Thesis for the degree of Doctor of Technology, Sundsvall 2014

STORAGE OF HYDROGEN PEROXIDE BLEACHED
MECHANICAL PULP; REDUCTION IN
REFLECTANCE OVER THE VISIBLE SPECTRUM
Sofia Enberg
Supervisors:
Professor Per Engstrand
Adjunct Professor Magnus Paulsson
Dr. Mats Rundlöf
Dr. Patrik Axelsson
Dr. Øyvind Eriksen
FSCN – Fibre Science and Communication Network
Faculty of Science Technology and Media
Mid Sweden University, SE‐851 70 Sundsvall, Sweden
ISSN 1652‐893X,
Mid Sweden University Doctoral Thesis 207
ISBN 978‐91‐87557‐91‐0

Akademisk avhandling som med tillstånd av Mittuniversitetet i Sundsvall
framläggs till offentlig granskning för avläggande av teknologie doktorsexamen i
kemiteknik, fredagen den 21 november 2014, klockan 10:15 i sal M 102,
Mittuniversitetet, Sundsvall. Seminariet kommer att hållas på engelska.

STORAGE OF HYDROGEN PEROXIDE BLEACHED
MECHANICAL PULP; REDUCTION IN REFLECTANCE OVER
THE VISIBLE SPECTRUM
Sofia Enberg

© Sofia Enberg, 2014

FSCN – Fibre Science and Communication Network
Faculty of Science Technology and Media
Mid Sweden University, SE‐851 70 Sundsvall, Sweden

Telephone:

+46 (0)771‐975 000

Printed by Service and Maintenance Office, Mid Sweden University, Sundsvall,
Sweden, 2014

i

STORAGE OF HYDROGEN PEROXIDE BLEACHED
MECHANICAL PULP; REDUCTION IN REFLECTANCE OVER
THE VISIBLE SPECTRUM
Sofia Enberg
FSCN – Fibre Science and Communication Network, Department of Natural
Sciences, Engineering and Mathematics, Mid Sweden University, SE‐851 70
Sundsvall, Sweden. ISSN 1652‐893X, Mid Sweden University Doctoral Thesis 207;
ISBN 978‐91‐87557‐91‐0

ABSTRACT
The objective of this thesis is to determine possible causes of the darkening of
hydrogen peroxide bleached mechanical pulp over the visible spectrum and their
relative contributions. It focuses on both process conditions and the composition of
the pulp and the dilution water, including additions or losses of material along the
process line from the bleach tower to the paper machine.
A mapping of the optical properties of the pulp along the process showed that
the fine fraction of the pulp darkened more than the long fibre fraction. Simulation
of retention times of different fractions showed that the main part of the fine
material is retained in the paper within a few hours, a small part might circulate
for considerably longer time and may therefore be strongly coloured.
Storage trials were mainly performed using a hydrogen peroxide bleached
mechanical pulp intended for SC paper made of Norway spruce (Picea abies),
sampled on one occasion and stored in a freezer. Unwashed or well‐washed pulp
was stored in distilled water or in different process waters. Some complementary
trials were included, e.g. unbleached pulp.
Time and temperature were the process variables that gave the strongest
darkening of the pulp, as expected, both in a clean and a more process‐like system,
whereas pH only had an effect in the presence of process waters; the highest
brightness stability was seen at a pH around 5.5–6.0.
The darkening was due to an increase in the light absorption coefficient (k)
beginning at short wavelengths, but after longer storage times the increase in kλ
also became noticeable at longer wavelengths. The colour (CIE L*, a*, b*) of the
pulp changed towards red and yellow, initially more towards red and then more
towards yellow. These changes were clearly visible.
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Washing of the bleached pulp made it less sensitive to storage; possibly due to the
removal of extractives, lignin‐like substances, metals and pulp fines. This washing
had little effect before storage and the amount of material removed was small.
The pulp darkened more when stored in process waters compared to distilled
water. Apart from fibres, most of the colour was associated with pulp fines or filler
but some colour was also found in the dissolved and colloidal fractions. At an
increased pulp consistency, the increase in k460 was smaller.
Storage in white water from the paper machine gave extensive discolouration
with a shoulder in the absorption spectrum around 550–650 nm, which increased
with time. The addition of ferric ions increased the light absorption coefficient
during storage, but could not explain the increased absorption at 550–650 nm nor
could it be the only cause of the darkening in the mill system. A cationic basic
violet dye gave a shoulder in the absorption spectrum similar to that of the mill
system, but the absorption of the dye did not increase during storage. Model
calculations indicate, but do not prove, that ferric ions together with violet and red
dyes could have played a major, but not exclusive role in the colour observed in
the mill system after storage. The darkening not accounted for, at longer
wavelengths and around 550–650 nm, is suggested to be related to fines and fillers
including dissolved and colloidal substances associated with these particles.
A method to produce representative sheets for determination of optical
properties of mechanical pulps was developed. The new method makes it possible
to follow changes in light absorption and light scattering coefficients over the
visible range of wavelengths. It is approximately six times faster than standard
methods, reduces the risk of additional darkening of the sample and can be used
with small pulp quantities.
The deviation from the expected linear behaviour of the light scattering
coefficient, s, at wavelengths corresponding to strong light absorption has been
studied using the Kubelka‐Munk model and the angular resolved DORT2002
radiative transfer solution method. The decrease in s could not be explained by
errors introduced in the Kubelka‐Munk modelling by anisotropic scattering.
Keywords: Colour, Dye, Iron, Kubelka‐Munk, Light absorption coefficient, Light scattering coefficient,
Mechanical pulp, Metal ions, Mill mapping, Optical modelling, Optical properties, Process conditions,
Process waters, Pulp fractions, Pulp storage, Radiative transfer solution method, Sheet forming
procedure, Simulation, Spectral data.
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SAMMANDRAG
Detta arbete söker möjliga orsaker till mörkfärgning av väteperoxidblekt mekanisk
massa i det synliga våglängdsområdet, och vilka som har störst inverkan. Både
processbetingelser och massans och spädvattnets sammansättning har undersökts,
inklusive material som tillförs eller tas bort längst processlinjen från blektorn till
pappersmaskin.
En kartläggning av massans optiska egenskaper längs processlinjen visade att
finmaterialet mörknar mer än långfiberfraktionen. Simulering av uppehållstider
för olika fiberfraktioner visade att största delen av finmaterialet retenderas i
pappret inom ett par timmar men en liten del kan tänkas cirkulera i systemet
betydligt längre tid och därför vara kraftigt mörkfärgat.
Lagringsförsök har främst gjorts på en massa uttagen vid ett tillfälle och
fryslagrad, en väteperoxidblekt mekanisk massa avsedd för SC‐papper, tillverkad
av gran (Picea abies). Otvättad eller vältvättad massa har lagrats i destillerat vatten
och olika processvatten. Några kompletterande försök har även gjorts med andra
massor, t.ex. oblekt mekanisk massa.
Tid och temperatur var som väntat de processvariabler som påverkade
mörkfärgningen mest, både i ett rent system och i ett mer processlikt system. pH
hade effekt bara i processvatten, då jämförelsevis stor, den högsta ljusstabiliteten
erhölls vid pH 5.5‐6.0.
Mörkfärgningen orsakades av en ökning i ljusabsorptionskofficient (k).
Ökningen började vid korta våglängder men efter längre lagringstid så ökade k
även vid längre våglängder. Lagringen kan också beskrivas som en färgförändring
(CIE, L*, a* och b*) av massan, i riktning mot rött och gult, först mer mot rött och
sedan mer mot gult. Förändringen i färg var tydligt synlig.
Tvätt av blekt massa gjorde den betydligt mindre känslig för lagring, troligtvis
på grund av att tvätten reducerar innehållet av extraktivämnen, ligninlikaämnen,
järn och finmaterial. Tvätten hade bara liten effekt före lagring och mängden
material som tvättades ut var liten.
Massan mörkfärgades mer när den lagrades i processvatten jämfört med i
destillerat vatten. Bortsett från fibrer så var den största delen av färgen kopplad till
fines och fyllmedel men viss färg fanns även i de lösta och kolloidala fraktionerna.
En ökad massakoncentration gjorde att mörkfärgningen blev mindre.
Lagring i bakvatten från pappersmaskinen gav en tydlig mörkfärgning med en
platå i absorptionsspektrum vid ca. 550‐650 nm som blev starkare med tiden.
Tillsatts av järnjoner, Fe (III), gjorde att ljusabsorptionskofficienten ökade vid
lagring, men gav ingen platå vid 550‐650 nm. Fe(III) räcker heller inte för att vara
den enda förklaringen till mörkfärgningen i fabrikssystem. En katjonisk violett
nyanseringsfärg gav en platå i absorptionsspektra liknande den som sågs i
iv

fabrikssystemet, men dess absorption i det här området ökade inte med lagring.
Modellberäkningar indikerar att järnjoner tillsammans med röd och violett
nyanseringsfärg kan vara tillräckliga för att beskriva en stor del, dock inte allt, av
den mörkfärgning som erhålls i fabrikssystem. Mörkfärgningen vid långa
våglängder och i området 550‐650 nm som inte täcks av modellen, föreslås kunna
vara relaterad till finmaterial och/eller fyllmedel eller kolloidala substanser som är
associerade med de här partiklarna.
En metod för att producera representativa ark för bestämning av optiska
egenskaper har utvecklats. Den nya metoden gör det möjligt att följa ändringar i
ljusabsorption och ljusspridning över det synliga våglängdsområdet. Metoden är
ca. sex gånger snabbare än standardmetoder, den minskar risken för ytterligare
mörkfärgning av provet och kan användas med små mängder av massa.
Det kända faktumet att ljusspridningskoefficienten, s, avviker från förväntad
linjäritet vid våglängder där ljusabsorption är stark har undersökts genom
Kubelka‐Munk modellering och den vinkelupplösta DORT2002 ʺradiative transferʺ
modellen. Nedgången i s kunde inte förklaras av fel i Kubelka‐Munk modellen på
grund av anisotrop ljusspridning.
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INTRODUCTION

The production of mechanical and chemimechanical pulps is an efficient way of
using the available virgin fibre resources since the yield of these manufacturing
processes is high and the environmental impact relatively low. The high light
scattering, and thereby opacity at a given strength, as well as the high bulk
properties of high‐yield pulps are unique and not easily obtainable with other pulp
types. In recent years, the demand for graphic papers has declined and the
brightness (or whiteness) demand for improved newsprint and magazine paper
grades has increased. It is therefore important to be able to produce high‐yield
pulps with high brightness in environmentally‐friendly and cost‐efficient ways.
Mill experience has shown that bleached mechanical pulp darkens from the bleach
tower to the paper machine. Narvestad et al. (2011) reports a brightness loss of up
to 3.5 brightness units in the storage tower for bleached mechanical pulp. Due to
the darkening of pulp within the process, higher dosages of bleaching chemicals
are needed to reach a high enough brightness for the paper and this represents a
large cost for the mill. Narvestad et al. (2013a) reports that a brightness reduction
of 2% ISO (at a brightness of approx. 75% ISO) in a storage tower after bleaching
needs to be compensated for by increasing the charge of hydrogen peroxide by 5 to
7 kg/t. This represents an increase in the bleaching cost by approx. 25%. During
production of super calendered (SC) paper, the cost of bleaching chemicals may
constitute 50–70% of the total cost of chemicals (Narvestad et al. 2013a).
Storage of unbleached and bleached softwood mechanical pulps has been reported
to result in decreased pulp brightness (see e.g. Lunan et al. 1986; Narvestad et al.
2011). Storage conditions such as temperature, time, pulp consistency and pH may
have an effect on the extent of discolouration during storage. Components in the
dilution water, e.g. metals, may also affect the discolouration. It is therefore
important to understand the causes behind the formation of colour during pulp
storage.

1.1 Objectives
The present study aims to contribute to the knowledge needed to develop cost‐
efficient processes for producing high brightness mechanical pulp from softwood.
The objective of the thesis is to determine possible causes of the darkening of pulp
over the visible spectrum when storing pulp in the process line and to assess their
relative contributions. It focuses on both process conditions and composition of the
pulp, including additions or losses of material along the process line from the
bleach tower to the paper machine.
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1.2

Overview

Mill experience has shown that discolouration of hydrogen peroxide bleached
mechanical pulps from the bleach tower to the paper machine is a reality that
represents a high cost for the mill. This work began with a literature survey that
summarised published work and what was known in the area. A mapping of
optical properties of a mechanical pulp along the process line showed where in the
process the darkening occurred and also indicated retention times for different
pulp fractions. With this background it was clear that, to study the discolouration,
development of a comparatively fast and accurate method for producing sheets
was necessary. The new method developed made it possible to follow changes in
light absorption and light scattering over the visible range of wavelengths along
the process line. The thesis work also includes an investigation into the area where
light absorption becomes too strong for determining light scattering and light
absorption accurately. One hydrogen peroxide bleached pulp was collected in the
mill to be used in the majority of the trials throughout this work. The extent of
darkening during storage of the well‐washed fibre material in distilled water was
evaluated first. The aim was to study the influence of process conditions and to
establish a reference for further work. Storage trials under more process‐like
conditions were then conducted, such as storage in white water etc. Finally, further
evaluations were carried out to investigate some possible causes for the formation
of colour during pulp storage.

1.3

Contents description

The relevant background to the results presented in the thesis is given in Section 2.
The chemical composition of softwood and the changes to the wood raw material,
both in terms of colour and dissolution of organic and inorganic material, during
refining and hydrogen peroxide bleaching are outlined. There is a particular focus
is put on storage of mechanical pulps. In Section 3, a new method for producing
sheets to study discolouration is presented as well as different methods for optical
modelling of the data. Short descriptions of some experimental methods are also
given: a fractionation procedure, simulations of retention time of pulp fractions
and Kubelka‐Munk modelling of light absorption. In Section 4, the main results of
the research are given; Section 4.1 presents the issue of discolouration of pulp
within the process with results from mapping of optical properties including the
colour of different pulp fractions as well as simulation of retention times for the
different pulp fractions. In Section 4.2 a comparison of the new method for sheet
preparation with existing standard methods is presented together with different
methods for spectral evaluation of sheets with strong light absorption. The first
part of the storage trials deals with storage in a clean system (Section 4.3) and the
effect of storage conditions. The second part deals with storage under conditions
2

closer to those in a mill system, including the effect of storage in different types of
process waters (Section 4.4). Finally, in Section 4.5, some causes for the formation
of colour (as indicated in the previous Sections) are investigated and presented in
more detail. In Section 5 conclusions drawn from the thesis work are presented
and Section 6 presents some recommendations for future work.

3
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2

BACKGROUND

This section includes background information to the result in the thesis. First is an
overview of the softwood fibre morphology, the chemical constituents of softwood
and possible leucochromophores and chromophores. Next, the changes that occur
within the process of mechanical pulping and bleaching concerning chromophores,
metals and dissolved and colloidal substances are presented. There is a particular
focus on pulp storage and the parameters that affect the discolouration of pulp
during storage. Finally, there is a subsection dealing with the optical evaluation of
sheets.

2.1

Softwood and wood fibres

Figure 1 shows how the tubular wood fibres are arranged in the wood, zooming in
on individual fibres and showing the fibre wall that is built up of several layers:
the primary wall, the three layers of the secondary wall (S1, S2, S3). Some cells also
have a warty layer lining the lumen (the hollow centre within the fibre). The
middle lamella holds the fibres together. In the primary wall, the cellulose fibrils
are irregularly orientated. The three different layers of the secondary wall have
different orientations of the cellulose fibrils, i.e. fibril angles. The S2 layer has the
lowest fibril angle. The thickness of the layers differ; the primary wall, S1 and S3
are comparatively thin whereas the S2 is the thickest layer (Sjöström 1993, Chapter
1; Back, Allen 2000).

Figure 1.

A schematic illustration of the wood fibre showing the fibre wall built up in several layers.
(Illustration by Mats Rundlöf, Capisco AB).
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2.2

Chemical composition of softwood

The main components of wood are lignin, approx. 22–31%, carbohydrates of which
cellulose constitutes approx. 40–45% and hemicelluloses constitutes approx. 20–
30%, and extractives, often about 1–2%. The carbohydrates consist mainly of
cellulose and hemicelluloses. The content of inorganic compounds in wood is low,
the ash content is often below 1% of the dry wood weight and the ash consists
mainly of metal salts. In the sections below there is a focus on the chemical
composition of softwood, in particular Norway spruce (Picea abies). The chemical
composition of hardwood may be different and varies between species. More
detailed information of the wood components can be found in Fengel and Wegner
(1989), Sjöström (1993), Hon and Shiraishi (2001) and Ek et al. (2009).
2.2.1

Carbohydrates

Cellulose is the main component of wood and constitutes 40–45% of the dry wood
weight. Norway spruce (Picea abies) consists of approx. 42% cellulose. The cellulose
is located predominantly in the inner part of the fibre wall, i.e. the secondary wall.
The cellulose is composed of β‐D‐glucopyranose units that are linked together with
(1→4)‐glycosidic bonds. The cellulose molecules are linear with a degree of
polymerisation of 7,000‐10,000 units and can easily form inter‐ and intra‐molecular
hydrogen bonds. Aggregates of cellulose molecules are thus easily formed, and
these are called microfibrils. The microfibrils form fibrils which in turn form
cellulose fibres. The microfibrils consist of highly‐ordered crystalline regions or
less‐ordered amorphous regions. Due to the hydrogen bonds and a fibrous
structure, cellulose has a high tensile strength and is insoluble in most solvents. A
main function of cellulose is to give structural support to the fibre wall and
therefore the tree.
Other carbohydrate structures in wood are the hemicelluloses. While cellulose is a
homopolysaccharide, hemicelluloses are heteropolysaccharides. Hemicelluloses
constitute 20–30% of the dry wood weight. The composition and structure of
hemicelluloses differ between hardwood and softwood. In softwood the main
hemicelluloses are; galactoglucomannans (approx. 15% of the dry wood weight),
arabinoglucuronoxylan (approx. 5% of the dry wood weight) and arabinogalactan
(approx. 3% of the dry wood weight). The hemicelluloses function is manly as
supporting material in the fibre wall. There are chemical bonds between lignin and
different constituents of hemicelluloses, i.e. ester bonds, ether bonds and glycosidic
bonds. Some hemicelluloses are extensively branched and are water soluble. The
degree of polymerisation is approx. 100–200 for hemicelluloses.
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In addition to cellulose and hemicelluloses, softwood contains other carbohydrates
in small amounts, e.g. starch and pectins. Pectin is mainly found in the primary cell
wall and in the middle lamella cell corners, in ray cells and in the torus of bordered
pits. Pectins in wood consist of galacturonic acid, galactose, arabinose and
rhamnose sugar units and are to a large degree methylated. Pectic substances
without or with very few methyl ester groups are called pectic acids.
2.2.2

Lignin

Lignin is a biopolymer made up of phenylpropane units. Lignins are polymerised
mainly from three monomers; coniferyl alcohol, p‐coumaryl alcohol and sinapyl
alcohol. In softwoods, the main lignin precursor producing guaiacyl lignin is
coniferyl alcohol. Softwood lignin comprises mainly guaiacylpropane units; a
small quantity of p‐hydroxyphenylpropande units also exists. Figure 2 shows a
structural segment of softwood lignin proposed by Adler (1977). The linkage
between the units can be of different types; about two‐thirds are linked by ether
bonds and the rest by carbon‐carbon bonds. The most common linkage between
the phenylpropane units is β‐Ο‐4, see Figure 2, e.g. the linkage between units 4 and
5. Other types of linkages e.g. of the types α‐Ο‐4, β‐5, 5‐5, 4‐Ο‐5, β‐1 and β‐β also
exist. Lignin constitutes 22–31% of the dry wood weight and Norway spruce
softwood consists of approx. 27% lignin. The highest concentration of lignin can be
found in the compound middle lamella (middle lamella and primary wall on both
sides) but because this layer is thin only approx. 20–25% of the total lignin in wood
is located here. The bulk of the lignin is found in the S2 layer. The functions of
lignin are several; lignin gives stiffness to the fibre wall, acts as a glue to keep
fibres together, makes the fibre wall more hydrophobic and also protects the wood
from microbial degradation. The main contribution to the yellowish colour of
wood comes from specific lignin structures (see Section 2.2.5). Chemical pulp
bleaching is based on lignin removal, whereas mechanical pulp bleaching is based
on elimination of the coloured groups in lignin without dissolving the lignin.
Therefore bleaching of mechanical pulp is often referred to as lignin‐retaining
bleaching.
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Figure 2.

A structural segment of softwood lignin proposed by Adler (1977).
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2.2.3

Extractives

Extractives are compounds soluble in organic solvents or water and therefore
“extractable”. They can be of lipophilic or hydrophilic type. The lipophilic
extractives are often called wood resins and consist of fats and fatty acids, steryl
esters and sterols, terpenoids and waxes. The phenolic extractives are usually
found in the heartwood and in the bark, and these are often water soluble. Some
common phenolic extractives are lignans, stilbenes, tannins and flavonoids. The
total content of extractives is usually below 10%, but varies for different parts of
the tree. In Norway spruce the extractive content is 1–2% of the total dry wood
weight. The different types of extractives have different functions in the wood, fats
are a source of energy, terpenoids, resin acids and phenolic substances protect the
tree from microorganisms and insects and steroids are part of the enzymatic
system.
2.2.4

Inorganic compounds, metals

The ash content of wood is low, often below 1% of the dry wood weight. However
in the bark, needles and leaves, the content of inorganic compounds can be higher.
Friman et al. (2003) summarise that in wood, the metal ions are presumed to exist
in three different forms; as exchangeable ions, as strongly chelated complexes with
phenolic groups in lignin or as inorganic precipitates. The most common metals
are calcium, potassium and magnesium, but a large number of other metals are
also present. The level of iron and manganese is usually below 100 mg/kg of the
dry wood and other metals are present only in trace amounts or below 10 mg/kg
(Sjöström 1993, Chapter 5). The inorganic components originate from salt deposits
in the fibre wall and lumina such as carbonates, silicates, oxalates and phosphates.
The metals can be partly bound to the carboxylic groups in xylan or pectines or
held by the wood components by complexing forces, as is the case for iron and
manganese. Iron and manganese can only be washed out of the wood by an acid
wash or by complexing agents. However, a considerable part of the iron is strongly
bound to the wood material and cannot be washed out. This iron is suggested to be
arranged as precipitates of low solubility or present in the ray cells (Sundén et al.
2000).
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2.2.5

Leucochromophores and chromophores

The IUPAC definition of a chromophore is: “The part (atom or group of atoms) of a
molecular entity in which the electronic transition responsible for a given spectral
band is approximately localized” (IUPAC 1997). A chromophore absorbs light at
certain wavelengths in the visible region of the spectrum. The corresponding
uncoloured group that does not absorb light in the visible region but that can
easily be transformed into its coloured chromophoric form is commonly referred to
as a leucochromophore in pulp and paper science (see e.g. Sjöström 1993, Chapter
8).
The colour of wood differs from species to species and is influenced by e.g.,
growing conditions, chemical composition and microbiological breakdown (Hon,
Glasser 1979). Storage conditions and exposure to heat, light, air and fungal
activity can contribute to the discolouration of wood logs and wood chips (Lorås
1980; Dence 1996). During mechanical or chemimechanical pulping processes,
wooden material is exposed to heat, mechanical action, chemicals and transition
metals that contribute to the discolouration (see Section 2.3).
The main coloured substances in wood originates from the lignin constituent (Hon
1979; Hon, Glasser 1979; Moldenius 1983; Hon 1991). The guaiacylpropane units,
which are the major units in softwood lignin, are originally uncoloured (Hon 1979)
and do not absorb light in the visible region, 400–700 nm (Allison, Graham 1990). If
the guaiacylpropane units are associated with units with ring conjugated double
bonds, α‐carbonyl groups or a combination of both they may give a yellow‐brown
colour (Hon 1979). In Figure 3, some proposed conjugated structures present in
softwood lignin are shown (Gellerstedt 2009a).
Some of the main types of chromophores are para‐ and ortho‐quinones (compounds
VI and VII in Figure 3) quinone methides, coniferaldehydes (IV), ‐carbonyl
compounds (II) and iron‐lignin complexes (VIII) (Hon 1979; Hon, Glasser 1979;
Moldenius 1983; Hon 1991). The chromophore systems comprise carbonyl groups,
ethylenic groups and aromatic rings. When present as single or multiple non‐
conjugated groups they are colourless, i.e. leucochromophores but when present in
sufficient quantities as conjugated systems they are coloured, i.e. chromophores
(Dence 1996). The leucochromophores can be easily converted to coloured
substances through dehydration or dehydrogenation reactions (Dence 1996).
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About 4–5% of the lignin phenylpropane units in spruce milled‐wood lignin
constitute of coniferaldehyde structures (Lundquist, Olsson 1977; Zhang,
Gellerstedt 1999). The absorption maximum of coniferaldehyde in solution is
around 350 nm (Gellerstedt 2009a), but the tail of the peak causes also absorption
in the visible region (Dence 1996). There is a strong red shift to around 400 nm
when coniferaldehyde structures are present in solid state (Gellerstedt 2009a). The
contribution of coniferaldehyde units to the total light absorption by lignin at 457
nm is approximately 10–20% (Imsgard et al. 1971).

(I)

(V)
Figure 3.

(III)

(II)

(VI)

(VII)

(IV)

(VIII)

Conjugated structures present in softwood lignins. The absorption maximum in solution and
solid state (within brackets) is given (Gellerstedt 2009a).

Imsgard et al. (1971) report that spruce milled‐wood lignin contains approx 0.7%
ortho‐quinoid structures that are responsible for about 35–60% of the light
absorption at 457 nm. Autooxidation of hydroquinone and catechol structures,
which are present in trace amounts in lignin, to the corresponding quinone
structure can easily occur in the presence of oxygen. The reaction is catalysed by
transition metals (Gellerstedt 2009a).
In mechanical pulps, there are chromophores absorbing light in the visible region
which are explained by the presence of unsaturated groups such as 1) carbon‐
carbon double bonds and carbonyl groups conjugated with each other and/or the
aromatic ring and 2) quinone and quinone methide structures (Allison, Graham
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1990). Quinones, although only present in trace amounts, are strongly coloured
and contribute considerably to the overall colour of the pulp since they absorb
light in the visible spectrum (Gellerstedt 2009a). In spruce wood about 13 units per
100 phenylpropane units contain a free phenolic hydroxyl group (Gellerstedt
2009a). The phenolic hydroxyl group can be oxidised to the corresponding
phenoxyl radical, which can react further forming quinones (Gellerstedt et al.
1983).
Organo‐metallic complexes absorb light particularly in the red and partly in the
yellow spectral regions (Polcin, Rapson 1972). There are three basic types of
organo‐metallic complexes that can contribute to the discolouration of wood: A
phenolate of a heavy metal, i.e. a complex between a heavy metal e.g. iron and a
monohydric phenol or an isolated free phenol group in extractives or lignin; the
catechol or pyrogallol type of metal complex; the 3‐ and/or 5‐hydroxy flavone and
flavanone type of complex (Polcin, Rapson 1972; Hon, Glasser 1979). The phenolic
type of extractives, i.e. stilbenes (compound V in Figure 3), lignans, flavonoids and
tannins, can contribute to the colour of wood, by forming chromophoric groups in
different ways, i.e. by auto‐oxidation reactions, by forming complexes with metals
or by enzymatic oxidation (Hon 1979; Ni el al. 1999; Friman et al. 2004).

2.3

Production of hydrogen peroxide bleached softwood TMP

The production of thermomechanical pulp, TMP, starts with wood chips that are
refined in one to three stages. After screening and reject refining the unbleached
pulp is thickened prior to storage. The pulp is then often bleached using either
hydrogen peroxide and/or sodium dithionite. Hydrogen peroxide bleached pulps
are often stored prior to papermaking. Before reaching the paper machine, the pulp
is commonly further diluted and mixed with chemical pulp, broke and inorganic
filler etc. A simplified overview of a pulp and paper mill using TMP as the major
component and hydrogen peroxide as the bleaching agent can be seen in Figure 4.

Figure 4.

2.3.1

A schematic simplified overview of a pulp and paper mill using thermomechanical pulp as
the major component and hydrogen peroxide as the bleaching agent.

Refining

The overall purpose of refining is the separation of wood into individual fibres and
further treatment of these fibres, leading to fibrillation, more flexible fibres and
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creation of fines and middle fractions (Salmén et al. 1999; Höglund 2009). Wood
chips are preheated with steam to approx. 115–155°C and then refined in a disc
refiner at high consistency (30–50%) in one to three stages (Höglund 2009). The
wood material is exposed to rather rough conditions, typically a temperature of
140–160°C and 300–500 kPa over pressure (Tienvieri et al. 1999). The temperature
can be even higher; Engstrand et al. (1995) report a peak temperature of approx.
180°C in the plate gap during 1st stage refining.

2.3.1.1 Fines
Fines are the smallest particles in a mechanical pulp, often defined as the fraction
of the pulp passing through a wire screen with a hole size of 76 μm (≈200 mesh) in
a specified fractionator and is therefore called “P200” (see e.g. SCAN‐CM 6:05,
TAPPI T261 cm‐10).
In TMP, the main part of the fines come from the outer part of the fibre wall
(Lidbrandt, Mohlin 1980; Heikkurinen, Hattula 1993) and consists of a mixture of
different types of particles. The chemical composition of the fines fraction reflects
the fact that the particles mainly come from the outer parts of the fibre wall, i.e.
higher lignin content than the whole pulp and higher quantities of some
hemicelluloses which are more common in the outer layers of the fibre wall
(Lidbrandt, Mohlin 1980; Rundlöf et al. 2000a). In general, the fines fraction
contributes to both the optical and mechanical properties of paper (Mohlin 1977;
Lindholm 1980a‐b). Fines increase the light scattering coefficient by introducing
more scattering sites and thereby increasing the opacity and often the brightness,
provided that the light absorption coefficient is sufficiently low (Rundlöf et al.
1995; Rundlöf 1996; Rundlöf 2002, p. 14). The fines also contribute to increased
strength, presumably by acting as a binding phase between relatively stiff fibres.
However, the quality of the fines that have been circulating in the mill white water
system may be deteriorated (Rundlöf et al. 2000a). Rundlöf et al. (2000a) report that
circulated white water fines had been darkened due to a combination of formation
of chromophores in the fines particles and adsorption of coloured substance onto
the particles. The net effect on brightness of dark fines may be negative even if they
contribute positively to the light scattering coefficient. Rundlöf et al. (2000a)
noticed that an increased content of white water fines up to approx. 20% increased
the light scattering coefficient of handsheets; with a further increase of the fines
content the light scattering coefficient remained constant. The corresponding result
with fresh fines was a linear increase in light scattering with increased fines
content. In the same study the sheet strength also decreased when white water
fines were added, and the authors claim that the major reason is acetone‐
extractable compounds adsorbed onto the surface of the fines.
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2.3.1.2 Dissolution and dispersion of material during refining
During mechanical pulping, some material is dissolved or colloidally dispersed
(Allen 1975; Ekman et al. 1990; Holmbom 1997). During refining of spruce TMP the
yield loss is typically 4% (Holmbom et al. 2005). The main part of the dissolved and
colloidal substances is of organic origin and consists of lignin and lignin‐like
oligomers, lignans, lipophilic extractives (wood resin), pectin, hemicelluloses and
acetic acid. The major part is hemicelluloses, mainly acetylated
galactoglucomannan but arabinogalactan and arabinoglucoronoxyaln are also to
some extent dissolved (Sundberg et al. 1994; Holmbom 1997).
The lignin dissolved during mechanical pulping has almost the same structure as
native wood lignin, although the molecular weight of the dissolved lignin is much
lower (Holmbom 1997; Pranovich et al. 2005). The lignans that are typical for
spruce heartwood are rather water soluble and can accumulate in the process
waters (Holmbom 1997). Some lignin‐like oligomers are also found in mechanical
pulp suspensions (Pranovich et al. 1995). Holmbom (1997) states that “The lignans
and lignin do not interact very strongly with paper chemicals, nor do they
participate in deposit formation. However, they can accumulate in the process
waters and most probably contribute to the darkening of the waters and to the
decrease in paper brightness experienced in paper mills with highly closed water
systems.”
The main part of the substances that are colloidally dispersed in mechanical pulp
suspensions are wood resins (Ekman et al. 1990; Holmbom 1997). During refining
some of the lipophillic extractives (wood resin) are released from the wood matrix
and transferred to the water phase (Allen 1975; Ekman, Holmbom 1989; Ekman et
al. 1990; Mosbye 2003). Käyhkö (2002) showed that approximately half of the wood
resin had been transferred to the water phase after refining and that another 8%
was dissolved after the latency chest. The wood resin is hydrophobic and thus has
a low solubility in process waters; the wood resin is suspended as colloids or
attached to particles (Nylund et al. 1993; Swerin et al. 1993; Magnus et al. 2000). In
pulp and paper process waters, colloidal wood resin is stabilised by dissolved
components such as polysaccharides, e.g. galactoglucomannans and galactans
(Swerin et al. 1993, Sundberg et al. 1996; Holmbom 1997).

2.3.1.3 Change in metal profile during refining
The metals present in pulp originate from the wood raw material, process
equipment, process waters and chemicals added during the process (Read et al.
1968). Colodette and Dence (1989) found that the manganese present in a Norway
spruce TMP originated from the wood, whereas most of the iron and copper (90%
and 80% respectively), was added to the pulp during the refining process.
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However, this result was not supported in a study by Friman et al. (2003) where
the levels of iron and copper did not increase during refining of TMP. According to
Colodette and Dence (1989) the small amounts of iron and copper that were
present in the wood raw material were strongly bonded to lignin and carbohydrate
components; about 75% of the iron present in TMP was strongly bonded to the
fibres whereas 20% of the copper and none of the manganese were strongly
bonded (Colodette, Dence 1989). Sundén et al. (2000) reported that iron can be
present as clusters, “hot spots”, or present in the ray cells. The clusters most
probably consist of precipitated iron oxides or hydroxides with low solubility. In a
study by Rothenberg and Robinson (1980), it was shown that both strong and weak
bonds are formed when ferric ions, Fe(III), are adsorbed to mechanical pulp. Strong
bonding is formed between colloidal crystalline Fe(III), goethite and pulp, whereas
the colloidal amorphous Fe(III) forms weak bonds with pulp. Under conditions of
ageing of ferric ions, such as in the heat treatment during production of mechanical
pulp, the amorphous form of iron can be transformed to the crystalline form
(Rothenberg, Robinson 1980).
In the study by Colodette and Dence (1989), iron and copper strongly bonded to
fibres was difficult to remove whereas the iron and copper added in the process
was easier to remove. With 0.1 M HCl, all of the copper originating from the
process and some of the iron could be removed (Colodette, Dence 1989). Friman et
al. (2003) showed that it was not possible to remove all of the iron present in TMP
even if extraction with HCl was carried out at pH 1. In a study by Torstensen et al.
(1998), extraction with DTPA or sulfurous acid removed 20–70% of the iron present
in TMP. In the study by Sundén et al. (2000), the iron content present in the ray
cells remained relatively high both after an acid wash and after an EDTA
treatment. Ni et al. (1998) report that the effect of removing iron from a TMP was
much more efficient using a reducing agent‐assisted chelation stage (where DTPA
was used together with sodium hydrosulfite), compared to conventional chelation
with DTPA. It is suggested that the obtained result can be explained by the fact
that iron forms less stable complexes with lignin structures or other ligands in a
reductive environment (Ni et al. 1998).

2.3.1.4 Formation of leucochromophores and chromophores during refining
During refining of wood, leucochromophores are formed. Unbleached
thermomechanical pulp contains a considerable quantity of leucochromophores
absorbing light in the UV region between 300 and 400 nm (Johansson, Gellerstedt
2000). These leucochromophores can be converted to coloured substances in the
presence of heat and/or light, resulting in decreased brightness stability
(Johansson, Gellerstedt 2000). In unbleached mechanical pulps, coniferaldehyde
structures (compound IV in Figure 3) are present and contribute significantly to the
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absorbance above 350 nm (Gellerstedt, Zhang 1993), cf. Section 2.2.5.
Autooxidation of hydroquinone and catechol structures in native lignin to the
corresponding para‐ and ortho‐quinone structures (compounds VI and VII in Figure
3) can easily occur during the refining of wood. The reaction is catalysed by
transition metals ions (Gellerstadt 2009a). In native lignin, stilbenes (compound V
in Figure 3) are only present in trace amounts (Gellerstedt, Zhang 1993). During
grinding and refining, parts of the diarylpropane structures in lignin are converted
to diguaiacyl stilbenes (Gellerstedt, Zhang 1993). Phenylcoumaran structures may
also be converted to the corresponding stilbenes and phenyl coumarones (Lee et al.
1990). Stilbenes can also be formed from β‐1‐structures during refining (Wu et al.
1991). In a study by Johansson et al. (2002) it was seen that the dienone structure
(compound III, Figure 3), which is a precursor for β‐1‐structures, was consumed
during refining, but the content of β‐1‐structures remained unchanged. Hence, the
increase in light absorbance during refining is not caused by formation of stilbenes
from β‐1‐structures. It is suggested that the increase in light absorbance during
refining seen by Johansson et al. (2002) is caused by metal ion complexes, and the
formation of small amounts of aryl α‐carbonyl structures from phenolic structures
are also speculated by the authors. Johansson and Gellerstedt (2000) studied how
the content of chromophoric structures change as the wood material goes through
different stages from refining to paper, and they showed that the greatest changes
in the light absorption spectra occurred in the UV region and seem to take place as
early as in the first stage refiner. There was a clear increase in the light absorption
below 400 nm, indicating that conjugated carbonyl and double bond structures
were formed.
Logenius et al. (2010) subjected pulp and wood shavings to heat treatment in the
absence of mechanical energy. There was a maximum increase of the light
absorption at 420 nm, which was probably due to the formation of ortho‐quinone
structures (compound VII in Figure 3). There was a difference in chromophore
formation between pulp (TMP or groundwood pulp) and wood shavings,
corresponding to a brightness that was 4–5 units higher for the wood shavings. The
result indicates that the treatment during fibre separation and refining makes the
pulp more sensitive to heat‐induced discolouration. Some possible explanations
might be that heat sensitive structures are formed during the high temperature
treatment in refining, that the wood fibres might be contaminated with metals
during pulping, e.g. iron that accelerates the darkening reactions or that iron
together with lignin or extractives forms coloured substances.
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2.3.2

Hydrogen peroxide bleaching

Bleaching with hydrogen peroxide occurs in the presence of alkali at high pH.
Alkaline conditions are needed to produce the active anion, perhydroxyl anion
(HOO), but alkali can also give rise to darkening reactions (Kutney, Evans 1985a‐
b; Giust et al. 1991; Leary, Giampaolo 1997), so the addition needs to be carefully
optimised. Sodium hydroxide is the conventional alkali source, but magnesium
based alkali sources such as magnesium oxide and magnesium hydroxide have
also received attention in recent years (see e.g. Li et al. 2005; Wong et al. 2006; Ni,
He 2010). The hydrogen peroxide dose is commonly between 10 and 40 kg/t, which
under optimum conditions increases the brightness by 6–20% ISO (Lindholm et al.
2009). Using sodium hydroxide as the alkali source, an initial pH of about 11.5 is
considered suitable, and the amount of alkali needed to achieve this pH depends
on the dose of hydrogen peroxide (Lindholm et al. 2009). With magnesium
hydroxide as the alkali source the initial pH is approx. 9 for high consistency
bleaching and at high chemical doses (Lindholm et al. 2009). With sodium
hydroxide, a typical end pH for bleaching at 65–70°C is between pH 8.5–9.0 (Suess
2010). Kong et al. (2009) showed that an increased substitution of NaOH by the
weaker alkali source Mg(OH)2 decreased the end pH during hydrogen peroxide
bleaching of aspen chemithermomechanical pulp. Ni and He (2010) also report a
somewhat lower end pH to the same brightness when Mg(OH)2 was used as the
alkali source instead of NaOH in hydrogen peroxide bleaching of spruce TMP.
High consistency bleaching (>20%) is commonly used for hydrogen peroxide
bleaching of mechanical pulps (Suess 2010). The effect of time and temperature are
interrelated, at higher temperatures the bleaching reactions are faster, but
undesired reactions such as decomposition of hydrogen peroxide and alkali
darkening reactions are also accelerated. When using sodium hydroxide as the
alkali source, the reaction time is around 2 to 3 hours at 70°C. At temperatures
above 80°C, the reaction time is much shorter, but it is more difficult to control the
process (Lindholm et al. 2009; Suess 2010). As well as reacting with chromophores,
hydrogen peroxide also reacts with uncoloured groups and is susceptible to
decomposition, especially in the presence of heavy metals, above all manganese.
Washing of the pulp with a chelating agent is common to reduce the metal content
prior to bleaching (Dick, Andrews 1965; Dence, Omori 1986; Colodette, Dence
1989; Gellerstedt 2009a).
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2.3.2.1 Dissolution of material during hydrogen peroxide bleaching
During bleaching with hydrogen peroxide, the composition of the dissolved and
colloidal substances (DCS) changes; the content of hemicelluloses significantly
decreases and acetic acid and some lignin material is released (Figure 5). The
abietadienoic type of resin acids with conjugated double bonds are oxidised and
degraded during alkaline hydrogen peroxide bleaching (Ekman, Holmbom 1989),
and otherwise most of the wood resin remains unchanged (Ekman, Holmbom
1989; Holmbom 1997; Holmbom, Sundberg 2003). However, the stability of the
colloidal particles containing these resins decreases and some changes in their
composition take place (see below).

Figure 5.

Dissolved and colloidal substances released from unbleached and hydrogen peroxide
bleached (3% hydrogen peroxide) spruce TMP (1% TMP suspensions) (Holmbom 1997).

In the alkaline conditions where hydrogen peroxide bleaching is performed, with
an initial pH of 10–11.5, all of the acetyl groups in softwood glucomannans are
released as acetic acid (Pranovich et al. 2003). The acetyl groups originate both
from fibres and dissolved mannans, and the release of acetic acid is about 20 kg/ton
pulp (Thornton et al. 1991; Holmbom, Sundberg 2003; Pranovich et al. 2003). The
decrease in the content of dissolved hemicelluloses after hydrogen peroxide
bleaching is due to this decrease in soluble mannans (Thornton et al. 1994;
Holmbom, Sundberg 2003). The deacetylated glucomannans are deposited onto the
fibres since they are less soluble, which may lead to increased sheet strength
(Holmbom et al. 1995; Holmbom, Sundberg 2003).
In the alkaline conditions during hydrogen peroxide bleaching, pectins are
dissolved from the fibres. The pectins in wood are to a large degree methylated,
the methyl groups are hydrolysed and released as methanol during hydrogen
peroxide bleaching (Holmbom, Sundberg 2003; Holmbom et al. 2005). After
demethylation the pectins are called pectic acids and a part of the pectic acids
formed is dissolved (Holmbom 1997).
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The anionic charge, both on the fibres and in the process waters, increases during
hydrogen peroxide bleaching of TMP (Sundberg et al. 2000; Holmbom, Sundberg
2003). The increase in the quantity of carboxylic groups and thus the charge during
alkaline treatment and hydrogen peroxide bleaching mainly arises from the
demethylation of galacturonic acid groups in pectins (Thornton et al. 1993;
Holmbom 1997) and the oxidation of lignin (Gellerstedt et al. 1980). The anionic
trash also includes hemicelluloses, fatty acids and resin acids (Sundberg et al.
2000). The carboxylic groups in the pectic acids are in their anionic dissociated
form and contribute to what is often referred to as “anionic trash”, i.e. anionic
substances which are not fibres but consume papermaking additives. Alkaline
hydrogen peroxide bleaching causes an increase in the cationic demand of the DCS
released from the fibres, and enzymatic degradation of pectic acids results in a
decrease in the cationic demand (Sundberg et al. 1998). As much of the pectic acids
remains in the fibres after hydrogen peroxide bleaching, the charge on the fibres is
also much higher for hydrogen peroxide bleached pulp compared to unbleached
pulp (Sundberg et al. 2000; Holmbom, Sundberg 2003). He et al. (2003) report that
the oxidised and dissolved lignin is an important source of anionic trash. The type
of alkali source affects the amount of anionic trash that is formed; in Mg(OH)2‐
based bleaching processes, less anionic trash is produced than in NaOH‐based
bleaching processes (Nyström et al. 1993; Li et al. 2005; Wong et al 2006; He et al.
2008; Ni, He 2010).
Except for the abietadienoic acids, most of the wood resin remains unchanged
during hydrogen peroxide bleaching. However, the colloidal behaviour of the
wood resin changes (Holmbom 1997; Sundberg et al. 2000; Holmbom, Sundberg
2003). During bleaching, the content of resin acids decreased due to the
oxidation/degradation reactions of abietadienoic acids (Ekman, Holmbom 1989).
The conjugated double bonds of abietic acid type acids are highly reactive to
hydrogen peroxide (Holmbom 2000). Ekman and Holmbom (1989) found that
about half of the original quantity of resin acid is lost due to the
oxidation/degradation reactions of abietadienoic acids. Hydrogen peroxide reacts
only with the dissolved components of wood resin and does not penetrate into
resin aggregates (Holmbom 2000). According to Sundberg et al. (2000), the
distribution of the resins between different fractions is changed; more resin was
found in the colloidal form after alkaline hydrogen peroxide bleaching. At an
alkaline pH, resin acids and fatty acids dissociate and dissolve as soaps in the
water phase, the major part of those are converted back to their undissociated form
as the pH decreases and are found in the colloidal particles (Sundberg et al. 2000).
Fatty acids (Holmbom 2000) and sterols (Ekman, Holmbom 1989) are not very
reactive to hydrogen peroxide. In a study by Ekman and Holmbom (1989) about
6% of the total fatty acids was lost during bleaching, most likely representing
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unsaturated fatty acids that are oxidised. The saturated fatty acids did not decrease
(Ekman, Holmbom 1989). A material balance of the resin components shows that
conjugated abietadienoic acids, mostly lignans and bark‐derived stilbenes, were to
a large extent oxidised during bleaching with hydrogen peroxide (Holmbom 2000).
The steryl esters and sterols were unaffected and triglycerides were hardly
oxidized or hydrolysed at all (Holmbom 2000).
The colloidal stability of the wood resin against electrolytes, i.e. multivalent ions,
decreases after bleaching with hydrogen peroxide (Sundberg et al. 1994; Holmbom
1997; Holmbom, Sundberg 2003). This can be explained by weaker steric stability
due to the lowered concentration of dissolved glucomannans (Holmbom,
Sundberg 2003) and the formation of insoluble complexes between the pectic acids
and calcium or other multivalent cations, where the precipitated complexes will
function as flocculants for the colloidal resin (Sundberg et al. 1994; Sundberg et al.
1996; Holmbom 1997; Holmbom, Sundberg 2003).
Ekman and Holmbom (1989) report that lignans constitute the major part of the
phenolic extractives in an unbleached groundwood pulp made from Norway
spruce. The lignans decreased markedly during bleaching with hydrogen peroxide
as they were degraded by oxidation. As can be seen in Figure 5 more lignin was
dissolved during bleaching. The dissolved lignin after bleaching of TMP with
hydrogen peroxide contained carboxyl groups and had a slightly higher molar
mass than the dissolved lignin in unbleached suspensions (Holmbom 1997).

2.3.2.2 Changes in chromophores during hydrogen peroxide bleaching
In bleaching, substances absorbing light in both the UV and visible regions of the
spectrum are removed (Gellerstedt 2009a). The major native chromophoric
structures in wood are coniferaldehyde and quinone structures (see Section 2.2.5)
which, when reacting with alkaline hydrogen peroxide, degrade to uncoloured
products such as organic acids, hydroquinones and vanillin structures (Gellerstedt,
Agnemo 1980; Gellerstedt et al. 1980; Svensson Rundlöf et al. 2006). The reactions
result in increased brightness and lightness (L*‐value) and decreased yellowness
(b*‐value) due to oxidation of quinoide chromophores (compounds VI and VII in
Figure 3) and extended chromophores of the coniferaldehyde type (compound IV
in Figure 3) (Holah, Heitner 1992; Gellerstedt 2009a).
The hydrogen peroxide anion is a strong nucleophile and thus tends to react with
structures in the pulp with an electron deficient carbon atom (Gellerstedt 2009a). In
oxidative bleaching conditions, reactions occur with α,β‐unsaturated aldehydes
and quinones (Holah, Heitner 1992). During bleaching with hydrogen peroxide,
both chromophoric elimination and chromophoric forming reactions occur (Dence
1996). Alkaline hydrogen peroxide bleaching removes the major part of the
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coniferaldehydes, and a mild treatment with sulfite also reduces the
coniferaldehydes significantly (Gellerstedt, Zhang 1993; Pan et al. 1994; Agarwal,
McSweeny 1995; Schmidt, Heitner 1995). Coniferaldehyde reacts with the
hydrogen peroxide anion forming aromatic aldehydes. The aromatic aldehyde
formed may react further forming a hydroquinone structure, and this reaction is
called the “Dakin reaction” (Gellerstedt et al. 1981; Gellerstedt 2009a). The
methoxyhydroquinone formed is the colourless leuco‐form, but is easily
transformed to the corresponding chromophore, para‐benzoquinone (Dence 1996).
Quinones react with hydrogen peroxide forming low‐molecular carboxylic acids
and methanol as end products. However, in the final part of the bleaching when
the concentration of the hydrogen peroxide anion is low, the quinones may react in
a competing reaction forming a hydroxylated quinone. The hydroxylated quinone
is strongly coloured and has low reactivity to further attack with hydrogen
peroxide (Gellerstedt et al. 1980; Gellerstedt et al. 1981). Svensson Rundlöf et al.
(2006) suggest that the hydroquinone which is formed during oxidation of
coniferaldehydes via vanillin structures undergoes further oxidation to the
corresponding quinone, which in turn reacts further resulting in the formation of
hydroxylated quinone structures. Svensson Rundlöf et al. (2006) suggest that one
of the reasons for the brightness ceiling and large consumption of hydrogen
peroxide during bleaching of mechanical pulps is the oxidative breakdown of
coniferaldehydes and vanillin structures in lignin where new comparatively stable
chromophoric structures may be formed.
Diguaiacylstilbene‐type structures have been proposed to constitute the major part
of leucocromophoric structure in hydrogen peroxide bleached spruce pulp
(Gellerstedt, Zhang 1992; Gellerstedt, Zhang 1993; Zhang, Gellerstedt 1994a).
Mainly during hydrogen peroxide bleaching, but also during disc refining and
grinding, diguaiacylstilbene‐type structures are formed from diarylpropane
structures. During bleaching with alkaline hydrogen peroxide, a significant
quantity of stilbenes are formed which are responsible for a major part of the
absorption of UV radiation at 350 nm (Gellerstedt, Zhang 1992; Gellerstedt, Zhang
1993; Zhang, Gellerstedt 1994a).
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Moldenius (1983) reports that there were two colour “elimination maxima” during
bleaching with hydrogen peroxide, one below 380 nm probably due to oxidation of
coniferaldehyde groups, and one at 530 nm that was probably due to elimination
of ferric‐lignin complexes. The initial phase of the bleaching reaction was very fast;
during the first minute about 45% of the colour at 530 nm was eliminated. Between
the first and fifth minutes, the colour at short wavelengths increased with
maximum absorption at 405 and 420 nm, which was probably due to oxidation of
hydroquinones and catechols to the corresponding quinones. During the next few
minutes, the new chromophores formed were eliminated, and as the bleaching
proceeded, elimination of colour in the whole range of wavelengths occurred
(Moldenius 1983). Holah and Heitner (1992) studied the brightness increase of
TMP, groundwood and chemithermomechanical pulps during bleaching with
hydrogen peroxide as a function of time for extended reaction times. Most of the
brightness increase occurred during the first five hours, after which the brightness
increased at a lower rate or stopped increasing. During bleaching with hydrogen
peroxide and using magnesium hydroxide as the alkali source, the destruction of
chromophores is fast during the first phase whereas during the second phase, the
reaction is much slower (Wang et al. 2008). In the second phase, the chromophore
concentration asymptotically approaches a “floor‐level” (Wang et al. 2008).
2.3.3

Pulp storage

In pulp and paper mills, storage of unbleached and bleached pulps are common
process stages. The brightness of unbleached and dithionite and/or hydrogen
peroxide bleached softwood mechanical pulps has been reported to decrease
during pulp storage (Gellerstedt et al. 1983; Harris, Karnis 1986; Lunan et al. 1986;
Johnsen et al. 2010; Narvestad et al. 2011; Narvestad et al. 2013a‐c). The brightness
can drop by several brightness units and represents a large cost; Narvestad et al.
(2011) report a brightness loss of up to 3.5 brightness units in the storage tower of a
hydrogen peroxide bleached mechanical pulp.

2.3.3.1 Some effects of pulp storage
Light scattering and strength
Harris and Karnis (1986) found that when latent unbleached TMP (a mixture of
spruce, balsam‐fir and jack pine) was stored at 80°C and at high consistency (40%),
a loss in pulp strength due to residual fibre curl and a decrease in brightness due to
an increase in the light absorption coefficient occur. The authors also report that
the light scattering coefficient was unchanged and that there was a good
correlation between the results obtained in mill trials and those obtained in
controlled laboratory trials. Similar results were reported by Lunan et al. (1986)
when storing unbleached black spruce TMP at high consistency (50%) at
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temperatures exceeding 65°C, i.e. that the aged pulp developed a residual latency
due to curl‐setting and that this was not removable by longer periods of
disintegration. The changes in the light scattering coefficient were minor for all
ageing temperatures in the interval 50–100°C (Lunan et al. 1986).
Temperature and pulp consistency
A strong correlation between the storage temperature and the brightness loss has
been observed. In a study by Lunan et al. (1986) storage of unbleached spruce TMP
at 50°C and high consistency (50%) did not lower the brightness, whereas
temperatures exceeding 80°C strongly discoloured the pulp. Harris and Karnis
(1986) also found that storage of unbleached TMP at various pulp consistencies at
80°C result in decreased brightness. Storing hydrogen peroxide bleached Norway
spruce TMP at low consistency (~4%) was reported to result in brightness losses
even at 55°C (Johnsen et al. 2010; Narvestad et al. 2011) and increasing the
temperature to 65°C aggravated the discolouration (Narvestad et al. 2011). Harris
and Karnis (1986) and Lunan et al. (1986) found that when unbleached refiner pulp
was diluted with water to various consistencies (4%–50%) the decrease in
brightness was larger when the pulp was stored at a higher consistency compared
to a lower consistency. However, in the study by Lunan et al. (1986), the brightness
loss was unaffected by pulp consistency in the range 14–50%.
pH
Narvestad et al. (2011) found that the brightness stability was highest at a pH of
5.0–5.5 during storage of hydrogen peroxide bleached TMP. In a study by
Gellerstedt et al. (1983), a minimum in relative colour formation, was also seen at
pH 5.5. Lai et al. (1993) report that the maximum brightness of hydrogen peroxide
bleached Norway spruce TMP was seen to plateau in the pH range 5–8.
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Type of dilution water, process chemicals and additives
Narvestad et al. (2011) report that there was less discolouration during storage
when the pulp was diluted with clear filtrate instead of unfiltered process water.
The content of suspended solids and ash was high in the unfiltered process water
(Narvestad et al. 2013a). Furthermore, Narvestad et al. (2013a) found that filler clay
may reduce the brightness of bleached Norway Spruce TMP by up to seven units
under papermaking conditions (storage of TMP with fresh clays; 65°C, 5 hours and
4% consistency diluted with distilled water). The clay‐induced brightness
reduction was attributed to the dissolution of iron from the clay. Johnsen et al.
(2010) also reported a brightness reduction when mechanical pulp was stored
together with filler clay (in the paper referred to as a non‐specified paper additive)
containing significant quantities of metals. In a study by Varhimo et al. (2012), the
darkening of precipitated calcium carbonate and precipitated calcium sulphate in
the wet end of a paper machine was attributed to the adsorption of wood based
dissolved and colloidal substances from the water phase onto the surface of the
fillers. Residual hydrogen peroxide in process water may, however, improve the
brightness of unbleached pulp during storage (Ferritsius, Lundström 2011).
Pulp
Hydrogen peroxide bleached pulps were found to be more sensitive to metal ions
compared to unbleached pulps, probably due to the formation of new functional
groups (e.g. phenolic hydroxyl groups) during bleaching that could participate in
auto‐oxidation reactions or form coloured metal ion complexes (Ni et al. 1997).
Others have reported that dithionite bleached pulps are more sensitive to metal
ions in process waters compared to hydrogen peroxide bleached pulps, and this
was ascribed to a more extensive formation of coloured metallic complexes with
lignin structures in the dithionite‐bleached pulps (Mao, Ni 2008).

2.3.3.2 Discolouration during storage of mechanical pulp
The storage conditions such as temperature, time, pulp consistency and pH may
affect the discolouration during storage of unbleached and bleached pulps (Harris,
Karnis 1986, Lunan et al. 1986, Johnsen et al 2010, Narvestad 2011). Components in
the dilution water may also affect the discolouration either directly, upon contact
with the pulp, or by accelerating the heat‐induced reactions. Transition metal ions
are known to accelerate the heat and alkali‐induced darkening of mechanical pulp
(Gupta 1970; Ni et al. 1997), and iron in both ferrous and ferric form affect the
colour and discolouration (Gupta 1970; Gellerstedt, Pettersson 1980; Gellerstedt et
al. 1983; Johnsen et al. 2010; Narvestad et al. 2013a‐b). Metal ions in a concentration
typical for tap water (Fe: ~0.3 mg/L; Cu: ~0.04 mg/L) are sufficient to reduce the
pulp brightness by up to four units and accelerate the heat‐induced yellowing of
various types of pulps (Ni et al. 1997). Furthermore, other metals (e.g. copper) and
24

organic components (e.g. dissolved lignin and extractives) in process waters as
well as residual bleaching and paper chemicals may influence heat‐induced
discolouration during pulp storage (Gellerstedt, Pettersson 1980; Ni et al. 1997;
Rundlöf et al. 2000a‐b; Johnsen et al. 2010).
There are different opinions regarding the mechanisms for heat‐induced
discolouration of high‐yield pulp. One is that the mechanism is the formation of
chromophores in lignin (Gellerstedt, Pettersson 1980; Gellerstedt et al. 1983; Gratzl
1985; Chong et al. 1991). Another opinion is that the mechanism also involves
carbohydrates (Luo et al. 1988; Holmbom et al. 1992; Grossmann, Ott 1994; Beyer et
al. 1995; Forsskåhl et al. 2000). Gellerstedt and Pettersson (1980) showed that
hydroquinone and catechol structures in lignin may give rise to rapid
discolouration of lignin‐rich pulps when exposed to oxygen due to the formation
of para‐ and ortho‐quinones as the primary reaction products and that the auto‐
oxidation was accelerated in the presence of heavy metal ions. It has been shown
that phenoxyl radicals are formed during heat‐induced ageing of mechanical pulp
and that these radicals are transformed into quinones (Gellerstedt et al. 1983).
Transition metal ions, especially ferrous and ferric ions, form strongly coloured
complexes with lignin and extractives (Gore, Newman 1964; Gupta 1970; Polcin,
Rapson 1972; Meshitsuka, Nakano 1973; Hon, Glasser 1979; Moldenius 1983;
Zhang, Gellerstedt 1994b; Gosh, Ni 1998; Ni el al. 1999; Yoon et al. 1999; Forsskåhl
2000; Peart, Ni 2001; Friman et al. 2004) and may therefore contribute to the colour
and discolouration of mechanical pulp as well as lignin and extractive model
compounds. In general, the absorption bands of these complexes are broad, often
covering the whole visible spectrum (Polcin, Rapson 1972; Moldenius 1983; Ghosh,
Ni 1998; Ni et al. 1999; Peart, Ni 2001; Friman et al. 2004).

2.4

Optical evaluation

To quantify the optical properties of paper there are different methods for
measuring the proportion of the incoming light that is reflected back. Reflectance
factors are measured using standard instruments and methods. From the
reflectance factors, different properties such as brightness, Y‐value, opacity and
whiteness can be calculated. Optical modelling is used to relate the measured
reflectance to some properties of the sample (sheet). In the pulp and paper
industry, the Kubelka‐Munk (K‐M) equations are often used. By calculating the
light scattering coefficient (that is related to the refractive index and the structure
of the sample) and the light absorption coefficient (that is related to the amounts
and type of coloured groups in the sample), a comprehension of the reasons for
high or low reflectance factors can be achieved.
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2.4.1

Optical measurements

Measurements of the diffuse reflectance factors over the visible range of
wavelengths using spectrophotometer instruments as described in ISO 2469:2007 is
a basis for many optical calculations in the pulp and paper industry. Properties
such as brightness, Y‐value and whiteness are calculated using these
measurements in specified functions. Brightness is for example calculated as a sum
of the weighed spectral reflectance values achieved by multiplying the measured
reflectance by the tabulated spectral values of the brightness function in the region
400–510 nm with a peak at 457 nm. This means that the brightness value represents
a rather narrow distribution in the blue part of the spectrum (Pauler 2012). The
brightness measurement was developed to quantify the bleaching effect and
therefore the reflectivity values used in the calculation of brightness are the ones
that change the most as a result of bleaching. Brightness is therefore a useful
measurement in the pulp and paper industry to assess the state of bleaching of a
pulp. It is also widely known and accepted as it is a standard method. An obvious
limitation is that the brightness value only contains data from the blue region of
the spectrum. Changes at other wavelengths will not affect the brightness value,
which thus may be a poor measurement of the colour and therefore the appearance
of a paper. By evaluating the optical properties over the whole visible range of
wavelengths, the most detailed information possible on the changes in colour is
achieved using this standard instrument.
2.4.2

Optical modelling

The Kubelka‐Munk theory is used extensively in the pulp and paper industry. The
determination of light scattering, s, and light absorption, k, coefficients according to
Kubelka and Munk (1931) and Kubelka (1948) makes it easier to understand the
changes that occur in the different unit operations in pulp and paper
manufacturing. The light scattering coefficient, s, is an approximate measure of
how much of the incoming light is scattered in all directions. It is approximately
related to the structure of the sample (given by e.g. raw materials and processes),
i.e. how the components of the sheet are arranged and their refractive indexes. The
light absorption coefficient, k, is an approximate measure of how large a
proportion of the light is absorbed by the sample, and as such is proportional to
the amount of absorbing chemical structures at a given wavelength distribution.
The k‐value can for instance give the papermaker information about the need for
bleaching (Pauler 2012). The Kubelka‐Munk model is easy to use, fast and can be
used for engineering calculations, since the model allows for calculations of
reflectance factors from s and k as well as the other way around. The Kubelka‐
Munk s‐ and k‐values are determined from two different values of the diffuse
reflectance factor at a given wavelength distribution, λ. Often, the reflectance factor
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of an opaque sample, the reflectivity R∞λ (pad of sheets), and the reflectance factor
of a single sheet over a black cavity, R0λ, are used (ISO 9416:2009). The light
scattering and absorption coefficients can also be calculated if reflectance factor
measurements are made over two different backgrounds, provided that the
resulting pair of reflectance factors are sufficiently different. For paper
applications, the grammage, w, is chosen as the variable to relate sλ and kλ to the
thickness of the sample.

2.4.2.1 Shortcomings of the Kubelka Munk model
The assumption that the s‐value is related to the structure only and the k‐value to
the amount of absorbing chemical structures only, does not hold for all cases. A
known shortcoming of the Kubelka‐Munk theory is that light scattering is
seemingly dependent on light absorption in some cases (Nordman et al. 1966;
Moldenius 1983; Rundlöf, Bristow 1997). At short wavelengths, where the light
absorption of fibres is often strong, the light scattering coefficient of chemical and
mechanical pulps deviates from the expected linear behaviour (Moldenius 1983;
Sjöström, Teder 1999). Furthermore, adding dyes to a sheet decreases the light
scattering in the wavelength region where the light absorption increases (Rundlöf,
Bristow 1997; Neuman, Edström 2010a). The deviation is most probably not a
consequence of any changes in the sheet structure. The k‐value is calculated from
the s‐value and the measured reflectivity in the K‐M equations (Pauler 2012). This
means that a deviation in s will also affect k, so that in cases of strong absorption,
the k‐values obtained may be erroneous.

2.4.2.2 A new modelling approach
In the K‐M model, one assumption is that all light is perfectly diffuse; both
illumination of and scattering by the sample. In a standard instrument (ISO
2469:2007), the detection is carried out in a narrow solid angle around the normal
to the sample and it is assumed that the reflected light intensity is equal in all other
angles (isotropic). That assumption is not correct, as it has been shown that more
light is reflected in large polar angles and the detected intensity will be
underestimated in a majority of cases dealt with in paper science (Edström 2004).
In strongly absorbing (i.e. “dark”) and in optically thin media (i.e. low grammage),
the reflected light would be even more anisotropic, with more light reflected in
large polar angles (Neuman, Edstöm 2010b). Those are some reasons why it is of
interest to model light scattering in more than the two directions used in the K‐M
model. A discrete ordinate radiative transfer (DORT) model adapted to pulp and
paper was published by Edström in 2005 and is available as a software tool under
the name of DORT2002 (Edström 2005).
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The new feature of DORT2002 compared to K‐M is the introduction of angular
resolution in the calculation process, taking the anisotropic reflectance into
account, and the introduction of a phase function, describing the probability of
light being scattered in different directions at each scattering site. The K‐M model
can be seen as a as a simple case of the DORT theory. The parameters sλ and kλ of
the K‐M theory are only related to the physical properties via specified
measurements and calculations, and get their meaning only through these
measurements and calculations. Any deviation of this system from reality will
introduce errors, e.g. parameter dependencies. The parameters sλ and kλ will in this
sense not be objective, but only retain a correlation to the physical properties. In
DORT2002 the propagation of radiation in a medium with light scattering, σsλ, and
light absorption, σaλ, properties, also known as cross sections, is considered. The
parameters σsλ and σaλ of the radiative transfer theory are physically objective in
the sense that they are directly related to the mean free path of scattering and
absorption, respectively, of the medium. They are thereby direct quantifications of
physical properties of the medium, independently of any measurements and
models.
To describe a single scattering event, the shape of the phase function in DORT2002
is determined by an asymmetry factor denoted g. The asymmetry factor is
specified by a value between ‐1 to +1. Negative values indicate that backscattering
is more likely to occur, while positive values indicate an increased probability of
scattering in the forward direction. Isotropic single scattering, as assumed in the
Kubelka Munk model, is modelled with g = 0 (Granberg 2001; Edström 2005). A
fibre‐containing surface from mechanical pulp showed a forward scattering,
meaning the g value was positive (Granberg et al. 2003). However, the knowledge
concerning the asymmetry factor for paper products is limited. In DORT2002, the
actual conditions of the measurement device, such as illumination and detection
geometry, can be incorporated. DORT2002 σsλ and σaλ can be approximately
transformed into K‐M sλ and kλ using “similarity relations” (Mudgett, Richards
1971; Mudgett, Richards 1972; van de Hulst 1980; Edström 2004). Such “similarity
relations” are by necessity approximate and objectively correct values of σsλ and σaλ
may well give values of sλ and kλ that differ from those given by K‐M, which
reflects the lower degree of accuracy when using K‐M to interpret reflectance
measurements. Figure 6 shows a schematic overview of K‐M and DORT2002
optical modelling.
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Figure 6.
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An overview of Kubelka-Munk (K-M) and discrete ordinate radiative transfer (DORT2002)
optical modelling. R0λ = reflectance factor of a single sheet over a black cavity; R∞λ =
reflectance factor of an opaque sample (reflectivity); w = grammage; g = asymmetry factor;
sλ = K-M light scattering coefficient; kλ = K-M light absorption coefficient; σsλ = DORT2002
light scattering cross section; σaλ = DORT2002 light absorption cross section (illustration by
Mats Rundlöf, Capisco AB).
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3

EXPERIMENTAL

This section briefly describes the pulps and process waters used in trials, the sheet
forming procedure, optical measurement and modelling, fractionation procedure,
simulation of retention time and modelling of the light absorption coefficient.
Experimental details can be found in the appended papers.

3.1

Pulp

Pulp made from Norway spruce (Picea abies) was taken out on two separate
occasions at a SC paper mill. The first time, hydrogen peroxide bleached pulp
(74.1% ISO) was collected from the wash press after a high‐consistency bleach
tower. The pulp consisted of 93% thermomechanical pulp and 7% groundwood
pulp. This pulp was used in the storage trials presented in Papers III‐V. The second
time, unbleached pulp was taken out from the bleach press, i.e. the press before the
bleach tower, and hydrogen peroxide bleached pulp (71.6% ISO) was taken out
from the wash press, i.e. the press after the bleach tower. These two pulps
consisted of 100% thermomechanical pulp and were used in the storage trials
presented in Paper III. Magnesium hydroxide was used as the alkali source during
hydrogen peroxide bleaching. The unbleached pulp was taken out at a position in
the mill where a chelating agent (diethylenetriaminepentaacetic acid, DTPA) had
been added and was therefore already comparatively clean before the laboratory
washing procedure.
3.1.1

Washing and storage

In most of the storage trials, laboratory washed pulps were used. The pulps were
washed in two stages in order to reduce the metal content and remove released
material. The first washing stage (Q) was performed with 2 kg/t DTPA (Dissolvine
D‐40‐K from AkzoNobel Functional Chemicals, the Netherlands) at a 4% pulp
consistency (p.c.) at 50°C for 30 minutes. The second stage (W) was performed with
deionised water at 3% p.c. at 20°C for 30 minutes. After each washing stage, the
pulp was dewatered on a 112 μm wire cloth (Monodur PA 112, from Derma,
Sweden) and the filtrate re‐circulated once to avoid loss of fibres and fines. The
pulp was then put in a bag made of 112 μm wire cloth (Monodur PA 112, from
Derma, Sweden) and centrifuged, resulting in a dry content of about 35%, and
stored in a freezer at ‐24°C until needed. In some of the trials presented in Papers
IV and V, the pulp bleached to 74.1% ISO was used “as received” without washing.
The characteristics of the pulps before and after washing can be seen in Table 1.
The amount of different substances washed out in the washing of the pulp
bleached to 74.1% ISO is presented in Table 4 in Section 4.4.3.
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Table 1.

Characteristics of unbleached and hydrogen peroxide bleached pulps before and after
washing.

Unbleached pulp

Bleached pulp
71.6% ISO

Bleached pulp
74.1% ISO

Unwashed

Washed
(Q+W)1

Unwashed

Washed
(Q+W)1

Unwashed

Washed
(Q+W)1

Brightness
(% ISO)

61.9

62.4

71.1

71.6

73.9

74.1

L*

91.0

91.1

94.3

94.6

95.5

95.3

a*

-0.6

-0.6

-2.2

-2.3

-2.4

-2.9

b*

14.6

14.3

12.4

12.6

12.1

11.8

k460 (m2/kg)

n.a.2

6.4

n.a.2

3.0

2.8

2.4

s460 (m2/kg)

n.a.2

n.a.2

n.a.2

n.a.2

82

77

Ca (mg/kg)

380

350

260

220

270

210

Cu (mg/kg)

0.2

0.2

0.1

0.1

<0.1

<0.1

Fe (mg/kg)

17

23

21

21

17

11

K (mg/kg)

100

60

70

60

50

30

Mg (mg/kg)

720

640

1600

1300

2000

1400

Mn (mg/kg)

7.9

0.4

5.1

0.4

2.8

0.2

Na (mg/kg)

210

130

86

86

140

64

1Q

is washing with DTPA and W is washing with distilled water
analysed.

2Not

3.2

Process waters

Process waters were taken from different positions along the same production line
from which the pulp samples were taken. The process waters were chosen to
represent a variety in composition and character: white water from the paper
machine (WW PM), clear filtrate from the paper machine (CF PM), bleach filtrate
from the wash press after hydrogen peroxide bleaching (Bleached filtrate) and
clear filtrate from TMP (CF TMP). The residual hydrogen peroxide in Bleached
filtrate and CF TMP was decomposed by the addition of the enzyme catalase. Any
possible effects from having residual hydrogen peroxide present during storage
were therefore not studied here. The process waters were used in the storage trials
both as received and after centrifugation 1,500 G (3,040 rpm) for 10 minutes to
obtain a dissolved and colloidal phase with a very low content of solid particles
such as fines or fillers. WW PM and CF PM were collected on two separate
occasions named A and B. Some characteristics of the process waters are shown in
Table 2 and Table 3 in Section 4.4.1.
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3.3

Sheet formation

A new method to produce representative sheets for determination of optical
properties of mechanical pulps was developed. The method reduces the risk of
discoloration during preparation of the sheets is reasonably fast and can be used
with small pulp quantities. The sheet former used has a 200 mesh wire (size of
aperture of 76 μm) that enables the production of sheets for determining optical
properties including light absorption and light scattering coefficients without a
closed water system. The method is described in Paper II and is used in Papers III–
V and partly in Paper I. Details can be found in the appended papers.
Pulp sufficient for two laboratory sheets (approx. 64 g/m2) was disintegrated at 1%
pulp consistency at 85°C for one minute using a Braun 300 W hand mixer with
blunt mixing blades. The pulp suspension was then diluted with cold water to
0.2% pulp consistency; in some of the trials a retention chemical was then added.
The suspension was thereafter disintegrated for one additional minute. A sodium
acetate buffer was used to adjust the pH of the pulp suspension to pH 5.0 prior to
sheet formation. The laboratory sheets were then pressed, dried and conditioned at
23°C and 50% relative humidity as described in the standards ISO 5269‐1:1998 and
ISO 187:1990. Sheets with a grammage of approximately 210 g/m2 were made to
obtain an opaque background when measuring the optical properties. In this case,
the pulp was disintegrated in cold water (20°C) at 3% p.c. for 30 seconds. A sodium
acetate buffer was added to the pulp suspension, and the sheets were dewatered
on a Büchner funnel. The sheets were then pressed for 2 minutes at 410 kPa, dried
and conditioned at 23°C and 50% relative humidity.

3.4

Optical measurement and modelling (Paper II)

In Paper II, two methods of optical modelling were used to assess light scattering
and light absorption. Kubelka‐Munk (K‐M) modelling assumes the reflected light
intensity is isotropic, i.e. equal in all angles even though the detection is carried out
in a narrow solid angle around the normal to the sample. Using DORT2002
modelling, the anisotropic reflectance is taken into account, i.e. a phase function
describing the probability of light being scattered in different directions at each
scattering site.
The spectrophotometer Datacolor Elrepho 2000 was used for the reflectance factor
measurements. Optical modelling was carried out through: 1) Diffuse reflectance
factors R0λ and R∞λ were used to calculate s‐ and k‐values for wavelengths 400–700
nm using the K‐M equations (ISO standard method 9416:2009). 2) Calculations
from reflectance factors taking into account the non‐isotropic light reflectance.
DORT2002 was used with diffuse reflectance measurements of R0λ and R∞λ to
calculate the scattering and absorption cross sections σsλ and σaλ for wavelengths
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400–700 nm. The asymmetry factor, g, was set to 0, 0.5 or 0.7, and the number of
channels, N, was 30. The σsλ and σaλ were translated into K‐M sλ and kλ according
to the following equations: kλ = 2.σaλ, sλ = 3/4 . σsλ . (1‐g), (Mudgett, Richards 1971;
Mudgett, Richards 1972; van der Hulst 1980). The light scattering and light
absorption coefficients were determined at every 10th nm in the region 400–700 nm
or with the brightness function, R457. The s‐ and k‐values were determined in
different ways: 1) Measurements on sheets made of pure mechanical pulps and
modelling using both K‐M and DORT2002. 2) Measurements on sheets made of
different mixtures of mechanical pulp and a fully bleached chemical pulp with a
low k457‐value (0.3 m2/kg) which was used to dilute the mechanical pulp, (see e.g.
Sjöström, Teder 1999 and references therein). The modelling was then carried out
using both K‐M and DORT2002. 3) Calculations from reflectance factors measured
on sheets made of pure mechanical pulps with linear extrapolation of s‐values in
the region 500–700 nm to obtain new s‐values (and k‐values) for the wavelength
region 400–490 nm. From the extrapolated s‐values and the measured R∞ at 400–
490 nm, new k‐values were calculated using the K‐M equations.

3.5

Fractionation procedure (Paper V)

An attempt was made to evaluate which size fractions in the pulp suspension the
coloured substances were associated with, and a simplified separation procedure
was performed (Paper V). One part of the stored pulp suspension was fractionated
as illustrated in Figure 7. As a first step, a wire cloth with pore size 112 μm
(Monodur PA 112, from Derma, Sweden) was used to separate long fibres and
middle fractions from smaller parts. The long fibres and middle fractions were not
used further. The filtrate was further filtrated using a Munktell number 3 filter
with pore size 10 μm (from Munktell, Sweden), a glass fibre filter (GFA) with pore
size 1.6 μm (from Whatman, Germany) and a cellulose nitrite filter with pore size
0.45 μm (from Millipore, Irland). The fines material is caught by the Munktell
number 3 filter, whereas most of the dissolved and colloidal substances pass
through. Larger colloidal substances are caught by the GFA filter and smaller
colloidal substances are caught by the cellulose nitrite filter. The dissolved
substances pass through the cellulose nitrite filter. The separation procedure is, as
already mentioned, simplified and not exact in separating the different parts. The
amount of material on each filter was determined gravimetrically, and the
reflectance factors were measured with the Datacolor Elrepho 2000 instrument
using clean filters of the same type as background. Absorbance in the wavelength
region 340–750 nm was determined for the filtrate from the last step using a HACH
Lange DR 2800 spectrophotometer. A single absorbance measurement at 280 nm
was also taken using a Hitachi U‐1100 spectrophotometer.
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Figure 7.

3.6

Fractionation procedure for stored pulp suspensions. DCS = Dissolved and colloidal
substances, CS = colloidal substances and DS = dissolved substances (illustration by Mats
Rundlöf, Capisco AB).

Simulation of the retention time for different fractions
(Paper I)

Simulations of the retention time for different pulp fractions were performed using
a model of an SC paper machine built up by the programs ExtendSim and
FlowMac. Bauer McNett fractions of pulp (SCAN‐CM 6:05) taken out at different
positions in the mill and final calendared paper were used as input in the model. A
sample of clay was also fractionated using the Bauer McNett fractionator. The
model was tuned to fit the experimental data from the Bauer McNett
fractionations. The tuning was carried out to come as close as possible to the
experimentally obtained values. The tuned model was then used to simulate delay
time for the different fractions; a tracer was added mathematically to the different
fractions to be able to calculate/determine the delay time. The tracer was given the
same retention properties as the different pulp fractions. Some different cases were
used for simulation of delay time of the different fractions: 1) The use of clear
filtrate versus white water for dilution of the bleached pulp. By changing the
operational strategy of the disc filter, different types of water, i.e. clear filtrate or
unclean white water are achieved. 2) Different broke proportions; 22%, 27% or
37%. 3) Different levels in the storage tower of bleached pulp, 50% or 85%.
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3.7

Modelling the light absorption of unstored/stored pulps
(Paper V)

A model for the light absorption of the unstored and stored (5 and 24 hours) pulp
suspensions was prepared by combining the contribution to the visible absorption
spectra of iron and the red and violet dyes, and adding them to the kλ‐values of
pulp in distilled water. It was assumed that the contribution of Fe(III) or a dye to
the light absorption, Δkλ, could be isolated by subtracting the kλ of the pulp in
distilled water from the kλ obtained for pulp + the additive at a given storage time.
The model assumes the rule of additivity and was compared to the visible spectra
of unwashed and washed pulps stored in white water from the paper machine
(WW PM). The model used was:
kλ model = kλ, unwashed or washed pulp in distilled water + ax + by + cz
where
a, b, c are constants
x = kλ, washed pulp + Fe in distilled water ‐ kλ, washed pulp in distilled water
y = kλ, washed pulp + violet dye in distilled water ‐ kλ, washed pulp in distilled water
z = kλ, washed pulp + red dye in distilled water ‐ kλ, washed pulp in distilled water
The model was compared with kλ, pulp in process water for unwashed and well‐washed
pulps. This straight forward way of modelling means the additives are treated as if
they cause additional formation of chromophores independently of the other
chromophores formed in the pulp, which are assumed to be exactly the same as in
the clean system.
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4

RESULTS AND DISCUSSION

This section presents a summary of the main results presented in Papers I–V. The
first subsection, 4.1, presents results from a mapping of optical properties from
pulp to SC paper and simulation of retention time for different pulp fractions
(Paper I). The next subsection, 4.2, present results from a new efficient method for
producing sheets suitable for studying discolouration (Paper II). The next three
subsections (Papers III–V) presents results from different storage trials. Subsection
4.3 deals with storage of unbleached and hydrogen peroxide bleached mechanical
pulps in a clean system, i.e. well washed pulps in distilled water (Paper III). In
Subsection 4.4, the effect of storage of unwashed and well‐washed hydrogen
peroxide bleached mechanical pulps in different process waters is evaluated
(Papers IV and V). In Subsection 4.5, some causes of the discolouration of
mechanical pulp during storage are investigated in more detail (Paper V).

4.1

Mapping and modelling of optical properties from pulp to
SC paper (Paper I)

The brightness of hydrogen peroxide bleached Norway spruce (Picea abies)
mechanical pulp changes during storage as shown by extensive mill experience.
For example, from January 2008 to October 2009 the brightness decreased during
storage in the majority of measurements (Figure 8). The brightness loss was up to
approx. 3.5 units.
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Figure 8.

Jan 2008

Oct 2009

The brightness change in a storage tower for hydrogen peroxide bleached Norway spruce
mechanical pulp.
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A mill mapping and modelling study was performed with the purpose of
evaluating at which positions in the process the discolouration occurs, which
fractions darken the most and the retention times for different fractions. Pulp was
taken out at four different positions in the mill and fractionated using a dynamic
drainage jar with a 200 mesh wire. The light absorption coefficient, k460, of the pulp
increased from the wash press after bleaching to the machine chest. The light
absorption coefficient (k460) for the fines fraction was higher than for the total pulp
and the fibre fraction at all four positions (Figure 9). Since the light absorption for
the fibre fraction was largely unaffected, the increase in k at 460 nm of the pulp was
caused entirely by the fines.
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k 460 (m /kg)
8.0
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Fibre fraction
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bleaching

Figure 9.

Storage tower
inlet

Storage tower
outlet

Machine chest

Light absorption coefficient at 460 nm for the total pulp, fines and fibre fraction from
samples taken at the wash press after hydrogen peroxide bleaching, at the inlet of the
storage tower for bleached pulp, at the outlet of this storage tower and at the machine
chest.

The pulp sampled at the wash press after bleaching was stored in different waters:
distilled water, clear filtrate (CF PM) and white water (WW PM) both from the
paper machine, and then fractionated using a dynamic drainage jar with a 200
mesh wire. When the light absorption coefficient was evaluated over the visible
range of wavelengths, it could be seen that the fines fractions were more coloured
than their corresponding fibre fractions (Figure 10). Pulp stored in white water
from the paper machine had the highest k values, both for fibre and fines fractions.
There was a tendency to a shoulder in the absorption spectrum between 550 to 650
nm for the pulp stored in white water from the paper machine, both for fibre and
for fines. The k‐values below 450 nm were considered unreliable and omitted, see
Section 4.2.3.
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Figure 10. Light absorption coefficient over the visible range of wavelengths for fibre and fines fractions
of a pulp taken out at the wash press after hydrogen peroxide bleaching and stored in the
laboratory in different waters; distilled water, clear filtrate from the paper machine (CF PM)
or white water from the paper machine (WW PM). The pulp was stored at 4% pulp
consistency, at a temperature of 65°C and at pH 5.0 for 24 hours. The fractionation was
performed after the pulp was stored.

An evaluation of the retention time of different fibre fractions within the system
was of interest due to the fact that the fines fraction was darker than the fibre
fraction. The retention time for different pulp fractions was simulated using the
programs ExtendSim and FlowMac. The simulation was carried out for different
mill conditions. Figure 11 shows the time taken to reach 10% of the amount of the
fraction present at the start of the simulation, referred to as T10% (detailed
experimental setup can be found in Paper I). For all of the cases, the retention times
for the fine material, both fibres and clay, were somewhat longer than for larger
fractions. However, the difference was smaller than expected. The retention time
for the fractions varied depending on the mill conditions studied, Figure 11. One of
the cases evaluated was the difference of using white water or clear filtrate for
dilution of the bleached pulp prior to storage. The type of dilution water did not
have a clear effect on the retention time of the fine material, i.e. fibre fines (P200)
and clay (50% level in storage tower of bleached pulp, broke proportion 22%). The
white water contains a great amount of both fibre fines and filler clay particles and
might therefore be a potential source of fine material circulating in the system. The
retention time to reach T10% was approx. 12 hours for both fibre fines and clay when
WW PM or CF PM was used for dilution. A second case studied was to increase
the level of pulp in the storage tower of bleached pulp from 50% to 85%, and this
increased the retention time taken to reach T10% of fibre fines and clay to 14.7–15.3
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hours. At 85% level in the storage tower, the difference of using white water or
clear filtrate for dilution was noticeable but still small. The retention time for the
fibre fines to reach T10% was 14.7 hours when clear filtrate was used and 15.3 hours
when white water was used, and the corresponding values for clay were 14.8 and
15.1 hours. A third case evaluated was to increase the broke proportion from 22%
to 27% or 37%. Increasing the broke proportion had a clear effect on the retention
time of the fine material. When the broke proportion was increased from 22% to
27%, the retention time taken to reach T10% increased by 1.4 hours for clay and 1.6
hours for fibre fines. A broke level of 37% as compared to 22% increased the
retention time taken to reach T10% by 3 hours for clay and 3.6 hours for the fibre
fines fraction.
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Figure 11. The time needed to reach 10% of the level at time zero for different fractions in different
simulation cases. WW is white water, CF is clear filtrate. Broke proportion: 22, 27 or 37%.
Level in storage tower of bleached pulp: 50 or 85%.

From the simulation data, the retention time taken for the fines material to reach
T10% was up to approx. 15 hours. The tail of the fraction curve (i.e. the amount of
material versus time, not shown here, see Paper I for details) is still long. As an
example, in the case of using clear filtrate for dilution, a level of 50% in the storage
tower of bleached pulp and a broke proportion of 22%, the time taken for the fibre
fines to reach T5% was 19.3 hours and T1% was 42.5 hours. These results show that
even if the main part of the fine material is retained in the paper within a few
hours a small part might circulate within the system for a considerably longer time
and might be strongly coloured. A small addition of strongly coloured material
may have quite a large effect on brightness (Rundlöf et al. 2000a).
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4.2

A new method for preparing laboratory sheets for optical
determination (Paper II)

To be able to study discolouration there is a need for a method to produce sheets
that will affect the optical properties as little as possible. Heat, light and metal ions
are factors that can affect colour and discolouration of mechanical pulps. The
commonly used ISO standard methods for producing sheets for optical
determination have some disadvantages. A lot of material and water is needed, the
methods are time consuming, and there is a risk of contamination during sheet
production, i.e. from standard wires containing copper and from tap water. The
standard method of disintegration also involves heat treatment of the pulp for
quite a long time. Therefore, a new method to produce sheets for optical
determination suitable for studying discolouration has been developed. Producing
sheets according to the new method is approx. six times faster than existing
standard methods.
4.2.1

Pulp disintegration

After mechanical pulping, deformations introduced at high temperatures remain
in the fibres; this is called latency and affects the properties of laboratory sheets. To
remove latency from a pulp, it is necessary to disintegrate the fibres in a water
suspension of low consistency at a temperature exceeding the softening
temperature of lignin (Beath et al. 1966; Mohlin 1980). At a higher temperature the
latency removal is faster, although the brightness of the pulp can be affected (Htun
et al. 1988). In the standard method for pulp disintegration, ISO 5263‐3, 50 g of
pulp (oven‐dry) is disintegrated at 2% pulp consistency at 85°C for approximately
10 minutes. A new disintegration procedure using a hand blender was
implemented in order to be able to use smaller pulp quantities, 0.5–5 g, and to
reduce the heat‐induced discoloration (shorter times) and the risk of
contamination.
The differences in optical properties between the hand blender and the ISO
methods were generally small and within the experimental variation for the
examined unbleached and hydrogen peroxide bleached mechanical pulps (Table 2,
Paper II). The fibre length and width were more or less the same for both
disintegration methods. However, the freeness value decreased when increasing
disintegration time with the hand blender, indicating that too short a treatment
time possibly did not remove latency sufficiently well. A disintegration time of two
minutes was considered to be sufficient for the pulps used in this work. For other
pulps, a longer disintegration time may be needed.
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4.2.2

Preparation of laboratory sheets

It is well known that an increased amount of fine material in mechanical pulps
increases both the light scattering and the light absorption coefficients (Mohlin
1977; Rundlöf et al. 2000a‐b; Karlsson, Agnemo 2010). Therefore, the retention of
fine material is important in the preparation of laboratory sheets, i.e. the sheets
should contain a representative amount of fibres and fines. In the standard
laboratory sheet forming procedures, the loss of material through the wire screen is
compensated for either by charging an excess of the pulp suspension for a certain
grammage (ISO 5269‐1, method A in Paper II) or by using a closed white water
system to retention equilibrium (ISO 5269‐3, method B in Paper II). With method
A, sheets which are richer in larger particles than the original pulp are achieved,
since the loss of fines is compensated for by addition of the whole pulp suspension.
Method B builds up fractions in the white water system that are not so easily
retained, and reaching equilibrium in the mass balance does not necessarily imply
that the resulting sheets are representative for the original pulp. There is also a risk
that the laboratory sheets produced contain an unrepresentative amount of
dissolved and colloidal material due to the large quantities of white water used.
The recirculation of white water is time‐consuming since many sheets need to be
formed to build up the concentration in the white water. This also demands large
quantities of pulp and water.
The amount of material lost in the new sheet former (method C, Paper II) was
found to be rather constant, about 8% of the total amount of fines, independent of
the fines content of the pulp within the wide range examined (28–75%, Table 3,
Paper II). The total material losses were about 3%, which was considered to be
acceptable. Laboratory experience estimates the material loss for 90 mL freeness
TMP to be about 6–7% in a conventional sheet former without white water
recirculation.
To compare laboratory sheet forming methods, pulps were disintegrated according
to ISO 5263‐3 prior to sheet forming using conventional methods (A and B),
whereas for the new method (C), a hand blender was used to disintegrate the pulp
prior to forming sheets in the new sheet former. The brightness of laboratory
sheets produced in the new sheet former were in good agreement with the
brightness values obtained from brightness pads (Table 4, Paper II). The sheets
formed in the conventional sheet former using deionised water with or without
white water recirculation had a lower brightness, mainly due to a higher light
absorption coefficient. Method A also had a lower light scattering coefficient,
probably due to a loss of fines. The loss of fines also means that the k‐value is likely
to be underestimated since the fines fraction in most cases contains more colour
than the fibres. Using tap water in disintegration and sheet forming caused
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pronounced brightness losses (methods A and B), in this case probably due to
metal impurities present in the tap water. The copper content increased
significantly and copper has been reported to cause discoloration by forming
coloured metal complexes with wood constituents (Gosh, Ni 1998; Ni et al. 1999).
The accuracy and precision of the measurement of optical properties on the sheets
produced according to the new method were similar compared to the conventional
methods. Apart from the time needed, the method chosen for producing laboratory
sheets will have a great impact on their optical properties. For the unbleached
pulps evaluated, the difference in brightness was up to 2% when distilled water
was used and up to 6% ISO when tap water was used. The new method was
considered reliable and reasonably representative for the sample. It was faster and
probably introduces less contamination compared with standard methods and was
therefore used throughout this work.
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4.2.3

Spectral evaluation of sheets with strong light absorption

It is normally assumed that the Kubelka‐Munk (K‐M) light scattering coefficient, sλ,
can be used as a measure of the ability of a sheet structure to scatter light,
independently of the light absorption properties of this structure (Pauler 2012). It is
also well known that this assumption does not hold in regions of the spectrum
corresponding to strong light absorption (Nordman et al. 1966; Rundlöf, Bristow
1997; Granberg, Edström 2003). In the K‐M equations, the k‐value is calculated
from the s‐value and the measured reflectivity, which means that a deviation in the
s‐value will also affect the k‐value.
In order to increase the light absorption without changing the sheet structure,
laboratory sheets of an unbleached and a hydrogen peroxide bleached
thermomechanical pulp were produced in the new sheet former and then subjected
to an elevated temperature (80°C, 65% relative humidity) for 4 and 500 hours. The
unbleached pulp had a brightness of 62.7% ISO before ageing and 56.0% ISO after
an ageing time of 500 hours, and the corresponding light absorption coefficients
(k457) were 7.1 and 11.1 m2/kg. The hydrogen peroxide bleached pulp had a
brightness of 77.9% ISO before ageing and 57.7% ISO after an ageing time of 500
hours and the corresponding light absorption coefficients (k457) were 2.1 and 9.3
m2/kg. Figure 12 shows the K‐M s as a function of wavelength. It is obvious that the
light scattering coefficient deviates from a linear behaviour for both pulps, as the
decrease became more pronounced for the longer ageing time. The pore structures
of the sheets were probably not affected by the heat‐induced ageing procedure.
The sheet density and grammage were not changed and the light scattering
coefficient at longer wavelengths was to a large extent unaffected (Figure 12). In
addition, the slope of the light scattering versus wavelength was approximately the
same up to a wavelength of 490 nm for both pulps, which may be taken as a
further indication (Gate 1972; Lindblad et al. 1989).
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Figure 12. The Kubelka-Munk light scattering coefficient (s) as a function of wavelength for unbleached
and hydrogen peroxide bleached Norway spruce thermomechanical pulps (TMPs) after
accelerated heat-induced ageing (80°C, 65% rh) for 4 and 500 hours.

Different methods of determining the K‐M s‐ and k‐values at wavelengths
corresponding to strong light absorption when the s‐ and k‐values cannot be
regarded as independent of each other were evaluated. Firstly, the standard
approach, i.e. to measure R0λ and R∞λ on sheets made of the pulp to be studied, and
then calculate s‐ and k‐values using the K‐M equations (Kubelka, Munk 1931;
Kubelka 1948). Secondly, dilution with a pulp of low light absorption (Polcin,
Rapson 1969; Moldenius 1983), then measurement and calculations as above with
k‐values of the pure pulp obtained using the “additivity rule”. Thirdly, linear
extrapolation where the s‐values were discarded in areas where s deviates from the
expected line and replaced by s‐values obtained by linear extrapolation of s versus
wavelength at longer wavelengths as the shapes of the curves obviously suggests.
And finally, using a recently published model, DORT2002 (Edström 2005), which
takes anisotropic scattering into account.
Figure 13 shows the light scattering coefficient as a function of wavelength for
unbleached spruce TMP aged for 500 hours. The s‐values were calculated from the
same set of reflectance factor data using both the Kubelka‐Munk model (standard
approach) and the angular resolved model DORT2002. DORT2002 gave s‐values on
a different level, which is to be expected since the similarity relations are not exact.
The difference in s‐values reflects the lower degree of accuracy when using K‐M to
interpret reflectance measurements (the interested reader is referred to Neuman
and Edström, 2010a‐b, for a deeper theoretical reasoning). The deviation of s from a
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linear behaviour is still present when DORT2002 was used, and the possible errors
introduced by anisotropic scattering are eliminated or nearly eliminated. Hence,
the decrease in s is not due to errors introduced by the assumption of isotropic
scattering in the Kubelka‐Munk model. The s‐values obtained in regions where s
deviates from the expected linear behaviour cannot be used as a measure of sheet
structure independent of light absorption, as normally assumed in pulp and paper
technology. This also means that the method of linear extrapolation of sλ cannot be
justified as a useful way of obtaining kλ‐values which better describe the optical
properties of the sample. Furthermore, the new pairs of sλ and kλ obtained from
linear extrapolation will only fit the measured R λ data, not the R0λ.
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Figure 13. The light scattering coefficient (s) as a function of wavelength for an unbleached Norway
spruce thermomechanical pulp subjected to accelerate heat-induced ageing (80°C, 65% rh)
for 500 hours. The light scattering coefficient was calculated from reflectance factor data
using the Kubelka-Munk (K-M) equations or the DORT2002 model. g = asymmetry factor.

The standard and dilution approaches gave k457‐values that were identical within the
experimental variation independent of the degree of dilution or optical model used
(Table 5 in Paper II), even though the K‐M and DORT2002 k457‐values were on a
different level. The linear extrapolation approach gave a k457‐value that was 0.4 m2/kg
higher compared to the K‐M k457 determined with the standard approach
(corresponds to a reduced brightness by about 0.5% ISO for this pulp). Alhough in
general there were small differences between the procedures when k was
calculated with the brightness function, R457. The effect of using different methods
may, however, be larger at shorter wavelengths where light absorption is much
stronger, as when studying chromophore formation by measurements also in the
ultraviolet region.
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As light absorption increases, the samples become nearly opaque regardless of the
model used, and the difference between R0λ and Rλ becomes small. In some cases,
the variations in the measurement are of greater magnitude than the difference
between R0λ and Rλ. The variation of sλ would in this case be randomly
distributed, and when the obtained value of R0λ incorrectly exceeds Rλ, it is not
possible to calculate sλ and kλ. Before this occurs, still close to complete opacity, the
observed decrease in sλ is continuous. As pointed out by Granberg and Edström
(2003), any systematic error will have a stronger effect as the difference between
the two values of R becomes smaller. If, for the sake of discussion, small artificial
differences were introduced in typical pairs of measured data well into the region
where sλ decreases, the following results would be seen: a small artificial increase
in R0λ makes the decrease in sλ smaller, whereas a small artificial decrease in R0λ
makes the decrease in sλ larger (see Figure 14). This could possibly indicate, but not
prove, that the difference between measured values of Rλ may be somewhat too
low when measuring material with strong absorption, and may in that case be a
cause of the observed decrease in sλ. It is clear that a small systematic error could
have a large effect (Edström 2008).
According to the ISO standard 2469, annex A2: “The photometric accuracy of the
instrument shall be such that the residual departure from photometric linearity
after calibration does not give rise to systematic errors exceeding 0.3% radiance
factor”. Normally, calibration is carried out using two points, completely black and
white. A small deviation from a perfect line between these two points may be of
little significance in most cases and go unnoticed, but it can have a large influence
near opacity. The dilution approach eliminates the problem of nearly opaque
samples, and probably yields a sample that lies within the area where the K‐M
equations give sufficiently correct values. However, the concentration of the
material to be studied is low in the sample. The “rule of additivity” used to
calculate sλ and kλ may therefore not hold, especially not at the extreme ends of the
curve, and a small error in the amount of dilution pulp added may have a large
effect on the result.
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Figure 14. Light scattering (s) as a function of wavelength for an unbleached Norway spruce
thermomechanical pulp subjected to accelerate heat-induced ageing (80°C, 65% rh) for 500
hours, introducing an arbitrarily chosen small increase/decrease in R0.

The Kubelka‐Munk and the DORT2002 models both gave a decreasing sλ at short
wavelengths when applied to the same set of data. The decrease in sλ can therefore
not be explained as an error introduced by anisotropic scattering, because most of
the decrease remained when the angular resolved model DORT2002 was used,
nearly eliminating the effects of anisotropy. The dilution approach and the use of the
angular resolved model (DORT2002) seem, however, to be the two methods of
determining kλ that are likely to come closest to the true light absorption, since
both approaches reduce or eliminate known errors in the K‐M model. Throughout
this work we chose to use K‐M modelling and omit s and k values in regions with
too strong absorption since the dilution approach would be too time consuming and
the problem remained using DORT modelling, though to a smaller extent.
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4.3

Influence of process conditions during storage of pulp in
a clean system (Paper III)

When studying discolouration along the process line, it is important to use s‐ and
k‐values to interpret changes in the measured reflectance factors such as
brightness, as the light scattering coefficient varies along the process line. If the
fibres darken due to formation of colour and s increases at the same time, the net
effect on brightness may be zero or positive, and the formation of colour may
therefore pass unnoticed.
To establish how much of the darkening that may be attributed to the fibre
material, unbleached and hydrogen peroxide bleached Norway spruce pulps were
stored at different conditions. The pulps are referred to as “Unbleached pulp”,
“Bleached pulp 71.6% ISO” and “Bleached pulp 74.1% ISO”. The pulps were
washed in two stages (Q+W, see Section 3.1.1), diluted with distilled water and the
optical properties were evaluated after storage under different conditions.
Figure 15a shows the brightness as a function of storage time for the pulps stored
at 50°C and 80°C, a pulp consistency of 5% and at low pH (start pH 3.7–4.9). The
unbleached pulp showed no brightness loss after four hours at either of the storage
temperatures. At longer storage times, the temperature 80°C resulted in a
measurable brightness loss, whereas storing at 50°C only gave minor reduction in
brightness. The bleached pulps were more sensitive to storage compared to the
unbleached pulp at temperatures above 50°C. At 80°C after 4 hours, the brightness
decreased by approx. 2% ISO for both bleached pulps. These results are in
agreement with ageing of pulp sheets; Forsskåhl et al. (1999) studied the thermal
yellowing of unbleached stone groundwood (SGW) pulp, TMP and
chemithermomechanical pulp and hydrogen peroxide bleached TMP from Norway
spruce in the temperature interval 60–250°C. The bleached pulp was most sensitive
to yellowing, but was also affected at lower temperatures than the unbleached
pulps in that case.
The time and temperature were the variables with the most pronounced effect on
the brightness during pulp storage in this clean system. The influence of pH (start
pH 4.3–9.7) or of increasing the pulp consistency up to 25% (results not shown
here) was small, with a maximum brightness decrease of about 0.5% ISO for a
storage time of four hours.
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Figure 15. The ISO brightness (a) and the light absorption coefficient k at 460 nm (b) as a function of
storage time for Norway spruce mechanical pulp, unbleached and hydrogen peroxide
bleached to two brightness levels, stored at 5% consistency, 50°C and 80°C at low pH (cf.
Table 3, Paper III). Some experiments were performed on two separate occasions,
represented in the figure by large and small symbols. Bleached pulp 74.1% ISO (TMP/SGW
); 80°C (
). Bleached pulp 71.6% ISO (TMP): 80°C ( ).
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Figure 15b shows the light absorption coefficients at 460 nm plotted against storage
time at 50°C and 80°C. The k‐values increased with storage time and temperature
in all experiments, indicating formation of coloured groups as expected. The
decrease in brightness could not be attributed to a decrease in s. Storage at 50°C
gave only minor increases in k for all pulps, even at the longest times. The high
temperature, 80°C, gave higher k‐values at all times as well as a more rapid
increase, especially during the first hours of storage. A comparison of the highly
bleached pulp (open symbols) and the unbleached pulp at 80°C shows that the k‐
value of the bleached pulp increased more for 1 to 24 hours. At longer times, the
slopes were similar for both pulps. This resembles the behaviour in the heat‐ or
light‐induced ageing of sheets, where two kinetic phases are seen in the
discolouration (Ek 1992). The discolouration process is found to proceed in two
phases, with a rapid and large brightness drop in the first phase and a slower
second phase (Paulsson, Ragauskas 1998). The more rapid initial increase may, at
least partly, be due to the higher amount of leucochromophores available in the
highly bleached pulp (see e.g. Gellerstedt et al. 1983; Gellerstedt 2009a).
The slightly less bleached pulp (71.6% ISO, grey symbols) showed a similar
behaviour as the highly bleached pulp (74.1% ISO, open symbols) up to 24 hours of
ageing, but then continued to increase at the same rate, to finally reach a k‐value
about one unit below the unbleached pulp after 72 hours. This higher sensitivity to
darkening could possibly be due to the higher Fe content of this pulp (21 mg/kg,
see Table 1, Section 3.1.1) as compared to the highly bleached pulp, which had the
lowest Fe content in this investigation (11 mg/kg). Iron is well known to cause
darkening of mechanical pulps (see e.g. Gupta 1970; Narvestad et al. 2013a) and
has been shown to be one major reason behind the loss of brightness in this mill
system.
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In Figure 16, the formation of chromophores at different wavelengths is shown as
the change in the light absorption coefficient, Δk = kstored‐kunstored. The values below
450 nm were considered unreliable as the light absorption was too strong, see e.g.
Rundlöf and Bristow (1997), Paper II. Therefore, these values were rejected. The
grey curves represent storage at 65°C for different times, the black curves show
data for storage at 80°C for 72 hours and are included for comparison. As seen in
the figure, there was a general increase in light absorption with storage time in the
wavelength region studied (cf. Figure 15b). The increase in k began at short
wavelengths. After storage over longer periods of time, the increase in k gradually
became noticeable at longer wavelengths as well. After the longest time at the
highest temperature, the k‐value had increased over the whole wavelength region
studied. The increase was smooth, and no specific peaks could be seen. When the
pulps were stored at 80°C for 72 hours, the increase in k at shorter wavelengths
was higher for the pulp bleached to 71.6% ISO compared to the other two pulps.
The changes in light absorption naturally lead to a change in colour of the pulp. If
more light is absorbed at shorter wavelengths, the wavelength distribution of the
reflected light will shift towards longer wavelengths, which are not absorbed to the
same extent. This is shown in Figure 17, where the CIE colour co‐ordinates a* and
b* are plotted for different storage times and temperatures. Initially during ageing
of the pulp, the colour shifted towards red and somewhat towards yellow. At
longer times the shift towards yellow was larger (cf. Figure 16). The pulp bleached
to 71.6% ISO was initially close to the curve of the highly bleached pulp, but
approached the curve of the unbleached pulp upon ageing at 80°C, and reached it
after 24 hours. This behaviour was the same as in the case of k at one wavelength,
460 nanometres (see Figure 15b). The formation of chromophores naturally also
gave a decrease in lightness L* (Table 4, Paper III). The change in colour upon
ageing was clearly visible under the process conditions studied, also in this clean
system.
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Figure 16. Difference spectra (kstored-kunstored) for Norway spruce mechanical pulps, unbleached and
hydrogen peroxide bleached to two brightness levels, stored at 5% consistency and at low
pH (cf. Table 3, Paper III). Bleached pulp 74.1% ISO (TMP/SGW pulp: 93/7): 65°C, 1 h
(
); 65°C, 4 h (
); 65°C, 24 h (
); 65°C, 72 h (
); 80°C, 72 h (
).
Bleached pulp 71.6% ISO (100% TMP): 80°C, 72 h (
). Unbleached pulp (100% TMP):
80°C, 72 h (
).
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Figure 17. The colour co-ordinates a* and b* as a function of storage time for Norway spruce
mechanical pulps, unbleached and hydrogen peroxide bleached to two brightness levels,
stored at 5% consistency at low pH (cf. Table 3, Paper III). Some experiments were
performed on two sepatate occasions, represented in the figure by large and small symbols.
); 65°C (
); 80°C (
).
Bleached pulp 74.1% ISO (TMP/SGW pulp: 93/7): 50°C (
Bleached pulp 71.6% ISO (100% TMP): 80°C ( ). Unbleached pulp (100% TMP): 80°C
( ).
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4.4

Influence of process waters during storage of pulp
(Papers IV and V)

Having established the effect of storage on clean pulp in distilled water,
investigations proceeded to storage in different types of process waters. The
process waters were sampled at the same mill as the unbleached and bleached
pulps.
4.4.1

Characteristics of the process waters

Process waters were chosen to represent a variety in composition and character:
white water from the paper machine (WW PM), clear filtrate from the paper
machine (CF PM), bleach filtrate from the wash press after hydrogen peroxide
bleaching (Bleached filtrate) and clear filtrate from TMP (CF TMP). CF PM and
WW PM were collected on two separate occasions, named A and B.
The two samples from the pulp mill, CF TMP and Bleached filtrate, contained
some suspended solids which could partly be removed by centrifugation. The CF
TMP contained only organic solids and the major part of the solids in the Bleached
filtrate were organic, but a small ash content could be measured (Table 2). This
inorganic material may at least partly originate from the suspended Mg(OH)2 used
as alkali source in the bleach plant, also indicated by the high Mg content in the
water phase (see Table 2, Paper IV) and possibly the higher pH. The chemical
oxygen demand (COD) values were the highest by far, indicating that the major
part of the contents of these two samples were organic. The COD values remained
about the same before and after centrifugation, which was the case for all samples,
indicating that the COD was caused by dissolved and/or colloidal substances. The
COD values of the clear filtrate, CF PM, were on the same level as those of the
unfiltered white water, WW PM. The unfiltered white water from the paper
machine, WW PM, contained the largest quantities of suspended solids, and also
had the highest turbidity. These suspended solids were inorganic, most probably
filler clay, and could be removed almost completely by centrifugation (represented
by values in parentheses in Table 2). The corresponding clear filtrate, CF PM,
contained the smallest quantities of suspended solids, with an ash content close to
zero. Both WW PM and CF PM were taken out on two separate occasions (18
months difference); on the first occasion the production was a standard quality of
paper whereas on the second occasion it was a high‐bright quality produced with
an increased charge of bleaching chemicals. There were some differences: the COD
and conductivity were lower for both waters at the first sampling; pH and
turbidity were higher.
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Table 2.

Some characteristics of the process waters used. Values in parentheses represent values
for the waters after centrifugation. Some waters were taken out on two different occasions
(named A and B).

260
(170)
0
(0)
390
(370)
2200
(n.a.1)
5.3
(n.a.1)
0.8
(n.a.1)

Bleached
filtrate
600
(110)
32
(13)
400
(280)
3100
(2920)
7.5
(7.6)
2.2
(0.8)

Fe (mg/L)

0.74

1.0

0.44

0.39

Cu (mg/L)

0.08

0.04

0.03

<0.02

N (mg/L)

19

17

n.a.1

<7

CF TMP
Suspended
solids (mg/L)
Ash content
(mg/L)
Turbidity
(NTU)
COD (mg/L)
pH
Conductivity
(mS/cm)

1Not

CF PM A
62
(35)
0
(0)
60
(56)
280
(293)
6.2
(n.a1)
0.6
(n.a.1)

CF PM B
13
6
19
560
5.5
1.1

WW PM A
9600
(12)
7700
(0)
11000
(834)
240
(230)
6.1
(n.a.1)
0.5
(n.a.1)
0.16
(0.24)
0.02
(0.02)
n.a.1

WW PM B
8900
6100
n.a.1
640
5.4
1.1
1.9
<0.02
<7

analysed.

The content of metals known to cause darkening, iron and copper (Gupta 1970; Ni
et al. 1997), was low in all waters. These measurements were made on the clear
water phase of the samples, which means that the contribution from any solids was
small. The iron content of WW PM was 0.16 mg/L in the first sample “A” and more
than ten times higher, 1.9 mg/L, in the second sample “B”. This is still, however,
considered to be a low iron content. When as much as possible of the solid material
in the WW PM was dissolved in acid, the iron content was much higher: 19 mg/L
for WW PM A and 20 mg/L for WW PM B. This shows that the suspended solids
contain metals which may affect the pulp if they can be dissolved into the water
phase. Nitrogen was measured to indicate if DTPA was present in the sample. The
addition of DTPA in the TMP plant is placed before the sample point of both CF
TMP and Bleached filtrate. The content of nitrogen was higher for the TMP waters
compared to the PM waters, which may indicate that some DTPA is present in
these waters. The sulfur content mainly originates from the addition of bisulfite as
acidification after hydrogen peroxide bleaching and possibly also from post‐
bleaching with sodium dithionite on the paper machine. The higher sulfur content
in the WW PM B waters can be explained by the higher dose of chemicals used
when the high‐bright quality was produced.
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Table 3 shows contents of extractives and lignin in the process waters. The content
of extractives was much higher in the waters from the TMP plant (Bleached filtrate
and CF TMP) compared to the waters from the paper mill (CF PM and WW PM).
This corresponds with the high COD and turbidity values (Table 2), which was
expected as lipophilic extractives are present in the form of colloidal particles even
after hydrogen peroxide bleaching (Thornton et al. 1991). The composition of
extractives was considered to be within the normal range for this process and
wood species (Ekman et al. 1990).
Table 3.

The content of lignin and extractives in the process waters.

CF TMP

Bleached
filtrate

CF PM B

WW PM B

Lignin
(mg/L)

328

258

80

68

Gravimetric extractives (mg/L)

478

320

63

90

Extractives from GC analyse
Part of sum (%)
Lignans

69.6

49.4

70.0

33.5

Steryl esters

7.6

13.0

5.7

14

Sterols

6.8

6.8

9.5

6.6

Triglycerides

7.2

14.8

0.4

28.2

Fatty acids

4.5

4.5

7.4

9.8

Resin acids

4.3

11.6

7.4

7.9

SUM (mg/L)

246

126

28.3

52.8

% found from gravimetric
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45
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The lignin content was also much higher in the TMP waters. Lignans were present
in the process waters even after hydrogen peroxide bleaching. According to Ekman
and Holmbom (1989) and Holmbom (2000), the lignans decreases markedly during
bleaching with hydrogen peroxide as they are degraded by oxidation. However, in
the study by Ekman and Holmbom (1989), approximately one third of the lignans
present in unbleached stone groundwood pulp were also present also after
bleaching with hydrogen peroxide. In the GC analyses of extractives, only up to
~60% of the extractives found in the gravimetric determination could be detected.
Thus, there are extractives that are not included in the GC determination, for
example phenolic compounds such as stilbenes and tannins that may contribute to
colour alone or in combination with metals (Polcin et al. 1969; Ni el al. 1999; Friman
et al. 2004).
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4.4.2

The influence of process waters on a clean pulp

Process waters and distilled water were used in storage trials with the well‐washed
pulp bleach to 74.1% ISO. The discolouration, measured as an increase in k460, was
more pronounced when the pulp was stored in process waters compared to when
it was stored in distilled water for all storing conditions studied (Figure 18). At
50°C, the discolouration was small or negligible. An increase in temperature to
65°C increased the discolouration, as expected. When the pulp was stored at a
higher consistency, 15% compared to 5%, the increase in k460 was smaller for all
waters, probably because a higher pulp consistency means less dilution with
process water and the amounts of material causing discolouration decreases. When
pulp was stored in a clean system, the pulp consistency in the interval 5–25% was
of minor importance (Paper III). However, when process waters were used for
dilution, a higher consistency during storage seems to be advantageous to preserve
a high brightness. This result seems to contradict the results of Harris and Karnis
(1986) and Lunan et al. (1986). In both these studies, unbleached refiner pulp was
diluted with water to various consistencies, resulting in a larger decrease in
brightness when the pulp was stored at a higher consistency compared to a lower
consistency (however, in the study by Lunan et al. (1986) the brightness loss was
unaffected by pulp consistency in the range 14–50%). Pulp taken out after refining
is not as clean as the bleached and washed pulp used in the present study. When
the refiner pulp is diluted with water, a higher pulp consistency means less water
and thereby less dilution of potential darkening material, which could explain the
different results achieved.
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Figure 18. The change in light absorption coefficient (k) at 460 nm upon storage of a well washed
hydrogen peroxide bleached Norway spruce mechanical pulp stored in different waters for 5
hours with 5% or 15% pulp consistency at 50°C or 65°C. The bars represent results for
waters as received and the dots represent result for the corresponding sample after
centrifugation. The error bars shows the standards deviation of the optical measurements.

In general, there were small differences between waters “as received” or after
centrifugation; though in most cases the increase in k460 was smaller when pulp was
stored in centrifuged waters. The WW PM stored at 5% pulp consistency at 65°C
was the water where this difference was largest due to centrifugation. The WW PM
gave the highest brightness value of all waters both before and after storage, but
this was also the water that gave the highest increase in k460. The higher brightness
was due to solid particles contributing to light scattering and thereby brightness
(cf. Table 2).
Storage trials for longer periods of time were performed for all process waters
except CF TMP (Figures 19a and b). The discolouration was still more pronounced
when pulp was stored in any of the process waters compared to in distilled water,
which gave the highest brightness and the lowest k460 at all times studied (black
line in Figure 19). All process waters gave quite similar results when used with the
well‐washed pulp, and at any given time the largest difference in brightness was
less than about 1.5 units. WW PM was the process water that gave the highest
increase in k460 after 5 hours of storage (Figure 18), and this could also be seen in
Figure 19b. However, all process waters gave quite similar k460 values at a given
storage time, and this interval is indicated by the two grey curves showing the
upper and lower level.
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∆ Brightness = Brightness t - Brightness t=0 (% ISO)

0

Bleached filtrate
CF PM
WW PM
Distilled water

-2.5

-5

-7.5

-10
0

10

20

30

a)

40
50
Storage time (h)

60

70

80

60

70

80

∆k= k 460, t -k 460, t=0 (m2/kg)

4.0

Bleached filtrate
CF PM
WW PM
Distilled water

3.0

2.0

1.0

0.0
0
b)

10

20

30

40

50

Storage time (h)

Figure 19. Change in brightness and light absorption coefficient (k460) during storage of a well-washed
hydrogen peroxide bleached Norway spruce mechanical pulp stored in different waters for
5–72 hours at 5% pulp consistency and at 65°C. The error bars shows the standard
deviation of the optical measurements. a) The change in ISO brightness upon storage. b)
The change in light absorption coefficient (k) at 460 nm upon storage. The lines are a guide
to the eye.
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Figure 20a shows the light absorption coefficient over the visible spectrum for pulp
stored in the different process waters. The values below 450 nm were rejected due
to unreliable results as the light absorption was too strong.
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Figure 20. Spectral data for a well-washed hydrogen peroxide bleached Norway spruce mechanical
pulp upon dilution and/or storage in different waters. The white water from the PM (WW PM)
was taken out on two separate occasions marked A and B, and data is also shown for WW
PM after centrifugation. a) The light absorption coefficient (k) over the visible spectra for
pulp diluted to 5% consistency with different waters. On the secondary y-axis the
absorbance spectra of the red and the violet dyes are shown. b) The difference spectra
(kstored-kunstored) for pulp stored in different waters at 5% pulp consistency at 65°C for 5 hours
and 72 hours. The legends are given in Figure 20a. The smaller picture within the figure
shows storage for 5 hours with a different scale on the y-axis.
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The WW PM gave a broad shoulder in the absorption spectrum around 550–650
nm, which was present for both sampling occasions, A and B. There were no
shoulders in the absorption spectra for any of the other process waters or distilled
water; these showed a smooth increase in k with decreasing wavelength. The
shoulder in the absorption spectra of WW PM could not be seen after
centrifugation of the white water (broken line small steps), which shows that the
shoulder was related to particles which were removed by the centrifugation. In this
case, filler clay was probably involved (cf. Table 2). The shoulder in the absorption
spectra occurs at the same wavelength region where the added dyes have their
absorption maxima (Figure 20a), which strongly indicates that the shoulder was
partly caused by the added dyes adsorbed onto solid particles such as filler clay.
However, it has been reported that complexes between Fe(III) ions and lignin or
extractive model compounds also absorb light in the 550–650 nm region of the
spectrum: an absorption maximum of 550 nm for a complex between Fe(III) and D‐
catechin was reported by Polcin and Rapson (1972); Friman et al. (2004) reported
an absorption maximum of 565 nm for a complex between Fe(III) and tannin;
Ghosh and Ni (1998) reported an absorption maximum of ~590 nm for a complex
between Fe(III) and catechol; Gore and Newman (1964) reported absorption
maxima of ~500–600 nm for complexes between Fe(III) and a range of different
phenols; and Moldenius (1983) attributed an absorption maximum of 585 nm to
ferric‐phenol complexes, obtained by adding of ferric sulfate to a hydrogen
peroxide bleached groundwood pulp. All of these complexes show broad
absorption peaks, and in most cases absorption becomes stronger over the whole
visible spectrum. Zhang and Gellerstedt (1994b) show that the absorption peak of
model compounds of different quinones shift towards longer wavelengths when
these are adsorbed onto pulp compared to in solution or when adsorbed on filter
paper.
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Figure 20b shows the change in the light absorption coefficient, ∆k, during storage
for all the waters shown in Figure 20a at two different storage times – 5 and 72
hours. The increase in k after 5 hours of storage is shown as an inset with a
magnified scale on the y‐axis. The shoulder in the absorption spectra at 550–650
nm was also present in the difference spectra (kstored‐kunstored) of WW PM, which
shows that additional colour was formed at these wavelengths during storage.
From mill experience there is nothing supporting the fact that the dyes themselves
should darken during storage. There was a general increase in k with storage time
for all waters, and the process waters showed a larger increase in k than the
distilled water. The light absorption coefficient increased with storage time over
the whole wavelength region studied. For 5 hours of storage the increase in k was
most distinct at short wavelengths. However, after 72 hours of storage, the increase
in k became noticeable over the whole spectrum, even at longer wavelengths. This
behaviour was also observed in the clean system (Figure 16, Section 4.3).
4.4.3

Influence of pulp cleanness

For comparison, an unwashed pulp was stored in distilled water and in WW PM.
The brightness values were on the same level as those of the washed pulp (Figure
21a), but the k460‐values, as a measure of the formation of colour during storage,
showed differences between washed and unwashed pulps (Figure 21b). After short
storage times, i.e. 5 hours, the increase in k460 for the unwashed pulp in distilled
water was similar to the increase for the washed pulp in distilled water. However,
after longer storage times the darkening of the unwashed pulp in distilled water
became similar to that of the washed pulp stored in WW PM. When the unwashed
pulp was stored in WW PM, the increase in k460 was the highest at all times studied,
showing the most extensive colour formation. The darkening did not show up as a
decrease in brightness due to an increase in s460 from 86.0 to 94.4 m2/kg. The
reasons for the increase in s460 are not known, but it is unlikely to contribute to the
s‐value of the finished paper. The coloured groups formed will eventually
influence the brightness and whiteness of the finished paper made from this pulp.
Furthermore, the difference between unwashed and washed pulps shows the
importance of the cleanness of a pulp for avoiding the formation of colour during
pulp storage at mill conditions.
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∆ Brightness = Brightness t - Brightness t=0 (% ISO)
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Figure 21. Change in ISO brightness and light absorption coefficient (k460) during storage of an
unwashed or a well-washed hydrogen peroxide bleached Norway spruce mechanical pulp
stored in white water from the PM (WW PM) or distilled water for 5–72 hours at 5% pulp
consistency and at 65°C. The error bars show the standard deviation of the optical
measurements. a) The change in ISO brightness upon storage. b) The change in k460 upon
storage. The lines are a guide to the eye.
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During storage at the same conditions (65°C, pH 5, 4% pulp consistency),
Narvestad et al. (2013a) found that the increase in k at 460 nm when adding 100
mg/kg Fe(III) was different depending on the pulp used in the trials. In both cases
hydrogen peroxide bleached TMP was used, taken from the same mill, at the same
position and at apparently similar process conditions. For one pulp, the increase in
k460 was ~1.5 m2/kg and for the other ~2.8 m2/kg.
The light absorption coefficients of the unwashed pulp, diluted with WW PM or
distilled water, were somewhat higher than those of the well‐washed pulp at all
wavelengths in the visible region (see Figure 22a). During storage, the difference
between unwashed and washed pulp became larger over the visible spectrum
(Figure 22b).
The washing stages used in this study removed organic components from the
pulp, of which the main part was found to be extractives and lignin‐like
substances. The washing procedure also reduced the content of some metals. In
Table 4, the analysis of the waters from the two washing stages is presented. The
values were combined and recalculated as the amount per kg of pulp. The total
organic carbon (TOC) washed out was 6,100 mg/kg. Of this value, 2,100 mg/kg was
measured as lignin‐like substances and 3,100 mg/kg as extractives, of which only
approximately half could be detected in the GC analysis. The iron content was
reduced by 6 mg/kg.
The light scattering coefficient of the unwashed pulp at 460 nm was five units
higher compared to the washed pulp. This reduction could be due to loss of pulp
fines in that case corresponding to a loss of 3–4% of fines (Lindholm 1980a‐b,
Rundlöf 1996). The light absorption coefficient at 460 nm was reduced by 0.4 units
in the washing stages. The washing obviously removed some colored material,
which also made the unwashed pulp more sensitive to ageing. This could be pulp
fines, extractives, lignin‐like substances, iron or a combination of the above. This
data does not identify the components that mainly cause discolouration, but shows
that the cleanliness of the pulp may affect the sensitivity to discolouration even
when the differences are rather small. Figure 22b shows that the unwashed pulp
gave a larger increase in k over the entire wavelength range for both storage times.
This means that one part of the discolouration, measured as delta k, originates from
the characteristics of the pulp, in this case whether it is washed or not, and the
other part depends on the water used for dilution. The difference between using an
unwashed or well‐washed pulp was greater in the mill system (WW PM)
compared to the clean system (distilled water).
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It seems there was a synergetic effect between the pulp and water upon darkening
when unwashed pulp and mill water were stored together. When unwashed pulp
was stored in WW PM for 72 hours, the increase in k at 460 nm was 3.5 m2/kg,
corresponding to a decrease in brightness of about 7 units.
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Figure 22. Spectral data for unwashed or well-washed hydrogen peroxide bleached Norway spruce
mechanical pulps upon dilution and/or storage in white water from PM (WW PM) or distilled
water. a) The light absorption coefficient (k) over the visible spectra for pulp diluted to 5%
consistency. b) The difference spectra (kstored-kunstored) for pulp stored at 5% pulp consistency
at 65°C for 5 hours and 72 hours. The legends are given in Figure 22a. The smaller picture
within the figure shows storage for 5 hours with a different scale on the y-axis.
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Table 4.

The amounts of organic material and some metals washed out in the two stage (Q+W)
washing procedure (see Section 3.1.1) of the Norway spruce mechanical pulp bleached to
74.1% ISO with hydrogen peroxide.

Measured in waters after washing (Q+W) and
recalculated on a pulp basis
(mg/kg)
TOC

6100

Lignin-like substances

2100

Gravimetric extractives

3100

Total extractives GC

1400

Fatty acids

150

Resin acids

450

Lignans

310

Sterols

100

Steryl esters

170

Triglycerides

170

Cu

<0.1

Fe

6.0

Mn

1.1

4.4.4

Influence of pH

Figure 23a‐b shows the influence of pH during storage of pulp in distilled water or
process waters (WW PM or CF PM). In these experiments the decrease in
brightness was also smaller when pulp was stored in distilled water compared to
in process waters (1–1.5 units compared to 2–3 units). WW PM and CF PM showed
similar results and are therefore represented by one solid curve. The pulp was
sensitive to changes in pH when stored in all three waters, and showed the highest
brightness stability at a pH around 5.5–6.0, also shown as a minimum in ∆k460,
Figure 23b. The increase in the light absorption coefficient at 460 nm showed the
same relation to pH as the decrease in brightness. The smallest increase in k460 was
seen at pH 5.5–6.0, and was lower when pulp was stored in distilled water
compared to when it was stored in process waters. These results are supported by
the findings of Narvestad et al. (2011) where a similar TMP was stored at 4% pulp
consistency for 5 hours at various pH in distilled water or clear filtrate from the
paper machine. However, in their study, the smallest brightness loss was achieved
when pH was somewhat lower (5.0–5.5), ~1 unit when the pulp was stored in
distilled water and ~1.5 units in clear filtrate from the paper machine. In a study by
Gellerstedt et al. (1983), a minimum in relative colour formation was also seen at
pH 5.5.
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∆Brightness = Brightness 5 h - Brightness 0 h (% ISO)
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Figure 23. The influence of pH during storage of a well-washed hydrogen peroxide bleached Norway
spruce mechanical pulp stored in different waters for 5 hours at 5% pulp consistency at
65°C. The error bars show the standard deviation of the optical measurements. a) The
change in ISO brightness upon storage. b) The change in light absorption coefficient (k) at
460 nm upon storage.
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4.5

Evaluation of some causes of formation of colour during
pulp storage (Paper V)

It has been shown that the presence of clay, as when the pulp samples are diluted
with white water from the PM, may be a major reason for the discolouration of
pulp. In a study by Narvestad et al. (2013a), the “accessible iron” was proposed to
cause the clay‐induced discolouration. The added dyes also have their absorption
maxima in the same region where the shoulder in the absorption spectra of stored
mechanical pulp diluted with WW PM occurs. To further investigate the darkening
when pulp was stored with WW PM, the influence of iron and dyes on the
discolouration was evaluated. For some of the storage trials with process waters a
simplified separation procedure was also used after storage in order to evaluate
how much of the coloured substances that were associated with each size fraction
of the pulp/water mixture.
4.5.1

Light absorption of finer pulp fractions after storage

After storage, the finer fractions of the pulp and the dissolved and colloidal
substances were studied by carrying out successive fractionations using finer and
finer filters (as described in Section 3.5). The discolouration was estimated as the
change in reflectance of each filter. To start, fibre and middle fractions were
removed using a 112 μm wire cloth, leaving most of the particles smaller than
“large” fines suspended in water. For the pulp stored in WW PM, most of the solid
material was then retained on a Munktell number 3 filter, as determined
gravimetrically. The pore size of this filter is 10 μm and the material retained on
this filter comprised pulp fines and filler, with most of the dissolved and colloidal
material passing through. Most of the colour was also found on this Munktell
number 3 filter (Figure 3, Paper V). Fines from pulp stored in clear filtrate from the
paper machine or in distilled water also gave colour on the Munktell number 3
filter. The finer filters, a glass fibre (GFA) filter with a pore size of 1.6 μm and a
cellulose‐nitrite (CN) filter with a pore size of 0.45 μm, retained coloured material,
presumably dissolved and colloidal material. The weight of the retained material
was hardly detectable using this method, but despite this, it gave an obvious
reduction in reflectance. The measured absorption of the dissolved substances was
weak, but still had some colour. The results of the fractionation procedure
corresponded with the results of the pulp storage trials and indicated that the main
part of the colour is associated with the particle phase, i.e. particles the size of fines
or filler, including any substances adsorbed onto their surface.
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4.5.2

Adding dyes and/or FeCl3 to the clean system

To further investigate the possible reasons for darkening over the spectrum found
so far, FeCl3 and two cationic dyes, violet and red, were added to the well‐washed
pulp in distilled water in different combinations. Dyes can be used to reduce the
yellowish shade of mechanical pulps. Basic dyes are often used for mechanical
pulps as they get attached to lignin‐containing fibres and can be used without
fixatives (Holmberg 1999).
Figure 24 shows the effect of adding various amounts of Fe(III) on the light
absorption coefficient at 460 nm, k460, both directly after dilution and after storage
for 5 and 24 hours.
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Figure 24. Light absorption coefficient (k) at 460 nm for a well-washed hydrogen peroxide bleached
Norway spruce mechanical pulp upon dilution and/or storage with various levels of Fe(III)
present. The pulp was diluted to 5% pulp consistency and stored at 65°C for 5 hours and 24
hours.

An increased addition of Fe(III) gave an increase in k460, a darker pulp, as expected
(Gupta 1970; Moldenius 1983; Narvestad 2013a). This was true both before and
after storage. Adding more iron gave a linear increase in k460 up to approx. 60
mg/kg in the pulp (62 mg/kg added). When iron levels were above 60 mg/kg, the
increase in k460 with increasing iron additions was still linear, but less steep. When
the pulp was stored, the k‐value increased with time as expected, even when no
Fe(III) was added (first point on each curve, 11 mg/kg is the iron level in the well‐
washed pulp before the addition of Fe(III)). At an iron level of up to approx. 60
mg/kg, the slope of the curve for 5 hours of storage was similar to that of direct
addition (0 hours). At levels above 60 mg/kg, the k460 continued to increase at a
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higher rate than for direct addition, though both at a somewhat lower rate than at
Fe(III) additions below approx. 60 mg/kg. After storage for 24 hours, the slope of
the line at iron levels up to approx. 60 mg/kg was steeper than for direct addition
and 5 hours of storage. When iron levels exceeded approx. 60 mg/kg, the slope of
the line was similar at 24 hours to that of, 5 hours of storage. The results in the
present study are similar to several investigations made in our laboratory; our
results also corresponded with those presented by Janson and Forsskåhl (1989)
where sheets made from chemithermomechanical pulp were impregnated with
solutions of metal salts. The darkening increased quicker with low additions than
with higher. The steeper increase in k460 with small additions of Fe(III) compared to
larger additions may indicate either that a larger number of chromophores was
formed per added Fe(III) at low additions and/or that chromophores more intense
in colour were formed. The “breaking point” may indicate a limited number of
structures available to form strongly coloured chromophores with Fe(III). The iron
level at “the breaking point” above 60 mg/kg corresponds to a fibre charge of ~1
μmol/g, which is to be compared with the total charge of thermomechanical pulps,
which is in the range 85–220 μmol/g (Gellerstedt 2009b). The change in colour
formation at 60 mg/kg therefore does not seem to be related to the carboxylic
groups in the pulp e.g. a saturation of carboxylic groups with Fe(III). The number
of lignin monomer units is approx. 1,400 μmol/g (calculating lignin as roughly 25%
of the pulp with a molecular weight of a lignin monomer of 180 g/mol). Any
functional group that might react with iron to form chromophores would be
present only in small quantities in the lignin.
Using the data from the study above (Figure 24), it is possible to determine how
much Fe(III) would be needed to achieve the actual k460 obtained experimentally in
some other cases; if for the sake of discussion it is assumed that Fe(III) was the only
cause for darkening. These estimated additions of Fe(III) are shown in Table 5.
Table 5.

Estimated additions of Fe(III) that would be needed to achieve the light absorption
coefficients at 460 nm obtained experimentally in the storage trials (Figure 24) if Fe(III) was
the only cause of darkening.

Fe in pulp
(mg/kg)

Estimated Fe(III)
addition (mg/kg)

Fe in pulp
(mg/kg)

Estimated Fe(III)
addition (mg/kg)

Distilled water

5 hours

24 hours

WW PM

5 hours

24 hours

Washed pulp

11

n.d.1

n.d.1

14;432

85

70

Unwashed pulp

17

30

50

49

105

125

1Not

determined.
on two separate occasions (A and B).

2Sampled
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The Fe(III) addition needed to give the k values determined experimentally was
higher than the sum of the Fe content of the fibres and the soluble iron in the white
water. The iron added via the white water to the well‐washed pulp was about 3
mg/kg for sampling occasion A and about 32 mg/kg for sampling occasion B, but
the k460‐values after dilution were 3.0 and 2.8 respectively. The increase in k460 after
5 hours storage was similar for the two sampling occasions. The dissolved iron in
the water phase did not show any clear correlation with the discolouration. When
as much as possible of the solid material in the WW PM was dissolved in acid, the
iron content was much higher: 317 mg/kg for WW PM A and 334 mg/kg for WW
PM B. However, an excess of DTPA could not solubilise any of that iron, i.e. the
iron content of the water phase was the same as before the DTPA treatment. The
filler clay and fines present in the white water have been circulated in the mill for a
period of time (cf. Section 4.1) and most of the accessible iron may already have
been dissolved from the clay. In contrast, Narvestad et al. (2013a) show that fresh
clay stored with DTPA may give an iron content in the water phase up to ~30% of
the total iron content in the clay. This “accessible iron” is proposed to cause the
clay‐induced discolouration (Narvestad et al. 2013a). Results from measurements
of iron in the water phase of filtered pulp suspensions (not shown here) showed
that when the Fe(III) solution was added to the pulp, most of the iron became
associated with the fibre material and that the reaction was quite fast. This result
corresponds with the findings of Narvestad et al. (2013b). In the present work,
when Fe(III) was added to the pulp there was an initial discolouration and a more
intense discolouration during storage compared to pulp without Fe(III) added
(Figure 24). The same was observed when pulp was diluted with WW PM, there
was an initial discolouration when the pulp was diluted with WW PM (Figure 22a)
and the pulp darkened more during storage (Figure 22b) compared to pulp stored
in distilled water. The darkening when pulp was stored in WW PM could not only
have been caused by the dissolved iron added via the WW PM together with the
iron already present in the pulp (see Table 5). It may therefore be likely that the
darkening was related to the suspended solids present in WW PM, including any
substances that may have been adsorbed onto the particles. In the WW PM, iron is
probably bound to the fines material, making it more sensitive to storage, which
may be part of the reason for the extensive darkening. Pulp fines present in white
water, including adsorbed dissolved and colloidal substances, may be strongly
coloured (Rundlöf et al. 2000a). The way iron is bound to fibres and fine material
was not further investigated in this study, but any possible iron associated with the
fines in the WW PM was not accessible for DTPA. When DTPA was added to the
WW PM, none of the iron present in the suspended solids, i.e. clay, fibre fines and
adsorbed dissolved and colloidal substances, could be released. Therefore, the
discolouration was probably not caused by particles being a source of iron for the
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water phase which could be taken up by the pulp and cause darkening, provided
that the DTPA had a higher affinity for iron than the fibre material. The stability
constant of iron‐DTPA complexes is reported to be much higher than that of iron‐
lignin complexes (Mao, Ni 2008). The main part of the discolouration during
storage could not be attributed to iron in the water phase forming complexes with
groups in the fibre material or dissolved and colloidal substances. This is
supported by the results of Narvestad et al. (2013b), who show that only a small
number of the chromophores formed during storage in the presence of added iron
could be eliminated when DTPA was added after storage, despite the fact that
much of the iron could be removed. No conclusive evidence was obtained in this
thesis work to suggest that coloured complexes with iron are the main contributors
to the colour formed during pulp storage. One other possibility may be that the
iron ions act as a catalyst in the autoxidation reactions of phenolic structures in the
lignin, i.e. catechols and hydroquinones. In these reactions, the primary quinone
structures first formed may react further, forming strongly coloured hydroxylated
quinones or condensed quinones (Gellerstedt, Pettersson 1980; Gellerstedt 2009a).
It is also possible that iron bound to the pulp in a way that does not cause
extensive discolouration may rearrange with time to form coloured structures.
Figure 25 shows the k‐values as a function of wavelength for washed bleached
pulp stored with a red or violet dye as such or in combination with Fe(III). In the
trials with the violet dye (Figure 25a), it can be seen that the shape of the curves
resembles the curve of pulp, unwashed or washed, in WW PM. However, for the
violet dye the light absorption coefficient in the area 550–650 nm does not change
much during storage. The small increase at wavelengths 550–600 nm is due to the
pulp, which can be seen in the curves for storage with pulp in distilled water
(Figure 25a). The light absorption curves for violet dye together with iron increase
over the whole visible spectrum during storage. This general increase was most
probably due to the darkening caused by iron (see Figure 5, Paper V). When the
washed pulp was diluted with the red dye, the shoulder in the light absorption
spectra tended towards the area of 550–600 nm. During storage for 5 hours, this
shoulder tendency could also be observed. This can be seen in the smaller figure
within Figure 25b and also during dilution and/or storage with red dye and iron.
The light absorption coefficient due to the red dye did not increase with time and
was consequently not the cause of the shoulder in the absorption spectra observed
with WW PM (cf. Figure 22b). Darkening of this type of dyes (i.e. cationic basic
dyes) with time has not been reported to our knowledge, rather the opposite; Liu et
al. (2007) reported that the maximum absorbance of a cationic basic dye decreased
with increasing temperature in the range 20–50°C.
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Figure 25. The light absorption coefficient (k) over the visible spectrum for a well-washed hydrogen
peroxide bleached Norway spruce mechanical pulp upon dilution and/or storage at 5% pulp
consistency at 65°C for 5 hours and 24 hours. a) Pulp stored with violet dye or with a
combination of violet dye and Fe(III). The Fe(III) addition was 125 mg/kg. b) Pulp stored with
red dye or with a combination of red dye and Fe(III). The Fe(III) addition was 125 mg/kg.
The smaller picture within Figure b) shows storage of pulp together with the red dye with a
different scale on the x and y axes.
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4.5.3

Model calculations of kλ compared with experimental results

Model calculations of kλ were made to estimate the extent to which it is possible to
reconstruct the kλ curves obtained from experimental data. The model calculations
were made using three components: red, violet and Fe(III), and the respective Δkλ
of these were calculated from experimental data (Figures 24, 25 and Figure 5 in
Paper V, cf. Section 3.7). These curves were adjusted using a factor to change the
contribution of each component and then added to the kλ of pulp in distilled water.
The contributions of the dyes to kλ were not allowed to increase above the kλ values
for direct dilution (0 hour), since the kλ values of the dyes did not increase with
time. Similarly, the contribution to kλ by the added Fe(III) was not allowed to
decrease with time.
Results of the modelling for direct dilution and 24 hours of storage are shown in
Figures 26a and b. Modelling was also performed at 5 hours with similar results
(not shown). As seen in the figures, it was possible to reconstruct most of the
experimental data using the three components added to a well‐washed or
unwashed pulp. This indicates that iron added as Fe(III) in combination with violet
dye or red dye may be the main reason for the discolouration of washed and
unwashed pulps diluted with WW PM. Although much of the experimental curves
can be modelled using three additives, they are by no means proven to be the main
causes of discolouration; there may be other causes of darkening at the same
wavelengths. However, the results of the modelling combined with the
experimental results gave strong indications. But these three components were not
sufficient; chromophores at longer wavelengths do not seem to have been
accounted for, neither the fact that the shoulder in the absorption spectra at
approx. 550–650 nm becomes stronger during storage (cf. Figure 22b), i.e. that the
shoulder in the absorption spectra was also present in the delta kλ spectra. This
could not be seen when dyes and/or Fe(III) were added to fibres in the lab system,
which could possibly be due to the cleanness of the lab system; white water from
the PM contains dissolved and colloidal substances in the water, or in this case,
probably adsorbed onto filler and fines. Some of these substances, possibly in
combination with the filler or fines, can provide structures that form chromophores
around 550–650 nm.
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Figure 26. The light absorption coefficient over the visible spectrum for unwashed and well-washed
hydrogen peroxide bleached Norway spruce mechanical pulp upon dilution and/or storage
in white water from the paper machine at 5% pulp consistency at 65°C for 24 hours. The
model of kλ, built by the components red, violet and iron, are included in the figures (for
details, see Section 3.7). a) Model for unwashed pulp. b) Model for well-washed pulp.
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5

CONCLUSIONS

An extensive mapping of optical properties in a pulp mill producing hydrogen
peroxide bleached Norway spruce mechanical pulp shows that the fines fraction of
the pulp darkens more than the fibre fraction. Simulations show that 10% of the
original amount of fines remains in the process after 12–15 hours, a small part of
the fine material may circulate for a considerably longer time and might be
strongly coloured.
As expected, time and temperature are the process variables that give the strongest
darkening of the pulp, both in a clean and a more process‐like system, whereas pH
only has an effect in the presence of process waters; the highest brightness stability
is seen at a pH around 5.5–6.0.
The darkening during pulp storage is due to an increase in the light absorption
coefficient (k). The darkening begins at short wavelengths and then gradually
becomes noticeable at longer wavelengths. The colour (CIE L*, a*, b*) of the pulps
changes towards red and yellow, initially more towards red and then more
towards yellow. The changes in colour are clearly visible.
The difference between unwashed and washed hydrogen peroxide bleached
Norway spruce mechanical pulp is small initially, but after storage the difference
in darkening is at least as large as that between storage in distilled water and
process water. The washing stages remove organic components from the pulp, of
which the main part is found to be extractives and lignin‐like substances. The
washing also reduces the content of some metals.
The discolouration is more pronounced when the pulp is stored in any of the
process waters compared to distilled water. Despite large differences in inorganic
and organic suspended solids and dissolved organic substances, at longer storage
times all process waters give quite similar results in k at 460 nm. Most of the colour
is associated with the fine particle phase, i.e. fines or filler, including any
substances adsorbed onto their surface. The dissolved and colloidal fractions
contain some coloured material. The weight of this material is hardly detectable;
but despite this, it gives an obvious reduction in reflectance. At an increased pulp
consistency, the increase in k460 is smaller. The content of metals known to cause
darkening, iron and copper, is low in all process waters.
Ferric ions become associated with the fibre material quite quickly after addition
and cause darkening of the pulp. After a sufficiently long residence time, iron ions
are no longer dissolved from filler clay particles into the water phase.
When the pulp is stored in white water from the paper machine, a shoulder in
absorption spectra is seen around 550–650 nm. This shoulder increases during
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storage, which indicates that additional colour is formed at these wavelengths. The
shoulder coincides with the absorption maxima of added dyes and coloured metal‐
complexes, but the absorption of the dyes do not become stronger during storage
and Fe(III) added to the clean pulp does not give any peaks in the spectrum. These
are consequently not the causes of the increase in the shoulder in absorption
spectra observed after storage in white water from the paper machine.
It is possible to reconstruct most of the kλ‐curves obtained with white water from
the paper machine using Δkλ from experimental data of red and violet cationic
dyes and Fe(III) in Kubelka‐Munk calculations. These calculations indicate but do
not prove that these three components can cause most, but not all, of the
discolouration; chromophores absorbing at longer wavelengths and the fact that
the shoulder in the absorption spectra becomes stronger during storage do not
appear to have been accounted for. This remaining part of the darkening is
suggested to be due to the presence of filler and pulp fines together with some
dissolved and/or colloidal substances associated with these particles.
The sheet making method developed makes it possible to follow changes in light
absorption and light scattering coefficients over the visible range of wavelengths,
which is important for interpreting changes in the measured reflectance factors
such as brightness, as the light scattering coefficient varies along the process line.
The method reduces the risk of additional darkening of the sample, can be used
with small pulp quantities (0.5–5 g) and is approx. six times faster than existing
standard methods.
Brightness alone is not sufficient as a measure of some changes in optical
properties which clearly affect the appearance of the pulp.
The known decrease in the light scattering coefficient, s, at short wavelengths
which coincides with strong light absorption cannot be explained by errors
introduced in the Kubelka‐Munk modelling by anisotropic scattering, as evaluated
using the DORT2002 radiative transfer solution method. For the pulps studied, the
decrease in the light scattering coefficient, s, at short wavelengths has little effect
on the light absorption coefficient, k, at 457 nm.
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6

RECOMMENDATIONS FOR FUTURE WORK

Some topics that it would be interesting to study further:
The chromphores formed initially at short wavelengths and the ones that are then
seen at longer wavelengths.
The discolouration of pulp stored in white water from the paper machine that
could not be modelled using the three components Fe(III), red and violet dye, i.e.
chromophores absorbing at 550–650 nm and the fact that this shoulder in the
absorption spectra becomes stronger during storage.
It would be of both technical and scientific interest to perform further studies on
the composition and properties of pulps before storage, since this seems to have
quite a large effect on the aging of the pulp. In the present study, an unbleached
pulp darkened less than hydrogen peroxide bleached pulps and a well washed
pulp darkened less than an unwashed pulp. Narvestad et al. (2013a) have also
reported various darkening results depending on the pulp used.
The form in which iron is present in the pulp and how it is bound to particles and
possibly dissolved molecules in the white water from the paper machine remains
to be clarified. Which conditions make the iron “accessible” and is it possible that
non‐accessible iron becomes accessible? If so, under which conditions does this
occur?
How much organic material is associated with fillers and its possible effect on the
colour and discolouration of mechanical pulp.
The effect on colour and discolouration of other process chemicals not included in
the present study, e.g. bleaching chemicals, retention chemicals, starch, etc.
Some efforts were made at the beginning of the project to find a method for
separating the inorganic and organic part of the fine material, and this proved to be
very difficult. Such a method would facilitate further studies on the darkening of
different fractions in a pulp suspension.
Some suggestions on how to perform further studies:
More thorough analysis of the chromophores formed during storage probably
using spectroscopic methods, e.g. infrared spectroscopy, nuclear magnetic
resonance spectroscopy, ultraviolet‐visible spectroscopy in combination with a
more thorough chemical characterisation of pulps and waters.
Removing substances from pulp and/or sheets, i.e. extractions in different solvents
in order to try to determine which type of compounds that causes the
discolouration in different parts of the spectra during storage; (size of molecules,
extractable or bound to larger particles, polarity).
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Adding substances to a well washed pulp, e.g. controlled additions of model
substances of extractives and lignin and in combination with metals, addition of
carefully characterised process waters, addition of model waters or addition of
various process chemicals.
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