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Om Betydelsen av Radikalbildning
vid Ozonblekning

Sammanfattning
Användande av ozon för blekning av pappersmassa är långt ifrån problemfritt, t.ex. behövs en mycket
kraftfull mixning av stora volymer gas för att ett gott resultat skall uppnås. Vidare utgör ozonanvändning i
fabrik ett stort potentiellt arbetsmiljöproblem för de anställda. Till detta kommer att ozons kemi är
synnerligen komplex. Radikaler påverkar på ett betydande sätt prestandan för ett ozonsteg. I den
föreliggande avhandlingen visas det att radikaler bildas i en direkt reaktion mellan ozon och lignin, men att
kolhydraternas, inklusive hexenuronsyra, reaktion med ozon inte ger upphov till radikalbildning. Den
initialt bildade radikalen är superoxid. Den klassiska Criegee-reaktionsmekanismen för ozons reaktion med
dubbelbindningar utökas i avhandlingen, så att även den uppmätta bildningen av superoxid kan förklaras.
Både reaktionshastigheter och radikalutbyten har mätts och en signifikant skillnad mellan barrveds- och
lövvedsligninstrukturer påträffats. Dessa upptäckter ledde till tankar på att ozonblekning av barrved borde
vara mer selektiv än ozonblekning av lövved. Motsatsen visade sig emellertid vara fallet. I avhandlingen
visas det att orsaken till denna märklighet står att finna i kappatalets sammansättning, vilket i fallet
lövvedsmassa till stor del utgörs av hexenuronsyra och inte lignin. Det tydliggörs att vid ozonblekning av
lövvedsmassa konsumeras ozonet främst i reaktion med hexenuronsyra, en reaktion som inte ger upphov
till radikalbildning. När hexenuronsyran togs bort före ozonblekning blev viskositetsförlusten större för
lövvedsmassa än för barrvedsmassa, vilket skulle förväntas baserat på modellförsöken. Mot slutet av
avhandlingen konstateras det att ett effektivt och selektivt utnyttjande av ozon skall involvera borttagning
av massans hexenuronsyra utan alltför omfattande reaktion med ligninet. För att uppnå detta måste
ozonsatsen väljas med omsorg. Det konstateras också att förutom ozon så kan syrabehandling vid hög
temperatur användas för hexenuronsyranedbrytning och att valet mellan dessa två komplementära tekniker
ingalunda a priori är givet.

Nyckelord
Ozon, Radikalbildning, Superoxid, Hydroxyl, Selektivitet, Hexenuronsyra
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On the Importance of Radical Formation
in Ozone Bleaching

Abstract
The use of ozone in the bleaching of pulp is connected with many problems e.g. the need for intense mixing
of large volumes of gas but also with potential problems with occupational health and safety for the workers.
In addition, the chemistry of ozone bleaching is complex. Radicals play an important role for the perform-
ance of an ozone bleaching stage. In this thesis it is demonstrated that the radicals are formed in a direct
reaction between ozone and lignin, but not in the reaction between ozone and carbohydrate structures,
including hexenuronic acid. The initially formed radical is superoxide. An extension of the classic Criegee
mechanism for the reaction between ozone and double bonds is presented, also explaining the superoxide
formation measured. Both reaction rates and radical yields have been measured and a significant difference
between softwood and hardwood type lignin is unveiled. These findings from model studies led to the thought
that softwood pulp would be more selectively bleached by ozone than hardwood pulp. However, the opposite
proved true. In the thesis it is shown that the reason for this peculiarity is the composition of the kappa
number, which in hardwood to a large extent involves hexenuronic acid and not lignin. It is shown that in
ozone bleaching of hardwood pulp ozone is mainly consumed in reactions with hexenuronic acid, which does
not give rise to radicals. When hexenuronic acid was removed before ozone bleaching the viscosity drop was
larger for hardwood than for softwood pulp, as expected from the model studies. In the end of the thesis it is
concluded that an efficient usage of ozone should be such that the ozone is used to remove the hexenuronic
acid in the pulp without attacking much of the lignin. To be realised, this requires that the ozone charge is
properly chosen. It is also noted that in addition to ozone, hot acid treatment is a complementary technique
for hexenuronic acid degradation and that the choice between the two is not a priori given.
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Ozone, Radical formation, Superoxide, Hydroxyl, Selectivity, Hexenuronic acid
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”Även dom som inte vågar leva dör nå’n gång.”
Thomas di Leva i sången ”Imorgon” från albumet ”Vem ska jag tro på?”

”Det sades inte rent ut. Men det var så det var framställt på planscherna, översiktsbilden av evolutionen påminde
om periodiska systemet. Längst ner fanns väte och syre och amöbor, högst upp fanns guld och människan.”

Ur Peter Høegs ”De kanske lämpade”

”Även om vi tror att ögat är ett fönster vi ser ut genom, kan det mycket väl visa sig vara en spegel där vår bild av
oss själv blandas med intryck utifrån.”

Ur Björn Nilssons och Anna-Karin Waldemarsons ”Kommunikation. Samspel mellan människor”

”Då räckte Niels Bohr upp en frågande hand eftersom han instinktivt kände att han här stod inför det första av
en rad fenomen som kunde få oöverskådliga konsekvenser i framtiden.

’Jag vill’, sade han, ’varna för att dra slutsatser från partikelnivå till något så komplicerat som
kärleksförhållandet’.”

Ur Peter Høegs ”Berättelser om Natten”

”Färgernas universum är en juvelbox av bilder.”
Ur Göran Tunströms ”Berömda män som varit i Sunne”

”En spindel ser och hör dåligt, och dess luktsinne är inte heller så bra, dess omvärld är alltså begränsad av dess
sinnesorgan. Men den har sitt nät, med det har den utsträckt sin uppfattningsförmåga långt bort från sig själv.

Den känner mycket tydligt, på varje rörelse i nätet kan den bedöma hur långt bort och hur stort.”
Ur Peter Høegs ”De kanske lämpade”

”Livet är en kontinuerlig kommunikationsström...”
Ur Björn Nilssons och Anna-Karin Waldemarsons ”Kommunikation. Samspel mellan människor”

”Det är inte bara så att vi tänker via ett språk – utan också språket tänker via oss.”
Ur Svetlana Aleksijevitjs ”Bön för Tjernobyl”

”Många hävdar att språklig och annan kulturell mångfald har ett egenvärde... ...det finns också en paradox här:
man kan ofta inte tillgodogöra sig den rikedom som ligger i språklig och kulturell mångfald på grund av de

kommunikationsbarriärer som språkskillnaderna innebär.”
Ur Östen Dahls ”Språk”

”Även det mest uttryckslösa ansikte, den mest orörliga kropp och den mest tysta mun rymmer tusen budskap.”
Ur Björn Nilssons och Anna-Karin Waldemarsons ”Kommunikation. Samspel mellan människor”

”De stora systemen, som berättar för världen om sanningen och livet, gör alltid anspråk på att vara definitivt
sanna och i jämvikt. I själva verket är de ängsliga brobyggen av längtan.”

Ur Peter Høegs ”Berättelser om Natten”





List of papers

Some additional material is also given in this thesis.

Most of the results have been presented at conferences during the course of the work. Oral presentations have
been made at the 4th European Workshop of Lignocellulosics and Pulp (EWLP) in Stresa, Italy, September
1996 [Ragnar et al., 1996b], at the 41st Lignin Symposium in Nagoya, Japan, October 1996 [Ragnar et al.,
1996a], at the 9th International Symposium on Wood and Pulping Chemistry (ISWPC) in Montreal, Canada,
June 1997 [Ragnar et al., 1997], at the International Pulp Bleaching Conference (IPBC) in Helsinki in June
1998 [Eriksson et al., 1998], at the 5th European Workshop of Lignocellulosics and Pulp (EWLP) in Aveiro,
Portugal, September 1998 [Ragnar et al., 1998] and at the 10th International Symposium on Wood and
Pulping Chemistry (ISWPC) in Yokohama, Japan, June 1999 [Reitberger et al., 1999]. Poster presentations
have been made at the 10th International Symposium on Wood and Pulping Chemistry (ISWPC) in Yokohama,
Japan, June 1999 [Ragnar et al., 1999] and at the 6th European Workshop of Lignocellulosics and Pulp
(EWLP) in Bordeaux, France, September 2000 [Ragnar, 2000]. Parts of the material have been reported in
earlier M.Sc. and Lic.Eng. theses [Ragnar, 1996; Ragnar, 1998].

I. Detection of Radicals Generated by Strong Oxidants in Acidic Media
Ragnar, M., Eriksson, T. and Reitberger, T.
Holzforschung 1999, 53 (3), 285–291

II. Radical Formation in Ozone Reactions with Lignin and Carbohydrate Model Compounds
Ragnar, M., Eriksson, T. and Reitberger, T.
Holzforschung 1999, 53 (3), 292–298

III. A New Mechanism in the Ozone Reaction with Lignin like Structures
Ragnar, M., Eriksson, T.; Reitberger, T. and Brandt, P.
Holzforschung 1999, 53 (4), 423–428

IV. pKa-values of Guaiacyl and Syringyl Phenols Related to Lignin
Ragnar, M., Lindgren, C. T. and Nilvebrant, N.-O.
J. Wood Chem. Technol. 2000, 20 (3), 277–305

V. A Novel Spectrophotometric Tool for Bleaching Studies and Determination of
Hexenuronic acid Removal
Ragnar, M.
Nord. Pulp Pap. Res. J. 2001, 15 (1), in press

VI. On the Importance of the Structural Composition of Pulp for the Selectivity of Ozone and
Chlorine Dioxide Bleaching
Ragnar, M.
Nord. Pulp Pap. Res. J. 2001, 15 (1), in press





Acknowledgements

To succeed in getting through a research project needs a lot of inspiration and especially a great
interest in the work, spiced with some words of encouragement and some of criticism. I would like
to acknowledge all my supervisors – but especially Torbjörn Reitberger – for his genuine, vivid and
never ending enthusiasm in the search for knowledge and for spilling some of this over to me. Tord
Eriksson and Göran Gellerstedt – also supervisors – are acknowledged for their way of introducing
me into the fascinating world of wood chemistry. During the second part of this work, Håkan
Dahllöf has played a very important role in making me open my eyes and realising that bleaching is
so much more than just wood chemistry. I also feel great gratitude to all the people at KTH, STFI
and Kvaerner Pulping who have made it possible in one way or another – not least through moral
backing – to finish this project. In this aspect and apart from my supervisors, I would especially like
to thank Anders Törngren, Ants Teder and Christofer Lindgren at KTH, Nils-Olof Nilvebrant at
STFI and Mikael Lindström and Heino Kipatsi at Kvaerner Pulping.

Life does not however begin after graduation and therefore I would also like to acknowledge all the
skilled people who have been inspiring me in the area of chemistry through primary school and
onwards; Wolfgang Brunner (Solbergaskolan), Sölve Nilsson (Säveskolan), Mona Arwe (Åsö
gymnasium), Ulla Jender (Åsö gymnasium), Henrik Mickos (SU), Olle Wahlberg (KTH) and Jan
Christer Eriksson (KTH).

Moreover, inspiration in life applies not only to the area of wood chemistry or even to the broad
area of chemistry. Hence I must also express my gratitude to all my friends who have been supporting
me actively or passively over the years through acting in some silly play, playing in Trulz’-Martinz’,
taking a cup of tea together, going to the cinema, mending old trains or talking on the phone for an
hour or two. You are all remembered in my heart.

Details are important for the totality and therefore I would also like to thank Anthony Bristow for
the linguistic revision of the English in this thesis, Andrei Baranovsky for the translation/linguistic
revision of the summary in Russian and Liming Zhang for the interesting examples of Chinese
characters shown in figure 4. Finally, Peter Löf is acknowledged for valuable criticism of the layout.

Martin Ragnar





O  I  R F  O B

19

1 Introduction
1.1 Composition and structure of wood

1.1.1 Wood as raw material for paper
Pulp in the form of paper is utilised in many different applications, ranging
from paper for banknotes through copy paper, toilet paper and cigarette paper
to sack paper and boards. The dominating raw material for pulp is wood, al-
though paper is also made from e.g. grass and cotton in certain areas or for
certain applications. The paper utilised in bank notes is e.g. mostly made from
cotton. In some applications the colour of the paper is not of great importance,
whereas in others the need for an absolutely white and uniform paper is urgent,
e.g. for banknotes. Bleaching in the pulp and paper field deals almost solely
with pulp made from wood raw material. This is true since cotton is more or
less white already from the beginning, while pulp made from wood is quite
dark. The reason why wood is utilised for pulp production and papers and not
only cotton is partly that there is not enough cotton in the world to supply the
paper industry with enough raw material. In addition, the price of cotton is
much higher than that of wood and the reason is thus also a matter of econom-
ics. The properties of the two materials are also somewhat different. Whereas
cotton consists of more or less pure cellulose, wood has a more complex compo-
sition.

1.1.2 Composition of wood
Three groups of polymer structures dominate the wood, namely cellulose, hemi-
cellulose and lignin. Cellulose is a linear polymer consisting of β-D-glucopyran-
ose units connected to each other by 1,4-linkages, i.e. its rational name is 1,4-β-
D-glucan. About 10 000 monomer units build up the native form of cellulose
in wood, while cotton cellulose consists of about 15 000 monomer units.

The name hemicellulose does not refer to a single polymer, but to a group of
polymers consisting of one or more of the monomers found in Table 1. Several
hundreds of monomer units linked together in a chain make up the hemi-
celluloses, which can also have shorter side-chains.

Table 1. Important carbo-
hydrate monomers in native
wood.

The composition and relative abundance of different hemicelluloses depend on
the wood species. Xylan, in which the backbone consists of β-D-xylopyranose
units linked together by 1,4-bonds, is an important hemicellulose. Attached to
the backbone are 4-O-methyl-glucuronic acid units. Xylan is much more abun-
dant in hardwood than in softwood. The dominating hemicellulose in softwood
is glucomannan, where the backbone is built up by β-D-glucopyranose and β-

pentose hexose hexuronic acid

glucose-series xylose glucose glucuronic acid
galactose-series arabinose galactose galacturonic acid
mannose-series (not in nature) mannose mannuronic acid
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D-mannopyranose units with intermediate 1,4-linkages and an approximate ratio
of 1:3 between the two monomers. Sidegroups also exist.

Cellulose and hemicelluloses have in common that they are more or less
uncoloured and both are, for almost all paper applications, desirable to retain in
the pulp, not only for purely economic reasons.

Lignin differs widely from these polymers in many aspects. It is not a carbo-
hydrate, there is no obvious repeating unit building up the structure, it is col-
oured and it is not linear or even close to being linear but, in the broadest sense
of the word, three-dimensional. Regarding the structure, it is obvious that the
content of aromatic rings is very large and it has been convincingly shown that
lignin in fact is the result of a radical polymerisation of three hydroxyphenyl-
propane units/lignin precursors (Table 2). The structure is not completely acci-
dental, but also exhibits some symmetrical properties.

Table 2. Phenyl-propane
precursors.

Softwood lignin is mostly formed from the polymerisation of coniferyl alcohol,
whereas hardwood lignin is formed from about equal amounts of coniferyl
alcohol and sinapyl alcohol. para-Coumaryl alcohol, together with coniferyl
alcohol, is primarily found in lignins present in grasses.

For native wood, the relative compositions of pine and birch are shown in
Table 3. The values for spruce are very similar to those for pine.

Table 3. The relative com-
position of native pine (a
typical softwood) and birch (a
typical hardwood) [Sjöström,
1993].

1.1.3 Model compounds
As indicated above, lignin removal is the goal of pulping. Figure 1 shows a
representation of the lignin polymer, where it is obvious that the lignin struc-
ture is very complex. Indeed, when the effect of a given chemical on pulp is
studied it is an extremely difficult task to elucidate in detail what causes the
result achieved. Mainly for this reason, wood chemists often use model com-
pounds to clarify the mechanisms of a given reaction. Model compounds are
chosen to represent mononomer or dimer analogues to structural elements present
in the polymer. The advantage of using model compounds is that effects of a
certain treatment can be studied in an isolated manner without being affected
by other structures. The drawback is obvious – using model compounds, the

pine birch

cellulose 39 40
xylan   8 30
glucomannan 17   3
other carbohydrates   5   4
lignin 27 20
extractives   4   3

para-coumaryl alcohol coniferyl alcohol sinapyl alcohol
OH

HO

OCH3
OH

HO

OCH3
OH

HO

H3CO
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Figure 1. A recent attempt to
depict the structure of
softwood lignin fragments
[Brunow et al., 1998]

complex polymer surrounding is neglected. Not only lignin model compounds
but also carbohydrate model compounds are commonly used. In this thesis, the
first part will deal with trials with model compounds, while in the second part,
pulp is studied. Three examples of model compounds used in this thesis are
shown in Table 4.

Table 4. Some examples of
model compounds utilised in
this thesis.

1.1.4 Aim of pulping
As explained above, cellulose and also most hemicellulose are desirable compo-
nents in paper, while the presence of lignin may cause problems. However, in
some applications where brightness stability and long-time strength properties
are not crucial, e.g. for newspaper, the lignin content is not considered to be
problematic. Pulp retaining all three major wood components is produced from
wood by mechanical methods, e.g. grinding or treatment in a refiner and is
called mechanical pulp. Methods for producing pulp where the lignin is re-
moved to a larger or smaller extent are denoted chemical. Two main methods

vanillin guaiacyl-glycerol-β-
guaiacylether

methyl-β-D-
glucopyranoside

OH

OCH3

O H

OH

OCH3

HO

HO

O

OCH3
O

HO
HO

OH
OCH3

OH
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exist, sulphite cooking and sulphate or kraft cooking. The former dominated
until the mid-20th century, while the latter is today completely dominant
throughout the world. Discussions in this thesis involving pulp will deal only
with kraft cooked pulp, while the results obtained with model systems are ap-
plicable also to pulps cooked by other methods.

1.1.5 Cooking
From sulphite cooking, quite a pale product is obtained, whereas the kraft process
yields a much darker pulp. Moreover, the pulp yield is superior in the sulphite
process. These were some reasons for the early domination of the sulphite proc-
ess, which in Sweden lasted until the 1950’s. However, for many reasons (e.g.
recovery of cooking chemicals, utilisation of pine, strength properties of the
pulp) the kraft process seemed to offer an interesting alternative for the future,
provided a bright pulp could be obtained in an efficient way in a subsequent
bleaching. Following the introduction of continuous bleaching technology from
the 1920’s (the first all continuous multistage bleach plant was delivered by
Kamyr in 1936) and chlorine dioxide in addition to chlorine and hypochlorite
as bleaching chemicals for industrial use in 1946, the pendulum swung over in
favour of the kraft process.

1.1.6 Kraft cooking
Kraft cooking is performed in pressurised steel vessels where wood chips are
treated with a cooking liquor at elevated temperature. The temperature is typi-
cally 150–170 °C. The main components in the fresh cooking liquor (white
liquor) are sodium ions, hydroxide ions and hydrogensulphide ions. During
the process, the cooking liquor penetrates the wood matrix and degrades the
lignin structure, primarily through cleavage of the β-O-4 ether bonds between
phenylpropane units. In this way, most of the native lignin is removed rather
selectively, but as the content in the pulp is reduced, further delignification
without also severely attacking the carbohydrates becomes more and more dif-
ficult.

Carbohydrates are mainly degraded in a reaction with the hydroxide ion,
commonly referred to as a peeling reaction, where the chain length of the car-
bohydrates is continuously reduced. Of the carbohydrates originally present,
glucomannan is first degraded, followed by xylan and then cellulose, whith the
latter being quite stable in the cooking liquor. A higher cooking yield therefore
mostly reflects a higher hemicellulose content of the pulp, and primarily an
increase in xylan content. This is of course true only if the lignin contents of the
compared pulps are the same. So, how shall we measure the lignin content of
the pulp?

1.1.7 Kappa number
The kappa number is the result of an analytical method developed in the 1950’s
based on a number of studies, as has been thoroughly discussed by Li [Li,
1999]. A potassium permanganate solution is allowed to react with a certain
amount of pulp under standardised conditions and the consumption of per-
manganate is measured. The value obtained is known as the kappa number.
The analysis was designed to measure the lignin content of the pulp, based on a
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knowledge of the reactivity of the permanganate ion towards unsaturated bonds.
At the time of the invention, such bonds were believed to be present only in the
form of aromatic rings and other conjugated structures in the lignin (Figure 2).

Figure 2. Reaction of perman-
ganate ion with structural
element in lignin.

A high kappa number should reflect a high content of residual lignin in the
pulp. The kappa number has ever since its introduction been a standard analy-
sis in both mills and research laboratories in order to determine the progress of
cooking and bleaching [Anon., 1977] and it is also used in the latter part of this
thesis.

However, in the mid-1990’s another unsaturated structure present in kraft
pulps was (re)discovered. The structure has only one double bond and was
attached to the xylan backbone, i.e. it did not originate from the lignin, but
from the hemicellulose. The structure is now known as hexenuronic acid and is
often (and hereafter in this thesis) denoted HexA. It was found that HexA was
formed during the kraft cook through a β-elimination of methanol from the
native 4-O-methyl glucuronic acid side group in the xylan (Figure 3). This
reaction primarily is a result of the presence of the hydroxide ion but also the
hydrogen sulphide ion has an effect, meaning that no HexA is formed in sul-
phite cooking.

Figure 3. Scheme for the
formation of HexA during kraft
cooking.

It is obvious and it has also been shown that not only the unsaturated bonds
in the aromatic rings in the lignin, but also the double bond in HexA are
reactive towards the permanganate ion and hence that the kappa number is a
measure not only of the lignin, but of the total amount of oxidisable struc-
tures in the pulp [Li, 1999]. In Table 3 it is clear that the impact of HexA on
the kappa measurement is much greater for birch (i.e. hardwood) pulps than
for softwood pulps, due to the higher native content of xylan in hardwood. It
should, however, be emphasized that the degree of substitution of 4-O-methyl
glucuronic acid in HW (hardwood) is only about the half of that in SW
(softwood), making the differences in HexA content less marked than Table 3
may indicate. In the present thesis, the kappa number measure will be exten-
sively used as it is a standard analysis procedure, but the impact on the kappa
number of the HexA will also be extensively discussed as well as its conse-
quences.
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Gellerstedt and Li reported that typically 3–6 kappa number units of an
unbleached HW pulp and 1–3 kappa number units of an unbleached SW
pulp are due to HexA and not lignin [Gellerstedt and Li, 1996]. The interest
in HexA is due mainly to its ability to cause unwanted yellowing of fully
bleached pulps as well as its presumably unnecessary consumption of expen-
sive bleaching chemicals as discussed e.g. by Vuorinen et al. [Vuorinen et al.,
1996].

The reactivity of HexA towards the commonly used bleaching chemicals
has been investigated and it has been stated that oxygen and hydrogen perox-
ide do not remove HexA, but that the structure is reactive towards electrophilic
bleaching agents such as chlorine dioxide, ozone and peracetic acid [Bergnor-
Gidnert et al., 1998]. The effect of chlorine dioxide on HexA has been as-
cribed the in situ formation of chlorine [Törngren and Gellerstedt, 1997].

1.2 Bleaching

1.2.1 Why bleach?
Why then is pulp bleached? The question is even more relevant after the vig-
orous debate in the media some ten years ago concerning the environmental
impact of bleaching. Clearly the debate gave rise to a new thinking both among
consumers and among mill people, at least in northern Europe. The already
running, but admittedly slowly proceeding, process of conversion of the pri-
mary bleaching stage from chlorine to pure chlorine dioxide in the pulp mills
was definitely speeded up and, as a consequence, the discharges of AOX were
drastically reduced over a short period. In some cases, market pressure also
forced the mills to produce unbleached pulps for products where bleached
pulp had traditionally always been used, e.g. for handkerchiefs and coffee
filters. So, with this background, is there in fact any need at all for bleached
pulp? The answer to this question is definitely “yes”, but of course the bleach-
ing process should be as cleverly designed as possible and should cause as little
disturbance as possible to the environment.

Bleaching is desirable for several reasons. Firstly, a bright paper is needed to
achieve a good contrast on printing papers and make reading easy. Secondly,
brightness stability and strength of the paper is often important in a long-
term perspective when the filing of documents is to be considered. Dots, specks
and shives should be eliminated so that they do not interfere with printed
letters, and this aspect is perhaps especially important in countries like China,
where a dot may change the meaning of a character into something com-
pletely different (Figure 4). A low amount of contaminants is also of great
importance for a good runability of paper machines and printing presses and
thereby for cost-effective production.

wood method king jade

Figure 4. A dot can change
the meaning of a Chinese
character in a drastic way.
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In the case of hygiene products, pulp has to be bleached to get rid of potentially
biologically active lignin and resin residues, which might cause allergies while
in close contact with the human body.

1.2.2 Industrial pulp bleaching
From the beginning of chemical pulp production in the 1880’s, the limited
amount of bleached pulp produced was bleached in batch reactors and mainly
with hypochlorite. The development of continuous bleaching systems meant a
revolution for bleaching in the 1920’s and 1930’s. The concept of a bleaching
sequence was now introduced, where the pulp was treated in several consecu-
tive stages with intermediate washing. Often the pH of the different stages was
significantly different in order to facilitate the progress of the process. Stages
using chlorine and hypochlorite were common and, in addition, extraction stages
with sodium hydroxide were introduced. From the 1950’s, the use of chlorine
dioxide expanded rapidly and also the number of stages used. Around 1970, a
modern bleach plant typically had five consecutive stages and operated accord-
ing to the CEHED sequence.

1.2.3 Studies of the progress of bleaching
Studies of the progress of bleaching has, at least over the last 30 years, primarily
involved three analyses, namely kappa number, intrinsic viscosity and ISO bright-
ness. Of these, the kappa number has already been discussed. The intrinsic
viscosity, or often just viscosity, is a measure of the viscosity of a cupriethylene-
diamine solution of a given pulp sample, and is thought to reflect the chain
length of the fibres in the pulp and hence to be a simple measure of the pulp
strength. The ISO brightness is the intrinsic reflectance factor in the region of
457 nm and is used especially towards the end of the bleaching to measure the
development of the bleaching. A pulp is considered to have full brightness if its
ISO brightness value is 88–90 percent or above.

1.2.4 Development of bleaching after 1970
Beginning in 1970 in the SAPPI Enstra mill in South Africa, oxygen deligni-
fication was introduced prior to the bleaching. In this way, the kappa number
of the pulp entering the bleach plant could be lowered and the need for expen-
sive bleaching chemicals significantly reduced. As a consequence discharges of
AOX and COD were also reduced, since the oxygen stage in most cases was
closed, i.e. the filtrates were returned to the evaporation plant. At the same
time, the hypochlorite stages began to be replaced, mostly by chlorine dioxide
stages and, towards the late 1980’s, the use of chlorine in the first bleaching
stage had also been reduced and largely replaced by chlorine dioxide. A typical
sequence then looked something like O(C+D)EDED. This was state of the art
when the revolution in bleaching began, due to the pressure from customers
and environmentalists to reduce the environmental impact of the bleaching.
Within a short time, the concepts of ECF (Elemental Chlorine Free) and TCF
(Totally Chlorine Free) bleaching were invented. ECF-bleaching denotes bleach-
ing in a sequence where chlorine dioxide can still be used, but where chlorine
and hypochlorite stages are excluded. The change of the earlier standard bleach-
ing sequence to an ECF-sequence ODEDED was also quite easily achieved.
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TCF-bleaching, on the other hand, is performed without using any chlorine-
containing bleaching chemicals at all. Hydrogen peroxide was one attractive
ingredient in a TCF-sequence and it had already been used in mills for some
years to boost extraction stages. However, using only hydrogen peroxide, it was
difficult to reach full brightness in the pulp. In this vacuum, ozone was first
introduced in industrial pulp bleaching, the first installation being at Lenzing
in Austria in 1990. The first trials in pilot scale had been conducted already in
1986 at Baienfurt in Germany. However, the results of these trials were unsuc-
cessful due to the fact that the ozone treatment of the MC pulp was performed
at almost atmospheric pressure conditions. The technology to compress ozone
gas was developed later. Later, several ozone stages have been installed in the
pulp industry and in Sweden there are at present three ozone stages in opera-
tion.

1.2.5 Selectivity
Especially with the introduction of TCF-sequences, the notion of selectivity
came more and more in focus, and since it will be extensively used in this thesis,
it is briefly discussed here. In studies of model systems, the term is rather ki-
netic selectivity and is defined as the ratio of the rate constant for the desired
delignifying reaction to that of the non-desired carbohydrate degrading reac-
tion (Figure 5). The selectivity is also frequently discussed in trials with pulp in
section 3 in this thesis. Here the term denotes the viscosity drop per reduced
kappa unit over a certain bleaching stage. In principle, the two measures should
refer to the same property of the pulp.

Figure 5. The kinetic selectivity
utilised in model systems and
the selectivity used in pulp
systems.

When a low residual lignin level has been reached in the pulp, cooking is no
longer a selective tool for delignification. Instead, oxygen possesses better quali-
fications in this respect. The exclusive chemicals used in the subsequent bleach-
ing are even more selective than oxygen, making it feasible to remove the
miniscular remaining part of the lignin in the pulp with little damage to the
carbohydrates. The relative abundances of lignin and carbohydrates in different
steps of a typical pulping process are shown in Tables 5 and 6.
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Native softwood After cooking
(kappa 25)

After O
(kappa 12)

After bleaching
(kappa 0.8)

Native hardwood After cooking
(kappa 17)

After O
(kappa 9)

After bleaching
(kappa 1.5)

Table 5. A schematic view of the delignification of softwood by modern means. The diagrams
show the relative concentrations of carbohydrates (white area), lignin (black area) and
extractives (grey area) in each step. (Lignin concentrations have been calculated without
taking into account the HexA contribution to the kappa number, using the relation %
Klason lignin = 0.15 × kappa number [Kyrklund and Strandell, 1969].)

Table 6. A schematic view of the delignification of hardwood by modern means. The diagrams
show the relative concentrations of carbohydrates (white area), lignin (black area) and
extractives (grey area) in each step. (Lignin concentrations have been calculated without
taking into account the HexA contribution to the kappa number, using the relation %
Klason lignin = 0.15 × kappa number [Kyrklund and Strandell, 1969].)

1.3 Ozone and radicals

1.3.1 Ozone – a useful chemical
Ozone is an angled molecule consisting of three oxygen atoms. Its rational name
is catena-trioxygen. In almost all reactions of ozone, oxygen is liberated at least
as a by-product. Ozone can be condensed to a dark indigo-blue liquid, which
can also be frozen. Both these forms are very explosive, which makes it impos-
sible to transport ozone. Thus, for mill utilisation, ozone has to be made on site.
This is carried out by electrical discharges in oxygen or air. The result is an
ozone-oxygen mixture. The process is very energy-consuming and attempts are
being made to improve the conventional dielectric barrier discharge process.
One interesting attempt is based on pulsed volume discharges and this has been
studied in a recent thesis by Nilsson [Nilsson, 1997].

Once believed healthy to breathe, ozone is nowadays known to be a strong
poison because of its oxidising character. The toxicity has been widely exam-
ined including studies on fish in water [Fukunaga, 1997]. In nature, ozone is
present mainly in two locations. Firstly, as a thin layer in the stratosphere, where
the ozone hinders a great deal of the ultraviolet solar radiation from reaching
the earth. Without this ozone layer, man would not survive for long on earth.
Secondly, as close-to-ground ozone, formed by the action of UV-radiation on
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exhaust fumes, mainly originating from traffic. Forests are severely affected by
the action of close-to-ground ozone and living organisms and humans are also
harmed by its presence.

Ozone is widely used in many different applications. It is used as a sterilising
agent for liquids and liquid sprays for containers and different articles. Ozone is
also used for air purification, sanitation purposes and odor control, e.g. after
fires or for the removal of odor from swine manure [Wu, 1998]. More exotic is
perhaps the use of ozone for mosquito control in living rooms [Chandrasekharan
et al., 1997]. Ozone has also found use in the medical treatment of e.g. panic
attacks in humans [Kotov et al., 1997] and for the veterinary treatment of
almost any illness between allergy, rectal fistula and HIV in horses, dogs and
cats [Scrollavezza and Pezzoli, 1997]. Further, it is used in the food industry to
convert green tea into black [Fobes, 1964; Graham et al., 1973] and as an aid in
sugar extraction from sugar-containing plants [Rippe and Roedel, 1972], and it
has been proposed for improving the nutritive value of fibrous crops [Fujita et
al., 1997]. Another wide use of ozone is for treating fresh water. Ozone is also
used to bleach petroleum [Sonoda et al., 1969] as well as clays [Malden, 1970]
and has even been proposed for the bleaching of hair [De Gorter and Dalk,
1963]. Finally, ozone has been used to bleach different wood products [Belik et
al., 1970] and since the early 1990’s also pulp, which is the focus of this thesis.

1.3.2 Radicals
A radical is a species with at least one unpaired electron. Common examples of
radicals are oxygen, nitrogen oxide and chlorine dioxide. When the radical be-
haviour of a species is to be emphasized, a dot is used as a superscript to the
right of the element symbol in the same position as the charge of the species.
Oxygen is e.g. denoted O

2
2•, saying it is in fact a biradical. In the area of pulp

bleaching, the notion of radicals generally refers neither to oxygen nor to chlo-
rine dioxide, but to short-lived intermediate species formed during the bleach-
ing processes, e.g. hydroxyl and superoxide radicals.

Although they are look-alikes, the characteristics of these two radicals are
quite different and they will be thoroughly discussed in this thesis. The hy-
droxyl radical (HO•) is denoted hydridooxygen-yl according to modern IUPAC
nomenclature, while the superoxide radical (O

2
•–) is named dioxide-yl(1–). In

Table 7 the characteristics of hydroxyl and superoxide are compared.

Table 7. Characteristics of
superoxide and hydroxyl
[Reitberger et al., in press].

−•
2O •HO

Superoxide Hydroxyl

mainly reducing strongly oxidising
selective nonselective
diffusible non-diffusible

delignifying partly delignifying
bleaching non-bleaching
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The term diffusible reflects the fact that superoxide has a lifetime and can thereby
move in a solution from its site of formation, whereas this is not the case for the
extremely short-lived and reactive hydroxyl. Superoxide is to be considered
delignifying due its capability of ring-opening of aromatic rings, while hydroxyl
is partly delignifying since it can hydroxylate aromatic rings and in this way
introduce handles for other bleaching chemicals to attack, i.e. chlorine dioxide.
This is also the explanation for the bleaching and non-bleaching characteristics
of the two. Superoxide can be protonated to hydroperoxyl (hydridodioxygen-
yl), HO

2
• with a pK

a
-value of 4.88. Hydroxyl is an acid with the corresponding

base, the oxyl (oxide-yl(1–)), O•–. The pK
a
-value of hydroxyl is 11.9.

1.3.3 Industrial ozone bleaching
Research on ozone for the bleaching of fibrous materials in papermaking has
been carried out for a long time. Already in 1889, the first patent on this topic
was published. In 1949, optimal conditions for ozone bleaching were first iden-
tified in a patent by Brabender. In the 1960’s and 1970’s the bleaching capabili-
ties of ozone were thoroughly investigated. However, no commercial applica-
tion appeared, since the pulp quality was always inferior to and the costs higher
than those for chlorine-based technologies. For industrial use, ozone got its
chance while the debate on the environmental impact of chlorine bleaching was
at its peak, since the products from ozone bleaching are only oxygen and water
and hence are completely harmless to nature. Although it proved to be true that
bleaching with ozone instead of chlorine dioxide gave a pulp of inferior visco-
sity, the result was not at all as bad as the worst-case scenarios had suggested and
in many cases, the important quality parameters were not negatively affected.

Industrial ozone bleaching (in the medium consistency range) is performed
with the addition of an approximately 10–14 percent ozone/oxygen gas mix-
ture to a high intensity mixer where the gas and the pulp suspension are mixed.
The pH of the pulp is typically about 3. In general, two subsequent mixers are
used with only a short intermediate pipe. No reactor is used, since the reaction
is very fast. The position of the ozone stage has usually been directly after oxy-
gen delignification in order to act primarily as a delignifying rather than as a
brightness-increasing stage.

Ozone is presently used for pulp bleaching in 22 mills world-wide and new
installations are planned. It therefore seems safe to say that ozone treatment
cannot be so detrimental to the pulp quality as is sometimes believed in the
scientific world. On the other hand, it is also clear that the selectivity of an
ozone stage is inferior to that of a chlorine dioxide stage and the conclusion is
that, in order to be attractive – or more attractive – for industrial implementa-
tion, the selectivity of the ozone bleaching ought to be improved.

1.3.4 Radical formation in ozone bleaching
The reason for the poorer selectivity of ozone bleaching compared to that of
chlorine dioxide bleaching is generally ascribed to the formation of radicals
during the process, see e.g. Brolin et al., Eriksson and Reitberger and Chriat and
Lachenal [Brolin et al., 1993; Eriksson and Reitberger, 1995; Chirat and
Lachenal, 1997]. The causes of radical formation, the amounts of radicals formed
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and the ways to suppress their formation have, however, all been areas of dis-
pute. Even though the ozone molecule preferentially attacks double bonds, i.e.
in the lignin, and does not directly degrade much of the carbohydrates, ozone is
still considered not so selective. Apparently in contradiction, the two observa-
tions still agree since the strongly cellulose-degrading hydroxyl radicals are formed
in the ozone bleaching and the problems arising are probably a result of radical
actions and not of the ozone itself. Although the kinetic selectivity of the ozone
molecule is more than 105, the corresponding selectivity of the hydroxyl radical
seems to be only about 5 (Figure 6).

Figure 6. Selectivity of ozone
and hydroxyl radical according
to [Zhang, 1994].

The cause of the radical formation in ozone bleaching has been attributed to
self-decomposition of ozone [Zhang, 1994] (and references therein), although
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this reaction is slow in acidic media. Instead, many authors have argued that
reactions between ozone and transition metal ions present in the liquor should
constitute a major problem in ozone bleaching [Pan et al., 1984; Gratzl, 1992;
Gierer and Zhang, 1993; Chirat and Lachenal, 1995; Chirat and Lachenal,
1997]. Behind this thought lies the knowledge that transition metal ions play a
detrimental role in hydrogen peroxide bleaching (and also in oxygen deligni-
fication) since they make the peroxide decompose in a catalytic way. However,
mill experience says that the presence of naturally occurring concentrations of
transition metals in an ozone stage is not harmful to pulp quality.

1.4 Project description

1.4.1 Background
Ozone chemistry is notoriously troublesome and is far from being well under-
stood. Not surprisingly, the use of ozone in the bleaching of pulp is associated
with many problems, as has been discussed above. Most significantly, the selec-
tivity ought to be improved. Although molecular ozone per se is a very selective
bleaching agent, the radicals formed during bleaching act non-selectively, i.e.
they react rapidly with both lignin and carbohydrates, causing unwanted carbo-
hydrate degradation and, as a consequence, a strength loss in the pulp. It would
clearly be of great value to minimise this radical formation. If this could be
achieved, ozone bleaching would become an attractive choice for the bleach
line, or at least a more attractive one. This was the starting point for this re-
search project. So, the project aimed at answering e.g. the following questions:
• How are radicals formed in ozone bleaching and how rapid is the formation

reaction?
• Which radical is the one primarily formed?
• What quantities of radicals are formed and how does the formation depend

upon different system parameters?
• How does the formation of radicals differ between different structural units

in the lignin and especially – is there a difference between softwood and
hardwood pulps in this sense?

• What measures could be adopted to minimise radical formation?
• Is there a way to almost completely abolish the formation of radicals?

1.4.2 Presentation of this thesis
The present thesis work has included the development of methods to study
radicals in acidic oxidising media (Paper I), kinetic studies and the determina-
tion of radical yields from the ozonation of lignin and carbohydrate model
compounds (Paper II), and a proposal for a revised mechanism for the ozone
reaction with lignin in aqueous solution (Paper III) based on the results pre-
sented in Papers I and II. In Paper IV, the important feature of the acidity
constant for different lignin model compounds is thoroughly discussed. In Pa-
per V a novel method, complementary to existing analytical tools for studying
the progress of bleaching, is described. Finally, in Paper VI, the knowledge
regarding the modes of radical formation gained in Paper II and the method
presented in Paper V are used to elucidate those factors which affect the selec-
tivity of ozone bleaching.
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2 Model studies
2.1 Methods for studying radical formation

(Papers I, II and IV)

2.1.1 Reaction modes of ozone
In general, ozone reacts with organic substrates by ozonolysis, i.e. ionic cyclo-
addition to, and cleavage of, olefinic and activated aromatic bonds (Figure 7,
upper part). This has been reported to be the major reaction pathway for lignin
model compounds [Kaneko et al., 1981; Kaneko et al., 1983; Eriksson and
Gierer, 1985b]. However, in aqueous media the reactions become more com-
plex [Pryor, 1994]. If radical formation in ozone bleaching is due to the pres-
ence of metal ions, as proposed by several authors [Pan et al., 1984; Gratzl,
1992; Gierer and Zhang, 1993; Chirat and Lachenal, 1995; Chirat and Lachenal,
1997], ozonation of model compounds in pure water should not involve any
kind of radical formation. However, if the opposite is true, i.e. if the radicals in
ozone bleaching are in fact formed as a direct result of the reaction between
ozone and the pulp/model compound (Figure 7, lower part) as indicated by e.g.
Gierer and Zhang, Kang et al., Eriksson and Reitberger and Magara et al. [Gierer
and Zhang, 1993; Eriksson and Reitberger, 1995; Kang et al., 1995; Magara et
al., 1998], there is a need for a method able to detect the formation of such
radicals.

Figure 7. The main reaction of
ozone with lignin is ionic
cleavage of double bonds
(upper part). In this thesis, it
will be shown that radicals are
also formed in a direct reaction
between ozone and lignin
model compounds, lower part.

It is generally believed that hydroxyl radicals cause severe damage to the carbo-
hydrates in the pulp. Hence it seems a good idea to try primarily to monitor the
formation of hydroxyl. However, regardless of which of the two radicals,
superoxide or hydroxyl, is the one initially formed, there are other factors which
complicate the analysis in systems where both ozone and oxygen are present in
addition to the radical species. Under ozone bleaching conditions, hydroxyl is
easily transformed into superoxide and vice versa. Hence, one cannot a priori
decide which of these radicals is the one initially formed. Further reactions,
mediated by superoxide, are outlined in Figure 8. Lind et al. have suggested
that this superoxide-mediated chain reaction running in the fibres is probably
the main cause of the loss of fibre strength in the ozone bleaching of pulp [Lind
et al., 1997].
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Figure 8. Chain reaction of
ozone decomposition in the
presence of oxygen and an
organic substrate.

2.1.2 The need for a new analytical method
A number of methods suitable for studies of hydroxyl are known in the litera-
ture. Both the phthalic hydrazide method [Backa et al., 1997] and the GC-
method (discussed in section 2.3.1) are useful tools when the aim is to study
only the hydroxyl yield. However, neither method is useful for kinetic experi-
ments. Further, hydroxyl can also participate in chain reactions with ozone to
form more hydroxyl (Figure 8). This means that results obtained with these
methods cannot be considered to be strictly quantitative under ozone bleaching
conditions, since they are dependent on the system being investigated. No method
suitable for studying initially formed hydroxyl in the presence of both ozone
and superoxide was known in the literature. Hence, a new method had to be
developed, adapted to follow radical formation more specifically in acidic me-
dia and particularly in the presence of ozone.

2.1.3 The probe chemical
There are certain requirements that have to be met if a substance is to be suit-
able for following the formation of radicals in acidic media. The probe mol-
ecule must be sufficiently stable towards acid hydrolysis, and it must withstand
reactions with strong oxidants like ozone. In order to study the initial radical
yield, the chain reaction involving in situ formed radical species shown in Fig-
ure 8 has to be blocked, i.e. the probe molecule must react easily with reducing
radicals. Finally, it should be easy to detect the consumption of the probe mole-
cule, or the formation of a specific reaction product, by a simple analytical
procedure such as spectrophotometry.

Tetranitromethane (TNM) has for many years been used in radiochemical
applications for the study of solvated electrons and superoxide. TNM meets
many of the requirements identified above. It hydrolyses only very slowly in
acidic aqueous solution. Moreover, it is non-oxidisable but is easily cleaved by
reducing species, particularly superoxide, forming the strongly coloured
nitroform anion with an absorption maximum at 350 nm, where interference
by absorption from pulp components can usually be neglected.

O3O2
O3

O2
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H+ O3

H2O2

HO•

Metaln+/Metaln+1
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2.1.4 The TNM-method
In order to transfer the knowledge of TNM into the analytical tool needed for
model studies of ozone bleaching, certain actions had to be taken. If superoxide
was the initially formed radical, it would react directly with TNM present in
the reaction blend, but if hydroxyl was also formed, it had to be converted into
more long-lived, reducing radicals, e.g. superoxide, before it could react with
TNM. This conversion is only partially achieved when hydroxyl reacts with
pulp constituents themselves. In order to make the conversion of hydroxyl to
superoxide more complete, an alcohol can be added to the reaction system. In
the presence of oxygen, the organic radical formed is generally further oxidised
to yield a carbonyl group and superoxide:

R• + O
2
 → RO

2
• (1)

RO
2

• → R(ox) + O
2
•– + H+ (2)

Iso-propyl alcohol was chosen, since it has been reported that in this case
superoxide formation by decay of the peroxyl radical is rapid even in acidic
solution; k

2
 = 700 s–1  [Ilan et al., 1976], which is not the case for e.g. methanol.

Superoxide, formed either directly or through hydroxyl conversion, reacts with
TNM to form the strongly coloured nitroform anion, with an absorption maxi-
mum at 350 nm. The nitroform anion is rather stable and is not further oxi-
dised by e.g. ozone. The resulting method was called the TNM-method, and it
was utilised to study both reaction kinetics and radical yields in a stopped flow
equipment, where two liquids are quickly mixed and the time-dependent ab-
sorption is monitored1. If the goal is only to study radical yields, a UV-spectro-
photometer is sufficient.

The TNM-method was successfully used with both ozone and hydrogen
peroxide and proved to work very well between pH 1 and pH 6.

2.1.5 Solvent effect on pKa

The amount of iso-propyl alcohol added to the reaction system is limited, but it
is nevertheless necessary to look at the effects of this addition on the system to
be studied. Not surprisingly, the pK

a
-value of the phenols is affected by the

presence of an organic solvent. It is important to bear this in mind when results
from work on model compounds dissolved in organic solvents are to be trans-
ferred to relevant conditions, i.e. aqueous solution. For example, the pK

a
-value

of vanillin changes from 7.40 in water to 17.07 in tert-butyl alcohol, and shows
a strong dependence on the solvent also in a 1:1 mixture of water and organic
solvent, as can be seen in Table 8.

1 The principle of stopped flow
is to mix two or more solutions
very rapidly by injecting them
into a small mixing chamber,
designed to ensure that com-
plete mixing occurs. Behind the
reaction chamber there is an
observation cell fitted with a
plunger that moves back as
the liquids flood in, but comes
up against a stop. The reaction
is monitored from this point,
usually using a spectrophoto-
meter.

Solvent pKa in 50 percent
aqueous solution

pKa in pure solvent

dioxane 9.20 not reported
methanol 8.47 11.81
ethanol 8.50 12.37
tert-butyl alcohol 9.10 17.07
DMSO 8.59 12.22

Table 8. Differences in pKa-
value of vanillin in some com-
mon organic solvents and in a
mixture (1:1) of water and
organic solvent [Ermakova et
al., 1984; Ermakova et al.,
1985].
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The pK
a
-value has been shown to be linearly dependent on the percentage of

organic solvent, i.e. ethanol, present in the solution, at least between 0 and 50
percent [Brunow and Holmström, 1976]. From the large solvent effects re-
ported, the conclusion can be drawn that kinetic or mechanistic investigations
made in solvents other than water are not directly convertible to aqueous con-
ditions, unless the solvent effects on the pK

a
-value are taken into account. This

has not always been stated clearly and the published conclusions concerning
reactivity or reaction mechanisms may not be totally relevant for reactions in
aqueous media (e.g. [Eckert et al., 1973; Gellerstedt and Agnemo, 1980; Yasuda
et al., 1982; Ljunggren et al., 1983; Eriksson and Gierer, 1985b; Ljunggren,
1990]). In the trials with lignin model compounds and ozone presented in
papers I and II, a small amount of iso-propyl alcohol was added. However, the
amount was only 1 percent and the effect on the pK

a
-value of the phenol was

thus negligible.

2.1.6 Radical formation
Introductory trials with the TNM-method applied to a model system of ozonated
vanillin revealed a significant radical formation. It was thus concluded that the
presence of transition metal ions is not a necessity for radicals to be formed in
ozone bleaching. Instead an important route of radical formation must be the
direct reaction between ozone and lignin. Further trials showed that the addi-
tion of the transition metal ions Cu(+II), Co(+II), Fe(+II) or Mn(+II), in an
industrially relevant range, to the vanillin solution did not affect the initial
radical yield during ozone treatment (Figure 9).

Figure 9. The presence of
transition metal ions has no
effect on the initial radical yield
in the ozonation of vanillin as
monitored by the TNM-
method.

This showed that transition metal ions do not generate radicals in a catalytic
fashion during ozonation of pulp, although the formation of radicals in a pure
transition metal salt solution is easily monitored, as shown by e.g. Pan et al. and
Eriksson and Gierer [Pan et al., 1984; Eriksson and Gierer, 1989]. In fact, it has
been demonstrated that the reaction between Fe(+II) or Mn(+II) and ozone
occurs by oxygen atom transfer to give ferryl and manganyl species and not by
electron transfer and hydroxyl formation [Logager et al., 1992]. These findings
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are in keeping with mill experience which indicates that transition metals do
not impair the pulp quality greatly in an ozone stage and hence that no chela-
tion treatment prior to the ozone stage is needed, as has also been concluded by
Kang et al. [Kang et al., 1996]. Minor negative effects of the presence of transi-
tion metal ions sometimes reported in the literature may be explained by sec-
ondary radical formation from the degradation of hydrogen peroxide formed in
the system as discussed by Gierer and Zhang [Gierer and Zhang, 1993].

2.1.7 Conclusions I
From the results of this part of the study, it was concluded that
• radicals are formed in a direct reaction between ozone and lignin
• the presence of transition metal ions during the ozone treatment of lignin

does not affect the amount of primarily formed radicals

2.2 Kinetic investigations (Paper II and IV)

2.2.1 Background
In order to find ways to optimise ozone bleaching, a knowledge of the reactivities
of different structures in the residual lignin is important. Moreover, since radi-
cals were found to be formed in a direct reaction between ozone and lignin it
was of great importance to elucidate whether some structures were more re-
sponsible than others for the radical formation. Not only lignin model com-
pounds were to be tested, but also carbohydrate model compounds, in order to
see whether perhaps the carbohydrate component of pulp also could be respon-
sible for direct radical formation. The pK

a
-value of most monoprotic lignin-like

phenols is between 9.2 and 10.2. Markedly different from this are the α-carbo-
nyl-substituted compounds, e.g. vanillin, with pK

a
-values in the range from 7.3

to 7.9. The low pK
a
-value is explained by the electron-withdrawing effect of the

carbonyl function. Interestingly, Johansson and Ljunggren have shown that the
relative amount of α-carbonyl structures increases after oxygen delignification
[Johansson and Ljunggren, 1994].

Since SW lignin is formed from coniferyl alcohol and HW lignin from both
coniferyl and sinapyl alcohol, it is of course interesting to know what effect the
additional methoxyl group has on the pK

a
-value of the phenol. If it affects the

pK
a
 significantly, a difference in reactivity towards ozone should be expected

between SW and HW pulps. Indeed it could be expected that the difference in
pK

a
-value between guaiacyl and syringyl derivatives is quite large, since the

methoxyl group is a good electron donor. In addition, intra-molecular hydro-
gen bonds may operate between the phenolic hydrogen and the methoxyl oxy-
gen in these phenols and this may also affect the pK

a
-value. However, a com-

parison of the pK
a
-values of corresponding guaiacyl and syringyl compounds

shows that that the differences are very small (Table 9). The pK
a
-value for phe-

nol is 10.00 [Konschin et al., 1973]. Hence, the methoxyl group does not sig-
nificantly affect the acidity in a non-linked monomeric unit.
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Table 9. The pKa-values of
guaiacyl and syr ingyl
structures.
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2.2.2 Rate constants
In the pH region accessible to stopped flow experiments using the TNM-method,
a pH dependence of the reaction rate (between ozone and a lignin model com-
pound) was most clearly seen in experiments with α-carbonyl-substituted
phenols, such as vanillin and acetovanillone, due to their low pK

a
-values. The

reaction rate observed is the sum of the reaction rates of ozone with the phenol
and with the phenolate forms according to:

If pH << pK
a
, then

appH
phenolatephenolobs 10 Kkkk −+=

( ) { } pHploglog aphenolatephenolobs +−=− Kkkk

From this equation it follows that:

This is the equation of a straight line if the left-hand side is plotted versus pH.
Trial calculations assuming different values for k

phenol
 were performed to obtain

a slope equal to 1. In Figure 10 the result of such an operation is shown for
vanillin. Provided the pK

a
-value of the compound is known, the rate constants

for both the phenol and its corresponding phenolate are easily calculated from
equation 5.

Figure 10. Determination of
rate constants for the reactions
of ozone with vanillin and
ozone with vanillate.
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Using the same procedure for acetovanillone, k
phenolate

 = 1.8 × 109 M–1s–1 was
obtained. Both these rate constants approach the diffusion-controlled limit,
which for compounds of this size was calculated to be about 7.5 × 109 M–1s–1,
i.e. logk = 9.88. Accordingly, it seems safe to assume that the reaction rate
between ozone and the phenolate form of more reactive but less acidic phenols
is also close to the diffusion-controlled limit. This assumption makes it possible
to predict the pH-dependence of the rate constant over a large part of the pH
scale (Figure 11).

Figure 11. Diagram showing
reaction rate versus pH for
three different kinds of
aromatic model compounds,
creosol (squares), vanillin
(crosses) and 3,4-dimethoxy-
toluene (filled circles).

Obviously the rate of the ozone reaction starts to increase already below pH 2
for acidic phenols such as vanillin, whereas the higher pK

a
-value of non α-

carbonyl phenols leads to a constant rate constant up to about pH 4. In acidic
solution, the rate constants for syringyl compounds are about two orders of
magnitude higher than those of corresponding guaiacyls.

2.2.3 Radical yields
In the TNM-method, the superoxide-mediated chain reaction (Figure 8) is
blocked. Hence, the radical yields achieved by this method refer to the initial
reaction of ozone with the model compounds. In acidic solution, syringyl com-
pounds yield, as a percentage of the ozone charged, considerably more radicals
than their guaiacyl analogues. The extreme is syringaldehyde, which yields al-
most 30 percent radicals at pH 1.2. This reflects the lower oxidation potential
of syringyl compounds compared to their guaiacyl analogues. In addition, phe-
nolic model compounds yield somewhat more radicals than corresponding non-
phenols. In contrast, muconic acids, olefins and carbohydrates seem not to
yield any radicals at all. Although no trials were performed using a model com-
pound for HexA, it can be assumed that no radical formation would be de-
tected in the reaction between this structure and ozone, since the reactive site of
HexA is an isolated double bond similar to that present in e.g. methylfumaric
acid. Nor could any radicals be detected in the reaction between ozone and
non-phenols possessing high oxidation potentials, e.g. veratraldehyde. All aro-
matic guaiacyl-type lignin model compounds investigated in this study that
reacted with ozone showed radical yields in the range from 6 to 13 percent in
acidic solution.
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2.2.4 The role of carbohydrates in radical formation
Kishimoto and Nakatsubo have shown that ozone, in addition to rapid reac-
tions with unsaturated structures, also reacts slowly by insertion into carbon-
hydrogen bonds. In polysaccharides, this insertion occurs predominantly at C1,
resulting in cleavage of the adjacent glucosidic bond [Kishimoto and Nakatsubo,
1998]. Thus, ozone has the ability directly to degrade cellulose. Ni et al. ob-
served that the presence of transition metal ions has only a minor impact on the
selectivity [Ni et al., 1996]. Based on this fact they stated, between the lines,
that the direct reaction is the one mainly responsible for carbohydrate degrada-
tion during ozone bleaching. Recently, Johansson has argued strongly that the
direct reaction between ozone and cellulose is the reaction responsible for cellu-
lose degradation in HC ozone bleaching [Johansson, 2000]. This is probably
true in the case of ozone treatment of fully bleached pulps or cotton under
typical HC ozone bleaching conditions when the ozone retention time is suffi-
ciently long to allow all the ozone to be consumed. It appears, however, less
probable that this should be the main reason for carbohydrate degradation in
ozone treatment of unbleached and oxygen delignified pulps when the reten-
tion time of the ozone treatment is very short as is the case under typical MC
ozone bleaching conditions. In Figures 23 and 24 (section 3.1.5) it can be seen
that the viscosity decreases rapidly when the kappa number (i.e. the amount of
the highly reactive structures lignin and HexA) approaches zero and the pri-
mary target for ozone thereby is eliminated. Only then, the saturated carbohy-
drate structures are able to begin to seriously compete about the ozone for their
reaction by the direct mechanism.

2.2.5 pH-dependence of the radical yield
For all the phenolic substances investigated, the radical yield started to increase
at about pH 3.0. At about pH 5, the radical yield reached a level of between 50
and 100 percent (Figure 12).

Figure 12. The radical yield as
a function of pH for three
different kinds of aromatic
model compounds, syr ing-
aldehyde (squares), vanillin
(crosses) and 3,4-dimethoxy-
toluene (filled circles).

This pH behaviour cannot be understood from the pH behaviour of the reac-
tion rates, which is solely governed by the pK

a
-values, e.g. for vanillin an in-

crease in the yield would be expected to occur already at pH 1.5. The rate of
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Figure 13. A hydroxyl radical
can abstract a hydrogen atom
from either of the methyl
groups (route A) or from the
carbon in the middle (route B).

hydrolysis of TNM made it impossible to apply the TNM-method under
alkaline conditions to study the radical yield in ozonation reactions here. For
this region another method had to be utilised, as is discussed in section 2.3.1.

2.2.5 Temperature-dependence
Preliminary experiments on the temperature-dependence (in the range
20–60 °C) of the radical formation rate (i.e. the rate constant for the ozone
attack multiplied by the radical yield) showed that the rate increases at least
exponentially with increasing temperature.

2.2.6 Conclusions II
From the investigations it was concluded that
• most lignin model compounds yield radicals in their reaction with ozone,

the exceptions being non-phenols with very high oxidation potentials, typi-
cally those with an α-carbonyl group.

• carbohydrate model compounds led to no direct radical formation, indicat-
ing that it is the lignin content and not the carbohydrate content of pulp
that is responsible for the radical formation encountered during ozone
bleaching.

• olefinic model compounds led to no direct radical formation, indicating
that the presence of HexA should not constitute a problem in the ozone
bleaching of such pulp.

• as low a pH as possible is desirable to minimise the radical formation, but it
is essential to keep the pH below 3.

• as low a temperature as possible is desirable during ozone bleaching in order
to minimise radical formation.

• the pH dependence of the reaction rate of ozone with lignin can easily be
explained by the pKa-value of the phenols.

• the pH dependence of the radical yield is only very slightly influenced by
the pKa-value of the phenol.

• both the reaction rate and the radical yield is significantly higher for a syringyl
compound than for its guaiacyl analogue, indicating a difference in ozone
bleaching between SW and HW and a more selective performance with SW
than with HW.

2.3 Mechanistic investigations (Papers II and III)

2.3.1 The GC-method
When hydroxyl react with iso-propyl alcohol, about 90 percent of the hy-
droxyl gives rise to acetone (Figure 13, route B).
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This can be used analytically, see e.g. [Benkelberg and Warneck, 1995], by
determining the acetone formed in the solution by Gas Chromatography (GC).
The reaction can be used to demonstrate the pH-dependence of the yield of
hydroxyl radicals formed either directly or indirectly. In the GC-method, ozone
is continuously added to a model compound solution also containing iso-propyl
alcohol, the total ozone charge being less than 20 percent of the amount of the
model compound employed. The solutions were either acidic (acidified with
perchloric acid), or at higher pH-values, buffered.

The pH-dependence of the radical yield over a wide pH range was obtained
by the GC-method, Figure 14. The pH was adjusted with suitable buffers of
acetate, phosphate and borate above pH 4.5.

Figure 14. Acetone formation
by hydroxyl radical reactions as
a function of pH. creosol
(squares), vanillin (crosses) and
3,4-dimethoxytoluene (filled
circles).

An increase with pH similar to that shown in Figure 12 can be seen in Figure
14. However, the radical yields of phenolic model compounds seem to show a
maximum at about pH 7. At higher pH values, the yield decreases to reach a
plateau at about pH 11. Non-phenolic model compounds behave quite differ-
ently. In the case of these compounds, the radical yield starts to increase at
about pH 6, reaching the same value as for the phenols at about pH 11. This
increase in radical yield for non-phenols cannot be ascribed to a faster self-
decomposition of ozone in the alkaline environment [Tomiyasu et al., 1985].

2.3.2 Determination of the initially formed radical
Experiments with phthalic hydrazide, which is considered to be a sensitive and
selective probe for hydroxyl radicals [Backa et al., 1997], revealed that hardly
any hydroxyl was formed when ozone reacted with lignin model compounds in
the pH-range between 1.3 and 4.5. Under the experimental conditions chosen,
the entire amount of ozone applied is expected to be consumed by the model
compound. Comparative experiments, where hydroxyl radicals were generated
by γ-radiolysis in an identical reaction system, showed a large signal at a radia-
tion dose corresponding to the amount of ozone applied in the original experi-
ment. Hence, if hydroxyl radicals were formed directly in the ozone reaction
with the substrate (Figure 15, upper), this would have resulted in a significant

0

1000

2000

3000

4000

5000

6000

7000

8000

0 2 4 6 8 10 12 14

pH

G
C

 p
ea

k 
ar

ea
 [

ar
bi

tr
ar

y 
un

it
s]



O  I  R F  O B

43

Figure 15. Two possible modes
of direct radical formation in
ozone reaction with lignin
model compounds. The upper
par t shows the direct
formation of hydroxyl and the
lower part the direct formation
of superoxide.

Figure 16. Proposed mech-
anism of the initial reaction
between ozone and an
aromatic lignin structure, via a
charge-transfer state.

signal. Since this was not observed, the conclusion must be that superoxide
rather than hydroxyl is the initially formed radical species (Figure 15, lower).
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This is also in keeping with the observation that the addition of iso-propyl
alcohol in the TNM experiments had only a slight effect on the radical yields
measured. Moreover, the peculiar maximum in the acetone yield at about pH 7
(Figure 14) can be ascribed to the fact that ozone reacts several orders of magni-
tude faster with phenolates than with the corresponding phenols. Hence, the
decrease in the acetone yield in alkaline solution merely reflects that less ozone
is available to react with superoxide in competition with the substrate. Accord-
ingly, less hydroxyl will be formed to give acetone. Altogether, the findings
strongly support the conclusion that superoxide rather than hydroxyl is the
initially formed radical species when ozone reacts with lignin model compounds.

2.3.3 A new mechanism in the ozone reaction with aromatic
compounds

A plot of the rate constant as a function of the one-electron oxidation potential
showed a linear relationship. This suggests that ozone and the aromatic substrates
initially react via a charge-transfer state, as shown in Figure 16. From the charge-
transfer state, two reaction pathways are possible. In pathway A, a complete
electron transfer takes place and an aromatic cation radical and an ozonide
radical are formed. After protonation, the latter decomposes to oxygen and a
hydroxyl radical, i.e. pathway A describes a direct route to hydroxyl radical
formation. This reaction pathway is presumably more important for phenolic
compounds, especially under alkaline conditions, since the aromatic cation radical
immediately yields the corresponding phenoxyl radical. Small amounts of phe-
nolic coupling products were indeed detected in the reaction mixture from the
ozone treatment of creosol.
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In pathway B, the ozone molecule due to its dipolar character, adds electro-
philically to the aromatic ring, preferentially to centres of high electron density
(the oxygen-substituted carbons). The resulting zwitterion subsequently reacts
via different routes, which will be discussed separately for phenolic and non-
phenolic structures.

If R = H (Figure 17), the hydroxyl substituent of the zwitterion will immedi-
ately be deprotonated, forming a keto-function. Direct decomposition of the
trioxide by demethoxylation to form an ortho-quinone (pathway C) is less prob-
able, since the oxygen thus formed would be in the excited singlet state.

Pathway D shows homolytic cleavage of the trioxide to yield superoxide and a
quinol radical, which may eventually yield a quinone product. Indeed, the
strongly coloured solutions observed after partial ozonation of model compounds
indicate the formation of quinones.

Pathway E is a heterolytic cleavage of the aromatic ring that yields the same
reaction products as the ozonolysis. In this reaction, hydrogen peroxide is also
formed.

With all the phenolic substances investigated, the radical yield starts to in-
crease at about pH 3.0. This behaviour is ascribed to a competition between
homolytic cleavage and protonation of the trioxide anion, i.e. the pH-effect is
kinetically determined.

If R = CH
3
 (Figure 18), deprotonation of the zwitterion cannot occur. In-

stead, heterolytic ozonolysis, route F, becomes favourable. This reaction route
may be regarded as a classical Criegee type reaction [Criegee, 1957].
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Figure 17. Proposed mech-
anisms of ozone reaction with
creosol.
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Figure 18. Proposed mech-
anism in the ozone reaction
with 3,4-dimethoxy-toluene.

Under alkaline conditions, a nucleophilic attack by a hydroxide ion on the
aromatic ring is another possibility, as shown in route G. This leads to
demethoxylation and superoxide formation, analogous to pathway D (Figure
17).

Figure 14 reveals that non-phenolic compounds monotonically yield more
radicals at a pH above 6. This behaviour may be explained by pathway G.

2.3.4 Quantum chemical calculations
In order to substantiate the proposed mechanisms, quantum chemical calcula-
tions were performed to assess the O–O BDE (bond dissociation energy) of the
trioxide intermediates. These calculations are not a part of this thesis, since they
were carried out by Peter Brandt at the department of Chemistry, Organic
Chemistry. Instead, I merely note, that the results strongly support the conclu-
sion that RO–OO– is a very labile compound. The BDE in water is estimated
to be less than 10 kcal/mol. Hence, the lifetime of RO–OO– is probably less
than 0.5 µs. A lifetime of this order seems to be in keeping with the suggestion
of a kinetic pH-effect.

2.3.5 Conclusions III
In this section it is concluded that
• the radical formation in the reaction of ozone with aromatic substances in

aqueous solution proceeds via a labile trioxide intermediate, constituting a
special case of the Criegee mechanism of ozone reaction with double bonds.

• superoxide is the radical initially formed in the reaction between ozone and
lignin.

2.4 Acidity constant – a bridge to understanding the
behaviour of polymer lignin (Paper IV)

2.4.1 Background
The pK

a
-values are almost unaffected by ortho-methoxyl substitution of lignin

phenols and this is probably also true for real lignins. Thus the differences
found between guaiacyl and syringyl structures in their reactivities towards e.g.
ozone [Eriksson and Gierer, 1985a] (and also section 2.2.6) must be explained
in another way than just by the pK

a
-value. It is also important to note that the
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pK
a
-value is not directly correlated to the oxidation potential. Thus, a knowl-

edge of the pK
a
-value of a given phenol does not make it possible to predict its

reactivity towards e.g. chlorine dioxide or ozone.

2.4.2 Considerations of ways to improve ozone bleaching
In the mill operation of a MC ozone stage, the crucial part is the mixing since,
even at the high pressures applied, about 30–40 percent of the volume to be
mixed consists of gas. Several investigations confirm that most of the ozone
reaction in an ozone stage takes place within the mixer itself [Dahllöf, 1994].
The retention time in the mixer is typically of the order of 1 s. Although the
rate constants for the reactions between ozone and lignin model compounds
suggest that the reaction should indeed run to completion within a second, this
may not be true in the mill-scale mixer, where the mixing is always somewhat
imperfect. Hence, the reaction rate may be important here since a rapid reac-
tion is desirable in order to run to completion within the mixer. From this
point of view, ozone bleaching should therefore be improved by increasing the
pK

a
-value of the phenol groups in the lignin to be reacted, since it was earlier

noted that α-carbonyl structures in lignin were those which reacted most slowly
with ozone. These structures have pK

a
-values about two units below those of all

other similar phenols.

2.4.3 The acidities of di- and polymeric phenols
In this thesis, model compounds for lignin have so far been utilised. The pK

a
-

value of the phenolic compounds has been shown to be an important para-
meter for understanding the pH dependence of the reaction rate of ozone and
model compounds. How shall this knowledge be interpreted when looking at
more complex systems?

The pK
a
-values of dimeric substances differ from those of their monomeric

analogues as a result of conjugation, steric effects and electrostatic effects. When
two phenolic groups are present in the same molecule, the pK

a
-values of these

groups are split, regardless of whether or not the molecule is symmetrical. The
split normally means that the first pK

a
 becomes a little lower than that of the

corresponding monoprotic compound, whereas the second pK
a
 is higher. When

two phenolic groups can influence each other through conjugation, the pK
a
-

split becomes greater. In general, the substitution pattern in the bifunctional
structures is of great importance for the pK

a
-splitting; for example, the 6,6'-

methyl substitution of a 2,2'-biphenol seems to eliminate the initial pK
a
-split-

ting of more than 5 units. This has been reported to be due to steric hindrance
to the formation of an internal hydrogen bond between the two hydroxyl groups
[Musso and Matthies, 1961].

When attempts are made to apply the fundamental knowledge further to a
full-scale lignin, the situation becomes even more complicated. In such a struc-
ture, the steric effects are essentially constant and hindered, but the conjuga-
tion is working on a very large molecule. This will definitely lead to large pK

a
-

splitting, but it appears impossible to elucidate the pK
a
-value of any given phe-

nolic proton in a lignin macromolecule. Instead, trials on real pulps seem to be
the only way to elucidate the pH-dependence of the selectivity of the ozone
bleaching.
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2.4.4 Conclusions IV
From this section it can be concluded that
• the pK

a
-value of the phenol groups present in a polymer lignin structure are

affected by a large number of parameters, not least important by the pres-
ence of other groups of the same kind, whether conjugated or not.

• although there is a significant difference in pK
a
-value between a-carbonyl

structures and other phenols and although the a-carbonyl structures are
slowly reacting with ozone, the elimination of such structures in the re-
sidual lignin prior to ozone bleaching is probably not a good way to im-
prove the ozone bleaching. The reaction will run faster, but the detrimental
radical formation is not primarily affected by the change in pK

a
-value.

• optimisation of an ozone stage should primarily seek to minimise the radi-
cal formation rather than to increase of the reaction rate since the actions
needed to affect the pK

a
-value are presumably both complicated and would

have a limited and doubtful effect.
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3 Studies on pulp
3.1 The role of radicals for the selectivity of ozone

bleaching of pulp (Paper VI)

3.1.1 Background to studies of pulp systems
So far, it has been shown that radical formation is a feature that has to be taken
into account when studying ozone bleaching. Hydroxyl radicals formed in the
ozone bleaching act beneficially by e.g. hydroxylation of residual lignin, but
unfortunately they also attack the carbohydrate polymers, cleaving them into
smaller fragments. Hydroxyl radicals also introduce carbonyl groups into the
carbohydrates and it is probable that these radicals are almost solely responsible
for the carbonyl formation. Direct attack from ozone itself plays an insignifi-
cant role. This can be concluded from the fact that the reaction rate of ozone
towards cellobiose has been reported to be 0.21 M–1s–1, while the reaction rate
of hydroxyl towards a similar structure is close to diffusion controlled,
i.e. 3.2 × 109 M–1s–1 for methyl-β-D-glucopyranoside [Zhang, 1994] (and refer-
ences therein). The carbonyl groups in carbohydrates are sensitive towards al-
kali and, if treated under alkaline conditions, they will cause cleavage of the
carbohydrate chain. For this reason, Fuhrman et al. proposed that, in order to
study the performance of a Z-stage, the ozonated pulp should be subjected to
borohydride reduction prior to the viscosity measurement, which according to
the standard procedure is conducted in a strongly alkaline environment [Fuhrman
et al., 1997]. Quite commonly, however, an industrial Z-stage is followed by
one of the stages E, (EO), (EOP), (OP) or (PO), either directly after ozonation
or after chelation and/or washing. This means that alkaline degradation of the
labile carbonyl structures will take place in any case and hence the actual per-
formance of the Z-stage is in practice not a relevant measure. Only in the situ-
ation where ozone is combined with chlorine dioxide or other acidic treatments
may borohydride reduction be appropriate [Lindholm, 1989]. Borohydride
reduction can also be utilised to measure the radical formation in the ozone
stage, simply by determining the difference between the viscosities achieved
with and without a preceding borohydride reduction.

3.1.2 Selectivity of mill ozone stages
Out of 22 industrial installations of ozone bleaching equipment world-wide so
far, 18 operate on kraft pulp with 14 of these running only or partly on hard-
wood. It is thus well documented that industrial interest in ozone technology
applies mainly to the bleaching of hardwood kraft pulps. It can be assumed that
this in some way reflects the performance of the installations built so far.

In previous parts of this thesis, a marked difference between the reactivities
of guaiacyl-type and syringyl-type phenols towards ozone has been reported.
Typically, the syringyl compounds react 100 times faster than the correspond-
ing guaiacyl compounds and also yield significantly more radicals, indicating a
difference in reactivity between hardwood and softwood pulps. This implies
that the viscosity drop over a Z-stage should be much greater in HW than in
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SW bleaching. However, in reality the opposite seems true, both from mill
experience and in laboratory trials.

3.1.3 An ionic reference to ozone
In order to make a meaningful study of the selectivity of ozone bleaching, the
best case scenario of the performance would be a valuable tool to have for the
evaluation of the bleaching results. It has been shown in this thesis that radical
formation is a crucial factor that affects the selectivity and performance of an
ozone bleaching stage and that radicals will be formed to some extent whatever
system parameters are chosen for the trials. Methods to cope with this know-
ledge are few in the literature. Eriksson and Gierer carried out ozonation ex-
periments in methanol [Eriksson and Gierer, 1985b] and tried to apply conclu-
sions drawn from this study to the conditions in aqueous solution, and this
technique has also been used by many others. Although it may seem to be an
easy and fair approach, there is an obvious risk that crucial factors may be
overseen, e.g. the important feature of phenol dissociation (i.e. the pK

a
-values)

which, as noted in section 2.2.1, largely depends on the solvent.
Although it is not objection-free, a practical way of achieving an ionic refe-

rence with which to compare the dual ozone reactions in aqueous media may
be to look at the reactions of the iso-electronic chlorine dioxide. Even though it
is itself a radical, its reaction pattern should not include the formation of any
oxygen-centred radicals. It seems appropriate to adopt this approach, at least
when the evaluation is rough enough to include measurements only of kappa
number and viscosity.

3.1.4 Performance of ozone bleaching of pulp
From the model experiments it is expected that the selectivity of an ozone stage
should be improved by a lowered pH and that it is particularly important that a
pH at 3 or below is kept. As shown in Figure 19, this is also the case.

A low temperature should be beneficial for a selective performance of an ozone
stage according to the model trials. That this is true is clearly shown in Figure
20.

Figure 19. Effect of pH on
bleaching result for ozone
bleaching of HW oxygen-
delignified pulp in a (ZE)-stage.
The initial pulp had kappa
10.7 and viscosity 1003 ml/g.
The selectivity of the treatment
expressed as viscosity loss per
eliminated kappa unit is in the
different points, beginning from
the right, 21.3, 12.7, 11.6 and
10.4 respectively.
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Figure 20. Effect of tempe-
rature on bleaching result for
ozone bleaching of HW
oxygen-delignified pulp in a
(ZE)-stage. Initial pulp had
kappa 10.7 and viscosity 1003
ml/g.

The trends are clearly the same for both HW and SW. The magnitudes of the
differences between the results of trials with only modest changes in reaction
conditions are perhaps somewhat unexpected. Nevertheless, the results achieved
are in good agreement not only with the model trials, but also with earlier
findings reported in the literature. With regard to the optimisation of the pri-
mary process variables in ozone bleaching e.g. Sreeram et al. have reported that
low temperature and low pH are beneficial for ozone bleaching [Sreeram et al.,
1994]. Dahllöf also noted that pH 3 was the optimal choice in MC ozone
bleaching [Dahllöf, 1994]. Among others, Dillner and Peter convincingly showed
the beneficial effect of a low temperature in the ozone stage. The kappa number
decrease at 30 °C was significantly greater than that at 50 °C with the same
ozone charge. The viscosity at a given kappa number after a subsequent (EOP)-
stage was also significantly higher using low-temperature ozonation [Dillner
and Peter, 1992].

3.1.5 A comparison with chlorine dioxide
When ozone and chlorine dioxide stages are compared, it is easy to think that
the only reason for an inferior selectivity of the ozone stage is the formation of
radicals in the ozone case, and this was indeed, as discussed in section 3.1.3, the
reason for comparing the results achieved by ozone with chlorine dioxide. This
suggests that it should be possible to achieve a result approaching that of a
chlorine dioxide stage by optimisation of the reaction conditions in ozone bleach-
ing. In Figures 21 and 22, the results of standard (ZE)- and (DE)-stages are
compared with those obtained under optimal conditions in the (ZE)-stage.
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Clearly, the selectivity of the optimised (ZE)-stage approaches that of the (DE)-
stage. However, it can also be noted that the effect of the optimised conditions
is much greater in the HW case than in the SW case. Moreover, not only the
selectivity but also the kappa number reduction increases as a result of the
optimisation. If the optimisation led only to a decrease in the extent of radical
formation, and hence more ozone was available for actual delignification, one
would of course expect a somewhat larger kappa number reduction than with-
out optimisation. However, one would certainly not expect an optimised (ZE)-
stage to reduce the kappa number almost twice as much as a typical (DE)-stage
utilising the same amount of OXE. This is however the case, as can be seen in
Figure 21. It is thus obvious that the structural composition of the pulp has to
be considered if these anomalies are to be understood. The (DE) and (ZE)
bleachings were continued to complete an (XE)(XE)X sequence. The results are
compared in Figures 23 and 24 for HW and SW, respectively.

Figure 22. Selectivity of (DE)-,
(ZE)- and optimised (ZE)-stage
for a SW oxygen-delignified
pulp, with initial kappa 12.8
and viscosity 914 ml/g. The
same amount of OXE was
charged in all experiments.

Figure 21. Selectivity of (DE)-,
(ZE)- and optimised (ZE)-stage
for a HW oxygen-delignified
pulp, with initial kappa 10.7
and viscosity 1003 ml/g. The
same amount of OXE was
charged in all experiments.
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Figure 23. Bleaching of HW
oxygen-delignified pulp in an
(XE)(XE)X sequence, where X
is either Z or D. The initial pulp
had kappa 10.7 and viscosity
1003 ml/g. The same amount
of OXE was charged in corre-
sponding positions in the two
sequences.

Figure 24. Bleaching of SW
oxygen-delignified pulp in an
(XE)(XE)X sequence, where X
is either Z or D. The initial pulp
had kappa 12.8 and viscosity
914 ml/g. The same amount
of OXE was charged in corre-
sponding positions in the two
sequences.

In both cases, the ozone sequence shows a selectivity inferior to that achieved
with the chlorine dioxide sequence. However, the situation is much worse for
the SW than for the HW pulp. In the SW case, the final kappa number after
the whole sequence is almost the same, regardless of X, but in the HW case, the
final kappa number is significantly lower for the ozone sequence than for the
chlorine dioxide sequence. The relation between kappa number and ISO bright-
ness reveals an interesting difference between SW and HW pulps (Figures 25
and 26). In the SW case, the brightness and kappa number follow each other
very closely, but this is not the case for the HW pulp.
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Figure 25. Bleaching of HW
oxygen-delignified pulp in an
(XE)(XE)X sequence, where X
is either Z or D – a com-
parison between brightness
development and kappa
number reduction. The same
amount of OXE was charged
in corresponding positions in
the two sequences.

Figure 26. Bleaching of SW
oxygen-delignified pulp in an
(XE)(XE)X sequence, where X
is either Z or D – a com-
parison between brightness
development and kappa
number reduction. The same
amount of OXE was charged
in corresponding positions in
the two sequences.

As discussed already in section 1.1.7, the kappa number refers not only to lignin
but also to the unsaturated carbohydrate structure of HexA. Due to the higher
native xylan content of HW, HexA is much more abundant in HW than in SW
pulps. This suggests that the differences between SW and HW when treated
with ozone and/or chlorine dioxide seen in Figures 23–26 could well be due to
the presence of a significant amount of HexA in the HW pulp. In section 2.2.3,
it was claimed that ozone does not react with HexA to yield radicals. This means
that if ozone reacts primarily with HexA and not with lignin, ozone bleaching
of a pulp rich in HexA will be rather selective in terms of the kappa–viscosity
relationship (compared to the reaction with a pulp having the same kappa number
but less HexA). It remains to be shown whether there is a preference for ozone
to react with HexA. To study question a new analytical method had to be devel-
oped.

50

55

60

65

70

75

80

85

90

95

100

0 2 4 6 8 10 12

kappa number

br
ig

ht
ne

ss
 [

%
 I

S
O

]

(ZE)(ZE)Z

(DE)(DE)D

40

45

50

55

60

65

70

75

80

85

90

0 2 4 6 8 10 12 14

kappa number

br
ig

ht
ne

ss
 [

%
 I

S
O

]

(ZE)(ZE)Z

(DE)(DE)D



O  I  R F  O B

55

3.2 A new analytical tool is needed (Paper V)

3.2.1 The DRUVIS-method
In order to elucidate the role of HexA in ozone bleaching of pulp, an efficient
method allowing a discrimination between the removal of lignin and the re-
moval of HexA had to be developed. It would also be valuable to see whether
other structures in the pulp were affected during the course of the bleaching.

The literature already includes a number of methods for the determination
of HexA. Methods of studying HexA so far been presented generally require
some kind of initial hydrolysis, which may consist of acid treatment in a pressu-
rised vessel at high temperature [Vuorinen et al., 1996], swelling of the pulp for
several hours followed by treatment with mercuric acetate solutions [Gellerstedt
and Li, 1996] or different time-consuming enzymatic treatments [Tenkanen et
al., 1995; Rydlund and Dahlman, 1997]. The first two “chemical” methods
offer relatively rapid hydrolysis and mainly use UV-spectrophotometry [Vuorinen
et al., 1996] or HPLC [Gellerstedt and Li, 1996] for the detection. The struc-
tures determined are in fact different degradation products originating from
the HexA-structure. The chemical methods have the drawback of increasing
the potential for error in the analysis, but on the other hand they require only
standard instrumentation, which make them potentially useful even outside
advanced research laboratories. The enzymatic treatments, on the other hand,
yield different oligosaccharides with the HexA-group still in its “native” form
and the analysis should therefore make it possible to be more precise. The draw-
back here is that either High Performance Anion-Exchange Chromatography
(HPAEC) [Tenkanen et al., 1995] or Capillary Zone Electrophoresis (CZE)
[Rydlund and Dahlman, 1997] is required to separate the oligomers. Although
they are efficient, such instruments are not generally available in industrial labo-
ratories and in any case they cannot be operated by inexperienced personnel.
Moreover, although the methods described in the literature for HexA-determi-
nation are accurate, the primary interest of many bleaching studies is not the
absolute amount (or concentration) of HexA in a pulp at a given time, but
rather the desire to estimate the change in HexA content as a result of a given
stage, i.e. an estimate of the reduced risk for yellowing of the pulp, since the
HexA content has been shown to correlate to the yellowing [Granström et al.,
2000]. Against this background a novel analytical tool was developed based on
measurements of the diffuse reflectance of standard laboratory sheets for opti-
cal testing. Interestingly, the need for this kind of method was recently shown
by the fact that, in addition to the method described here (paper V) [Ragnar,
2000], two similar methods were also presented. In the first, UV-Vis measure-
ments are performed on cadoxen solutions of pulp in order to determine both
lignin and HexA [Evtuguin et al., 2000], while the other is based on Raman
spectroscopy of sheets [Halttunen et al., 2000]. It need not be emphasized that
the need for cadoxen and for the relatively rare Raman instrument respectively
reduces the applicability of these two methods to pure research institutions.
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3.2.2 Diffuse reflectance spectroscopy
The literature relating to the use of diffuse reflectance spectroscopy within the
field of wood chemistry is quite extensive, but it deals mostly with different
aspects of bleaching and/or photo yellowing of mechanical pulps, including
TMP, CTMP and CMP. Only in a few articles are spectra presented, where the
absorption after a given treatment has been subtracted from that of the state
before the treatment. In most such cases, the focus has been on the effect of
irradiation or heat-induced yellowing and almost solely on mechanical or chemi-
mechanical pulps. Michell et al. use difference spectra where the absorbance
before and after hydrogen peroxide bleaching is studied in a narrow wavelength
range (260 to 450 nm) on a cold soda pulp [Michell et al., 1989]. Forsskåhl et
al. studied the chromophore changes during bleaching, ageing and irradiation
on a TCF-pulp, mainly using differences in reflectance in the range between
250 and 750 nm [Forsskåhl et al., 1994]. In their study, a SW kraft pulp was
treated in an OZPZP TCF-bleaching sequence. These basic ideas were further
developed, and the concept standardised into a useful analytical tool, the
DRUVIS-method.

3.2.3 Calculation procedures
Although ISO-brightness is the standard parameter to follow the development
of bleaching, it tells far from everything about the bleaching. Moreover, the
brightness is not directly proportional to the concentration of chromophores,
since the brightness depends not only on the light absorption coefficient (K),
but also on the light scattering coefficient (S). Kubelka and Munk developed a
theory relating these coefficients to reflectance measurements [Kubelka and
Munk, 1931]. The equation relating the chromophore concentration (c) to the
reflectance is

(6)

whereR∞ is the reflectance of a thick pad of e.g. thin paper sheets and p is a
proportionality constant, assuming that there is a linear relationship between c
and K. Throughout the bleaching of a chemical pulp, there is no reason to
believe that the sheet structure, which determines the scattering coefficient,
should be changed more than marginally, as has been stressed by several authors
[Schmidt and Heitner, 1993; Jordan, 1996]. Trials in e.g. this laboratory showed
that S is almost constant in the range between 200 and 800 nm. For reasons of
simplicity, S is therefore regarded as a constant in the present work and the ratio
K/S is thereby only affected by changes in K, while 1/S is a constant. With the
assumptions made, it seems reasonable to suggest that the DRUVIS-method at
least presents a semi-quantitative tool to study the elimination of chromophores
throughout the bleaching, especially with regard to the removal of HexA.

3.2.4 Interpretation of results
Not only mechanical but also chemical pulps show a strong absorption within
the UV-Vis-region. However, the shift in absolute values during a bleaching
sequence is rather small. The absorption coefficient in the UV-Vis range (here-
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after referred to as the absorption) decreases in each step, although it is difficult
to draw any chemical conclusions with regard to the performance of a single
stage at a structural level merely by looking at the absolute absorption spectra.

Much more information can be extracted using a set of difference-spectra,
where the spectrum after a given bleaching stage is subtracted from the spec-
trum of the preceding pulp. In this way, the bleaching work of the individual
stage is determined. The real nature and complexity of the bleaching is revealed
after such an operation. It then becomes meaningful to discuss the structural
relevance of the bleaching work.

The DRUVIS-method visualises the loss of light absorption (more precisely,
the change in the ratio K/S, where K is the absorption coefficient and S is the
scattering coefficient. S is assumed to remain constant during the bleaching)
over a certain stage or sequence as a function of wavelength. At 280 nm, re-
moval of actual lignin can be followed, while at 232 nm the removal of HexA
can be observed. If the absorbance loss at 280 nm is significant, the value at 280
nm is subtracted from the value at 232 nm to achieve the actual removal at 232
nm.

The lignin dissolved during both kraft and sulphite pulping has traditionally
been quantitatively determined by using dilute solutions and measuring the
UV absorbance at 280 nm or 205 nm [Brunow et al., 1999].

Hexenuronic acid present in the xylan polymer has so far not been directly
determined by UV-Vis-spectrophotometry. However, degradation products, i.e.
different oligosaccharides, from enzymatic hydrolysis still containing the “na-
tive” HexA-structure have been shown to have a specific absorption peak at 232
nm [Rydlund and Dahlman, 1997] under neutral or slightly acidic conditions.
In diffuse reflectance applications on paper sheets, where the measurements are
not as specific as on measurements of solutions, peaks within a somewhat broader
interval, 235±4 nm are considered to be due to HexA, according to experience
gained during the development of this method.

The DRUVIS-method has been calibrated in relation to a standard method
for HexA measurements [Vuorinen et al., 1996]. However, the method should
be regarded primarily as a tool to visualise the bleaching work and not to meas-
ure the HexA loss in absolute quantitative terms.

3.3 SW versus HW and strategies for a selective
HexA removal (Paper VI)

3.3.1 The cause of the difference in selectivity of ozone bleaching
of SW and HW pulp

With the DRUVIS-method available, it is possible to elucidate whether ozone
indeed shows a greater preference to react with HexA than chlorine dioxide. In
Figure 27, the bleaching work of the typical (ZE) and (DE) stages for a HW
pulp is shown.
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It is clear that, although the same amount of OXE was charged in the two (XE)
experiments shown in Figure 27, the actions of ozone and chlorine dioxide
upon the pulp were quite different. Although the chlorine dioxide stage re-
moved somewhat more lignin, the ozone stage removed about twice as much
HexA as did the chlorine dioxide stage. The assumption made in section 3.1.5,
i.e. that ozone preferentially reacts with HexA whereas chlorine dioxide has a
greater affinity for reaction with lignin is thus confirmed. With this knowledge,
it is also clear in Figures 21 and 23 that less OXE is needed to remove one kappa
unit originating in HexA than to remove one unit originating in lignin. This is
not a priori easy to understand. It also seems that brightness increase depends
primarily, or maybe even solely, on the removal of lignin, and that the removal
of HexA does not increase the brightness. The reason for the superiority of
chlorine dioxide over ozone for final brightness bleaching of HW pulps is there-
fore simply that chlorine dioxide prefers to react with actual lignin than with
HexA, whereas ozone has the opposite preference. In the case of SW pulps,
however, the HexA content is so low that the differences in preference are elimi-
nated by the relatively high chemical charges in the initial stage and here ozone
proves to be an equally good brightness-bleaching chemical as chlorine dioxide.
However, due to the extensive reactions with lignin, radical formation is also
extensive and the viscosity drop is thus severe. Bergnor-Gidnert and Tomani
have argued that all common electrophilic bleaching agents reactive towards
HexA eliminate this group equally efficiently [Bergnor-Gidnert and Tomani,
1998]. This is in contradiction to what is stated here. The differences may be
explained by the fact that Bergnor-Gidnert and Tomani used SW pulps with
very low HexA content for their studies, thereby increasing the risk of error.

Figures 28 and 29 show the pH dependence of the bleaching work of a (ZE)-
stage. It can be seen that a change towards lower pH (or “optimum”) in the SW
case involves both a greater actual lignin removal and a greater HexA removal,
but that in the HW case the change almost solely affects the removal of HexA.

Figure 27. A comparison of
the bleaching work, measured
according to the DRUVIS-
method, of (XE) on an oxygen-
delignified HW pulp. The same
amount of OXE was charged
in both experiments.
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Figure 28. A comparison of
the bleaching work and its
depen-dence on pH, measured
according to the DRUVIS-
method, of a (ZE) bleaching
stage on an oxygen-delignified
HW pulp. The same amount
of OXE was charged in all
experiments.

Figure 29. A comparison of
the bleaching work and its
depen-dence on pH, measured
according to the DRUVIS-
method, of a (ZE) bleaching
stage on an oxygen-delignified
SW pulp. The same amount of
OXE were charged in all
experiments.

The conclusion from the model studies (presented in section 2.2.6) was that
ozone bleaching of SW pulp should be superior in terms of selectivity than a
HW pulp, due to the more intense radical formation from syringyl compounds.
Looking at the pulp systems, however, the opposite seems to be the case as far as
the kappa–viscosity relation is concerned. However, if substantial amounts of
HexA are present, this must be considered since ozone reaction with this struc-
ture does not yield radicals. Thus, the earlier given arguments still may be valid.
That it indeed is correct is illustrated in Figure 30, where the selectivities of a
HW and a SW pulp pretreated in a strongly HexA degrading hot acid treat-
ment followed by a normal oxygen delignification are compared.
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Figure 30. A comparison of
the selectivities of HW and
SW pulps prebleached with
AO and then bleached in a
(ZE)-stage. The same amount
of OXE was charged in both
experiments.

In the figure it is clear that, in this case when only lignin is treated with ozone,
both the selectivity and the kappa reduction are inferior for the HW pulp, as is
to be expected according to the discussion in section 2.2. An extension of the
conclusion in section 2.2.6 is that ozone bleaching of a HW pulp rich in HexA
is more selective than ozone bleaching of a SW pulp with a low HexA content,
in spite of the fact that ozone bleaching of HW lignin yields more radicals than
ozone bleaching of an equivalent amount of SW lignin. This also means that
ozone bleaching is more selective the lower the incoming kappa number (or
rather the lower the lignin content of the incoming pulp), i.e. oxygen deligni-
fication prior to the ozone stage is desirable from a selectivity point of view.
This behaviour was noted already by Brolin et al. [Brolin et al., 1993], but it
could not be explained at that time and it has later also been discussed by Kang
et al., Magara et al. and Berggren et al. [Kang et al., 1995; Magara et al., 1998;
Berggren et al., 2000].

3.3.2 Strategies for efficient HexA removal in bleaching
The present investigation indicates that ozone is utilised in mill installations
primarily to reduce the HexA content of HW pulp (since most of the mills
using ozone operate on HW kraft pulp) and that it does indeed do this in a
rapid and efficient way. Another well-known approach for HexA removal on a
mill scale has been presented by Vuorinen et al., who showed that a selective
hydrolysis of HexA is feasible at elevated temperature (typically above 90 °C)
for about two hours [Vuorinen et al., 1996], the idea originating from a study
by Maréchal [Maréchal, 1993]. The question that arises is which of these two
strategies is the superior. The answer is somewhat complex. Some important
aspects of the two alternative strategies for efficient HexA removal in one stage
are summarised in Table 10.
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Table 10. A comparison
between ozonation and acid
hydrolysis as means of
eliminating HexA from pulps.

Clearly, the need for steam and a large reactor can be reduced if ozone is cho-
sen. In addition, ozone to some extent also activates the residual lignin through
hydroxylation etc. and also degrades some lignin. On the other hand, the reac-
tion product from the ozonation of HexA is oxalic acid [Nilvebrant and Reimann,
1996], and this may present a problem with scaling in mills, especially when a
high degree of system closure, also including acid stages, is desirable. The pre-
dominant degradation product from the hot acid treatment of HexA contain-
ing pulp is 2-furoic acid [Maréchal, 1993; Vuorinen et al., 1996] that can easily
be washed out, but if no wash is applied between a hot acid treatment stage and
a subsequent Z-stage, the effect is still likely to be an extensive formation of
oxalic acid. With acid hydrolysis, the viscosity drop will always be at a substan-
tial level and surely only HexA, and no lignin, is affected by that treatment.

3.3.3 Conclusions V
From this section it can be concluded that
• the selectivity of an ozone stage depends on the amount of radicals formed

and it can be affected by choosing appropriate reaction conditions e.g. low
temperature and low pH to reduce the radical formation and improve the
selectivity

• the most important factor affecting the selectivity of an ozone stage is the
distribution of the kappa number between lignin and HexA, since the former
structure yields radicals in its reaction with ozone, while the latter does not.

• ozone bleaching of hardwood pulp is normally more selective than the ozone
bleaching of softwood, although radical formation is more extensive in the
case of the hardwood lignin. The reason is the higher HexA content in
hardwood pulps.

• ozone bleaching is a very efficient way of removing HexA.
• the poor brightness increase in an ozone stage compared to that in a chlo-

rine dioxide stage is due to the preferred reactions of ozone with HexA and
of chlorine dioxide with lignin.

Method of HexA removal Ozonation Acid hydrolysis

Temperature 50 °C or below 90 °C or above
Time 1 s 120 min
Viscosity drop
– low amount of residual lignin
– high amount of residual lignin

almost nothing
very large

large
large

Main reaction product oxalic acid 2-furoic acid
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4 Conclusions
4.1 General
Ozone chemistry is notoriously troublesome and is far from being well under-
stood. The present work has clarified some of the chemistry involved in the
ozone bleaching of chemical pulp. Initially listed questions to be answered (sec-
tion 1.4.1) were:
• How are radicals formed in ozone bleaching and how rapid is the formation

reaction?
• Which radical is the one primarily formed?
• What quantities of radicals are formed and how does the formation depend

upon different system parameters?
• How does the formation of radicals differ between different structural units

in the lignin and especially – is there a difference between softwood and
hardwood pulps in this sense?

• What measures could be adopted to minimise radical formation?
• Is there a way to almost completely abolish the formation of radicals?
The answers can now be summarised as follows;
Radicals are formed in a direct reaction between ozone and most aromatic struc-
tures in lignin and hence do not require the presence of e.g. transition metal
ions. The carbohydrate part of the pulp, including unsaturated groups e.g. HexA,
does not contribute to the radical formation. The rate of reaction between ozone
and aromatic lignin structures is strongly pH-dependent for protolysable phe-
nolic structures. In acidic media, the reaction rate is in the range of
103–107 M–1s–1. The initially formed radical species is superoxide, but in the
presence of ozone a chain reaction immediately starts leading to the intense
formation of hydroxyl. In acidic media, the amount of radicals formed is around
10 percent for guaiacyl compounds and significantly higher for the correspond-
ing syringyls. The radical yield increases rapidly if the pH rises above 3.0, and
an increase in temperature also has a strong effect on the radical formation. It is
claimed that it is the radical formation that is mainly responsible for the viscos-
ity drop encountered over an ozone stage operated at typical MC conditions,
e.g. very short retention time. It is here also important to note that while radical
formation in oxygen delignification is a necessary step in the stepwise reduction
of oxygen to water and hence cannot be avoided, the situation is completely
different in ozone bleaching.

4.2 Recommendations
Possible measures to reduce the radical formation are to keep the pH low and in
any case below 3 and to keep the temperature low. However, since the pH scale
is logarithmic, a lowering of the pH from 3 to e.g. 2 requires a large charge of
acid and for this reason a pH of 2.5–3.0 is probably the economically most
efficient choice. It is possible to maintain low temperature through cooling etc.,
but overall bleaching economy suggests not too low a temperature be chosen,
probably in the interval between 40 °C and 50 °C, since the ozone stage is the
only bleaching stage benefiting from a low system temperature. It is probably
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wise not to let ozone react for a very long time with pulp, e.g. typical HC
conditions, in order to avoid extensive direct reaction between ozone and car-
bohydrates and a severe viscosity drop.

It turns out that ozone bleaching of HW oxygen delignified pulp is far more
selective than the ozone bleaching of SW pulp. The reason is to be found in the
composition of the kappa number, where a large part is due to HexA which
means the prospect of a selective performance of the ozone bleaching. Although
the radical formation from syringyl structures present only in HW lignin is far
more intense than that from the guaiacyl structures, ozone bleaching of HW
pulp is more selective in terms of the kappa–viscosity relation. The way to
optimise ozone bleaching from a kappa–viscosity point of view is thus to utilise
the ozone to degrade only the HexA-part of the kappa number. This is more or
less feasible by a simple adjustment of the charge of ozone, since ozone prefers
to react with HexA rather than with lignin under acidic conditions. Utilised
like this, ozone is an efficient tool to eliminate the HexA-related yellowing of
HW pulps. However, in the choice between a hot acid treatment for HexA
removal and an ozone stage, the choice of an ozone stage is far from given.

4.3 Perspectives of industrial ozone utilisation
Based on the present study it seems probable that ozone bleaching in pure SW
lines and in fibrelines not utilising oxygen delignification will remain few, whereas
its use for the bleaching of oxygen delignified HW pulps may well be substan-
tial in the future.

As a bleaching chemical, ozone has the inevitable advantage of yielding only
oxygen and water as rest products in addition to more or less oxidised matter.
However clean and efficient chlorine dioxide bleaching ever can be conducted,
the environmental qualities valid for ozone bleaching can never be reached. On
the other hand, it needs to be emphasized that utilisation of ozone in pulp
bleaching is far from free from problems from the occupational health and
safety perspective, and that chlorine dioxide is in this respect more easy to cope
with.

Ozone is most likely to be used in rebuilds of fibrelines where the chlorine
dioxide capacity is limited. In such installations, synnergisms between Z and D
can be utilised, as is discussed in paper VI.

4.4 Looking into the future
The development of ecologically more friendly bleaching has not ended with
the introduction of TCF bleaching – it has only just started! Looking into the
future, the only reasonable course is bleaching without any chlorine-containing
chemicals. Since total mill closure is not strictly speaking achievable, mill efflu-
ents have to be free from substances that disturb the environment in one way or
the other. In this sense, anything that contains elements other than oxygen (and
hydrogen) constitutes a disturbance if it is added to the environment. The goal
in future pulping must be to produce pulp utilising only sodium hydroxide,
oxygen, hydrogen peroxide and ozone, and maybe peracetic acid. In such an
approach, the walls of the presently rigid division between cooking and bleach-
ing are torn down and the focus is on the pulping process, that should affect the



O  I  R F  O B

65

environment as little as possible. Today’s driving forces towards the goal in-
clude:
• a uniform pH profile in the pulping to reduce the need for hydroxide and

acid
• a uniform temperature profile to reduce the need for steam
• a reduction in the need for bleaching chemicals and thereby reduced costs
• the elimination of the use of expensive and potentially environmentally haz-

ardous chelating agents
• more compact bleaching sequences, utilising many different chemicals in

one stage without a need for intermediate washing, e.g. (DZ) etc. This means
that the washing capacity can be used more concentrated and efficiently,
which becomes especially important when the concentration of different
impurities build up due to increased system closure.

The goal of oxygen pulping may well remain a utopia, but let us decide on
this direction!
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Nomenclature in bleaching

TAPPI recommendations
Bleaching of pulp is normally carried out in several sequential bleaching stages with intermediate washing.
Each bleaching stage is designated by a letter and the bleaching processes are normally presented and repre-
sented by a combination of these letters. The following letters are TAPPI recommendations [van Lee, 1987].
A Acid wash
C Chlorine
D Chlorine dioxide
E Alkaline extraction
H Hypochlorite
O Oxygen
P Hydrogen peroxide
Z Ozone

Other letters used here
Q Chelating agent

Combinations
(XY) denotes a sequential addition of first X and then Y in one bleaching stage

without intermediate washing
(X+Y) denotes simultaneous addition of X and Y in a bleaching stage

Small letters
Small letters are used in this thesis to denote a proceeding treatment since the treatment history often affects
the result of a certain succeeding treatment.

Commonly used abbreviations
and definitions of technical terms in the thesis
AOX Adsorbable Organic Halogenated compounds; In the pulping context normally equal to

the amount of chlorinated organic compounds in a given effluent, normally expressed as
kilogram per ton of pulp.

COD Chemical Oxygen Demand; A measure of the content of oxygen-demanding compounds
in an industrial effluent. A high COD value denotes a large emission, normally expressed
as kilogram per ton of pulp.

ECF Elemental Chlorine Free; Bleaching without using C or H, but with D.

HexA 4-deoxy-β-L-threo-4-enopyranosyluronic acid, commonly referred to as hexenuronic acid.
This carbohydrate structure, bound to the xylan backbone, is formed during the kraft
cook by β-elimination of methanol from 4-O-methyl-glucuronic acid.
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HW Hardwood

HC High Consistency; A process working with a pulp consistency between approximately 25
and 35 percent

% ISO ISO Brightness is by definition the intrinsic reflectance factor measured at an effective
wavelength of 457 nm under specified conditions. The brightness is also a commonly used
parameter to study the progress of the bleaching, where e.g. a pulp having an ISO
brightness exceeding 88–90 % is normally considered to have "full brightness".

K K is the light absorption coefficient with the dimension m2/kg and relates to the Kubelka-
Munk theory. It is a measure of the ability of a material to absorb light and thus
contribute to the colour and opacity of the paper.

κκκκ Kappa number; A measure of the lignin content in a pulp and a commonly used
parameter to study the progress of the bleaching.

MC Medium Consistency; A process working with a pulp consistency somewhere between
approximately 7 and 14 percent

OXE Oxidation Equivalent; A convenient measure of the oxidising power of different bleaching
chemicals when such are to be compared [Grundelius, 1991].

S S is the light scattering coefficient with the dimension m2/kg and relates to the Kubelka-
Munk theory. It is a measure of the ability of a material to scatter light and thus contribute
to the opacity of the paper.

SW Softwood

TCF Totally Chlorine Free; Bleaching without any chlorine-containing chemical, i.e. not even
D.

viscosity The viscosity of a pulp, or more correct the intrinsic viscosity, is a commonly used
analytical tool for estimation of the pulp strength. A high viscosity should reflect a high
degree of polymerisation, i.e. long carbohydrate chains, and a high pulp strength. The
intrinsic viscosity is defined as below:
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where

η is the viscosity of the sample solution
η0 is the viscosity of the solvent
c is the pulp consistency
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