients between the air and the web. Water can evaporate only to the hood side and the
water vapour is taken out with the hood exhaust gases.

The wed is dried to its final moisture content on the cylinder after % of a revolution and is re-
moved by cutting it from the cylinder with a steel blade normally called a “doctor blade” which
produces a creped elastic sheet.

By summing up the contributions from the conduction through the cylinder and convection
from the hood the total energy transfer and the drying rate can be estimated in the same way as
was shown for multi-cylinder dryers in Section 13.5.2. Typically 50 % of the energy for evapo-
ration is supplied from the steam and 50 % from the hoods.

Due to the efficient energy transfer on the Yankee-dryer the drying rates are much higher
than for multi-cylinder dryers, typical drying rates are in the range 100250 kg/m*h. The energy
efficiency is lower, the specific energy use is around 6000 kJ/kg water evaporated. Further sub-
stantial amounts of electrical energy is needed for the operation of the fans in the hoods.

The TAD-dryer. In the TAD-dryer the web is dried on a porous TAD-cylinder by sucking
hot air through the web. The principle is shown in Figure 13.22.

ORI
(A0
COOOOONR)
OO
O
OSOAONNS
AN
$0000404444
N
DXLRXRXN]
outlet air temperature RENARE .020’0!‘ g inlet air temperature
125-150°C AAOOORXHN ‘ 150-250°C
OO
OOOOOOOO
A
OSSO
OO0
BB

POCA X AT A TN
OO
DK
AN

R0

TAD-cylinder TAD-wire paper

Figure 13.22. Principle for a TAD-dryer.
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In the TAD-process the web is transferred to the dryer at a dry matter content of typically
25 %. Thus the amount of evaporated water per m? product is roughly the double as compared
with the Yankee-dryer. By creating an underpressure inside the TAD-cylinder, hot air is drawn
through the web, the TAD-wire and the porous TAD-cylinder which dries the web. Designs ex-
ist with one or two TAD-cylinders as well as combinations with a Yankee-cylinder. Natural gas
or propane is normally used as the thermal energy source for heating the air.

In the TAD-dryer the energy transfer between the hot air and the porous web is very efficient
and very high drying rates can be obtained, typical rates are in the range 150-500 kg/m*h. The
energy efficiency is lower, the specific energy use is around 8000 kJ/kg evaporated water. Also
large amounts of electrical energy are needed for the operation of the fans.

The advantages with the TAD-process are:

» apaper with a higher capacity for water uptake per kg paper is produced
» the paper is softer and has a higher bulk (lower density)

13.7.2 Drying of Coated Papers

General. In the coating process a pigment and a binder are applied on the surface of the paper
to improve its surface finish and printability. After the coating station the surface is wet and
sticky and bringing the surface in contact with a hot cylinder surface will destroy the coated sur-
face and deposit part of the coating on the cylinder. The normal technique to dry a coated sur-
face is to initially use non-contact dryers such as radiation dryers and convection dryers
(sometimes called air-foils) and then perform the final drying on traditional cylinder dryers.
One example of a typical installation is shown in Figure 13.23.

IR-dryer convection dryer (air foil)
-
= S
ol _)e o
coating station cylinder dryers

Figure 13.23. Drying of coated papers (by courtesy from Solaronics-IRT).

One typical feature for IR-dryers is that they can be turned on and off in sections over the
width of the machine. This is normally referred to as profiling and makes it possible to correct
for variations in moisture content over the width of the machine. The coating and the drying
process can be performed either directly after the dryer on the paper machine or in subsequent
step on an off-machine coater.

IR-Dryers. In infrared dryers energy transfer occurs by radiation from a hot surface to the
paper web. The radiation can be absorbed in the wet coating layer, in the base paper, be reflect-
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ed from the web or be transmitted through the web. Two fundamental radiation laws are impor-
tant for understanding the behaviour of IR-dryers. Stefan-Boltzmann’s law gives the total
amount of energy emitted from a surface at a given temperature and emissivity:

Gemit = EO-(Tsurf + 273)4 (1317)

The emissivity € is 1 for a black body but for all other materials it is lower than one. For pa-
per it varies strongly with the wavelength of the radiation. The constant ¢ has the value
5.67 - 10 W/m*K* nd the amount of radiation from a surface is a very strong function of the
surface temperature. The wavelength at which maximum emission occurs is calculated with
Wien’s displacement law:

_2898-10°°

P = (Tor +273)

(13.18)

The temperature of the sun is 6000 K and results in a maximum wavelength of about 0.5 um
which lies in the visible light. For IR-dryers the maximum wavelength is in the near infrared
spectrum of 1-5 pm.

Example Calculate the total amount of radiation and the wavelength at which maximum emis-
13.11 sion occurs for a ceramic gas-heated IR dryer heated to a temperature of 950 °C.
Assume that the emissivity of the surface is 0.9. Calculate the drying rate in an IR-
dryer assuming that all of the emitted radiation from the unit is absorbed in the paper
and can be used for evaporation of water.

According to equations (17) and Equation (18), the amount of emitted radiation and
the wavelength at which maximum radiation occurs are given by:

Geomit = 0.9-5.67-107(950 + 273)* =114000 W/m*

2898-107°

=  _=24.10°m=24p/m
(950 +273)

max

The drying rate can be calculated directly from an energy balance assuming that the
evaporation
occurs at 75 °C:

114000 = m,,, - 2320-10°
Mgy = 0.491kg/m’s=177 kg/m’h

The example shows that very high heat fluxes and consequently high drying rates can
be achieved using this technology.
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Two types of IR-dryers are used:

» clectrical heated units where a tungsten filament in a quartz tube is heated to temperatures
of 1900 2500 °C.

»  gas heated units where natural gas or propane is burnt on the surface of a porous ceramic or
metal fibre material. The surface temperature is normally in the range 850-1050 °C.

Due to the limited gas distribution network in Sweden the majority of installations are based
on electrical heated units, the principle is shown in Figure 13.24. The tungsten lamps are heated
to very high temperatures which results in short wave lengths and some of the radiation is trans-
mitted through the paper. This radiation is normally absorbed by a co-radiator on the other side
of the paper which absorbs and reemitts this part. The lamp glass requires cooling with air and
the amount of cooling determines the radiation efficiency (the amount of radiation relative to
the electrical energy supplied to the unit) and normally this figure is around 60 %. The outgoing
hot air temperature is in the range 100—-150 °C which somewhat limits the use of this energy
source.

The specific energy use for both the electric and the gas heated units is normally in the range
5000-6000 kJ/kg water evaporated. The gas-fired IR-dryers operate at a lower temperature and
emits radiation more in accordance with the absorption spectra of coated papers. Different argu-
ments are raised for using electrical or gas-heated IR from a paper quality point of view.

outgoing hot air . .
cooling air

electrical lamps

Figure 13.24. Electrical heated IR-dryer (by courtesy from Solaronics-IRT).
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Convection dryers. The IR-dryer is normally followed by a convection dryer where hot air
is blown with high velocities on to the surface of the web. One possibility to achieve a high en-
ergy efficiency of the dryer for coated papers is to use the outgoing hot air from the electrical or
gas heated IR-dryers in the convective dryers reducing the amount of steam or gas needed for
heating these dryers.

Example Calculate the amount of energy transfer in a convective dryer using a hot gas with a
13.12 temperature of 130 °C and a coated paper web with a temperature of 75 °C if the heat
transfer coefficient has been estimated to be 120 W/m? °C. Calculate the drying rate
in the same dryer assuming that all of the transferred energy is used for evaporation of
water.

The amount of energy transfer is given by:

G transfer = 120- (1 30— 75) =6600 W/m2

The drying rate can be calculated directly from an energy balance:

6600 = m,, - 2320-10°
Mgy = 0.0028 kg/m’s =10.2 kg/m*h

The drying rate for convection dryers is considerably lower as compared with IR-dry-
ers.

13.7.3 Drying of Pulp

General. Drying of pulp is necessary for two main reasons. Firstly in a wet form it will be dam-
aged by biological and chemical activity. Secondly, market pulp is transported globally and it is
therefore necessary to remove the water content to a low level. Two different designs are avail-
able for drying of pulp; the airborne web dryer and the flash dryer.

Airborne Web Dryer. The principle for the airborne web dryer is to dry a continous web by
blowing hot air with high velocities on the web. The hot air is heated with steam to a tempera-
ture of 120—160 °C and blown from nozzles in a top and bottom row of blow-boxes. The blow
boxes are arranged in a deck allowing the web to pass through a number of rows of blow-boxes
in the dryer. The principle is shown in Figure 13.25.

The pulp web has a basis weight of between 600 and 1400 g/m” and today dryers are in oper-
ation with a capacity of up to 2500 t/day. The moist web enters at the top of the dryer at a web
moisture content of typically 50 % and the web then makes several horizontal passes back and
forth before it leaves the dryer at approximately 10 % moisture. It is then transferred to a cutter
or winder. The drying rate depends on several factors such as, type of pulp, impingement heat
transfer coefficient and the air conditions.

The dry supply air enters at the bottom of the dryer. It is recirculated and reheated with steam
several times in the internal circulation system. The moist air is exhausted at the top of the dryer
which gives a counter current drying process. This type of drying results in high capacity and
good energy efficiency.

The top blow boxes have round holes for perpendicular impingement in a configuration for
maximum heat transfer. For the bottom blow box, aerodynamic forces are used to give a stabi-
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lised transport of the web a few millimetres above the blow box deck. It will also have a self-ad-
justing effect on the web. If a disturbance occurs which will increase the floating height and
thereby try to remove the web from the normal position over the bottom blow box, a force will
act to hold it back. On the other hand, if the floating height is decreased, a force will act to reset
the floating height. The resulting balanced forces keep the web floating in a stabilised position
over the blow boxes and the pulp web travels flat and flutter free through the dryer.

top blow boxes

paper web

Figure 13.25. Principle for the airborne web dryer (by courtesy of ABB Industries).

Flash Dryer. The principle for the flash dryer is to disintegrate the web after the press sec-
tion and dry the dispersed fibres in a hot air stream. The hot air is normally heated with natural
gas or propane but designs using oil or steam are also in operation. After drying the pulp is
pressed into a bale. The principle is shown in Figure 13.26.

In the first stage the recirculated air from the second stage is heated to between 225 and
350 °C with natural gas and mixed with the disintegrated pulp. The hot air stream transports and
dries the pulp in the first stage. In the cyclone the humid air leaves the dryer and the partially
dried pulp is fed to the second stage in the dryer. In the second stage the air temperature is lim-
ited to between 160 and 200 °C which makes it possible to heat the air with steam. In the second
stage the pulp is dried to its final moisture content, the air is recirculated to the first stage and
the pulp sent to a cooling cyclone before it is pressed to bales. For a modern flash dryer the spe-
cific energy use is around 3000 kJ/kg evaporated water. The flash dryer is mainly used for dry-
ing of mechanical pulps such as TMP and CTMP and units with capacities of 500 t/day have
been built.
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Figure 13.26. Principle for the flash dryer.

13.8 New Developments

The principle for the multi-cylinder paper dryer has with some modifications remained the
same for a long time but during the last 20 years a number of new designs have been proposed.
Some of them have come to a commercial stage and some are still on a pilot stage.

13.8.1 Designs in Commercial Operation

Condebelt. Completely new ideas for drying of paper were developed by Prof. Jukka Lehtinen
from Finland in the Condebelt process. Two ideas were different from the conventional multi-
cylinder design. Firstly steel belts instead of cast iron cylinders were used as the energy transfer
material from the steam to the web. Secondly removing most of the air when the web enters the
dryer eliminates the diffusional resistance of water vapour in the air inside and outside the web.
The principles for the design are shown in Figure 13.27.

Before the web enters the dryer steam is drawn through the web which evacuates most of the
air in the inter fibre pores in the web. The web is dried between two steel belts with a thickness
of 1 mm, thus the distance for conduction through the belt is much smaller as compared with the
cylinder design. The upper side of the web is in contact with the upper belt which is heated with
steam at temperatures of 110—170 °C corresponding to steam pressures of up to 800 kPa. This
results in very good contact between the belt and the web and the contact resistance is practical-
ly eliminated. The lower side of the web is in contact with a fine wire which is followed by a
coarse wire and the lower belt which is cooled with water. The purpose with the fine wire is to
avoid markings on the web and the purpose of the coarse wire is to act as a reservoir for the con-
densate.
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Since the gas essentially consists of only water vapour the transport of water vapour is pres-
sure driven instead of being controlled by diffusion and differences in concentration. This is one
reason for the high drying rates observed with Condebelt dryers, figures in the range of
100-200 kg/m*h have been reported.

possible subzone partitions steel belt
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air removal unit

wet web in dry web out
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Figure 13.27. Principle for the Condebelt dryer (by courtsey of Metso).

Qe

The temperature of the outgoing cooling water can be controlled between 60 and 90 °C. A
high outgoing cooling water temperature makes energy recovery much more attractive from a
mill perspective compared with the traditional scrubber design where the temperature is limited
to 50 °C or below.

During the drying process the web is held firmly at the high pressure between the upper belt
and the fine wire. This reduces the web shrinkage to very low values and the tensile and com-
pression strengths will increase dramatically, especially in the CD-direction. The Scott bond
value will increase and the web will densify remarkably. One possibility to implement the in-
creased strength is to use lower basis weights or less expensive raw materials for the products
dried with the Condebelt process.

Two commercial machines have been built since 1996. The first is a board machine in Fin-
land with a maximum speed of 240 m/min and the second machine is a testliner machine in
South Korea with a maximum speed of 700 m/min.

Impingement Hood. On single tier machines or on single tier machines with vacuum rolls
the energy transfer and thus drying capacity on the lower row of cylinders is very limited. One
possibility to overcome this drawback is to install impingement hoods on the traditional lower
cylinder or on a new large diameter vacuum roll. The principle for the design is shown in Fig-
ure 13.28.
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Figure 13.28. Impingement hood (by courtsey of Metso).

Hot air with a temperature of 250-400°C is blown with high velocities (typically
70-150 m/s) on the web resulting in very high convective heat transfer coefficients resulting in
drying rates between 100 and 160 kg/m2h. The impingement hood competes with a rebuild of
the press section for increased capacity. The cast iron cylinder has a large thermal mass which
results in slow control during capacity and quality changes on the machine while the impinge-
ment hood has less thermal mass enabling more rapid quality changes on the machine. Also it
could be designed in sections enabling cross machine control. The dryer is primarily designed
for high speed printing paper machines and the first unit was installed in Germany during 1999.

Gas Heated Cylinder. Gas-heated cylinders are available using natural gas or propane for
firing an IR-burner inside the cast iron cylinder. Energy transfer from the cylinder to the web
then occurs in the same way as for the steam heated cylinder. High heat fluxes and thus also
high drying rates can be achieved with this design. Roughly 10 units have been installed world-
wide, so far none in Sweden

13.8.2 Designs in Pilot Stage

Impulse Drying. Mechanical dewatering in the press section is very energy efficient and if this
amount could be increased the total energy efficiency for the paper machine would also be in-
creased. As shown in example 6-2 increasing the dewatering a few % in the press section results
in large amounts of water removal and thus a more energy efficient production or the possibility
to increase the capacity on the machine.

One of the most studied techniques to achieve increased dewatering in the press section is
called impulse drying. Impulse drying was originally proposed by Douglas Wahren in the late
1970’s and since then has been extensively studied in laboratory as well as in a pilot scale in
USA, Canada, and Sweden. The idea came up when Douglas after heating up a hammer with a
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gas burner hit a wet paper and noticed the efficient water removal and drying of the spot of the
paper which was hit by the hammer. The industrial design today is based on using a shoe-press
and a heated counter roll, the principle is shown in Figure 13.29.

heated cast iron cylinder
temp. 150-350°C

induction heating ~v
web

shoe press
press felt

Figure 13.29. Principle for impulse drying (by courtesy of Metso).

In the press nip high pressures of 1-5 MPa and high temperatures of 150-350 °C are used re-
sulting in efficient water removal and high heat fluxes from the hot cylinder to the web. Water
removal occurs by a wet pressing mechanism and by evaporation and dry matter contents of up
to 70 % have been achieved on pilot machines. Considering that the heat transfer rates are in the
range 0.5-3 MW/m? (two orders of magnitude larger than for the multi-cylinder dryer) and that
the area for heat transfer is much smaller (5-10 % of the multi-cylinder area) the overall
amounts of energy transfer per area paper is something like 5—10 times higher than for a tradi-
tional cylinder.

High temperatures of the web results in high vapour pressures inside the web as it leaves the
press nip. If the z-direction strength in the web is not enough to withstand the increased pressure
inside the web it will split into two or more layers, a phenomenon called delamination. The high
pressures used in the press nip will result in less bulk for the paper and the surface in contact
with the heated cylinder will have a more smooth surface. Considering the high heat fluxes
needed, the electrically powered induction heaters are the most probable solution for heating the
cylinder but high capacity gas fired hoods or a gas-fired IR emitter could also be possible.
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The total energy use for the paper machine will be determined by the water removal rates in
the press and drying sections combined with the energy use for theses processes. If more water
can be removed by using less energy in the press section the total energy use for the process will
also be lower. The electrical energy is more expensive than steam produced in the recovery or
bark boilers and the total energy cost for the paper machine will be based on the total amounts
of electricity and steam used in the pressing and drying sections.

Drying in Superheated Steam. By superheating saturated steam it can be used for drying
purposes. In a pure steam atmosphere the product will attain the boiling point of water, thus at
atmospheric pressure drying of a material will take place at 100 °C. Only steam is present in the
gas and no diffusional mass transport resistances exist. The superheated steam will be cooled
from the superheated temperature close to the saturation temperature. Examples in Sweden in-
clude drying of biomass materials and peat.

For paper the superheated steam should be blown at high velocities at the web in an impinge-
ment dryer and in pilot scale drying rates of up to 100 kg/m?h have been measured. The big ad-
vantage with drying in superheated steam is that the evaporated water will mix with the pure
steam with excellent possibilities for energy recovery. By condensing the excess steam the ener-
gy could be used in several positions in the mill and the remaining part recirculated to the super-
heater and back to the dryer.

One of the problems to overcome is to avoid mixing the superheated steam with air as this
will reduce the drying rate and make energy recovery more difficult. Thus the dryer will have to
be operated at a slight overpressure and the inlet of the web to the dryer designed with great
care.

13.9 Experimental Evaluation of Paper Dryers

13.9.1 Cylinder Surface Temperature

The functioning of condensate drainage can be determined by measuring the cylinder surface
temperature. A correct temperature indicates a good operation of the system while a decrease in
the temperature indicates that the heat transfer from the steam to the condensate is not efficient.
The best way to determine the cylinder surface temperature is to use a contact thermometer such
as the Swema SWT instrument. With this instrument a correct value is obtained within 10 sec-
onds. IR instruments are not suitable for smooth cylinder surfaces since they are dependant on
the emissivity of the surface and radiation reflected from other objects.

13.9.2 Hood Moisture Content

The hood moisture content determines the rate of evaporation and the energy recovery effi-
ciency. Some modern hoods are equipped with instruments (such as a dew point meter) for
monitoring the dew point and use this value for control of the air flow rate. If not available the
best way to measure the moisture content of the hood is to measure the dry and the wet bulb
temperature of the air and read the moisture content from a Mollier chart. The dry bulb temper-
ature is the normal temperature measured with an ordinary thermocouple or thermistor. The wet
bulb temperature is the temperature measured with a thermocouple equipped with a wet surface
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from which water can evaporate to the surrounding air. The wet surface is most easily obtained
by drawing a short piece of a shoelace (from ice-hockey skates etc.) over the thermocouple and
dipping it in water. Inserting it into a position in the hood where the air velocity is above 2 m/s
quickly results in reading a lower temperature than the dry temperature, the wet bulb tempera-
ture. As the shoe-lace dries out the temperature rises again to the dry temperature and in order to
avoid dipping the thermocouple in water for each measurement it could be equipped with a
small water bottle from where the shoe-lace is continuously fed with water.

13.9.3 Web Moisture Content

The web moisture content gives an indication of the operation of the dryer in different sections.
Instruments based on using microwaves as well as IR are available but he most reliable data are
obtained with an instrument measuring the backscatter of y-radiation. This instrument measures
the total amount of mass in front of the instrument and since the dry matter content can be ob-
tained from existing instruments before the reel the moisture content in the web is easily calcu-
lated. The instrument senses solid matter (such as the cylinder) roughly within 0.5 m so
measurements should be performed in the free draw or the background accounted for by cali-
bration. The instrument is sliding in good contact with the web but this does not normally cause
any problems with web breaks and measurements have been reported on newsprint machines
directly after the press section.

13.9.4 Web Temperature

The web temperature is an indication of the operation of the steam and condensate system as
well the drying behaviour of the web. It is most easily measured with IR-pyrometers or possibly
a contact thermometer.
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13.10 Nomenclature

air moisture content

kg water/kg dry air

C concentration mol/m?®
Cp specific heat J/kg °C
D mass diffusivity m%/s m?/s

h heat transfer coefficient W/m? °C
G air flow rate kg dry air/s
H enthalpy J/kg
AH latent heat of evaporation J/kg

J molar flux mol/m?s
k thermal conductivity W/m°C
kg mass transfer coefficient m/s

l length M

m mass flowrate kg/s

M molecular weight kg/mol
p partial pressure Pa

P total pressure Pa

q heat flux W/m?

0 power W

R gas constant J/mol K
T temperature °C

X

z

P

&

A

o

length coordinate m
density kg/m®
emissivity -
wavelength M
Stefan Boltzmann’s constant 5.67 - 10°  [W/m? K*
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Subscripts

air air leak leakage

cond condensate max maximum
cont contact out outlet, outside
conv convective p paper

cyl cylinder s steam

eff effective surf surface

evap evaporated w water

in inlet, inside

13.11 Literature for Further Reading
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Stenstrom, S. (1996) Mathematical Modelling and Numerical Techniques for Multi-Cylinder
Paper Dryers. In: Mujumdarm, A. S., and Turner, I. W. (Eds.), Mathematical Modelling and
Numerical Techniques in Drying Technology, pp. 613—661.
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14.1 Internal Sizing of Paper and Paperboard

One important property of paper and paperboard products is their ability to resist wetting and
penetration by liquids such as water, hot and cold drinks, fruit juices, various inks, oils, greases
or organic solvents. A product is said to be “sized” if it possesses this ability to withstand wet-
ting or liquid penetration. Historically, paper was sized to prevent ink feathering, so one could
write on paper. It is important to distinguish between surface sizing and internal sizing. Surface
sizing operations consist of the application of modified starches and polymer dispersions to the
surfaces of already formed paper or board at an appropriate location at the dry end of the ma-
chine. Although polymer dispersions may be hydrophobic, or internal sizing agents may be add-
ed in size presses, the purpose of surface sizing is to control the surface porosity for printing,
decrease surface fuzz, improve surface finish and improve surface picking resistance or the in-
ternal strength of paper.

Internal sizing is a method to reduce the rate of liquid penetration into the paper structure by
treating the stock with hydrophobic substances, which make the dried sheet water repellent.

In paper the penetration can take place either:

» as liquid penetration in the capillary system of the sheet
» as surface diffusion on the fibres

»  as diffusion through the fibres (when swollen)

*  as vapour phase transport

Paper and board are internally sized either to control the wetting and liquid penetration in the
final product or to control size press or coating pick up in paper/board manufacture. When paper
is wetted in a size press, the fibre-fibre bonds are weakened, and this may lead to paper breaks,
if the rate of liquid penetration is not appropriately controlled through internal sizing.

Internal sizing methods cannot prevent vapour to penetrate the structure. In order restrict va-
pour diffusion a physical barrier must be created. Which of these processes dominate depends,
among other things, on the properties of the liquid, on the network structure, on the prevailing
pressure situation, on the time available and on the hydrophobic properties of the paper.

The liquid penetration is not static but dynamic and must be treated as such. This means, for
instance, that these different transport mechanisms can be transformed into each other without
sharp limits. The changes occurring in the network during the transport process are also very
important. For instance, when a paper sheet becomes wetted, residual stresses in the paper can
be released when hydrogen bonds are being destroyed and the structure may become more ab-
sorbent. Water absorption in the fibres makes them swell and change shape, which leads to
changes in the network structure.
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The use of a hydrophobic agent leads to a considerable reduction in the liquid penetration
provided external pressure is not applied. The main penetration mechanism for sized papers is
most often diffusion in fibres/swelling of fibres.

14.1.1 The Theory of Liquid Penetration in a Capillary System

If a small drop of liquid is placed on a smooth surface, it will under certain conditions adopt an
angle to the solid body as indicated in Figure 14.1.

Tv

TsL Ysv

Figure 14.1. Force components around a liquid droplet on a flat surface.

The equilibrium is dependent on three surface tensions, as is evident in the figure:
s = surface tension in the contact surface solid body — vapor
. = surface tension in the contact surface solid body — liquid
7.y = surface tension in the contact surface liquid — vapor
Between these surface tensions and the contact angle, the following relationship exists:

Hs = YL = Ny €088 (14.1)

This equation, which is called Young's equation, is only valid for an absolutely plane sur-
face, which is never found in nature and which certainly is not true of paper. In practice, the
contact angle is therefore not a well-defined quantity but is dependent on how it is measured.
One speaks of contact angle hysteresis and different values are obtained depending on the direc-
tion from which the equilibrium is approached when the drop is applied. One speaks of "ad-
vancing" angle 6, and “receding” angle 6, defined as in Figure 14.2.

7

Figure 14.2. Contact angle hysteresis and definition of "advancing” (6,) and “receding” () contact angle.
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Since paper surfaces are not smooth, it is also important to note that the roughness has an im-
portant effect on the contact angle. Through the introduction of a roughness factor r, defined as
the ratio between the real and apparent surface areas of the body concerned, an apparent contact
angle can be defined as the angle between the liquid and the envelope of the surface. The fol-
lowing expression is obtained:

cos 6, =cos 8r (14.2)

obs

During direct measurement of the contact angle, it is €, that is measured. It can be seen in
Equation (14.2) that if the real contact angle is above 90°, an increase in roughness gives an in-
crease in the apparent contact angle, whereas if the real contact angle is lower than 90°, the op-
posite is true (Figure 14.3).

180

150

100

0, = 90°

6, bs (degrees)

0 I I I
2 3 4

surface roughness ratio (r) —=
Figure 14.3. The observed contact angle 6, as a function of the roughness factor.

The quantity of water, which penetrates into a paper, is directly dependent on the forces of
attraction between the paper surface and water. These forces make the liquid surface in a capil-
lary assume a curved shape, a pressure difference being created over the surface. That this is the
case is shown by the following simple consideration:

Consider a water drop on a surface and the forces by which it is affected, Figure 14.4.
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Figure 14. 4. Force components for a drop on a flat surface.

The pressures P, and P, act perpendicular to the surface, If gravity is neglected, P, P, and y
(the surface tension of the liquid) must balance each other. Observe a surface element d4, the
projection of which on the plane S is d4. The force perpendicular to d4 is (P, — P,) d4 and the
force component along the z-axis is given by:

(P,—P,)d4 cos @ = (P, — P,)dA, (14.3)
The sum over the whole surface is:
(P17P2)AS=(P17P2)nrd2 (14.4)

On the periphery of the base surface, the surface tension exerts a force gdL on each length
unit dZ. The component of this force in the z-direction is g cos ¢g’dL and it is summed over the
whole periphery 2 pr2/r. The system is symmetrical about the z-axis and the force components
cancel each other:

(P1—P2) wl=2nrylr (14.5)
or
2
R-p="L (14.6)
r

which can be generalized to:

11
R-P=AP=y (—+—) (14.7)
n 15

1

where P, and P, respectively are the pressures on the concave and convex side of the meniscus,
AP is the pressure difference over the meniscus or the capillary pressure and y is the surface
tension of the liquid. R, and r, are the principal radii of the curved liquid surface.
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If the liquid exists in a cylindrical capillary with a constant radius » and the attraction forces
are such that a defined contact angle @ exists between the liquid and the capillary wall, the lig-
uid surface becomes part of a sphere and r, = , = r. The capillary pressure P is then given by:

2y, cosd
p==1L28 (14.8)

7

which is often called the Young-Laplace equation.
The capillary pressure is counteracted by the pressure drop due to the flow resistance, Py,
which can be calculated according to the Hagen-Poiseuille law:

= 8’;:1 (14.9)

where [ is the penetration length, v = dl/d¢ is the rate of penetration and 7 is the viscosity of the
liquid. The pressure equilibrium at the liquid front is thus:

P+ P.=P, 14.10
T e~ 1F

where P; is the external pressure. Substitution of the expression for P. and P in Equation
(14.8) and Equation (14.9) respectively yields:

2ycosd 8nl(dl/dt
B= yr = n(rz ) (14.11)

The solution to this differential equation shows that the penetration distance is proportional to
the square root of the time, NB

27, cosf+ Pr?
1= /%\/} (14.12)
n

This equation is often called the Washburn equation. The pressure term is often wrongly
omitted from the equation. The equation is strictly valid only for a single capillary or several
identical parallel capillaries not connected with each other. The pores in paper consist, however,
of a complicated system of connected cavities and channels of different sizes. As a conse-
quence, liquid transfer will take place from large to small cavities due to differences in capillary
pressure. It follows that the network structure is also of importance for the liquid penetration. It
is very important to realize that the equation relates only to capillary penetration and does not
take into account other processes for water transport (see below).

Equation (14.12) shows that in order to obtain a paper with 1ow capillary sorption, it is nec-
essary:

*  to create a surface with low surface energy

*  to create a structure with narrow pores, i.e. small »
(Note: however, that r increases with time due to the expansion of the fibre network)
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Figure 14.5. Pressure penetrations.

If an external pressure exists, which is often the case in surface sizing/coating operations, the
importance of surface chemical effects is reduced and the capillary structure becomes increas-
ingly more important. Figure 14.5 shows the effect of pressure penetration on liquid sorption.

In this context, it is important to note that the surface energy of the paper can be changed
during contact with liquid, due to a redistribution of surface active substances in the boundary
layer and also due to chemical hydrolysis reactions during liquid contact.

The classic penetration model, represented by the Washburn Equation (14.12), shows that
the liquid penetration should be a direct function of the square root of time. This means that
when the sorption is plotted as a function of the square root of time, straight lines should be ob-
tained. Figure 14.5 shows that this is usually not the case for low external pressures and short
times. The reason can be related at least to the following:

*  The dynamic character of the capillary pressure
»  Expansion of the fibre network

*  Liquid transport mediated by the vapor phase

»  External pressure

In the classical model, the contact angle is assumed to be independent of time and rate of
penetration. Molecular processes in the wetting zone and in advance of the liquid front, howev-
er, probably affect the dynamic capillary pressure.

When liquid penetrates into a fibre network, the fibre network expands, initially because of
the breaking of fibre bonds and fibre relaxation. In a later stage, liquid is sorbed into the fibre
with a consequent change in the form of the fibre. The driving potential for capillary transport is
the capillary pressure. According to the Young-Laplace (Equation (14.8)), the capillary pressure
is negative when the contact angle between the liquid state and the solid state exceeds 90° and
the capillary pressure then counteracts penetration into the pore system. Water transport in the
vapor phase is, however, independent of the surface tension forces between the solid state and
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Figure 14.6. Liquid penetration in hydrophobic paper (no external pressure).

the liquid. For hydrophobic papers, vapor phase water transport can therefore be an important
mechanism. Other possible effects are surface diffusion through the fibres and osmotic effects.

If a paper is sized, the liquid transport is affected drastically, as is illustrated in Figure 14.6.
Hardly any liquid penetration takes place at all when the amount of hydrophobic sizing agent is
high. With 0.7 % added rosin size, (full hydrophobicity) has been obtained, the capillary pres-
sure has become negative and the only transport mechanism is diffusion.

14.1.2 Water Sorption in Paper Structures

From the aforementioned discussion it is obvious that there are two well-defined paths of pene-
tration of water through the thickness of paper. The penetration through the pores of the paper
i.e. inter-fibre penetration as described by the Washburn equation (Equation (14.12)), driven by
the capillary pressure and the penetration through the fibres, i.e. intra-fibre penetration, result-
ing from diffusion of moisture or water through the fibres. The extent to which each of these
paths of transfer of water is measured depends also on the type of size tester used.

Hence, in an un-sized or partly sized paper, the liquid transfer is determined by variables
such as the viscosity of the liquid, the liquid pressure, the typical pore size of the paper and the
time of contact as described by the Washburn equation. A physical modification, which will de-
crease the pore size, will retard the rate of wetting and increase the penetration resistance. De-
creasing the paper porosity and increasing the apparent density may achieve this. In un-sized
paper, both inter- and intra-fibre penetration are so fast, that it is almost impossible to distin-
guish between the two mechanisms.

In a fully sized paper, liquid transudation is solely determined by the intra-fibre water trans-
fer, which is not described by the Washburn equation although attempts have been made to de-
scribe the simultaneous swelling and capillary sorption (Hoyland et al 1977).

For papers, where intra-fibre diffusion is controlling the penetration there will be no effect of
the viscosity of the aqueous media, if the large solute controlling the viscosity can not penetrate
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the cell wall of fibres. Water transport will here be determined by the extent of fibre-fibre bond-
ing. A more well-beaten stock should therefore, in theory, be better to promote surface for water
diffusion in the structure. In practice, this is seldom the case, because fibre swelling opens up
void spaces between the fibres, which can provide liquid transport by capillary suction. It is
therefore of general advantage to have a structure where the pore size is smaller.

Most sizing agents are provided as emulsions and dispersions and these can by definition not
spread or migrate in the areas, where fibres are bonded and bonds are therefore un-sized. When
these bonds are broken, when the fibres start to swell, water will penetrate these areas due to
capillary action. Some fibre structures, for instance mechanical fibre based papers, are inherent-
ly difficult to size because residual stresses in the fibre structure are released under the action of
moisture opening up fibre-fibre bonds, which will provide high surface energy surfaces mediat-
ing water transport. Wet strengthening may help the prevention of fibre swelling in highly sized
papers and represents one strategy to restrict water sorption in such structures.

14.2 Aluminium and its Chemistry in Aqueous Solutions

Aluminium salts have been an almost ubiquitous ingredient in papermaking chemistry since the
beginning of the 19" century, when Moritz Illig invented rosin sizing. Long before synthetic
polymers were used as retention agents, papermakers alum, Al,(SO,), x14H,0, was used as the
only coagulant available to retain fines, fillers and other papermaking adjuvants. Apart from pa-
permakers alum, sodium aluminate, NaAl(OH),, and various so called polyaluminium salts are
used in acid and neutral papermaking systems. Aluminium salts can be used as coagulants, be-
cause, when hydrolysed, they form various cationic species, with an affinity to anionic surfaces.
Aluminium chemistry is highly complex, mostly because slow and often irreversible reactions,
have often hampered the determination of appropriate equilibrium constants.

The chemical activity of aluminium salts is a result of the high formal charge, +3, and the
small radius of the Al-ion. In order to reduce the high charge density, the Al-ion forms a typical
Lewis acid (electron pair acceptor), strongly coordinating with Lewis bases (ligands) such as
the oxygen and fluorine (Baes and Mesmer 1976). The aluminium ion forms complexes with
H,0, OH", H,PO,, SO42’, R-COO™ but not with CI', NO;~, CLO,, see Figure 14.7.

L =H,0, OH;, H,P0O;, SO;2 C,0,2 R-CO00"~
L # CI;, NO3, ClO;

Figure 14.7. General complexing behaviour of the aluminium cation in dilute solution. L may be H,0, OH",
H,PO,,SO,*,R-COO" but not CI', NO, ,CLO,".
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The aluminium cation complexes with six ligands to form an octahedral structure. It should
be recognized that there are in fact two coordinate spheres, one octahedral internal and one ex-
ternal outer sphere coordination shell. The ligand equilibrium is, of course, dependent on a
number of factors such as type of ligand, solution concentrations etc. In dilute solutions, fluo-
ride and the bidentate ligands (oxalate, malonate and tartrate) form inner-sphere complexes,
whereas sulfate, formate and acetate mainly form outer-sphere complexes. The stability of the
aluminium ligand bond is controlled by the ability of the ligand to emit electrons, by the recep-
tivity for the Al-ion and by the stability of the ligand to occupy more than one coordination site
with the formation of a stable Al-structure.

This also implies that water molecules form relatively strong bonds with the aluminium ion,
forming the AI(H,0),*" structure in aqueous solution. The Al(H,0).*" ion acts as a weak Bronst-
ed acid and hydrolyzes as Al(H,0),*" < Al(H,0), ,(OH) >+ xH".

Finally the aluminium ion may also hybridize into its tetrahedral form, when forming alumi-
nate ions, Al(OH),, under aqueous alkaline conditions.

14.2.1 Al-Hydrolysis

When an aluminium salt of a noncomplex forming anion is diluted in water, the single trivalent
ion, Al(H,0),*, is only obtained at acidic pH-values. The aluminium salts are said to undergo
hydrolysis, which formally be described by a series of hydrolysis reactions:

Al(H,0).* + H,0 < (AI(OH)(H,0),>" + H" (Reac 14.1)
(AI(OH)(H,0),)*" + H,0 < (AI(OH),(H,0),)" + H" (Reac 14.2)
(AI(OH),(H,0),)"* + H,0 < (AI(OH),(H,0),)’ + H* (Reac 14.3)
(AI(OH),(H,0),)° + H,0 < (AI(OH)4(H,0),)" + H' (Reac 14.4)

In aqueous solutions, the Al-ion yields significant quantities of Al(OH),", Al(OH),, and
Al(OH),". More important, however, is that Al-hydrolysis does not take place simply through a
series of mononuclear processes, but that the hydrolysis complex AI(OH)*" is coupled to poly-
nuclear compounds. These polynuclear compounds are formed through a process referred to as
an olation process (hydroxyl bridge formation process) as outlined below:

H 4+
oH /6\
2 (H20)4N<Hzo = (Hzo)w\ /N(H20)4 + 2Hz0 (Reac 14.5)
;

An extension of the olation process leads to multinuclear complexes. The number and for-
mulae of these are uncertain since their formation is strongly affected by counterions, Al-con-
centration, temperature and ageing conditions.
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14.2.2 Aluminium Hydroxide, Al(OH),

The solubility in the aluminium system has been studied mostly with respect to Gibbsite,
(AI(OH); (s)), The solubility constants in this system is very dependent on the purity in the sys-
tem. A synthetic, clean Gibbsite, gives a solubility product, which may be only one fourth of
that for natural Gibbsite. If the Gibbsite is newly formed and amorphous its solubility product is
high. With ageing, the crystallinity increases and the solubility product increases. Figure 14.8.
shows the concentration of aluminium and its hydrolysis products in equilibrium with Gibbsite.
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Figure 14.8. Diagram showing the aqueous solubility of a 10 M (Al (I1I) solution in equilibrium with crystalline
Gibbsite (dotted curve). The solid curves give the corresponding distributions among Al-hydrolysis products
(Ohman and Wagberg 1997).

The narrow span from Al (H,0),*" to Al (OH),” is usually explained in terms of the concom-
itant and gradual decrease in coordination number from 6 to 4. As Figure 14.8. is based on ther-
modynamically stable Gibbsite, it is not relevant for freshly formed amorphous precipitates,
which have a much higher solubility. Under such circumstances various polynuclear species are
formed and the complexity of the system increases to a large extent. Secondly the system will
be very sensitive to the nature of the counterion. If the counterions are CI”, or NO;, that is no li-
gand forming anions, polynuclear ions such as Al,;0,(OH),,” (“keggin polymer”) is formed as
a distinct species, whereas in the sulfate system insoluble cationic polynuclear species will be
formed (see “Papermakers alum”). Aluminium hydroxide precipitates have both basic and acid-
ic groups and participate in the following ion-equilibrium:

AlO" Na < Al(OH) < Al(OH,)* CI (Reac 14.6)
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Hence the precipitate is basically amphoteric in nature and posses both cationic and anionic
sites. Figure 14.9a shows the distribution of active surface sites vs. pH and Figure 14.9b shows
the zeta potential of Al-precipitates at various NaCl concentrations. The isoelectric point of the
precipitate is located at pH = 8.2.
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Figure 14.9. a) Distribution of active surface sites vs. pH in solutions with no NaCl. b) Zeta potential of Al pre-
cipitates in NaCl electrolyte solutions. Total Al concentration is 1 mM. (NaCl) = 0 mM (+); (NaCl) = 10 mM (o);
(NaCl) = 100 mM (V). (Bottero and Fiessinger 1989).

14.2.3 Papermakers Alum (Al(SO,), x 14 H,0)

As papermaker’s alum contains the sulfate ion, the hydrolysis process is distinctly different
from aluminium chloride and aluminium nitrate hydrolysis products. For many years there have
been conflicting evidence as to the nature of these hydrolysis products. Early studies (Hayden
and Rubin, 1974) indicated the presence of five aluminium species, AI**, AI(OH)*,
Al (OH),,*", AI(OH), and AI(OH)," in the absence of coordination anions. These studies were
extended (Arnson, 1982) to the sulfate system, maintaining the existence of Al (OH),,*" or Al
(OH),,(SO,)s*" (Matijevic and Stryker, 1966).

Meanwhile it has long been known that precipitates from aluminium sulfate always have the
composition 2.5 OH/Al (Brosset et al 1954), later confirmed by Linke and Reynolds (1963),
who found the average composition of the floc to be Al (OH), ,,(SO,),.s at 70 % neutralisation.
Later investigations showed that the relationship between the degree of neutralisation of alu-
minium sulfate and the composition of the alumina flock was established up to 77 % neutralisa-
tion as shown in Figure 14.10.

From a material balance calculation the composition was found to be Al(OH),,(SO,),,s in
good agreement with the cited investigations. AI*’-NMR have also failed to recognize any
Al(OH),,*" or Al,;0,(OH),,” species over a wide range of alum concentrations and degrees of
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neutralisation and the composition of the precipitate was confirmed to be Al
(OH), 5(SO,)¢,5(H,0), 45 at 40-75 % neutralisation. XPS (X-ray photelectron spectroscopy) in-
dicate two Al-atoms (7:1) with different environment and show that the floc has octahedral
symmetry. Accordingly, the basic structural unit of the floc is (Al, (OH),(SO,),(H,0),)'" (Pang
1997).
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Figure 14.10. % Aluminium insolubilized as alumina floc vs. % degree of alum neutralisation in the absence of
fibres (left) and in the presence of fibres (right) (Reynolds 1986).
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Figure 14.11. a) Effect of heat and Ca*" on titratable (polyelectrolyte titrations) charge of alum versus the molar
ratio of NaOH to alum. Conditions. 6 x 10 M Al/l. b) Titratable charge of alum as a function of pH and Al con-
centration (Strazdins 1989).
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The basic precipitate is amphoteric in nature but possesses a titratable cationic charge up to
an OH/Al ratio around 2.5. The titratable charge is given in Figure 14.11. vs. the OH/Al ratio
(left) and vs. pH 8 (right). The titratable charge of the precipitate is not very dependent on the
presence of metal ions with a charge lower than the charge of aluminium, exemplified with
Ca?*, but is dependent on heating of the precipitate. Heating reduces the charge because of tem-
perature induced oxolation processes (formation of Al-O-Al bonds) in the precipitate with a
concomitant decrease of pH as hydrogen ions are liberated during heating. The latter effect has
important practical implications for the charge characteristics of papermaking systems.

14.2.4 Aluminium Species in Aluminium Chloride and Polyaluminium Chloride
Solutions

It has long been known that if aluminium chloride or aluminium nitrate solutions are neutralised
the Al,; “keggin polymer”, see Figure 14.12, is formed. The Al ; polymer contains both Al (IV)
and Al (VI) coordinated aluminium species. Basically the Al ; polymer is metastable and its
formation is also determined by the exact experimental conditions during its formation. The sol-
uble species present during neutralisation of aluminium chloride, and detected by AI’’ NMR are
Al (H,0),*, Al,;;0,(OH),,” and Al(OH),” (e.g. Bottero and Fiessinger 1989). At a molar ratio
of OH/Al = 2.0 almost 100 % Al,; polymer can be formed. The reason Al,, is not formed from
aluminium sulfate is probably that the H,O ligand in the outer coordination sphere can be partly
replaced by HSO,™ thereby breaking the symmetry.

Through special neutralisation procedures, so called polyaluminium salts can be prepared
from aluminium chloride. Their compositions are variable, depending on the manufacturing
procedure, but they contain the Al ; polymer to variable contents. The formation of tetrahedral
Al(OH),” due to inhomogeneous conditions at the point of base introduction is essential for the
formation of the Al,; polymer. The polyaluminum chlorides are manufactured with varying lev-
els of basicity (OH/Al-ratio) and their formulae may be written as Al, (OH),; Cl; . There is
very little published information on their composition (Pang 1997; Crawford and Flood 1989).

® AV
O AV
@0

® OH
@ H,0

Figure 14.12. Structure of the Al,; polymer (Pang 1997).
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14.2.5 The Aluminium Sulfate-Cellulose System

When aluminium sulphate is contacted with cellulosic fibres, two different processes are insolu-
bilizing the aluminium ions.

» Ion exchange in the acidic region before the aluminium precipitate is being deposited onto
fibres.
+  Through the deposition of the precipitate, (Al, (OH),,(SO,),(H,0),)"".

The situation was illustrated in Figure 14.10. The quantity of unhydrolysed aluminium ions
adsorbed by the fibres is depending on the number of charged groups in the cell wall of fibres
and is thus depending on the fibre choice. Charge stoichiometry exists in the case of single cat-
ions. As a rule charge reversal of cellulose does not take place with single cations with a charge
less than +3.

A mobility (u/s/V/em)

\

4 6 8 10 pH

Figure 14.13. The clectrophoretic mobility of a microcrystalline cellulose (sol) at different concentrations of alu-
miniumsulphate (Heingard et al, unpublished).

Figure 14.13 shows how the electrophoretic mobility of microcrystalline cellulose is affect-
ed by different quantities of aluminium sulfate. The charge characteristics of the cellulose pow-
der sol are not directly reflected in the charge characteristics of the aluminium precipitate,
because the local pH at the surface of the precipitate (and as well as on the surface of fibres) is
affected by the surface potential. Hydrogen ions are being attracted by a negative surface and
cationic surfaces by a positive surface charge attracting hydroxyl ions. The local pH and the so-
lution (global) are related through the expression:

PHjoes = PH

local —

solution T € PkT (14.13)

where e is the elementary charge of an electron and @ the surface potential. It can be calcu-
lated that for every 25 mV surface potential the local pH will be increased one pH unit for a cat-
ionic surface. Hence, the local pH for the sol in Figure 14.11 is much higher and there will be a
shift towards higher pH-values in Figure 14.13. Basically no charge reversal takes place below
pH = 5. The figure shows that aluminium sulfate can recharge a cellulose sol between
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pH 5.2-7.0 for certain concentration intervals. At higher pH-values, the precipitate is converted
to anionic sols by means of aluminol ions.

100

g

d

4.0 - /
h

75
Al, (SO,)

3.0+ 3
¢ 3
Q0
~-50 5
(2]
20 | AICI, . !
£
>
£
£
>S5
©

1.0 /

4.0 4.5 5.0 5.5

aluminum adsorption (mg Al/g cellulose)

Figure 14.14. Comparison of aluminium adsorption (retention) for aluminium chloride and aluminium sulphate at
different pH-values (Arnson and Stratton 1983).

The adsorption or retention of the precipitate increases with pH up to an OH/Al ratio of 3.0.
The situation is illustrated in Figure 14.14, before decreasing at alkaline pH-values. The Al at-
tached through an ion exchange mechanism can be said to be adsorbed, whereas the deposition
of the colloidal precipitate is dependent on the shear conditions. It should also be noted that the
accessible charge of the colloidal precipitate is also dependent on the state of aggregation and
therefore is also affected by shear (Stratton 1986). The AICl, system has a much larger ability to
recharge the fibres, by means of the presence of the Al,; polymer, thereby reducing further alu-
minium deposition.

14.3 Rosin Sizing

Rosin is a resinous material that occurs naturally in the oleoresin in pine trees. There are three
types of rosin: gum rosin, wood rosin and tall oil rosin. These types are distinguished by their
source i.e. the manner in which they are derived from trees. Modern refining processes have
made them essentially equivalent in terms of sizing efficiency. Gum rosin is obtained by tap-
ping living pine trees from their oleoresin exudates. Wood rosin can also be obtained by direct
extraction of aged wood stumps. Today, the primary rosin source is tall oil, which is obtained
by fractional distillation of crude tall oil obtained from the kraft pulping process.

Rosin is composed of various resin acids, with minor amounts of non-acidic material (less
than 10 %). Tall oil rosin can contain up to 5 % of fatty acids. The resin acids fall into two
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groups, the abietic acid group and the pimaric acid group, the structures of which are shown in
Figure 14.15. They differ in the location of the double bonds and in the type of alkyl group at-
tached to the ring.

“COOH E “COOH E “COOH

abietic acid laevopimaric acid palustrinic acid
7 Sj/ ~ E j/ ~
“COOH “COOH “COOH
neoabietic acid dehydroabietic acid dihydroabietic acid
“COOH

tetrahydroabietic acid
Figure 14.15. The structure of rosin acids.

Commerecial sizing agents are so-called fortified rosin sizes, i.e. besides the natural - COOH
group in the rosin, further carboxyl groups have been introduced to increase the sizing efficien-
cy. The fortification is achieved by means of reacting levo-pinaric acid with maleic acid anhy-
dride or fumaric acid in a Diels-Alder reaction (see Figure 14.16).

The maleopimaric acid anhydride adduct is, in itself, a poor sizing agent and only a smaller
fraction (around 20 %) of the rosin is fortified. There are several reasons (Strazdins 1977) why
fortification improves sizing efficiency. In the case of soap rosin, the precipitated aluminium re-
sinate particles become smaller. The greater number of carboxylic acids also facilitates the an-
choring of the rosin onto the fibre surfaces via the different aluminium complexes. The
maleopimaric acid anhydride adduct also has 60 % higher monolayer surface area than abietic
acid indicating a horizontal orientation rather than vertical on the surface. Finally, the adduct
also have an important role for the emulsification of dispersion sizes. Rosin may also be reacted
with formaldehyde, in order to decrease the tendency of the rosin to crystallize.
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fumaropimaric acid

Figure 14.16. Reaction of rosin with maleic acid anhydride.

14.3.1 Types of Rosin Size

Commercial rosin sizes consist of two distinctly different types: highly neutralised (saponified
size) and acid rosin particle dispersion (dispersed size):

»  Pastes (Na'-soaps containing 10-30 % free rosin acid) and liquid size (K*-soap)

» Dispersions (H'-form with 75-100 % free resin acid, so-called free rosin dispersions).
There are two types of these. a) protein-stabilized (sterically stabilized) dispersions, with a
particle size of 0.5-5 um. b) Anionically or cationically (electrostatically) stabilized dis-
persions, with a particle size of 0.2—1 pm

In the Scandinavian countries, group 2, dispersion sizes and particularly the cationically dis-
persed sizes have come to dominate the market. All types of rosin sizes are used together with

alum, and the role of the aluminium ion is to aid anchoring of the rosin acids onto the anionic
fibre surfaces. Alum also has a distinct role for the retention of rosin size. The optimum pH-
range for rosin sizing is in the range between 4.2-5.5. The quantity added depends on the fur-
nish and the desired degree of sizing and is normally between 0.2 % to 1 %.

There is a decided mechanistic difference between soap sizes and dispersed sizes, so these
sizes are discussed under separate headings.
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14.3.2 Mechanistic Aspects of Rosin Sizing

In order to obtain good sizing the following conditions must be met:

*  The rosin precipitate must have a low surface energy and thus give a high hydrophobicity
giving a high contact angle towards water.

»  The rosin precipitate must have good retention on the fibres surfaces. The size should be
retained in a way to give uniform size distribution on the fibre surfaces. Hence, the size
should be retained as a fine dispersed colloid rather than as aggregates. This is particularly
important for soap size, where the particles are retained as solid particles with no ability to
spread during drying.

»  The wet rosin precipitate must be transformed to a stable low energy surface, which must
remain unchanged during contact with the liquid in question.

In all sizing with rosin (hereinafter designated as Hab), the hydrophobic product is a reaction
product between an aluminium salt and rosin. In this context the different resin acids are not
distinguished and are simply referred to as abietic acid (Hab). When soap size is precipitated
with alum the precipitate has a chemical composition corresponding approximately to a mixture
of aluminium diabietate and abietic acid (Davison 1964) approximately independent of the pH
(Traser and Jayme 1973) of precipitation. It must be emphasized, however, that the reaction
product has not a stoichiometrically given composition. The precipitate is a highly hydrophobic
substance with a contact angle around 90-105° towards water. If the rosin soap is precipitated
with acid, a considerable lower contact angle, around 50-70° is obtained. The reason can be
traced to the amphiphatic nature of the precipitate. When the rosin acid is being contacted with
water, the molecule will turn its hydrophilic carboxyl group towards the water.

During the drying of a rosin/aluminium precipitate, the polar carboxyl groups are oriented
towards the cellulose interface, whereas the nonpolar parts will become oriented towards the air
phase in order to minimize the surface energy of the system. If the molecules are not sufficient-
ly anchored to the surface of the fibres, they will turn their polar group towards water (overturn-
ing) and there will be a loss in the sizing efficiency. The role of the aluminium ions is to prevent
the turning of the polar ends by anchoring them onto the fibre surface.

The reason why aluminium has favourable properties for anchoring the precipitate to the fi-
bres can be sought in their ability to form polynuclear charged complexes with rosin and the
carboxylic groups on the fibre surfaces. During drying the aluminium/rosin complex can form
polymeric species via oxolation reactions (Kamutzki and Krause 1984; Subrahmenyam and
Biermann 1992) and the species responsible for rosin sizing may be pictured as in Figure 14.17.
The carboxyl groups on the fibres play a profound role for sizing and it has long been known
that fibres with a low carboxyl group content are difficult to size with alum/rosin.
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Figure 14.17. Hypothetical structure of aluminium rosin complex (Subrahmenyam and Biermann 1992).
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14.3.3 Sizing with Rosin Soap (NaAb)

The degree of neutralisation varies from 75-100 % in commercial size formulations. The soap
is sold either as a dry solid, a high solids thick paste (70-77 %) or as a lower solids (35-60 %)
fluid size. Dilute aqueous dispersions (pH 8.0-9.5) of these saponified sizes consist of micelles
containing 50—-100 molecules (< 0.01 um) and suspended particles (0.1 um) of neutrals and
unsaponified rosin acid.

During sizing, with rosin soap, the rosin is precipitated with aluminium salts in the thick
stock and colloidal particles in the size range between 0.01 um to 0.1 um are obtained. As
shown in fig. 4, these particle are cationic in the pH-interval between 4—6.5 if there is an excess
of aluminium ions, and the (Al)/(Ab) molar ratio is greater than 0.5. These colloidal particles
are easily retained by the anioic fibres. As shown in Figure 14.18, Hab is negatively charge
throughout this pH-interval if common acid is used for neutralisation.

mobility (u/s/V/cm)

|
(&]
T

pH4>

Figure 14.18. Electrophoretic mobility of rosin precipitates at different pH-values using different acids to neutral-
ise sodium abietate (Lindstrom and Séremark 1977).

Aluminium nitrate forms more highly charged precipitates, but there is no advantage of us-
ing highly charged particles as fibre recharging will lead to a lower size retention. The retention
mechanism for the aluminium resinate is therefore heterocoagulation. There are several reasons
why it is not possible to use alum/rosin sizing at higher pH-values. Firstly, at higher pH-values
aluminate ions AI(OH),” are formed instead of aluminium resinate. Secondly, the soap is depro-
tonized at high pH-values, which leads to overturning and deterioration of the formed low ener-
gy surface (Strazdins 1984). Sizing is therefore limited to the acid region. The optimum pH for
soap rosin sizing is between pH 4.2 to 5.0. A higher size retention is required, the higher the pH
as illustrated in Figure 14.19.
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Figure 14.19. A higher quantity of rosin acid is required at a high pH-value than at a lower pH-value in order to
obtain the same Cobb-value (Lindstrom and Soderberg 1983).

Particle size is critical in soap rosin sizing. A finely dispersed precipitate is preferred for op-
timal sizing. Under practical conditions agglomeration always takes place. This may give better
retention but deteriorates sizing efficiency. A high electrolyte conc., a high soap conc., a high
temperature and long contact time favour particle growth. Under optimal conditions a pulp may
be sized with only a fraction of size required in practical applications. The rosin content in pa-
per is therefore a poor predictor of sizing.

Electrolytes interfere with the heterocoagulation, decreasing the interaction between the cat-
ionic precipitate and the anionic fibre surfaces (Lindstrdm and Séderberg 1983, 1984). Ca*" and
Mg** also interfere with sizing as they may react with the rosin, preventing the formation of al-
uminium resinate (Strazdins 1977, 1984). Alum is usually added after size with soap sizes, but a
reversed addition is suggested in systems with a high content of divalent cations, so the rosin
can react with the aluminium before the divalent cations.

Anions, which coordinate with alum, such as tartrate, oxalate and citrate, compete with Hab
forming the sizing complex and are therefore detrimental to sizing. Lignosulfonate, pentosans
and other highly charged substances in the stock recharge the cationic precipitate and also inter-
feres with size retention and sizing efficiency (Lindstrom and Séremark 1977). Mechanical,
thermomechanical and chemimechanical pulps with a high specific surface and often a high
load of anionic substances are particularly difficult to size with soap rosin.

14.3.4 Sizing with Rosin Dispersions

The sizing mechanism with rosin dispersion is different from that with soap rosin. Here size
retention, spreading and complex formation are the consecutive elements in sizing. The reaction
between the rosin and aluminium takes mainly place in the drying section in the papermachine
after spreading/surface diffusion of the dispersion droplets has taken place. Retention condi-
tions of the rosin dispersion and the aluminium ions are therefore separate events. Commercial
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rosin dispersion sizes are often cationic (Eberhardt and Gast 1988), therefore they are self-at-
taching onto negatively charged fibres. More important, however, is the use of common reten-
tion aids to enhance the retention of both rosin and aluminium species (Davison 1988).

The addition of aluminium sulfate before the rosin dispersion (reversed addition) mode is
recommended for anionic dispersed sizes (Marton 1989). Aluminium adsorption on the fibre
surfaces gives cationic charge sites, where anionic rosin dispersion particles can be attached
onto the fibre surfaces. The rosin dispersion is usually added to the thick stock, before the mix-
ing pump, before dilution in the short circulation, since the collision frequency between fibres
and rosin particles is higher at a higher stock consistency.

Since, the softening temperature for a rosin dispersion is around 60 °C, flowing and spread-
ing, in principle to a monomolecular layer, can take place in the drying section, after which the
rosin can react with the adsorbed colloidal aluminium species. The aluminium resinate formed
in soap sizing has a sintering temperature around 120 °C and can not spread on the fibre surfac-
es as rosin dispersion sizes. Much less is known about the chemical composition of the reaction
product, formed in dispersion sizing compared to soap sizing, but it is generally assumed that
the reaction product has a composition close to that depicted in Figure 14.17.

Dispersed sizes do not interfere with paper strength to the same extent as rosin soap sizes,
because the aluminium resinate can not redistribute during drying and will interfere with paper
strength. Dispersed rosin particles contained in the fibre-fibre bond areas can not spread (Straz-
dins 1988), and hence, will not interfere with fibre-fibre bonding.

Filler materials with a high specific surface area are in general detrimental to both soap siz-
ing and sizing with dispersed sizes (Marton 1986).

14.3.5 Neutral Rosin Sizing

Rosin size can not be used for neutral sizing for various reasons. Firstly, hydroxyl ions compete
with the rosin acid in the complexation with the aluminium species. The hydrolysis of alumini-
um species may to some extent be minimized by decreasing the contact time between alum and
the stock and by using alum at a low temperature. Secondly, the formation of rosin soap, will be
an effective overturning agent to destroy the sizing. Thirdly, rosin reacts with calcium ions
forming in calcium carbonate containing papermaking systems. Modern cationic rosin disper-
sions do, however, function better than anionic dispersions at higher pH-values, but this is not a
solution to the problem.

In spite of these facts, there have been substantial efforts over the years to use rosin in the al-
kaline region and various strategies have been deviced:

*  The use of rosin esters

*  The use of polyaluminium compounds

*  Incorporation of aluminium species in the rosin emulsion
*  The use of alternative mordants to aluminium compounds

Rosin esters, such as glycerol rosinate, are in themselves no effective sizing agents because
esters are difficult to anchor to cellulosic surfaces. It has, however, been found (e.g. Wang et al
1999) that esters such as glycerol diresinate stabilize the acid rosin emulsion towards dissolu-
tion of sodium rosinate. Therefore, there is an optimum amount of rosin ester for optimum siz-
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ing in such formulations. Glycerol dirosinate has been found to be effective in such
formulations.

Aluminium species hydrolyse under aqueous alkaline conditions and polyaluminumchloride
(PAC) is often used instead of papermakers alum. PAC is, however not a particularly effective
sizing agent together with rosin and it is also necessary to use effective retention agents together
with PAC. By incorporation of aluminium species in the rosin dispersion, hydrolysis can to
some extent be minimized. Thirdly alternative mordants may be used (Biermann 1992; Shimada
etal 1997; Wu et al 1997; Wang et al 2001). Polyallylamine has, for instance been found to be
an effective mordant under alkaline conditions. It is possible to use other metal ions than alu-
minium ions e.g. ferric and ferrous ions (Zhuang and Biermann 1993, 1995), but these particu-
lar ions will also destroy the brightness of paper. None of these neutral rosin sizing strategies
have been practically utilized to any larger extent.

14.3.6 Sizing with Stearic Acid

Instead of using rosin acids, fatty acids such as stearic (C-18) acid can be used. The sizing
mechanism is very similar to rosin sizing and it functions basically in the acidic region between
pH 4-5.5. The use of stearic acid is limited to specialty papers, photographic papers being the
principal application. Stearic acid provides excellent sizing against aqueous solutions and its
principal advantage compared to rosin sizing is that saturated fatty acids will not oxidize, pro-
viding excellent stability towards brightness/whiteness loss. Rosin is, however, more cost effi-
cient.

14.3.7 Self-Sizing and Sizing Loss

Self-sizing is a process, primarily occurring in wood-containing papers or papers containing
a high amount of extractives. The reason for self-sizing is that resins and extractives with a low
softening point are redistributed on the fibre material by means of surfaces diffusion. If alum
has been used during paper manufacture, the extractives may also react with the colloidal alu-
minium species in the paper. It is thermodynamically favourable for resin in parenchyma cells
to spread to a monomolecular layer formed at the interface between air and the fibre surface,
since a high-energy surface (cellulose) is being transformed into a low energy surface. The
mechanism is analogous to the way in which windows become greasy through vapour phase
diffusion and condensation of surfactants on to the high surface energy glass surface. Self-siz-
ing can also depend on the reorientation of amphiphatic molecules in the boundary surface.

The opposite to self-sizing is called sizing loss. It is relatively common for pulps with a high
buffer capacity (high acidic group content), which have been manufactured by alkaline cooking
processes. If there are residual Na-ions adsorbed onto the acidic groups, they can saponify rosin,
which has not reacted with alum, so that the sizing is being destroyed.
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14.4 Cellulose Reactive Sizing Agents

Over the years, there have been great efforts to try to develop cellulose reactive sizing agents
(see Table 14.1). The assumption in these developments have been that the covalent linkage al-
lows permanent attachment of hydrophobic groups in a highly oriented state, which makes siz-
ing possible at very low levels of added chemical. The main requirement of the molecule is that
it should have a balance between the reactivity towards water, because of the necessity of mak-
ing stable emulsions or dispersions, and its reactivity towards cellulose. These assumptions are
to some extent mutually exclusive and a compromise must be sought.

Although, many different types have been tried out over the years the most important sizes
used are the Alkyl Ketene Dimers (AKD) and the Alkenyl Succinic Anydrides (ASA). These
sizing agents are at the opposite in terms of stability of hydrolysis and reactivity towards cellu-
lose, where AKD's are the least reactive species and fairly stable towards hydrolysis, whereas
ASA’s are very reactive towards cellulose, but also sensitive to hydrolysis.

14.4.1 Sizing with Alkyl Ketene Dimers (AKD)

Alkyl ketene dimers were the results of direct development efforts in the 40°s. These investiga-
tions demonstrated thet the parent molecule, the diketene could derivatize hydroxyl groups and
in particular those of cellulose. The strained lactone ring in ketene dimers can react both with
cellulose and water forming either the B-keto ester or the -keto acid, which spontaneously de-
carboxylates to the corresponding ketone as shown in Figure 14.20. The ketone is incapable of
reacting with cellulose. The balance of reaction and hydrolysis is subtle, as with all reactive siz-
es, but the reaction is favoured and, hence, AKD can be used as a sizing agent under commer-
cial papermaking conditions. The nucleophilic reaction with cellulose can also be accelerated
with various so-called promoters, which will be discussed below.

H [ [

>c=c{ >c=0 ——— R—CH,—C—CH(R)—C—OH
/\ B-keto acid
H R

HO-cellulose -¢€0,

i i i

R—CH, —C—CH(R)— C—0O—cellulose R—CH,—C—CH,—R
B-keto ester ketone

Figure 14.20. Alkyl ketene dimers can react either with cellulose forming the B-keto ester or with water forming
the B-keto acid, which spontaneously decarboxylates forming the corresponding ketone.



Table 14.1. Some cellulose reactive sizing agents.
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(a) German Patent 2,423,651 (1974); (b) German Patent 2,611,827 (1976); (c) German Patent 2,611,746 (1976);
(d) US Patent 4,123,319 (1978); (e) British Patent 954,526 (1964) (f) Canadian Patent 770,079 (1967); (g) US
Patent 3,102,064 (1963); (h) US Patent 3,409,500 (1968); (i) US Patent 3,455,330 (1969); (j) US Patent
4,207,142 (1980); (k) US Patent 2,627,477 (1953); (1) US Patent 2,785,067 (1957); (m) US Patent 2,762,270
(1956); (n) US Patent 2,856,310 (1958); (o) US Patent 2,865,743 (1958); (p) US Patent 2,961,366 (1960); (q) US
Patent 2,986,488 (1961); (r) US Patent 3,483,077 (1969); (s) US Patent 3,050,437 (1962); (t) US Patent
3,589,978 (1962); (u) US Patent 3,492,081 (1970); (v)US Patent 3,310,460 (1967); (w) US Patent 3,627,631
(1971); (x) US Patent 3,499,824 (1970); (y) US Patent 3,575,796 (1971); (z) US Patent 3,821,069 (1974)

Commercial AKD’s are prepared from long fatty acids via their acid chlorides, which then
dimerize to the corresponding alkyl ketene dimer.

2R—CH,—COOH

2R—CH,—COCI

Figure 14.21. Formation of alkyl ketene dimers from the corresponding fatty acid chlorides.
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The linear saturated AKD's are waxy substances, water insoluble solids with melting points
around 50 °C, when manufactured from commercially available fatty acids, being mixtures of
C-14 to C-18 fatty acids (Figure 14.21). C-16 is the dominating fatty acid in the most used for-
mulations. The sizing efficiency increases with carbon chain length from C-8 and levels off at
C-20.

14.4.2 Emulsification

AKD'’s are dispersed by using high pressure homogenizers at elevated temperatures. Most fre-
quently used stabilizers are cationic starches in conjunction with lignosulfonates/naphthalene
sulfonic acids. Waxy maize starches with no propensity to retrogradation are the preferred
choice of starch. It is important to avoid surface active substances in the dipersion formulation,
because they may interfere with sizing. The dispersions are usually made slightly cationic in or-
der for them to have a natural substantivity to negatively charged fibres, but anionic dispersions
are also used in commercial practice. In order to avoid hydrolysis of the AKD, the pH is kept
around 3 in the formulations.

14.4.3 Consecutive Events of AKD-Sizing

The consecutive events in AKD-sizing are:

*  Retaining the AKD-size using appropriate retention strategies for the size
*  Spreading/size migration to a monolayer
»  Reaction of the sizing agent with the cellulosic fibres

These events are schematically illustrated in Figure 14.22.

NN NN NN
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AKD r
fibre
deposition spreading reaction from monolayer

Figure 14.22. Consecutive events in sizing with AKD. AKD-deposition, spreading and reaction.

The retention mechanism is, in theory, heterocoagulation, where cationic size particles are
being attached to the negatively charged fibres. This is expected to give a good distribution of
the dispersion particles, but practice shows that size distribution is not critical, because of exten-
sive spreading on the fibre surfaces. More important is that effective retention aids are used for
the purpose. A high single pass retention is important, because recirculated size is being hydro-
lyzed in the white water.

When the size particles have been deposited on the fibres, there can be no reaction because
very few molecules are in molecular contact with cellulose. Because of the high surface tension
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of water, no spreading can take place until the water has been removed and the size particles are
in direct contact with air. Hence, an air-AKD surface must be formed before spreading can take
place and this takes place during drying at a solids content exceeding 60 %. The spreading con-
tinues until a monomolecular layer has been formed. This layer then reacts with the hydroxyl
groups of cellulose. This mechanism is illustrated in Figure 14.23, where the degree of reaction
and the solids content of the paper have been plotted versus the drying time. The reaction is
slow at low pH-values and, in practice, AKD can not be used except in the neutral or slightly al-
kaline pH-range. This will be even more obvious when the use of sizing accelerators are consid-

ered.
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Figure 14.23. Extent of AKD-reaction and sheet solids content vs drying time (bleached sw kraft pulp (Lindstrom
and O’Brian 1986).

AKD is especially sensitive to the presence of extractives of the fatty acid type, since these
become saponified at alkaline pH-values and compete with the spreading, forming an autopho-
bic layer blocking AKD-spreading. Poor AKD-spreading leads to poor chemical reaction with
the fibre. For these reasons, groundwood, thermomechanical and chemimechanical pulps as
well as chemical pulps containing high extractive contents are difficult to size with AKD. Elim-
ination of extractives is, hence, essential to sizing with AKD. The blocking of extractives by the
use of neutralised aluminium salts (PAC-type) have been suggested to aid AKD-sizing.

14.4.4 Retention of AKD

Cationic AKD-particles are retained by a heterocoagulation deposition mechanism onto the
negatively charged fibres, but can also be retained by using common retention aids such as cat-
ionic starch or cationic synthetic resins of various types. This may seem contradictory, but AKD
is often stabilized by cationic starch and lignosulfonates/naphthalene sulfonic acid formulations
and, hence, such AKD particles are amphoteric in nature and can react with both anionic and
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cationic retention aids. Actually, the appropriate choice of an efficient retention aid system is
crucial, because AKD will be subject to hydrolysis when circulated in the short circulation. An-
ionic dispersions may be equally good retained by the use of cationic retention aids (see Figure
14.24 b).

In the practical use of AKD, the point of addition is, of course, dependent on the wet end sys-
tem and the addition order of other chemical adjuvants. As a rule of thumb it is advantageous to
add AKD to the high consistency stock only a short time before dilution takes place in the short
circulation. The AKD—particles are deposited at a fast rate at high stock consistency but are sub-
sequently sheared of the fibre surfaces by the other fibres in a stirred pulp suspension. Both high
shear and long contact times are known to reduce AKD retention. As fines and fillers constitute
a high surface area material it is advantageous to have a high fines and filler retention. As a rule,
both AKD, fines or fillers follow the general retention level and there is little selective retention
of certain types of dispersed material. Anionic charged dissolved substances in the stock, such
as hemicelluloses and lignin residues, are generally detrimental to size retention.
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Figure 14.24. a) Retention of cationic AKD-particles onto various TCF and ECF kraft pulps using cationic PAM
(Johansson and Lindstrém, 2003). Unpublished data.

b) Retention of anionic AKD-particles onto using cationic PAM s with different charge densities (Johansson and
Lindstrom, 2003). (Unpublished data).

14.4.5 Spreading/Size Migration
The distribution of AKD-size on the fibres occurs in the drying section as discussed above.

AKD readily spreads on cellulose, because the cellulose surface is a high energy surface.
The free energy of spreading, AGs, for AKD on a cellulose surface can be written:

AGs = yCell/AKD + y AKD — y Cell (14.14)

The surface free energy of AKD is 33 mN/M and the surface free energy of dry cellulose is
around 45 mN/m or higher when cellulose is moist. If y Cell/AKD is small, the conditions for
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spreading, AGS < 0, are fulfilled. For an AKD particle trapped in between a fibre-fibre bond the
free energy of spreading, AGS = 2y Cell/AKD, cellulose-cellulose is a positive quantity, be-
cause it is associated with the cleavage of a high energy surface. Hence, AKD-particles trapped
in between fibre-fibre bonds can not spread and can not react with cellulose. Spreading or more
correct surface diffusion has been manifested by several investigators (Horn 2002; Roberts and
Garner 1987; Seppénen and Tiberg 2000; Odberg 2002). The spreading of AKD on cellulose
should, however, not be associated with the common hydrodynamic phenomena of spreading
(Cazabat 1989), which is a very rapid process. Instead, spreading takes place by the surface dif-
fusion of an autophobic monolayer of AKD on cellulose (Seppédnen and Tiberg 2000), which is
a slower phenomenon than hydrodynamic spreading. The apparent surface diffusion coefficient
of AKD on celluloise have been calculated to around 10" m%s at 50-80 °C (Seppénen and
Tiberg 2000; Odberg et al 2002). As AKD-sizing particles typically have the dimension of the
order of a micron, such a droplet would on a cellulose surface spread within 10 sec, using this
diffusion coefficient. The time of reaction is typically of the order of at least 5 minutes (compar-
ing Figure 14.23), hence spreading/surface diffusion is not the rate-determining step in sizing.

14.4.6 AKD Cellulose Reaction

The ability of AKD to be oriented and immobilized on fibre surfaces is related to its molecular
structure and reactivity. The four-membered lactone ring in AKD allows it to react with nucleo-
philes to form B-keto ester bonds with cellulose. The reaction of AKD with cellulose to form the
B-keto ester is the primary mechanism by which AKD sizes paper. The covalent bond provides
immobilisation and orientation of the hydrophobic tail outward, away from the fibre surface.
The formation of the 3-keto ester has been established in a number of publications by extraction
of C-14 labelled AKD (Lindstrém and Séderberg, 1986), by FTIR (Odberg et al 1987) and by
solid state C-13 NMR (Bottorf 1993, 1994).

Assuming a bimolecular nucleophilic reaction between cellulose and AKD can be written
(Lindstrom and O’Brian 1986):

dv/dt =K, [Cell] - [AKD] (14.15)

where x is the reacted amount of AKD and [Cell] and [AKD] are the molar concentrations of
reactants.

If there is an excess of cellulose hydroxyls available for reaction, [Cell] >> [AKD], the equa-
tion reads:

dx/dt = K,[AKD] = K, [AKD],, = K(a—x) (14.16)

where a is the maximum amount of reacted AKD and [AKD], , the available amount for re-

action. Integration leads to:

avd

_[ dx/(a—x) = jKdt, and In a/(a—x) = Kt (14.17)

So, if the quantity Ina/(a—x) is plotted versus time, straight lines should be obtained and the
reaction follows what could be called a pseudo first order reaction. This is illustrated in Figure
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14.25a, which shows such graphs for the reaction of AKD onto a bleached kraft pulp at differ-
ent pH-values. It is also shown that the straight curves intersect the x-axis at a common point in
time independent of pH. This is the time interval required to remove water from the sheet struc-
ture to sufficiently high solids content for spreading to occur. As expected the drying time to the
solids content where spreading takes place is independent of the pH-value as the rate of drying
is independent of pH for this type of pulp. If the same experiment then is performed at different
pH-values, the corresponding values between the reaction rate constant K at different pH-values
and temperatures can be obtained and the Arrhenius activation energies for the AKD/cellulose
reaction can be calculated from the Arrhenius graphs in Figure 14.25b.
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Figure 14.25. a) The quantity In a/(a—x) versus reaction time, #, where & is the maximum reacted AKD and x, the
reacted amount of AKD at different pH-values (left). b) The reaction rate constant K, from equation 2 versus 1/7,
where T is the absolute temperature (Lindstrém and O’Brian 1986).

The so calculated activation energies for the reactrion between cellulose and AKD can be
calculated from fig. 6b to be 72 KJ/mole at pH 4 to 46 KJ/mole at pH 10 (Lindstrém and
O’Brian 1986). As expected the activation energy decreases for the nucleophilic reaction the
higher the pH.

14.4.7 Sizing Accelerators
The reaction between AKD and cellulose is, however slow and sizing accelerators are invari-

ably used in commercial operations, whereby the reaction rate easily can be increased by an or-
der of magnitude. The most important sizing accelerations are:
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+  HCO;
*  Basic polymers with amine groups

The HCO, -ion has a unique ability to catalyse the reaction between AKD and cellulose.
HCOj; -ions exist in natural systems, e.g. when CaCO, is used as a filler, but it is general prac-
tice to add NaHCO, to increase the alkalinity of the stock to cellulose fibres is analysed. Figure
14.26a shows how the reaction of AKD by NaHCO;. A further analysis of the catalysis reveals
that the reaction rate is proportional also to [HCO,]. Hence, the reaction follows the equation:

dv/dt = K, [Cell] - [AKD] - [HCO; ] (14.18)

This equation clearly suggests that there is a trimolecular reaction between cellulose, AKD
and HCO, taking place. The suggested mechanism of catalysis is given in Figure 14.26b. Obvi-
ously the HCO, -ions acts as a proton transfer agent.
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Figure 14.26. a) The amount of reacted AKD vs time of reaction at different NaHCO; concentrations in the stock.
b) Mechanism of catalysis with NaHCO, (Lindstrém and Soderberg 1987).

Polymeric amines (e.g. PAMAM-EPI resins) having amino groups with a free electron pair
are classic sizing accelerators for AKD. (Lindstrom and Soderberg 1987; Thorn et al 1993;
Cooper et al 1995). Several different types of condensation polymers have been investigated
over the years and are used in commercial contexts. The polymeric sizing accelerators are often
added either to the AKD-dispersion (“rapid curing dispersion”) or used separately as combined
accelerator and retention aid. Moreover, the effects of simultaneously using polymers and
HCO, are synergistic as shown in Figure 14.27.
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Figure 14.27. Synergistic effects between HCO, and PAMAM-EPI resin on the reaction rate constant, K, when
simultaneously used in AKD-sizing (Lindstrom and Soderberg 1987).

14.4.8 AKD-Hydrolysis

AKD can also react with water forming the B-keto acid, which spontaneously decarboxylates
forming the corresponding ketone. AKD is, however, stable at room temperature at acidic pH-
values, allowing storage at the time scale of months. The effect of pH on hydrolysis is shown in
Figure 14.28. The higher the pH, the faster is the hydrolysis.

The hydrolysis is slow compared to hydrolysis of ASA, but is still of significance under
practical papermaking conditions (Colasurado and Thorn 1991, Marton 1990, 1991), when pro-
cess water with AKD is being recirculated in the mill. High single pass retention of AKD is
therefore of high importance.

PCC has also been shown to have a strong catalytic effect on AKD-hydrolysis (Jiang and
Deng, 2000), which is also of importance for fugitive sizing of PCC-containing papers. Residu-
al amounts of alkali from PCC-manufacture is most probably responsible for hydrolysis.
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The hydrolysis product of AKD, the ketone, has a slight positive effect on sizing, provided
there is some reacted AKD already present in the paper (Lindstrom and Soderberg 1986), but is
in itself no sizing agent.
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Figure 14.28. The effect of pH on hydrolysis of AKD at 50° C (Jiang and Deng 2000).

14.4.9 Amount of AKD Required for Sizing

The required amount of AKD for sizing for a given pulp depends on a number of variables and
is also linked to a number of wet-end factors. Critical is the retention of the size and the extent
of reaction together with the nature of the pulp furnish and the structure of the sheet.

Retention is critical, as recirculated size can be the subject of hydrolysis. The extent of reac-
tion depends on the drying conditions together with the presence of size accelerators. The extent
of reaction for AKD-sizes is dependent on the fraction of fibre surface exposed to the air phase,
because it is only size on free surfaces, which can spread and potentially react with cellulosic fi-
bres. AKD spreads all over the sheet and sizing with AKD is not dependent on size agglomera-
tion, which is critical for instance with soap/alum sizing. The presence of surface active
substances, such as extractives and certain defoamers, may be critical if they spread faster than
AKD, because spreading is less efficient on hydrophobic surfaces than on hydrophilic surfaces.
The extent of reaction can be quite high under ideal laboratory conditions, but under practical
mill conditions it is often in the range between 15-40 %.

Figure 14.29 illustrates how sizing expressed as the Cobb,-value depends on the amount of
reacted AKD for various pulps. It is obvious that mechanical pulps with a high specific surface
area requires more size than low surface area pulps, such as bleached kraft pulps. Defining the
onset directly proportional to the BET surface area of the papers as shown in Figure 14.30.
From surface of full sizing as Cobb,,= 25 g/m?, the required amount of AKD necessary for siz-
ing is dir balance measurements on AKD the Planar Oriented Monolayer Surface Area of AKD
can be calculated to 24 A%, From this surface area it can be calculated from Figure 14.29 that it
is only necessary to cover 4 % of the total surface area for a given pulp in order to obtain sizing.
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14.4.10 Practical Aspects and Comparisons between Different Sizing Agents

In Table 14.2, some major aspects between the different sizing agents have been compiled. Ros-
in sizing is basically restricted to acidic pH-values and so both AKD and ASA are basically re-
stricted to neutral/alkaline papermaking, although ASA may be used at slightly acidic pH-
values. Electrolytes are basically negative for all sizing agents because they interfere with reten-
tion aid use and decrease their affinity to fibre surfaces. Divalent metal ions are particularly
devastating for rosin sizing because they compete with aluminium species in the complexation
reaction. Ferric or ferrous ions can actually be beneficial for rosin sizing because they complex
with rosin in a similar fashion as aluminium species, but can usually not be used for the pur-
pose, because they decrease the brightness of paper. Fines/fillers have a large surface area con-
suming the sizing agent. Fillers can generally not be sized because rective sizes do not react
with fillers and the aluminium resinate can not be anchored to the filler. The hydrolysis product
of ASA can complex with Ca-ions, so it may in principle be able to to use for slack sizing of
calcium carbonate.

Table 14.2. Comparisons between different sizing agents.

Rosin AKD ASA

pH 4.2-5.0 7-8.5 5-8.5
Electrolytes -— - -
Fines/Fillers - - -
Dissolved an. substances -— - ——
Fibre-COOH ++ + +
Extractives + -- +)
Hydrolysis products irrelevant (+) --
Aluminium sulfate ++ - +
Stock temperature -— - -
Lactic acid resistance - + v

Dissolved anionic substances are in almost all cases detrimental to size retention. The
charged groups on the fibres are necessary for rosin sizing, and the higher the carboxyl group
content, the easier the pulp is to size with rosin. For AKD/ASA sizes, the charged groups are
beneficial for retention processes. Acidic extractives may in principle be used as sizing agents
in the presence of alum and non-ionic extractives contribute slightly to sizing. Extractives, of
the fatty acid types are detrimental to AKD-sizing, because they interfere with retention and
spreading and hence, with AKD-reaction. Extractives have in general a slight positive effect on
ASA-sizing because aluminium salts are used in conjunction with ASA-sizing. The AKD-hy-
drolysis product has a slight positive effect on AKD-sizing, but the ASA-hydrolysis product is
detrimental to ASA-sizing because the diacid is amphiphatic and will overturn in the presence
of aqueous liquids in contact with the sized paper. Aluminium salts are, of course, necessary for
rosin sizing, but interfere with AKD-sizing, if they contribute sufficient acidity to decrease the
HCO,— content of the water. AKD is used in conjunction with rosin sizing for liquid packaging
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(Walkden 1991), but there is no simple mechanistic explanation for this synergism. Stock tem-
perature has a strong negative effect, particularly for rosin soap sizing, but also for dispersion
sizing. A higher temperature leads to aggregation of precipitated aluminiumresinates and oxola-
tion of aluminium species making them loose some of their cationic charge characteristics. For
synthetic sizes a higher stock temperature leads to a higher rate of hydrolysis of non-retained
size. Neither rosin sizes nor ASA-sizes can protect paper against liquids containing strongly co-
ordinating species like lactic acid

14.4.11 Fluorochemical Sizing (FC)

The sizes discussed so far are efficient in giving water resistance. If the hydrogen atoms along
the carbon chain is exchanged for fluorine, surfaces can be created with so low a surface energy
that they also repel oil, fats and organic solvents; the surface is said to become oleophobic.

When a drop of oil is placed on a “grease proof” paper, the oil will not penetrate because the
paper has no pores and represent a physical barrier for the oil. The oil will still, however, spread
on the paper, because it is a high energy surface. If oil is placed on a FC-treated paper the oil
will not spread but will form a contact angle in excess of 90°.

The fluorine-based chemicals have long carbon chains with fluorine atoms instead of hydro-
gen atoms as in conventional sizes and a hydrophilic end, which is fixed to the fibre material
one way or another. The FC chemicals can be divided into FC-chrome complexes, FC-phos-
phates and FC-polymers (Reynolds 1989). Typical FC phosphate structures are shown in Figure
14.31.

CoHs (6]
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(C8F17SOZNCH2CH20)2P<
0~ *NH,
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\O ~ *NH,(C,H,40H),

(CF3CF,(CF,CF,)3_g CH,CH,0),P

Figure 14.31. FC-phosphate structures (Reynolds 1989).

FC-phosphates may be used as internal sizing agents, but the phosphate group is not stable in
the presence of multivalent ions such as aluminium species and does not give water repellence.
The phosphate group is anchored to cellulose by means of hydrogen bonding and a synthetic
sizing agent, such as AKD is commonly used in conjunction with FC-phosphates in order to im-
part both water and oil repellence.

14.5 Sizing with Alkenyl Succinic Anhydride (ASA)

The development of sizing agents based on alkenyl succinic anhydrides took place in the begin-
ning of the 70’s and, hence, the technology is the youngest of the major sizing technologies em-
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ployed today. Like AKD, they are able to undergo reaction with cellulose and is therefore
characterized as a reactive sizing agent, see Figure 14.32.

Compared to AKD, ASA’s have substantially higher cellulose reactivity, but are also more
prone to hydrolysis. The higher reactivity makes them suitable to control size press pick up in
fine paper manufacture, but they are less suitable for hard sizing in, for instance, liquid packag-
ing applications.

R—CH,—CH——CH — CH—~R’

Figure 14.32. Reaction of alkenyl succinic anhydride with cellulose.

ASA’s are derived from petroleum feedstock (1-alkenes or a-olefins). They are prepared
from a-olefins by catalytic isomerisation, followed by reaction with maleic anhydride. The re-
action is depicted in Figure 14.33. The commercially available ASA’s are anhydrides made
from alkenes with a carbon number of C-16 to C18.
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Figure 14.33. Mechanism of the ene reaction for the formation of ASA.

The location of the double bond is important and it has been shown that internal alkenes are
more effective sizing agents than o-olefins (Roberts 1991, 1997), because ASA made from a-
olefins being solids at room temperature and higher temperatures are needed for dispersion, un-
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der which the ASA can hydrolyse. Secondly, ASA from a-olefins are more susceptible to hy-
drolysis than the internal alkene equivalents.

14.5.1 Emulsification

Emulsions are usually prepared using cationic starch as the stabilizing polymer (Chen and
Woodward 1986; Roberts 1997). Potato or amphoteric starches are usually preferred, because
of synergistic retention interactions, when alum is used in alkaline papermaking (Farley 1991).
This is caused by the interaction between aluminium species and the phosphate group in these
starch preparations.

The starch/ASA ratio is usually around 3:1. Emulsification is carried out on-site using either
a low-shear venturi system or a high-shear turbine system, because of the rapid rate of hydroly-
sis of ASA. A small amount of a surfactant is also used to help emulsification, although higher
levels may interfere with sizing. Particle size is usually between 0.5 pm to 2 pum. Particle size
has a significant effect on ASA-sizing. The smaller the particle size, the better the sizing, see
Figure 14.34.
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Figure 14.34. The effect of ASA emulsion particle size on sizing (Béhr 2001).

14.5.2 Hydrolytic Stability of ASA

ASA-emulsions are easily hydrolysed, particularly at high pH-values and temperatures. The ef-
fects of pH and temperature on ASA hydrolysis are shown in Figure 14.35.

From Figure 14.35, the necessity of an on-site preparation of ASA is obvious. The particle size
has an effect on the rate of hydrolysis and the larger the particle size, the slowe r is the rate of
hydrolysis. Optimum particle size is therefore important, in view of the above-mentioned bene-
fits of having a smaller particle size for efficient sizing.
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Figure 14.35. a) The effects of pH on hydrolysis of ASA at 25° C (left). b) The effect of temperature on hydroly-
sis at pH = 3.5 (Wasser 1987).

It is known (Wasser 1985) that the dicarboxylic acid has a desizing effect, because the hy-
drolysis product can overturn and expose the carboxylic acid group to the water phase, when ex-
posed to aqueous liquids. It has also been shown that extraction of the hydrolysis product
improves sizing (Roberts and Wan Daud 1988). This behaviour contrasts that of AKD, where
sizing is largely unaffected by the hydrolys is product. This is the expected behaviour because
the hydrolysis product of AKD, the ketone is not an amphiphatic molecule. The remedy to this
effect is to lock the mobility of the dicarboxylic acid with an aluminium compound (Strazdins
1987), because the dicarboxylic acid can actually be used to size paper in a similar fashion as
for rosin sizing (Hatanaka et al 1991). The Ca-soap is actually also hydrophobic (Wasser and
Brinen 1998) and it is only the Na-soap or the acid form, which causes the desizing effect. It is,
however also known that the Ca/Mg-soaps can cause press picking and sticky deposits in paper-
making (Scalfarotto 1985) and it is therefore recommended to use aluminium compounds in
conjunction with ASA-sizing. It is obvious that high single pass retention of the ASA sizing
agent is critical for sizing, just as it is for AKD.

14.5.3 Reaction of ASA with Cellulose Fibres

There is direct spectroscopic evidence for the reaction between cellulose and ASA (McCarthy
and Stratton 1987). The rate of reaction is strongly dependent on pH and temperature. The high-
er the pH and the higher the temperature, the faster is the reaction as illustrated in Figure 14.36.
Although ASA may be used at lower pH-values than AKD, optimum pH for sizing is around 7,
and the optimum pH-value will also depend on stock composition and the appropriate use of al-
uminium salts as discussed above.
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Figure 14.36. a) The effect of pH on the cure rate of ASA. Handsheets were made from CaCO; (15 %) containing
stocks and were dried and cured at 90° C. b) The effect of temperature on the cure rate of ASA tub sized from tol-
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15.1 Applications of the Calender Process

Most paper and board grades are calendered with the aim of producing a surface suitable for
printing. The term calendering covers a large number of different operations where the web is
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compressed in one or more rolling nips in order to improve the surface properties. The calender-
ing can be carried out on-line in the paper machine or as an off-line operation afterwards. De-
pending on the position of the calender, the state and condition of the paper structure during the
calendering can vary significantly. For instance, the moisture content of the paper web can be
15 % when the calendering is performed before the last dryer section in the paper machine and
5 % in off-line calendering. In the case of pigment-coated grades, the web can be calendered be-
fore and/or after the coating operation, cf. Figure 15.1.
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Figure 15.1. An example of calendering positions in a production line for lightweight coated wood-containing
paper (LWC). The calendering is performed before and after the coating operation with a single (soft or hard) nip
and with a multi nip soft calender, respectively.

Table 15.1 presents an overview of different calendering processes and configurations. The
list is not complete due to the large number of local concepts or developments at the mills.

Table 15.1. Examples of different types of calenders.

Abbreviations: (H): heated roll, (P): polymer covered roll, (C): compressible soft roll made of cotton, wool/cotton or
compressed synthetic fibres, (S): unheated steel or iron roll. (LWC): light-weight-coated wood-containing paper, (SC):
supercalendered uncoated wood-containing paper, (WFC): woodfree coated paper.

Hard nip calenders

The traditional procedure for on-line calendering (i.e.
“Machine calender”). A single nip is now most common
(eg. pre-calendering before coating), although multi-nip
units, up to 8 rolls occur (eg. newsprint). Benefits: excel-
lent marking and doctoring resistance, control of CD-pro-
file.

Wet calender / Breaker stack

Wet calender - water (or starch) is applied with water boxes in front of the nip entrance. Breaker
stacks - calendering at high moisture content <15 %, on-line before the last dryer section (even soft
roll covers occur in breaker stacks)

Supercalender

The traditional procedure to calender paper to high
smoothness and gloss, e.g. rotogravure grades. Used for
WFC, LWC and SC grades. Always used off-line, up to 17
rolls. The machine speed is limited to less than 1200 m/
min and the roll temperature is often less than 100 °C.

Soft calender; 1 heated soft nip
Used primarily for board grades to smoothen the coated or uncoated printing side.
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Soft calender; 2 heated soft nips

Two nips with the heated metal roll in the upper and the lower position, respectively, intended for
paper grades that will be printed on both sides of the paper. Used for on-line calendering of LWC-off-
set and newsprint

Soft calender; 4 heated soft nips
Provides two heated soft nips per side in order to ° °
approach supercalendering quality on-line, e.g. SC and

LWC offset grades ¢y ¢

Soft calender; 1 soft/soft nip
The nip is formed between two polymer-covered rolls. Used for matte coated fine paper to improve
the surface smoothness without increasing the paper gloss more than necessary.

Multi nip soft calenders

Combine the advantage of soft and supercalendering in
order to achieve the highest supercalender quality even
with on-line installations, e.g. rotogravure grades of SC,
LWC, glossy WFC. OptiLoad, and Janus (figure) are
examples of this types of calenders.

Extended soft nip / shoe-calender

Similar concept as shoe press, but generally shorter nip
length (40-80 mm). Used for calendering coated and
uncoated board and other packaging products.

Brush calender / brush polishing

Used to improve the gloss primarily on coated board
without reducing the bulk. It is not widely used now, often
replaced by soft calendering. The circumferential brush
speed is 10-30 times faster than the web speed, 2-8
brushes are used.

paper roller
paper web

brush roller

paper roller

15.2 The Calendering Achievements

The surface properties and the structure of the paper product can be affected in a number of dif-
ferent ways by the calendering. Whether or not the achievements are desirable depends on the
target product.

15.2.1 Development of Gloss and Small-Scale Surface Roughness

One of the most striking and important effects of calendering is the enhancement of the paper
gloss. It has on several occasions been discussed whether the gloss development is a result of a
shear deformation (termed micro-slip) or of a replication of the smooth roll surface. Even
though some slip is likely to occur, it is today generally accepted that the latter mechanism
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plays a major role [1,2]. However, in somewhat different terms, high gloss can primarily be re-
garded as an effect of many optically parallel flat regions and it is possible that both shear and
replication deformation may contribute to the forming of such a paper surface [3], but to differ-
ent extents.

For paper products where a high paper gloss is aimed for it is crucial to reduce the small-
scale surface roughness (topographic variations of a magnitude smaller than a micrometer) dur-
ing the calendering, since the small-scale roughness influences the surface reflection. Calender-
ing of matte coated grades is often carried out in such manner that the gloss increase is avoided
by using a chilled iron roll mated with a soft covered roll or by having two soft-covered rolls to
constitute the nip [4].

15.2.2 Reduction of Surface Porosity and in the Semi-Scale Surface Roughness

A reduction in the porosity is in some respects favourable since it improves the ink hold-out and
thus contributes to a high and uniform print density, a low ink demand, a low print-through, a
high print gloss and the possibility of using high resolution screens. On the other hand, a reduc-
tion in the porosity due to the calendering reduces the light scattering ability [5] and conse-
quently also the brightness and the opacity. The pore size distribution is also of significant
importance for the light scattering ability.

The reduction in the semi-scale surface roughness (topographic variations on a fibre level,
i.e. the millimetre range or smaller) is to a great extent related to the decrease in the surface po-
rosity in the case of uncoated paper. It is of importance for the numbers of missing dots in half-
tone prints and also for the quality of rotogravure prints [6].

15.2.3 Compression of Large-Scale Topographic Variations and Increased
Porosity Variations

As described in Chapter 10, the fibres tend to form flocs when the fibre suspension is drained to
form a paper web. The forming of flocs (that represent the thicker parts of the paper) and the re-
sulting uneven mass distribution in the final sheet is described by the concept of “formation” of
the dry paper. When a paper with poor formation is compressed in a hard calender nip, the stress
is concentrated to the fibre flocs. Consequently an uneven reduction in the sheet porosity is ob-
tained, due to the limited ability of the roll material to conform locally.

In the worst case, the locally very low porosity can produce almost transparent regions due to
the low light scattering in these regions. This quality defect is known as blackening. Pro-
nounced compression of the fibre flocs is reported to reduce the in-plane tensile strength of
newsprint due to damage of fibres or fibre bonds [7]. In the calendering of coated grades, the lo-
cal stress concentrations can cause spots with low porosity and/or high gloss in the coating lay-
er. The spots, which are in the same order of magnitude as the fibre flocs, give raise to local
variations in the ink absorption during printing. This quality defect is known as one type of print
mottle.

For rotogravure printing the large-scale variations has to be reduced to some extent in order
to obtain a sufficient contact between the paper surface and the printing plate. The situation is
different in the cases of offset and flexography printing. Because of the deformable printing
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nips, a perfectly flat print surface is not necessary for flexo and offset grades [8]. The topo-
graphic unevenness on fibre floc level can therefore to some extent be preserved without reduc-
ing the print quality. On the other hand, it is important that the pore structure is homogeneous in
order to avoid the local variations in ink absorption that cause print mottle.

The compression of fibre flocs during pre-calendering before pigment coating will influence
the mass distribution of the coating layer.

15.2.4 Dust and Linting Control

The paper products intended for printing need a sufficient surface strength. Otherwise dust,
loose fibres and poorly bonded coating pigments in the paper surface can cause serious run-
nability problems in the subsequent converting steps, such as deposits on the rubber blanket in
the offset press. Depending on the paper product and on the calendering conditions, the calen-
dering operation can either increase or reduce the tendency for rupture of fibres or pigment par-
ticles in the paper surface. For example, a single-nip hard-roll calendering increased the
tendency for fibre rising to occur in the printing of a wood-containing paper, whereas it re-
mained more or less unaffected by calendering in a single soft nip [9].

15.2.5 Thickness Reduction and its Consequences

When a paper is subjected to a pressure pulse in a calender nip, it can be compressed to less than
50 % of its original thickness. After the pressure is released, the paper recovers to reach its final
deformation [10]. The magnitude of the permanent thickness reduction varies a lot depending
on the calender conditions and the paper products (i.e. 5-30 %).

The reduction in the average thickness of the web is in most cases a disadvantage, especially
for board and other products, which require as high a bending stiffness as possible. The bending
stiffness is strongly dependent on the average thickness. A large thickness reduction can cause a
significant cross machine directional (CD) expansion of the web. The expansion in CD was
0,3% when a woodfree paper exhibited a permanent thickness reduction of 20 % due to calen-
dering [11].

When calendering certain newsgrades the thickness reduction can be beneficial as it is im-
portant to obtain a sufficient numbers of metres of paper in a reel of a specified diameter [12].
In addition, the CD thickness profile of the paper web is often adjusted by calendering in order
to improve the runnability in subsequent converting steps, e.g. winding and printing. Modern
calenders include sophisticated systems for CD thickness profile control [13, 14]. The progress
of such systems is described below.
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15.3 Paper Compression and Stress Distribution during
Calendering

15.3.1 Load Profile in Cross Machine-Direction

In the old calenders at least one of the rolls was crowned to facilitate uniform load profile over
the entire web width. A crowned roll implies that the roll diameter increases towards the centre
of the web in order to compensate for the deflection of the rolls. The drawback of this fixed
crown is that the uniform load profile is only obtained for a certain line load. To overcome this
problem so-called swimming rolls were introduced where the rolls consists of a stationary beam
and a rotating metal shell. The shell is supported by hydrostatic pressure chamber that acts be-
tween the stationary beam and the rotating shell. The crown could thereby be adapted to every
loading case by adjusting the ratio between the loading of the bearing and the internal hydrostat-
ic pressure in the oil-filled chamber. Later on the hydrostatic pressure chamber was replaced by
hydrostatic loading elements where a thin oil film transfers the load from the stationary loading
element to the rotating shell. In the latest development each loading element can be indepen-
dently adjusted in order to fine-tune the thickness profile (and other properties) of the web in
CD-direction, Figure 15.2.

Figure 15.2. Cross-section of a calender roll with individually controlled hydrostatic loading elements.

15.3.2 Stress Distribution in Machine-Direction in the Calender Nip

The general expression for the applied load in the calender nip is the line load L that is the ap-
plied nip load divided with the web width. The line load cannot be used to compare different
calendering situations as the nip length varies substantially for different calender configurations
(from a few millimetres to several centimetres in some cases) and thus the compressive stress in
the calender nip. In practice the effective (dynamic) nip length is difficult to establish, as it re-
quires dynamic nip measurements that are dependent of the machine speed, the viscoelastic
properties of the roll materials and the paper web. However, the static nip length can be estimat-
ed by applying a certain line load with a pressure sensitive film between the rolls when they not
rotate. The compressive static stress distribution in the nip can then be estimated by the contact
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theory of Hertz [15]. It describes the static stress distribution in a nip between two compress-
ible, frictionless rolls with an infinite length.
According to the Hertz equations, the maximum compressive stress o, can be expressed as:
4 4L

Oy=—0y =

15.1
V4 2a ( )

where o,, denotes the mean compressive stress, and 2a the static nip length, determined by stat-
ic compression tests at different line loads L,. The compressive stress o,(x) in the thickness di-
rection at a distance x from the centre of the nip (0 < x < a), is then given by:

0. (x)=op,[1- (15.2)

Figure 15.3 shows the static pressure distribution for nip with 6 mm nip length at a line load
of 100 kN/m.
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Figure 15.3. An estimate of the compressive stress distribution in a calender nip calculated according to the Hertz
contact theory. The static nip length is 6 mm and the line load is 100 kN/m.

The Hertz contact theory provides also a theoretic expression for the static nip length 2a:

*
2a= /1“; (15.3)
T

where E* and R* is given by

L_l—varl—sz 154
E* E E, (15.4)

and
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AN s
R* R R, (15.5)

E, E,, v,, v, denote the Young modulus and the Poisson ratios of the roll shells (eg. polymer
cover) and R, R, the radius of the rolls. An important presumption here is that the paper thick-
ness is diminutive in relation to the thickness of a deformable roll cover and the curvature radius
of the rolls.

15.3.3 Time Dependency of the Compression Behaviour of Paper

There is also a time dependence of the deformation behaviour of the paper even though it is the
maximum pressure applied which has the largest influence on the resulting deformation. In
practice, this time dependence is easily observed as a greater thickness reduction when the
dwell time in the nip is increased, i.e. when the machine speed is reduced, at a given compres-
sive stress [16, 17].

As paper materials have viscoelastic compression behaviour the recovery (spring back) of
the paper in the calender nip will also be time dependent and thus influence the nip pressure dis-
tribution. In other words a slow spring back of the paper or an increased machine speed will
shorten the dynamic nip length. However, as paper is compressed in a relatively dry state the
most of the recovery occurs within a few milliseconds [18]. Though a minor slow recovery can
appear afterwards for hours [19].

15.3.4 Stress-Strain Behaviour of Porous Material and Local Stress Distribution

The deformation behaviour of paper can to a great extent be ascribed to the fact that paper struc-
tures and pigment coating layers are porous materials. The paper deformation during calender-
ing has been described in a way that stems from the field of foamed polymers [2, 20]. In this
description, the compressive stress-strain behaviour of porous materials is divided into three
distinct regions:

1. Aninitial linear elastic region where the number of contact points between the fibres (or
possibly other components in the structure) increases without any yielding. The deforma-
tion is therefore not permanent, i.e. it recovers completely after unloading. This occurs only
under a rather low compressive stress.

2. An elastic-plastic buckling region at not-too-large deformations where the strain increases
rather rapidly although the corresponding compressive stress increase is less pronounced.
This results in a permanent rearrangement of the fibre network.

3. A crushing region at higher deformations where the stress increases rapidly for very small
changes in the strain. It reflects the interaction between the fibres as the fibre structure col-
lapses to form a compact material. As a consequence, considerable damage to the fibres
and the fibre network may occur.

The second region is what is aimed for in calendering. However, due to the inhomogeneous
nature of paper, the first and third mechanisms may coexist locally with the second although on
average the resulting deformation may be attributed to the second region.
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15.4 Temperature-Gradient Calendering and other Methods for
Surface Softening

During recent decades, the two most important industrial trends in calendering technology have
been the development of polymeric roll covers for soft calendering and a development towards
high roll temperatures (> 120 °C up to 300 °C).

The thickness reduction and the bulk deformation caused by the calendering are in most cas-
es regarded as drawbacks. It is therefore desirable to localise the deformation to the surface re-
gions and thus minimise the deformation of the bulk structure. A substantial part of the research
on calendering has been focused on ways of achieving such effects. The general idea is to create
surface regions, which are softer and thus more deformable than the interior structure of the pa-
per. A stiffness gradient in the thickness direction is then obtained and the compressive stress
necessary to achieve a certain surface property, e.g. gloss, can then be reduced. The use of lower
compressive stress will partly retain the bulk structure (fibres and fibre network). Possible ways
to obtaining such a stiffness gradient in the thickness direction can be divided into three ap-
proaches that can be used separately or in combination with each other; 1) temperature-gradient
calendering, 2) moisture-gradient calendering and 3) material-gradient calendering.

15.4.1 Temperature-Gradient Calendering

Temperature-gradient calendering means that the paper is compressed between two rolls, one or
both of which are heated to a high temperature [21, 22]. The contact time in the nip is short,
which means that the surface regions become hotter than the bulk material. The surface material
(e.g. fibres or coating binders) will therefore become comparatively more compressible. This
approach is the most common way to obtain a stiffness gradient in the thickness direction.

Several positive effects can be obtained from temperature-gradient calendering even though
it does not show benefits in every application. The usefulness of temperature-gradient calender-
ing tends to be strongly dependent on the fibre composition of the web, e.g. on the type of wood
and the degree of delignification [23]. The calendering temperature had no significant effect on
the final result when pre-calendering a coated woodfree grade [24]. On the other hand, when pa-
per based on thermomechanical pulp was pre-calendered the best surface properties were ob-
tained by coating sheets when the pre-calendering was performed at a high temperature [25].
Moreover, the surface roughness, the paper gloss and the tear index at a given bulk level were
improved for newsprint calendered between two iron rolls heated to 210 °C instead of to 50 or
70 °C [22].

The softening necessary for a temperature-gradient effect to develop is often discussed in
terms of the glass transition temperature (7,) of the wood polymers or coating binders [26, 27].
However, the wood polymers can exhibit a substantial softening even below 7, that can be im-
portant in this context [23].

On a coated paper surface, the conditions for obtaining thermal softening differ. An almost
immediate thermal softening was found, indicated by a weak time-dependence of the gloss de-
velopment in the calendering of coated woodfree and LWC papers [17]. The component of the
coating layer that can exhibit thermal softening in a heated calender nip and thus affect the me-
chanical properties of the coating layer is primarily the binder. Different types of latices used as
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binders in coating layers have different thermal softening behaviours [28]. The positive effects
of temperature-gradient calendering can therefore to some extent be promoted by adapting the
type of coating binder to calendering at high temperatures by changing the type of coating latex
(see Section 15.5).

The actual shape of the temperature gradients in the paper during calendering is however not
yet fully understood. Several studies points to a rapid decrease of the roll temperature only a
few microns from the paper surface contacted by the heated roll [29, 30, 31]. Parameters that
have an important influence on the shape of the temperature gradient are for example the ther-
mal conductivity of the paper during compression, the diffusion distances within the paper
structure and the heat transfer coefficient between the paper and the roll. Therefore the surface
roughness, the moisture content and the nip pressure will certainly influence the shape of the
temperature gradient. The heat conduction equation, that describes the thermal flux between
two infinite plates, has been used in several studies as a rough estimate of the temperature distri-
bution in the thickness direction:

o*’T 10T
= aa (15.6)

where its simplest solution is:

T(z,t):T0+(TS—TO)-{1—erf[2._—\/Z_.tﬂ (15.7)

where:
T(z,t) = temperature at a distance z from the heated roll surface at time t
T, = temperature of the paper web as it enters the nip
Ty = temperature of the heated roll surface
o = thermal diffusivity of the paper
erf(x) = error function (a kind of distribution, cf. normal distribution)

a is given by:

k
p-C,

o=

(15.8)

where
k = thermal conductivity
p = density
Cp = specific heat

The temperature gradient develops simultaneously with the pressure build up when the paper
is compressed in a heated calender nip. Figure 15.4 shows the temperature profile at different
depths in the paper as function of time. The results, such as the thermal diffusivity values, are
based on platen press experiments [31]. It can though be regarded as an illustration of the heat-
ing of certain segments of the paper when it passes through a heated calender nip.

A more complex analysis of temperature gradient calendering can be carried out by model-
ling of simultaneous compression and thermal softening using finite element analysis [32].
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The high-temperature calender rolls, i.e. thermo rolls, are normally made of chilled cast iron
or hardened steel [11]. Forged steel also occurs, as well as chromium plated cast iron rolls. The
thermo rolls should be very smooth, provide the right thermal properties for sufficient heat
transfer, good corrosion resistance and a low adhesion to the surface material of the web. More-
over, the rolls surface have to be hard in order to impart good abrasive wear resistance and en-
able doctoring of the roll surface. A thermal spray coating, eg. by plasma treatment, can
improve the properties of the roll surface. The achievements can be a harder or a smoother roll
surface depending of the type of thermal spray coating material used. Aluminium oxide, chro-
mium oxide and tungsten carbide are some examples.
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Figure 15.4. Temperature as a function of contact time for different thermal diffusivities, «, and at different dis-
tances, z, from the surface. The temperature profiles were calculated by using the heat conduction equation with a
surface temperature of 150 °C. The thermal diffusivity is given in mm?/s.

The thermo rolls are normally heated by oil, water or steam flowing in peripherally drilled
pipes through the shell of the roll. To obtain the highest calendering temperatures internal or ex-
ternal induction heating is also possible, i.e. heating generated by an electromagnetic field [33].
This technique is not yet so common in mill scale, but several new industrial installations have
been completed in the recent years.

15.4.2 Moisture-Gradient Calendering

Spraying steam or water onto the web immediately before the calender nip is another way to se-
lectively soften the paper surface. Since the time for water penetration is very short, a moisture
gradient develops [34]. The presence of a moisture gradient may be especially effective when it
is combined with high roll temperatures, since the moisture reduces the softening temperature
of the wood polymers, lignin, hemicellulose and cellulose [35]. The possibility of achieving a
positive effect of the moisture gradient depends upon the composition of the paper. For in-
stance, higher gloss and lower ink demand was found for newsprint when applying water with
spray nozzles before the calender nip [34]. Moreover, applying a water film to a woodfree un-
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coated paper before calendering with a soft nip reduced the gloss variations at a given average
gloss level. The average gloss, surface roughness and bending stiffness were not however im-
proved by the water application [36]. A water box in the calender stack in the pre-calendering of
solid bleached board gave a coated product with better surface smoothness [37]. Moistening of
the web after the coating operation is not so common due to the risk for enhanced coating de-
posits on the calender rolls.

As an example of applications, steaming of the web is common for uncoated wood-contain-
ing supercalendered paper (i.e. SC paper). A number of steam showers are then placed before
the nip entrances in the calender stack. Despite the risk for deposits, this concept has also been
applied to LWC-grades. Figure 15.5 shows a schematic cross section of a steam shower. Mod-
ern steam showers are zone controlled in order to enable adjustment of the CD gloss profile.

Figure 15.5. A cross-section of a steam shower.

When the web temperature is high (> 60 °C), for instance when the paper will be calendered
right after the dryer section, the steam cannot condensate on the web surface. There is then two
alternative ways to moisten the web; either to reduce the web temperature by using cooling cyl-
inders before the calender or to transfer water instead of steam by using a water spray box or a
water box. In the former case the water is sprayed on the web with nozzles and in the latter case
the web passes a roller nip with a water pond.

15.4.3 Multi Layers Products Adapted to Promote Surface Deformation

Multi-layer board (and perhaps in the future stratified formed woodfree paper) offers another
possibility to produce a surface more deformable than the inner structure. The basic idea is to
direct the most deformable fibres to the surface region. The fibres can be more deformable for
geometrical reasons (wall thickness, length to width ratio etc.) or because of their composition
(e.g. lignin content). The requirements regarding the surface and other properties in a wider
sense, e.g. whiteness and surface strength limit the possibilities of specifically adapting the sur-
face fibres with respect to their response to the calendering operation. Material-gradient calen-
dering may be a realistic possibility for some high-quality coated products where the coating
operation is performed in two or more steps. The coating formulation can then be adapted to the
position of the layer in the thickness direction. The pre-coating ensures a proper interaction with
and coverage of the base sheet. In the top coating, either the binder or the pigment can be used
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to enhance the surface compression. For instance, hollow plastic pigments are more deformable
than inorganic pigments and are therefore of interest as a component in the formulation of the
top coating [38].

15.5 Calendering with Soft Deformable Nips

15.5.1 Principal Features of Soft Deformable Calendering Nips

The characteristic of a soft calender nip, here regarded as a nip formed between a rigid roll with
a metal surface and a polymer-covered backing roll, is that both the paper and the backing roll
are compressed. The rigid roll surface is replicated in the contacting paper surface, through
plastic deformation during the compaction [39]. The paper surface in contact with the polymer-
covered backing roll deforms correspondingly with the cover. The paper surface deformation is
normally limited on this side of the paper; e.g. the gloss increases only slightly on the paper sur-
face contacted by the deformable roll. The magnitude of the roll cover deformation depends on
the line load, machine speed, roll diameter, stiffness and thickness of the cover material etc. The
deformation of the available covers varies over a broad range. For instance, rolls filled with syn-
thetic or natural fibres are reported to shrink in the circumferential direction during loading,
whereas polymeric unfilled rolls are rather incompressible and therefore expand in the nip [2].

Soft calendering is often performed with the rigid roll heated to rather high temperatures. It
is then clear that the characteristics of the backing roll will influence both the pressure and the
temperature pulse experienced by the paper in the calender nip. The effects of a more deform-
able backing roll on the nip conditions are here divided into four characteristics (which are of
course more or less interrelated):

1. Anincrease in the nip length at a given line load will decrease the maximum pressure level
and produce a more evenly distributed pressure in the machine direction (even if the paper
exhibits no thickness variations). A certain pressure is required to achieve a permanent
deformation of the surface. Since the applied pressure does not vary in the thickness direc-
tion, a change in the nip pressure cannot be used in order to localise the deformation to the
surface regions.

2. Anincrease in the nip length will prolong the nip dwell time at a given machine speed. This
is important since paper products exhibit to some extent a viscoelastic character in the thick-
ness direction [40, 41]. By varying the machine speed with a constant line load, with one
type of nip and no heating, the effect of a prolonged dwell time can be estimated. For
instance, when an uncoated woodfree paper was calendered, both the gloss and the thickness
decreased linearly with decreasing machine speed °. However, the line load had a substan-
tially greater influence on the gloss and on the thickness reduction than the dwell time [16].

3. As described in the previous section the heat transfer in the hot calender nip is time-depen-
dent. Therefore, the roll deformation that influences the dwell time in the nip will also
affect the heat transfer to the paper.

4. The paper surface replicates the smooth surface of the rigid heated roll, whereas the
deformable backing provides a flexible support. The deformation of the backing roll can
therefore to some extent be adapted to conform to local variations of the paper structure,
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such as fibre flocs, cf Figure 15.6. The deformable rolls thus give a more uniform pressure
distribution in the nip, and this lead to a paper structure with a more even density distribu-
tion [16]. On the other hand, this limits the possibilities of adjusting the CD thickness pro-
file of the paper web.

Heated roll Heated roll

Deformable roll

Figure 15.6. A schematic drawing of the pressure distribution and the deformation of the paper structure
when using a hard and a deformable backing roll, respectively. In the case of the hard backing roll the shad-
ing illustrates stress concentrations directed towards the fibre flocs.

15.5.2 The Influence of Soft Nips on the Calendering Result

The effects on the calendering result of using a soft instead of a hard nip (metal roll surfaces on-
ly) have been studied extensively. The advantages of soft calendering have often been attributed
to the more gentle compression where the stresses are not only localised to the thicker parts of
the paper structure. The strength properties are therefore better preserved [2]. Compared to a
hard nip, the more even compression in soft calendering causes less porosity variations and the
tendency for calender blackening and print mottle is therefore reduced [42]. In another study the
in-plane density distribution in uncoated woodfree paper calendered with soft or hard nips was
characterised [9]. The soft calendering enhanced the density variations less than calendering
with the hard nip. On the other hand, hard nip calendering produces a paper web with a more
uniform thickness. When soft calender nips are used, the CD thickness profile of the web has to
be of acceptable evenness before the web enters the calender nip, e.g. by adding steam in differ-
ent positions in CD using zone-controlled steam showers [43].

15.5.3 The Evolution of the Soft Calendering

Soft-nip calendering comprises a number of different calendering concepts. The common feature
is that at least one of the two rolls constituting the nip is more deformable than a roll with a steel
or iron surface. Supercalendering and soft nip calendering have in a historic perspective been dis-
tinguished as two different types of calendering process in which deformable rolls are used.

The main features of the two calendering techniques have differed substantially. The super-
calender has, with very few exceptions, been an off-line installation with a roll stack of § to 14
rolls. Most often two supercalenders are required to keep up with the production from one paper
machine. The soft calendar has mainly been installed on-line in the paper machine or coating
station, and consists of 1 x 2 rolls, 2 x 2 rolls, 1 x 3 rolls or 2 x 3 rolls.
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The character of the deformable rolls has also been different. The supercalender rolls have a
typical diameter of 400 mm and have traditionally been made of compressed natural fibres (cot-
ton, wool/cotton or asbestos/cotton fibres), even though rolls of compressed synthetic fibres
(i.e. filled rolls) and polymer-covered rolls are now more frequently used. Due to the extensive
numbers of different concepts of soft calendering, the diameter of the rolls varies over a broad
range from 400 to 1200 mm. The soft calender roll covers are always made of different types of
polymers, such as polyurethane.

In the latest calendering concepts, the supercalender and the soft calender appear to be com-
bined into a single technique. The design of these new concepts (e.g. Janus, OptiLoad and Pro-
Soft) is often reminiscent of traditional calender stacks, but a number of improvements make it
possible to produce supercalendered quality with on-line installations [44], Figure 15.7. For ex-
ample, the filled rolls are being replaced by polymer-covered rolls, the rolls with metal surfaces
can be heated to higher temperatures (170 °C or more), the dead load of the rolls can be relieved
so that the line load can be equal in each nip and the calenders are equipped with high-speed
web-threading systems [45]. Cost effectiveness is the major driving forces for replacing the su-
percalender operation, normally two supercalenders are required two keep up with the produc-
tion from one paper machine.

Figure 15.7. A multi nip soft calender installed on-line on a LWC paper machine (Haindl Papier) that started up
2000.

It was reported already in the 1960’s that an increase in roll temperature up to 200 °C sub-
stantially improved the gloss and smoothness at the same bulk when soft calender coated board
[46]. Obviously, even though the temperature-gradient calendering concept was originally de-
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veloped for hard nips, i.e. for a nip formed between two iron or steel rolls, it has long been
known that high-temperature calendering combined with soft nips can be very favourable. This
early technique for hot soft calendering, known as gloss calenders, was carried out with heated
iron rolls and rubber covered backing rolls. The maximum line load was however rather limited
due the rubber covers sensitivity for shear deformation that caused heat build. Today’s soft rolls
with synthetic polymer covers have been progressively improved over the last decades and are
now therefore used in an increasing number of application areas. Examples of such improve-
ments are a higher marking resistance, a lower mechanical hysteresis (resistance to thermal
overstress in order to avoid local heating-up) and stronger bonding between the cover and the
roll shell. The soft rolls can therefore act as backing rolls under more demanding conditions
than before; i.e. higher compressive nip stress or together with metal rolls heated to 250 °C or
higher.

A modern deformable roll cover is built up in layers of materials with different mechanical
properties. Examples of materials used for elastic calender covers are polyurethane, epoxy res-
in, aromatic polyamides, mineral fillers and synthetic or mineral fibres. The outer layer must
have a sufficient wear and marking resistance. The thermal properties are also important such as
low thermal expansion, tolerance for external heat (eg. transferred from the thermo roll) and
low heat built-up due to the subsequent compression. The built up of the outer layer is usually
epoxy resin reinforced by polyester or aramide fibres and sometimes filler added in order to im-
prove the wear resistance, Figure 15.8. The intermediate layer and the base layers prevent stress
concentrations between the deformable outer layer and the stiff metal shell and consist of differ-
ent types of woven and non-woven synthetic or mineral fibres. The hardness of soft rolls is most
often described as °Shore D, °Shore A or P&J (Pusey and Jones). °Shore D is applicable for the
most common hardness range. A comparatively hard soft roll used for soft calendering of news-
print can have a hardness of 92-95 °Sh D and a softer one (eg. intended for coated board) can
have a hardness of 60—-82 °Sh D (or 3—5 P&J). Note that for P&J a lower number means a hard-
er material.

functional layer

base layer

Figure 15.8. Soft deformable roll covers consist of a smooth outer layer and winded intermediate and base layers
of synthetic fibres (left) and (right) a cross section of a polymer cover.
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Another direction of the development of the soft calendering technique is an extended nip
length. For conventional soft calendering the dynamic nip length rarely exceeds 20 mm. In the
last decade a calendering method with an extended soft nip has been introduced, so called shoe
calender or long nip calender. The nip is formed between a normal heated roll and a deformable
belt supported by a shoe. Oil is added between the belt and the shoe in order to perform hydro-
static lubrication, cf. shoe presses for wet pressing. With this technique the dynamic nip length
is extended to up to 80 mm. With shoe calendering the principal features of soft calendering
(see above) has been taken further. Due to the very uniform pressure distribution the calender-
ing technique will not enhance porosity variations that can cause print mottle and gloss varia-
tions for example. When the technique is combined with high calendering temperature an
intense calendering can be carried out at comparatively low compressive stress [47, 48]. The
technique is preferentially used for grades where preserving the bulk as much as possible is es-
pecially important, such as different types of board, and also for paper grades where compres-
sion localised to the fibre flocs is an critical issue (for example due to a poor formation). It is
less suitable for grades that require multi nip calendering.

15.6 Calendering of Coated Grades

15.6.1 Pre-Calendering before Coating

The most coated grades are subjected to some kind of pre-calendering before the coating opera-
tion. Both hard and soft nips occur as well as single and multi nip configurations. The objective
of the pre-calendering differs depending on paper grades and coating technique eg;

» Levelling of the thickness profile of the base paper in CD before the coating. This is of
importance for controlling the difference in the properties between the centre and the edges
of the rolls caused by for example the shrinkage during drying.

»  Sealing of the surface pore structure of the base paper in order to reduce the penetration of
coating colour into the base paper.

+  Compression of fibre flocks and single loose bond fibre in the base paper surface in order to
improve the coating coverage of the base paper.

However, the effect of the pre-calendering is partially gone strayed during the coating opera-
tion. When the base paper comes into contact with the liquid phase of the coating colour during
the coating operation, a roughening of the surface of the base paper can occur. This effect can
be quite pronounced for instance for pre-calendered LWC paper [49]. It has been suggested that
the roughening related to pre-calendering is primarily an effect of fibre shape recovery [25].
The pre-calendering introduces stresses in the paper structure. The water absorbed by the base
paper during the coating process can release these stresses, and this causes out-of-plane dimen-
sional changes in the base paper during the consolidation of the coating layer. Fibre swelling
and bond rupture may also contribute to the roughening.

The paper structure is compressed at rather low moisture content when it is calendered. As a
consequence, it is improbable that any new bonds will be formed due to the re-organisation of
the fibre structure. The amount of water present when the smooth paper surface is formed seems
to be of great importance. It has been showed for example that fibres that have collapsed by
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press-drying are more stable when wetted than those collapsed by temperature-gradient-calen-
dering [25].

15.6.2 Calendering after the Coating Operation

Temperature-gradient calendering is commonly used also for calendering of coated grades. It is
clear that a high roll temperature makes the coating layer more deformable. Therefore, in the
most cases, the targeted surface smoothening and gloss can be obtained at a lower compressive
stress or with fewer calender nips by increasing the calendering temperature. However, an im-
portant differences compared to hot calendering of uncoated grades is that main component of
the surface, the pigments do not soften. A typical coating layer contains 80-95 weight-% inor-
ganic pigments (e.g. kaolin clay and calcium carbonate) that are not greatly affected by the tem-
perature increase in the range for a heated calender nip. In contrast, the synthetic latex binders
normally exhibit rather marked softening in the temperature range for calendering and it consti-
tutes in the most cases a substantial proportion of the coating layer (5—-10 weight-%). It is there-
fore a clear relation between the thermomechanical properties of the synthetic binders (i.e.
latex) and the compressive stiffness of the coating layer, which affects the deformation of the
coating layer in the calender nip [27].

It becomes evident in Figure 15.9 that the temperature dependent softening behavior of dif-
ferent styrene-butadiene latex binders can vary significantly. The storage modulus was charac-
terised for pure latex films at different temperatures [50]. The influence of the latex composition
on their mechanical properties is more discussed in Chapter 16.

log G' (Pa)

Temperature (°C)

Figure 15.9. The storage modulus at a frequency of 1 rad/sec of pure latex films at different equilibrium tempera-
tures.

When calendering coated grades there is risk for coating deposits on the calender roll surface
that can be formed at a rather low rate but create a problem due to accumulation over time. At
low calendering temperatures the primary reason for the deposit formation is insufficient bind-
ing of pigment particles in the coating layer, i.e. dusting. At high temperature calendering the
softening of the latex binder is necessary for attaining the benefits of temperature gradient cal-
endering, but on the other hand an extensive softening may increase the adhesion of the coating
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layer to the calender surface to a point where the cohesive strength of coating layer is exceeded
and sticking occurs. The moisture content of the web is very critical for the cohesion of the
coating components and affects the deposit formation both at high and low calendering temper-
atures.

Additionally, the properties of the pigment particles (such as the shape, particle size distribu-
tion and abrasive properties) influence the calendering ability of the coating layer. For example,
platy clay particles in the uppermost surface of the coating layer can be redirected and paral-
leled by the calendering operation and this will promote both a proper smoothness and gloss
[51]. However, the most coating formulations of today contain both platy and more spherical
particles, thus the relevance of this effect may be limited (see Chapter 16). In general, the
smoothens and gloss of the coating layer after the calendering operation is to a great extent de-
termined by the structure uniformity of the coating layer before the calendering [52, 53]. The
use coating pigments where the individual pigment particles deform by the calendering opera-
tion is however an exception from this. An example of such particles is hollow sphere polysty-
rene pigments [38, 54]. However, due to the high material costs their industrial relevance has so
far been very limited.
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16.1 Introduction

Coated paper and coated board are printing substrates used for printed matters, printed in multi-
colour, on which high demands are directed on sharpness and brilliance in the printed image.
Examples, of such printed matters are magazines, catalogues, brochures and consumer packages
of different kind. In magazines, catalogues, and brochures the advertisements must be exposed
in such a way so they catch the attention of the reader. Analogous is true for consumer packag-
es; they must expose the packed article so that they catch the attention of the buyer. More than
90 % of the production of coated paper and coated board is used for printed matters of this kind.
The coating is applied to the paper or the board in the form of a coating colour, consisting of
pigments, binders and additives dispersed in water. There are different methods to apply the
coating. After forming the coating layer, the water is evaporated with a dryer. The coating can
be performed both in-line and off-line and in one or in multiple steps. Usually10 g/m? is applied
in each step, which corresponds to a thickness of approximately 7 um. In paper coating the ma-
chine speed is higher than in board coating. This is due to the higher grammage of board, and
besides of the grammage, the machine is also controlled by the coating technique used. The
fastest coaters currently in operation run at machine speeds approaching 2000 m/min. A brief
summary of the definitions of coating colour, coated paper/board, and coating layer is given in
Table 16.1 The surface treatment of paper and board briefly described above is called pigment
coating or just coating.

Table 16.1. Brief summary of the definitions of coating colour, coated paper/board, and coating layer.

Coating colour |Coated paper/board Coating layer

Pigment, binder, Paper is coated on both sides (C2S), | Coat weight of each layer 8-12 g/m?, cor-
additives, and board on one side (C1S). responding to a thickness of 6-9 pm.
water Single coating

Double coating
Triple coating (board)

Surface sizing is another type of surface treatment. In this treatment the paper or board is ap-
plied with a thin surface layer, generally consisting starch, in order to improve the surface
strength. The size is applied in the form of a water solution using similar techniques as for pig-
ment coating. This chapter is focused on pigment coating and surface sizing is discussed just
briefly.
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16.2 Coated Products

In the classification system used for paper and board, coated products are divided into coated
mechanical paper, coated wood free paper and coated board. Below are some of these grades
described.

16.2.1 Coated Mechanical Paper

LWC (Light Weight Coated): The base paper consists of 50 % mechanical pulp and 50 %
chemical pulp and usually it does not contain any filler. The paper is coated on both sides and
the coat weight is approximately 10 g/m* per side. Coated grammage is to be found within the
range 50-65 g/m’. The final coated paper is usually supercalendered.

ULWC (Ultra Light Weight Coated): The base paper contains more chemical pulp then that
for LWC and it is usually added with filler in the form calcined clay. The paper is single coated
on both sides and the coat weight use to be 6-8 g/m”. The final coated paper is usually soft-cal-
endered in-line. Coated grammage is to be found within the range 39-42 g/m*.

16.2.2 Coated Wood-Free Paper

Coated wood free paper, which also is named coated fine paper, is coated on both sides and both
single coating and double coating exist. In single coating the coat weight is 10-12 g/m? and in
double coating approximately 10+10 g/m*. Coated grammage is to be found within a relatively
wide grammage range, 80400 g/m”, with the centre of gravity within the range 115-150 g/m’.
The higher grammages are called "board weights", but in contrast to board, which is formed in
multiple plies, the base paper for the board weights is form in one ply.

The fibre composition of the base paper, which is produced at a neutral pH-value, is usually
40 % fully bleach chemical soft wood pulp and 60 % fully bleached chemical hard wood pulp.
The opacity of sheets formed of chemical pulp is low and therefore the base paper is pigment
filled and ground calcium carbonate (GCC) or precipitated calcium carbonate (PCC) are usually
used for that purpose. The base paper is sized and usually also surface sized. Base papers for
coated wood free papers are characterised by high brightness.

16.2.3 Coated Board

There are five types of coated board: solid bleached sulphate board (SBS), folding box board
(FBB), white lined chip board (WLB), carrier board (CB) and liquid board (LB). The baseboard
differ for the different board products, but common for all is that they are coated on one side in
two steps approximately 10+10 g/m?, or in three steps, approximately 10+10+10 g/m?, and that
the baseboard is built up in plies, usually 3—5. Counted from the side to be coated the names of
the plies are top ply, centre ply (which can be more the one), and bottom ply.

SBS: The top and bottom plies consist of fully bleached hard wood pulp and the centre ply or
plies of fully bleached soft wood pulp. The baseboard, which is produced at a neutral pH, is
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sized and usually also surface sized, but it contains no filler. The baseboard for SBS is charac-
terised by high brightness.

FBB: The top ply consists of fully bleached chemical hard wood pulp and the centre and bot-
tom plies of mechanical pulp. The top ply, which is produced at a neutral pH, is sized in contrast
to plies based on mechanical pulp. None of the plies contains filler.

WLC: The top ply is based on fully bleached non-printed recycled paper and the centre and
bottom plies of non-de-inked printed recycled paper, which gives the two latter plies a grey tone
with an ISO brightness of approximately 30 %. The side to be coated must have high brightness
and therefore it is important that the top ply has high opacity so that it covers the low brightness
ply beneath. Bleached recycled paper contains pigment in the form of filler and coating pig-
ments and therefore the top ply will be pigment filled, which increases its opacity. Filler in the
form of calcined clay or titanium dioxide are sometimes added in order to increase the opacity
further. Normally none of the plies are sized.

CB and LB: The top ply of these products consists of fully bleached chemical hard wood fi-
bre and the centre and bottom plies of unbleached chemical soft wood pulp. In order for the top
ply to cover the centre ply beneath, which has low brightness, the top ply must have high opaci-
ty. Therefore filler is usually added to the top ply in the form of calcined clay or titanium diox-
ide. All plies are produced and sized at a neutral or an acid pH.

a) paper products

Fine paper LWC ULwcC

Coating

Coating

Coating

Bleached hardwood/
softwood pulp,
filler

50/50 Mechanical/
bleached chemical
pulp

30/70 Mechanical/
bleached chemical
pulp, filler

Coating

Coating

Coating

b) board products

Solid Bleached Board
SBS

Folding Box Board
FBB

White Lined Chip Board

WLC

Carrier/ Liquid Board
CB/LB

Coating

Coating

Coating

Coating

Bleached hardwood

Bleached hardwood

Non-printed recycled

Bleached hardwood

pulp

recycled paper

pulp pulp, filler bleached fine paper, | | pulp, filler
filler
Bleached softwood Mechanical pulp Non-de-inked Unbleached

hardwood pulp

Bleached hardwood
pulp

Mechanical pulp

Non-de-inked
recycled paper

Unbleached
hardwood pulp

Figure 16.1. Build up of some coated a) paper and b) board products.
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16.3 Demands on Coated Paper and Coated Board

Coated paper and coated board are printing carriers, to be printed in lithographic offset and roto-
gravure, and in the case of board also in flexography. The demands on the coating are placed by
the printing method used. However, common for all printing methods is, that high print quality
prerequisites that the coating layer covers the substrate and that it is homogenous in all respects;
in porosity, in chemical composition, in topography, and in reflectance. High brightness and
usually also high gloss are other desired properties.

Base paper and base board for coating, like all paper products, are rough and therefore diffi-
cult to cover with a thin coating layer. Figure 16.2 shows schematic cross sections of such a
substrate coated to the same coat weight but with two different coating colours, one yielding
poor coverage, Figure 16.2a, and the other yielding good coverage. The coverability of the
coating layer is governed by its density or porosity. At the same coat weight a coating with low
density coating (porous) is thicker and, evidently, yields better coverage than one with high
density (dens).

Figure 16.2 illustrates the topographical or physical coverage of the base paper. However,
not only the physical coverage is important but also the optical coverage. High optical coverage
is especially important when coating substrates of low brightness, e.g. LB or WCB or when the
coat weight is low, e.g. LWC and ULWC, because the substrates must not show through the
coating. If it does the coated material will have a mottled appearance, because the coat weight
varies, Figure 16.2. High optical coverage is promoted by a high light scattering coefficient (s-
value) of the coating layer. Usually high topographical coverage is accompanied with high opti-
cal coverage and vice versa.

a) poor coverage b) good coverage
20 ‘ ‘ 20
= 451 Surface profile of coated product L1s —
£ £
= =
= 10 + r 10 =
2 o
_ac) 5 A L5 g
0 T T T T T T T T T 0

2 4 6 8 10 12 0 2 4 6 8 10 12

Coating layer distance|(mm) distance (mm) Coating layer

| Surface profile of base paper/base board

Figure 16.2. Schematic cross sections of coated papers/boards illustrating a) poor coverage and b) good coverage
of the base.

The print quality is to a great extent determined by the way the ink interacts with the pore
system of the coating layer, and therefore the porosity and the pore size distribution of the coat-
ing layer are important parameters. As already indicated these parameters also govern the cov-
erability of the coating layer. The pore system is built up to meet the demands placed by the
specific printing method by selecting suitable pigments, binders, and additives. Lithographic
offset and flexography demand a strong coating, because the inks used in these methods are
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tacky. The tackier the ink is the higher are the forces, which the coating surface is exposed to
during the printing ink transfer. The strength of the coating for rotogravure paper is not critical.

Coated board is not only a printing carrier, but also a packaging material. This means that ad-
ditional demands are directed on that material, such as good runnability in converting machines,
good glueability and low bacteria counts. High stiffness, which gives good runnability, is a key
parameter of coated board. Good glueability is demanded because coated board is used for
glued capsules and low bacteria counts because it is used for food packages.

16.4 Surface Sizing

Paper and board to be printed in lithographic offset must have high surface strength. This is due
to the fact that the surface of the paper or board to be printed in this printing method is exposed
to high tensile forces in the printing nip. These in turn arises from the tacky inks used. However,
the demand on high surface strength does not only apply for for coated products but also for
non-coated ones. To meet the demand on high surface strength non-coated products are there-
fore surface sized. Base paper for coated fine paper and all types of baseboard are also most of-
ten surface sized prior to the coating in order to avoid the coating to penetrate into the base
paper/base board, which has a detrimental effect on the coating coverage.

When printing in lithographic offset the non-printed areas of the paper or board to be printed
are applied with fountain solution, which contains water. In multicolour printing these areas are
printed with ink in the subsequent printing units. The water releases stresses and breaks fibre
bonds. These causes lose bonded fibres in the surface to rise, and during printing these fibres are
picked up by the ink and accumulated on the rubber blanket in the printing press. Fibres accu-
mulated on the rubber blanket has a detrimental effect both on the print quality on the runnabil-
ity in the printing press and to overcome these problems the printing press must be stopped and
the rubber blanket cleaned. The surface sizing improves the surface strength by bonding the sur-
face fibres. This reduces the accumulation of fibres on the rubber blanket. (Rubber blanket is
the name of the cylinder from which the ink is transferred to the substrate to be printed. This
cylinder is covered with rubber blanket.).

The size is applied to the paper or board in the form of an aqueous polymer solution, general-
ly based on starch. Pigmented sizes also exist, usually consisting of equal parts of starch and
pigment. These sizes are used to upgrade the printing properties, e.g. of uncoated fine paper.
Improved newsprint can also be surface sized with a pigmented size for the same reason. A typ-
ical coat weight in surface sizing is to be found within the range 0.5-2.0 g/m? per side for regu-
lar sizes and 2.0-4.0 g/m?* per side for pigmented sizes. Raw materials used for surface sizes and
machines used for applying the size are the same as for regular pigment coating and are there-
fore not commented separately in the following text.
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16.5 Coating Raw Materials
16.5.1 Pigments

Pigments are the main components in coatings and, as already mentioned, the properties of
these govern the properties of pore system as well as the printing properties and the brightness
and the gloss of the final coated material. The binder does also affect these properties but to a
lesser extent.

In Europe approximately 72 % of the pigment consumption consists of GCC, 20 % of kaolin
clay and 8 % of other pigments. In the latter group talc is the largest single pigment, followed
by titanium dioxide and plastic pigment. In the US 73 % kaolin clay, 15 % GCC, and 12 % oth-
er pigment are used.

The particle size distribution is a parameter, which affects the pigment properties, and this is
measured usually using the Sedigraph instrument. The measuring principle is sedimentation,
and the particle size distribution curve obtained shows the cumulative mass percentage as a
function of the equivalent spherical diameter. Figure 16.3 shows Sedigraph-curves for two
GCC;s used in coating. The percentage below 2.0 um is usually used to indicate the particle size
of the pigment. The slope of the particle size distribution curve gives information whether the
distribution is broad or narrow. Other techniques, which can be used for the measurement of
particle size distribution, are quasi-dynamic light scattering and laser diffraction.

100
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60 -
40
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Figure 16.3. Particle size distribution curves for GCC. (From Knappich et al. 1999. Reproduced from 1999 Tappi
Coating Conference Proceedings by the permission of TAPPI Press, Atlanta).

The particle size expressed as the percentage < 2.0 um affects most properties of the coating
layer. When the percentage < 2.0 um increases the smoothness and gloss of the coating layer in-
creases. The light scattering index passes through a maximum, due to that the light scattering
coefficient attain a maximum when the diameter of pores in the coating layer is equal with half
the wavelength of light, Figure 16.4. The pore diameter, but not the porosity, is governed by the
percentage < 2.0 um.
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Figure 16.4. Light scattering coefficient as a function of equivalent void diameter. 680 nm and 480 nm denote the
wavelength of the light used for the measurement. (From Alince and Lepoutre 1980. Reproduced by the permis-
sion of Journal of Colloid and Interface Science).

The width of the particle size distribution governs the pigment packing and the porosity of
the coating layer. A broad distribution gives a dense coating because the fine particles are locat-
ed to the space in between the coarser particles. A narrow distribution with low percentage of
fines gives a porous coating. Thick porous coatings exhibit better coverage than dens and thin
ones. Usually a high porosity is associated with a high light scattering coefficient.

The effect of width of the particle size distribution on the pigment packing is schematically
illustrated in 2-D for discs in Figure 16.5a and Figure 16.5b. In Figure 16.5a the discs of equal
size occupy a larger area than the discs in Figure 16.5b, which vary in size.

a) b)

Figure 16.5. Schematic illustration of pigment packing.

The surface area of the pigment increases when the percentage < 2.0 um increases, and due
to that the binder demand for a given surface strength (IGT-pick strength) and the chemical in-
teraction with other components in the coating colour increase.

Coating colours for industrial purposes must exhibit good rheology and be mechanically sta-
ble. Moreover the solids content must be high. To meet those demands electrostatically stabi-
lised slurries are prepared of the pigments. Non-stabilised pigments aggregate in an
uncontrolled way.
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Figure 16.6. Dispersant demand curves for kaolin clay at pH 7.50, 6.17, and 5.57. (From Snyder, Coating Addi-
tives. Reproduced by the permission TAPPI Press, Atlanta).

A dispersant is used for the stabilisation and this usually consists of a sodium salt of a low
molecular weight (ca. 30000) polyacrylic acid (NaPA), which when adsorbed on the pigment
gives this an anionic character. For maximum stabilisation, which coincides with minimum vis-
cosity of the slurry, an optimum dosage of dispersant is demanded. Figure 16.6 shows disper-
sant demand curves for kaolin clay at pH 7.50, 6.17 and 5.57, which in turn shows that the
dispersant demand for kaolin clay decreases when the pH increases.

Kaolin clay is a weathering product of feldspar in gneiss and granite. Kaolin is the name of a
family of minerals and clay the name of mineral particles within the fraction 1-2 um. There are
two types of kaolin clay or clay, which is the term generally used in coating context: primary
clay and secondary clay. Primary clay is found where it once was formed. This is not the case
for secondary clay. Secondary clay has been transported with creeks and rivers from the place it
was formed, to the shoreline, where it settled and where it now is found. However, the water
transport does not only mean that the clay has been moved from one place to another, but also a
purification process. Therefore secondary clay contains fewer impurities in the form of quarts
and feldspar and has a more homogenous mineral composition than primary clay.

The main mineral in clay is kaolinite, which is a 1:1 phyllosilicate mineral. Kaolinite is built
up in layers, every second consisting of AI(OH),-octahedral sheets and every second of SiO,-
tetraeder sheets. The sheets are bonded to each other with hydrogen bonds. This is a weak bond,
which is easily broken by the thermal forces the clay is exposed to in nature, and therefore clay
is a platy mineral. Primary clays are platier than secondary ones. Delaminated clays is a type of
clay with high aspect ratio, Figure 16.7, produced by grinding the coarse fraction rejected when
classifying the crude clay.
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Figure 16.7. Definition of aspect ratio.

a/b = aspect ratio
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Significant for clay is their good coverability and clay is therefore used when this property is
critical, for instance when the coat weight is low. Therefore coatings for LWC contain a signifi-
cant amount of clay. Coatings for ULWC usually contain clay as the solely pigment. High as-
pect ratio gives good printing properties in rotogravure.

The rheological properties of the coating colour are affected by the mineral composition and
by the aspect ratio of the clay. English clays, which contain mica and montmorillonite, the latter
a swellable kaolin mineral, exhibits poorer rhelogy than US-clays which mainly contain kaolin-
ite. Increasing the aspect ratio has a detrimental effect on the rheology.

Calcined clay is produced by heat treatment of clay at 1100 °C. At that temperature the clay
is chemically modified simultaneously as the pigment particles are sintered to porous aggre-
gates. The porous character of the pigment gives excellent coverabilty but also poor rheology.
Calcined clay, which also is called titanium dioxide extender, is used when coating substrates of
low brightness.

Ground calcium carbonate (GCC) originates from three different rocks: chalk, limestone,
and marble. All three rocks are based on the mineral calcite. The difference between the rocks is
how tight the calcite crystals are bonded to each other. In chalk they are loosely bonded, and
chalk used to be classified as loose limestone. Marble is crystalline and formed from limestone,
which has been exposed to high temperature and high pressure. The GCC-grades used in coat-
ing constitute of wet grinded products.

GCC has significantly higher pigment brightness then clay but it does not give the same
good coverage as clay, which is seen in both a higher density and a lower light scattering coeffi-
cient of the coating, Figure 16.8. GCC also gives lower gloss than clay. Therefore GCC is used
in coatings where coverage is not critical, i.e. when coating high brightness substrates and when
the coat weight is high and a matt coating is desirable. GCC is not used in coatings for rotogra-
vure.
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Figure 16.8. Density and light scattering coefficient for coating layers based on GCC and clay.

The pigment slurry can be prepared to significantly higher solids than is possible with clay;
up to 78 % compared with 70 %, and that difference is reflected in higher solids content and
better rheology and runnability of the coating colour. Rheology is dealt with in Paragraph 16.10
and runnability in Paragraph 16.8.

Other pigments. Talc is, like clay, a phyllosilocate mineral and it is extremely platy. It is
mainly used for coating of LWC intended for rotogravure. The mineral is hydrophobic and the
pigment is due to that difficult to wet. Therefore a special make down procedure and special
dispersants are needed for the slurry preparation.
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Titanium dioxide exists in two crystal forms: rultile and anatase both having high refractive
index, which gives the pigment excellent coverability. Titanium dioxide is used for coating of
low brightness substrates, e.g. WLC and CB.

Plastic pigments are latices with high glass transition temperature, which do not form film.
The pigment shape is spherical and the diameter is small and is found within the range 0.1-0.2
um. Plastic pigments are used in contexts where high gloss is demanded.

Pigment blends. There are many demands made on the coated sheet; it should be bright and
glossy and it should exhibit superior printing properties. In order to meet these demands the
coating colour used is usually based on blends consisting of two or three pigments. Coating for-
mulations and pigment blends are discussed in Paragraph 16.12.

16.5.2 Binders

The binder system in a coating colour consists of two types of binders: latex and water-soluble
binder. The function of these differs. The only function of the latex is to bind the pigment parti-
cles to each other and to the substrate, whereas function of the water-soluble binder is to be as
well a pigment binder as a thickener and a water retention agent. Most often the latter properties
are the important ones and therefore water-soluble binders are often also called thickener or wa-
ter retention agent. The term co-binder also exists.

Latex binders. The latices used in coating colours are synthetic polymer dispersions. They
are mono disperse and the particles are spherical with a diameter usually within the range
0.15-0.20 um. Latex is produced using emulsion polymerisation and the particles are stabilised
with a tenside.

There are three types of polymers used: 1) styrene-butadiene (SB-latex), 2) styrene-buty-
lacrylate (acrylate-latex), and 3) polyvinylacetate (PVAc-latex). In order to modify the proper-
ties of the latex, functional groups are linked to the polymer backbone, e.g. — COO, which
improves the mechanically stability of the dispersion.

The glass transition temperature, 7,, of the polymer is an important parameter of the latex
and in production of SB-latex 7, is controlled by the ratio styrene to butadiene in the polymer.
Styrene makes the polymer stiff and butadiene makes it soft. For commercial latices the ratio
styrene/butadiene varies within the range 40/60 to 80/20 which corresponds to a range in 7, of
minus 25 °C to plus 50 °C. For acrylate latices 7, is controlled in the same way, i.e. by the ratio
styrene to butylacrylate. Corresponding ranges are 40/60 to 60/40 and minus 10 °C to plus
40 °C. Butylacrylate makes the polymer soft. The polymer in PV Ac-latices, has a T, of approx-
imately 30 °C.

T, affects the porosity and the stiffness of the coating layer and latices with a low 7, are
therefore used when a low porosity or a soft and compressible coating is desired. The latter is
important for rotogravure. On the contrary is true, that a high 7,-latex is chosen if a porous and
a stiff coating is desired. High 7, also promotes light scattering and gloss. It should be pointed
out that the strength of the coating decreases with increasing porosity. Latices with high 7, are
therefore generally considered as poorer pigment binders than latices with low 7.

The polymers in SB and acrylic latices are rather alike and they usually do not interact with
the pigments commonly used in coating colours. However, this does not apply for PVAc latex,
because this is hydrophilic in contrast to the polymers in the two other latices just mentioned.
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The interaction gives the coating colour high viscosity and the coating layer high porosity.
PV Ac-latices are rather uncommon in Europe but are popular for board coating in the US.

In order for the latex to work as a binder it must form a film. The film formation process is
schematically illustrated in Figure 16.9. When water is transported away from the latex, the la-
tex spheres are approaching each other successively. When they are brought in contact with
each other they flow together and form a film if the surrounding temperature exceeds the mini-
mum film formation temperature, Ty, which attain approximately the same as value 7. If the
surrounding temperature is less than 7Y, discrete latex particles are formed.
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Figure 16. 9. Schematic illustration of film formation of latex.

Water-soluble binders. The two most commonly used water-soluble binders are starch and
the sodium salt of carboxymethylcellulose (Na-CMC). Other less used water-soluble binders
are protein, polyvinyl alcohol (PVA), alkali swellable polyacrylates, and associative thickeners.
Starch is a natural polymer, built up by glucose monomers, Figure 16.10, and it is created in
plants by photosynthesis. In the plant, starch is present in the form of granules consisting of
coiled polymers. There are two types of starch: 1) amylose, which is a linear polymer, and 2)
amylopectin, which is a branched polymer. The ratio amylose to amylopectin varies between
different plants, Table 16.2. The starch used for coating originates from potato or corn.

a) Amylose
b) Amylopectin CH,OH
H O H
H
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Figure 16.10. Structure formula of starch; a) amylose and b) amylopectin.
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Table 16.2. Amylose and amylopectin in different plants.

Amylose, % Amylopectin,%
Potato 21 79
Corn 28 72
Wheat 28 72
Tapioca 17 83
Waxy maize 0 100

The molecular weight of native starch is too high to be able to prepare a water solution of it
at a solids content suitable for coating. Therefore the native starch must be broken down before
it can be used, which can be performed either at the supplier or at the mill. During this process it
is common to simultaneously oxidise the starch, using hypoclorite, in order to avoid retrograda-
tion, which is an irreversible association of starch molecules. The retrogradation gelatinises the
starch solution, and makes it useless.

Besides oxidised starch, which is the most commonly starch type used in coating, chemically
modified starches are also used in special cases in order to obtain certain unique properties. The
modification consists of a functional group bonded via ether or ester bonds to the methyl-group
on the glucose monomer.

In order to work as binder the starch must be brought into solution which is achieved by
cooking. During the cooking, when the temperature is raised, the starch granules swell, and at
70 °C the molecules in the granule begin to solvate and at 95 °C they are completely dissolved.
The cooking can be performed batch wise at 95 °C or continuously using jet cookers at elevated
pressure and short residence time at 120-140 °C.

Starch is mainly used as water-soluble binder in offset formulations for LWC, and character-
istic for starch is that it imparts stiffness to the coating. As already mentioned starch is also used
for surface sizing of paper and board, both in non-pigmented and pigmented sizes.

Sodium carboxymethylcellulose. NaCMC or CMC as it is usually called, is a polyelectro-
lyte produced from cellulose by reaction first with NaOH and then with CICH,COOH (mono-
chloroacetic acid). The monomer, which CMC is built up of, is the same monomer that builds
up starch. The difference between CMC and starch is the bond between the glucose monomers,
Figure 16.11. In CMC every second glycoside bond is upwards and every second is down-
wards, whereas in starch all bonds are in the same direction. This makes CMC to an extended
molecule and starch to a coiled one. CMC can be characterised as an all-purpose water soluble
binder. CMC is also used for surface sizing but is not as common as starch.

OCH,GOONa CH,0H,COONa OCH,COONa
OH H 0 0 OH
H
OH O
H 0 H o’ H
CH,OCH,COONa H OCH,COONa  CH,OH,COONa

Figure 16.11. Structure formula of Na-CMC.
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16.5.3 Additives

Additives is the name of a group of chemicals, which are added to the pigment slurry or coating
colour in order to attain certain desirable properties, which can be functional or non-functional.
They are added in small amounts, usually <1 pph (parts per hundred). Some common additives
are: dispersants, biocides, wet strength agents (hardeners), lubricants, and optical brighteners.

* Dispersants are used for the preparation of pigment slurries. The most commonly used dis-
persant is NaPA. Slurry preparation is dealt with in Paragraph 16.5.1.

* Biocides are added to the slurry, as well to the final coating colour, in order to prevent bac-
terial growth in these. Bacteria in the final coated paper or board are not tolerated intended
for packaging of food. Common biocides are glutharaldehyde and isothiazolin.

» In offset printing, water (fountain solution) is applied to the coating surface, and the water
may reduce the strength of the coating, which is not acceptable. Therefore wet strength
agents are used with the purpose to harden the coating (cross-link the binders). Wet strength
agents used are: ammonium zirconium carbonate (AZC), glyoxale and melamine formalde-
hyde resins.

»  The pigment particles in coatings are hard and wear on the cover of the calender rolls dur-
ing calendering. To restrict the wear lubricants may be used: usually ammonium stearate.

*  Optical brighteners are used in order to enhance the brightness of the coated material. Inci-
dent UV-light is reflected in the visible wavelength region and increases in that way the
brightness. Chemically, optical brighteners are sulphonated stilbenes derivatives.

16.6 Coating Machines

There are two principles for coating of paper or board: 1) an excess of the coating colour is ap-
plied to the substrate to be coated, which in a later stage of the process is metered to the desired
coat weight. 2) a pre-metered amount corresponding to the desired coat weight is applied to the
substrate to be coated.

16.6.1 Excess Processes

Applicator systems. There are three methods for the application of coating colours: 1) roll ap-
plication, 2) jet application, and 3) short dwell time application (SDTA), Figure 16.12.



355

Q. @

applicator jet coating inlet —\‘
coating pan

Roll application Jet application
Autoblade (Metso) OptiCoat Jet (Metso)

Short Dwell Time Application (SDTA)
OptiBlade (Metso)




356

@ SEALING BLADE

- Seals air off from the chamber

- Constant coating color acceleration distance =>
even impulse

- Controlled uniform wetting line

B CHAMBER LENGTH < 20 mm

- Undisturbed premetering layer
- Short acceleration distance =>
no disturbing vortices

|

Figure 16.12. Different application systems. (Courtesy of Metso Paper Oy).

In the coaters, Figure 16.12, the paper is led over a rubber-covered backing roll and when us-
ing roll or jet applicators the coating colour is applied right under or slightly in front of the ver-
tical axis of the backing roll. For SDTA the coating colour is applied just in front of the
metering device, which for this type of applicator generally is a steel blade. The metering device
is mounted on a beam, which is movable so that the metering device can be brought in contact
with the paper when coating and moved away from it for replacement of the metering device,
cleaning etc. The diameter of the backing roll is found within the range 0.5-1.5 m and it is larg-
er at higher machine speeds.

The applicator systems differ in two respects: 1) the pressure during the application, which is
high, 0.5-4.0 bar, for roll applicators and low, close to atmospheric pressure, for jet and SDTA
applicators, and 2) the dwell time, which is long, 15-75 ms for roll and jet applicators, and
short, 1.25-6.25 ms for SDTA applicators.

The applicator roll is rubber-covered like the backing roll, and its diameter is usually 25 % of
that of the backing roll. It rotates in the machine direction with a perimeter speed, which usually
is 25 % of the machine speed. The gap between the applicator roll and the substrate to be coated
is usually 0.5 to 2.0 mm. Both the rotational speed and the gap can be varied.

As already mentioned the pressure is high in the applicator nip in roll application and the
pressure increases with increasing machine speed and diminishing gap opening. The pressure
forces the dewatering of the wet coating and at high machine speeds, for instance when coating
of LWC, the pressure dewatering in the applicator nip is that high that it controls the dewatering
between the applicator and the metering device. At lower machine speeds, as in board coating,
the pressure dewatering is margin and the dewatering between the applicator and the metering
device is controlled by the dwell time prior to this. The dwell time decreases with increasing
machine speed.

With jet and SDTA applicators, in which the application occurs at a pressure close to the at-
mospheric pressure, the dewatering is controlled by the dwell time, which, as already men-
tioned, is short.

The most frequently used coating method is blade coating, Figure 16.13, and as the name
suggests the metering device consists of a steel blade. More then 90 % of all coated material
produced today is blade-coated. Blade coating is a rational process operating at high machine
speeds and at high solids contents of the coating colour. The fastest coaters are those for LWC
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and they operate at speeds, which approach 2000 m/min. The solids content is in the range
62—67 % depending on coating colour formulation. The blades used are 0.4—-0.5 mm thick and
75 mm wide.

Figure 16.13. Blade coater. (Courtesy of Metso Paper Oy).

The blade is fixed in a holder mounted on a beam, Figure 16.14, which can be moved to-
wards the paper so that the blade can be pressed against it when coating. In connection with
blade change, cleaning, web breaks, the blade beam is moved away from the paper. A blade is
normally wearied out after eight hours. Blade with ceramic tip lasts considerably longer.

Figure 16.14. Schematic picture of a blade coater. (Courtesy of Metso Paper Oy).
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Figure 16.15. Blade pressure control with hose.

The coat weight is controlled by applying a pressure on the blade approximately 10 mm from
the tip. Previously this was done with a rubber hose behind the blade, which was blown up to in-
crease the pressure, Figure 16.15. When increasing the blade pressure, which has to be done
during production to compensate for the blade wear, the blade angle decreases, and because the
blade angle affects the sheet properties it is desired to coat at a constant blade angle. In modern
blade coaters, therefore, the hose is replaced with a strip of steel and a construction, which, si-
multaneously as the blade pressure is increased or decreased, adjusts the blade angle so that it
remains constant, Figure 16.16.
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Figure 16.16. Blade pressure control at constant blade angle. (Courtesy of Metso Paper Oy).

There are two modes of blade coating: 1) stiff or bevelled blade and 2) bent blade, Figure
16.17. When coating using bent blade the tip angle is approximately 45°, and when coating us-
ing bent blade approximately 10°. The relationship between coat weight and blade pressure is
not the same for stiff and bent blade. For stiff blade the coat weight decreases with increasing
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pressure whereas the opposite is true for bent blade, Figure 16.18. The fact that the coat weight
increases when the blade pressure is increased in bent blade coating, is due to that the blade an-
gle simultaneously is reduced. This leads to an increased hydrodynamic pressure, which pushes
the blade away from the paper more than the increased blade pressure moves it closer. SDTA al-
lows coating only using stiff blade.

Stiff blade is the most commonly used mode for high speed coating e.g. for LWC, and when
the target coat weight is low or moderate. At higher coat weights, 1214 g/m* or higher, or at
lower machine speeds, bent blade is usually used.

A

Figure 16.17. Stiff and bent blade.

coat weight, rel. units

blade pressure, rel. units

Figure 16.18. Coat weight as a function in blade pressure for stiff and bent blade.

Roll blade, Figure 16.19 an alternative to blade for pre-coating of board. The roll blade con-
sists of a wire-wounded rod, approximately 5 mm in diameter, in a support mounted in a frame.
The one end of the rod is attached to a motor, which brings it in rotation. The rod is lubricated
and cleaned with water, which is pumped through the support. The roll blade can replace the
blade in a blade coater and it is clamped in the blade holder in the same way as the blade.

The coat weight is controlled as in blade coating with a rubber hose behind the rod blade,
which presses it against the substrate to be coated. However, the coat weight is not that sensitive
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to changes in hose pressure as is the case for blade coating. Mainly, the coat weight is governed
by the diameter of the wire, which is wounded around the rod.

The roll blade gives more of a contour coating than the blade, which is considered as a filling
in coating method. The roll blade reduces also the risk for scratches and streaks in the coating
surface, which is a common problem in blade coating. If coarse particles get stuck underneath
the blade tip they give rise to streaks. The risk for particles to get stuck underneath the rod is
considerably less because the rod rotates. The solids content of the coating colour is usually
3-5% units lower than for blade coating.

rod

water slot

support

extra loading hose
loading tube
frame

Figure 16.19. Roll blade. (Courtesy of Metso Paper Oy).

Air knife coating, Figure 16.20, was previously a common method for top coating of board.
In air knife coating the excess of coating colour is metered with an air jet, directed against the
substrate to be coated. The excess of coating colour blown off is collected in a vacuum box after
which it is de-aerated and re-circulated.

Air knife coating is a contour coating method. The solids content of the coating colour is
low, 40—45 %, and the method works at machine speeds below 400 m/min. The speed limitation
is the main reason why the air knife coater is replaced by blade coater for top coating in modern
coaters for board operating at higher machine speeds than 400 m/min.
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vacuum

Figure 16.20. Schematic picture of an air knife coater. (Courtesy of Metso Paper Oy).

Two-side coating with blade. In blade coating one side at the time of the substrate is coated.
Mirroblade is a new type of blade coater, which coats both sides simultaneously, Figure 16.21.
The substrate to be coated is passing in between two blades standing on each other's tips. The
coating colour is applied with jet applicators, one for each side of the paper.

The Mirroblade coater works with special steel blades with a soft polymer covered tip. With
these blades a contour coating is obtained. Figure 16.22 shows burnout images on Mirroblade
coated material using a) polymer covered blades and b) regular steel blades. The more even re-
flectance in the image of the material coated with the polymer covered blades shows that the
mass distribution of the coating layer is more uniform, and that it therefore has the character of
a contour coating.
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Figure 16.21. Mirroblade coater. (Courtesy of BTG AB).

(a) (b)

Figure 16.22. Burnout images on paper coated using a) conventional blade and b) blade with polymer coated tip.
(Courtesy of BTG AB).

16.6.2 Pre-Metering Methods

In coating using Metered Size Press (MSP) a pre-metered amount of the coating colour is
dosed on a transfer roll, Figure 16.23. The transfer to the substrate takes place in the nip in be-
tween the transfer roll and the backing roll, and usually both sides of the substrate is coated si-
multaneously. The transfer roll is covered with rubber or polyurethane with a hardness of
10-20 P&J. Its diameter is approximately 1 m.

The dosage of the coating colour to the transfer roll is usually performed using a SDTA unit
equipped with roll blade. Both wire wounded and smooth rods are used and usually the diame-
ter of the rods is larger, 10-25 mm, than that for the rods used in board coating. It is easier to
control the dosage and the coat weight with the hose pressure when using smooth rods.

The coating colour can also be dosed on the transfer roll volumetrically using a wire-wound-
ed rod of large diameter, approximately 300 mm, Figure 16.24. The open area in between the
dosage roll and the transfer roll, which is formed when these are brought in contact with each
other, gives the amount of coating colour transferred. The transfer roll, which has a soft cover,
approximately 100 P&J, rotates at somewhat lower circumference speed than the web does.
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Figure 16.24. Volumetric coating transfer. (Courtesy of BTG AB).

The MSP coater was developed for surface sizing and within this application area it has re-
placed the size press. In the size press the size is applied to the paper from a pond in the nip be-
tween two rolls, Figure 16.25. However, the MSP is not only used for surface sizing but also for
coating at lower coat weights in the range 6—10 g/m?, and both LWC and coated wood free pa-
per are presently MSP coated. The solids content of the coating colour is lower than that in
blade coating. MSP coating is considered as a contour coating method.

The web may get stuck in the nip between the transfer rolls and tear off. Web breaks causes
production losses and is considered as a serious runnability problem. Coating with the MSP
yields less web breaks than coating with the blade. This makes the MSP well suited for coating
of low grammage papers, e.g. LWC and ULWC. Runnability in blade coaters is discussed in
Paragraph 16.8.

For coat weights exceeding 8—10 g/m’ the coating becomes patterned and therefore coating
with MSP is restricted to lower coat weights. Because the pattern reminds of that of an orange
peel it is called "orange peel pattern". The pattern is caused by a sub-atmospheric pressure, de-
veloped in the coating film in the exit of the transfer nip, causing cavitation. The cavitation in
turn leads to filament and droplet formation when the coating film splits during the transfer to
the substrate, Figure 16.26. If the filament ends on the paper side do not level out the prior to
the immobilisation, the coating layer of the surface becomes patterned.

The droplets formed are thrown out by the centrifugal force and form a mist in exit of the
transfer nip. The mist constitutes an environmental problem and causes also a significant loss of
coating colour and is considered as a serious runnability problem. The problem is called “mist-

29

ing”.
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Figure 16.26. Formation of filaments and associated orange peel pattern and misting.

16.6.3 New Coating Techniques

In the coating methods discussed above the coating layer is formed, with the assumption of the
air knife coater, using a metering device in contact with the paper. Since the trend towards ever
higher machine speeds is assumed to continue, the forces acting on the paper during the forming
of the coating layer will also increase. This increases the risk for web breaks. In order to reduce
that risk contact free coating methods for high speed coating are currently under testing.

16.7 Dryers

The water applied to the paper together with coating colour is evaporated with a dryer. A lay
out of a typical dryer for coated paper is shown in Figure 16.27. A common drying strategy be-
gins with infrared (IR) drying, continuous with hot air drying and finishes with cylinder drying.
Other combinations also exist, e.g. IR+hot air-drying.
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Figure 16.27. Dryer lay out. (Courtesy of Metso Paper Oy).

In hot air drying the coating layer must be heated up to a temperature identical with the wet
bulb temperature of the impingement air before the evaporation commences. The heating prog-
ress considerable faster with IR than with hot air dryers and therefore the drying usually begins
using IR-dryers. Cylinder drying demands that the coating surface is sticky free before it can be
brought in contact with the cylinder, and therefore this dryer is solely used for the final drying.

There are two types of IR-dryers: 1) electrically heated and 2) gas heated. The electrically
heated dryers emit radiation of somewhat shorter wavelength than the gas heated ones;
800-2000 nm and 1500-2000 nm respectively. A certain amount of the radiation penetrates
through the paper and in order to increase the yield with respect to evaporation, a reflector is
placed behind the paper web. The evaporation rate of IR-dryers at maximum effect is
40-50 kg H,0/m?h. For drying of coated paper are air born hot air dryers used, consisting of a
number of blow boxes, arranged zigzag on each side of the paper web. The air impingement and
the geometry of the blow boxes are such that paper is supported by an air cushion when passing
through the dryer, Figure 16.28. For drying of coated board hot air dryers are used, with im-
pingement nozzles just on the coated side, blowing the impingement air perpendicular towards
the board web. Rolls support the board web when passing through the dryer.

paper impingement nozzle

J 0 ) L)
O 0000

Figure 16.28. Air born hot air dryer.

The hot air is heated with steam or gas. Temperatures of approximately 200 °C is reached
with steam and approximately 400 °C with gas. For the air born dryers the air velocity is linked
to the temperature and the velocity increases when the temperature is increased and vice versa.
At 400 °C the velocity can be that high as 60 m/s and at that setting the evaporation rate is ap-
proximately 60 kg H,O/m’h.
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16.8 Runnability in Blade Coaters

Good runnability means that the coating colour can be applied to the paper and metered
without any problems. The concept of runnability includes several different problems. Howev-
er, three main types can be sorted out: 1) web breaks, 2) defects in the coating surface, and 3)
material build-up on the blade tip.

There are two causes for web breaks related to runnability. The web may break because it is
weakened that much by the water, taken up from the coating colour between the applicator and
the blade, so that it does not withstand the forces exposed to when passing beneath the blade tip.
Alternatively, the web may break because the rheological properties of the coating colour are
such that a high blade pressure is needed to meter the coating to the desired coat weight. Due to
the high blade pressure the paper may get stuck beneath the blade tip and tear off. It should be
pointed out that runnability related causes for web breaks are more common for low grammage
papers like LWC than for products of higher grammage like board.

Streaks and scratches in the coating surface, Figure 16.29, belong to the group of runnability
related defects in the coating surface. They are caused by disturbances in the flow beneath or in
the vicinity of the blade tip. The causes of the streaks and scratches on fundamental level are not
clarified, but flow instabilities in the coating colour during the forming of the coating layer and
air in the coating colour are possible causes. Common for these are that they are related to the
rheology of the coating colour, and that dilatant colours or colours, which exhibit high viscosity
at high shear rates, are prone to give rise to streaks and scratches.

J
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Figure 16.29. Streaks and scratches in blade coating.

The material built-up on the blade, Figure 16.30, is termed bleeding, whiskers or stalag-
mites. It is a common problem at high speed coating and coating at high solids contents. The
material build-up is, analogous with streaks and scratches, caused by the rheology of the coating
colour, but it does not exist a direct link to any defined rheological parameter. A hypothesis is
that coating colours with strong interaction between the components may give rise to material
build-up.
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Figure 16.30. Material-build-up on the blade tip.

16.9 Forming and Consolidation of Coating Layers

16.9.1 Consolidation

During the consolidation of the coating layer, when water is released, either through evapora-
tion or absorption, the pigment particles will gradually approach each other to finally be brought
contact and form a pigment matrix. Watanabe and Lepoutre (1982) have studied the consolida-
tion of coating layers by performing draw down on polyester substrate and measuring the gloss,
reflectance over black background, and solids volume concentration on these during the consol-
idation process. The result of their study is summarised in Figure 16.31, where the gloss and the
reflectance over black background (a measure of opacity) is plotted against the solids volume
concentration.
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Figure 16.31. Gloss and reflectance over black background as a function of solids volume concentration for draw
downs on polyester film. (From Watanabe and Lepoutre 1982. Reproduced by the permission of Journal of
Applied Polymer Science).

The inflection points on the curves respectively in Figure 16.31 are called the first critical
concentration, FCC, and the second critical concentration, SCC. Up to FCC the coating surface is
wet and optically smooth and therefore the gloss is high. At the FCC a pigment matrix is formed,
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which breaks through the surface and makes it rough. This reduces the gloss because gloss is
governed by roughness with a length scale equal with the dimension of the pigment particles.

Between the FCC and the SCC, the pigment matrix shrinks due to the capillary forces that are
developed in the matrix during this process when it is emptied on water. The shrinkage is seen in
decreasing reflectance over black background (opacity) and decreasing gloss. The size and shape
of the pigment particles, as well as the type and amount of binder, affect the shrinkage.

At SCC the final structure is fixed and air voids begin to appear and the over black back-
ground increases. The gloss is just marginally affected after the SCC.

The glass transition temperature (7,) of the latex used is an important parameter in this con-
text, because it governs the stiffness of the pigment matrix. A stiff matrix, which is obtained us-
ing stiff latex with a high 7, shrinks less than a soft matrix, which is obtained using soft latex
with a low T,. The drying temperature also affects the stiffness of the pigment matrix, if con-
taining latex, and thus the shrinkage, which increases when the drying temperature is increased.

16.9.2 Water Pick-up

The paper picks up water from the wet coating layer from the time of application until the FCC,
which is reached somewhere in the beginning of the dryer. The water is picked up both by the
pore in between the fibres and by the fibres themselves. The water taken up by the fibres is
called fibre swelling. After the FCC the water is removed by evaporation.

The fibre swelling plasticizes the paper and releases stresses in it. This in turn causes fibre
flocks to expand and loose bonded fibres to lift in the base paper beneath the coating layer. The
associated surface movement in the base paper roughens the coated paper which affects the tex-
ture and the appearance of the coated surface, as well as the printing properties of the coated pa-
per in a detrimental way.

The water pick up also increases the solids content in the wet coating layer metered by the
metering device. This has an adverse effect on the rheology of the coating colour and on the
runnability in the coater.

16.9.3 Forming of the Coating Layer

Figure 16.32 illustrates schematically the steps in the processes of forming and consolidation of
the coating layer; forming, recovery, shrinkage and levelling. Figure 16.32a shows a schematic
cross section of the base paper, Figure 16.32b shows the forming of the coating layer beneath
the blade tip, Figure 16.32c shows the recovery after the blade, and Figure 16.32d shows the
shrinkage and levelling during the consolidation after the blade.

As already mentioned base papers for coating, like all papers, are rough, and the roughness
or surface profile can be described in terms of different length scales. Two length scales, which
are rather easy to define, are determined by the dimensions of the fibre flocks and of the fibres
building up the flocks. A typical diameter of a fibre flock is 4-8 mm and of a fibre is 2040 pm.
The surface profile of the base paper in Figure 16.32 and Figure 16.33 is for the sake of sim-
plicity described as the sum of two sine functions having wavelengths equal to mid points of
these intervals.
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Figure 16.32. Surface profile of the base paper a) prior to the coating, b) in compressed state beneath the blade,
and the surface profiles of the base paper and coated paper respectively c) after recovery and moisture expansion
and d) ditto + levelling.

In blade coating the base paper is compressed beneath the blade tip during the forming of the
coating layer, and the thickness distribution of the coating layer is given by the upper boundary
surface in contact with the blade and the lower boundary surface in contact with the paper, Fig-
ure 16.33. If the upper boundary surface is smooth, which is a reasonable assumption in blade
coating because the blade is straight, then the thickness distribution of the coating layer is deter-
mined solely by the surface profile of the base paper in a compressed state during the forming of
the coating layer. In order to obtain a coating layer with even thickness, which is desirable, the
amplitude of the surface profile must be low. This is obtained if the base paper is compressible
and if the coating layer is formed at high blade pressure.
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Figure 16.33. The mass distribution of the coating layer is governed by the surface profile of the base paper in a
compressed state.
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The compressibility of the base paper at the time of forming the coating layer is affected by
the amount of water picked up between the application and the blade. The water plasticize the
fibre network. A high water pick up is promoted by roll application, long dwell time, and low
water retention of the coating colour.

The blade pressure needed for a given coat weight is governed by the rheology of the coating
colour used. Rheology is discussed in paragraph 10. One important factor in this context is the
solids content, and the higher the solids contents is, the higher is the blade pressure needed.
High blade pressure yields a coating layer with even thickness distribution. However, it should
be added that high blade pressure and high water pick up may have a negative impact on the
runnability, cf. Paragraph 16.8.

After the passage beneath the blade the base paper recovers when the pressure on it is re-
leased. The recovery, the fibre swelling, and the stress relaxation, the two latter released by the
water which the base paper is exposed, roughens the base paper. The manner in which these fac-
tors affect the surface profile of the base paper is illustrated in Figure 16.32c. In Figure 16.32¢
is also illustrated how the shrinkage of the coating layer during the consolidation affects the sur-
face profile of the final coated paper.

The shrinkage referred to here is not the shrinkage of the filter cake discussed in Paragraph
16.9.1 but the shrinkage from wet to dry coating. Of course, the shrinkage depends of the coat-
ing composition and clay based coatings shrinks less then GCC-based ones. Important is also
the solids content of the coating colour. High solids coatings shrink less than coatings of lower
solids. For normal coating colour the shrinkage is to be found within the range 50-60 %.

If the recovery, the fibre swelling, the stress relaxation, and the shrinkage are the only factors
that control the surface profile of the final coated paper, then the surface profile of the base pa-
per should always show through, and stamp the character of the coating surface to the same ex-
tent at both low and high coat weights, Figure 16.32c. However, at a high coat weight the base
paper texture is not seen in the coating surface to the same extent as at a low coat weight. This is
due to the fact that the coating levels out after the forming and erases the texture of the base pa-
per in the coating surface, Figure 16.32d. The length scale of the levelling corresponds to the fi-
bre dimension and the length scale of the recovery to that of the fibre flocks.

The higher degree of levelling at higher coat weights is, of course due to the fact that the
coating then remains fluid for a longer period of time. However, it should be pointed out that the
smoother surface obtained at higher coat weights are not solely caused by the levelling. Because
of the lower blade pressure, the compression and therefore the subsequent recovery are also
less. This also leads to a smoother surface. The compression of the base paper beneath the blade
tip is governed, besides of the fibre composition, also of the water take off between the applica-
tion and the blade, which plasticizes the base paper.

16.9.4 Binder Migration

A certain fraction of the binder follows the water that is removed from the wet coating layer
during the consolidation. Since the water is removed both by evaporation and drainage, the
binder will be enriched to the coating surface and to the interface between the base paper and
the coating layer. This redistribution of the binder is called “binder migration”. Because more
water is to be removed at high coat weights, more binder will thus be enriched in the surface
and the interface of the coating layer where the coat weight is high. An uneven mass distribu-
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tion thus leads to an uneven binder distribution. The general opinion is that uneven binder dis-
tribution in the coating surface may cause mottle (back trap mottle) in the printed image when
printing in lithographic offset.

The drying strategy affects the binder migration and the tendency for mottling in the offset
print. High evaporation rate up to FCC and low evaporation rate between FCC and SCC reduces
the risk for mottling. The evaporation rate after FCC is not critical.

16.10 Rheology

Rheology is described as the science of deformation and flow of materials and how these prop-
erties are affected by stresses that the materials are exposed to. There are two types of deforma-
tion 1) reversible or elastic deformation during which the structure of the material remains
intact and 2) irreversible deformation or flow during which the structure of the material is bro-
ken down. For solid materials the elastic deformation is the most important one, whereas the
flow properties (viscous properties) are the most important ones for liquids. Materials, which
exhibit both elastic and viscous properties, are termed viscoelastic materials and pigment slur-
ries and coating colours are examples of such materials.

The ratio of the elastic properties to the viscous properties is dependent on the time during
which the deformation works. At short times (pulses) the elastic character is stronger than at
longer times. The opposite is of course true for the viscous properties.

The rheology of coating colours determines their behaviour when pumping, screening, and
coating. The properties of the final coated paper are also affected by the rheology. Rheology is
an important tool for studying chemical interaction in coating colours.

16.10.1 Viscosity

Figure 16.34 shows schematically a liquid, which is sheared between a stationary and a moving
plate. The shear stress, 7, is defined in a normal manner as the shear force per unit area with the
unit Pa (Pascal) and the shear rate, y, as the shear rate gradient dv/dA with the unit s™' (reciprocal
seconds). The shear rate is a measure of the deformation, which the fluid is exposed to, and the
deformation increases when the shear rate increases. The viscosity 1 is given by the ratio #/yand
has the unit Pas. An older unit for viscosity is Pois. 1 Pois = 10 Pas.

stationary plate

I N

moving plate

Figure 16.34. A liquid sheared between a stationary and a moving plate.
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When rheologically characterising pigment slurries and coating colours (or any liquid), it is
customary to record a flow curve, which shows the shear stress as a function of the shear rate.
Figure 16.35 shows flow curves for the four basic types of flow: Newtonian, Bingham, dilatant
and shear thinning (pseudoplastic).

shear stress
shear stress

shear rate shear rate

— slope = plastic
viscosity

shear stress
shear stress

— vyield value

shear rate shear rate
Figure 16.35. Flow curves.

A Newtonian liquid is characterised by a linear flow curve, Equation (16.1), which starts at
the origin. The viscosity, 77, which is equal with the slope of the flow curve, which in this case is
a straight line, is constant for Newtonian liquids.

T=1y (16.1)

A Bingham liquid is also characterised by a linear flow curve, Equation (16.2), but it starts a
bit up on the shear stress axis. The intercept, 1, is called yield value and is a measure of the net-
work strength of the fluid which must be exceeded before the liquid starts to flow. In coating
colours 7, is generally taken as a measure of chemical interaction between the components in
the colour. The ratio 7/y, which by definition is equal with the viscosity, is called apparent vis-
cosity and is not constant but decrease with increasing shear rate. The slope of the curve, 7,
which is constant, is called plastic viscosity.

Ti= Ta +77PL;} (]62)
When the logarithm for the shear rate is plotted against the logarithm of the shear stress a

straight line is in many cases obtained. Liquids, which exhibit such flow curves, are called pow-
er law liquids and the flow curves for these can be written:



373

logr=k+nlogy (16.3)

where k denotes consistency factor and »n denotes flow index. For » = 0 the liquid is Newtonian,
for n <1 it is shear thinning, and for » > 1 it is dilatant. Shear thinning means that the viscosity
decreases with increasing shear rate and dilatant that the viscosity increases with increasing
shear rate.

The viscosity of shear thinning or dilatant liquids is not only dependent of the shear rate, but
also of the time during which the shear works. The time dependency is usually investigated with
a shear ramp, Figure 16.36. If the up curve shows higher shear stress (viscosity) at a given shear
rate the liquid is said to be thixotropic. If the opposite is true the liquid is said to be rheopectic.

rheopexy
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Figure 16.36. Shear ramps.

16.10.2 Viscosity of Suspensions

Pigment slurries and coating colours are suspensions, i.e. particles suspended in water or water
based liquid phase. The presence of particles increases the viscosity as well as the shape of the
flow curve.

For diluted suspensions of mono dispersed hard spheres Einstein has derived an expression,
equation 4, which describes the relationship between the viscosity of the suspension, 7, the vis-
cosity of the liquid phase, 7,, and the volume fraction of the spheres, ¢.

n
77—=1+ 2,54 (16.4)

For concentrated suspensions, like pigment slurries and coating colours, whose flow curves
can be described with the help of the Newton or Bingham equations, the viscosity of the suspen-
sion can be predicted using the Dougherty-Krieger equation, which is a semi-empirical equation
based on the Einstein equation:
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where ¢, denotes the maximum volume fraction and [7] the intrinsic viscosity, which de-
scribes the shape of the pigment particles. For spheres [7] is equal with 2.5 (cf. the Einstein).
The Dougherty-Krieger equation predicts the hydrodynamic viscosity, i.e. it does not consider
chemical interaction between the components and their effect on the viscosity. When the
Dougherty-Krieger equation is applied on pigment slurries [77] denotes a mean value of the in-
trinsic viscosity.

16.10.3 Viscoelasticity

As already said pigment slurries and coating colours are viscoelastic materials, which exhibit
both viscous and elastic properties. The elastic properties can be determined by subjecting the
liquid for an oscillating shear, in the form of a sinusoidal strain or stress, and measuring the re-
sponse of these, Figure 16.37.
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Figure 16.37. Respond as a function of sinusoidal stress or strain.

The response curve is phase shifted with an angle, J, in relation to the imposed curve. The
complex shear modulus G* is defined by the ratio 7,/y,. Based on G* and & the storage modulus
G'and the loss modulus G" can be calculated. G' describes the elastic properties and G” the vis-
cous properties of the liquid and 6 the degree of elasticity. = 0° indicates that the liquid is
100 % elastic and 6= 90° that it is 100 % viscous.

A simple model used to describe viscoelasticity of fluids is the Maxwell element, which con-
sists of a spring and a dashpot in series, Figure 16.38. When the element is loaded, the spring is
stretched and as soon as the stress has exceeded a sufficiently high level to overcome the resis-
tance of the dashpot (viscosity) the piston begins to move. When the element is reloaded the
spring returns to it original length whereas the dashpot remains in its final position. The load
and reload of the Maxwell element explains in a clear way the phase shift between stress and
strain illustrated in Figure 16.38.
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Figure 16.38. Maxwell element.

16.10.4 Measurement of Viscosity and Viscoelasticity

When pigment slurries and coating colours are prepared, as well as when coating with the latter
one, these are exposed to shear rates within a wide shear rate range. During pumping of the
coating colour to the coater the shear rate is approximately 10*s™', during the forming of the
coating layer beneath the blade tip 10°s™', and during the levelling after the blade 102 s™!. The
shear rates which the pigment slurries and coating colours are exposed to in connection with the
coating colour preparation and coating are summarised in 7able 16.3.

Table 16.3. Shear rates in coating.

Process Shear rate, s™
Pumping 10%-5 - 102
Screening 10%-10°
Application (roll) 10*-10°
Forming beneath the blade tip 10°-107
Levelling after the blade 107'-1072

There is no rheometer, which can measure the viscosity within such a wide shear rate range
as that existing in coating. Therefore several different types of rheometers must be used for a
complete characterisation of the rheology of pigment slurries and coating colours, Figure 16.39.
For routine measurements at low shear rates, < 30 s™', the Brookfield viscometer is used and for
semi high shear rates within the range 10°~10° s™! the Hercules High Shear Viscometer is used.
In research and development contexts rheometers such as Bohlin, Rheologica or similar are
used for measurements within the range 10?10 s!. These rheometers are also used for vis-
coelastic measurements. Capillary viscometers are used for measurement within the high shear
range 10°-107 s7'.

The Brookfield viscometer is a standard instrument, which is commonly used at the mills for
the measurement of the viscosity of pigment slurries and coating colours. The measuring device
consists of a spindle, which is immersed in the liquid to be measured. The Hercules-viscometer
is a so-called Couette instrument, which means that the measuring device consists of a cylinder
and a cup (two concentric cylinders). For these instruments the shear rate is defined and given
by the rotational speed and the clearance between the cylinder and the cup. The rheometers used
for research and development work are either Couette or cone plate instruments.
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Figure 16.39. Rheometers used for characterisation of coating colours.

16.11 Chemical Interaction

Pigment slurries and coating colours can be regarded as colloidal systems, and in these weak in-
teraction forces of van der Waal's type act between the components. These interaction forces
build up a network structure. Coating colours having a network structure are often called “struc-
tured” colours.

The yield value, t,, of the flow curve, Equation (16.2), and the storage modulus G' are indi-
cators of a network structure. The network structure is weak and shear forces easily break it
down. An example is the shear forces beneath the blade tip, which the coating colour is exposed
to during the coating layer is formed in blade coating. The capillary forces, which the coating
layer is exposed to during the consolidation, may also break down the network structure. If the
network structure is reversible after shearing and if it withstands the capillary forces, a porous
coating with superior coverage is obtained.

It should be pointed out that all components used in ordinary coating colours exhibit an an-
ionic character and that these components interact with each other. Components with cationic
character interact stronger and are only used when the purpose is to create a strong network
structure.

16.11.1 Salt

The stability of pigment slurries is governed by the amount of dispersant adsorbed, its confor-
mation, and the thickness of the electrostatic double layer. The thickness of the latter, 1/k, is
given by the expression

2 2 0,5
co| 26NaZ 6 (16.6)
ge kT

where e, denotes the electronic charge, N, the Avagadros constant, Z the valency of the counter-
ion, ¢, the electrolyte concentration, ¢ the relative permittivity, ¢, the permittivity of free space,
k the Boltzmann constant, and 7 the absolute temperature.
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As is evident from Equation (16.6), the thickness of the electrical double layer decreases
when the salt concentration and the valence of the cation increases. However, the salt concen-
tration and the valence do not only affect the thickness of the electrical double layer but also the
conformation of the dispersant, which govern its dispersing effect. In salt free environmental,
NaPA is an extended molecule because the acid groups along the backbone repel each other. In
presence of salt, the molecule coils and losses in dispersing ability.

Addition of salt to pigment slurries causes a destabilisation and a formation of a network
structure, partly due to that the thickness of the electrical double layer reduces and partly due to
that the dispersant looses in efficiency. The network formation increases the viscosity, and in
Figure 16.40 it is shown that the viscosity of a clay slurry increases marginally when added
with NaCl, whereas it increases considerable when added with CaCl,.
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Figure 16.40. Viscosity of clay slurry as a function of salt content. (From Fadat and Rigdahl 1986. Reproduced
by the permission of Nordic Pulp & Paper Journal).

Clay could be regarded as an inert pigment with no solubility in water. GCC in contrast, is
slightly soluble at the pH-values normally used in coating and GCC slurry therefore contains a
certain amount of Ca?". When clay slurry is mixed with GCC-slurry Ca** from the GCC-slurry
will destabilise the clay slurry and form a network. This means that the viscosity of the pigment
mix will be higher than that obtained from the volume fraction of the pigments respectively. Max-
imum network formation coincides with maximum viscosity and for the example shown in Figure
16.41 this was obtained at a ratio clay/GCC of 40/60. Figure 16.42 shows that the maxima for the
porosity and the light scattering coefficient for dry coating layer were obtained at the same ratio.
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Figure 16.41. The viscosity as a function of the ratio clay/GCC in the coating colour. (From Alince and Lepoutre
1983. Reproduced by the permission of Tappi Journal).
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Figure 16.42. a) Light scattering coefficient (From Engstrom and Rigdahl 1992. Reproduced
by the permission of Nordic Pulp & Paper Journal) b) porosity as a function of the amount of clay and GCC in the
coating.

Ca’" react in the same way with Na-CMC and similar water-soluble binders as with NaPA.
CMC is, like NaPA, an extended molecule in salt free solution. When Ca*" is adsorbed on the
negative groups on the NaCMC backbone these groups do not repel each other any longer.
Since the repulsion keeps the molecule extended it coils when Ca®" is adsorbed. The viscosity of
water solutions of CMC is higher when the CMC molecules exist in extended form. The viscos-
ity of the latex products most frequently used is only marginally affected by presence of salt.

16.11.2 pH

The edges and the one face of the clay particle consists of AI(OH), groups, which can take up or
release one proton. At pH-values < 8.0 a proton is taken up and at pH-values > 8.0 a proton is
released. The charge of the clay particle is thus pH-dependent. The edges on which the disper-
sant is adsorbed are positively charged at pH-values > 8,0 negatively charged at pH-val-
ues < 8.0. The fact that the edges are negatively charged at pH-values > 8.0 do not mean that
positive sites are missing, but that the negative sites are dominating. The charge of the Al-octa-
hedral face, however, does not change at the pH-value 8.0, because it is governed by isomorphic
substitution. The charge of the face is always negative, but it is more negative at higher pH-val-
ues. The charge of the Si-tetrahedral face is not affected by pH and is always negative.
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The fact that the charge of the clay particle is pH-dependant affects its interaction with the
dispersant. At low pH-values more dispersant is needed for optimum dispersion, as is evident in
Figure 16.4. In addition. the slurry attains higher viscosity. For GCC the solubility increases
with decreasing pH. This was discussed above in Paragraph 16.11.1.

16.11.3 Water Soluble Binders

The shear modulus, G', is a parameter used to quantitatively describe the network structure in
pigment slurries and coating colours, and as already mentioned the structure is the result of in-
teraction between the components in these. Pigment slurries exhibit low values of G' like also
water solutions of water-soluble binders as CMC and starch. The structure is developed when
mixing the pigment slurry with the water-soluble binder. The latex normally has a minor effect
on the structure formation. The development of G' when mixing clay slurry with CMC and
starch respectively, is shown in Figure 16.43. GCC-based coating colours are usually less struc-
tured than the corresponding clay based ones.
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Figure 16.43. G’ for clay slurry as function of amount water-soluble binder. (From Ericsson et al. 1991. Repro-
duced by the permission of Deutcher Fachverlag GmbH, Frankfurt am Main).

Other parameters used to quantify formation of network structure is the relative plastic vis-
cosity, 7p/7,, cf. Equation (16.2), and the yield stress 7,. The relative plastic viscosity is ob-
tained by first measuring the plastic viscosity of the coating colour, 7, centrifuging the coating
colour and then measuring the plastic viscosity of the supernatant, 77,. The relative plastic vis-
cosity for clay-NaCMC and clay-starch colours (without latex) as a function of the amount wa-
ter-soluble binder is shown in Figure 16.44.

Values of the relative plastic viscosity exceeding the relative plastic viscosity at zero amount
water-soluble binder indicate interaction between the pigment and the water-soluble binder, and
values below this value that the water soluble has dispersing effect. In Figure 16.44 it is shown
that NaCMC interacts stronger with the clay than starch at normal amounts of water-soluble
binder, which for NaCMC is 0.5-1.0 parts, and for starch 4.0—6.0 parts. The stronger interaction
that NaCMC give rise to explains the higher porosity and better coverage obtained with that wa-
ter-soluble binder.
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Figure 16.44. The relative plastic viscosity as a function of parts NaCMC or starch for a clay based coating col-
our. (From Ericsson et al. 1991. Reproduced by the permission of Deutcher Fachverlag GmbH, Frankfurt am
Main).

The adsorption of NaCMC and starch on NaPA-stabilised clay is very small but it is anyhow
larger for NaCMC than for starch. In Figure 16.45 the adsorption of NaCMC and starch respec-
tively on clay is shown at the salt content 0.1 M NaCl. At the salt content of 0.2 M NaCl NaC-
MC and starch are not adsorbed at all. The adsorption of NaCMC and starch on non-stabilised
clay is significant.

For systems in which the water soluble binder is not adsorbed on the pigment, or if the ad-
sorption is that weak that the adsorbed binder is not able to overlap between two pigment parti-
cles, the interaction mechanism is called "depletion flocculation" and this mechanism is
suggested for the interaction between clay and NaCMC and starch respectively. Depletion floc-
culation can be explained in terms of concentration gradients. If the binder concentration is low-
er around two pigment particles than in between them, the concentration gradient will cause
binder to diffuse from the area in between the particles to the area outside. This causes an os-
motic pressure between the particles, which holds these together and in this way forms a net-
work.
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Figure 16.45. Adsorption of NaCMC and starch on clay. (From Ericsson et al. 1991. Reproduced by the permis-
sion of Deutcher Fachverlag GmbH, Frankfurt am Main).
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16.12 Coating Formulations and Coating Colour Preparation

16.12.1 How Coating Formulations are Written

Coating formulations are written in parts per hundred of the pigments used, and therefore the
pigment fraction is always equal with 100 parts. An example of a formulation consisting of
three pigments, one water soluble binder, one latex, and one additive is shown in Table 16.4, to-
gether with the corresponding amounts, dry and wet, needed to prepare a coating colour based
on 2.00 kg pigment. The solids contents used for the conversion of kg (dry) to kg (wet) are also
included in the table.

Table 16.4. Principles for writing coating formulations.

Parts Kg (dry) Solids, % Kg (wet)

Pigment 1 50 1.000 72.0 1.389
Pigment 2 45 0.900 70.0 1.286
Pigment 3 5 0.100 50.0 0.200
Water soluble-binder 1 0.020 10.0 0.200
Latex 10 0.200 50.0 0.400
Additive 0.5 0.010 40.0 0.025
Total 2.230 3.500
Solids (calculated), % 63.68

16.12.2 Coating Formulations

Table 16.5 shows examples of coating colour formulations used for coating of some grades of
paper and board. LWC and coated board are both printed in offset and rotogravure while coated
wood free paper solely is printed in offset. Offset and rotogravure do not direct the same de-
mands on the coating and this is considered when formulating the coating colours. Other factors
to consider are converting of coated board into capsules, runnability, coat weight, and bright-
ness of the substrate.

The formulation of the pre-coating colour for board, Formulation No.1, is based on coarse
GCC and the reason for that is that this pigment gives a rough surface, which is suitable for top
coating using blade without problems with steaks and scratches. If the baseboard is of low
brightness, which usually is the case if the baseboard contains unbleached pulp or recycled pa-
per in the centre plies, the coverability of the top coating is particularly important. Therefore
calcined clay and titanium dioxide are found in the top coating Formulation No. 2. Formulation
No. 3 is a top coating formulation for SBS. The binder content is higher for board than for offset
paper, which is due to that the surface strength of coated board is controlled by demand on glue-
ability and that of paper by demand on printabilty.

Formulations for coated wood free papers and SBS, which Formulation No. 3 and No. 4 are
example on, use to be rich on GCC, because the demand on opacity of the coating layer is mod-
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Table 16.5. Typical coating formulations for paper and board.

Board Coted LWC ULWC
- - wood-free
Precoating Top-coating Offset Roto-gra-
vure

1 2 3 4 5 6 7
Coarse GCC 100
Fine GCC 30 90 90 50
Delaminated clay 60 50 50 100
Ultra-fine clay 10 10
Calcined clay 5
Titanium dioxide 5
Talc 50
Na-CMC 1 1 1 1 1
Oxidised starch 6 6
Latex 16 16 16 12 6 4 6

erate. This is due to the fact that the baseboard or base paper for these grades exhibit high
brightness and therefore can be allowed to show through the coating. The ultra fine clay in For-
mulation No. 3 and No. 4 imparts gloss.

Formulation No. 5 is a typical formulation for LWC intended for offset. GCC and starch are
not used for rotogravure because these components give a stiff and incompressible coating lay-
er, which is detrimental for printability in rotogravure. Therefore these components are not in-
cluded in the rotogravure formulation no. 6. Starch in the offset Formulation No. 5 has been
replaced with CMC and latex, and GCC has been replaced with delaminated clay and talc. The
demand on surface strength of the coating layer is significantly lower in rotogravure than in off-
set because the ink printed with is low viscous and not tacky. Therefore the binder content is
lower in the rotogravure Formulation No 6. It should be pointed out that the binder content is
the same in both offset and rotogravure formulations for board because the surface strength of
coated board, as already mentioned, is controlled by the demand on glueability and not by the
printability. The clay in Formulation No 7 improves the coverage of the coating layer, which is
especially important for this type of paper because of the low coat weight.

16.12.3 Coating Colour Preparation

In industrial preparation of coating colours, each component in the colour must exist in liquid
form. The pigments used are delivered to the mill either in dry form as a powder or ready dis-
persed as slurry. If delivered dry, slurries are prepared which are stored in tanks, one for each
pigment. Most water-soluble binders are delivered dry, e.g. starch and NaCMC, and these are
dissolved and pumped to storage tanks. The latex and most of the additives are delivered in liq-
uid form, and like the pigments and the water-soluble binders, stored in storage tanks.

The coating colour is usually prepared batch wise in a mixer. When preparing a colour the
pigment slurry is first added to the mixer, then the water-soluble binder and after some 20 min-
utes agitation, the latex and the additives. Finally water is added to adjust the solids content to
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the target value. In industrial preparation it takes approximately 45 minutes to prepare one
batch. The pigment slurries are usually screened before pumped to the mixer. The ready coating
colour is also screened. A schematic illustration of the coating colour preparation is shown in
Figure 16.46.

Pigment Water

\ / NaOH, dispersant CMC+ +Water
\j ¢ ¢ ¢ ¢ Dissolver

Mixer Mixer +
Storage Storage Latex
tank
tank

T v

[ |

Storage
tank

A 4 ¢ A

Machine tanks

Figure 16.46. Schematic illustration of the coating colour preparation.
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um 289-290

sulfite(sulphite) pulp, refining 131

supercalender 320

superheated steam, drying 270

surface coverage 86

surface deformation, multi layers
products 330

surface energy

— constituents 70-80

—data 72-73

— dispersive part 79

— fibre wall 70-80

—films 72

— measurement 70-75, 78
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water-soluble binder 352, 379-380
water sorption, paper structure 282-283
water system

— disc filter 108-109

— dynamics 115-117



396

— paper machine 105

water transport, drying 247-248

water vapour, sorption to fibres 4043

web, moisture content 271

web dryer, airborne 264

web forming 173-202

—headbox 177-187

—twin-wire 193-202

web shrinkage, drying 248

web structure, paper dryer 246247

web temperature, paper dryer
235-237,271

web transfer, press nip 225

wet calender 320

wet pressing  213-229

— viscosity of water 219

wet state, fibres 65-70

whatman filter papers 82

white water system

— circulation 110

—closed 106-110

—disc filter 109

— dynamics 115-117

-FEX 119

— flow diagram 107

—open 106-110

— paper machine 105

— simulation model 119

wires

—forming 190

— multi-layered 191

—retention of 113-114

wood fibres 16

— drying stresses 33-34

— elastic modulus 29

— flexibility 27

— influence of water 39-64

— moisture and temperature 30-32
—rigidity 31

— stress strain properties 27-30
wood-free paper, coated 343
wood polymers

— arrangement 22

— glass transition temperatures 25
— moisture sorption 24

— properties  21-25

— softening 25

Y
yankee-dryer 259-260



Volume 63 - 2009 - Issue 1
ISSN 0018-3830
CODEN HOLZAZ

HOLZFORSCHUNG

- OLZFO RSCH U NG International Journal of the Biology,

Ierational Journalof e Bology,Chemisty, hyscs and Technology of Wood Chemistry, Physics’ and Technology
of Wood

Editor-in-Chief: Oskar Faix, Germany

2nd Intema

Publication frequency: bi-monthly (6 issues per year).
Approx. 700 pages per volume. 21 x 29.7 cm

ISSN (Print) 0018-3830

ISSN (Online) 1437-434X

Bertn - New Tork L CODEN HOLZAZ

Language: Englisch

Holzforschung is an international scholarly journal that publishes cutting-edge research on the biol-
ogy, chemistry, physics and technology of wood and wood components. High quality papers about
biotechnology and tree genetics are also welcome. Rated year after year as the number one scientific
journal in the category of Pulp and Paper (ISI Journal Citation Index), Holzforschung represents inno-
vative, high quality basic and applied research. The German title reflects the journal's origins in a long
scientific tradition, but all articles are published in English to stimulate and promote cooperation be-
tween experts all over the world. Ahead-of-print publishing ensures fastest possible knowledge transfer.

Indexed in: Academic OneFile (Gale/Cengage Learning) — Aerospace & High Technology Database —
Aluminium Industry Abstracts — CAB Abstracts — Ceramic Abstracts/World Ceramic Abstracts —
Chemical Abstracts and the CAS databases — Computer & Information Systems Abstracts — Copper
Data Center Database — Corrosion Abstracts — CSA Illustrata — Natural Sciences — CSA / ASCE Civil
Engineering Abstracts — Current Contents/Agriculture, Biology, and Environmental Sciences — Earth-
quake Engineering Abstracts — Electronics & Communications Abstracts — EMBiology — Engineered
Materials Abstracts — Engineering Information: Compendex — Engineering Information: PaperChem —
Journal Citation Reports/Science Edition — Materials Business File — Materials Science Citation Index —
Mechanical & Transportation Engineering Abstracts — METADEX — Paperbase — Science Citation
Index — Science Citation Index Expanded (SciSearch) — Scopus — Solid State & Superconductivity
Abstracts.

All de Gruyter journals are now hosted on Reference Global,
de Gruyter’s new and integrated platform.

Please visit www.reference-global.com for more information
and free TOC alerts.

Electronic sample copy at www.degruyter.com/journals/holz

W

DE
G de Gruyter

Berlin - New York

www.degruyter.com

DE GRUYTER







	Frontmatter

	Contents
	1. Structure of the Fibre Wall
	2. Structure and Properties of Fibres
	3. Interactions between Fibres and Water and the Influence of Water on the Pore Structure of Wood Fibres
	4. Chemistry of the Fibre Surface
	5. Fibre Suspensions
	6. Water and Material Balances in the Paper Mill
	7. Industrial Beating/Refining
	8. The Short Circulation
	9. Polyelectrolyte Adsorption onto Cellulose Fibres
	10. Web Forming
	11. Grammage Variability
	12. Wet Pressing
	13. Drying of Paper
	14. Sizing
	15. Calendering
	16. Pigment Coating
	Backmatter


