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Preface

The refining or beating of pulp prior to making paper is one of the most important steps in
the papermaking process. The statement that 'paper is made in the refiners' is true in that
incorrect refining cannot be corrected elsewhere. Very often poor runnability on a machine
and poor product performance can be related to incorrect refining practices. With
optimised refining, high-quality products can be produced using less expensive fibre while
reducing both chemical and energy usage. The importance of proper refining is greater
than ever due to the increased use of recycled fibres, faster paper machine speeds,
increased demands from customers and the need to reduce manufacturing costs.

This report deals with the scientific and technical advances in refining, including the
latest developments. It looks at the fundamentals of the refining process and the effects of
refining on fibre structure and product properties. It studies the theories of refining, the
refiners available, the refining systems, the variables affecting refining, the diverse refining
requirements necessary to produce a wide range of paper products, the control systems,
the refining of secondary fibres, enzymatic refining and what the future holds.
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Introduction

Pulp produced in a mill without mechanical treatment is unsuitable for most paper
grades. Paper made from unbeaten virgin pulp has a low strength, is bulky and has a
rough surface. In good quality paper, the fibres must be matted into a uniform sheet and
must develop strong bonds at the points of contact. Beating and refining are the
processes by which the undesirable characteristics are changed.

Mechanical treatment is one of the most important operations when preparing paper-
making fibres (Ruhr, 2004; Lumiainen, 2000; Clark, 1985; Young, 1981; Baker, 1991a,
2000a; Hietanen and Ebeling, 1983, 1990a,b; Ebeling, 1983; Smook 1992; Frair, 1982; Noe
et al., 1984). The term beating is applied to the batch treatment of stock in a Hollander
beater or one of its modifications. The term refining is used when the pulps are passed
continuously through one or more refiners, whether in series or in parallel.

Refining develops different fibre properties in different ways for specific grades of
paper. Usually, it aims to develop the bonding ability of the fibres without reducing their
individual strength by damaging them too much, while minimising the development of
drainage resistance. So the refining process is based on the properties required in the final
paper. Different types of fibre react differently because of differences in their
morphological properties (Baker, 1991a, 2000a; Kibblewhite and Bawden, 1991). The
refining process must take into account the type of fibres.

Most of the strength properties of paper increase with pulp refining, since they rely
on fibre-fibre bonding. However, the tear strength, which depends highly on the strength
of the individual fibres, decreases with refining. After a certain point the factor limiting
the strength is not the fibre-fibre bonding, but the strength of the individual fibres.
Refining beyond this causes a decrease in other strength properties besides tear.

Refining a pulp increases the fibres' flexibility and results in denser paper which
means that bulk, opacity and porosity values decrease during the process (Lumiainen,
2000; Stevens, 1992; Young, 1981). Mechanical and hydraulic forces are employed to alter
the fibre characteristics. Shear stresses are imposed by the rolling, twisting, and tensional
actions occurring between the bars and in the grooves and channels of the refiner. Normal
stresses (either tensional or compressive) are imposed by the bending, crushing, and
pulling/pushing actions on the fibre clumps caught between the bar-to-bar surfaces.

During beating and refining, fibres randomly and repeatedly undergo tensile,
compressive, shear and bending forces. They respond in three ways
p Fibres develop new surfaces externally through fibrillation and internally through fibre

wall delamination.

p Fibres deform, resulting in changes in their geometric shape and the fibrillar
alignment along their length. Overall, the fibres flatten or collapse. Fibre curl changes
and kinks are induced or straightened. On the small scale, dislocations, crimps, and
microcompressions are induced or diminished.

p Fibres break, resulting in changes in length distribution and a decrease in mean-fibre
length. A small amount of fibre wall material also dissolves. All these changes occur
simultaneously and are primarily irreversible (Seth, 1999).
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The extent of the changes depends on the morphology of the fibres, the temperature, the
chemical environment and the treatment conditions. The conditions depend on the design
of the equipment and its operating variables such as the consistency, intensity and
amount of treatment. Each pulp responds differently to a given set of conditions and not
all fibres within it receive the same treatment.

As different types of fibres have different lengths and cell wall thicknesses and also
vary in the width of their central lumen (canal), some fibres are fibrillated more by one kind
of beating than another. Fibres that have thick cell walls and narrow central canals, such as
linen, are less prone to cutting but readily fibrillate. So, choosing the right type of fibre to
produce the refining effect appropriate to the desired paper properties is important.

The problem in producing paper with the required properties is that cutting and
fibrillation are not independent of one another. Cutting is necessary to produce smaller
fibres that pack to give a good, smooth paper, while fibrillation is required for strength.
The degree to which each of these is achieved depends upon the characteristics of
refining. Moreover, increasing fibrillation to impart strength and stiffness also increases
the surface area of the fibre mat and reduces permeability.

The characteristics built into a paper by refining are a compromise. Cutting is
different from fibrillation. Beating the fibre in an aqueous environment forces water into
the cell walls. This is necessary for fibrillation. However, cutting does not require the cell
walls to be swollen and should be conducted early in the refining process so that it
doesn't introduce additional fibrillation — too much water retention by the fibre may result
in drainage difficulties. While cutting can be distinguished from fibrillation in the refining
process, fibrillation cannot be achieved without cutting some fibres.

There is a difference in drainage properties between cut and fibrillated fibres.
Because of the difference, papermakers use the terms free beaten and wet beaten
respectively. The difference in papermaking properties between the free-beaten and wet-
beaten are:

p Wet-beaten produces strong, dense, less porous, less absorbent and dimensionally
unstable papers;
p Free-beaten produces weak, bulky, porous, absorbent and dimensionally stable papers.
The swollen cell walls in wet-beaten stock will collapse and shrink when the final paper is
dried. However, if they come into contact with water again, such as in the lithographic
printing process, they will readily reswell because damage to the cell walls makes them
susceptible to water ingress. Wet beaten stocks experience a large shrinkage in web width
on drying but quickly expand again which may cause registration problems during
printing on rewetting. However, maximum burst tensile and fold strength can only be
achieved by extended refining. This causes swelling and fibrillation at the cost of stability
and bulk.

The degree of fibrillation imposed during refining also affects the rate at which the
dilute suspension of pulp dewaters on the machine. The rate of dewatering is important
because once the wet paper web has been formed, water must be removed as quickly and
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efficiently as possible (starting from gg% water in the pulp fed on to the paper-making
wire down to about 7% in the finished paper). The freeness of the pulp is important to
the papermaker, with the rate of drainage giving an indication of the degree of beating or
refining. The freeness is a measure of intentional beating and of any changes in fibre
morphology during the mixing and dispersion of fibres.

Figure 1.1 shows four paper types made from increasingly refined fibres. Two are glassine
papers which are refined to a higher degree than most printing and packaging papers. The
figures show that fibre-fibre bonding increases with refining. Also, the volume of space
between the fibres decreases; it's clear that refining increases the density of the sheet.

Page3 © Copyright Pira International Ltd 2005



Technology Developments in Refining
Introduction

FIGURE 1.1 Paper of increasingly refined pulps. Bleached kraft softwood fibres
(top left); same pulp with refining (top right); machine-glazed florist tissue (bottom
left); and glassine weighing paper

Source: Biermann, 1996; reproduced with permission from Elsevier

Page 4 © Copyright Pira International Ltd 2005



Different fibre types

A variety of plant fibres, virgin and secondary, can be used in papermaking. Virgin fibres
can be classified into wood and non-wood fibres. The major raw material is wood and this
comprises about 85% of the fibrous raw material. Botanically woods are classified into
two classes:

p The non-flowering types (gymnosperms) have needle-shaped leaves are evergreen
and, in papermaking, called softwoods. In softwoods, the water-conducting cells are
known as xylem tracheids and are tapered in shape. The bulk of softwood is made up
of long narrow cells, or tracheids, that fit closely together. The cell walls are made of
cellulose and the centres are hollow. Tracheids lie alongside each other and lignin is
deposited between the cell walls. This holds the tracheids firmly together. Tracheids
can be up to four millimetres long and both transport sap and strengthen the stem.
Pits in the cell walls of the tracheids enable sap to pass from cell to cell as it moves
up the stem. The principal varieties of softwoods are spruce, fir, and pine.

p Trees that produce flowers (angiosperms) have broad leaves that generally fall from
the tree in autumn and reappear in spring. These deciduous varieties - also known as
hardwoods include oak, maple, birch, beech, aspen, gum and eucalyptus. In
hardwoods, the water-conducting cells are tubular and are called xylem vessels.

The wood is made up of two distinct types of cells - vessels and fibre cells. Sap is
carried upwards in large ducts known as vessels or pores. They start as wide cells with
large cavities and arranged one above the other. In some cells the end walls break
down creating long pipes. Vessels can usually be seen with the naked eye. Timbers
with vessels are sometimes called pored timbers (hardwoods), and the arrangement of
the vessels in cross-section is useful in identifying different timbers.

Strength in broad-leaved trees is given by cells called fibres. These are similar to
conifer tracheids but are shorter in length (commonly about one millimetre long) and
usually thicker-walled. Fibres make up the bulk of the wood in broad-leaved trees and,
like tracheids, the cell walls are made of cellulose and the neighbouring cells are held
together by lignin.

Several non-wood plant types (e.g. reed, straw, bamboo, kenaf, flax, hemp jute, etc.) are

also used in papermaking.

These are annuals, so it's possible that the production of fibre from non-wood sources
could become more efficient than the equivalent production from forest resources.
However, at the moment, forest resources are the leading source of papermaking fibre in
all western countries and most developed countries.

Softwoods and hardwoods are both used to produce papermaking pulps and these
are called softwood and hardwood pulps respectively. These pulps contain fibres that are
different in their physical characteristics (Smook, 1992). In general, hardwood fibres are
much shorter and stiffer. They yield papers with good formation, optical properties,
surface smoothness and printability.

Although hardwoods have traditionally been used for these properties, with correct
refining they can also be used for strength enhancement. Softwood pulps have long fibres
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and good strength properties. Their fibres are used to provide runnability due to their
length and higher bonding ability. Papers such as sack kraft are made from all softwood
kraft (normally unbleached) as this provides the high strength required by this type of
product.

Softwood fibres have an average length of 2-4mm. Hardwood fibres have an average
length of 0.6—2mm. Softwood fibres have an average width of 0.02—0.05mm, while
hardwoods have around 0.01-0.04mm wide. There are significant differences in the
relative size and average wall thickness of fibres depending on the species of hardwood or
softwood, whether it is spring- or summer-wood and how dry the growing season etc.
Table 2.1 shows typical fibre dimensions of different fibres and Figure 2.1 shows a
micrograph of fibre types.

TABLE 2.1 The dimensions of fibre from different sources

Fibre Length (mm) Width (mm) [um]
Pine 2.0-3.0 22-50
Spruce 3.1-3.5 19-50
Manila 1.8-6.2 11-18
Sisal 1.3-2.7 19-37
Cotton 12-50 9-23
Flax 10-36 11-20

Source: xxx [?]
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FIGURE 2.1 Micrographs of unbeaten fibres

(a) Pine (coniferous softwood)
i) broad ribbon-like fibre with thin walls, length 2.6-3.7mm, width 0.047-0.062mm
ii) thinner fibre with thick walls, length 1.63-4.31mm, width 0.016-0.023mm

(b) Eucalyptus (deciduous wood)
i) broad ribbon type with thin walls, length 0.39-0.92mm, width 0.019-0.039mm
i) narrower type with thicker walls, length 0.51-1.47mm, width 0.01-0.26mm

(c) Cotton (seed hair)
i) thick-wall and narrower type, length 50mm, width 0.01-0.031
i) flatter thick-walled and ribbon-like, length 60mm, width 0.022-0.033mm.

Source: Pira International Ltd
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Each fibre type has advantages and disadvantages in papermaking. Choosing which or
the combination to use depends on the type of paper being produced and the required
end-use properties. Also, average fibre length and stiffness vary greatly within the broad
category of either softwood or hardwood pulps although some overlap exists.

Softwood kraft pulps need higher refining intensities and a minimum amount of
refining to maintain fibre length and achieve an optimal tear/tensile balance. Hardwood
pulps require gentle refining but a greater energy input to develop strength. Pine,
eucalyptus and birch pulps differ in the rate of development of the wet web strength.

Hardwood fibres have thicker cell walls and are shorter than softwood fibres, but
hardwood fibres also differ significantly, e.g. eucalyptus and birch pulps have a different
fibre structure, chemical composition, density (fibres/g) and tendency to collapse. These
differences show why different fibres should be treated individually. Also, the spring- and
summer-wood content has a definite effect on the sheet properties. Unbeaten summer-
wood fibres can have three times the strength of spring-wood types, but beating may
reduce the differences (Baker 2000a). Also, different species of eucalyptus show different
responses (Sidaway, 1985). Eucalyptus grandis and Eucalyptus globulus differ in their
flocculation tendency.

Work on differently bleached pulps has shown significant differences in the response
to refining when the yield is decreased from 51-40% or the amount of lignin is increased
(Baker 2000a).

Non-wood fibres are used in integrated operations where they are most readily
available. Their use is localised with only small amounts sold as market pulp. Non-wood
fibres are classified as leaf fibres (manila and sisal), bast fibres (Kenaf, flax, jute, hemp),
grasses (Bamboo, esparto, sabai, straw), and seed hairs (cotton). These fibres are often
used to impart specific properties such as fold and high strength. Not much is known
about the refining characteristics of these pulps.

Secondary fibre is a valuable source of fibre for the paper and board industry. In
some countries more than half the fibre used is secondary. It is defined as any fibre (wood
or non-wood) which has already been through the paper- and boardmaking process. Once-
dried fibres, as in broke or recycled stock, tend to have a lower burst and tensile strength
but slightly higher tear values than pulps which have never been dried. This is because
after a pulp has dried, the subsequent loosening of the fibrils becomes more difficult as
there are irreversible changes in the fibre. The improper drying of pulps adversely affects
the pulp quality and its response to beating. Secondary fibres generally respond best to
low-intensity refining.

The general structure of any given fibre is represented in Figure 2.2. The cell wall
consists of an outer sheath called the primary wall which is relatively thin with no
predominant fibril angle. The secondary wall is thicker and made up of three distinctive
layers — S1, S2 and S3. The S1 layer is relatively thin and lies just below the primary wall.
The S2 layer represents most of the mass of the fibre. Its average fibril angle determines
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the fibril angle properties of the fibre. The innermost wall layer, S3, is also thin and lies
adjacent to the hollow inner core of the cell. This hollow core is called the lumen.

FIGURE 2.2 General structure of softwood fibre

Lumen

S3, secondary wall,
0.07-0.1um thick

S2, secondary wall,
0.5-8um thick

S1, secondary wall,
0.1-0.2um thick

Primary wall,
0.03-1.0um thick

Middle lamella
lignin and pectin
cement adjacent
fibres together

Source: Ackermann, 2000; reproduced with permission from Fapet OY, Finland

The cells (or fibres) in the wood are cemented together by an amorphous material called
lignin. The lignin layer between the cells is called the middle lamella. In reality, the
physical and chemical structure of wood is considerably more complex, e.g. the middle
lamella contains about 70-80% lignin plus hemicellulose and several other organic
compounds (Smook, 1992; Biermann, 1996).

Although the cell wall is mostly cellulose and hemicellulose, it also contains high
levels of lignin, particularly in the outer S2 layer. While cellulose and lignin are the main
constituents of wood and are of primary concern in papermaking, hemicellulose can also
affect paper properties.

The general composition of softwoods and hardwoods is described in Table 2.2. The
structural features of the two main wood types are illustrated in Figures 2.3 and 2.4.

TABLE 2.2 General composition of softwoods and hardwoods

Softwoods Hardwoods
Cellulose 42 £ 2% 45 £ 2%
Hemicelluloses 27 £ 2% 30 £5%
Lignin 28 £ 3% 20 £ 4%
Extractives 3+2% 5+3%

Source: [7]

There are differences in cell wall thickness and fibre width between the two wood types.
In papermaking, it is the differences in fibre dimension (length, width) and stiffness that
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really matter. In hardwoods, the presence of vessels is also significant. Depending on the
species of hardwood and the grade of paper, vessel segments can be troublesome as they
may cause print-picking problems. Oak, a common wood source, is notorious in this respect.

FIGURE 2.3 Schematic section of softwood

AP, axial parenchyma; F, wood fibre; Ew, early-wood, Lw, late-wood, GRB, growth ring boundary; F, pit; WR,
wood ray; Sc, scalariform plate

Source: Gullichsen, 2000; reproduced with permission from Fapet OY Finland

FIGURE 2.4 Schematic section of hardwood

Ew
.-_-'.5_ Lw
=, . GRB
g ke 14 v
o o R i TS MY
g T . f

AP, axial parenchyma, F, wood fibre; Ew, early-wood; Lw, late-wood; GRB, growth ring boundary, F, pit; WR,
wood ray, Sc, scalariform plate

Source: Gullichsen, 2000; reproduced with permission from Fapet OY Finland
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Effect of refining on fibre
properties

Refining affects fibre properties and these have an effect on sheet properties. The effects
of fibre properties - fibre length, diameter, strength, specific surface and fibrillation as
well as flexibility and bonding — on sheet properties are extremely important.

Fibre length affects sheet formation and the uniformity of fibre distribution. The
shorter the fibres, the closer and more uniform the sheet. Fibre length also affects the
physical properties of the sheet, such as its strength and rigidity. It affects the tearing
strength, which decreases as the fibre length is reduced.

The effects of fibre diameter, wall thickness and coarseness on sheet properties are
complex. They primarily affect the flexibility (Young, 1981). Fibre diameter can be
expressed as a mean cross section or as a ratio of the wall thickness to the diameter and
is sometimes termed the fibre density.

The intrinsic strength of a single fibre affects the sheet strength, although the way
the fibres are bonded has more of an effect. The fibre strength indicates the maximum
strength obtainable from a given pulp, but maximum strength is not achieved in practice
because this is determined by the strength of the interfibre bonds. Fibre strength is usually
measured by the zero span tensile test or by the viscosity of the dissolved fibre. The
greater the surface available for bonding, the higher the sheet strength.

All papers are bonded to some extent and the sheet properties are affected more by
the relative bonded to unbonded area, than by the specific surface of the fibres. An
important effect of the specific surface is the effect it has on the drainage rate during
papermaking. The higher the specific surface, the slower the rate at which the water
drains from the sheet.

Flexibility has rarely been studied because it's difficult to measure. A normal sheet
consists of many fibres all varying widely in flexibility. However, most agree that the sheet
density is a good indication of the flexibility of the fibre. During the water removal and
drying process, surface tension forces draw the fibres together. If the fibres are flexible, the
sheet will be compact with relatively little pore space. If the fibres are relatively rigid, the
sheet will be porous, open and not well bonded. Although bonding is a property of the fibre
network rather than the fibre itself, most believe that it is the fibre surface that controls the
bonding. These properties all have strong interactions (Young, 1981). Table 3.1 shows the
effect of raw material properties on the papermaking properties of short-fibre pulps.

The major effects of refining on the individual fibres are presented in Figure 3.1 (Page,
1989; Hietanen and Ebeling, 1983, 1990a, Ebeling, 1983; Atack, 1979; Giertz, 1980).
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TABLE 3.1 Major effects of refining

Fibre cutting or shortening

Formation of fibre debris or fines

External fibrillation, the partial removal of the fibre wall leaving it still attached to the fibres
Internal changes in the wall structure described as delamination, internal fibrillation or swelling
Curling of fibres

Strengthening of fibres at low consistency

Changes in fibre shape and number of micro-compression

Dissolution of colloidal material

Redistribution of hemi-cellulose and development of a more gelatinous surface

Lumen reduction

Axial compression

Source: Based on Page, 1989; Hietanen and Ebeling, 1983, 1990a, Ebeling, 1983

VIVIVIVIV|IV|IV|IV|IV|IV|V

These effects can be observed under a scanning electron microscope. Initially, the primary
wall is partially removed. Although it is permeable to water, it does not swell and so
prevents the fibre from swelling. However, removal of the primary layer exposes the
secondary wall and this allows the absorbtion of water into the molecular structure. The
consequent loosening of the internal structure promotes swelling and renders the fibre
soft and flexible. The increased amount of water in the cell wall plasticises the fibre,
making it more conformable when randomly laid into a fibrous web by wet-forming
processes. The greater conformability and collapse of the fibre lumens creates larger
bonded areas at the fibre crossover points. This internal fibrillation is regarded as the most
important primary effect of refining, following the removal of the primary wall.

Further external fibrillation loosens the fibrils and raises the finer microfibrils on the
surfaces of the fibres, which results in a very large increase in the surface area of the
beaten fibres. As the fibres become more flexible, the cell walls collapse into the lumens,
creating ribbon-like elements of great conformability.

External fibrillation is more obvious when viewed under the microscope, owing to the
extensive disruption of the fibre cell wall's outer layers. Fibre shortening (cutting) occurs to
some extent during refining and is mainly due to the shearing action of the bar crossings.
A change in particle size distribution indicates that fibre shortening has occurred — an
increase in the size of the middle fraction at the expense of the coarse fraction. When the
middle fractions of a refined pulp where fibre shortening has occurred are studied by SEM,
it is found that they contain very short fibres with relatively undamaged cell walls. As a
result this process is often called fibre cutting.

It has been reported that the shortening effect of refining would improve paper
formation because it causes a decrease in the crowding number. As a result, there is less
flocculation (Kerkes and Schell, 1992, Kerkes, 1995a) and the creation of smaller flocs
(Kerkes, 1995b). The fines created during refining, (called secondary fines), are mainly
found in the P20o mesh fractions. These fractions also contains primary fines (including
the ray cells which are present in the unrefined pulp), but the number is usually small
when compared with the whole amount of fines produced.
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The fines originate from the primary wall and S1 layer, which are removed as a result
of external fibrillation or fibre shortening. Secondary fines mainly consist of thin fibrillar
threads. Their length is impossible to judge from the micrographs as their ends can
seldom be observed, but they're about o.1um in width. Sometimes wider, more lamella-like
particles can be observed.

Fibre cutting is often considered undesirable because it slows the drainage rate and
reduces the strength. But, in some applications, it may be promoted to obtain good sheet
formation from a long-fibred pulp furnish or to control sheet drainage on the paper machine.

Refining also produces fines and these consist of fragments of broken fibres and
particles removed from the fibre walls. One obvious effect of refining is the dramatic
change in the drainage properties of the pulp. Pulp drainability reduces rapidly as refining
proceeds, mainly due to the increased concentration of fines.

The importance of external versus internal fibrillation has been discussed by several
authors whose views differ as to the relative importance of these factors (Clark, 1985).
External fibrillation and fine formation during beating or refining are the main factors
affecting drainage and network porosity, while swelling and delamination (internal
fibrillation) are critical to sheet consolidation and fibre-fibre bonding (Clark, 1985).

Mohlin and Daniel (2004) examined the effects of refining on the ultrastructure of
Picea abies (spruce) pulp fibres. Chips were cooked in autoclaves with varying
concentrations of hydroxide and hydrosulphide to achieve variation in the molar mass of
cellulose. Field emission scanning electron microscopy (FE-SEM) and transmission electron
microscopy (TEM) revealed novel features on the fibre surface and showed the intercellular
structure of the refined fibres. Fibres with a low intrinsic viscosity were more easily
damaged during refining than those with a high intrinsic viscosity. Pulps of low intrinsic
viscosity showed large decreases in fibre length following refining. The fibres were also
weaker and exhibited greater damage to the S2 layer. Fibres with a higher intrinsic
viscosity exhibited a characteristic lamination of the fibre walls. The results confirmed that
industrial refining causes more external fibrillation than PFl-refining.

Laine et al. (2004) studied the effect of refining on the fibre walls of bleached kraft
pulp fractions using pine — both first thinnings and sawmill chips. Hydrocyclone
fractionation of both pulps produced fractions enriched in early-wood and late-wood
fibres. Some external fibrillation was observed in the thin-walled early-wood fibres during
refining, but no changes in the wall thickness. However, refining caused extensive external
fibrillation and a decrease in fibre wall thickness in the thick-walled late-wood fibres.

The pore structure of the fibre wall opened up during the refining process in all pulp
fractions. Early-wood fibres were more porous than late-wood fibres, and fibres from first
thinnings were more porous than those from sawmill chips. The early-wood fibres from the
first thinnings had more large pores than the other fractions. Around the smaller pores,
the pore volume did not change significantly during refining, but around the larger pores
it increased markedly. In all fractions, the specific hydrolytic enzymes hydrolysed cellulose
more easily after refining. This indicates an increase in cellulose surface area and/or a
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disordering of cellulose and is probably due to a local disordering of the cellulose in the
fibril aggregates. Bonding developed most strongly in the early-wood fibre fraction
produced using the first thinnings.

Kibblewhite and Bawden (1991) studied the response of the fibre in softwood and
hardwood kraft pulps to refining. Softwood (radiata pine, bleached and unbleached fibres
of different fibre coarseness and length) and hardwood (bleached eucalypt fibres of
different fibre coarseness — Eucalyptus regnans and Eucalyptus globulus) pulps were
refined separately and in various proportions in an Escher Wyss refiner at a range of
specific edge-loads and energy inputs.

The response of individual fibres to the refining process was monitored by looking at
their fibre cross-section dimensions, their lengths and the organisation of their wall
structure. Radiata pine pulps representing a wide range of fibre coarsenesses, were also
blended in various proportions and refined in a PFI mill at a stock concentration of 10%.
The fibres responded in different ways depending on the refining conditions and the fibre
type.

Softwood fibres in both the PFI mill and Escher Wyss showed a definite contraction in
both the fibre wall volume and the fibre diameter. The hardwood fibres showed marked
increases in their wall volume and fibre diameter. These differences relate to changes in
the structural organisation of the fibre wall. The changes varied greatly depending on the
proportions of softwood or hardwood fibres and/or the number of low and high
coarseness fibres.

Batchelor (1996, 1999) investigated the affects of refining on the properties of fibre
and showed that fibre length and coarseness decreased with refining. Some of the results
were inconsistent. The changes in the number of long fibres did not match the changes in
length-weighted fibre length.

Sheet properties were measured to see whether the tensile strength related to
predictions from the Page equation. They did not and this thought to be due to the
development of fines during the refining process.

Brindley and Kibblewhite (1994) examined the refining effects on eucalyptus, mixed
hardwood and softwood market kraft pulps and blends. Different pulps responded in
different ways due to the different fibre characteristics of the unrefined pulps. Mixed
hardwood pulps, when refined on their own, had a lower strength and fewer optical
properties than eucalyptus pulp, but required a greater amount of refining energy. In
blends with softwood pulps, the mixed hardwood pulps had similar properties to
eucalyptus softwood blends. Freeness and strength properties varied depending on
whether the pulps were refined separately or corefined.
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FIGURE 3.1 Effect of raw material properties on the papermaking properties of short-

fibre pulp
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Source: Valmet, 2001 : reproduced with permission from PITA
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Laboratory versus mill refining

When discussing large-scale refinement, it's worth establishing a base for comparison, by
looking at PFI-mill refining. This is a refining technique commonly used in the laboratory
evaluation of pulps. However, as with many laboratory studies, the results of this type of
refining differ from those obtained in large-scale refiners — at a given drainage rate,
better strength properties are achieved by a laboratory-refined pulp.

PFI-mill refining is a uniform treatment where the character of all fibres change to the
same degree. Valley-beater refining is also considered a uniform method. It's possible that
a commercial mill refiner can match the uniform refining of a valley-beater — however, the
greater intensity of commercial mill refining usually produces lower strength results.

The industrial refinement of chemical pulps is known to produce a pulp which differs
in many respects from a laboratory refined one. One reason, as shown by Bauer-McNett
fractionation, is the larger amount of fines formed. By studying the large-scale refined
pulps by SEM, any other differences which exist between large-scale and laboratory
refining can also be detected.

The effects to note are any changes in fibre structure which are different from those
obtained in laboratory refined pulps, the uniformity of the refining process and any
differences in the appearance of the fine fraction.

In studies of the long-fibre fractions of industrially refined pulps, the striking
difference was that, compared to the PFI-mill refined pulps, most of the industrially
refined fibres appeared unrefined. However, some of the fibres or parts of the fibres had
lost their well-defined character. In an industrial refiner, some fibres pass through the
refiner without being affected while others are heavily refined. With external fibrillation,
the width of the fibrils can vary widely but small fibrils are not found in industrially
refined pulps. In large-scale refining, the wide lamellae are torn away from the fibre
surface. Deformation of the fibres, whether by twisting, curling or bending, can be
observed in industrially refined pulps, both in the high-and low-consistency refined pulps.

The effect of different refining systems on the fines fraction is not large. The fines
produced consist mainly of thin fibrillar threads, though wider lamellae can sometimes be
found. The wide lamellae torn away from the fibre surface by external fibrillation are not
present in the fines fraction or the middle fraction. It is assumed that during refining these
wider lamellae are broken down. These primary effects all relate to each other because the
morphology of the fibre influences the properties of the furnish and final product.

Mohlin (1991) used a bleached softwood sulphite pulp, a bleached hardwood kraft
pulp and a bleached softwood kraft pulp to compare industrial and laboratory beating
using a PFI-mill, an Escher-Wyss conical Kleinrefiner, and a 24in Beloit double-disc refiner.
He found that industrial refining and laboratory PFl-refining affected pulp fibres
differently. PFl-refining caused internal fibrillation of the fibre and decreased fibre curl.
Industrial refining caused greater external fibrillation, fibre damage and shortening.

The Escher-Wyss mill is a laboratory scale conical refiner. It is considered to give a
closer representation of mill scale refining than the PFI mill. This is largely because
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Escher-Wyss refining is performed at lower stock consistency (typically 2-5%) with fewer
fibre—fibre contacts and more fibre cutting (especially at high specific edge loads).

The Escher-Wyss refiner causes more external fibrillation. The lower intensity PFI mill
causes more internal fibrillation (Stoere et al., 2001).

Dickson et al. (1999, 2000) investigated the effects of a xylanase enzyme on the
properties of an unbleached softwood kraft pulp after Escher-Wyss and PFl-refining. There
was greater development of handsheet properties after PFl-refining. However, Escher-Wyss
refining revealed greater modifications in the fibres after xylanase teatment, when
compared to PFI refining.

Kerekes (2001, 2005) investigated the features of the PFI-mill which affect its refining
action and compared these to those of a laboratory conical refiner. Refining energy and
intensity were among the factors studied. Pulp property changes were compared at
equivalent values of energy and refining intensity and these were checked against
theoretical values of refining intensity and energy. Compared to the conical refiner, the PFI
mill is a low-intensity, high-energy refining device. This explains a few of the differences
between the refiners in normal operation, but even at the same energy and intensity, the
PFI produced a different refining effect. It produced a smaller reduction in freeness and an
increase in tensile strength. This suggests that the PFI mainly causes internal fibrillation -
a finding in agreement with the conclusions of earlier authors. Comparisons of the
refining intensity of the PFI mill with intensities estimated from a roller device, and with
any theoretical predictions, suggest cyclic compression and internal fibrillation.

Experiments simulating commercial refining conditions have investigated the
response of various commercial, dried, bleached softwood kraft pulps to standard PFI-mill
beating and refining in an Escher—Wyss laboratory refiner (Seth, 1999). Pulps refined at
low intensities produced sheets with improved levels of bonding and a higher tensile
strength. Irrespective of the methods of comparison, at similar refining energies and
freeness, finer fibres produced superior sheet tensile strength. The response of the pulps to
Escher-Wyss refining was not accurately predicted by PFI-mill beating results.
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Theories of refining

Different refining theories have been developed to determine the most suitable refining
system, the necessary controls and the refining conditions. The literature dealing with the
theories of refining has been comprehensively reviewed by Ebeling, 1980; Baker 1991a;
Sevens, 1992; Lumiainen, 2000 and Melzer, 2000.

One important feature of these theories is that they work independently of the size of
mill-scale refiners and can be used both for conical and disc-type refiners. The Specific
Edge Load theory is widely accepted. It is commonly used worldwide because it is easy to
use, comprises simple calculations, and all the factors are readily available.

It was first presented by Wultsch and Flucher (1958) and further advanced by Brecht
(1966a-c; 1967a,b), Danforth (1969), Arjas et al. (1970) and Leider (1977). The approaches
involve an empirical measure of the refining action as indicated by the type or intensity of
the refining, the extent or amount of treatment and the energy consumed in the process.
So, the refining action is always a balance between the total net energy applied, the
number of impacts on the fibres, and the intensity of those impacts.

In general, the total power consumed by the refiner is made up of the idling (or no-
load) power and the net energy applied to the pulps (Amero, 1980). The typical idling
power for double-disc refiners shows a significant increase in power as the refiner speed
increases and the size increases (Stevens, 1992). The relationship of the no-load power to
speed and size is shown by

N.Lhp = kN3DS

where N is the refiner speed, and D is the refiner plate diameter. The net refining power
is the total motor load power less the idling power. Dividing the net power by the
throughput gives the specific net energy for refining (net hpd/t or net kwh/t).

Similarly, the refiner is characterised by its bar edge length, which is the total
intersecting length of the rotor and stator bars. The product of the bar edge length and
the refiner speed (rpm) provides the rate of the bar edge crossings. The intensity of the
refining action is then calculated by dividing the net refining power by the rate of bar
edge crossings. This can be represented by

Net power (kW)
Bar edge crossing (m/s)

Specific edge load (Ws/m) =

Net kw
Specific net energy (kWh/t) = m 2)
OD fibre flow (t/h)

These equations are related through a third term - the specific number of impacts.

Bar edge crossing (m/s)

Specific number of impacts = :
OD fibre flow (t/h)
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These terms are not intended to represent exact mathematical expressions, but are used
to visualise the refining process in terms of the equipment and operating parameters. The
formulas indicate that the severity or intensity of refining is an inverse function of the bar
edge crossings and is a direct function of the power applied (or unit pressure in the
refining gap). The extent of refining is directly related to the actual bar crossing length
and the rpm of the refiner.

Brecht (1966b) reported that the specific edge load was a good measure of refiner
performance. In tests where the net energy, rotational speed, and bar length were varied,
the same beating results were obtained if the variables kept the specific edge load
relatively constant.

Low-angle conical, wide-angle conical, and disc refiners all gave the same result when
operated at the same specific edge load. Therefore, the refining result for a given pulp is
unambiguously defined when the specific edge load and specific net energy for the
treatments are the same. In this context, the bar widths, the number of bars, their average
contact area, the refiner rpm, the stock consistency, and the volume flow had little
influence on the refining process.

Other workers considered the bar surface areas rather than the cutting length to be
the main controlling variable. However, Brecht's results showed that a sevenfold change in
refining area was less important than a twofold change in edge length. The specific edge
load calculations have proved an efficient way of comparing the refining action of
different pieces of equipment. At a given power input, the refining intensity increases as
the bar edge length decreases. The higher the value, the more severe is the treatment and
the more cutting or shortening is likely to occur.

The term for the specific edge load used commonly in North America is net
hp/million inch contacts per minute, and can be converted as follows

Hpd/USt x 17.897 = kWh,/USt
Hpd/USt x 19.728 = kWh/mt
Net hp/MIC/min x 1.7615 = Ws/m

The Specific Edge Load theory fails to consider several important factors which influence
the obtainable refining result (Baker, 1991a,b). It does not pay any consideration to factors
such as the net energy input during one-pass, the refining consistency, the width of the
bars, the stapling of fibres on bar edges, the condition of the fillings and the gap
clearance. It only considers the length of the bar edges and assumes that the refining
result is independent of the above-mentioned factors.

Overall, the Specific Edge Load theory, although not covering all aspects of refining, is
the easiest to apply and has gained credibility with most refiner and pulp suppliers,
research institutes and papermakers (Baker, 1991b; Lumiainen, 2000).
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Lumiainen (1990a,b) described a new Specific Surface Load theory in which the length of
the refining impact across the bars is a critical factor. This theory can be used to acquire a
better understanding of existing refining systems and allows the subsequent optimisation
of the processes with all the associated power savings.

The amount of refining is the result of the number and energy content (specific edge
load) of the refining impacts. The nature of refining (previously the specific edge load) is
the result of the intensity (specific surface load) and the length of refining impacts. The
amount of the refining or specific refining energy can be obtained by multiplying the
number, the intensity and the length of the refining impacts (Lumiainen, 1991, 1995¢).

Number of refining impacts (km/kg) x Specific surface

Specific refining energy (ki/kg) =
P J 9y (k7kg) load (J/m?) x Bar width factor (m)

These factors describe the refining process by considering both the real intensity and the
length of the refining impact. The number of refining impacts, at a given intensity and
length, determines the refining energy. The number of refining impacts is obtained by
dividing the cutting speed (the number of generated impacts) by the fibre mass flow.

The impact number figure (km/kg) only records the number of generated refining
impacts when a given fibre mass flow has passed through the refining system. It does not
say how many fibres have received refining impacts.

Cutting speed of bars (km/s)

Number of refining impacts (km/kg) = :
Fibre mass flow (kg/s)

The new specific surface load value is obtained by dividing the old specific edge load by
the bar width factor

Specific edge load (J/m)
Bar width factor (m)

Specific surface load =

The length of the refining impact across the bars depends on the width and the angular
setting of the bars

_ Width of rotor bars (m) + Width of stator bars (m) » 1
2 Cos (average intersecting angle/2)

IL

The new Specific Surface Load theory, has partly replaced the old Specific Edge Load
theory. The Specific Surface Load theory seems to work quite well when the bars are so
narrow that fibre flocs, when receiving a refining impact, cover the whole width of bar
surface. However, it should be remembered that the nature of the refining process
depends on the specific surface load and on the width of the bars. If the bars are much
narrower than the fibre floc, they heavily cut the fibres (Lumiainen, 2000).

The Specific Surface Load theory works quite well with coarse fillings when the bars
are wider than the length of the fibre flocs. Still, this theory has as many weak points as
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the Specific Edge Load theory, but both offer practical tools when selecting fillings and
other refining parameters for various applications (Lumiainen, 2000).

Danforth (1969) developed independent expressions for describing refining. Refining
is expressed as a function of the number and severity of refining impacts between the bar
edges.

(Hpa — Hpn) At K2

Relative severity of impacts =
D (RPM) Lr Ls C

Lr Ls (RPM) C
XR

Relative number of impacts = K1

Where HPa is the total horsepower applied; HPn is the no-load horsepower; HPa — HPn is
the net horsepower; At is the total area of refining zone; Lr is the total length of the rotor
edges; Ls is the total length of the stator edges; D is the effective diameter; RPM is the
rotor RPM; C is the stock consistency; X is the average bar contact length; R is the
throughput rate; K1 and K2 are appropriate constants.

The C-factor theory was developed by Kerekes (Kerekes, 1990, 1991). It characterises
the action of a refiner as the number of impacts per unit mass of pulp, N (= C/F), and the
intensity or energy of each impact, / (= Pnet/C). In these expressions, Pnet is the net
power applied by the refiner, F is the mass flow rate through the refiner, and C is the C-
factor, which is a measure of the ability of the refiner to impose impacts on the pulp. The
product of N and / is the specific refining energy.

Equivalent refining action is expected when the number and intensity of impacts are
the same (Kerekes, 1990). The C-factor is the product of two terms. The first is an
expression of the number of times that the bars will cross over each other in the time it
takes for a fibre to pass through the refiner. The second is the probability of a fibre being
trapped (an impact) each time a bar crosses over the fibre, and is assumed to be given by
I/(I + D), where [ is the fibre length and D is the groove depth. In deriving this expression
it was assumed that the fibres were trapped individually and that fibres coming into
contact with the bar edge were always trapped.

The advantage of the C-factor theory over the more widely used Specific Edge Load
theory (Brecht and Siewart, 1966¢, Brecht, 1967b) is that it includes more of the plate
design factors (e.g. bar angle, bar width and groove depth) which are known to affect the
refining process.

The utility of the C-factor theory has been demonstrated in a series of additional
papers (Kerekes et al., 1993; Ouellet, 1999; Welch et al., 1994).

For a disc refiner in a simplified case (small gap size, similar bar pattern on rotor and
stator) the C-factor is

812 GD[?] Cf1n3 [7] (1 + 2 tan[?])(R3 - R3)
3w(/+D)
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For a conical refiner in a simplified case, the C-factor is

812 Cf1DCI[?] cos? [?] (cos[?] + 2 sin[?])(R3 - R3)
3w (1 +D)G+ W)

Because these equations do not consider the width of the bars at all, there is another C-
factor equation for a simplified disk refiner

812 [?] CF1DG?] cos? [?] (cos[?] + 2 sin[?])(R3 - R?)
3w (1 +D)G+ W)

C=

Where N is the number of impacts/mass pulp (kg™"), F is the pulp mass flow through
refiner (kg/s), /[?] is the energy/impact (J), P is the net power applied to refiner (W),

G is the width of the grooves (m), D is the depth of the grooves (m), [?] is the density of
water (kg/m3), Cf is the pulp consistency, fraction, / is the length of the fibre (m), n is the
number of rotor and stator bars on circle 21t in refiner, [?] is the rotational velocity of
refiner (revolutions/s), cp is the bar angle from radius (degree), R, is the inner radius of
refining zone (m), R, is the outer radius of refining zone (m), w is the coarseness of fibre
(kg/m), [?] is the angle of the conical refiner (°), L is the length of the refining zone (m)
and W is the width of bar surface (m).

One factor that is not considered in the derivation of the C-factor (or any other
method of characterising refiner action) is the floc-trapping process, even though it is
known that the sharpness of the bar edge has a strong influence on the efficiency of this
procedure (Ebeling, 1980). Rihs (1995) and Berger (1997) have shown that blunted bar
edges reduce the refining efficiency. The degree of flocculation, which will be strongly
affected by consistency, is also expected to be important.

In an idealised experiment, Stephansen (1967) measured the amount of fibre
accumulated on a bar edge after a pulp suspension impinged on it. He found that the
amount of material which accumulated on the edge increased, as the speed at which the
fibre suspension impinged on the bar decreased. Factors that reduced the degree of
flocculation in the pulp (a reduction of fibre length, an increased degree of refining) were
found to decrease the amount of fibre which accumulated on the bar edge.

In one study, Khlebnikov et al. (1969) measured the tangential (shear) and normal
forces between the rotor and stator bars as functions of the stock consistency and the
clearance between the bars. They found that, for a given bar clearance, the measured
forces were approximately a factor of two lower for refining at a stock consistency of 2.2%
compared to results measured at a 3.2% consistency.

In studies on the gap between the rotor and stator bars at a given load, it has been
found that the gap decreases during the refining process (Nordman et al., 1981), reflecting
the reduction in the flocculation characteristics of the pulp with the degree of refining.
Furnish additives, which reduce or increase pulp flocculation, have also been shown to
reduce the gap between the rotor and stator bars (Ebeling and Hietanen, 1986).
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While floc location in mechanical pulp refiners has been the subject of active research
(Fan et al., 1994, 1997), stock flocculation and bar edge effects have never been included
in any theory characterising the action of low-consistency refiners. Among the reasons for
this is that, at normal refining consistencies of between three and 5%, the density of the
fibres is too great to allow a direct optical observation of the refining zone, making the
state of flocculation of a furnish inside a refiner difficult to measure. In addition, no
description of the probability of trapping fibres as a floc, which takes into account bar-
geometry factors, has ever been developed.

Approximate equations for the number of impacts and the forces imposed in each
impact were developed by Batchelor (2001) based on the number of flocs captured by the
refiner bars, and the area and thickness of the flocs. Data from refining trials on radiata
pine pulps were compared with the theory. It was found that, for these refining trials, the
number of flocs captured and the area and thickness of the flocs did not depend on the
consistency at which refining was undertaken.

The theory was used to derive a fibre-shortening index, based on fibre shape and
strength, for the amount by which fibres reduce in length during refining. There was a
strong correlation between the index and the fractional fibre length reduction measured
from refining trials on one hardwood and three softwood pulps.
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Different refiners are used in refining and these differ in their design and operating
conditions (Smook, 1992; Biermann, 1996; Baker, 1991a, 2000a, 2005b,c). While machine
configurations have undergone changes, all have a similar action and work by an
arrangement of cutting edges, brushing surfaces, contact pressures and peripheral speeds.

Within certain limits, when a refiner is properly applied, there isn't a great difference
between the ability of conical and disc refiners to develop fibres. A fibre is only aware of
how many times it is hit and how hard it is hit (Baker, 1997, 2000a).

This chapter describes the refiners available and their advantages and drawbacks.

The first refining machine was a Hollander beater. It was invented in the 1700s and
operates in a batchwise mode. It was phased out in the late 1970s because it is slow and
expensive to run. These days it is only used in small mills and in special applications, e.g.
cutting long cotton/rag fibres before the refining process.

The Hollander beater comprises a large open vessel, a rotating bar-equipped drum,
and two or three bar-equipped counter bed plates (Figure 6.1). It is energy intensive, but
produces a gentle and quite uniform treatment. Its refining energy and intensity can be
independently controlled, which is an advantage. (Biermann, 1996; Smook, 1992;
Lumiainen, 2000).

FIGURE 6.1 Hollander beater

Source: www.anu.edu.au/ITA/ CSA/ onlinegallery /files /images/ papermaking_studio_01.jpg

The beater suits small-capacity mills and short runs and is more versatile than other
refiners, because different treatments can be obtained by changing the pressure during the
beater cycle. Refiners have not replaced beaters entirely in the production of rag grades,
although refiners are being used alongside the beaters to shorten the treatment times.

Two types of continuous refiner are used for stock preparation — conical refiners and disc
refiners. Conical and disc refiners have almost completely replaced beaters in stock
preparation systems. They occupy less space at similar levels of production and are more
efficient in developing fibre strength.
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Conical refiners can be split into low-angle types (Jordan) and high-angle types (Claflins).

They've have been manufactured in a range of sizes and capacities (Table 6.1). Their

operation is similar to that of a disc refiner, except in geometry.

TABLE 6.1 Conical refiners

Model Nominal capacity Speed range (rph) hp range Maximum

(STPD) High Medium Low High Medium Low (US gal/min)
Midget 3-10 1200 (1500) 900 (1000) 720 (750) 60 40 20 100
#1 Hi-Speed 8-25 1200 (1000) 900 (1000) 720 (750) 100 75 40 200
Stockmaster 8-50 1200 (1000) 900 (1000) 720 (750) 150-125 125-100 100-75 400
FM | 25-150 900 (750) 720 (750) 600 (500) 200 150 100 1000
FM 11 25-300 600 (600) 514 (500) 450 (428) 400 300 200 2000
Standard 25-175 600 (600) 514 (500) 450 (428) 300 250 200 1000
Royal 25-200 4 (500) 450 (428) 360 (375) 350 200 250 1500
Imperial 25-200 450 (428) 400 (375) 360 (333) 350 300 250 1500
Majestic* 50-400 450 (428) 400 (375) 360 (333) 500 400 300 2000
Leviathan 120-600 360 (375) 326 (333) 300 (300) 800 600 500 3000
Berkshire 11l 50-250 400 (375) 360 (333) 326 (300) 400 350 300 1500

* Established at 20 ft/s (6m/s) entrance velocity
Source: Stevens, 1992; reproduced with permission from PAPERTAC

In conical refiners, the refining surfaces are on a tapered plug. The surfaces consist of
a rotor that turns against the housing and the stator, both of which contain metal bars
mounted perpendicularly to rotation. The Jordan refiner, patented by Joseph Jordan in
1858, is a low-angle conical refiner (Figure 6.2) and is available in different sizes. It can
achieve different levels of refining by changing the distances between these surfaces.

FIGURE 6.2 Jordan refiner
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Tapered
roller
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Plug
adjustment

Source: Smook, 1992, reproduced with permission

The cone angle of these refiners is usually between 16° and 17° and because the fillings
are often coarse there is a great deal of fibre cutting during the refining process. These
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refiners are used mainly as trim or tickler refiners and are placed close to the machine
chest - such positioning is considered good practice. Here, they can respond quickly to
any differences in the stock coming from the main refiners by giving them a final cut. As
a result, tickler refiners are used to control the final properties of the paper and also to
treat mixed stock. They are not efficient or of sufficient capacity to be used in general
refining. However, when fillings (plug and shell) with a narrow bar are used, they provide
excellent fibre development and are suitable for all kinds of fibre.

The Jordan refiner is still used but has shortcomings when compared to modern
conical and double-disc refiners. (Lumiainen, 2000; Baker, 2000a). The no-load power is
high, which means it has a low operating efficiency; typically less than 50%. Although
many materials have been used, the number of patterns available for fillings is limited, so
there's a lack of flexibility. The fillings available tend to have few bars, so the refining
intensity is high and not suitable for shorter-fibred pulps (Baker, 2000a). However, the
possibility of fitting basalt lava fillings still offers a basis for the type of fibrillating action
found in beaters.

The next conical-type refiner is a wide-angle machine with an angle of 60° rather
than 16°. The most widely used version is the BemaTec Clafin refiner (Anon, 1999). Wide-
angle refiners are adaptable, work economically under different conditions and are found
in many mills. Robust, they have a long filling life. They can operate with a large working
area at low speeds, having relatively little power installed for the throughput capacity.
Fillings are available which produce anything from extreme cutting to almost pure
fibrillation and these do so without sacrificing efficiency. A wide-angle refiner is shown in
Figure 6.3.

FIGURE 6.3 Claflin refiner

Source: Biermann, 1996; reproduced with permission from Elsevier

One feature not found in other refiners is the Develomax filling which simulates the
action of basalt lava fillings, giving a very low SEL (Baker, 2000a). This filling is found on
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machines producing tracing and glassine papers and consists of a conventional barred
cone with a shell which has been drilled to give a large number of treatment zones.

The large-end peripheral speed of these refiners is usually between 5200 and
6500ft/min which means that the type of treatment obtained is different from that of a
small-angle conical refiner. Generally, the action of the wide-angle refiner results in
greater bonding strength development, less cutting, more fibrillation and less severe
damage to the fibre. BemaTec has launched the new Claflin 2000 Ecofiner 5o. It offers
high quality refining between five and sotpd with a low energy consumption. A new
model with a capacity of 300-350tpd will soon be available (Anon, 2004).

The new member of the conical refiner group is the medium-angle Conflo type, which
has a 20° cone angle (Figure 6.4). Fillings are longer than in the Claflin-type refiner but
much shorter than in the Jordan. The basic construction also differs because the shaft is
not a through-going type. The cantilevered design makes filling easy.

FIGURE 6.4 Valmet Conflo® refiner

Source: Lumiainen, 2000, reproduced with permission from Fapet OY, Finland

This modern medium-angle conical refiner, with a wide variety of different fillings, is a
popular low-consistency refiner. Baker (2000a) has compared the typical operating powers
of different conical refiners (Jordon, wide-angle standard, wide-angle Fi2, shallow-angle)
of similar throughput. The shallow-angle conical refiner has a higher rpm motor which
increases the cutting edge length. But in spite of the higher rotation speed, it has a lower
no-load and much higher efficiency than conventional conical refiners with conventional
fillings. It is slightly more efficient than the wide-angle refiner because of the shallower
grooves in the fillings. Sunds Defibrilator reports that Conflo refiners are easy to service,
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consume less energy than disc refiners and that their longer retention time improves the
quality of the beaten pulps (Anon, 1988; Lumiainen, 1995a, 1997a).

In the mid-1990s, Pilao S.A. of Brazil, a manufacturer of disc-type refiners, began a
project to improve the designs of conical refiners (Anon, 1998). The goals were to develop
a unit that combined the fibre development and reduced energy characteristics of the new
conical refiners with a higher capacity and energy efficiency. The result was a conical
refiner with three refining cones (Lankford, 2001a-d; 2003, 2004; Perecin Araujo, 2004;
Crook, 1999). It uses a wide-angle, double-flow conical refiner with a double-sided conical
rotor and two conical stators (Figure 6.5).

FIGURE 6.5 TriConic refiner (Pilao International)

Rotor centralising Main body Rotating Adjustment TriConic® system
system construction element mechanism

Source: Pilao; reproduced with permission
Like a double-disc refiner, the rotor floats and is balanced by stock flow and hydrodynamic

pressure on both sides. In concept, it can be thought of as a double-disc refiner folded
back over itself (Figure 6.6).
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FIGURE 6.6 Diagram of the new triple-cone refiner concept
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Source: Lankford, 2001 c; reproduced with permission from Paperloop

The design incorporates small diameter cones with a comparatively high refining area,
e.g. to achieve the same refining area as a 34in double-disc refiner, the new design
requires cones with diameters of only 21.25in. Since the diameter of the rotor is smaller,
the circumferential velocity at the rotor outside diameter for a given rpm is considerably
reduced. This permits the maximum allowable rpm of the refiner to be increased,
providing for lower refining intensities.

The new conical refiner should be better for hardwood and recycled fibres by
providing refining at lower intensities, which results in better fibrillation and less cutting.
Total energy consumption, including no-load power requirements, is also reduced for the
equivalent refining area.

Using the existing designs of the refiner body and rotating elements in double-disc
refiners, the researchers redesigned the refiner door to accommodate the triple-cone tackle
concept (Figure 6.7).
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FIGURE 6.7 Tackle diameter comparison of a triple conical refiner versus a double-disc

refiner

Source: Lankford, 2001 c; reproduced with permission from Paperloop

The result was a conical refiner with three cones and four refining surfaces, which
functions like a double-disc refiner. The results were extrapolated to see how the refiner
would work in a mill environment.

The refining tackle is fabricated which allows greater freedom in bar pattern design
to suit various applications. The bars are cold re-rolled steel and are welded to a
fabricated steel cone (Figure 6.8).

FIGURE 6.8 Illlustrated comparison of fabricated and cast refiner tackle
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Source: Lankford, 2001 c; reproduced with permission from Paperloop
The leading edge of each bar is go° and, due to a unique microstructure, it stays at go°

throughout the life of the fill (cast bars generally have a leading edge that is greater than
90° which increases with wear).
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The geometrical relationship of the bars and the grooves stays constant over the life of
the fill (whereas the bar/groove geometry of cast tackle changes as the bars wear). The
cones are comparatively small and are removed from the doorside of the refiner. Filling
change from shutdown to startup can be accomplished in one or two hours. During
maintenance, the entire rotating shaft assembly, including bearings, housings and
retainers, can be removed from the door side.

Studies at the University of British Columbia have determined that as few as 30%
of fibres are refined in the first pass through a disc refiner. The new type of conical refiner
provides more complete and homogeneous fibre treatment and improved fibre
development. The hydrodynamic forces in a conical refiner may force more fibres across
the bar intersections. In tests at Westvaco's linerboard mill at Valinhos, Brazil, the new
refiner outperformed the existing installation, but had only 56% of its energy
consumption. Further tests were conducted at an Italian tissue mill where higher levels of
freeness were obtained despite a reduction in energy consumption of 33.35%.

At a south-eastern US boxboard mill, a couple of double-disc refiners were replaced
by a new triple-cone refiner leading to a reduction in the consumption of energy and
steam, and to increased levels of production. It was also possible to substitute a lower
cost fibre. At a southern US linerboard mill, two triple-cone refiners replaced four double-
disc refiners. Pulp from the new refiners was superior in 12 of 14 tests.

Ortner and Soini (1999) compared the main methods of low-consistency refining —
conical (Conflo JC-00) and disk-refiners (12in twin-disk refiner). Eucalyptus kraft pulp was
refined and the results obtained were examined. Overall, the Conflo resulted in a more
homogeneous fibre and produced a stronger pulp of superior quality. It facilitated good
runnability for fine paper and enhanced the surface smoothness and opacity. Less dirt was
generated during refining and lower amounts of energy were required (at least a 10%
saving).

Disc refiners also operate continuously and became available in the 1930s, after conical
refiners (Bierman, 1996; Smook, 1992; Lumiainen, 2000; Stevens, 1992). They can operate
at high consistency — this favours fibre fibrillation with minimal fibre cutting. They have
lower no-load energy requirements (an indication of energy that does not contribute to
refining), are more compact and easier to maintain.

The disc-refiner group comprises three types — single-disc, double-disc and multi-disc
refiners. Single-disc refiners are almost entirely used in high-consistency refining because
their efficiency in low-consistency refining does not meet today's requirements. Multi-disc
refiners (Figure 6.9) are used in low-intensity refining with an extremely fine plate pattern
and are most suitable for the post-refining of mechanical pulps and hardwood pulps
(Field, 1986; Baker, 2005¢).
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FIGURE 6.9 GL&V MultiDisk™ refiner

Source: GL&V, reproduced with permission

Several double-disc refiners are available from different manufacturers. Figure 6.10 shows
the Voith Paper TwinFlo E double-disc refiner which is available in five sizes, each with
four different filling diameters.

FIGURE 6.10 Principle of Voith Paper's TwinFlo E double-disc refiner
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Source: Voith Paper; reproduced with permission

An integrated plate-changing device ensures quick and easy exchange of fillings
(Figure 6.1).
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FIGURE 6.11 Easy changing of the fillings with Voith Paper's TwinFlo E double-disc
refiner

Source: Voith Paper; reproduced with permission

The installed motor power range is up to 3000kW. The stock is distributed evenly between
the refining gaps of the stator and rotor. As the suspension moves through the gaps, the
fibres are refined between the fillings. The rotor is hydraulically self-centering as it has
free axial movement on the spline shaft. This ensures the refiner fillings remain parallel
and a highly efficient and uniform fibre treatment results.

The refining gap can be adjusted using an electro-mechanical device which moves the
stator in the axial direction, which also adjusts the power. If there is no stock flow, the
electro-mechanical adjusting device provides a high-speed release system. Figures 6.12 and
6.13 show typical Voith Paper TwinFlo E refiner installations.

FIGURE 6.12 Typical Voith Paper TwinFlo E refiner installations

Source: Voith Paper; reproduced with permission
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FIGURE 6.13 Typical Voith Paper TwinFlo E refiner installations

Source: Voith; reproduced with permission

The GL&V double-disc refiners (Figure 6.14) are also are well known. The GL&V Double
Disc Series DD 4000 are of cantilevered design with a hinged door for plate change and
electromechanical plate adjustment. They are available in five sizes and each is capable of
accommodating two disc sizes, 16in (406mm) and 46in (1,,68mm) in diameter. The power
range is between 260 and 1,900kW.

FIGURE 6.14 GL&V double-disc refiner

Source: GL&V, reproduced with permission

The DD600o refiner from GL&V (Figure 6.16) is the latest in the DD product line. Its Equa-
Flo™ technology improve the refining results and efficiency; but there is also longer spline
wear; optimised flow distribution; improved rotor centering (which delivers a stronger
pulp); lower energy consumption; improved plate mounting and a reduction in plate
change time to between one and two hours. Similar results are produced by Voith Paper's
TwinFlo refiner.
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FIGURE 6.15 GL&V DD®6000
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Source: GL&V, reproduced with permission

GL&V compared the energy efficiency of the DD6ooo and the DD4000 on
bleached aspen pulp. The process conditions and refiner plates were identical.
The DD6000 was 40% more energy efficient.
(www.glv.com/docs/product_docs/451/DD6000Brochure3a_MtrcWeb.pdf).

The multi-disc refiner consists of alternate stationary and rotating elements. Stock
enters the machine through an inlet port at the centre of the machine along the axis of
the main shaft. As the rotors and stators are capable of axial movement, the stock can
distribute itself between the refining interfaces. The control of flow is critical and must be
correct to ensure that the refining zones are equal.

The double-disc refiner has two zones but a multi-disc refiner can have up to six. This
results in intensities which can be 25-30% of the normal lower limit of a double-disc
refiner and, because of the spread of power across a multiplicity of zones, a greatly
extended filling life. Using a 24in multi-disc refiner, several advantages were gained over
a standard double-disc refiner at 3.5% consistency for bleached Northern hardwood kraft
(Table 6.2) (Baker, 2005b).

TABLE 6.2 Multi-disk versus double-disc

Multi disc (0.35 Ws/m) Double disc (1.4 W s/m)
Net energy ( kWhr/tonne) 59.5 76.6
Gross energy ( kWhr/tonne) 80 105
CSF (mls) 300 300
Burst factor 36 27
Bulk 1.53 1.53
Tear factor 79 69.5
Breaking length (km) 6.2 5.1

Source: Baker, 2005b; reproduced with permission from Pira International

Disc refiners offer significant advantages over conical refiners. The advantages are:
p Lower no-load energy consumption;
p Application of higher loading and greater rotational speed;
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Greater versatility of refiner plate design;
Self-correcting wear patterns;
More compact design so less space required;

vVvyyvyy

Lower capital investment per ton of production. However, under the same operating
conditions, there is little difference between conical and disk refiners regarding their
ability to develop fibres.

Because of the two zones, a double-disc refiner can be internally configured for series
(monoflo) or parallel (duoflo) operation (Baker, 2000a). In monoflo operation, stock flows
sequentially through each zone, while in duoflo operation, stock flows through both zones
simultaneously. In the latter, the refiner has twice the capacity. By blocking or unblocking
the passages through the rotor, a double-disc refiner configuration can be changed from
duoflo to monoflo and vice versa. This is necessary where fibre usage changes to allow
modification of the flow characteristics of each refiner. With duoflo refiners, it is easier to
maintain equal gaps in the zones.

The most popular stock preparation refiners are those with a two-sided rotating disc
between two stationary refiner plates. Because the pressure is equal on both sides, the
rotating disc centres itself between the two non-rotating heads. This floating disc principle
ensures that the refining energy is split equally between both sides and that the thrust loads
developed are equal in both directions, thus eliminating the need for thrust bearings.

The gap between the plate surfaces determines the amount of work done on the pulp
at constant throughput. It must be carefully controlled to maintain loading time yet avoid
plate clashing. Several methods are used to measure and control the clearance. Higher
disc speeds provide a lower refining intensity for the same throughput, and so provide
better fibre development. However, higher rotational speeds waste more energy because
the no-load energy requirement increases by the cube of the rotor speed. Most of the no-
load energy is dissipated at the periphery where the disk velocity is greatest. Typical disc
refiners produce a maximum peripheral velocity of between 4700 and 5700fpm range.
The maximum rotational speed depends on the diameter of the disk. In order to
circumvent the limitation of diameter on capacity, one manufacturer (Sunds) has added a
conical refining section at the periphery of the disk. Their conical disk refiners are claimed
to be the largest on the market. Table 6.3 illustrates most of the available disk refiner
sizes, speed ranges and nominal horsepower ratings.

TABLE 6.3 Disc refiner sizes

Disc diam. (in) Speed range (rpm) Horsepower (hp)
12 1200-1800 50-100
13 1200-1800 75-125
16 900-1200 100-200
18 720-1200 100-200
20 720-1200 150-250
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TABLE 6.3 Disc refiner sizes (continued)

Disc diam. (in) Speed range (rpm) Horsepower (hp)
24 720-900 200-350
26 600-900 300-400
28 600-900 300-500
30 600-720 400-600
34 514-720 500-800
38 450-600 700-1000
42 450-600 1000-1500
46 400-514 1250-2000
52 400-450 1500-2500
54 360-450 2000-3000

Source: Stevens, 1992; reproduced with permission from PAPERTAC

The actual power, capacity, segment type, refining intensity, and consistency figures of a
refiner depend on its physical dimensions, the refining resistance of the fibres and the
targeted refining result. Generally, long unbleached softwood sulphate pulp fibres are
strongest and have the highest refining resistance, whereas short bleached hardwood
sulphite pulp fibres are the weakest, with the lowest refining resistance. Accordingly, long
and strong softwood pulps require more energy and coarser fillings than short and weak
hardwood fibres.

Disc refiner plates consist of a variety of bars cast on a base plate. The configuration
of these bars is important in achieving the refining resulted required. The plate patterns
are typical of those used in stock preparation. The coarser patterns provide a high-
intensity action, which is suitable for cutting fibres, while the finer patterns are more
appropriate for strength development (Calderon et al., 1987).

Alloys are used in the manufacture of refiner plates. Although pulp quality is a
consideration, the choice of metal is usually based on cost-effectiveness. The use of exotic
metals such as titanium, or jet-age plastics has proven uneconomical. The most widely
used material is Ni-hard, an abrasion-resistant nickel chromium white iron. One advantage
of Ni-hard is that the refiner bars retain relatively sharp leading edges as they wear, a
factor that is compatible with long service. However, Ni-hard is not suitable for corrosive
stocks where more expensive alloys may be required.

Plate wear occurs during refining as a result of normal abrasion and is accelerated by
the presence of foreign materials in the stock. Plate life is also directly dependent on the
corrosiveness of the stock. A plate reaches the end of its life when the fibre quality or
throughput falls below acceptable levels. Measures which provide cleaner stock and less
corrosive refining conditions may ensure a longer plate life.

Different types of metal fillings are used in conical and disc refiners. They can be cast,
fabricated and machined. Cast fillings are found in most disc refiners and in Conflo refiners
and may be in one piece or segmental. As the size of the refiner is increased, the fillings
tend to be as segments. The filling geometry is limited by the casting process of a 2mm bar
and groove width and it is difficult to attain a parallel groove- and bar-configuration.
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There are different types of fabricated fillings. The best known are those in the Claflin and
Pilao tri-disc refiners, which have bars welded on a base. Here, the groove depths tend to
be greater than in castings and dams may be used to increase dwell time. The newest
fabricated filling is the Finebar® type.

FIGURE 6.16 Finebar® filling for hardwood
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Source: www.finebar.com/ products / lowintensepats.html; reproduced with permission

Finebar® refiner plates are produced using a patented technology that creates unique design
advantages when compared to plates produced by traditional casting, welding or milling.

All parts are cut by precision laser, assembled and diffusion bonded. This allows the
production of fillings with very fine bar patterns and high volumetric capacity. Lower
intensities and improved material purity may lead to increases in plate life time,
reductions in energy consumption, an increased capacity and a better pulp quality. Proven
benefits in pulp quality, power savings and plate life-time have been achieved when using
hardwood, softwood, mechanical and recycled pulps. Bar configurations with bar and
groove widths of 1.5mm have been achieved. Machined or milled fillings are now in use
and allow a fine bar configuration of around 1mm. The main benefits are the ablity to
test fillings without creating a pattern and the ability to fine tune. The milled fillings can
also have up to three lives.

Andritz has developed a cylindrical refiner called the Papillon (Gabl, 2004; Gorton-
Hulgerth, 2003; Kettunen, 2004; Pedratscher, 2003; Helmuth et al., 2003; Ruhr, 2003)
which incorporates the Hollander beater principle. The pulp is refined on one cylinder
level which yields several advantages.

The pulp transport and refining processes operate independently which means that
the refining conditions can be targeted over the entire refining gap. Also, the refining
speed is the same, which results in improvements in technological values and net energy
consumption, as well as a reduction in the no-load power compared to conventional
refining units.
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The new refiner is based on a market which requires improvements in fibre strength
potential — this means increasing the probability of the fibres being hit as they pass
through the refining zone. This will result in a more intensive use of the fibre properties,
a reduction in the net energy input, a lower no-load energy input, lower maintenance and
up-keep costs and good machine accessibility.

The Papillon™ refiner is based on the rotating movement by a cylinder as explained
in Figure 6.17.

FIGURE 6.17 Direction of centrifugal forces in disc and cylindrical refiners
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Source: Gabl, 2004; reproduced with permission from Verein Zellcheming e.V

The centrifugal force, which is acting at right angles to the direction of suspension flow,
throws the fibre suspension against the stator plates. The suspension undergoes
centrifugation and is then dewatered while passing through the refining zone. The water
removed fills the grooves in the stator segments, causing the fibre suspension to be
retained on the refiner bars and thickened. Additional positive effects (increasing the
flexibility of the pulp) can be achieved by re-mixing the pulp at a high frequency during
which the water is pressed out of the grooves - this can be activated by the continuous
acceleration (positive/negative) of the pulp during the refining process. The Papillon
refiner is shown in figures 6.18 and 6.19.
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FIGURE 6.18 Section through the CC Papillon™ refiner illustrating the operating
principle

Source: Gabl, 2004; reproduced with permission from Verein Zellcheming e.V

Papillon’s refining plate adjustment mechanism ensures an even force on the refining
plates. The stator can be opened completely, which allows easy maintenance and makes
changing the plates simple. Fibre treatment between the plates is homogeneous, due to
the cylindrical shape of the refiner, which ensures a constant peripheral speed throughout
the refining zone. The rotor speed and the blade angle in Papillon CC refiners remain
constant.

Since this refining system provides independent pulp transport and refining, it allows
the setting of specific refining conditions with any refining gap position. A constant
refining speed improves the strength properties of fibres such as breaking length and tear
index. Between ten and 20% less energy is used and the no-load power is around 45%
less than in conventional refining equipment.

The better strength properties achieved allow an improved hardwood/softwood ratio,
which results in better optical properties. More filler can be used in the pulp, reducing
total cost. A constant bar angle in the refining zone can be achieved by orienting the
refining zone to parallel guiding over the entire bar-covered surface.

Page41 © Copyright Pira International Ltd 2005



Technological Developments in Refining
Types of refiners

Laboratory tests have shown that the Papillon refiner provides breaking lengths (using
long fibre kraft pulp) which are 10% higher than those produced using a disc refiner, at a
similar level of freeness. So the degree of refining can be reduced by approximately 9oCSF,
while maintaining the pulp strength at the level produced by disc refiners. As a result,
graphic papers with improved formation, and tissues with a higher sheet porosity and
absorbency can be produced.

Alongside the lower refining resistance of short fibre eucalyptus pulp, mill trials have
shown that cylindrical refiners use between ten and 20% less energy to process these
pulps than conical refiners. Figures 6.20 and 6.21 show the differences in the development
of the breaking length in a cylindrical refiner compared to that in a double-disc refiner.

FIGURE 6.20 Breaking length versus beating degree in refining of long-fibre sulphate pulp
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Source: Gabl, 2004; reproduced with permission from Verein Zellcheming e.V
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FIGURE 6.21 Breaking length versus beating degree in hardwood fibre sulphate

(eucalypt) pulp refining
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Source: Gabl, 2004; reproduced with permission from Verein Zellcheming e.V

Figures 6.22 and 6.23 underline what savings can be made using this concept.
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FIGURE 6.22 Increase of breaking length versus specific energy input of a hardwood

sulphite pulp
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Source: Gabl, 2004; reproduced with permission from Verein Zellcheming e.V

FIGURE 6.23 Tear index versus specific energy input of a hardwood sulphite pulp
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DoubleConifiner and Conidisk are advanced refiners from Aikawa Iron Works KK
(Aoshima, 2002). Both possess the combined characteristics of the double-disc and conical
refiner. The DoubleConifiner achieves sufficient refining without causing damage to the
pulp fibres, which results in improvements in stretch resistance and intra-layer strength. It
is also effective in the treatment of used paperboard. The operation capacity of the
DoubleConifiner is 200tpd, which is twice that of the conventional model.

The Conidisk is a high speed and high intensity disc disperser. The treatment can be
performed at room temperature, medium temperature (80—-95°C) or high temperature
(100-130°C). It can be used to improve paper strength, ink dispersion in the de-inking
process, peroxide bleaching, hot-melt adhesive dispersion and formamidine sulphinic acid
(FAS) bleaching. The appearance of paperboard is also improved by using Conidisk,
regardless of the temperature used.

The Thune Myren medium-consistency refiner (Figure 6.24) developed by Thune
Myren in conjunction with PFIl, operates at between ten and 22% consistency (Baker,
1999). The refiner is screw-fed and the water removed can be re-added after refining or
into the refiner casing (the preferred method).

FIGURE 6.24 Thune Myren medium consistency refiner

Source: Baker, 1999b; reproduced with permission from Doshi and Associates

A couple of refiners have been installed at a Scottish recycle mill. The medium consistency
refiner (MCR) operates across consistencies between ten and 22%. It is claimed that the
action is similar to that of high consistency refining, but there is evidence that the fibre
retains its characteristics after dilution. This may lead to higher strength, because the fibre-
fibre action creates kinks, curls and micro-compressions. Benefits appear in the strength
and stiffness. Trials on bleached kraft mixed with secondary fibre showed an improvement
in overall properties of between ten and 20%, when comparing medium with low-
consistency refining. At equal sheet densities, there were increases in stiffness, compressive
strength, tear, burst and opacity. Since stock drainage was faster, paper machine speeds
can be increased. However, there was an energy penalty of 30% for the MCR when using
90% virgin fibre - this dropped to 5% when treating 50% or more secondary fibre.
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Different types of fibre respond differently to refining (Baker, 1991a; 2000a; 20052
Kibblewhite and Bawden, 1991; Valmet, 2001; Atack, 1978). Softwood kraft pulps are
longer and are tougher so need higher refining intensities and a minimum amount of
refining to maintain fibre length and optimum tear/tensile balance, while hardwood
pulps are shorter and weaker so require gentle refining and more energy to develop
strength. With increasing speed of paper machines and converting machinery, constantly
higher strength demands are placed on the short fibre pulps.

New designs of refiner such as the multidisc refiner and medium consistency refiner
offer an opportunity for very low intensity refining which can take the development of
hardwood properties a stage further, to a point where softwood and hardwood pulps can
be developed to give almost the same properties. The multidisc refiner is being used in
the post-refining of mechanical pulps and for the treatment of hardwoods. The medium
consistency refiner is being used for the treatment of secondary fibres for upgradation.

Each fibre species functions best at a different consistency. Many papermakers are
making good quality paper (e.g. writing, printing and copier) from 100% hardwood using
correctly designed systems and refining parameters. Currently, eucalyptus is the most
commonly used short fibre. Its main characteristics are higher strength and bulk and
excellent optical properties (good opacity) and improved surface characteristics (good
printability). Now, there is a trend to develop short fibres rather than cut long fibres and
then develop them. Short-fibred pulps, need to be carefully refined in order to develop
strength properties while maintaining fibre length and fibre strength. This can be
achieved by using very low intensity (SEL) refining, the benefits of which are well known
to the papermakers (Lumiainen, 1994b).

Earlier, the lower limit of intensity had been established at 0.6-0.8 Ws/m due to the
limitations of plate manufacturing technology. However, recent developments in this area
have enabled intensities of 0.2-0.6 Ws/m to be achieved while maintaining efficiency
and hydraulic capacity. All hardwoods require fairly high specific energy inputs of up to
150kWh/t to develop strength and, in the case of eucalyptus fibres, tear and reduced
vessel picking; higher consistencies (5-6%) to avoid fibre length reduction and increase
fibre-to-fibre friction.

For hardwood pulps, low refining intensity results in greater bulk and opacity at a
given level of most strength properties. Most mill refiners presently operate in the range of
0.6-1.0 Ws/m, and nearly all applications could benefit from any reduction achieved by
changing plate patterns. Another important benefit of low intensity refining for hardwood
is the reduction in energy required to achieve a given pulp quality or drainage level.

Figure 7.1 shows a compilation of pilot plant and mill data illustrating the impact of
intensity on freeness drop for various bleached hardwood pulps. The data points clearly
show a trend of increased freeness drop per net hpd/t applied as the refining intensity is
reduced from 2.0 to 0.2 Ws/m. In other words, less energy is needed to achieve a given
freeness. This can be taken as an operating cost reduction, or as an increase in power
available for quality enhancement or to accommodate a higher throughput.
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FIGURE 7.1 Impact of refining intensity on freeness drop for various bleached

hardwood pulps
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Source : www.finebar.com/ resourcecenter/ manual.pdf; reproduced with permission

Alternatives to improve eucalypt kraft pulp refining have been suggested by Demuner
(2001). These alternatives are: fine plate patterns to increase cutting length, reducing
specific edge load; refiner with multi zones, allowing higher cutting length, lower no-load
and lower net energy consumption with less capital investment; disc refiner with a
dispersing unit to allow the refining of individual fibres with very fine plate pattern and
narrow gap; adequate cutting angles to increase cutting length and fibre fibrillation; stock
consistency as high as possible; active diameter reduction to reduce no-load; and, separate
refining system for the eucalypt pulps and softwood components. The typical refining
conditions for short fibre pulps are presented in Table 7.1.

TABLE 7.1 Typical refining conditions for short fibre pulp

MTH Eucalyptus Acacia Birch
Fibre length, mm 0.90 0.75 0.70 0.85
Coarseness, jug/m 132 82 76 108
Edge load, J/m 1.2-4 0.6-0.8 0.4-0.6 0.8-1.2
Surface load, J/m? 400-450 250-300 200-300 250-400
Bar/groove width, mm 3.074.0 2.5/3.5 2.0/2.5 3.0/40

Source: Valmet, 2001: reproduced with permission from PITA

The treatment of short-fibred pulps requires a specialised type of refining (Baker, 2001c)
and new refiners such as the Beloit multidisc refiner and the Thune Myren medium
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consistency refiner offer normal approaches to the treatment of these pulps, while the
shallow angle Sunds Jyhla JC series refiner offers high energy efficiency. Baker (2001c) has
reported that it is possible to refine at very low intensity with conventional refiners using
very fine barred fillings; that the action of a multidisc can be reproduced with the same
overall efficiency using a standard double disc refiner, and that considerable savings in
energy are possible using a filling which will fit into any double disc refiner.

A new refiner design for short fibre pulps features narrower blades and grooves with
longer cutting edges (CEL) in order to reduce specific edge load (SEL) below 1.0J/m (Sigl,
2001). Low intensity refining of such pulps reduces energy requirements and improves
paper quality. Trials with Voith Sulzer Papiertechnik GmbH's new TwinFlo E twin disc
refiner show that different blade angles should be used for different pulps, such as 40°
for Eucalyptus and birch, and 60° for mixed tropical hardwood and de-inking pulp. Blade
angle has a greater effect on pulp strength properties than blade width.

For softwood pulps, low refining intensity has long been considered unnecessary and
deemed too costly in terms of potential increases in specific energy requirements. This
observation is changing as many mills are seeking gains in tear strength and toughness
that lower refining intensity can provide. Many mill refiners currently operate in the range
of 2.0-4.0 Ws/m. Any easily achieved reduction in intensity will almost always be
beneficial to quality. To treat a softwood fibre, any refiner can be used with the correct
filling, but the most efficient refiner for this purpose is probably the shallow-angle conical
refiner (Conflo) because of the lower no load. Fillings to give optimum treatment for
softwood fibres are available for both conical and double-disc (DD) refiners. There is a
trend to use finer fillings in order to maximise the strength potential as the content of
softwood decreases. The main use of softwood is as a reinforcement pulp and as the
content decreases, the need to optimise the strength properties of these pulps increases.
The major strength properties are tensile and tear; these parameters cannot be maximised
because although tensile strength increases with refining, the tear properties decrease. So,
there is no way to optimise the refining of softwood pulps. The best that can be attained
is a compromise depending on the end use of the paper and the desired properties. At
lower intensity, the development of strength is higher for softwoods, but this intensity
should not be too low, as the softwood fibre is strong and requires an adequate degree
of force to break down the fibre to give bonding sites. Softwood fibres are longer in
comparison to hardwoods and require a moderately harsh treatment. An intensity of
2.0Ws/m is found to be optimum with an operating range of 1.5-3.0Ws/m (Baker 2001a).
Optimum refining is considered to be that which gives the best property balance. In order
to produce a well-formed sheet, the softwood needs to be cut as well as fibrillated for
strength. Suggested conditions are: fairly coarse barred filling with shallow angle, medium
specific energy input, about 100kWh/1, to give strength and retain tear. Taking the normal
refining consistency range as 4—-6% consistency, then softwood refining should be toward
the low end of this range to promote fibre length reduction and to develop this tougher
fibre (Baker, 2001a, 2005a).
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In the case of nonwood materials there is not much information as how to treat them for
optimum performance (Baker, 1998b). The optimised level of refining for bamboo pulp
occurs at an SEL of 2.5Ws/m as at this SEL there is an increase in strength development
and development of drainage is not as fast (Baker, 2000a). The optimised level of refining
for manilla hemp pulp also occurs at an SEL of 2.5Ws/m as the increase in strength
development is greater for burst index (Baker, 2000a). However, the development of
drainage is much faster at 2.5Ws/m compared to 1.0Ws/m, which has the slowest
development in drainage. The optimised level of refining for straw pulp is at an SEL

of 0.5Ws/m as the increase in strength development is greater for tensile index and
breaking length (Baker, 2000a). Also tear index does not drop so fast. However, due to
the very high drainage, it is probably sensible to use this pulp as part of a mixed furnish.
For hemp and bamboo, the need is for more cutting than for softwoods and hardwoods.
However, standard refiner filling can be used.

For mechanical pulp post-refining, low refining intensity will yield higher freeness,
increased fibre length and improved tear strength at a given debris level and energy input.
At an equivalent freeness (with higher specific energy input), reduced debris levels can be
obtained.

Table 7.2 shows suggested ranges of refining intensity for various types of fibre. For
many applications, refining intensity should be as low as is practically achievable in order
to maximise pulp quality potential.

TABLE 7.2 Typical refining intensities for various pulps

Fibre type Refining intensity (Ws/m)
SWD kraft 1.0-2.5
HWD kraft 0.3-0.8
Recycle 0.2-0.8
TMP/GWD 0.2-0.5

Source : www.finebar.com/ resourcecenter/ manual.pdf; reproduced with permission

In some softwood refining applications, reducing the total power consumption or
increasing the power available for refining can be more advantageous than achieving the
lowest possible intensity level. In these cases, it is often possible to reduce the active
diameter of the refiner by using reduced periphery plates. The reduced active diameter
will have a lower no load power demand. The relationship between plate diameter and no
load is as follows:

No load power = k * diameter 4.3 * rpm3

Table 7.3 shows the potential energy savings that would result from a reduction in the
active diameter of refiner plates operating at typical speeds.
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TABLE 7.3 Potential energy savings resulting from a reduction in the active diameter of

refiner plates operating at typical speeds

Active plate diameter (in) Reduced active Estimated power  Annualised savings

plate diameter (in) savings (hp) at $0.045/kWh
46 43 83 $24,400
46 40 150 $43,800
42 39 90 $26,460
38 35 65 $19,100
34 31 75 $22,020
30 27 45 $13,275
26 23 45 $13,275

Source: www.finebar.com/ resourcecenter/manual.pdf; reproduced with permission

Depending on the specific situation, a mill may opt to take the economic benefit of the
no load power savings, or they may use the additional available energy to achieve the
quality benefits. Whether full diameter or reduced periphery plates are used, it is almost
always advantageous to use the narrowest practical bar width and groove width in any
refiner. The practical limits of bar and groove widths depend on the particulars of the
application. The following rules apply (www.finebar.com):

Bar width: In the absence of potential metal contamination and no-load power concerns,
the width of bars would be only as great as required to firmly hold the flocs of pulp that
are being deformed. In real situations, the bar width is dictated mostly by the metal
contamination potential of the application. Metal contamination introduces bending
loads on the bars that far exceed the normal refining load. As a result, the minimum
practical bar width is usually in excess of 0.050in. Experience has shown that in a refiner
where baling wire contamination is likely, the minimum bar width should be in the order
of 0.075in.

Groove width: The minimum practical groove width is usually determined by the tendency
for plugging of the groove, either by fibre or by a common contaminant. For post-refining
of groundwood in a contaminant free system, a groove width of 0.050in would be
possible. For hardwood pulps the groove width should be at least 0.075in. For softwood
pulps the groove width should be at least 0.09oin or 0.125in, depending on the average
fibre length of the species being refined. Another factor to consider is that no-load power
varies directly with the hydraulic section or open area of the cross section of the pattern.
A plate with 1/8in grooves and 1/4in bars will have a higher no-load power than a plate
with 1/4in grooves and 1/8in bars. Minimum bar and groove widths create the lower limit
of refining intensity for any given refiner size operating at a fixed speed. If there is a
strong quality incentive to reduce intensity further, it can only be done by adding
additional equipment.
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Studies have confirmed the beneficial effects of refining short-fibred pulps such as
hardwood kraft and sulphite, recycled fibre and mechanical pulps at a very low intensity
(Robinson and Defoe, 1984; Demler and Silveri, 1996; Baker, 1991a; Demler and Ratnieks,
1991). The benefits include an improved refining efficiency, better strength and porosity
development and a greater reduction in shive content.

Effective low-intensity refining requires refiner plates with narrow bar-groove patterns.
However, until recently the industry was constrained by limitations in manufacturing
technology in its ability to produce plates with fine-patterned plates which had an
acceptable capacity and life. Casting techniques had reached their limit.

However, using their combined experience in aerospace manufacturing and
papermaking, the makers of AFT Finebar® plates have developed technologies which allow
considerable reductions in refining intensities without compromising the operating costs
(Joy et al,, 2004). Ultra-low intensity refining promotes fibre straightening and cell wall
hydration. The patented manufacturing process involves cutting the component parts of
the refiner plates from sheets of wrought stainless steel using a precision laser. After
assembly the parts are subjected to a high temperature diffusion bonding process in a
vacuum furnace which fuses the parts together.

Unlike castings, no tooling is required because the process is software-based. This
allows greater flexibility and the ability to meet specific customer requirements. Plates can
be produced with very fine bar patterns and a high volumetric capacity. Bars and grooves
can be produced with a 1.3, 1.3mm bar-groove pattern. The narrow high-strength bars and
rectangular grooves of these plates increase their hydraulic capacity when compared to
cast plates with U-shaped grooves (Figures 8.1 a, b).

FIGURE 8.1a Traditional groove geometry

k

Source: Joy et al. 2004, reproduced with permission

FIGURE 8.1b Finebar groove geometry

Source: Joy et al. 2004, reproduced with permission

These exceptional design characteristics can have a considerable effect on the overall
quality and cost of paper products.
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Low-intensity refining is beneficial for short-fibred pulps with optimum refining taking
place at intensities below 0.6 Ws/m (Joy et al.,, 2004). The most important advantages
of low intensity refining are:

reduced energy requirements to achieve the target specifications for hardwood pulps

higher tensile strength and porosity at a given bulk or drainage

increased bulk at similar smoothness or drainage levels

greater shive reduction at a given drainage for mechanical pulps

improved pick resistance of hardwood vessels.
subsequent reduction in manufacturing costs can result from

higher filler retention

increased filler usage

increased machine speed and a reduced basis weight

VVYyVVY>VVYVYYVYY

reduced off-spec product and fewer customer complaints.

Using fine bar-groove patterns achieves these improvements because there is a greater
number of bar edge crossing points. So, there is a greater chance of capturing short fibre
material on the bar edges and treating it in the refining zone. This results in a thicker
fibre mat between the plates (more fibre-fibre interaction) and a greater number of fibres
are treated. Each impact on the fibres is more gentle because the applied power is
distributed over a high number of bar edges. The gentle refining action increases the
specific surface area of the fibres by fibrillating their outer surface, leading to greater
strength development.

In the production of chemical pulps from hardwoods, a gentle refining action causes
a faster change in drainage for a given amount of energy. Fibre length is preserved and
fibre collapse minimised and this reduces the amount of bulk loss during refining (Joy et
al., 2004).

Plate life is longer with low-intensity refining because each bar is subjected to lower
forces thereby reducing wear rate. Fibre mat production in the refining zone is improved,
there is a wider gap between the rotor and stator refiner plates and less plate-plate contact.

Results from ultra-low intensity refining plates have shown benefits for hardwood and
mechanical pulps (Joy et al., 2004). Strength properties have risen by between five and
10% and energy savings of between 10 and 15% have been obtained with hardwood
pulps. The low-intensity plates resulted in 2% more bulk, a 5% increase in tear strength
and an increase of 9% in tensile strength. In addition to gains in pulp properties, there
was a 13% reduction in applied energy and a doubling in the life of the plate. The mill
studied improved its operations and showed cost savings. The pulp quality results are
shown in figures 8.2-8.5.
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FIGURE 8.2 Ultra-low intensity refining of hardwood pulp - breaking length versus bulk
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Source: Joy et al. 2004; reproduced with permission

FIGURE 8.3 Ultra-low intensity refining of hardwood pulp - porosity versus bulk
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FIGURE 8.4 Ultra-low intensity refining of hardwood pulp - bulk versus Schopper Riegler
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FIGURE 8.5 Ultra-low intensity refining of hardwood pulp - Schopper Riegler versus net
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In a recent pilot plant study by Aracruz researchers (Demuner et al., 2005), ultra low
intensity (SEL 0.05Ws/m) eucaluptus pulp with good tensile development was achieved.
This approach suggests potential energy savings of 60% at a tensile strength of 70Nm/g
when compared to normal low-intensity refining (SEL 0.70 Ws/m). The achievement of
ultra-low intensity refining (0.05 Ws/m) in this study (high energy savings and key paper
property improvements), encouraged Aracruz to proceed with the trials. Its aim was to get
optimum intensity levels in a mill application.

Ultra-low intensity refining of 0.1 W.s/m, which is today's maximum intensity limit,
was successfully achieved with 100% eucalyptus hardwood fibre (Table 8.1). A significant
improvement in pulp quality was obtained. The benefits of low intensity refining may be
due to a more homogenous treatment, a higher efficiency of fibre straightening and faster
fibre cell wall hydration.

TABLE 8.1 Ultra-low intensity refining of eucalyptus pulp - results of industrial trials

Disc pattern (mm) SEL (Ws/m) Impact (1) (J/ Specific energy
impact. fibre per impact (Is),

kJ/kg impact

Finebar 1.3 x 2.0 0.1 0.16 3
Cast 24 x 2.4 0.80 1.4 28

AFT Finebar® 1.6 x 2mm versus CAST 2.4 x 2.4mm
Source: Demuner, 2005, reproduced with permission from PIRA International

Mechanical pulps benefit from the ability to apply greater amounts of specific energy,
because this results in a lower shive content and higher strength levels, without sacrificing
drainage. A doubling in plate life has also been achieved. Finebar plates are being used
successfully in several mechanical pulp post-refining applications with patterns as fine as
0.8, 1.0 (bar and groove width in sixteenths of an inch) and are providing comparable
intensities to multi-disc refining.
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Pulps are refined by mixed refining, separate refining and sequential refining (Baker,
20013, 2005d; Lumiainen, 1996, 2000 ). When there are two or more refiners in the line,
split mixed refining is also used. The first refiner treats the softwood component correctly
and the second and subsequent refiners treat the hardwood component. Both separate
and mixed refining systems have their advantages.

In mixed refining, the fibre components are treated equally in the same type of
refiner with the same filling. In separate refining, the components are refined individually
using the optimum treatment available. Usually, mixed refining occurs on smaller
machines where the flow of the individual components might not be great enough for
separate systems. As different fibres have different refining needs, individual treatments
should offer an advantage, but the findings are varied. In both mixed and separate
refining, the number of refiners in a series depends on what the targeted refining results
are and the capacity variations. The higher the required refining energy input, or the
greater the capacity variation, the higher the number of the refining stages, e.g. the
slightly refined fibres in toilet tissue require only one stage, but the heavily refined fibres
in greaseproof paper require five to six stages.

Separate and mixed refining systems are both widely used (Figures 9.1 and g.2). Older,
smaller machines use mixed systems, whereas new, big machines use separate systems. A
trimming refiner positioned after the blending chest is also used. This homogenises the
fibre mixture by cutting any over-long fibres (this improves the sheet formation) and
reconditioning fibres from the broke line.

FIGURE 9.1 Separate refining system
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FIGURE 9.2 Mixed refining system
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In some blends, separate refining produces better strength at lower energy consumption
than a mixed refining system. In other pulp blends, mixed refining is a better alternative.
So, a combined system with separate refining for different pulps followed by mixed
refining, offers a good alternative. The benefits from both separate and mixed systems
can be utilised. Figure 9.3 shows a future refining system for a fine paper machine.

FIGURE 9.3 Future refining system
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Peckham and May (1959), using a Valley beater with pine and eucalypt pulps, compared
separate and mixed refining. They found that beating the pulps separately gave better
strength properties than that by beating the blended furnish and this was attributed to
retaining the fibre length of hardwood component. Kibblewhite (1993) reported improved
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reinforcement properties in softwood pulps blended at a ratio of 80:20 by mass of
hardwood:softwood when the pulps were refined separately, compared to that achieved
by co-refining.

Blomquist (1963) and Gottschung and Nordman (1966) found gains in strength and
tear, with a lower reduction in bulk, when refining separately. Other studies showed that,
under optimum conditions, separate refining gave a breaking length 1.2 times higher and a
fold 3.7 times higher after an equal refining time (Grinberg and Pamlenko, 1969). Lumiainen
investigated the effects of co- and separate refining on blends of four different pine species
and three hardwood pulps, each having different lengths and coarseness by (Lumiainen,
1997a). It was found that, in some blends, co-refining gave better strength development than
separate refining and that the controlling factor was fibre coarseness.

Lumiainen proposed that when a hardwood pulp of low coarseness was blended with
a softwood pulp of high coarseness, flocs consisting of both fibre types formed. As a
result, both fibre types received mechanical action in the refiner, which made co-refining
an appropriate strategy. Conversely, Lumiainen proposed that when a hardwood pulp of
high coarseness was blended with a low-coarseness softwood pulp, smaller flocs formed
and the hardwood fibres disassociated and passed through the grooves of the refiner
plates, receiving little or no treatment. In this case, separate refining was considered more
appropriate.

Kibblewhite studied the relationship between the tear and tensile indices of blended
hardwood/softwood furnishes and the effects of separate and co-refining (Kibblewhite,
1994a). Different blend ratios were studied and the pulps were refined using a laboratory-
scale conical refiner at a range of specific edge loads and refining energies. Again,
separate refining gave greater strength than co-refining.

In similar studies, Kibblewhite (1994b) attributed the high reduction in fibre length
observed in co-refining, to the fact that the softwood fibres receivied a disproportionate
amount of mechanical work. At the higher stock concentrations used in a laboratory PFI-
mill, Mansfield and Kibblewhite (2000a) observed little difference between the separate
and co-refining strategies and attributed this to the more homogeneous action of the
beater at a high stock concentration. The result suggests that floc structure plays a role in
the development of fibres in the refining of blended furnishes and is in agreement with
Lumiainen (1997d).

In a statistical analysis of the conditions and results of separate refining of blended
hardwood and softwood furnishes, Riddell et al. (1995) suggested that the reinforcement
potential of a blend containing 35% softwood could be maximised by refining the
softwood at a low specific refining energy, and the hardwood at a high specific refining
energy. Similarly, in an investigation of the effects of refiner fillings, Nuttall et al. (1998)
recommended that separate refining strategies be used for blended furnishes, with the
selection of fillings and refining conditions determined by each fibre type.

In another publication, Sampson and Wilde (2001) studied the effect of pre-refining
the individual components of a mixed furnish followed by co-refining. They concluded that
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pre-refining a hardwood pulp with fine-barred plates, followed by blending with softwood
pulp and co-refining the blend with coarse-barred plates, yielded significant improvements
in tensile strength when compared to a blend of separately or co-refined fibres at the
same net specific energy.

Several researchers also found mixed refining to be disadvantageous compared to
separate refining, because in separate refining, each pulp can be refined to its individual
desired state, but in mixed refining, the large softwood fibres protect the hardwood fibres
(Baker 1991a). It has been observed that hardwood fibres in a mixed beaten furnish
remained untreated at 30°SR.

However, some authors report advantages in mixed refining. It was found to be
beneficial in experiments in beating mixtures of softwoods and hardwoods (Manfredi and
Claudio da Silva, 1986), possibly due to increased tendency to flocculate. So separate and
co-refining systems both have advantages. In some blends, separate refining produces
better strength at a lower energy consumption than mixed refining, but in others, mixed
refining is a better alternative. A combined system with separate refining for different
pulps followed by mixed refining is the best method - the benefits from both systems can
be utilised.

Since the fibre characteristics of pulps are quite often significantly different, it is
difficult to generalise on whether co-refining or separate refining provides a better quality
product. Achieving the optimal product quality will depend upon the individual
components (e.g. hardwood and softwood kraft pulps, or hardwood and softwood sulphite
pulps), the furnish composition (e.g. percentage of short or long fibres) and the origin of
pulp (e.g. whether the hardwood fibre is eucalypt or birch). Most of the published works
comparing the fibre development of a mixed furnish (by co-refining blended, bleached,
long-fibre and bleached short-fibre pulps, separately refining the individual furnish
components, followed by mixing), are based on softwood kraft long-fibre pulps. Little data
on separate and co-refining of bleached sulphite long-fibre and bleached hardwood kraft
pulps is available for comparison.

Ghosh et al. (2003) investigated refining strategies using different blend
compositions. The furnish comprised bleached hardwood kraft and bleached softwood
sulphite pulps and these were placed in a 16in (406.4 mm) double-disc refiner. An
improvement in key handsheets strength properties can be achieved if the pulps are co-
refined at a lower refining intensity of 1.0Ws/m, than if the short and long-fibre pulps
were refined separately at the same net specific energy, followed by blending. The
strength development of a co-refined pulp at a higher refining intensity was inferior to
that produced by separate refining.

Analyses of fibre length distribution and fibre morphology of the unrefined bleached
sulphite long-fibre pulp show its characteristics are closer to those of a hardwood kraft
short-fibre than a typical softwood kraft pulp. The superior fibre development from co-
refining of bleached hardwood kraft and bleached softwood sulphite pulps may be due to
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the presence of excessive fibre debris or fines in the sulphite pulp. Separate refining of the
sulphite pulp at a refining intensity of 1.5 Ws/m caused more fibre cutting than
fibrillation.

Gonzalez examined the concept of sequential refining (1982a, b). An energy-carrying
fraction representing 50% of the blend was refined to various degrees of beating then
mixed with the remaining unrefined structure-carrying fraction (a mixture of softwood and
eucalyptus). Energy was saved and there was increased strength development over
conventional (mixed) refining,.

Separate refining should be considered when designing a new system (Baker, 1991a)
with the extra number of pulpers, tanks and meters taken into consideration. The extra
costs of separate refining can probably be justified for large machines, but not for smaller
models. Most large installations have separate refining systems. Baker (2001a) has
reported that this method gives the most flexibility and allows tailoring.

The numbers and sizes of refiners are important when designing an installation. More
refiners give greater flexibility — three medium-sized refiners are better than two large
refiners (Baker, 1991a). There is also a limit to the amount of power that can be appied to
a single refiner. The question of series or parallel refining should also be considered. Series
refining provides more uniform results, because all the pulps receive similar treatment. It
permits gentler fibre treatments and this results in improved fibre development. The
improved uniformity is due to a more standard residence time in the refiners and the
ability to change intensity one step at a time. It is also easier to control the flow rate
using a single valve and flowmeter. A higher flow in the refiner will result in better plate
hydraulics and reduced plate damage.

With parallel operation, there are separate flow controls for each refiner to ensure a
good flow split, and the flow will be half that which flows through the series arrangement.
This can result in poor plate hydraulics, more frequent plate contact and subsequent wear.
Theoretically, there should be little difference in the final pulp properties if the same
plates and the same refiner loading are used.

Laboratory trials in a 20in refiner with bleached hardwood kraft pulps simulated
series and parallel operation. The results were virtually the same. So, the recommended
method of operation is to run the refiners in series, and to utilise parallel operation only if
the refining characteristics of the final product require a fine plate pattern, because this
has a very low capacity. The hydraulics of the plate design would require the lower flow
obtainable with parallel operation.

Refiner systems will be very different depending on the products. Where more than
one type of pulp is used, separate refining (with more than one refiner in each line,
operating in series) is advisable for larger machines. In mixed refining, more than one
refiner in series is still advisable (Baker, 1991a).
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The factors affecting refining fall into three catagories: raw materials, equipment and
process variables (Figure 10.1).

FIGURE 10.1 Factors that affect the refining result

Amount of refining

Unrefined fibre  —— Result of refining

Type of refining

Fibre variables Process variables Equipment characteristics
» Type of fibre » Consistency » Bar size and shape
» Type of pulping » pH » Area of bars and grooves
» Degree of pulping » Temperature » Depth of grooves
» Bleaching » Pressure » Presence or absence
» Drying history » Additives of dams
» Fibre length » Pretreatments » Construction materials
distribution » Production rate » Wear patterns
» Fibre coarseness » Applied energy » Barangles
» Early-wood/late-wood » Speed of rotation
ratio (peripheral speed)
» Chemical composition

Source: Based on Smook, 1992, Stevens, 1992; Valmet, 2001

Different types of pulps - softwoods, hardwoods, non-woods and recycled - respond in
different ways to a given level of refining (Kibblewhite and Bawden, 1991; Smook, 1992;
Lumiainen, 2000; Biermann, 1996; Clark, 1985). Generally, kraft pulps are more difficult
(i.e. require more energy) than sulphite pulps. Soda pulps are the easiest. Unbleached
pulps are more difficult than comparable bleached pulps. Those with a higher lignin
content are less responsive to beating because lignin does not absorb water, so the fibres
do not swell as much. High-yield mechanical and chemi-mechanical pulps are not refined
in the paper mill because their high fibre stiffness causes severe cutting. Sometimes
mechanical pulps are lightly post-refined as this improves the drainage control, but they
aren't refined to develop their fibre properties.

Moberg and Daniel (2003) described significant differences in beating results between
high- and low-yield commercial never-dried kraft pulps. High-yield pulps consumed more
refining energy, were more sensitive to refining conditions and showed higher levels of
external fibrillation than low-yield chemical pulps. Both responded less to fillings than was
expected after earlier results on commercial, dried and fully bleached pulps.

A study by Hiltunen and Paulapuro (1999) showed that highly ionically charged fibres
resulting from totally chlorine-free (TCF) or elemental chlorine-free (ECF) bleaching suffer
less damage and have fewer fibre cell wall dislocations than fibres carrying lower ionic
charges during processing. There was no significant difference in the fracture energy
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versus tensile strength between high- and low-charged fibres. But greater fibre swelling
was observed in high-charged fibres at similar tensile strengths. Lumiainen (1997b, 1998)
reported that ECF and TCF pulps are more sensitive to refinement than conventional
chlorine-bleached pulp.

Generally, pulps containing large percentages of hemicelluloses are easy to refine and
respond well to the input of mechanical energy. The great affinity of hemicellulose for
water promotes swelling and fibrillation. In contrast, dissolving-type pulps, which are high
in alpha-cellulose, refine slowly and produce weak sheets.

Dried chemical pulps, including secondary fibres, do not absorb water as readily and
are more difficult to refine than pulps which have never been dried. Over-drying or uneven
drying of pulps may contribute to paper products with a lower strength, due to uneven
strength development if sufficient time is not allowed for re-wetting.

The refinability of mixed-furnish secondary pulps depends mainly on the chemical
pulp content. The higher the proportion of chemical fibres, the greater the potential for
the development of pulp properties through refining.

Refining chemical pulps increases inter-fibre bonding and produces fines. The net
result is increased strength, but decreasing opacity. Refining mechanical pulps increases
inter-fibre bonding and produces more fines relative to bonding.

The effect of equipment parameters has been studied in laboratory and industrial
installations (Stevens, 1992). In one study, two fillings (Figure 10.2) were installed in a disk
refiner (20in) and a beating curve was recorded with each filling. One set of disks (A) was
made of bars and grooves 3/16in wide. The other set (B) used bars only one half that
width i.e. 3/32 in. The narrower bar filling created 280 million inch-contacts per minute
compared with only g5 million with the wider version, at a refiner speed of 1000 rpm. In
the comparison, bleached hardwood kraft pulp was refined to a CSF of 40oml (Figure 10.1)
(Stevens, 1992). The B filling (which had narrower bars and higher IC/min value and so a
lower intensity) produced a pulp with higher strength properties, and a larger percentage
of long fibres than the pulp produced at a higher intensity.
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FIGURE 10.2 Disc refiner fillings

IAI a*
3/16in Bar width 3/32in
3/16in Groove width 3/32in
95 x 10° 280 x 10°

Source: Stevens, 1992; reproduced with permission from PAPTAC

TABLE 10.1 Effect of plate design

Property Disc A Disc B
Net energy (hpd/t) 1.3 1.3
IC/min x 103 95 280
Burst factor 21 27
Tear factor 101 112
Tensile (m) 4600 5100
14 + 30 mesh (%) 329 36.5

20in disc refiner, 1000rpm. Hardwood kraft @ 400 ml CSF
Source: Stevens, 1992; reproduced with permission from PAPTAC

Refiner speed can also be changed to alter the intensity of refining (Table 10.2) (Stevens,
1992). The burst, tensile and tear properties increased with the increased speed, as did the
fibre length. Reduced refining intensities produced a pulp with higher strength properties
and a longer fibre length than at higher intensities.

TABLE 10.2 Effect of refiner speed

Property Refiner speed (rpm)

600 730 1000
Net energy (hpd/t) 6.4 6.9 8.9
IC/min x 103 44 52 93
Burst factor 40 48 56
Tear factor 184 196 210
Tensile (m) 7780 8360 8900
14 + 30 mesh (%) 54.8 6.9 72.7

20in disc refiner, A discs. Bleached softwood kraft

Source: Stevens, 1992; reproduced with permission from PAPTAC

Within certain limits, the geometrical configuration of a refiner is not the controlling

factor in the development of strength properties — the controlling factor is the filling

configuration. So it should be possible to operate a disc and a conical refiner and so that

fibres with comparable strength properties are developed. Comparative results were
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obtained using refiners equipped with fillings which had similar values of IC/min (Table
10.3) (Stevens, 1992). When the fillings were similar in their quantitative properties, the
refiners produced pulps with almost identical characteristics. However, the conical refiner
was fitted with a filling which caused the maximum amount of brushing possible, but the
disk-refiner had not reached its maximum potential.

TABLE 10.3 A conical versus a disc refiner

Property Conical Disk
Net energy (hpd/t) 55 4.2
IC/min x 103 105 95
Burst factor 22 21
Tear factor 104 101
Tensile (m) 4300 4600
14 + 30 mesh (%) 327 329

20in disk refiner, A discs, 1000rpm. Conical stockmaster 1200rpm. Bleached hardwood kraft
Source: Stevens, 1992; reproduced with permission from PAPTAC

pH effects the water penetration into the fibres (Smook, 1992). The recommended pH is
close to neutral, because a low pH prevents water penetrating inside the fibres and a high
pH makes the fibres slippery. pH levels above seven generally promote faster beating -
this is because cellulose and hemicellulose swell more in alkaline media, which increases
their ability to absorb an impact without fracturing. In some pulps, treatment with alkali
alone can increase the strength.

When the pH is below five, the fibres are not properly wetted so fibre cutting and
fines generation tend to increase. Experiments with different pulps (Corte, 1952) showed
that acid media favour fibre fragmentation, thereby decreasing the long fibre fraction, but
that this effect lessens as the pH increases. A pH above ten makes it more difficult to
keep fibres or flocs on the bar edges.

The conditions in the paper mill usually determine the pH because white water is
used in the slushing of pulp and the pH is only controlled when necessary. In eucalyptus
pulps, the strength was more affected in pulps which were moderately refined. Highly-
refined eucalyptus pulps were unaffected by a higher pH. Acid media also reduced the
whiteness of the pulps due to hemicellulose degradation.

Lindstrom and Kolman (1982), while studying the effect of pH, and electrolyte
concentration during beating and sheet forming, reported that a bleached softwood pulp
was not affected by its surroundings, but an unbleached softwood was. Studies have
shown that water with the least cations gives the best refining results — a low ion
concentration improves the removal rate of pulp ions, leading to internal defibrillation
of the fibres and improved inter-fibre bonding. As water treatment consumes less energy
than refining, the use of de-ionised water is worth considering.

Temperature is an important variable in the beating and refining process (Young, 1981).
The temperature increases on beating and refining, but the increase depends on the
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amount of energy transferred to the stock during the process. The temperature rise as
stock passes through a refiner is one method of controlling the degree of refining.

Studies have shown that higher temperatures (60-80°C) slow the beating rate, but
intermediate temperatures (40°C) produce the highest tensile strength. If a wet-beaten
stock is required for strong papers, such as manila tag stock, or dense papers, such as
glassine or tracing papers, warm water should not be used and the beating or refining
should be carried out to produce the smallest possible rise in temperature.

Clark (1985) found that temperature had little effect between 25 and 40°C. The
favourable effect of low temperature on the beating rate is probably due to the effect
temperature has on the swelling of the cellulose. Swelling increases at low temperatures
and this encourages fibrillation. Raising the temperature of well-beaten pulp causes
flocculation of the fibrils. A stock which is too wet for good machine operation can be
made free by heating it with steam — the temperature increase also assists drainage by
reducing the viscosity of the water.

Consistency is the most important operating variable as it affects fibre throughput, the
refining process and final fibre development (Young, 1981, Biermann, 1996; Lumiainen,
2000). Usually beaters and refiners are run at the highest operating consistency. Refiners
can rarely be run at more than 5% or 6% consistency, although there are exceptions. In
beaters and refiners, the lowest operating consistency is between 2 and 3%, because
lower consistencies are uneconomic. The consistency mainly affects the specific beating
energy — the higher the consistency and flow rate, the lower the beating energy required.
Beating and refining at a low consistency, between 2% and 4%, usually has a greater
effect on fibre length than fibrillation, although the specific edge loading also affects the
results. A relatively free stock with good sheet formation and maximum tear is produced
rather than a wet stock with a high burst and tensile strength.

There appear to be advantages in refining a stock at a very high consistency.
However, these only appear in special circumstances, so the use of very high consistency
refiners is not widespread. They operate at a consistency of at least 20% and usually
between 30 and 40%. Above 40%, there are adverse effects on the fibres produced. The
refiners are fed with stock which has been concentrated in a screw press. It is fed into the
gap between the disks of the refiner by a screw conveyor. After passing between the disks,
the concentrated stock drops by gravity into a dilution chest. From here it can be refined
at a low consistency if required.

The power consumption required in high-consistency refining for pumping,
concentrating, refining and diluting (followed by any subsequent low-consistency refining),
is often greater than the power required in conventional refining at lower consistencies. So
high-consistency refining is used when the end product must have a high tensile energy
absorption (TEA) at high porosity (at a low air resistance).

Typical end products include sack kraft paper because sacks filled with powder must
be strong but allow the removal of air through the paper layers. Since high-consistency
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refining creates curled/kinky fibres with low bonding ability, it must be followed by two or
three low-consistency refining stages. These will straighten the fibres and increase the
bonding ability. High-consistency refining also affects the fibre length, which appears to
shorten due to curling; on other fibre properties, it has practically no effect. The bulk and
strength properties are slightly reduced after relatively low-energy, high-consistency
refining. This is because collapsed but curly fibres have fewer bonding possibilities than
straight, unrefined never-dried fibres. A low-consistency refining stage after high-
consistency refining decreases the bulk, straightens the fibres and increases the beating
degree, the tensile strength, the tensile energy absorption and the air resistance
(Lumiainen, 2000).

The Jincheng Paper Mill compared the results of low and high-consistency refining of
reeds (Jiao et al., 1992). It showed that high-consistency refining of reed pulp can be used
to increase the machine speed and also eliminate the need to use softwood market pulp.

Pauna and Koponen (2001) examined the effect of refining consistency on
unbleached softwood kraft pulp properties and showed that the best way to achieve the
critical qualities was by combining medium and low-consistency refining. Improved
drainage properties meant that the same burst strength was achieved at a lower SR-
number. The improved tear strength also meant that new components with a lower fibre
length could be introduced into the lowest layer of the furnish.

Refining should be carried out at medium rather than high consistencies. High-
consistency refining costs are considerably higher and the quality properties are slightly
inferior to those achieved with medium-consistency refining.

Lumiainen (2000) reported that medium-consistency refining is sometimes more
suitable for recycled fibres. In medium-consistency refining, the pulp consistency is
approximately 15%. Fibres are pumped at a consistency of 4% to a thickener and, by screw
feeding, are fed at consistency levels of between ten and 20% to a single-disk refiner.

Refining at consistency levels of between 10% and 12%, refining causes internal
fibrillation and fibre swelling. At consistency levels of between 15% and 20% consistency,
it causes curls and microcompressions. As the pulp consistency increases, the internal
fibrillation of the fibres decreases. Medium-consistency refining produces results between
low- and high-consistency refining. The main differences are presented in Table 10.4.
These results are those achieved when refining softwood kraft pulp fibres. As the pulp
consistency increases, the running speed (peripheral velocity at the outlet) also increases.
Different refining consistencies produce different amounts of fibre development, so the
selected refining consistency depends on the refining result required.

TABLE 10.4 Various refining consistencies

LC refining MC refining HCrefining
Consistency 2-6% 10-20% 30-35%
Peripheral velocity 15-25m/'s 40-50m/s 90-110m/s

Source: Lumiainen, 2000; reproduced with permission from Fapet OY, Finland
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Certain chemical additives may reproduce the effects of refining and thereby reduce the
energy required (Abril, 2002; Tamas, 1978; Laine et al., 1980; Britt, 1980; Mobarak et al.,
1977; Suzuki et al. 1985; Roberts and Williams, 1978).

The use of starches, especially anionic types, as beater additives is well known. Other
additives are carboxymethyl cellulose, guar gums and cationic starch. Both anionic and
cationic starches show the greatest influence on strength. Many additives only produce
higher levels of wetness. These give the appearance that the refining process is more
efficient, but without the associated property benefits. It has been found that additives
have optimal effects on strong, flexible fibres where fibre-fibre bonds can be produced
and reinforced.

Tamas (1978) examined the possibility of reducing refining energy by using
polysaccharide chemical additives. The addition of CMC produced good results. It reduced
the shortening of fibres at the beginning of the refining process - this really affects the
strength properties.

Laine et al. (1980) examined whether Congo Red and other dyes could speed up the
refining process. Pulps refined with a low concentration of Congo Red required little more
than half the time that a comparable untreated, refined pulp needed. There are problems,
though — the unwanted colour.

Britt (1980) reported that the drainage rate at a given degree of refining with
polyacrylamides can be lowered. By using a selection of polymers, it was possible to
maintain the drainage rate of a highly beaten pulp at levels equal to that of an unrefined
pulp. Work by Suzuki et al. (1985) showed that amphoterised polyacrylamides can increase
the dry tensile strength by 33% and the wet tensile strength sevenfold. Mobarak et al. (1977)
studied the use of hemicelluloses as an additive in papermaking. He found that added
hemicellulose was a more effective strength promoter than the hemicellulose existing in the
fibre. Addition of Bagasse hemicellulose to different pulps also showed improvements.
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The response of pulp fibres to refining depends on fibre quality, which is measured by
coarseness, cross-section dimensions and length (Young, 1981; Smook, 1992). Differences
between hardwood and softwood fibres and the proportion of each in any pulp also
influence the response. The refiner type as well as the conditions of refining, the refining
tackle, the stock concentration, the specific edge load and the overall energy input can
also influence the fibres' response (Lumiainen, 2000; Stevens, 1992).

Attempts to improve one sheet property may change another desired property. So,
beating and refining should be carried out so that a proper balance of sheet properties is
achieved. There is a direct relationship between the stock freeness and the energy used in
refining — you can measure the amount of refining by looking at freeness changes. It is
useful to relate changes in pulp properties with the amount of freeness drop.

As refining proceeds tensile, burst and folding endurance increase due to improved
fibre bonding (Young, 1981; Smook, 1992). Tensile energy absorption (which reflects the
combined increases in tensile strength and stretch) also increases significantly. In contrast,
the tearing resistance decreases to less than half that of the unbeaten pulp (Young, 1983;
Smook, 1992; Turt et al., 1994; Stevens, 1992), due to the attrition in strength of the
individual fibres.

Mill experience suggests it is difficult to obtain a good balance between tear and
tensile strength when attempting to maximise both these properties. Generally, any
process which causes an improvement in internal bonding produces a corresponding drop
in tearing resistance. Such operations include increased wet pressing, the addition of
starch or other dry strength additives and over-drying the sheet. The best strength
properties are obtained by beating and refining so that you maximise both internal and
external fibrillation and minimise any reduction in fibre length (Young, 1981).

Since Gurley porosity changes rapidly as the freeness declines (Young, 1981), one
might expect it to be a good measurement for controlling the refining process. But, due
to the natural variability of the test and the effect of other factors, Gurley porosity is not
used in process control. A more uniform, brushing action has a strong effect on Gurley
porosity. A tighter, more uniform and dense structure will cause an increase in Gurley
values. In the cutting mode, fibres are mainly reduced in length and do not collapse or
close up the structure. So, the porosity changes to a smaller degree when a reduction in
fibre length dominates, as it does during intense refining.

Many other sheet characteristics are also affected as refining proceeds (Young, 1987;
Smook, 1992; Lumiainen, 2000; Stevens, 1992). Brightness and opacity, the principal
optical properties of interest in papermaking, are affected by the type and amount of
refining. Severe or cutting-type refining causes little change in these, because it only
reduces the average fibre length without modifying the structure. But opacity is drastically
affected by brushing-type refiner treatments because these cause increased levels of
bonding between the fibres. Few unbonded sites remain to reflect any light passing
through the structure and the opacity decreases. In lightweight greaseproof and glassine
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papers the sheet can be quite translucent. The improved bonding increases the sheet
density (a lower caliper) and this also reduces opacity.

Opacity is sensitive to the basis weight. At high basis weights, there tends to be no
change in opacity due to refining. Brightness is less sensitive to the effects of refining but
as refining proceeds, the structure becomes more dense, so less of the incident energy can
be read as reflected light, so the brightness value is lower.

Sheet density and bulk are affected by the refining action (Young, 1981; Smook, 1992;
Lumiainen, 2000; Stevens, 1992). A cutting action results in fibre shortening but only
small changes in density and bulk. However, brushing or fibrillating treatments produce
larger changes. The fibres become more open, flexible, and conformable and the drying
forces cause the fibres to collapse into a flatter, ribbon shape. The larger areas of fibre-
fibre contact increase the number of bonding sites and the drying forces act on all the
fibres more uniformly.

A cutting action causes improvements in the packing and distribution of the fibres,
which increases the sheet smoothness (Young, 1981). By working the fibres more uniformly
and gently, they are flattened out and collapse on drying. But there is a limit to the
smoothness obtained through refining, because the fibre type has the greatest effect.
Also, in the absence of calendering, machine clothing (felts and wires) can leave
distinctive patterns which limit the smoothness readings.

The drainage rate of water from the stock is reduced by refining (Young, 1981). The
stock is slower, wetter, or less free. This reduction in the drainage rate is one major
drawback to refining — and is due to the effect on the specific surface of the fibres. The
increase in specific surface causes a slower drainage rate.

Increased refining also results in a higher couch vacuum, which means that the
drainage resistance is greater. It is much greater with brushing-type refining, which more
effectively closes up the structure and restricts the movement of air through the web.

Sheet formation is improved by refining (Young, 1981). While an intense cutting action
improves formation, many other properties deteriorate. Cutting makes shorter fibres from
long fibres - the effects are similar to adding more hardwood or filler to the furnish. More
controlled refining is the most effective way of improving sheet properties although
chemical formation aids may be needed in special situations.

The way energy is applied will change the relative response of the sheet properties.
Severe refining does not produce good strength properties, but gentle operation does.
Since gentle treatment requires more energy, most mill refining systems operate between
these extremes.

Increased refining results in higher steam requirements for drying, with brushing
treatments producing the greatest change. Uniform, gentle refining opens up the fibre rather
than reducing its length. This exposes more surfaces to water. The stock has a greater water-
holding capacity and desire to hold water, thereby increasing the steam requirements.

As refining increases, the shrinkage of the fibres and the sheet increases. As refining
places water in the fibre wall, when the waste water is evaporated, the fibre and sheet
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shrink. Grainy edges and other problems occur with increased shrinkage, if draws and
sheet tension are not maintained.

Table 11.1-11.6 and Figures 11.7-11.9 show the effects of refining on the paper
properties of different hardwoods and softwoods.

TABLE 11.1 Pulp properties versus net refining energy of pine

Pulp properties Net refining energy, KWh/bdmt

V] 75 150 225
Fibre length, Mm FS-200 2.04 2.02 1.94 1.82
Bulk, cm3/g 172 1.60 1.51 1.41
Burst index, kPam2/g 1.7 34 5.2 6.1
Tear index, mMNm2/g 17.8 21.8 15.8 13.0
Tensile stiffness Index, Nm/kg 36 49 6.0 6.7
Tensile index, Nm/g 273 46.7 65.5 776
Internal bonding, Scott J/m2 92 164 285 470
Air permeability, Bendtsen ml/min 1368 1368 888 152
Water resistance value, g/g 1.02 1.22 1.40 1.59
Absorbency, mm klemm 104 88 51 35
Fracture toughness index, Jm/kg 11.8 15.8 18.2 17.8

Source: Based on data from Lumiainen, 2000

TABLE 11.2 Optical properties versus net refining energy of pine

Pulp properties Net refining energy, KWh/bdmt

V] 75 150 225
Brightness, % 1SO 873 86.6 85.9 85.7
Light scattering coeff. m2/kg 29.2 26.2 242 229
Opacity, % 70.2 67.9 65.6 64.0

Source: Based on data from Lumiainen, 2000

TABLE 11.3 Pulp properties versus net refining energy of birch

Pulp properties Net refining energy, KWh/bdmt

0 50.0 100 148
Fibre length, Mm FS-200 0.92 0.90 0.88 0.86
Bulk, cm3/g 153 1.45 134 1.31
Burst index, kPam2/g 1.8 33 4.4 5.0
Tear index, mMNm2/g 6.0 7.6 83 8.2
Tensile stiffness Index, Nm/kg 4.8 6.0 70 72
Tensile index, Nm/g 34.5 52.7 69.7 74.8
Internal bonding, Scott J/m2 105 230 442 602
Air permeability, Bendtsen ml/min 1368 1368 432 152
Water resistance value, g/g 1.09 1.27 144 1.59
Absorbency, mm klemm 86 68 41 32
Fracture toughness index, Jm/kg 44 75 103 11.0

Source: Based on data from Lumiainen, 2000
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TABLE 11.4 Optical properties versus net refining energy of birch

Pulp properties Net refining energy, KWh/bdmt

0 50.0 100 148
Brightness, % 1SO 87.4 87.0 85.9 86.1
Light scattering coeff. m2/kg 323 29.2 27.0 24.8
Opacity, % 72.2 70.1 68.8 65.9

Source: Based on data from Lumiainen, 2000

TABLE 11.5 Pulp properties versus net refining energy of eucalyptus

Pulp properties Net refining energy, KWh/bdmt

0 49.0 98 145
Fibre length, Mm FS-200 0.78 0.78 0.76 0.72
Bulk, cm3/g 1.75 1.64 1.50 1.42
Burst index, kPam?/g 16 26 39 4.7
Tear index, mNm2/g 42 6.2 7.6 8.1
Tensile stiffness Index, Nm/kg 5.3 6.3 7.0 74
Tensile index, Nm/g 36.4 52.7 66.7 727
Internal bonding, Scott J/m2 80 168 292 416
Air permeability, Bendtsen ml/min 1368 1368 1176 440
Water resistance value, g/g 1.07 1.23 1.37 1.49
Absorbency, mm klemm 112 85 61 47
Fracture toughness index, Jm/kg 35 6.0 8.7 10.0

Source: Based on data from Lumiainen, 2000

TABLE 11.6 Optical properties versus net refining energy of eucalyptus

Pulp properties Net refining energy, KWh/bdmt

0 49.0 98 145
Brightness, % 1SO 89.9 89.5 89.0 88.7
Light scattering coeff. m2/kg 378 35.2 33.0 310
Opacity, % 74.8 73.4 72.4 70.8

Source: Based on data from Lumiainen, 2000
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FIGURE 11.1 Freeness or Schopper-Riegler versus net energy of pine
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FIGURE 11.2 Freeness or Schopper-Riegler versus net energy of birch
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FIGURE 11.3 Freeness or Schopper-Riegler versus net energy of eucalyptus
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Pitz (2001) examined the refining characteristics of softwood kraft pulps. Trials were
carried out on pulps from 14 regions in North America, Scandinavia, South America, and
New Zealand and refiner response curves developed to evaluate the corresponding
physical properties.

Pulps from the southern and south-east US regions produced rougher porous papers
with a higher tear strength and lower tensile strength and opacity than those from the
Canadian Boreal region. The south-east US pulp produced the greatest amount of fines
and showed the largest increase in freeness. Radiata pine pulps produced less fines.
Scandinavian pulps had a higher bulk and roughness than the Boreal forest pulp and
produced papers with lower strength properties. Changes to bleaching sequences did not
significantly affect pulp properties. The properties of Pacific coast pulps depended heavily
on the species used.

Corson and Ekstam (1994) examined the effect of sustained refining on the long-fibre
fraction of low freeness newsprint grade pulp supplied by Tasman Pulp and Paper Co. Ltd
in New Zealand. There were improvements in sheet density, air resistance, tensile index
and scattering coefficient. Maximum tear index values were achieved as the bonding
strength increased. Scanning electron microscopy showed more collapsed fibres and
thinner walls.
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Originally, a beaterman controlled his beaters by handling the stock (feeling for sliminess,
and thus wetness) and visually assessing fibre length. Laboratory freeness measurement
and ammeter readings now provide better control. The use of refiners on lines has led to a
need for continuous control.

Consistency is controlled by rotating shear-force transmitters, blade shear-force
transmitters, and optical consistency transmitters. Control may use the energy, the number
of impacts received by the fibre, the power, the rotation speed, the pressure differential,
the temperature change, the couch vacuum, the net specific energy (NSE) and the
drainage control, or other fibre properties (Baker, 1998a, 2000b, 2001b, 2003; Reeves and
Canon, 1994; Mosbye et al., 2001; Stevens, 1992, 1999).

Several automatic refiner controls are available. Improved stock uniformity is one
advantage and this results in better machine runnability and potential energy savings.
Modern microprocessor technology provides excellent accuracy and a flexibility of design.
The selection of a control system depends on various factors and attention should focus
on the input variables and the operating parameters required and involve a complete
understanding of refiner protection systems.

The most basic system is the Automatic Power Control (Figure 12.1). This uses an
operator-initiated set point which maintains the operation at a specified kilowatt level,
with a mechanical plate clearance adjustment device providing the final control. Similar to
the old handwheel adjustment of conical refiners, this maintains the refiner load at a pre-
determined wattage.
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FIGURE 12.1 Basic (manual) power control schematic
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Source: Stevens, 1992; reproduced with permission from PAPTAC

The advantages include the ability to maintain the refiner load with minimum operator
attention as well as refiner plate protection and automatic start-up. Once the desired load
has been set, the controller will automatically bring it back to the set point, should it drop
off. Although similar to the operator re-adjusting a handwheel, there are advantages. If
there is a loss of inlet pressure, the refiner plate gap will be opened automatically, thus
protecting the plates and refiner from damage. Also, the operator can set the desired
wattage, put the control in automatic mode, and, as soon as there is sufficient inlet
pressure, the plates will close automatically until the set point is reached. This frees the
the operator. However, this control scheme will not respond to process variations such as
changes in flow or consistency. If the flow changes due to a grade or furnish mixture
change, the operator must manually re-set the set point.

The most widely used method of refiner control is the Automatic Energy Control.
While relatively complex, the system provides reliable refiner control (Figure 12.2).
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FIGURE 12.2 Schematic showing hpd/t system
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The scheme uses two active measurements — flow and consistency. These are combined to
represent a demand rate in dry tons per day of fibre. The algorithm for energy is

hpd/t = (hp % 16.6!)/(% cons. % gal/min)
kw-h/t = (kw % 69.49)/% cons. x L/min)

The controller calculates the fibre flow rate (t/d) from the consistency and flow signals,
multiplies it by the set point net hpd/t, and adds the no-load circulating hp. This provides
the required total hp which is converted to a kW value for the refiner load. The
advantages of this control system are

Automatic response to production rate changes

Automatic response to consistency changes

Minimum operator attention

Refiner plate protection

vVvyvyyvyy

Automatic start-up.
The only drawback occurs if the incoming raw material is not consistent in response to
refiner energy. While most purchased and integral mill pulps are consistent in their
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response to refining energy, many secondary fibre furnishes are varied in their response
due to the changing nature of the raw material. Here, it would be preferable to control
the drainage rate directly.

The drainage rate control system (Figure 12.3) will provide control if there are
variations in the furnish. It uses a continuous stock drainage-sampling device to measure
the process. These devices generally measure the time required to drain a given volume
through a screen plate and provide a control output based on this. The multimode
controller then processes the output, driving the plate-adjusting motor as required.

FIGURE 12.3 Drainage rate or freeness control
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These systems have all the advantages of the Constant Energy System, but also respond
to raw material changes. When using this type of system, it is important that the drainage
screen remains as clean as possible. The Weyerhaeuser linerboard mill in Valliant, OK, US,
installed refiner control on three stock lines and since implementation of freeness control
higher pulp quality and stability has been reported with less variability in both strength
and moisture tests (Prouix, 2000).

A mill in north-east US producing high opaque fine paper also introduced automatic
freeness control. It reported benefits such as fewer wet-end breaks, reduced energy usage
and more stable machine direction (MD), caliper and smoothness.

Control of refining by delta-T (Figure 12.4) uses the fact that an input in energy
causes an increase in the stock temperature of approximately 1°F per hpd/t as a control
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variable. Temperature probes at the inlet and outlet measure any changes. Since process
changes such as flow and consistency cause variations in energy input and thus
temperature, a stimulus is generated which causes refiner adjustment. However, this
system is rarely used as there are many disadvantages. The positioning of the probes is
critical and the system requires a significant value for delta-T.

FIGURE 12.4 Differential temperature control schematic
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Another scheme uses the paper machine computer and the couch or flat box vacuum as the
input for refiner control (Figure 12.5). The vacuum signal, the refining power and the set
point are entered in the computer and a vacuum signal output is developed. By using a
method of freeness control as a primary signal, the vacuum control generates a system
which readjusts the freeness set point. There are drawbacks. It is slow, because the couch is
usually between 15 and 25 minutes from the refiner. This causes over-shoots and variable
sheet solids going into the press. Also, it is often implemented without regard to the
differential drainage rates expected for various grades and weights. This causes the over-
refining of pulps in lightweight sheets and the under-refining of pulps in heavier ones.
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FIGURE 12.5 Couch or flatbox vacuum control
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A variable-speed refiner drive is another approach (Stevens, 1992). The refiner speed
affects the intensity and the no-load horsepower. By using speed control (Figure 12.6)
the operator is able to control the energy and the intensity, allowing the refiner to be
operated at the slowest speed at which the pulp properties are acceptable, while
providing energy savings due to a reduced circulating load. The Adaptive Constant
Refining Intensity Control (ACRIC) (Berger, 1986) is an example of this strategy.
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FIGURE 12.6 Adaptive constant refining intensity control
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Source: Stevens, 1992; reproduced with permission from PAPTAC

In this method, the refiner speed is used to control the intensity at various production
rates and power conditions. A process set point is established, the refiner power
requirement is determined and the refiner plates are adjusted at a variable rate
depending on the magnitude of applied power. The net power is determined using an
input (fingerprint) for a no-load and a motor speed calculated which maintains a constant
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intensity for varying process conditions. These variations are shown in Table 12.1, using a
34in (86omm) disc refiner under typical operating conditions.

TABLE 12.1 Calculation for ACRIC (34in DDR, 7009 hp)

Nominal intensity plates (100 t/d, 3.0 Net hpd/t, 1.25 Net hp/(IC/min), 2.5, 2.5 ( 0.623 IC/rpm)

A B (d D E F
t/d 100 125 100 100 100 100
Net hpd/t 30 30 35 40 40 40
Net hp 300 375 350 400 400 400
IC/ min 240 300 280 320 267 400
1 125 125 125 125 1.50 1.00
rpm 385 482 450 514 428 642
N. L hp 70 100 85 130 80 250
Appl. hp 370 475 435 530 480 650

A Standard base condition; B Increase tonnage,; C Increase net hpd/t; D Increase net hpd/t; E Increase net hpd/t and increased intensity; F
Increase net hpd/t and decreased intensity.
Source: Stevens, 1992; reproduced with permission from PAPTAC

Under condition A, the refiner is operated at 100 t/d with an intensity of 1.25 net
hp/(IC/min), with a filling producing 0.623 IC/rev., which requires a net load of 300hp
and a refiner speed of 385 to obtain the desired intensity. The no-load hp under these
conditions is 70 hp, and the refiner requires only 370 total hp. When the tonnage is
increased (condition B), the net hp requirement increases to 375hp, and the refiner speed
increases to 482rpm to maintain the constant intensity. Conditions C and D show similar
increases in desired net hpd/t, while conditions E and F show the required changes for
the increased energy and changes in intensity. In all these conditions, the refiner is
operating at the minimum hp for the desired refining effect.

Recently, new optical sensors have become available. These can measure online fibre
length distribution and fibre width as well as kink and curl indices etc (Baker, 2000a).
Several mills use this equipment. The main benefit is that it allows the producer to control
those properties which are most important in the end product.

Das et al. (2001) used a new technique evaluated the specific surface area of the
fibres and fines and related these to the online monitoring process. Pulp samples,
collected simultaneously before and after refining, were analysed for fibrillation (increase
in the specific surface area of fibres), fines generation (increase in the specific surface
area of fines) as well as hydration and swelling (increase in the specific volume of fibres).
This method provides a rapid determination of permeability and compressibility and also
separates the relative contributions of fibrillation and fines generation to the total specific
surface area. It provides a better understanding of the effects of the refining process than
traditional freeness techniques.

Several advanced sensor technologies have been developed (Baker, 2001h). Several
interesting technologies were explored as part of the Agenda 20/20 programme, which
was a collaborative project between the US Forest Products Industry and the US
Department of Energy. These used ultrasonic sensors which determined the consistency by
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reflection and refraction. One sensor detects electrical signals emitted by fibres under
stress (it can measure the number and severity of impacts within a refiner in real time)
and another detects the gap between the plates - the latter can be used for gap control
and plate wear detection. It is expected that these sensors will provide a new degree of
accuracy in measuring the refining process.

FIGURE 12.7 Fibroptronic 3000 system
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Source: Grant, 1992; reproduced with permission from Paperloop

The Fibroptronic 3000 control system is another method (Figure 12.7). It was developed by
Acieres de Bonpertuis with EFPG France (Joris and Roux, 1991; Joris, 1992) and uses two
optic scanners. These measure 3,000 fibres/min, one recording the refined and the other,
the unrefined stock (Grant, 1992; Baker, 2003). The scanners record fibre length, width and
curavture distribution. Using these measurements, the computer calculates the average
fibre length, the weighted average fibre length, the average fibre diameter, the ratio of
long to short fibres, the weakness levels and the curvature factor of the fibres. Two other
samples of 300 fibres are also recorded — these provide measurements of the specific
surface distribution, the ratio of lumen to cell wall material and any weak points resulting
from the cooking process. Using all these, the computer calculates the freeness, a water
retention value and a K factor. This relates plate geometry and specific energy to the pulp
characteristics.
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TABLE 12.2 Parameters measured by the Fibroptronic 3000 system

For 3000 fibres:
Scanner gives:

Fibre length distribution. Fibre width distribution. Fibre curvature distribution
Computer calculates:

Average fibre length

Weighted average fibre length

Weighted average fibre length according to pulp composition
Average fibre diameter

Ratio of long fibres to short fibre

Weak morphological points and location on fibre length
Curvature factor of fibres

For 300 fibres:
Scanner gives:

Specific surface distribution

Ratio of lumen to cell wall distribution

Weak points from cooking process

Computer calculates:
Freeness (SR or CSF)
Water retention value

K factor (relates plate geometry, specific energy and pulp characteristics)

Source: Grant, 1992, reproduced with permission from Paperloop

Table 12.2 shows the parameters measured by the Fibroptronic 3000 control system (Grant,
1992). With the number of real-time measurable parameters there is great potential for
increased levels of control. One possibility is to use the Fibroptronic 3000 to modify the
disc refining by zero motors in order to control the refining intensity.
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Recycled fibre has become an important element in the paper industry. A low-cost source of
fibre, it helps preserve resources, minimise environmental pollution and contribute to water
and energy conservation. Worldwide, more than one third of the paper produced is made
from recycled fibres. The increasing use of recycled fibres for more demanding paper and
paperboard grades has stimulated the development of secondary-fibre upgrading processes.

Most effort has occurred in the development of equipment and processes which
produce cleaner fibres (Raito, 1991). A visually good-looking end product requires clean
furnish. Some heavier multi-layer grades have lower requirements than thinner one-layer
grades - this is because the furnish component cannot be hidden between the outer
layers of the end product.

Refining is commonly used to increase the bonding ability of virgin fibres and is also
applied to old corrugated containers (OCC) when used in fluting or test-liner. In developing
countries many fine-paper grades are produced from 100% recycled fibre, such as computer
printouts (CPO) and other high-quality, waste grades. Refining has been common practice
as these mills try to improve the papermaking potential of recycled fibres.

The swelling and bonding abilities of fibres are reduced when they pass through the
papermaking process. In papermaking, pressing and drying are more intensive than in
pulp drying. Also, the slushing and cleaning of already-used fibres decreases the amount
of fines and fibrils which are needed for good fibre bonding (Figure 13.1).

FIGURE 13.1 Unrefined fibres in de-inked pulp

Source: Lumiainen, 1992b; reproduced with permission from TAPPI Press

Various recycled fibre treatments regenerate the swelling and bonding abilities a little, but
not enough. So, a more intensive treatment, such as refining, is needed to redevelop the
fibres. Correct refining can improve the papermaking potential of recycled fibres and
reduce paper manufacturing cost (Lumiainen, 1992a,b, 1994a, 1995b, 1997¢).

The effects of refining can be seen in Figure 13.2. Refining has created fibrils and
these improve the bonding ability. However, every reuse weakens the fibres and causes

Page 89 © Copyright Pira International Ltd 2005



Refining recycled
fibres

Technological Developments in Refining
Refining recycled fibre

irreversible changes. These make the recycled fibres more sensitive to refining errors than
virgin fibres. If not refined correctly, the result can be disastrous. Negative effects include
high increases in the drainage resistance, a heavy fibre length and a reduction in tear
strength values. These can be avoided by choosing the equipment and conditions correctly
(Levlin, 1976; Guest, 1991). Finally, recycled fibres often contain shives from the mechanical
pulp components. Since these can be harmful, refining is needed to remove them when
producing fine or coated paper grades.

FIGURE 13.2 Refined fibres in de-inked pulp

Source: Lumiainen, 1992b; reproduced with permission from TAPPI Press

In most recovered papers, high consistency re-pulping and refining are advantageous as
these develop the strength properties without reducing the drainage rates. High
consistencies greatly reduce the amount of net energy that can be applied per unit of
throughput in any pass through the system. Although this reduced refining intensity may
cost more in energy, it is more than compensated for by the better drainage properties
achieved. Recycled fibres tend to magnify any papermaking problems as the variability in
the raw material can lead to large quality changes.

The refining of recycled fibres has been studied. Lundberg et al. (1976) looked at how high-
and low-consistency refining affected pulps. They found that a mixture of high-and low-
consistency refining was needed to obtain adequate strength at reasonable drainability.

Studies on a commercial carton-board machine demonstrated that high-consistency
refining produced adequate levels of strength while reducing steam consumption. In
another study Levlin (1976), investigated the refining of newspapers, magazines,
corrugated board, folding boxboard and a mixture of other grades. The amount of refining
and the way in which the stocks were refined were varied. He found that the papermaking
properties could be improved by refining, but that the method of refining was critical. The
optimum refining conditions were furnish dependent — low-intensity refining should be
used to develop the properties of furnishes with a high mechanical-fibre content.
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Rihs (1992) examined refining using old corrugated containers (OCC), de-inking ledger
and old newsprint to see if it enhanced these pulps. He found that, with the correct
refining conditions, secondary fibre can respond like virgin fibre. In another experiment,
Fisher (1980) refined mixed secondary fibres. The slushed stock had a wetness value of
420SR, a breaking length of 3.95km and a tear index of lomNmg™. On refining to a
wetness of 600SR, the breaking length increased by 35% and the tear strength decreased
by 25%.

In an investigation by Peixoto Silva and Chaves de Oliveira (2003), an elemental
chlorine-free (ECF) pulp from Eucalyptus urograndis and an unbleached pulp from pinus
were submitted to four cycles of handsheet forming and recycling. After each cycle the
recycled pulp was refined in a PFl-refiner at three freeness levels to recover the original
properties.

The results showed that the strongest reduction in mechanical properties was
achieved during the first cycle but that the second one also had a significant influence.
The energy consumption required to regain the initial properties was 8gWh for the pinus
pulp and 38Wh for the eucalyptus. Recycling was less detrimental for eucalyptus than for
pinus pulp and the properties in both were positively affected by refining.

The treatment of recycled fibre with an enzyme (0.2 wt/wt% Pergalase A40) after
refining improved the freeness (Eriksson et al., 1997; 1998). Wash treatments also improved
the freeness levels. However, in tests, the yield loss was considerably greater.

Using blended colour ledger in the manufacture of board from 100% recycled fibre,
an enzyme pretreatment and reduced levels of refining were used to maintain freeness at
levels equal to those in the control. An enzyme dosage of 0.2 wt/wt% Pergalase A40
achieved optimal improvements in freeness but had the least detrimental impact on the
physical properties of the pulp. However, a lower dose may be better economically while
still providing reasonable freeness improvement. So, enzyme-assisted drainage
improvement of recycled fibre is economically viable but depends on production rate
improvements, process optimisation and enzyme recycling.

The OptiFiner concept from Metso Paper aims to develop key fibre properties
(Kankaanpaa and Soini, 2001). It focuses on the deflaking, refining and dispersion sub-
processes of stock preparation. A study examined results from the treatment of old
corrugated containers (OCC) and old newspaper/magazine grades (ONP/OMG). The
concept uses conical dispersion and low-consistency (LC) refining in the same line. Although
the investment costs of the dispersion process are higher than those of refining, there were
great improvements in the recycled fibre qualities when these processes were combined.

Conical dispersion provides a large processing area and a low energy intensity,
followed by gentle fibre treatment. The large amounts of water present in LC refining act
as lubricants and the entire treatment is conducted in a fluid phase. Reductions in
freeness are greater here than in the high-consistency disperser. The tensile index of the
OCC pulp also improved in the LC refiner, with regard to refining energy. Combining
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dispersion and refining stages in the same line means the full potential of the fibres may
be realised.

Pala et al. (1998) investigated refining, refining with an enzymatic treatment, an
enzymatic treatment plus refining and an enzymatic treatment alone, of recycled fibres.
The physical and mechanical properties were measured. The most suitable method for
upgrading recycled pulps was by refining with an enzymatic treatment. Refining increased
the burst and tensile resistance and the enzymatic treatment produced better drainage
results under certain conditions.

Fibre which has been recycled more than once has lower papermaking qualities than
virgin or once-recycled fibre. By using an enzyme blend with recycled fibre some lost
freeness can be restored. Pergalase (which is a Ciba Geigy Ltd trademark) is a blend of
enzymes which improves the freeness of the fibre but does not reduce the fibre strength.
The enzyme is effective at an optimum pH of 5.5-6 but remains active at pH 4.5-7. The
optimum temperature is between 50 and 60°C.

Enzymes need time to be effective. A 15-minute retention time is adequate, providing
there is good mixing. Trial results from three mills show that machine speeds were
increased when using Pergalase. The benefits of such an enzyme-enhanced drainage
programme have been shown on grades including tube stock, gypsum linerboard and
corrugating medium (Moran, 1996).

The effect of refining on recycled chemical-bleached bagasse and wheat-straw pulps
was studied by Gard and Singh (2004). The pulps were beaten to a freeness of 35oml CSF.
Standard handsheets were prepared and a proportion of the backwater recycled. Pads
were produced from the remainder of the pulp, reslushed, then used for the preparation of
further handsheets and pads. It was possible to recover the tensile strength of the recycled
pulps by refining in a PFI-mill, but a sharp decrease in freeness occurred.

The reduction in freeness was more severe in wheat-straw than in bagasse pulp. The
large quantities of fine particles in the wheat straw pulp contributed to its slowness.
However, the decrease in freeness was less when the pulps were treated with alkali first.
A 5o0:50 mixture of refined coarse fraction and unrefined fines fraction, taken from the
recycled pulps, supplied much higher freeness levels than was found in the refined whole
pulp at equivalent strength values.

Lumiainen (1992a, 1994a) studied the refining behaviour of the Conflo refiner on
recycled fibres. He showed that refining OCC pulps improved properties such as tensile
strength, burst, tensile energy absorption, internal bonding and stiffness. Since recycled
fibres are weakened by earlier refining and other stresses, subsequent refining must be
carried out carefully.

Mill installations using Conflo refiners have improved the bonding ability with only a
minimal increase in drainage resistance and a minimal decrease in fibre length. Although
efficient pretreatment improves the initial fibre properties before refining, these properties
can be improved even more by refining (Lumiainen, 1992a, 1994a). The better the
pretreatment, the better the properties of the recycled fibre. The fibre responds well when
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refined at a low consistency and when consuming only a moderate amount of energy,
such as in a Conflo refiner. The typical energy consumption is 30-60 kWh/t.

The refining conditions should be selected correctly to avoid excessive refining.
Refining improves the natural bonding capacity of the recycled fibres and this reduces the
need for chemical bonding agents. By improving the bonding capacity, more recycled
fibres can be used in making paper and board.

Metso Paper offers a range of solutions for the stock preparation of fibres based on
recycled paper (Kremsner, 2003). The continuous-vat-pulper concept is used in the slushing
of OCC and mixed wastepaper (MW). The main pulper contains a perforated screen plate of
between ten and 14mm and a slushing rotor, plus a combined lightweight and heavy
impurity connection higher up. The continuous slushing drum concept is used in the slushing
of old newsprint (ONP), old magazines (OMG) and sorted MW. The drum pulper concept is
becoming more important in OCC-based fibres, because it combines the advantages of
gentle slushing, efficient reject removal, lower energy consumption and simplicity.

Screen baskets and screen plates are used for the coarse screening and deflaking of
OCC and MW. In ONP, OMG and sorted waste, a three-stage screening system is used.
Fractionation is used in test-liner, fluting and multi-layer cardboard production. Multi-
stage fractionation is necessary to achieve an optimum split of short and long-fibre
fractions. Fine screening is only undertaken in the long-fibre fractions.

Refining of recycled fibres is essential. High- or low-consistency refining is generally
used either alone or in combination.

Amcor Research and Technology commissioned a pilot facility comprising a 16in
double-disc refiner and an 8in multi-purpose screening system for projects relating to fibre
quality, because PFI-mill results do not adequately establish optimal refining conditions
for commercial refiners.

Low-intensity refining results in higher strength properties plus substantial savings in
net energy. A study in the upgrading of clarifier-reclaimed fibre demonstrated that multi-
purpose screening using a suitable basket and rotor combination may be used to upgrade
low-quality fibre (Ghosh and Vanderhoek, 2001).

In a study of a mill producing virgin pulp, between 60 and 80% of the total mass
rejected by the secondary screening system could be recovered by installing a small screen
like that used in the pilot scheme. In further studies, a multi-purpose screening system
with an appropriate basket improved the quality of the reclaimed fibre from the clarifier
of an integrated mill. The multi-purpose screen could also be used to improve the
dewaxing of fibre from saturated waxed boxes.

The use of mechanical pulp and recycled fibre is increasing in newsprint furnishes,
but the quality of recycled fibre is decreasing. The ability to extract the maximum strength
and performance from the available fibre, while maximising machine performance,
minimising the use of expensive, low-yield fibres and maintaining end product quality
is becoming harder. Refining strategies can help accomplish these aims.
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In relatively weak fibres, low-intensity refining has proved to give optimal results (Demler,
1995, 1996). In virgin and recycled mechanical pulps such as thermo-mechanical pulp,
groundwood and de-inked newsprint, this practice is well established. Machine trials have
shown an increase in burst and tensile strength and enabled a 7% reduction in the
addition of softwood.

Pilot and mill trials (Demler, 1995, 1996) examined the low-consistency refining of old
newspaper/magazine de-inked pulp to define the optimal intensity and energy
requirements for maximum pulp property development. The results showed that low-
intensity refining is required to maximise strength properties. Fractionation and refining of
the long-fibre fraction led to a 20% improvement in strength properties.

Due to the high mechanical fibre content of newsprint, the response to medium-
intensity refining is poor. The short, weaker fibres found in newsprint require low intensity
impacts and energy inputs.

Baker (1999, 2000a) refined a mill sample of newsprint (Table 13.1). He found that, for
most properties, the strength development was marginally higher at 0.5 Wsm=1, while the
Schopper Reigler values showed a slow drop at 0.5 Wsm-T.

TABLE 13.1 Percentage increase or decrease in each property at both specific edge loads

Property Maximum percentage increase or decrease
0.25Wsm-! 0.5Wsm-!
Burst index +6% +8 %
Tear index -30% -23 %
Tensile index +13 % +17 %
Kenley stiffness -14 % +6 %
Scott ply bond +83 % +36 %
Schopper Reigler =12 % -10 %
CSF -50 % -41 %
Brightness -3 % -2 %
Bulk -16 % -12 %
Fibre length -18 % -19 %
Bendtsen permeability -82% ~78%

Source: Baker, 1999, reproduced with permission from Doshi & Associates

However, the major effect was the greatly increased ply bond which was found at a lower
specific edge load of 0.2Wsm-1. This showed that it is possible to over-refine some
recycled pulps. Care should be taken because the type of refining will be influenced by
the content of the furnish and the required properties.

Much of the research on the refining of recovered mixed papers has examined the
potential for upcycling other grades such as OCC. lyengar examined systems using mixed
papers in a containerboard facility (1996). The design was different for the corrugating
medium and the linerboard to ensure optimal quality. Treating the mixed waste and OCC in
separate systems provided the best quality product and allowed high levels of mixed waste
to be used. Only medium-consistency pulping and washing differ from traditional OCC
systems. However, capital costs can exceed what is expected for an OCC processing facility.
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A study by Guest (1991) emphasised that a different refining strategy is required to retain
the strength properties of recycled rather than virgin fibres (Table 13.2).

TABLE 13.2 Burst improvements at 100 kWh/tonne

Paper Grade Burst Increase (kPam2/g)
Newsprint 0.25-0.30
0cC 1.2-16
Office paper 1.1
Eucalyptus pulp 1.4-1.8
Softwood pulp 3.0-35
CTMP 0.7

Source : Baker, 1999, reproduced with permission from Doshi & Associates

Comparisons when refining mixed office papers with virgin fibres also showed there was
the potential to substitute hardwood and softwood virgin pulps (Tables 13.3 and 13.4).

TABLE 13.3 Effect of fibre type on strength
Office paper Bleached eucalyptus Bleached softwood

Burst index (kPam2/g) 2.8 1.05 2.5
Tear index (MNm2/g) 1.7 2.1 29
Breaking pength (km) 43 2.5 39

Source: Baker, 1999, reproduced with permission from Doshi & Associates

TABLE 13.4 Effect of refining on strength
Office paper Bleached eucalyptus  Bleached softwood

Burst index (kPam2/g) 3.6 24 5.7
Tear index (MNm2/g) 9.6 5.7 14.6
Breaking length (km) 53 4.0 6.7

Source: Baker, 1999, reproduced with permission from Doshi & Associates

In the unrefined state, the recovered office paper shows a higher tensile strength and
burst than the virgin fibre, and a lower freeness and tear index. When refined to the levels
used for printing and writing (5oukW/hr), the recovered office paper had a higher tear-
tensile relationship than the hardwood, but was not as strong as the softwood pulp.

A study by Moore et al. (1995) showed that upcycling methods can be used
successfully to produce writing and printing grades from mixed office papers, and that the
strength properties can be improved by refining. Their mixed furnish was obtained from a
board mill using recycled fibre - the stock had the same chemical and mechanical
treatment as the mill stock. This gave realistic reults under the same refining conditions.
The stock was thickened to a 3.5% consistency before refining. Refining had a positive
effect on some fibre properties and a negative effect on others (Table 13.5).
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TABLE 13. 5 Maximum percentage increase or decrease for each property achieved on

refining up to a maximum energy input of 150 kWh/tonne

Property Maximum percentage increase or decrease

0.25Ws/m 0.5 Ws/m 1Ws/m 2Ws/m
Burst index +2.7% +35% +14% +7 %
Tear index -37% -24% -36% -39 %
Tensile index +25% +36% +22% +7 %
Kenley stiffness +22% +20% +17% +6 %
Scott ply bond +147% +100% +157% +114 %
Schopper Riegler +64% +53% +73% +52 %
Canadian standard freeness -78% -73% -74% -65 %
Brightness -8% -5% -5% -3 %
Bulk -9% -5% -5% -9 %
Fibre length -43% -36% -40% -38 %
Bendtsen permeability -96% -86% -92% -82 %

Source: Baker, 1999, reproduced with permission from Doshi & Associates

The results showed that refining to enhance the properties of recycled office paper is
beneficial. There is no problem in changing from virgin to secondary fibre if the right type
of refining conditions are selected for the type of furnish.

The use of OCC for the production of linerboard and corrugating medium has
increased dramatically but the quality has deteriorated. So, there has been increased
interest in the use of refining to improve the quality.

Many mills now use 100% recycled paper and mixed paper is also being used
(lyengar, 1996). Nazhad and Awadel-Karim (2001) investigated the possibilities of
upgrading OCC pulp. The roles of specific energy and intensity on the strength
development of OCC pulps were studied. Soaked samples of OCC were disintegrated and
refined at specific edge loads (SEL) of 0.5Ws/m, 1Ws/m and 3Ws/m at refining energies
in the range o—400kWh/t. A pulp comparable to virgin pulp was achieved by refining in
a specific energy range of between 8o and 100kWh/t. The papermaking quality
deteriorated beyond this range. While refining at an SEL of 0.5Ws/m produced a higher
tensile or burst strength, an SEL of three was detrimental. The tear strength slightly
increased with low, gentle refining at 10kWh/t, but it decreased with continued refining.
Optimum strength properties of tensile and burst were achieved using a specific energy
range of between 70 and 9o kWh/1 irrespective of the SEL applied. The freeness obtained
was between 250 and 350 Canadian Standard Freeness (CSF).

Research by Sampson and Wilde (2003) showed the suitability of a pre-refining
strategy, involving a preliminary fractionation stage, for strength development in recycled
furnishes. The long-fibre fraction was refined separately and blended with the short fibres.
The whole pulp was then refined instead of co-refining both fractions. In pre-refining, the
short-fibre fraction was refined and then blended with the long-fibre fraction before the
co-refining stage. The application of the pre-refining strategy resulted in improved tensile
strength without an increase in net energy and without compromising density.
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Lumiainen (1992b) carried out trials with old corrugated case scrap at a typical low-
refining consistency. The results indicated that refining improves the natural bonding
ability of secondary fibres, which reduces the need for chemical bonding agents. Refining
naturally lowers the tear strength, the fibre length and the bulk of de-inked pulp. The
improved binding ability allows papermakers to use increasing amounts of secondary
fibres in the furnish.

Rihs (1992) and DeFoe (1991) conducted pilot-scale trials to determine the optimal
conditions when refining OCC. They studied two pulps — one was produced commercially
and the other was produced in the pilot plant by blending rolls of liner and corrugating
medium. The liner and medium were produced from 30% OCC and 70% virgin pulp. The
pulp properties and energy requirements of the pulps produced using three plate patterns
and a 3.5% consistency were compared with those produced by a high-speed single disc
refiner at 30% consistency. The results indicated that low-consistency refining was better
at enhancing OCC properties.

Investigations into the effects of recycling on paper properties have been numerous
and the findings are varied. The furnishes studied included unbleached chemical pulps
and mechanical pulps, including blends. The experiments used the British Standard
handsheet mould, other sheet-forming procedures, pilot paper machines and combinations
of all these. Sometimes the recycled-fibre pulp was beaten before remaking, i.e. to a
specific freeness or paper property. The handsheets were dried by standard methods or by
a variety of heating procedures. Fines may or may not have been recirculated as the sheet
was formed.

In these studies consistent trends have emerged. Recycling considerably reduces the
papermaking potential of fibres, but the reasons for this are not understood. However, this
loss of potential is due mainly to the loss of bonding capacity, which is related to a
reduction in fibre swelling. The surface properties of the fibre may also be important,
although this has not been proven (Baker, 1999).

Fractionation is the separation of incoming stock into two fractions, a short and a long-
fibre fraction. In both fractions, fibres of all lengths are produced, but there is a trend
towards finding longer fibres in the long-fibre fraction and shorter fibres in the short-fibre
fraction, when these are compared with incoming stock (Meltzer, 1999; Menges, 1984;
Holik, 2000; Pekkarinen, 1986; Baker, 1999; Scott and Abubakr, 1994; Wood, 1991).

Work on the fractionation of secondary fibre mainly considers its use in corrugated
and paperboard applications (Bliss, 1987; Clark and lannazzi, 1974; Mayovsky, 1998). There
is little documentation about using fractionation as a means of enhancing secondary fibre
from office-recovered paper. However, studies on fibre fractionation recommend methods
that can be used to separate fibre into its long and short components (Seifer and Long,
1974; Bliss, 1983; Musselmann, 1983).

Bauer-McNett and Clark fibre classifiers are used for fractionating fibre in a
laboratory. Each method allows a few grams of fibre only to be classified at a time, so it is
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time consuming. Centrifugal cleaners, pressure screens, and non-pressurised screens are
used commercially. The goals of the fractionation determine the method used.

Following fractionation, the longer, stronger fibres can be refined to a higher strength.
This reduces the need for more expensive virgin fibre. Fractionation also removes fines
from the furnish by separating out much of this material. By losing this short, low-freeness
fibre, only the longer portion of the furnish needs to be refined. This may result in a
decrease in refining energy.

Fractionation is an integral part of producing multi-layer paperboard and corrugated
containers from secondary fibre. New cleaning and pulping technologies make this
production of multi-layer paperboard from secondary fibre inviting (Bliss, 1987). In multi-
layer paperboard manufacture, fractionation is used to produce a sheet that can be
altered to fit the required properties (Clark and lannazzi, 1974). The short fraction can be
used as filler in the centre of the sheet, while the long fraction can be used as liner stock.
Adjustments in the proportion of long and short fractions may also be made to obtain
other desired properties.

Similarly, in corrugated containers, the short fraction is used as the corrugated
medium, while the stronger long fraction is used in the liner (Bliss, 1987). The fibre
separation creates two fibre streams and these are more valuable than the feed stream
alone. The greatest problems with using secondary fibre are a continually changing
source, the poor quality of the furnish when compared to virgin fibre and a lower-quality
product (LeBlanc and Harrison, 1975).

Fractionation can solve many of these problems. The long-fibre component separated
by fractionation contains mostly softwood fibre and so contributes to the strength
properties. The short-fibre component contributes to the smoothness and opacity of the
sheet. Figure 13.3 shows a system in which the two fibre fractions are treated separately.
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FIGURE 13.3 Separate treatment of fibre fractions
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Source: Baker, 1999, reproduced with permission from Doshi & Associates

The benefit of using fractionation, especially in unbleached secondary fibre grades such
as mixed paper or OCC, is the energy savings made while obtaining the same level of
freeness or strength. By producing two fractions but only refining the long-fibre portion,
and remixing, the refining energy can be reduced accordingly. Because the number of
fines in the long-fibre fraction is considerably reduced, more refining has to be used in to
get the same result in the composite sample (Figure 13.4) (Meltzer, 1999). Considering the

energy absorbed by the fractionator, this does not result in any advantage in terms of
power consumption.
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FIGURE 13.4 Physical properties and energy consumption: full stream treatment versus

fractionation

Freeness 240 CSF
400 CSF Refining Total specific refining energy 6 hpd/t
Tensile strength 5.25km
Fibre length 1.23mm
Tear index 8.16mNm?/g
Fractionation Freeness 220 CSF
Total specific refining energy 6 hpd/t
400 CSF 50% shorts Tensile strength 5.45km
— Fibre length 1.27mm
0.010in -, Tear index 8.23mNm?/g

Refining

Source: Meltzer, 1999, reproduced with permission from Doshi & Associates

There are no significant differences in the physical strength properties if the unrefined or
less-treated short fibres and the refined long fibres are mixed back together.

Figure 13.5 (Meltzer, 1999) shows the development of freeness as a function of the
total specific refining energy for full stream refining, and the refining of two different
long-fibre fractions. The required refining energy develops almost reciprocally to the
relative long-fibre portion, within a reasonable freeness range.

Page 100 © Copyright Pira International Ltd 2005



Technological Developments in Refining
Refining recycled fibre

FIGURE 13.5 Development of freeness as a function of total specific refining energy
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Source: Meltzer, 1999, reproduced with permission from Doshi & Associates

Separate mechanical treatment is beneficial only if the long and short fibres can be used
in different products or in different locations within the same product. Then, a tailormade
treatment produces the right effect for each of the stock components. Improvements in
tensile strength can be observed if both fractions are kept separate (Figure 13.6) (Meltzer,
1999)-
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FIGURE 13.6 Refining the full fibre stream vs. refining of the long fibre fraction
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Source: Meltzer, 1999, reproduced with permission from Doshi & Associates

The optical and surface characteristics of the final product are also affected by fractionation.
Multi-layer or multi-ply sheet-forming technology is the key to taking full advantage of the
benefits offered. It's here that the screen basket choice is important. The results with
perforated and slotted screen baskets differ. Perforated baskets can segregate long fibres
more efficiently (Figure 13.7a and 13.7b) (Meltzer, 1999) than slotted screens. The slotted
screens produce much better short-fibre cleanliness than the perforated screens.
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FIGURE 13.7a Perforated screen for fractionation
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FIGURE 13.7b Slotted screens for fractionation
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Short-fibre cleanliness is measured in terms of debris reduction and was go+% for a
0.008in C-Bar screen basket for the entire range of long-fibre mass flows, but it didn't

exceed 30% with the 0.055in perforated basket. Figure 13.8 shows a mill example
(Meltzer, 1999).
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FIGURE 13.8 Impact of rotor speed on debris reduction and energy consumption
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The recycled-fibre system processing recovered mixed paper and department store waste
used a fractionator with a 0.055in perforated basket. After changing to a 0.010in C-Bar
basket, the removal efficiency increased significantly. A reduction in the rotor speed
increased the cleanliness even further and also reduced the absorbed power by almost
50%. It also produced a slotted fractionation efficiency closer to that using a holed basket.

Fractionation is also used to help produce a sheet with improved surface
characteristics. Smoothness and printability are requested increasingly for linerboard, since
packaging papers must compete with other advertising media. Placing the clean, short-
fibre fraction in the outer plies (called masking technology) gives several advantages.
Haggblom-Ahnger et al. (1995, 1996) used screening technology with continuous slots in
the fractionation of recycled fibre when producing multiple boards. When creating two-ply
board using recycled fibre, the short-fibre fraction was suitable for back-ply and the long-
fibre fraction for the top-ply, after being dispersed and refined.

The dispersion stage refines the stickies but doesn't remove them. The top-ply stock
was refined again to improve the sheet's strength and surface smoothness. The work
examined whether the same or better sheet properties could be achieved when compared
with processes using only optimal screening and fractionation without refining.

De-inked pulp was used mainly in the production of newsprint, but is now also being
used in the production of higher paper grades such as improved newsprint,
supercalendered, and lightweight-coated papers. Around 25% de-inked pulp can be used
in supercalendered, and lightweight-coated papers, substituting the chemical and
mechanical pulps. The use of de-inked pulp in higher paper grades is limited by the
difficulty in obtaining the required quantities of secondary fibres which have a uniform
quality, limited brightness and cleanliness, and a high R14 content.

Supercalendered and lightweight-coated papers suitable for rotogravure must not
contain shives and fibre bundles and the Ri4 values must not be reduced below 5%; this
will ensure a suitable surface quality. Refining the de-inked pulp to 30-50CSF in a multi-
stage refining system will achieve this result (Figure 13.9) (Meltzer, 1999).
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FIGURE 13.9 Fractionation systems used in de-inking stock
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Source: Meltzer, 1999, reproduced with permission from Doshi & Associates

Generally, strength properties do not benefit from mechanical treatment. As an alternative
to full-stream refining, de-inked stock can be fractionated after flotation at a low
consistency using very fine slots. Trials in the Voith Sulzer pilot plant using 0.004in slots
and inlet consistencies of about 0.8% reduced the R14 fraction without affecting the R30
fraction significantly (Meltzer, 1999). The R14 fraction reduced from approximately 11 to
5% and the R30 fraction remained quite constant, dropping only two percentage points
from 23%.

Using these results, two fractionation concepts were derived to provide an alternative
to full stream refining (Figure 13.9) (Meltzer, 1999). One possibility was to selectively refine
the long-fibre stream and cascade the refined stock to the fractionator inlet. The other
option was to eliminate the refining process by using the long-fibre fraction for a
different, less sensitive product. These concepts offer the advantages of gentler fibre
treatment and improved drainage on the paper machine due to higher freeness and
energy savings.

Abubakr et al. (1995) investigated using fibre fractionation to increase the use of office-
recovered paper by upgrading the quality of the fibre and thus minimising the negative
effects of recycling. Mixed office waste was collected, pulped, and cleaned. Handsheets were
formed, repulped, and reformed to obtain pulps representing four recycles. A portion of the
pulp from each recycle was fractionated to obtain long- and short-fibre fractions.
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Fractionation was successful in upgrading the long-fibre component. Kajaani fibre analysis
showed that the long fraction contained a significant portion of higher-grade
papermaking fibre. Strength indexes were substantially enhanced by fractionation.

Several mills in the world use fractionation, with a secondary fibre furnish for board
and/or packaging production. Most use fractionation to manufacture testliner and
corrugating medium. The benefits include:

p greater versatiity — fractionation allows the manufacture of two products from one
furnish;

p only part of the furnish may be treated, leading to savings in electrical energy and
chemicals;

p increased product quality — the furnish can be tailored to individual paper machines,
improving the formation and wet web strength.

Fractionation equipment is manufactured by several companies. These include AGA
machine SRL, Black Clawson International, Lamort, Sulzer Esher Wyss GmbH, Tampella
Paperteck Oy, JM Voith GmbH. The design of the fractionation units, in terms of point of
installation and working conditions are similar to the traditional pressure screen.
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Use of enzymes in refining

The pulp and paper industry is energy-intensive, with energy contributing between 18 and
25% of the manufacturing cost. In developing the required pulp properties, beating and
refining require substantial energy — between 15 and 18% of the total electrical energy
required. The consumption of electrical energy is increasing with the pace of development,
but energy is becoming scarce and costly.

Energy conservation has become a necessity. Any treatment which significantly
decreases the energy requirement will have a beneficial effect on the overall energy input.
In the last few years, interest in the use of enzymes as a way of modifying fibre properties
to improve the beatability/refinability of pulps has increased (Bolaski et al., 1959, Comtat
et al, 1984, Diehm, 1942, Mora et al, 1986, Noe et al., 1986, Yerkes, 1968, Bhardwaj et al,
1996, Keskar et al, 1989, Pastor et al., 2002, Garcia et al., 2002, Torres et al., 1999; Ishizaki,
1992; Scartazzini et al., 1995; Wong et al., 1999a).

The use of cellulose and hemicellulose-hydrolysing enzymes before beating and
refining appears helpful in saving energy (Noe, 1984, Noe et al., 1986, Bhardwaj et al.,
1996, Bajpai and Bajpai, 2001, Bajpai et al., 2004, Bajpai, 2005).

The use of enzymes to modify wood pulp is not new. In 1942 a patent claimed that
microbial hemicellulases from bacillus and aspergillus species could aid refining and the
hydration of pulp fibres (Diehm, 1942). In 1959 Bolaski et al. patented the use of cellulases
from Aspergillus niger to separate and fibrillate pulps, mainly in cotton linters and other
non-wood pulps. In 1968, cellulases from a white rot fungus, which were applied at a
concentration of 0.1-1% by weight, reduced the beating or refining time (Yerkes, 1968).
While enhancing beating, the enzyme also facilitated drainage by removing fines.

In other applications cellulases have been used to remove fines from pits and felts in
the papermaking machinery. French researchers employed xylanase enzymes from mutants
of Sporotrichium pulverulentum and S. diorphosphorum to fibrillate pulps while
suppressing the cellulase activity (Comtat et al.,, 1984; Mora et al., 1986; Noe et al., 1986;
Barnoud, 1986). The enzyme treatment increased the °SR of the pulp. When the enzyme-
treated pulps were compared with untreated controls, the time required to obtain the
same degree of freeness decreased by about 60%. Along with the slower drainage, the
water retention increased by about 40% following enzyme treatment, and more than
doubled following refining. The tensile strength and the zero-span breaking length of the
enzyme-treated refined pulp also increased. Comtat et al. (1984) claimed similar results
using xylanases produced by cloning the DNA for the enzyme into a bacterium. In
addition to the increase in water retention, Mora et al. (1986) showed that the mean pore
radius of aspen wood was reduced by a factor of ten following treatment with xylanases.
Presumably, this results from the opening of small cracks in the walls of the pores.

Electron microscopy showed increased fibrillation in enzyme-treated pulps compared
with control pulps. Noe et al. (1986) reported the characteristics of enzyme-treated pulps
of birch and spruce. The Schopper-Riegler index, the amount of water retention, the
breaking length and the apparent density all increased with treatment, but the viscosity
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decreased by more than 30%. The wet zero-span breaking length alos decreased
significantly. The authors concluded that enzyme-treated pulps show enhanced beatability
and better bonding as a result of increased fibre flexibility, but that the intrinsic fibre
strength decreases as a result of the loss of xylan.

Bhardwaj et al. (1996) examined the effectiveness of several xylanase enzymes,
Pulpzyme HC, Hemicellulase ‘Amano’ 9o, Cartazyme HS 10, Irgazyme 40S, and
Bleachzyme F, at saving energy during beating and refining. Unbleached kraft pulps of
softwood, bamboo and mixed pulp (60% waste corrugated kraft cuttings and 40%
unbleached softwood pulp) were treated. With softwood pulp, there was a 25% reduction
in beating time when using Hemicellulase ‘Amano’ 9o, compared with reductions of
between 17 and 22% when using Bleachzyme F, Irgazyme 40S, Pulpzyme HC and
Cartazyme HS 10. The enzyme-treated pulps retained the required strength properties
except in the case of Hemicellulase ‘Amano’ go, where the strength properties were
slightly affected. With bamboo pulp and mixed pulp, treatment with Bleachzyme F and
Hemicellulase '‘Amano’ go reduced the beating time by about 18 and 15% respectively and
strength properties of the pulp were not found to be affected.

Oksanen et al. (1997) and Mansfield et al. (2000b) reported that the effectiveness of
xylanase-aided refining varies with pulp type and that fully bleached pulps are less
responsive than high Kappa pulps. Release papers, which are used as backings to hold
adhesive labels, are extremely dense and are made by extensively refining a chemical
pulp. Mill trials showed that treatment with a commercial cellulase reduced the refining
energy required by 7.5% (Freiermuth, 1994). The success of this cellulase application,
which has been implemented in some mills, may be due to a greater tolerance for the
losses in fibre strength associated with cellulase treatments. Other product grades in this
category include the high density papers used in the food industry, as well as condenser
papers and glassine — the refining of all of these is enhanced by cellulase treatments
(Yamaguchi and Yaguchi, 1996).

Laboratory trials with Pergalase A40H on condenser, glassine and thin papers showed
about a 20% reduction in refining energy. Mill trials on glassine paper showed an energy
saving of between 15 and 20%, while the opacity remained the same. Studies on thin paper
showed that, even when pulp with a freeness of 4oml higher was used, the formation
improved and there was an energy saving of 10% (Yamaguchi and Yaguchi, 1996).

In high yield pulps, the use of oxidative enzymes has also been evaluated. After the
treatment of an alkaline peroxide pulp derived from poplar, with mannanese peroxidase,
25% less PFl-refining was required to develop the equivalent pulp freeness (Petit-Conil et
al., 1998). In contrast, the treatment of a high Kappa kraft pulp with the laccase-mediator
system reduced the refinability by increasing the handsheet bulk (Wong et al., 1999b).

A comprehensive study compared the effects that different mono-component enzymes
from a cellulolytic system have on the secondary refining of mechanical pulps (Pere et al.,
1994, 1996). Cellobiohydrolase (CBH 1) was capable of reducing the energy consumption
during laboratory refining to develop freeness, while CBH I, different endoglucanases,
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xylanase and mannanase had little effect. A subsequent trial confirmed the effects of
CBH I, by demonstrating a 10% saving in the energy required for the secondary refining
of primary rejects. The authors suggested that the improved refining properties were due
to the ability of CBH | to decrease the crystallinity of the cellulose. In contrast, when
mechanical pulps were treated with a complete cellulolytic system, the resultant fibres
were more difficult to refine (Viikari et al.,, 1998). It appears that the fibre components,
which were more resistant to cellulase treatments were also more resistant to refining.

After an inter-stage treatment of mechanical pulp with a proteinase preparation,
there were no obvious energy savings during secondary refining. However, energy savings
were achieved when destructured wood chips were treated with proteinase or laccase
before primary refining (Mansfield et al., 1999, Mansfield et al.,, 2002). It's unclear how
much of this energy saving was due to a greater efficiency in fibre separation, rather than
fibre development.

The treatment of recycled fibres with cellulases reduced the refining energy required
to achieve a specific freeness. At equivalent levels of refining, the cellulase treatment of
recycled pulps yielded increases in freeness, but led to reductions in average fibre length
(Eriksson et al., 1998). One trial revealed that the freeness of the refined stock could be
increased to allow greater incorporation of the recycled fibres into a corrugating medium
furnish (Moran, 1996). Others, using recycled kraft fibres and old corrugated container
pulps demonstrated savings in refining energy (Cabrera et el., 1996).

Mohlin and Pettersson (2001) investigated the effect of cellulase treatment. The trial
was conducted on the EuroFEX paper machine. The bleached softwood market pulp was
treated with a commercial cellulase (Celluclast from Novozymes), prior to refining. The
potential for energy reduction was substantial and the pulps showed improved formation
and retained their sheet strength properties. Treatment with one unit of commercial
enzyme reduced the energy required to reach a specific WRV-level by about 45-65 kWh/t
(40-70%). The enzyme slightly reduced the pulp viscosity and had a significant effect on
the fibre strength (its zero-span tensile index). In enzyme-treated pulps, there was a
reduction in fibre length during refining which resulted in less fibre flocculation. Enzyme
treatment produced a sheet which was superior in many ways to that made of untreated
pulps. However, these benefits were not observed in laboratory testing. A study by
Kallioinen et al. (2003) showed that enzyme-aided refining is economical and competitive
in improving the energy economy of mechanical pulping.

Researchers at TCIRD, India (Bajpai et al. 2004, Bajpai, 2005) conducted extensive
laboratory and process-scale studies with a neutral cellulase/hemicellulase enzymatic
complex. They used FibreZyme LBR (from Dyadic International), which is derived from a
Chrysosporium strain (US Patent No. 5,811,381, US Patent No. 6,015,707) for reducing the
energy requirement in the refining/beating of different pulps — hardwood kraft pulp,
100% LF-3 bamboo pulp, OCC and a mixed pulp containing NDLKC and LF-3 bamboo
pulp (Bajpai, 2004, 2005). In the laboratory studies, the energy requirement reduced by
18-55% with different pulps (Tables 14.1-14.4).
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TABLE 14.1 PFl-refining of enzyme-treated and control (no enzyme treatment) Riau pulps

Enzyme dose: 0.03%

No. of PFl revolutions Control °SR
Cy 5%, Temp. 50°C, pH 7.0
1.0 hr 1.5 hr 2.0 hr
0 14.5 15.0 15.5 15.5
2800 26.0 26.0 26.0
3400 26.0
3500 30.0 30.0 30.0
4250 30.0
6500 39.0
Enzyme dose: 0.04%
No. of PFl revolutions °SR
Cy 5%, Temp. 50°C, pH 7.0
Control 1.0 hr 1.5 hr 2.0 hr
0 14.5 16.0 16.0 17.0
2750 26.0 26.0
2800 26.0
3400 26.0
3500 30.0 30.0 30.0
4250 30.0
6500 39.0
Enzyme dose: 0.05%
No. of PFl revolutions Control °SR
Cy 5%, Temp. 50°C, pH 7.0
1.0 hr 1.5 hr 2.0 hr
0 14.5 16.0 17.0 17.0
2750 26.0 26.0
2800 26.0
3400 26.0
3500 30.0 30.0 30.0
4250 30.0
6500 39.0

Source: Bajpai, 2005

TABLE 14.2 PFl-refining of enzyme-treated and control (no enzyme treatment) OCC pulps

No. of revolutions °OSR
Cy 5% 50°C, 1 hr Cy 5%, 50°C, 2 hr
Control Enzyme (0.02%) Enzyme (0.03%) Enzyme (0.02%) Enzyme (0.03%) Enzyme (0.04%)
2000 26.0 320 320 340 33.0 345
2900 31.0 375 38.0 380 385 39.0
3400 36.0 40.5 40.5 41.5 42.0 43.0
3750 40.0 45.5 46.0 46.0 46.5 475

Source: Bajpai, 2005
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TABLE 14.3 PFl-refining of enzyme-treated and control (no enzyme treatment) ESKP pulps

No. of revolutions °SR
Control Cy 5%, 50°C,1hr

Enzyme (0.02%) Enzyme (0.03%)
0 16.0 24.0 26.0
1000 26.0
1600 305
1800 31.0
2200 340
2300 35.0
2500 25.0
2700 375 380
3300 31.0
4000 345

*Fibrezyme LBR
Source: Bajpai, 2005

TABLE 14.4 PFl-refining of enzyme-treated and control (no enzyme treatment) LF-3 pulps

No. of PFI revolutions °SR
Control Cy 5%, Temp. 50°C, pH 6.8, Enzyme 0.03%

1.0 hr 1.5 hr 2.0 hr
0 15.0 175 18.0 19.0
3200 305
3300 30.5
3500 30.0
4100 300

Source: Bajpai, 2005

The strength properties were not affected. In the process-scale trials, a reduction in
refining energy of 25kWh/TP and a 20% saving in steam consumption per ton of paper
operation was observed (Tables 14.5 and 14.6).

TABLE 14.5 Effect of enzyme treatment on power consumption during manufacturing of ESKP high strength - process-

scale trial results

Particulars Stock DDR Power Unit/ Machine Power Machine Units/
(amp) consumption ton DDR consumption draw ton

(kWh) (amp) (kWh) finished
Control 107.2 520.81 80.12 68.2 33133 6.5 50.97
Trial 834 405.18 62.34 58.3 283.24 6.5 43.57
Savings 17.79 7.40

Net savings in refining power: 25.19 Units/t
Conditions: temperature, 40-45°C; pH, 6.8-7.5, enzyme dose, 180 ml/TP initially, later reduced to 145 ml/TP; dosing point, pit pulper
Source: Bajpai, 2005
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TABLE 14.6 Effect of enzyme treatment on steam and fuel consumption during

manufacture of ESKP high strength - process-scale trial results

Particulars Steam T/T paper B. Dust T/T paper Coal T/T paper
Control 3.18 0.18 0.47
Trial 2.55 0.17 0.41
Savings 0.63 0.01 0.05

Net savings in consumption of coal: 50kg /'t
Source: Bajpai, 2005

The mill was able to bypass one double-disc refiner when the furnish was changed to
60% unbleached bamboo kraft pulp and 40% NDLKC (normal ESKP). A reduction in
energy of about 54kWh/TP per ton of paper and an 8% saving in steam consumption
were observed (Tables 14.7 and 14.8).

TABLE 14.7 Average physical strength properties of control and enzyme-treated ESKP

high strength - process-scale trial results

Particulars ESKP (HS) 90gsm ESKP (HS) 100gsm

Blank Blank Trial Blank Trial
Total production (t) 880 240 590 86
GSM (g/m?) 91.8 91.3 101.7 102.0
Breaking length (m) MD 4979 5240 5116 5163
Breaking length (m) CD 4190 4597 4158 4495
Stretch (%) MD 8.6 8.7 8.5 8.7
Stretch (%) CD 70 6.7 6.6 6.4
TEA (J/m2) MD 241 246 269 264
TEA (J/m2) CD 189 192 197 201
Tear factor MD 103 100 109 108
Tear factor CD 121 116 129 123
Burst factor 420 42.6 4.7 41.3
Porosity (s/100 ml) TS 10 8 1 8
Porosity (s/100 ml) WS 1 9 12 9
Cobb (g/m2) TS 27 28 28 28
Cobb (g/m2) WS 28 29 29 29

Source: Bajpai, 2005

TABLE 14.8 Effect of enzyme treatment on power consumption during manufacture of ESKP Normal - process-scale trial
results

Particulars Stock DDR Power Unit/ Machine Power Machine Units/
(amp) consumption ton DDR consumption draw ton

(kWh) (amp) (kWh) finished
Control 88.51 430.00 71.67 43.74 212.50 6.0 35.42
Trial bypassed 0.00 0.00 65.20 316.76 6.0 52.79
Savings 71.67 -17.38

Net savings in refining power: 54.29 units/t

Conditions, temperature, 40-55°C; pH, 6.8-8.0; enzyme dose, 145ml/TP initially, later reduced to 110ml/TF; dosing point, pit pulper and
tridyne pulper

Source: Bajpai, 2005
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TABLE 14.9 Effect of enzyme treatment on steam and fuel consumption during
manufacture of ESKP normal - process-scale trial results

Particulars Steam T/T paper B. Dust T/T paper Coal T/T paper
Control 3.15 0.20 0.45
Trial 2.90 0.19 043
Savings 0.25 0.01 0.02

Net savings in consumption of coal: 20 kg/t
Source: Bajpai, 2005

The strength properties were not affected — in fact, the mill was able to produce high
strength paper with a low Gurley porosity without sacrificing the other strength properties
(Table 14.7 and 14.10).

TABLE 14.10 Average physical strength properties of control and enzyme-treated

Fibrezyme LBR) ESKP normal - process-scale trial results

Particulars ESKP (N) 80gsm

Blank Trial (without stock DDR)
Total production (t) 2560 130
GSM (g/m2) 80.7 816
Breaking length (m) MD 4657 4455
Breaking length (m) CD 3577 3629
Stretch (%) MD 8.40 8.47
Stretch (%) CD 6.30 6.04
TEA (J/m2) MD 189 192
TEA (J/m2) CD 129 129
Tear factor MD 87 94
Tear factor CD 102 97
Burst factor 365 363
Porosity (s/100ml) TS 1 12
Porosity (s/100ml) WS 12 13
Cobb (g/m2) TS 28 27
Cobb (g/m2) WS 29 28

Source: Bajpai, 2005

Another process-scale trial in a mill producing coated papers, again using the same
enzyme, showed a reduction in refining energy of about 70kWh/TP in softwood pulps,
and 30kWh/TP in hardwood pulps. A reduction in steam consumption of around 0.5 T/t
of paper was observed. The use of the enzyme eliminated the debottlenecking of refining
in the softwood street and increased production by 12% (Table 14.11). The strength
properties were not affected.
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TABLE 14.11 Effect of enzyme treatment on power and steam consumption during

coating base manufacture — process-scale trial results

Particulars Power consumption kWh/T pulp Steam T/t paper
Softwood Hardwood

Control 200 150 2.57

Trial 130 120 2.07

Savings 70 30 0.50

Conditions: temperature, 40-45°C; pH, 6.8-7.0; enzyme dose in hardwood street 145 g/ TP initially, later
reduced to 125 g/ TP and further to 100g./TP; enzyme dose in softwood street 125 g/ TP,
Source: Bajpai, 2005

Process-scale trials in other mills producing writing and printing paper also showed
encouraging results. In a mill producing heavy gsm base papers, a trial conducted with
Biorefine L led to the bypass of a triple-disc refiner of 180 KWh (Table 14.12). The strength
and other properties were within the specified limits and comparable to those without a
trial run. This enzyme is being used regularly in mills throughout India, China, Indonesia,
and North America.

TABLE 14.12 Effect of enzyme treatment on °SR during manufacture of high gsm base

papers (super-coated art board, 122gsm and sunshine art paper, 102gsm) -
process-scale trial results

Condition Normal Trial
Before refining 16—-18 16—18
After refining (1 conical, 1 TDR and 1 DDR) 23-25 25-28
After refining (1 conical and 1 DDR) - 23-25

Conditions: temperature, 40-45°C; pH, 6.8-7.0; RT, 1.5 hr; stock consistency, 4%, enzyme dose, 2009/ TP
(dilution 50:50), dosing point, new mixing chest
Source: Bajpai, 2005

Mixtures of cellulase and hemicellulase enzymes mainly function by partial hydrolysis of
the fines, perforation and brushing of long fibres (Ghosh, 2005).

By hydrolysing fines, the enzyme increases drainage at the paper machine, reduces
the vacuum requirement, reduces the steam load and increases the paper machine speed.
A reduction in the number of fines allows an improvement in the sheet strength due to an
increase in the percentage of long fibres. Cellulases in the enzyme mixture prefer
attaching to fines, rather than long fibres. This protects the long fibres from severe
hydrolysis conditions. In a similar way, the xylanases collide randomly with the fines and
long fibres in the pulp chest.

The other main action of these enzymes is the perforation of the fibres by xylanase
action. This improves the fibres' hydration (swelling) and promotes the internal fibrillation
and delamination of the fibre, which improves its properties. Brushing of long fibres is
another effect (Ghosh, 2005). The long fibres are eventually collided with by cellulases,
which damage the bonds on the exposed cellulose chains. This partial depolymerisation of
cellulose chains on the fibre surface causes a weakening (but not a complete cutting) of
external microfibres, which allows the fibre to be refined with less energy or to be more
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easily defibrillated. This defibrillation also facilitates fibre rehydration, internal fibrillation
and fibre reswelling.

As the enzyme promotes fibre swelling and makes fibre more flexible, the pulp gets excess
refining (higher °SR) in the beginning at the same power input as that for control
(without enzyme treated pulp). Higher °SR pulp contains more fines, which results in poor
drainability on the wire (more water remains with the pulp) and requires more steam to
dry the paper sheet (on the dryer). Once the above effects are observed, the power input
to the refiners (refining energy) is reduced so that the °SR of the pulp remains within the
limit. The enzyme produces better fibrillation so those paper properties that depend on
fibril content turn out better. These properties are tensile strength, bursting strength and
tensile energy adsorption. Improvement in the BOD to COD ratio in machine waste water
is also expected as one component of the enzyme (endoglucanase) hydrolyses fines/fibrils
and cellulosic debris in paper machine backwater to low molecular weight saccharides (C,
to Cy,) that are easily biodegradable. As explained above, the enzyme helps to reduce the
fines/fibrils and cellulose debris in the white water (machine back water) loop, meaning
the recycled water is cleaner with @ minimum of fines.

The directly visible advantages are

p areduction in the electrical energy requirement for refining the pulp

B a reduction in the steam consumption

p areduction in the back water consistency.

These advantages can also be converted into the following benefits (depending upon the
situation and the requirements), but not necessarily all the benefits will be achieved

An increased in machine speed, especially in the case of high gsm base paper;
Better machine runnability;

Reduced retention aid;

vVvyyvyy

Better formation and smoothness of paper (it may be possible to reduce the head box

consistency without affecting the capacity, due to improved drainability. In this case,

the machine speed/steam consumption may not be reduced).

p De-bottlenecking of refiner capacity to increase the production;

B Possibility of utilising difficult-to-refine pulps;

Other benefits are

p Possibility of reducing toxic biocides which create problem in ETP and also denature
enzyme;

p Ease in operation of backwater clarification/filtration;

p Possibility of reduction in pitch problem due to better dispersion;

p Better biodegradability of machine effluent (due to hydrolysis of fine fibre fibrils by
the enzyme);

p Ease in operation of ETP (due to fewer fibrils and smaller amount of biocides);
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p Reduction in greenhouse gas emissions associated with the generation of steam
and power,
p Ease in broke repulping - better dispersion, which may also reduce the addition of

chemicals for dispersion.
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There are diverse refining requirements for different grades of paper. Fine papers, which
are used in printing, writing and photocopying, require good refining control because this
ensures they develop the strong internal bonds that create smoothness.

The critical quality parameters for printing and writing papers are printability and
runnability. The paper must have good levels of brightness, stability, whiteness,
cleanliness, opacity, smoothness, compressibility and strength for printing. Ink penetration
is also important. A minimum opacity is normally required and this becomes critical as the
sheet weights are reduced.

Towel grades require higher levels of refining to meet the wet strength and
dispensing requirements. Fast absorbency rates and a high water-holding capacity are the
prime requisites. Tissue grades require little or no refining. Their main properties are bulk,
absorbency, softness, brightness, strength and runnability. Strength usually takes second
place to softness and absorbency properties, but these are usually a function of bulk. It is
best to bypass the refining stage when producing consumer tissue grades because refining
tends to be negative for these products.

Kraft bleached paperboards, which are heavyweight papers, require enough refining to
promote the production of internal bonds, improve the smoothness and increase the
strength properties. However, excess refining adversely affects the bulk and stiffness. These
products are used in the packaging of frozen foods or may be converted into paper plates
and cups so need to combine good stiffness and bulk with smoothness and printability. The
internal bonding, creasibility and dimensional stability are also important factors.

Linerboard (produced from unbleached paperboards) is used as liners in corrugated
board and as wrapping paper, so requires good compression and burst strengths.
Corrugating mediums require adequate refining as they must have relatively high levels of
stiffness and resistance to crush.

Glassine, greaseproof and release-base papers all require extensive refining to get the
desired balance of strength and appearance properties. Some specialty grades require a
significant amount of refining, but this depends on the particular product.

When making thin translucent papers or trying to obtain high Gurley densometer
readings, it is necessary to close the sheet structure. This requires considerable levels of
refining energy, but the treatment of the fibres needs to be gentle and uniform.

The properties of paper are highly interrelated and all are affected by the amount
and type of refining. It is impossible to alter one property without changing others at the
same time. Smook (1992) has suggested the typical refining requirements of different
paper grades (Figure 15.1) e.g. tissue and toweling require about 100—-120kWh/t (5—6hp-
day/t) pulp, fine papers require about 230kWh/t (12hp-day/t) pulp, while greaseproof
glassine requires 400-500kWh/t (20—25hp-day/t) pulp.
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Future of refining

As higher percentages of hardwood fibre are used, modern refining systems will tend
toward refiners that fibrillate rather than cut (Baker, 2001a). Refiner systems should be
designed to refine each component separately where possible because this will achieve
the maximum potential for each fibre.

New fillings and refiners will make it possible to achieve equal strength for
hardwoods and softwoods, and refiner manufacturers are continually making
developments (Baker, 2001a). The use of enzymes is also a commercial reality. The use of
genetically advanced enzyme systems reduces power costs and offers other benefits such
as an increase in paper machine speed, reduced steam requirements, an improvement in
paper strength properties, improvements in paper formation and a reduction in the
production of stickies by dispersion.

Enzyme-aided refining is economically attractive, easy to integrate in production
processes and does not disturb the normal operations. Enzymes are expected to provide
more benefits for mills that do not have captive power generation and are not limited by
refining capacity. This should either create savings in maintenance costs or allow the
refiner to produce more paper without augmenting its capacity. Modern biotechnology
tools, especially microbial genetics, are advancing at an ever faster pace, so novel enzymes
will become available which are more effective. Research is being carried out at academic
and industrial organizations. It is anticipated that the newly developed genetic techniques
will significantly reduce the costs of enzyme production and improve the characteristics of
these biocatalysts.
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