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SUMMARY

The objective of this work was to explore fundamental aspects of utilizing (DZ) and
(ZD) bleaching stages in the prebleaching of oxygen delignified Scandinavian softwood
kraft pulp, and compare paper properties of fully bleached pulps with a DEoD,ED,
bleached ECF reference pulp. According to the literature, the use of chlorine dioxide and
ozone in combination in (DZ) and (ZD) bleaching stages seems advantageous from both
environmental and economical points of view. A significant reduction in the formation
of chloro-organic compounds and efficient delignification relative to chemical
consumption is obtained.

The use of chlorine dioxide and ozone in combination in (DZ)Eo and (ZD)Eo
prebleaching of oxygen delignified kraft pulp has been shown to be efficient in terms of
delignification. When the (DZ)Eo prebleaching process was applied, a synergetic
delignification effect was obtained giving better delignification than should be expected
from the effect of chlorine dioxide and ozone separately.

The efficient delignification obtained in (DZ)Eo and (ZD)Eo prebleaching seems
reasonable due to the ability of chlorine dioxide and ozone to degrade different types of
lignin structures. Whereas chlorine dioxide mainly degrades phenolic lignin structures,
ozone is capable of degrading both phenolic and non-phenolic lignin structures. Both
chlorine dioxide and ozone are strong oxidants, but ozone seems to be more efficient in
this respect since more carboxyl groups were implemented in the residual lignin at the
same degree of delignification. The large number of carboxyl groups introduced in the
lignin structure seems to govern the solubilization of the lignin in chlorine dioxide and
ozone bleaching. The superior delignification efficiency of (DZ)Eo prebleaching versus
(ZD)Eo prebleaching may be explained by that the (DZ) treatment initially allows
chlorine dioxide to degrade the phenolic lignin structures, and leaves the non-phenolic
and less reactive lignin structures for the ozone treatment.

The chlorine dioxide treatment in the (DZ) and (ZD) prebleaching stages differ from
chlorine dioxide prebleaching by the lower chlorine dioxide charge applied. By studying
effects of chlorine dioxide charge in prebleaching, it was shown that chlorine dioxide
prebleaching gives efficient delignification relative to chemical consumption and a
lower chlorate formation when alow chlorine dioxide charge is applied. An explanation
may be that the reaction intermediate hypochlorous acid reacts with residual lignin and
contributes to the delignification. At higher chlorine dioxide charges less reactive lignin
structures are present and hypochlorous acid reacts to a larger extent inorganically and
forms chlorate. In practice, alow chlorine dioxide charge is utilized in both (DZ) and
(DC) stages, which both have been shown to be very efficient in terms of delignification.
The superior delignification efficiency of (DZ)Eo prebleaching versus (ZD)Eo
prebleaching may be explained by that hypochlorous acid reacts with lignin and
contributes to the delignification in the (DZ) stage. In the (ZD) stage less reactive
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residual lignin structures are present, and hypochlorous acid probably reacts to alarger
extent inorganically and forms chlorate.

Physical paper properties of DEoQ(PO), (DZ)EoDED, and (DZ)EoQ(PO) bleached
pulps to 88% 1SO brightness were compared to the same properties of a DEoD{ED,
bleached ECF reference pulp.

(DZ)Eo prebleaching applied in a (DZ)EoD4ED, bleaching sequence reduced the AOX
formation and the COD effluent load by 25% and 9% respectively. The tear strength was
maintained, but the (DZ)Eo prebleaching seems to have a slight negative effect on fibre
strength as indicated by lower wet zero span strength of beaten (DZ)EoD,ED, and
(DZ)EoQ(PO) bleached pulps.

Pressurized peroxide final bleaching applied in a DEoQ(PO) bleaching sequence
reduced the AOX formation by 30%, but the COD effluent load was increased by 29%.
Pressurized peroxide final bleaching yielded pulps with higher fibre charge than chlorine
dioxide final bleaching. Compared to the chlorine dioxide final bleached pulps, the
increased number of charged groups in DEoQ(PO) and (DZ)EoQ(PO) bleached pulps
seemed to promote increased fibre swelling of both unbeaten and highly beaten pulps.
The more swollen unbeaten Q(PO) final bleached pulps formed denser paper sheets with
higher tensile strength and wet zero span strength. A highly charged and swollen pulp
seems to be advantageous with respect to beatability when the pulp is beaten to a target
tensile strength.
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CHAPTER

| NTRODUCTION

1.1 Background

In the 20 century, environmental concern has been a major driving force for the
development of new pulping technology. As new technology has been developed,
stricter environmental regulations for discharges have forced a fast implementation of
new technology in mills. The development has changed the chemical pulping processes
from discharging about 50% of the wood material to the recipient in the beginning of the
20t century to the modern mill with very low amounts of discharge. In the 1920s the
regeneration system for sulphate cooking chemicals was developed in Canada. Instead
of discharging the cooking liquor to the recipient, the dissolved organic material was
concentrated and burned to release the inorganic ions for reuse and to provide fuel. The
sulphate cooking process was termed the kraft process due to the strength of the fibres,
and the energy efficient chemical recovery system and the strength of the fibres made
the kraft pulping process the dominant pulping process. The use of the chemical
recovery system became widespread all over the world in the 1940s. The kraft processes
produced stronger but substantially darker pulps than sulphite and groundwood pulping
processes and required bleaching. In the period 1900 to 1930 multistage hypochlorite
bleaching with interstage washing (HEH bleaching sequence) and ways of utilizing
chlorine gas (C) in bleaching was developed. Chlorine dioxide bleaching (D) was first
practiced in the 1940s and led to the CEDED high-brightness bleaching process in the
1950s with minimum loss of pulp strength. In 1970, the first commercialized oxygen
delignification system was started up in South Africa. The bleaching filtrate from the
oxygen stage could be carried back for destruction in the recovery system, thus having a
low environmental impact. The lignin content in the pulp sent to the bleach plant was
reduced, which cut both the consumption of bleaching chemicals and the discharge from
the bleach plant. Ever since the first oxygen delignification system was introduced, the
industrial use of oxygen delignification has expanded rapidly. In the 1980s, improved
pulping processes with extended delignification and medium consistency washing and
mixing technology were developed. As oxygen delignification, the improved pulping
processes with extended delignification reduced both the need for bleaching chemicals
and the discharge from the bleach plant. At the end of the 1980s partial substitution of
chlorine dioxide for chlorine became widely accepted, as a result of concern for the
formation of toxic dioxins and other stable chlorinated organic substances in chlorine
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bleaching. The use of chlorine was questioned and a very quick development away from
the use of chlorine gas as bleaching agent was seen. In the early 1990s complete
substitution of chlorine by chlorine dioxide into DEDED bleaching developed rapidly,
which is known as elemental chlorine-free (ECF) bleaching. Thereafter increased
demand on the European market for “environmentally superior” pulps that were
bleached without chlorine containing chemicals as well as the desire for a closed bleach
plant promoted the use of totally chlorine-free (TCF) chemicals in bleaching. Chlorides
and chlorinated organic compounds, which form in chlorine and chlorine dioxide
bleaching, was considered to make the closed bleach plant difficult due to their corrosive
nature. However, irrespective of whether TCF chemicals are used or not, the
development towards a closed bleach plant has some challenges to overcome before it
can be realized.

At present, the quest of the industry is totally effluent-free (TEF) pulping, even though
strictly speaking, this is not achieveable. ECF pulps are being accepted as the standard
market pulp, and several independent studies have shown that there is no provable
environmental impact of the discharge of chloro-organic compounds (AOX) when the
amount discharged is kept at a reasonably low level [2]. In addition, the use of TCF
chemicals also has some negative effects from an environmental point of view. TCF
chemicals require the use of chelating agents and often generate increased amounts of
dissolved organic material, neither of which are desired components in the bleach plant
effluent. In the TEF concept, the focusis no longer solely on bleaching, but on the whole
production line. It is less important whether the bleaching is carried out with chlorine
containing bleaching chemicals or not, as long as the effluents can be recycled and no
harmful or problematic substances are released to the environment. This goal is believed
to be achievable using both TCF and ECF bleaching sequences. However, even though
major improvements in pulping technology have been made from an environmental
point of view, bleaching filtrates are still today discharged to the recipient and therefore
many of the remaining negative environmental effects of pulp production originate in
the bleach plant. A further reduction in effluents and improved techniques for
purification of effluents are both ways of reducing the problem.

The choice of bleaching technology is a result of many considerations. Important factors
are investment costs, operating costs, the discharge of organic and chloro-organic
material, health and safety, and product quality of the bleached pulp. In this study it was
decided to explore a bleaching process which seems to be beneficial from both an
environmental and cost-efficient view relative to traditional ECF bleaching. The
environmental aspect was to reduce the discharge of organic and inorganic chloro-
compounds by reducing the overall chlorine dioxide consumption. Some chlorine
dioxide was to be replaced by TCF chemicals in ECF-light bleaching sequences,
meaning bleaching sequences of low overall chlorine dioxide consumption. In addition,
it was desirable to reduce the chemical costs and maintain the strength properties at the
same level as traditional ECF bleached pulp.

Two recently developed bleaching concepts which according to the literature appear to
be beneficia in terms of both environmental aspects and chemical costs, have been
studied. Lachenal et al. [3] and Dillner and Tibbling [4] has been shown that some
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chlorine dioxide can be replaced by ozone in prebleaching by utilizing (DZ) or (ZD)
bleaching stages. Besides a significant reduction in the formation of chloro-organic
compounds, the bleaching concepts also seem promising with respect to chemical costs.
Paper properties of final bleached pulp have been reported to be similar to traditional
ECF bleached pulp. In final bleaching, pressurized peroxide bleaching, Q(PO), is a
promising bleaching concept which may replace chlorine dioxide final bleaching,
D,ED, [5]. Pressurized peroxide bleaching means oxygen pressurized hydrogen
peroxide bleaching at high temperature, and has been shown to be beneficial in several
aspects relative to traditional atmospheric hydrogen peroxide bleaching. The reaction
time is reduced considerably, higher pulp viscosity is obtained, the amount of hydrogen
peroxide needed to achieve a certain brightness is reduced and the maximum obtainable
brightness level israised [5].

1.2 Objectives of the study

The magjor objective of this work was to explore the effects of using ozone in (DZ) and
(ZD) bleaching stages in ECF bleaching of oxygen delignified softwood kraft pulp. The
use of (DZ) and (ZD) stagesin prebleaching is considered to be one way of reducing the
chlorine dioxide consumption in traditional ECF bleaching and to provide a more
economical and environmental feasible way of bleaching oxygen delignified kraft pulp.
Fundamental aspects of using a combination of chlorine dioxide and ozone in
prebleaching were investigated, and paper and effluent properties of fully bleached pulps
were compared to a DEoD4ED,, bleached reference pulp.

1.3 Outlineof thethesis

This thesis comprises results from papers that have been published or submitted for
publication in journals, referred to as Papers| - 111 in the text.

Chapter 1 describes the background for the study and the objectives of this work.
Chapter 2 presents the experimental procedures and methods applied.

Chapter 3 gives a literature review about the use of (DZ) and (ZD) bleaching stages in
the bleaching of kraft pulps. The delignification efficiency of (DZ)Eo and (ZD)Eo
prebleaching of oxygen delignified kraft pulp is investigated and compared to chlorine
dioxide and ozone prebleaching separately (Paper 1).

Chapter 4 establishes the differences between chlorine dioxide and ozone in their
ability to degrade different types of lignin structures. Residual lignins are isolated from
untreated and prebleached pulps and structural changes in residual lignin structure upon
chlorine dioxide and ozone prebleaching is studied (Paper I).

Chapter 5 describes the effects of using low chlorine dioxide charge in chlorine dioxide
prebleaching. Low chlorine dioxide charge is utilized in the (DZ) process and (ZD)
process (Paper 11).



18 Introduction

Chapter 6 compares the paper properties of (DZ)EoD,ED,, (DZ)EoQ(PO) and
DEoQ(PO) bleached pulps with a DEoDED, bleached reference pulp (Paper 111).

Chapter 7 presents the overal conclusions of this work.
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CHAPTER

MATERIALS AND METHODS

2.1 Pulps

Two industrially produced oxygen delignified softwood kraft pulps were used in the
experiments. Characteristics of the pulps are given in Table 2.1. Both pulps A and B in
Table 2.1 were used for studying prebleaching effects of using chlorine dioxide and
ozone in combination, whereas pulp B was used in all other experiments. All pulps were
made of mixtures of Norway spruce (Picea abies) and Scots pine (Pinus sylvestris).

Table2.1: Characteristicsof theindustrialy producedl) oxygen delignified kraft pulps
employed in the study.

Kappa

Pulp Aumber Brightness Viscosity

%1S0 dm3/kg Raw material

42% Picea abies, 53% Pinus sylvestris and
(A)? 13.2 42 965 5% saw mill chips (mixture of Picea abies
and Pinus sylvestris)

70% Picea abies, 30% Pinus sylvestris and
(B)% 12.7 36 930 30% saw mill chips (mixture of Picea
abies and Pinus sylvestris)
DTofte mill, Norway 2Kappa number after the cook 24-25, residual alkali 9-11 g/l
3)Kappa number after the cook 21-22, residual alkali 7-8 g/l.

2.2 Laboratory bleaching

2.2.1 DEo, (DZ)Eo, (ZD)Eo and ZEo prebleaching in MC mixer

Both pulps A and B in Table 2.1 were washed with distilled water, pH adjusted with
sulphuric acid and washed with distilled water again. The pulps were then adjusted to
pH 3 prior to Z and (ZD) stages and to pH 4 prior to D and (DZ) stages. The pulps were
prebleached according to the sequences DEo, (DZ)Eo, (ZD)Eo and ZEo. Thefinal pH in
the D, (DZ) and (ZD) stages was about 2.4 and about 2.6 in the Z stage. The D, (DZ2),
(ZD) and Z stages were performed at 10% consistency and 50°C in a high shear medium
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consistency (MC) mixer (CMS 2040). High shear intensity mixing was applied during
the injection of chemicals and intervals of low intensity mixing were applied to secure
uniform temperature in the pulp during the treatments. Ozone was injected from a gas
container and the ozone concentration in the container (amount 0zone per pressure drop)
was determined by iodometric titration. The gas was injected by opening a valve
manually trying to achieve a certain pressure drop corresponding to desired ozone
charge in the container. However, since the injection went fast and the pressure in the
gas container dropped quickly due to the adiabatic expansion of the gas, it was difficult
to exactly reach the desired final pressure in the ozone container. Thus, the injected
amount of ozone did not always become exactly the planned amount. Chlorine dioxide
was injected accurately from liquid cylinders, and the chlorine dioxide concentration
was determined by iodometric titration immediately before injection. The retention time
of D and Z stages was 30 minutes, and the retention times of D and Z in the (DZ) and
(ZD) stages were 30 and 10 minutes respectively. The alkali extraction stages, Eo, were
done in autoclaves at 90°C, 0.5 MPa O, pressure, 1% NaOH charge, for 60 minutes.

Prebleached pulps were analysed for kappa number (SCAN C1:77), brightness (SCAN
C11:95), viscosity (SCAN C15:88) and organic bound chlorine in pulp (OCI, SCAN W
9:89). Bleaching filtrates were analysed for COD(, (Dr. Lange), AOX (SCAN W 9:89),
and inorganic chloro-compounds (chlorate and chloride) by ion chromatography.

2.2.2 Low consistency D, (DZ) and (ZD) prebleaching in glassreactor
In order to study the concentration profiles of inorganic chloro-compounds during
chlorine dioxide bleaching some pulp was bleached at low consistency in a continuously
stirred batch glass reactor. Chlorine dioxide charge was varied (0.5, 0.75 and 1.0%) by
varying pulp consistency (2, 1.33 and 1%), and keeping the total liquid volume and the
amount of chlorine dioxide injected constant. Throughout the treatment, pulp suspension
samples were taken out and filtrated on a Blchner funnel. The filtrates were cooled in an
ice bath and analysed directly for chlorine dioxide, chlorite, chloride and chlorate
concentration by ion chromatography (Dionex 4000i). As chlorine dioxide and chlorite
gave the same peak in the chromatogram, their concentrations were measured by
analysing two samples in which the chlorine dioxide was removed by nitrogen in one of
the samples. The (ZD) stage was performed by bubbling ozone (approx. 0.4%
consumed) through the pulp suspension prior to the chlorine dioxide treatment.

Chlorine dioxide solution was prepared in the laboratory. Sodium chlorate (200 g) and
crystallized sodium oxalic acid (200 g) were mixed with a cooled sulphuric acid solution
(120 ml concentrated H,SO,4 in 400 ml water) and warmed in a water bath to 60°C in a
ventilated closet. Chlorine dioxide gas was formed and the gas was led through a bottle
with water for washing, and collected in a water-filled brown bottle (2 1) placed in anice
bath. After about five hours the reaction was completed, and the chlorine dioxide
solution was stored in a refrigerator. Preparation and handling of chlorine dioxide must
be done with caution due to the risk of explosion. The composition of the prepared
solution was determined by ion chromatography. The strength of the chlorine dioxide
solution was about 28 g ClO,/I and the relative ratio of inorganic chloro-compounds 98
mole% CIO,, 2 mole% CI™ and 0.1% ClO5". Technical sodium chlorite was applied in
some experiments. The composition of the salt was aso determined by ion
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chromatography. The salt contained 0.80 g NaClO,/g and 0.13 g NaCl/g, whereas no
chlorate was present.

2.2.3 Final bleaching

Pulp (B) in Table 2.1 was prebleached according to the sequences DEo and (DZ)Eo as
described in Section 2.2.1. Three portions were prepared of each prebleaching sequence
and the portions mixed before final bleaching. Two final bleaching sequences were
applied, Q(PO) and D,ED,. Chemicals were charged in order to achieve a final
brightness of 88% 1SO. Prior to the D, stage the pulp was acidified by sulphuric acid to
pH 6, and the D4, E and D, stages were performed in plastic bags in water bath at 70°C
using retention times of two, one and three hours respectively. Chemical charges were
0.5% CIO, in the D, stage, 0.4% NaOH in the E stage and 0.2% CIO, in the D, stage.
The chelation stage, Q, was done in a plastic bag in awater bath for one hour at pH 5.5,
70°C, and 0.3% EDTA was charged. Pressurized peroxide stage, (PO), was performed
by charging 4.0% H,0,, 1.6% NaOH, 0.3% MgSO4 and 0.2% DTPA and keeping the
pulp in plastic bags within rotating autoclaves at 105°C, 0.5 MPa oxygen pressure for
two hours. All treatments were done at 10% pulp consistency, and the pulps were
washed with hot distilled water in between the bleaching stages. After the bleaching
sequence the pulps were washed with distilled water and pH adjusted to pH 5-6 with
SO,-water.

Final bleached pulps were analysed for kappa number (SCAN C 1:77), brightness
(SCAN C 11:95) and viscosity (SCAN C 15:88). Laboratory sheets were prepared of
unbeaten and beaten pulps, and the sheets analysed for tear strength (SCAN P 11:96),
tensile strength (SCAN P 16:76), water retention value (SCAN C-102XE) and Scott
bond strength (Scott Internal Bond Tester).

2.3 Isolation of residual lignins

Residual lignins were isolated from both the oxygen delignified kraft pulp (B) in Table
2.1 and DEo and ZEo laboratory prebleached pulps, see Section 2.2.1. In addition,
residual lignin was isolated from an industrially produced (Tofte mill) unbleached kraft
pulp of kappa 24.3 and viscosity 990 dm3/kg. The unbleached kraft pulp was made of
30% Picea abies, 50% Pinus sylvestris and 20% saw mill chips (mixture of Picea abies
and Pinus sylvestris). Before isolating lignin by acid hydrolysis [6] pulps were extracted
with acetone to remove extractives. Acetone extracted pulps were refluxed for two hours
with 0.1 M HCI in dioxane-water v/v 82:18 and the dioxane was evaporated on
rotavapor. During evaporation, water was added subsequently in order to avoid strong
acidity. The remaining solution was dialysed (MW cut off > 1000 g/mole) for three days
to remove hydrochloric acid. Thereafter the solution was concentrated by evaporation on
a rotavapor and freeze dried. The lignin residue was extracted with pentane in order to
remove remaining extractives [6]. Amounts of lignin isolated and kappa numbers of the
pulps before and after acid hydrolysis are given in Table 2.2. The yield of lignin isolated
is estimated using the correlation % lignin = 0.15°Kappa number.

Isolated lignins were analysed for uncondensed 3-aryl ether structures by thioacidolysis
[7] and free phenolic hydroxyl groups by a modified UV-ionization difference method
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Table2.2: Isolation of residual lignins by acid hydrolysis.

Pulp Kappa  Kappa num_ber Lignin isolated, YieldD,
number  after extraction ~ 9/100 g pulp %
Unbleached 24.3 8.8 181 50
O 12.7 3.3 0.78 41
ODEo 3.7 0.9 0.26 47
OZEo 4.0 12 0.36 60

Dyield = 100 «(Lignin isolated)/(0.15*Kappa number).

[8, 9]. The types of -O-4 structures and phenolic phenyl propane structures analysed
areillustrated in Figure 2.1.

L C=0
C‘i Uncondensed
c-O free phenolic
| 3-aryl ether
c OCH; OCH;
COH OH
C\: Uncondensed phenols
Uncondensed
etherified L OCH
Rearyl ether OCHjs 3 L OCHjs
o COH OH
L I
a) b) Condensed phenols

Figure2.1 a) Type of 3-O-4 structures analysed by thioacidolysis[7] b) Type of
phenolic phenyl propane units analysed by UV spectroscopy [8, 9].

Carboxyl groups in residual lignins were quantified by conductometric titration [10].
Prior to the determination the carboxyl groups, the material must be in proton form. Due
to the isolation method applied the residual lignin were aready in proton form and no
ion exchange was needed. Some residual lignin (30 mg) was dissolved in dioxane/water
4:1 and subsequently poured into 0.001 M NaCl solution. HCI (50 pmole) was added
and the solution titrated at a slow rate with 0.1 M NaOH. The titration curves are shown
in Figure 2.2..Heuts [11] found that conductometric titration yielded higher values for
carboxyl acid groups in residual lignin than 31p NMR determination, and suggested that
acidic phenolic groups might contribute in the determination.

The elemental composition and methoxyl content of the residual lignins was analysed by
Analytische Laboratorien in Gummersbach [12].
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Figure2.2 Carboxyl groupsin residual lignins determined by
conductometric titration [10].

Some of the data on functional groups in lignin are recalculated using an average
molecular weight for Cq based spruce lignin of 183 g/mole [13] in order to estimate the
number of groups per 100 phenyl propane units.

2.4 Other analyses applied

24.1 Fibrecharge

The fibre charge of prebleached and final bleached pulps was analysed by
polyelectrolyte adsorption [14]. Before analysis the pulps were washed with water,
treated with 0.01 M HCI for two hours and washed again with deionized water until pH
5. The carboxyl groups were then converted to their Na-form by treating the pulps with 1
mM NaHCOj solution at pH 9 for two hours. To remove excess electrolyte, the pulps
were washed with deionized water until the conductivity of the washing filtrate was less
than 5 uS/cm. A minimum of five different pulp samples was immersed in dilute NaCl
solution, pH adjusted to pH 8 and different amounts of 3.6-ionene (polybrene) were
added in excess. The pulp suspensions were stirred for 30 minutes and filtrated on a
Buchner funnel. The filtrates were titrated with a 0.001M standard anionic
polyelectrolyte solution, using Mitek charge detector to detect the end point of titration.
The adsorbed amount of polymer is plotted versus the equilibrium concentration of
polymer (in the filtrates), and the fibre charge estimated by extrapolating the data to zero
equilibrium concentration of polybrene. The polybrene applied had a molecular weight
of about 8-10° g/mole and a charge density of 5.12-10% mole eq/g and was applied
without further purification.
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According to Waberg et al. [15], the true radius of gyration of polybrene is between 26
A (random coil) and 225 A. It has been shown that non-ionic polymers with a diameter
larger than 50 A are excluded from the smallest pores in the fibres. Thus, polybrene may
have accessihility to even the smallest poresin the fibres [15]. It was decided to utilize a
ionic strength of 0.01 M NaCl and pH 8 during the adsorption of polybrene since
Waberg et al. [16] found that these conditions gave about the same values for fibre
charge as those obtained by conductometric titration [10]. However, when analysing
fibre charge on four different fully bleached chemical pulps by both polyelectrolyte
titration and conductometric titration, higher fibre charge values were obtained by
polyelectrolyte titration. The results are given in Table 2.3 and show that about 12-20
pmole/g higher values was obtained by polyelectrolyte titration. The charge level of the
pulps did not influence the difference much.

Table2.3: Comparison of polyelectrolyte titration and conductometric titration for
determination of the total number of charged groups in chemical pulps.

Poleecioe COLEOTC Diffrence
pmole/g pmole/g pmole/g
ECF bleached softwood kraft pulp 49 33 16
ECF bleached softwood sulphite pulp 411 29 12
TCF bleached softwood kraft pulp 90 74 16
TCF bleached hardwood kraft pulp 134 114 20

1)Average values fromfive laboratories measured in a ring-test under the devel opment
of a standardized SCAN method for measuring fibre charge.

2.4.2 Hexenuronic acid

The amount of hexenuronic acid groups in the pulps was determined by UV
spectroscopy [17]. The applied method correlates well with other methods although
somewhat higher values are obtained [18].
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CHAPTER

SYNERGETIC DELIGNIFICATION IN
THE (DZ) PROCESS (PAPER )

The industrial use of ozone in bleaching is rather limited due to its lower selectivity
towards lignin. Ozone may oxidize carbohydrates forming carbonyl and carboxylic
structures within the polysaccharide chains [19]. Upon alkaline treatment these groups
may cause chain breakage and loss in pulp viscosity. Because of this selectivity problem
ozone is usually applied at the beginning of a bleaching sequence where the cellulose
degradation is retarded by the high amount of lignin present or only small amounts of
ozone are applied. The industrial use of ozone is increasing. Recently it was reported
that 19 pulp mills utilize ozone in pulp bleaching throughout the world [20]. Ozone is a
very powerful oxidizing agent capable of oxidizing all types of lignin structures. The
reaction with pulp is completed within seconds which reduces the need for large
bleaching towers in the bleach plant.

3.1 Theuseof chlorinedioxide and ozonein combination

3.1.1 Literaturereview
A very interesting prebleaching process is the use of ozone in combination with chlorine
dioxide in (DZ) and (ZD) bleaching stages. The following advantages have been found:

* The AOX formation is reduced considerably compared to traditional ECF bleaching
Relative to chlorine dioxide prebleaching, some reduction in AOX formation is expected
due to the reduced chlorine dioxide consumption. However, the actual AOX formation
in the (DZ)Eop prebleaching became even lower than should be expected from the
chlorine dioxide charge [3, 4]. An explanation might be that the latter ozone treatment
degrades some of the dissolved chloro-organic compounds. Roy-Arcand et al. [21]
showed that ozonation effectively degrades dissolved chlorinated phenols and gave
some reduction in COD.

»  Thebleaching concept is cost efficient due to efficient delignification
The use of (DZ) and (ZD) bleaching stages give very efficient delignification relative to
chemical consumption [3, 4]. When ozone was applied in a (DZ)EoDED, sequence,
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Chirat and Lachenal [22] found that the total chlorine dioxide consumption could be
reduced by 1.0% for hardwood and 0.8% for softwood pulp compared to a traditional
DEoD,ED, bleaching sequence. 0.25% and 0.7% ozone were used for the hardwood and
softwood pulp respectively, corresponding to chlorine dioxide-ozone replacement ratios
of 4 kg ClO,/kg Os for the hardwood pulp and 1.7 kg ClO4,/kg O5 for the softwood pulp.
From the number of oxidation equivalents of chlorine dioxide and ozone 1 kg O3 should
replace 1.7 kg. ClO,, but when considering that chlorine dioxide uses its oxidation
potential more efficiently than ozone an even lower replacement ratio should be
expected.

»  Paper properties and pulp strength seem to be maintained despite the use of ozone
Dillner and Tibbling [4] reported that the pulp viscosity could be maintained in the (DZ)
stage by keeping the ozone charge and temperature low. The paper properties of final
bleached pulp did not appear to differ from that of a conventional ECF bleached pulp,
and normal pulp strength could be maintained. Lachenal et al. [3] compared the
selectivity of various combinations of D and Z and found that the selectivity was
superior for the DZ process compared to the ZD process. The selectivity was measured
as the decrease in kappa number versus the degree of polymerization of cellulose. In
addition, the simplified one-stage (DZ) treatment, without washing in between the
chlorine dioxide and the ozone treatment, was even more selective than the two-stage
DZ treatment. Both findings were surprising since ozone usually is less harmful at high
lignin contents and the presence of dissolved organic material often has a negative
effect. It was speculated that the chlorine dioxide modifies the residual lignin making it
more reactive towards ozone, and that dissolved organic material may act as a radical
scavenger in the latter ozone treatment.

3.1.2 Mill experience

The (DZ) and (ZD) bleaching technology has already been implemented in some mills.
Some literature mill data are given in Table 3.1. The experience from three mills was
presented at the 2000 IPBC conference in Halifax [23, 24, 25]. As aresult of conversion
from an OODEopDP bleaching sequence to an OO(ZD)(OP)PDP bleaching sequence,
the Wisaforest pulp mill has reported a reduction in the COD and AOX effluent loads of
27% and 71% respectively [23]. In addition, the bleaching chemical costs was reduced
by 16%. The Espanola mill converted from an ODcEDND to an OA(ZD)EDnD sequence
and obtained areduction in AOX, COD and the colour of the effluent [24]. Pulp strength
and pulp viscosity were maintained, the extractive content in the pulp was reduced, and
high replacement ratios of 2.5-3.5 kg ClO,/kg O3 improved the bleaching economy. The
Luiz AntiGnio pulp mill chose to install the (DZ) process since the process made the
best use of already installed equipment and since the process provided the best effluent
and pulp quality [25]. Later on, the mill converted to a (ZD) process mainly due to
material incompatibility. The (DZ) stage was disadvantageous since residual chlorine
dioxide caused corrosion in the ozone gas scrubber.

3.2 Theuseof the(DZ) and (ZD) stagesin prebleaching

In this study, the effects of utilizing (DZ)Eo and (ZD)Eo prebleaching of oxygen
delignified softwood kraft pulp were investigated. DEo and ZEo prebleaching were used
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Table3.1: Millsusing (DZ) and (ZD) technology.

2) : Clo,,
Mill Location  "gP elf o B'ez‘g;"cr;g Act. Cl Akgft( i(g)/? Ref
= kg/adt
Billerud, OADEOpDED 2 0.83
SIOTEENSD g erfen W13 oazD)EpDED  © o045 %6
Wisoforest Pietarseari, 1 OODEopDP?) 405 58
Kymmene Finland O0O(ZD)OpPDP 18 02 44

. Ngodwana,

Sappi South Africa SW 10 O(ZD)O/EoD - - - [26]
Espanolal, ODcEDND ® 0.47

Domtar Inc C08 HW - oa(zD)EDMD © o018 - [
Luiz Luiz 3) 2)

Z . ‘. O(CD)EopD 51 37
AntiOnio, AntlOnio, HW 11 - 4) [25]
VCP Brazil 0O(ZD)EopD 50 29
Jacarei,  Jacarel, 00pzDnD ¥ 30
VCP Brazil HW 8 00ZD(PO) 16 i [25]

JSW: softwood, HW: hard wood “Kappa number after 13 or 2™ oxygen stage
3)Bleaching sequence before conversion to (ZD) bleaching technology “)COD in preb-
leaching.

asreference treatments. Chirat et al. [27] studied the effect of (DZ) and (ZD) treatments
of both untreated and oxygen delignified softwood and hardwood kraft pulps and found
that untreated and oxygen delignified pulps responded differently to the treatments. In
terms of delignification, the (DZ) stage was the most efficient treatment for the untreated
kraft pulp whereas the (ZD) stage was the most efficient treatment for the oxygen
delignified pulp. Chirat et al. [27] suggested that the fact that the number of free
phenolic groupsin lignin is reduced in oxygen delignification could explain the different
behaviour of the pulps.

In the present study the experimental design was chosen in order to verify whether there
is a synergetic delignification effect when chlorine dioxide and ozone are used in
combination. The chemical charges for the DEo and ZEo reference bleaching sequences
were selected to be 0.95% CIO, and 0.67% O3, whereas the chemical charge of chlorine
dioxide and ozone in the (DZ)Eo and (ZD)Eo were selected pairs of A*0.95% CIO, and
(1-A)-0.67% O3, A=[0.2, 0.4, 0.5, 0.6, 0.8]. Kappa numbers are plotted versus the
injected amount ozone in Figure 3.1, and additional data are given in Table 3.2. The
selection of chemical charges in the DEo and ZEo reference sequences was done in
order to achieve a kappa number of about 4.0 after alkaline extraction. However, as the
results in Figure 3.1 show, the applied chlorine dioxide charge was overestimated in this

respect. .

Figure 3.1 shows that the (DZ)Eo prebleaching processis superior to the (ZD)Eo process
in terms of delignification. A synergetic delignification effect is obtained in the (DZ)Eo
process giving higher delignification than should be expected from the effect of chlorine
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Kappa number

D, Z, (DZ),(ZD): 50°C, 10% cons. (MC mixer)
Eo : 1% NaOH, 0.5 MPa O, pres., 90°C, 1h. (autoclaves)

ZEo

(ZD)Eo @

(DZ)Eo 1

100:0 80:20

60:40 80:60 20:80 0:100
ClO, : O3 charge ratio

Figure3.1 Effect of (DZ)Eo and (ZD)Eo prebleaching of oxygen delignified kraft pulp.

Table3.2: Effect of (DZ)Eo and (ZD)Eo prebleaching of oxygen delignified kraft pulpl).

DEo, (DZ)Eo, ZEo

DEo, (ZD)Eo, ZEo

clo, O, Kappa Brigth- VISCO- Clo, O, Kappa Brigth- V|_sco-
number  ness Sity number  ness Sity

% % %SO dmkg | % % %ISO  dm3/kg
100 O 2.6 66.2 943 100 O 2.6 66.2 943
80 22 2.6 67.9 844 80 23 3.2 65.9 889
60 41 2.7 68.7 784 60 42 3.0 67.1 876
50 48 2.8 68.6 787 50 55 33 65.5 867
40 57 3.0 67.0 77 40 61 3.7 64.7 847
20 81 34 64.8 788 20 75 3.7 64.5 764
0 100 40 62.0 780 0 100 4.0 62.0 780

Sarting pulp: Kappa number 13.2, viscosity 965 dm/kg (Pulp A in Table 2.1)
Ac O, and O3 charge as percent of 0.95% ClO, and 0,67% O5 respectively

dioxide and ozone separately. If no synergetic delignification effect occurred after using
chlorine dioxide and ozone in combination, the kappa numbers of both (DZ)Eo and
(ZD)Eo prebleached pulps should form a straight line between the kappa numbers of the
DEo and ZEo reference pulps. Some deviations between the injected amount of ozone
relative to the planned amounts, see Section 2.2.1, do not seem to affected the difference
between (DZ)Eo and (ZD)Eo prebleaching.
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In order to verify and further investigate the superiority of the (DZ)Eo prebleaching
process another oxygen delignified kraft pulp was prebleached in the same way. The
chlorine dioxide charge in the DEo prebleaching was reduced in order to achieve
approximately the same degree of delignification for the two reference treatments. Three
batches of each sequence were bleached and mixed before analysis. The pulp and
effluent characteristics are given in Table 3.3.

Table3.3: Pulp and effluent characteristics of DEo, (DZ)Eo, (ZD)Eo and ZEo
prebleached of oxygen delignified kraft pulpsl).

DEo (DZ)Eo (ZD)Eo ZEo
ClO, consumed, % 0.65 0.32 0.33 -
O3 consumed, % - 0.36 0.36 0.63
ClO5", mole% of ClO, 2 21 13 29 -
AOX, kg Cl/t 0.38 0.15 0.21 -
COD, kg/t 20.9 21.8 25.0 24.0
Brightness, %I SO 62.3 63.9 63.7 60.7
Kappa number 3.7 31 34 4.0
HUA, pmole/g 9.7 7.9 na 6.7
DK (ruay ¥ 0.8 0.7 n.a 0.6
Viscosity, dm’/kg 790 690 720 690
OCl, kg Cl/t odp. 0.13 0.14 0.14 -

Y Sarting pulp: Kappa number 12.7, viscosity 930 dm>/kg (Pulp B in Table 2.1).
218 gtage 3 Sum of 1% and 2™ stage ¥DK=0.086-HUA, HUA = hexenuronic
acid [umol/g] [29].

In agreement with previous results, the datain Table 3.3 show that the (DZ)Eo processis
the most efficient in terms of delignification. Both the resultsin Table 3.2 and Table 3.3
show that the improved delignification of the (DZ)Eo prebleaching is accompanied by a
lowered viscosity. However, lower viscosities do not necessarily imply poorer
selectivity since comparison should be made at the same degree of delignification.

Non-lignin structures like hexenuronic acid has been found to contribute to the kappa
number determination [28]. The hexenuronic acid content in the prebleached pulps and
its contribution to the kappa number are given in Table 3.3. Hexenuronic acid accounts
for about 0.6-0.8 kappa unitsin prebleached pulps. At the same degree of delignification
ozone seems to be more efficient in degrading hexenuronic acid groups than chlorine
dioxide. However, a somewhat different ability to degrade hexenuronic acid does not
seem to explain the lower kappa number of the (DZ)Eo prebleached pulp. The higher
chlorine dioxide-ozone replacement ratios in (DZ) and (ZD) stages for hardwood pulps
than softwood pulps may be related to that ozone is more efficient in degrading
hexenuronic acid groups than chlorine dioxide.
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As mentioned previously, Chirat et al. [27] found that the (ZD) stage was the most
efficient treatment for the oxygen delignified kraft pulp whereas the (DZ) stage was the
most efficient treatment for the unbleached pulp. It was suggested that the efficient
delignification obtained in both the (DZ) and (ZD) stages was due to the ability of
chlorine dioxide and ozone to degrade different lignin structures. The different
behaviour of unbleached and oxygen delignified pulp was suggested to be related to the
decrease in phenolic lignin structures in oxygen delignification. In contrast to the results
of Chirat et al. [27], the results presented here imply that the (DZ)Eo process is the most
efficient also for oxygen delignified pulps.

In order to investigate whether the efficient delignification obtained in both (DZ) and
(ZD) stages and the superior delignification efficiency of (DZ)Eo prebleaching versus
(ZD)Eo prebleaching could be related to lignin chemistry, residual lignins were isolated
and analysed from untreated (oxygen delignified) pulp and chlorine dioxide and ozone
prebleached pulps. The results from these investigations are presented in Chapter 4.

The resultsin Table 3.3 show that the chlorate formation in the (DZ) stage is lower than
in the D and (ZD) stages. Surprisingly low chlorate formation relative to the chlorine
dioxide charge in the (DZ) process was also commented by Dillner and Tibbling [4].
The chlorate formation represents a waste of oxidation power in chlorine dioxide
bleaching. Similar to the superiority of the (DZ)Eo process versus the (ZD)Eo process
established here, the (DC)E treatment has also been shown to be more efficient in terms
of delignification than the (CD)E treatment [30, 31, 32]. As the chlorate formation also
has been reported to be lower in the (DC) process than the (CD) process [31] it is
tempting to speculate that the efficient delignification obtained in both the (DZ) and
(DC) stages might be related to the initial chlorine dioxide treatment. The main
difference between the initial chlorine dioxide treatment in the (DZ) and (DC) stages
from the D stage is the lower chlorine dioxide charge applied. Thus, it is possible that
low-charge chlorine dioxide bleaching yields more efficient delignification. This
hypothesisis explored further in Chapter 5.

3.3 Concluding remarks

The use of chlorine dioxide and ozone in combination in (DZ)Eo and (ZD)Eo
prebleaching of oxygen delignified kraft pulp has been shown to be efficient in terms of
delignification. When the (DZ)Eo prebleaching process was applied, a synergetic
delignification effect was obtained giving better delignification than should be expected
from the effect of chlorine dioxide and ozone separately.
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CHAPTER

THE COMPLEMENTARY LIGNIN
CHEMISTRY OF CHLORINE DIOXIDE
AND OZONE (PAPER )

In Chapter 3 it was shown that the delignification efficiency of the (DZ)Eo prebleaching
process was superior to the (ZD)Eo process. Chirat et al. [27] suggested that the positive
effect of using chlorine dioxide and ozone in combination was due to their ability to
degrade different lignin structures. Residual lignin structures were isolated and analysed
from untreated oxygen delignified pulp and chlorine dioxide and ozone prebleached
pulpsin order to explore this hypothesis and to try to explain the superior delignification
efficiency of the (DZ)Eo process versus the (ZD)Eo process.

4.1 Structural changesin lignin in alkaline cooking

The purpose of pulping and bleaching is to remove lignin and chromophoric groups in
the pulp and leave the cellulose as unaffected by the treatment as possible. About 25-
30% of softwood consist of lignin and it is located both within and in between the fibres
in wood. Lignin is a three-dimensional, amorphous biopolymer consisting of
phenypropane units with an oxygen atom in the p-position (as OH or OC-) and with
none, one or two methoxyl groups in the o-position to this oxygen atom. The
phenylpropane units are linked to each other in many different ways. The type and
approximate amounts of the most frequent inter unit linkages in spruce milled wood

c C C C
& ¢ L d L c
c \ \
ClO
3-0-4 a0-4
Arylglycerol- 1,2- dlaryl 5—5 Arylglycerol- Phenyl

O Raryl ether propane O Biphenyl o a-aryl ether coumaran

50 % 7% 10-11 % 2-8% 9-12%

Figure4.1 Most common inter-unit linkagesin Norway spruce milled wood lignin [33].
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lignin (Picea abies) are illustrated in Figure 4.1 [33]. 3-O-4 linkages are the most
frequent linkages, contributing to about 50% of the total number of inter unit linkagesin
the lignin structure [33]. The alkyl aryl ether structures are cleaved to an extensive
degree in kraft cooking. The reaction is of great importance for the delignification both
due to the large amount of [-aryl ether structures present, but also due to that the
cleavage of the akyl-aryl ether linkages is the only reaction known to cause
fragmentation of the lignin macromolecule. About 80-85% of the phenolic 3-aryl ether
bonds in wood lignin are cleaved in kraft cooking [34, 35].

The cleaving of alkyl-aryl ether linkages leads to the formation phenolic end groups in
lignin. Hence, the content of phenolic hydroxyl groups in the residual lignin increases.
The phenolic group is able to ionize under alkaline conditions and is of great importance
for the solubility of the kraft lignin. The content of phenolic hydroxyl groups in wood
(Picea abies and Pinus sylvestris) has been determined to about 13 per 100
phenylpropane units [36, 37]. After alkaline cooking the content of phenolic hydroxyl
groups in kraft pulp residual lignin has increased to about 30 phenolic hydroxyl groups
per 100 phenylpropane units [9, 35, 37], depending on the degree of delignification.
Yang and Lai [38] also showed that the free phenolic group content in kraft residual
lignin (Picea abies) increases with delignification, and found that low sulphidity
cooking yielded higher content of free phenolic groups in residua lignin. At 25%
sulphidity about 38 per 100 phenylpropane units were present in kappa 25 kraft residual
lignin, whereas about 33 per 100 phenylpropane unite were present in kraft residual
lignin at the same degree of delignification when 40% sulphidity was utilized. The
dissolved lignin in black liquor contains as much as about 75 phenolic hydroxyl groups
per 100 phenylpropane units, which underscores the importance of the cleavage of aryl
ether linkages for delignification and the phenolic hydroxyl groups for lignin solubility
[39]. Except for asmall number of carboxylic acid groups, the phenolic group is the only
type of functional group present conferring water solubility to the kraft lignin.

4.2 Structural changesin residual lignin in chlorine diox-
ide and ozone prebleaching

4.2.1 Lignin isolation

The residual lignin in the pulp is incorporated in the fibre wall and must be extracted
from the wood before it can be analysed. The isolation of lignin from a chemical pulp is
a difficult task. The residual lignin content is low and some of the lignin is probably
linked to carbohydrates [33]. It has been suggested that the alkaline stable lignin-
carbohydrate (LC) ether bonds form during kraft cooking [40] and that the residual
ligninislinked to the polysaccharides in such away that neither mild acid hydrolysis nor
alkali treatment can completely release it [41]. No method is available for extracting
lignin without introducing structural changes like breaking or creating linkages or
introducing or removing functional groups. For instance, in the isolation of milled wood
lignin, the substantial grinding required leads to the formation of new phenolic structures
[42]. Lignin isolation by acid hydrolysis probably leads to cleavage of aryl ether
linkages and condensation reactions between adjacent lignin structures may occur [43].
Isolation by enzymatic hydrolysis leads to lignin samples being contaminated by
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proteins which obstructs analysis. When isolated, the complexity of the lignin structure
limits the structural analysis of lignin to analysing characteristic structural elements and
functional groups such as hydroxyl, carbonyl and vinylic groups in the lignin.

In thisinvestigation, residual lignins are isolated from pulps by acid hydrolysis[6]. Acid
hydrolysis yields lignins in which no carbohydrates are present. Gellerstedt and Heuts
[43] pointed out that aryl ether linkages that are sensitive to acid hydrolysis are probably
cleaved during the isolation, and some new phenolic end groups are liberated in the
lignin. Condensation reactions between adjacent lignin structures could also occur, but
such reactions, if they occur at all, seem to be of minor importance [6]. Thus, except for
an increase in the amount of phenolic groups, the lignin structure seems to be rather
unaffected by the isolation procedure [43].

Thedatain Table 2.2 (page 22 ) estimate that only 40-60% of the theoretical amount of
lignin in the pulps was isolated. Such low yields of lignin are common when residual
lignins are isolated by acid hydrolysis. However, it can be speculated whether the
isolated lignin is representative for all the residual lignin in the pulp. The total lignin
content was estimated using the correlation % lignin = 0.15-kappa number. This is only
an approximate correlation since non-lignin structures like hexenuronic acid have been
found to contribute to the kappa number [28].

4.2.2 Phenolic hydroxyl groups

As mentioned in Section 4.1 the cleavage of alkyl-aryl ether linkages in kraft cooking
generates phenolic end groups in the kraft pulp residual lignin. The content of 3-O-4
structures in the residual lignins was analysed by thioacidolysis [7] and the results are
given in Table 4.1. In Norway spruce (Picea abies) milled wood lignin (MWL) the
content of [3-O-4 structures has been determined to 1006 pmole/g lignin [7]. Hence, the
resultsin Table 4.1 indicate that about 86% of the original 3-O-4 linkages in wood have
been cleaved in the investigated unbleached kraft pulp. The oxygen delignified pulp and
the unbleached kraft pulp are not comparable with respect to 3-O-4 content in residual
lignins since the pulps origin from different cooks. Upon chlorine dioxide and ozone
prebleaching of the oxygen delignified pulp the relative amount of 3-O-4 structures in
residual lignin decreases. It seems reasonable that the 3-O-4 structures are preferably
attacked in prebleaching since a recent study found that high amounts of (-O-4
structures in kraft pulp residua lignin was advantageous with respect to bleachability
[44].

Table4.1: Effect of chlorine dioxide and ozone prebleaching on the amount of -aryl
ether structuresin residual lignin. The amount of 3-O-4 structures was analysed by
thioacidolysis [7].

Unbleached® [¢) ODEo OZEo

pmole/  #/100 pmole/  #/100 pmole/  #/100 pmole/  #/100
glignin Cgunits glignin Cgunits glignin Cgunits glignin Cg units

-0-4
structures
Y The untreated kraft pulp does not origin from the same cook as the other pulps.

141 2.6 186 34 136 25 121 22




34 The complementary lignin chemistry of chlorine dioxide and ozone (Paper 1)

In addition to promote water solubility of the lignin, the free phenolic group is the most
important functional groups in terms of reactivity. In most chemical reactions on lignin,
the phenolic phenylpropane units are preferably attacked. The effect of prebleaching of
oxygen delignified kraft pulp on the content of phenolic lignin structures in residual
ligninisillustrated in Figure 4.2.
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Figure4.2 Effect of chlorine dioxide and ozone prebleaching on the content of
free phenolic groups in residual lignin.

The results in Figure 4.2 clearly illustrate that chlorine dioxide preferably attacks
phenolic lignin structures. The content of free phenolic hydroxyl groups in the ODEo
residual lignin has decreased over 80% compared to the free phenolic hydroxyl group
content in the oxygen delignified kraft pulp residual lignin. The ozone treatment also
yielded a significant decrease in the content of phenolic lignin structures. Thus, even
though ozone is capable of degrading non-phenolic lignin structures it seems to prefer to
attack phenolic lignin structures when they are present. About 80-85% of the phenolic
lignin structures in the residual lignins were of the uncondensed type, see Figure 2.1.

4.2.3 Oxidation of lignin in prebleaching

The predominant mode of lignin removal in bleaching goes through the oxidation of
lignin. Acidic and carbonyl groups are formed which increase alkali solubility of the
lignin polymer and induce cleavage of carbon-carbon and carbon-oxygen bonds.
Muconic acids are formed when aromatic rings are degraded and aliphatic acids are
formed when carbonyl groups in the side chains are oxidized. Gellerstedt et al. [45]
found that the carboxyl group content increased from 1.0 mmole/g in unbleached kraft
pulp residual ligninto 1.7 and 4.9 mmole/g in residual lignins of oxygen delignified pulp
and ODEo prebleached pulp respectively. The effect of the carboxyl groups on lignin
solubilization was illustrated by the fact that the dissolved lignin from a bleaching stages
always contained a higher amount of carboxyl groups than residual lignin in the pulp.
Native lignins contain few, if any, carboxyl groups [33]. The need for a comprehensive
oxidation of the lignin to obtain lignin dissolution and a high degree of delignification in



4.2 Structural changesin residual lignin in chlorine dioxide and ozone prebleaching 35

a bleaching stage is further supported by the fact that the depolymerization of the lignin
in bleaching treatments can be rather low. In contrast to chlorine, chlorine dioxide yields
alow degree of depolymerization of the kraft lignin [46]. Upon ozone treatment almost
no depolymerization of the lignin takes place [46, 47]. The effect of chlorine dioxide and
ozone in prebleaching on the number of carboxyl groups in residual lignin is illustrated
in Figure 4.3.
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Figure4.3 Effect of chlorine dioxide and ozone prebleaching on the content
of carboxyl groupsin residual lignin.

Figure 4.3 shows that the number of carboxyl groups in residual lignin has increased
considerably upon prebleaching. In the OZEo prebleached pulp, about 30 per 100
phenylpropane units in residual lignin contained carboxyl groups. At the same degree of
delignification, the ozone treatment yielded more carboxyl groups in the residual lignin
structure than chlorine dioxide treatment. The increase in carboxyl group content in
residual lignin upon chlorine dioxide was less than results reported by Gellerstedt et al.
[45]. A difference which may be of importance in this respect, is that the probably most
oxidized low molecular lignin material is removed by dialysis in the lignin isolation
procedure applied, see Chapter 2.3. In the study of Gellerstedt et al. [45] hydrochloric
acid was removed by repeated centrifugastion of the lignin in water.

The change in elemental composition of the residual ligninsin Table 4.2 also reveals the
extensive oxidation which has occurred in oxygen delignification and prebleaching. The
caculated number of double bond equivalents, DBE, represents the degree of
unsaturation and mainly reflects the presence of aromatic rings and inter-unit linkages
connecting the phenylpropane monomer units [39]. By comparison, the elemental
composition of milled wood spruce lignin (Picea abies) has been determined to be
CoHg.0502.84(0CH3g)g 95, DBE=5.5[48].

The results in Table 4.2 also show that a substantial demethoxylation has occurred,
especialy in the chlorine dioxide prebleached pulp. The demethoxylation is caused by
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Table4.2: Effect of prebleaching on elemental composition of residual lignin.

Elemental composition DBEY My?
Unbleached CoHg 6402 9950.07(OCH3)0 73 53 190
O CoHg.4003.1150.07(0CH3)0.70 55 190
ODEo CgH11 105 0050.05(0CH3)0.40”) 43 213
OZEo CoH10,004.3350.07(0CH3)o.51 4.7 205

1 When the elemental composition (incl. OCH 3) isgivenin the form C;H,0.S;, then
the number of double bond equivalents, DBE, is given by: DBE = ¥4 (2a+2)-b]

2 Molecular weight of the residual lignin based on a Cg unit ¥ 13C-NMR analysis
showed traces of carbohydrate impuritiesin the sample. Residual lignin was later on
re-isolated from the ODEo treated pulp before analysing for free phenolic groups and
carboxyl groups.

the oxidation of aromatic rings, see Figure 5.1, which probably reflects the low degree of
unsaturation of the ODEo residual lignin.

As mentioned in Section 2.3, the number of functional groups per 100 phenylpropane
units have been estimated by using a molecular weight of 183 g/mole. Freudenberg and
Neish [13] compared literature data on elemental composition of lignin and calculated
an average Cgq based molecular weight for spruce lignin of 183 g/mole. In the same way,
the apparent molecular weight is calculated from the elemental composition data for the
residual lignins isolated in Table 4.2. The Cqg based molecular weight of the residual
lignin seems to increase by the oxidation of the lignin in pulping and bleaching. Hence,
the number of functional groups per 100 phenylpropane units in Table 4.1, Figure 4.2
and Figure 4.3 are probably somewhat overestimated.

Sun and Argyropoulos [49] found similar changes in residual lignin structure as
presented here when treating unbleached softwood (Picea mariana) kraft residual lignin
directly with various bleaching chemicals. Chlorine dioxide treatment caused a higher
reduction in free phenolic group content than ozone, whereas ozone treatment generated
more carboxyl groups in the residual lignin structure. A substantial demethoxylation
occurred upon chlorine dioxide treatment, whereas the ozone treatment caused no
change in the methoxyl content.

4.2.4 (DZ) versus(ZD)

The superior delignification efficiency of the (DZ)Eo process versus the (ZD)Eo process
may be explained by the different ability of chlorine dioxide to degrade non-phenolic
lignin structures. Whereas chlorine dioxide mainly degrades phenolic lignin structures,
ozone attacks both phenolic and non-phenolic lignin structures. However, ozone also
seems also to prefer to attack phenolic lignin structures when they are present. Thus, the
(DZ) treatment seems to be the most efficient, allowing chlorine dioxide initially to
degrade the phenolic lignins and leave the non-phenolic and less reactive lignin
structures for the ozone treatment.
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4.3 Concludingremarks

The efficient delignification obtained when chlorine dioxide and ozone are used in
combination seems reasonable due to their ability to degrade different types of lignin
structures. Whereas chlorine dioxide mainly degrades phenolic lignin structures, ozone
is capable of degrading both phenolic and non-phenolic lignin structures. Both chlorine
dioxide and ozone are strong oxidants, but ozone seems to be more efficient in this
respect since more carboxyl groups were implemented in the residual lignin at the same
degree of delignification. The large number of carboxyl groups introduced in the lignin
structure seems to govern the solubilization of the lignin in chlorine dioxide and ozone
bleaching.

The superior delignification efficiency of (DZ)Eo prebleaching versus (ZD)Eo
prebleaching may be explained by that the (DZ) treatment initially allows chlorine
dioxide to degrade the phenolic lignin structures, and leaves the non-phenolic and less
reactive lignin structures for the ozone treatment.
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CHAPTER

L OW-CHARGE CHLORINE DIOXIDE
PREBLEACHING (PAPERII)

In Chapter 3 it was shown that the delignification efficiency of the (DZ)Eo prebleaching
process was superior to the (ZD)Eo process. It was aso found that the (DZ) stage
generated less chlorate than the (ZD) and D stages. Similar results have been shown
when comparing (DC)E prebleaching and (CD)E prebleaching. The (DC)E process was
more efficient in terms of delignification than the (CD)E process [30, 31, 32], and less
chlorate was formed in the (DC) stage than the (CD) stage [31]. Thus, it could be
speculated that the efficient delignification obtained in both the (DZ) and (DC) stages
might be related to the initial chlorine dioxide treatment. The main difference between
the initial chlorine dioxide treatment in the (DZ) and (DC) stages from D prebleaching is
the lower chlorine dioxide charge applied. In most studies of inorganic reactions in
chlorine dioxide bleaching rather high chlorine dioxide charges have been applied,
corresponding to the amounts of chlorine dioxide applied in practice. It is possible that
low-charge chlorine dioxide bleaching yields more efficient use of the bleaching
chemical. This hypothesis was to be explored.

5.1 Theideal situation for chlorine dioxide bleaching

When used to delignify pulp under acidic conditions, chlorine dioxide is reduced in a
complex reaction pattern, including lignin degrading reactions and inorganic reactions.
Within a few minutes chlorine dioxide is consumed forming chlorous acid (HCIO,),
hypochlorous acid (HOCI), chlorate (CIO3), and chloride (CI7). Chloride and chlorate
are stable ions while chlorous acid and hypochlorous acid are usually involved in further
reactions. The ideal situation for maximum oxidation of lignin would be if al chlorine
dioxide was reduced to chloride ion, CI°, with corresponding maximum oxidation of
lignin.

ClO, + 4H* + 56 ® ClI" + 2H,0 (5.1)
However, in chlorine dioxide bleaching some of the chlorine dioxide is oxidized into

chlorate. Chlorate is a stable ion representing a loss of oxidation power in chlorine
dioxide bleaching. An old ideais to try to modify process conditions in order to reduce
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the chlorate formation and thereby achieving a more efficient use of the bleaching
chemical. Germgérd et al. [50] investigated the chlorate formation in chlorine dioxide
prebleaching and final bleaching, and concluded that the chlorate formation is not a
measure of the efficiency in chlorine dioxide bleaching. However, later studies have
shown that the chlorate formation is a result of complex inorganic reactions which are
affected by the conditions applied [51, 52, 53].

5.2 Major reactions of chlorine dioxidein prebleaching

Chlorine dioxide reacts rapidly with phenolic lignin structures in the pulp. A proposed
reaction pattern for the reactions between chlorine dioxide and phenolic lignin structures
is summarized in Figure 5.1 [54].
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Figure5.1 Chlorine dioxide reactions with phenolic ringsin lignin [54].

In theory, chlorine dioxide can also attack non-phenolic lignin structures in a similar
way, but at a greatly reduced rate. Initially, phenoxy radicals and chlorite (or chlorous
acid, see Equation (5.2)) are formed by one electron oxidation. Coupling of the various
phenoxy radicals with additional chlorine dioxide leads to the formation of chlorous acid
esters. On decomposition, the chlorous acid esters are converted to benzoquinone or
corresponding catechols and muconic acid monomethyl esters or their lactonized forms.
Chlorite and hypochlorous acid are released in one- or two-electron oxidation reactions.
Wajon et al. [55] studied the reaction of chlorine dioxide with a phenol model
compound. The results corresponded to a reaction mechanism in which the rate-
determining step is the initial removal of one electron from the substrate by chlorine
dioxide forming a phenoxy radical and chlorite. Subsequently, chlorine dioxide adds to
the phenoxy radical, most frequently in the para position, forming p-benzoquinone with
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the concomitant release of hypochlorous acid. The mechanism is in agreement with that
about 0.5 mole chlorite was formed per mole chlorine dioxide reduced.

Besides oxidating phenolic lignin structures a significant amount of chlorine dioxide is
consumed in reaction with hexenuronic acid groups in the pulp. The content of
hexenuronic acid groups and phenolic lignin structures in the investigated pulps are
givenin Table 5.1. The content of free phenolic groups in lignin is estimated by isolating
residual lignins by acid hydrolysis [6] and measuring the amount of phenolic phenol
propane groups in the residual lignins by UV spectroscopy [17].

Table5.1: Content of phenolic lignin structures and hexenuronic acid groups in
unbleached, oxygen delignified, and ODEo prebleached kraft pulp.

Free phenolic groups  Hexenuronic acid
Pulp Kappa y o

number mmole/g  pmol e/g pmole/g
res. lign. pulp 0 pulp
Unbleached 24.3 1.86 68 16.9
O 12.7 1.35 26 17.7
ODEo? 3.7 0.25 1.4 9.7

D Assumed a lignin content of % lignin= 0.15- Kappa number and a molecu-
lar weight of spruce lignin of 183 g/mole [13] )0.65% Cl O, charge.

The results in Table 5.1 show that about 95% of the phenolic lignin structures and 45%
of the hexenuronic acid groups in the oxygen delignified kraft pulp are degraded in DEo
prebleaching. The relative amount of phenolic lignin structures in residual lignin has
decreased over 80%. According to the mechanism between chlorine dioxide and
phenolic lignin structures in Figure 5.1, two equivalents of chlorine dioxide should be
consumed for each phenolic phenylpropane unit. As the hexenuronic acid group also has
been found to consume two equivalents of chlorine dioxide [59], 0.59% chlorine dioxide
should theoretically be consumed if chlorine dioxide degraded all phenolic
phenylpropane units and hexenuronic acid groups in the present oxygen delignified pulp.

5.3 Inorganicreactionsduring chlorine bleaching

Typica concentration profiles for inorganic chloro-compounds during chlorine dioxide
bleaching are illustrated in Figure 5.2. Initialy, chlorite forms rapidly and is mainly
consumed during the treatment. Chlorous acid is in acid equilibrium with chlorite (CIO,)
(5.2), and hypochlorous acid is in equilibrium with chlorine (Cl,) in acidic solution (5.3)
and hypochlorite (CIO") in neutral solution (5.4)..

HCIO, « ClO, + HY , PKay = 2.31[56],2.0([57]  (5.2)
Cly+ HyO« HOCI+ CI'+ H" | Kap=3.9410[58] (5.3)
HOCl « ClO + H' , pPKag = 7.5[57], 7.3 [58] (5.4)

Thus, in atypical pH range of 2.5-4 for chlorine dioxide bleaching, chlorite is the main
species present, whereas the presence of chlorine versus hypochlorous acid is dependent
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Figure5.2 Typical concentration profiles for chlorine dioxide, chlorite, chlorate and
chloride in chlorine dioxide prebleaching. Hypochlorous acid was not analysed.

on both pH and chloride concentration.

Chlorite and hypochlorous acid may react inorganically and form chlorate. Ni et al. [52]
studied the reaction and observed that only a small amount of chlorate was formed when
hypochlorous acid was captured by a radial scavenger (sulfamic acid). Consequently,
essentially all chlorate seems to be formed in reactions in which hypochlorous acid is
involved. The reaction between chlorite and hypochlorous acid was found to correspond
for essentially all chlorate formation in chlorine dioxide bleaching [52]:

ClO, + HCIO® H* + CI" + CIOg (5.5)

At more acidic conditions the equilibrium (5.3) shifts towards chlorine, and chlorine
reacts with chlorite and regenerates chlorine dioxide:

2CI0, + Cl, ® 2CI" + ClO, (5.6)

Both reactions (5.5) and (5.6) are very rapid under acidic conditions [60]. A reaction
mechanism for the two reactions was proposed by Taube and Dodgen [61] and later
expanded by Emmenegger and Gordon [60]. A common reaction intermediate, Cl,0,, is
formed in both reactions:

ClO, + HOCI + H" ® Cl,0, + H,0 (5.7)
C|02-+ C|2 ® C|202+ cl (5.8)
2C|202® C|2+ C|02 (59)

C|202 + H20® Cl"+ C|O3- + 2H* (510)
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The reaction mechanism explains several experimental findings. Chlorine dioxide
regeneration has been found to be favoured by acidification [60] and chloride addition
[50, 62], whereas chlorate formation is favoured at low pulp consistency [60]. Both
acidification and chloride addition shift the HOCI/Cl,-equilibrium (5.3) towards
chlorine. Chlorine dioxide regeneration is favoured since the reaction rate of reaction
(5.8) is much faster than reaction (5.7) and the second-order reaction (5.9) is favoured by
a high intermediate concentration. At low pulp consistency the first-order chlorate
formation (5.10) is favoured over the second-order chlorine dioxide regeneration.

Asillustrated in Figure (5.2) chlorite formsinitially in chlorine dioxide bleaching and is
mostly consumed throughout the treatment. Chlorite is consumed in the rapid reaction
with hypochlorous acid (5.5), but may also decompose under acidic conditions and
regenerate chlorine dioxide. Kieffer and Gordon [63] studied the acid catalysed
disproportionation of chlorite and found that the stoichiometry in the pH range 0.3-3 can
be approximated by:

4ClO, + 2H* ® 2ClO, + CI™ + ClO5 + H,0 (5.11)

Chloride was found to catalyse the disproportionation, changing the stoichiometry to:

5CIO, + 4H* ® 4CIO, + Cl™ + 2H,0 (5.12)

whereas more chlorine dioxide respective chloride and no chlorate was formed. Smithz
and Rooze [64] suggested another mechanism in which hypochlorous acid is generated
and reacts further according to Equations (5.7), (5.9) and (5.10).

ClO, + ClI™+ 2H* ® 2HCIO® Cl,0;... (5.13)

A later study indicated that neither the reaction (5.11) nor the reaction (5.13) occur to
any noticeable extent since no detectable amount of chlorate or hypochlorous acid was
formed in an acidic chlorite solution during 150 minutes at pH 2.6 and 45°C [52].
Initially, chlorine dioxide and chloride were formed at a high ClO,/Cl -ratio which
decreased throughout the treatment. Thus, the reaction pattern appears to be more
complex than suggested by Equations (5.11) and (5.12).

Irrespective of mechanism, acid catalysed disproportionation of chlorite is a slow
reaction. The maximum reaction rate occurs at pH~2.0, about the pKa of chlorous acid
[65, 66]. Kieffer and Gordon [66] stated that only when pH is less than 3 will more than
one percent sodium chlorite decompose within a retention time of ten minutes.

The decomposition of chlorite under chlorine dioxide prebleaching conditions with and
without pulp present is studied in Table 5.2. The results in Table 5.2 show that only
small amounts of chlorite is decomposed during 30 minutes at pH 3.5, while about 23%
chlorite is decomposed during 30 minutes at pH 2.5. Considering that other chlorite
consuming reactions take place and the rather short retention time applied, acid
catalysed disproportionation of chlorite is probably of minor importance in prebleaching.
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Table5.2: Acid catalysed disproportionation of chlorite?.

N?T%I%ZI“, pH?  Pulp?d Trin'i??’ Resi dugl/!) ClOo,, Formozj Ccl,
0.01 - 30 100 2
0.01 35 - 60 89 5
0.008% + 30 60 18
0.01 - 30 77 13
0.01 2.5 - 60 66 22
0.008 + 30 45 24

1 some chloride (0.19 mole CI'/ mole ClO,") was present in the NaClO, salt
applied. 2Citric acid buffer was added Oxygen delignified kraft pulp at 8% pulp
consistency in plastic bags 4 Equals 0.6% CIO, charge.

Chlorite may act as a bleaching agent itself under acidic conditions. Rapson [67] found
that chlorite reacts with unbleached kraft pulp releasing chloride at pH values below 4.
At higher pH values the reactivity decreased rapidly, and at pH values greater than 5,
chlorite was stable in pulp suspensions. However, to what extent chlorite reacted with
pulp itself or was decomposed by acid catalysed decomposition is unclear. The resultsin
Table 5.2 show that chlorite is consumed at a higher rate when pulp is present. Thus,
either the pulp catalyses the acid-catalysed decomposition of chlorite or some chlorite
reacts with the pulp itself. No chlorate was formed in any of the experiments.

5.4 Effects of hypochlorous acid

Hypochlorous acid has been generaly considered to be destructive to cellulose and
therefore avoided in pulp bleaching [68]. Radical scavengers like sulfamic acid and
phenolic compounds have been added to prevent cellulose degradation during acidic
hypochlorite bleaching. According to the literature the hypochlorous acid formed seems
to determine both the AOX formation [69] and the chlorate formation [52] in chlorine
dioxide bleaching. By capturing hypochlorous acid by sulfamic acid, Ni et al. [52] found
that hypochlorous acid attributed to at least 86% of the chloro-organic compounds
formed in chlorine dioxide treatment of unbleached kraft pulp. Others studies have also
verified that hypochlorous acid is the main component forming organically bound
chlorine (AOX and OCI) in chlorine dioxide bleaching. Wajon et al. [55] studied the
reaction between chlorine dioxide and a phenol model compound, and found that chloro-
phenols were only formed when phenols were present in excess. Hypochlorous acid
also seems to be essential for the delignification in chlorine dioxide bleaching. Joncourt
et al. [53] found that the delignification in chlorine dioxide treatment of unbleached kraft
pulp was reduced by about one third when hypochlorous acid was captured by DM SO.

Studies by both Kolar et al. [51] and Ni et al. [52] showed that hypochlorous acid is
formed in excess relative to chlorite in chlorine dioxide bleaching. Kolar et al. [51]
captured about 50 mole% hypochlorous acid of charged chlorine dioxide (kappa factor
0.16) by DM SO during chlorine dioxide prebleaching of oxygen delignified kraft pulp.
About 20-30 mole% chlorite formed initially and was consumed throughout the
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treatment. Kolar et al. [51] suggested that the excess formation of hypochlorous acid
versus chlorite my be explained by chlorine dioxide being reduced to both chlorite and
monochlorine monoxide, and the latter reduced by lignin to hypochlorous acid. Quite
similar, Ni et al. [52] captured 58 mole% hypochlorous acid (kappa factor 0.22) by
sulfamic acid and measured an initial formation of 25 mole% chlorite during chlorine
dioxide delignification of unbleached kappa kraft pulp. Joncourt et al. [53] estimated an
even higher hypochlorous acid formation of 75 mole% in chlorine dioxide
delignification of unbleached kraft pulp. The estimate was made by assuming that
hypochlorous acid accounts for all AOX formation and extrapolate plot of AOX
formation versus added amount of radical scavenger (DM SO). In the study by Joncourt
et al. [53] the chlorate formation only was reduced from 19.4% to 16.5% when a rather
high amount of radical scavenger was added. According to Ni et al. [52] there should not
be any chlorate formation if all hypochlorous acid is captured by a radical scavenger,
since the reaction between hypochlorous acid and chlorite (5.5) was found to account for
essentially all chlorate formation in chlorine dioxide bleaching.

5.5 Effectsof chlorinedioxide chargein prebleaching

The charge in a prebleaching stage is usually determined by the desired final brightness
and number of bleaching stages available. Here, it was desired to achieve a final
brightness of 88% 1SO in a DEoDED, bleaching sequence of an oxygen delignified
kraft pulp. Hence, a chlorine dioxide charge of 0.65% CIO, (kappa factor 0.13) was
required in the prebleaching stage and 0.70% CIO, in the D,ED, final bleaching stages.
The delignification effect versus chemical consumption in DEo and ZEo prebleaching is
illustrated in Figure 5.3. Both D and Z stages were performed in a MC mixer to ensure
proper mixing, and all chlorine dioxide and ozone charged was consumed throughout the
treatments.

D,Z: SO:‘C, 30 min., :LIO% cons., M(:‘, mixer
4 Eo : 90°C, 0.5MPa O,, 1% NaOH, 60 min., autoclaves

Kappa number

0 0.2 0.4 0.6 0.8 1
CIO, or O; charge [%]

Figure5.3 DEo and ZEo prebleaching of oxygen delignified kraft pulp.
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According to Figure 5.3, chlorine dioxide appears to be a more efficient delignifying
agent than ozone when small chemical charges are applied.

The chlorate formation was measured in filtrates from the chlorine dioxide bleaching
stages, and the relative amount of chlorate formed is plotted versus chlorine dioxide
chargein Figure 5.4.

D :50°C, 30 min, 10% cons. (MC mixer)
Eo : 1% NaOH, 0.5 MPa O, press., 90°C, 1h. (autoclaves)

25}

ClOj; formation [mole%]
= N
al o

=
(=]

0 0.2 0.4 0.6 0.8 1
CIO; charge [%)]

Figure 5.4 Chlorate formation in chlorine dioxide prebleaching of
oxygen delignified kraft pulp.

Figure 5.4 shows that the chlorate formation rises with increasing chlorine dioxide
charge up to about 0.65% chlorine dioxide. At higher chlorine dioxide charges the
chlorate formation seems to stabilize at about 21 mole% CIO3™. As previously mentioned
the chlorate formation represents a waste of oxidation power in chlorine dioxide
bleaching. Thus, the efficient delignification and lower chlorate formation obtained
when low chlorine dioxide charges are applied in chlorine dioxide prebleaching may be
related to more efficient use of the bleaching chemical. The small decrease in kappa
number upon chlorine dioxide charges above 0.6% in Figure 5.4 is probably related to
the few accessible reactive structures remaining in the pulp. In Section 5.2 it was
estimated that 0.59% chlorine dioxide would theoretically be required to degrade all
phenoalic lignin structures and hexenuronic acid groups in the pulp.

The chlorate and chloride formation during low consistency chlorine dioxide
prebleaching is shown in Figure 5.5. In agreement with previous results, the chlorate
formation rises with increasing chlorine dioxide charge. When 0.5% and 0.75% chlorine
dioxide are applied, al chlorate seems to form within a few minutes. At 1.0% chlorine
dioxide charge a considerable amount of the chlorate that is generated is formed more
slowly throughout the treatment. The initial fast chlorate formation is accompanied by a
rapid decrease in chlorite concentration, indicating that the chlorate is formed by the
reaction between hypochlorous acid and chlorite, see Equation (5.5). According to the
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Figure5.5 Chloride and chlorate formation during low consistency
chlorine dioxide prebleaching.

literature [51, 52, 53] hypochlorous acid is formed in excess to chlorite. Provided the
stoichiometry of Equation (5.5) applies, hypochlorous acid should remain even if all the
generated chlorite reacted with hypochlorous acid. Hypochlorous acid reacts also with
lignin. The increased chlorate formation at high chlorine dioxide charge may be
explained by the fact that lower amount of reactive lignin structures present when
hypochlorous acid is generated. The chlorine dioxide has oxidized the most reactive
lignin structures before hypochlorous acid is formed, and hypochlorous acid probably
reacts to a larger extent inorganically and forms chlorate. At 1.0% chlorine dioxide
charge a major portion of the formed chlorate was generated rather slowly throughout
the treatment. Considering that both the reaction between hypochlorous acid and chlorite
is fast and that the hypochlorous acid is formed in excess to chlorite, it is possible that
chlorate is formed from hypochlorous by another slow reaction when a low amount of
residual lignin is present.

The importance of the residual lignin content for the chlorate formation is also supported
by the results of Germgérd et al. [50]. In prebleaching of oxygen delignified kraft pulp
5-20% of the consumed chlorine dioxide was converted to chlorate, whereas 25-50%
chlorate was formed in chlorine dioxide final bleaching. In final bleaching the chlorate
formation increased linearly with consumed chlorine dioxide, corresponding to a
constant percentage of charged chlorine dioxide. According to the theory presented,
these results should imply that the residual lignin content in prebleached pulpsis so low
that the hypochlorous acid formed in final bleaching generates chlorate independently of
the chlorine dioxide charge applied.
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5.6 Applications of low chlorine dioxide charge

The previous results have indicated that chlorine dioxide prebleaching is efficient in
terms of delignification when a low chlorine dioxide charge is applied. Low chlorine
dioxide charge s utilized in practice in the (DC) [30] and (DZ) stages [3, 4], which both
have been found to be very efficient in terms of delignification. Another utilization of
low chlorine dioxide charge could be the use of sequential charging of low amounts of
chlorine dioxide instead of the traditional batch charging.

5.6.1 (DZ) and (ZD) stages

An application of using low chlorine dioxide charge is in the (DZ) and (ZD) bleaching
stages. Here, chlorine dioxide and ozone are injected subsequently to one another
alowing the first injected chemical to be consumed before the other one is injected. In
Chapter 3 it was shown that the delignification efficiency of the (DZ)Eo prebleaching
was superior to the (ZD)Eo prebleaching. It was also found that the chlorate formation
was lower in the (DZ) than the (ZD) and D stages. A balance of inorganic and organic
chloro-compounds formed in DEo, (DZ)Eo and (ZD)Eo prebleaching is compared in
Table 5.3. Other pulp and effluents characteristics are given in Table 3.3 (page 29).

Table5.3: Balance of inorganic and organic chloro-compounds formed in the DEo,
(DZ)Eo and (ZD)Eo prebleaching of oxygen delignified kraft pulp.

Clo, - - AOX, 2) 3

charge? Cl ClO3 199 2Mg. OcCl SUM

kg/t kg/t kg/t kg/t kg/t kg/t %
DEo 3.61(100) 2.22(61) 0.76(21) 0.32(9) 0.06(2) 0.13(4)  (96)

(DZ)Eo  1.78(100) 1.20(68) 0.23(13) 0.13(7) 0.02(1) 0.14(8)  (97)
(ZD)Eo  1.83(100) 1.13(62) 0.53(29) 0.17(9) 0.03(2) 0.14(8) (110)

D Enclosed values are relative amounts in percent 2) Organic bound chlorinein the
pulp ) As percent of charged ClO,..

The results in Table 5.3. show that the (DZ)Eo prebleaching process yielded less
formation of both chlorate and chloro-organic compounds. The lower chlorate formation
in the (DZ) stage versus the D stage is in agreement with the previous results in Figure
5.4. and related to the lower chlorine dioxide charge applied. The higher chlorate
formation in the (ZD) stage versus the (DZ) may be related to less reactive lignin
structures being present during the chlorine dioxide treatment in the (ZD) stage. Both
ozone and chlorine dioxide have oxidized lignin in the (DZ) stage before the
hypochlorous acid is generated, and hypochlorous acid probably reactsto alarger extent
inorganically and forms chlorate.

The chlorate and chloride formation during low consistency D and (ZD) treatments is
shown in Figure 5.6. Since the chlorate and chloride concentrations remain unchanged
upon ozonation when all chlorine dioxide and chlorite are consumed, the formation of
inorganic chloro-compoundsin D and (DZ) stages are equal at the same chlorine dioxide
charge. In agreement with the previous results, Figure 5.6 shows that the (DZ) process
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yields less chlorate formation than the (ZD) treatment. Like the chlorate formation at
high chlorine dioxide charge (1.0%) in Figure 5.5, a significant portion of the chlorate
formed in the (ZD) treatment is generated rather slowly throughout the treatment.

DZ): 0.75% CIO,, 0.4% Os, 50°C '
70 '(D ) 0.75% CIO,. 50°C CI DID2) stage -

60f CI, (ZD) stage
50}

40

ClOs, (ZD) stage
ClOs, DI/(DZ) stage

Cl" and CIO3; [mole%]

10

0 10 20 30 40 50 60 70 80 90 100
Time [min]
Figure5.6 Chloride and chlorate formation during low consistency D/(DZ)
and (ZD) treatment of oxygen delignified kraft pulp.

5.6.2 Sequential charging of chlorine dioxide

The effect of sequential charging was tested by chlorine dioxide prebleaching
experiments performed in plastic bags at 8% pulp consistency in buffered solutions at
pH 2.5 and 3.5. The retention time in between the charges was varied in order to
investigate the possible effects of residual chlorite. The results for the experiments
performed at pH 3.5 are given in Table 5.4. Neither the chlorine dioxide bleaching
experiments at pH 3.5 nor pH 2.5 showed any typical difference in chlorate formation or
brightness development between sequential and batch charging. The measured
concentrations of chlorate and chloride were low compared to earlier experiments. Some
experiments were repeated without buffer addition but the buffer did not seem to
influence the results to any noticeable extent.

In Section 5.6.3 it was suggested that the lower chlorate formation and increased
delignification of the (DZ) treatment versus the (ZD) treatment could be explained by
that the chlorine dioxide treatment was more efficient in the (DZ) stage than the (ZD)
stage. The results indicated that hypochlorous acid to a larger extent reacts with lignin
and contributes to delignification in the (DZ) stage, whereas it reacts inorganically and
forms chlorate in the (ZD) stage when less reactive residual lignin structures are present.
In relation to these results it seems reasonable that splitting the chlorine dioxide charge
in a (D;...D;)Eo process is not beneficial compared to a DEo process. Like the chlorine
dioxide treatment in the (DZ) stage, the first chlorine dioxide treatments in the (D;...D;)
stage probably work efficiently, but as the number of reactive lignin structures in the
pulp decreases the latter probably do not. Recently, Lachenal and Chirat [70] also
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Table5.4: Effect of sequential charging in buffered® chlorine dioxide prebleaching of
oxygen delignified kraft pulp?.

ClOg, Cr, Brightness,

% of ClO, % of ClO, %I SO
CIOZ,% 02 04 06 08 10|02 04 06 08 10|02 04 06 08 10
Batch 45 72 99 117 11.3|47 53 49 45 45|449 46.8 48.3 50.7 523
305.3) 42 85 10.8 11.3 11.0|49 58 54 49 44| - 447 47 499 523
gﬁin - 80 81 100 101 - 58 48 57 44| - 451 485 531 523
Seq. - 90 9 - - |- 85 - -|- 48511 - -
30 min
Seqg.
30 min4) 11 13 62 57 451 49.8

D Citric acid buffer at pH 3.5 ?Kappa number 12.7, 36% 130 brightness. D-stage:
50°C, 8% consistency, water bath 3)Sequential charging was done by charging x times
of 0.2% CIO,. Intervals between the charges were 30 seconds, 5 minutes and 30 min-
utes ) No buffer applied. Start pH was 4.0 and final pH 2.4.

investigated effects of splitting the chlorine dioxide charge in prebleaching. In
agreement with the previous results, splitting the chlorine dioxide charge in a DDDE
process did not lead to any improvement compared to a DE process. Lachenal and Chirat
[70] suggested that chlorine dioxide reacts with oxidized lignin which has not yet gone
into solution, since no improvement was obtained when the pulp was washed between
the chlorine dioxide treatments. Sequential charging of low amounts of chlorine dioxide
is only beneficial when the pulp is pH adjusted or treated with alkaline between the
charges[53, 70].

5.6.3 Similarities between (DC)/(CD) and (DZ)/(ZD) stages

Quite similar to the superiority of (DZ)Eo prebleaching versus (ZD)Eo prebleaching, the
delignification efficiency of (DC)E prebleaching has been shown to be superior to
(CD)E prebleaching [30, 31, 32]. The chlorate formation has aso been reported to be
lower for the (DC) stage than the (CD) stage [31]. Ni et al. [71] explained the difference
by chlorite decomposing and regenerating chlorine dioxide according to Equation (5.12)
in the (DC) stage, whereas chlorate formation takes place by Equation (5.5) in the (CD)
treatment since hypochlorous acid from the C-treatment is present when chlorite is
generated in the latter D-treatment. However, the explanation does not seems likely
when considering that the acid catalysed decomposition of chlorite is a very slow
reaction, and that sufficient amounts of hypochlorous acid should be present for reacting
with chlorite in both (CD) and (DC) stages since hypochlorous acid is formed in excess
to chlorite in chlorine dioxide bleaching [51, 52, 53]. Thus, extra hypochlorous acid
fromthe initial C-treatment should not influence on the chlorate formation in the latter D
treatment since, according the stoichiometry in Equation (5.5), only one equivalent of
hypochlorous acid is consumed in the reaction with chlorite. Another explanation could
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be that the difference in chlorate formation of the (DC) and (CD) stages is related to
different amount of reactive lignin structures present during the chlorine dioxide
treatment. In the (CD) treatment less unoxidized residual lignin is present since chlorine
has oxidized lignin prior to the chlorine dioxide treatment. Thus, in the absence of
reactive lignin structures the hypochlorous acid generated in the latter chlorine dioxide
treatment probably reactsto alarger extent inorganically and forms chlorate. In the (DC)
treatment more residual lignin is present when hypochlorous acid is generated, and it
may react with residual lignin and contribute to delignification.

Both chlorine and ozone are stronger oxidants that chlorine dioxide, capable of oxidizing
non-phenolic lignin structures. In this respect the (DC) and (DZ) stages also seem to be
most reasonable. Chlorine dioxide is initially allowed to attack phenolic lignin
structures, whereas the non-phenolic and less reactive lignin structures are left for the
stronger oxidant.

5.7 Concluding remarks

Chlorine dioxide prebleaching has been shown to give efficient delignification relative
to chemical consumption when alow chlorine dioxide charge is applied. The effect may
be explained by that the reaction intermediate hypochlorous acid reacts with residual
lignin and contributes to delignification. At higher chlorine dioxide charges less reactive
lignin structures are present and hypochlorous acid probably reacts to a larger extent
inorganically and forms chlorate.

In practice, a low chlorine dioxide charge is used in the (DZ) and (DC) stages, which
both have been shown to be very efficient in terms of delignification. Sequential
charging of small amounts of chlorine dioxide was not beneficial compared to traditional
batch charging.
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CHAPTER

PAPER PROPERTIES OF FINAL
BLEACHED PULPS (PAPER I11)

The use of (DZ) and (ZD) stages in prebleaching is believed to be way of reducing the
chlorine dioxide consumption in traditional ECF bleaching and make possible a more
economical and environmental feasible way of bleaching oxygen delignified kraft pulp.
Therefore, effects of using (DZ) and (ZD) bleaching stages in the prebleaching of
oxygen delignified softwood kraft pulp has been explored in this study. In Chapter 3 it
was shown that the (DZ)Eo prebleaching could be a good dternative to DEo
prebleaching by providing efficient delignification relative to chemical consumption and
a significant reduction in formation of chloro-organic compounds. In order to establish
whether the pulp quality is maintained when (DZ)Eo prebleaching is utilized, paper
properties after full bleaching must be compared with the ECF reference pulp. In
addition to D;ED, reference final bleaching, it was chosen to apply pressurized peroxide
final bleaching, Q(PO). Pressurized peroxide bleaching has been shown to be beneficial
in several aspects compared to traditional atmospherical hydrogen peroxide bleaching.
The reaction time is reduced considerably, the amount of hydrogen peroxide needed to
achieve a certain brightness is reduced, maximum obtainable brightness level is raised
and higher pulp viscosity is obtained [5]. Hence, the bleaching sequences applied were
(DZ)EoD4ED,, (DZ)E0Q(PO), DEoQ(PO) and the DEoDED, reference sequence.

6.1 Pulp and effluent characteristics

Oxygen delignified kraft pulp was prebleached according to the sequences (DZ)Eo and
DEo as described in Section 2.2.1. Three batches of each sequence were bleached and
mixed before analysis and final bleaching. Pulp and effluent characteristics of (DZ)Eo
prebleached pulps are given in Table 6.1. Compared to the reference sequence, (DZ)Eo
prebleaching yielded a reduction in AOX and COD formation of 47% and 7%
respectively. In addition, the (DZ)Eo prebleaching sequence was not optimized with
respect to ozone-chlorine dioxide replacement ratio. Since the kappa number of the
(DZ)Eo prebleached pulp was lower than the DEo prebleached pulp, it should be
possible to reduce the chlorine dioxide charge in the (DZ) stage and till achieve the
same final bleaching as the reference pulp. In this case an even lower AOX formation
should be obtained.
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Table6.1: Characteristics of prebleached pulps.

clo,

charoe Kappa Viscosity, COD, AOX, OcCl,
kg agl % number  dmP/kg kg/t kg/t kg/t
DEo 3.61 3.7 840 20.0 0.32 0.08
(DZ)Eo 1.84(-49%) 3.1 730 187 (-7%) 0.17 (-47%)  0.07

Even though a rather low ozone charge of 0.36% has been applied here, the results in
Table 6.1 show that the viscosity of the (DZ)Eo prebleached pulp is significant lower
than the reference pulp. The viscosity drop is probably due to thar ozone may oxidize
polysaccharide chains and form carbonyl and carboxylic structures within the
polysaccharide chains. Such groups may cause chain cleavage and loss in pulp viscosity
upon alkali treatment. However, even though the pulp viscosity of (DZ)Eo prebleached
pulpsis significant lower than the DEo prebleached pulp, the pulp characteristics of final
bleached pulps in Table 6.2 show that the difference in pulp viscosity has decreased
considerably after final bleaching.

The pulp and effluent characteristics of final bleached pulps are given in Table 6.2.
Chemical charges in final bleaching were chosen in order to achieve a final brightness
target of 88% 1SO. Compared to the ECF reference, the total AOX formation was
reduced by 25% in the (DZ)EoDED, sequence, 30% in the DEoQ(PO) segquence and
64% in the (DZ)EoQ(PO) sequence. The D,ED, final bleaching accounted for 38% and
58% of the total AOX formation in the DEoD/{ED, and (DZ)EoD{ED, sequence
respectively.

The (DZ)Eo prebleaching seemed to yield a small reduction in COD effluent load,
whereas a substantial increase in dissolution of organic material took place when Q(PO)
final bleaching was applied. The dissolution of organic material represents both an
increased effluent load and ayield loss.

Table6.2: Characteristics of effluents and final bleached pulps.

ClO, Bright-

dage  Agr gt 1= i kot
DEoD;ED, 75 0.53 289 88.4 753 0.08
(DZ)EOD;ED, 5.7 (-24%) 0.40(-25%) 26.4(-9%)  87.5 745 008
DEOQ(PO)  3.6(-52%) 0.37(-30%) 37.3(+29%) 875 773 0.09
(DZ)Eo(PO)  1.8(-76%) 0.19 (-64%) 37.2 (+29%) 87.7 730 0.3

6.2 Paper propertiesof unbeaten pulps

Paper properties of unbeaten pulps are given in Table 6.3. Generaly, differences in
paper properties were small. The tear index and fibre-fibre strength (Scott Bond) were
about equal for al pulps. However, the Q(PO) the final bleached pulps seemed to be
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Table6.3: Paper properties of unbeaten ECF bleached kraft pulps.

DEoD,ED, (DZ)EoD;ED, DE0Q(PO) (DZ)EoQ(PO)

Tear index, mNmZ/g 20.5 20.7 20.7 20.7
Tensileindex, Nm/g 259 25.2 26.8 27.8
Density, kg/m® 606 609 619 623
Wet zero span, Nnv/g 93.2 91.7 97.6 92.6
Scott Bond, J/m? 100 109 109 109
WRV, g/g 114 117 122 121
Viscosity, dm®/kg 753 745 773 730

somewhat more swollen than the D,ED, final bleached pulps, and denser paper sheets
with higher tensile strength and wet zero span strength were formed.

Similar results were obtained by Laine and Stenius [72] when studying effects of fibre
charge on paper properties of industrially bleached kraft pulps. Increased fibre charge
was found to promote increased fibre swelling. Increased fibre swelling further promotes
fibre flexibility [73] and yields more fibre-fibre contacts. As the fibres remain in contact
and form bonds at their intersections upon drying [74] improved fibre flexibility yields
denser paper sheets with higher relative bonded area. As the differences in paper
properties of unbeaten pulps in Table 6.3 can be explained by differences in swelling it
was decided to further investigate the swelling properties of the pulps.

6.3 Effect of bleaching on charged groupsin the pulp

A major number of carboxyl groupsin wood materiale is the 4-O-methyl glucuronic acid
side groups of xylan. Sjostrom [33] reported that the content of 4-O-methyl glucuronic
acid in Picea abies and Pinus sylvestris were 70 and 80 pmole/g respectively. During
kraft cooking a significant number of the methyl glucuronic acid groups is converted to
hexenuronic acid groups. Hence, hexenuronic acid is a mgjor contributor to the fibre
charge in kraft pulps, and the variation in fibre charge of ECF and TCF bleached pulps
can be largely explained in terms of selective reactions of hexenuronic groups with
various bleaching chemicals[75, 76].

The development of total amount of charged groups in the pulps, hexenuronic acid
groups and acid groups attached to lignin in the bleaching sequences applied is shown in
Figure 6.1. The amount of carboxyl groups attached to lignin was estimated by analysing
carboxyl group content in isolated residual lignins by conductometric titration and
assuming that total lignin content in the pulps can be estimated by % lignin =
0.15-Kappa number. Only four of the pulps were analysed for carboxyl groups in
residual lignin. According to Figure 6.1, the hexenuronic acid groups and charged
groups attached to the lignin structure account for about 15% and 20% of the total
number of charged groups in the unbleached kraft pulp respectively. However, as
mentioned in Section 2.4.1, the total number of charged groups determined by
polyelectrolyte titration seemed to be somewhat overestimated. Compared to
conductometric titration polyelectrolyte titration yielded about 15-20 umole/g higher
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Figure6.1 The changein total number of charged groups, hexenuronic acid
groups and carboxyl groups attached to lignin in bleaching.

values for the fibre charge for four chemical pulps at different charge levels. Even
though the total number of charged groups probably is somewhat overestimated, the
hexenuronic acid groups and acid groups attached to lignin account for only about 40%
of the total nhumber of charged groups in the pulps. Some of the remaining carboxyl
groups may be 4-O-methyl glucuronic acid groups which are not converted to
hexenuronic acid groups in the cook.

In agreement with the literature [75, 76], Figure 6.1 shows that chlorine dioxide and
ozone reduces the number of charged groups in the pulp, whereas the amount of charged
groups in the pulps remained about constant upon hydrogen peroxide and oxygen
treatment. At the same degree of delignification, ozone prebleaching yielded somewhat
more efficient degradation of hexenuronic acid groups than chlorine dioxide did. After
chlorine dioxide final bleaching only traces of hexenuronic acid remained in the pulp,
whereas a significant amount of hexenuronic acid groups remained in pressurized
peroxide final bleached pulps. As the variations in the total number of charged groupsin
the pulps resemble the variations in the hexenuronic acid group content, the total number
of charged groups was also significantly higher for the pressurized peroxide final
bleached pulps than the chlorine dioxide final bleached pulps.

6.4 Effect of charged groupson swelling

Generally swelling of cellulosic fibres is governed by the swelling of polysaccharides
and the osmotic pressure created within the fibres due to the dissociation of small ions
from charged groups. The swelling is restricted by the ability of the fibre wall to resist
the swelling pressure. Upon drying, swelling is reduced due to increased interfibrillar
bonding, termed hornification. Charged groups promote the swelling of rewetted fibres
by increasing the osmotic pressure and by reducing the degree of hornification upon
drying [75, 77]. According to Salmén and Berthold [78] ionic changes mainly affect the
surface water of the fibres. Swelling properties of the various ECF bleached pulps are
givenin Table 6.4.
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Table6.4: Effect of fibre charge on fibre swelling.

DEoD,ED, (DZ)EoD,ED, DE0Q(PO) (DZ)EoQ(PO)

Fibre charge, pmole/g 51 49 73 68

WRV, g/g ¥ 1.14 1.17 1.22 1.21
WRV-WRV ycp 9/g 2 0.01 0.02 0.04 0.06
Sodium content, ppm 3 153 140 137 198

ﬁlFa%/ewetted sheets DWRV in water - WRV in 0.1 M NaCl 2100 ppm Na =4.4 pmole
9

The results in Table 6.4 indicate that Q(PO) final bleached pulps are somewhat more
swollen than the DED, final bleached pulps. According to the 12th proposal for a
standarized SCAN method for determination of the water retention walue (WRV,
SCAN-C 102 XE), the average coefficient of variation between replicates when five
replicates are applied is 1.03%, corresponding to a standard deviation of 0.01 g/g a a
WRYV level of 1.2 g/g. Hence, even though the differences in WRV in Table 6.4 seem
small, the measured differences is believed to be significant. The positive effect of
charged groups on swelling is illustrated by the difference in water retention value of
fibres in water respective salt solution, WRV-WRV g 1y nact- According to the Donnan
Theory [79] salt addition will reduce the difference in total ion concentration between
the cell wall and external medium, and reduce the osmotic swelling pressure created by
the charged groups. Hence, the results in Table 6.4 indicate that the improved swelling
of the Q(PO) final bleached pulps can be related to the higher number of charged groups
present in these pulps.

Lindstrom and Carlsson [77] have shown that the ionic form affects the fibre swelling.
The degree of hornification in drying decreased when the pulps were dried with the
acidic groups in their ionized form (e.g. in the presence of Na*) instead of in their
protonized form. In the bleaching sequences applied, the final bleaching stages were
both acidic and alkaline, but the pulps were washed with distilled water and pH adjusted
to pH 5-6 with SO,-water after final bleaching. Thus, both chlorine dioxide final
bleached pulps and pressurized peroxide final bleached pulps were dried in their
protonized form. Laine and Stenius [72] studied the swelling properties of bleached
softwood pulps dried in ionized Na-form and found that the water retention value of
rewetted sheets increased by about 0.005 units per charge unit. The results in Table 6.4
indicate that carboxyl groups in the pulps promote swelling even when present in their
protonized form.

6.5 Physical paper properties of beaten pulps

Physical paper properties of beaten pulps are compared in Table 6.5. The results show
that the tear index at tensile index 70 Nm/g of the (DZ)EoD4ED, bleached and the
DEoQ(PO) hleached pulps were about equal to that of the reference pulp. However, the
wet zero span strength was about 8% lower for the pulps in which (DZ)Eo prebleaching
had been applied. Thus, the (DZ) stage seems to have a slightly negative effect on the
fibre strength.
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Table6.5: Effect of beating on paper properties.

DEoD,ED, (DZ)EoD.ED, DE0Q(PO) (DZ)EoQ(PO)

Wet zero span, Nm/g V) 112 103 112 103
Tear index, mNm2/g D 13.4 14.1 13.7 12.3
Density, kg/n? ¥ 775 762 770 782
PFI rev. Y 3400 3000 2600 3000
Girley, pnvPas? 16 13 9 6

Light scatt., m?/kg? 20.7 20.8 20.8 20.8
WRV-WRV i, 9/g2 0.06 0.03 0.09 0.09
Shopper Riegler, ml 2 26.5 265 29.0 29.0
Scott Bond, J/m? 9 330 300 310 280

D At tensile strength 70 Nmvg 2 At 4000 PFI rev.3) At sheet density 750 kg/m®

The effect of charged groups on swelling, expressed by WRV-WRV 5, seemed to
increase at a high degree of beating. Accordingly, Salmén and Berthold [78] observed
that the increase in swelling when changing ionic form from proton form to sodium form
was substantially higher for highly beaten pulps. The effect may be explained by that the
fibrillated material created in beating having less restricting forces to the osmotic
pressure created by the charged groups compared to the unbeaten fibre wall.

The results in Table 6.4 indicated that the unbeaten Q(PO) final bleached pulps were
somewhat more swollen due to the higher amount of charged groups present. Upon a
high the degree of beating the results in Table 6.5 indicated that the difference in
swelling between the Q(PO) and the D,ED, final bleached pulps was further increased.
Since increased swelling yields increased fibre flexibility and sheets of higher degree of
bonding, highly charged and swollen pulps should be advantageous with respect to
beatability when beating to a target tensile strength. Table 6.5 show that beatability,
meaning the number of PFI mill revolutions required to reach tensile index 70 Nnvg,
was better for the DEoQ(PO) pulp than the DEoD;ED, pulp, but equal for the
(DZ)EoQ(PO) and (DZ)EoD,ED, pulps. However, the differences in beatability may be
influenced by fibre curl introduced by the fibres by the mixing at medium consistency in
the first bleaching stage [80]. Somewhat curled fibres probably explains that al pulps
required a rather high amount of energy to reach tensile index of 70 Nm/g. To minimize
this effect, pulps were only mixed by high intensity during injection of bleaching
chemicals. Since the rewetted zero span tensile strength describes both the strength
properties of single fibres and the degree of fibre deformation [81], the lower wet zero
span values of the (DZ)Eo prebleached could be related to more curled fibres. However,
considering both the low degree of mixing applied and that lower wet zero span values
also were obtained after beating, this is not believed to be the case. PFl mill beating is
known to straighten curled fibres[82].
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6.6 Concluding remarks

Physical paper properties of (DZ)EoD.ED,, DE0Q(PO) and (DZ)EoQ(PO) bleached
oxygen delignified softwood kraft pulps were compared to the same properties of a
DEoDED, bleached ECF reference pulp.

(DZ)Eo prebleaching applied in a (DZ)EoD4ED, bleaching sequence reduced the AOX
formation and the COD effluent load by 25% and 9% respectively. The tear strength was
maintained, but the (DZ)Eo prebleaching seems to have a slight negative effect on fibre
strength as indicated by lower wet zero span strength of beaten (DZ)EoD,ED, and
(DZ)EoQ(PO) bleached pulps.

Pressurized peroxide final bleaching in a DEoQ(PO) bleaching sequence reduced the
AOX formation by 30%, but the COD effluent load was increased by 29%. Q(PO) final
bleaching yielded pulps with higher fibre charge than chlorine dioxide final bleaching.
Compared to the D1ED final bleached pulps, the increased number of charged groupsin
DEoQ(PO) and (DZ)EoQ(PO) bleached pulps seemed to promote increased fibre
swelling of both unbeaten and highly beaten pulps. The more swollen unbeaten
Pressurized peroxide final bleached pulps formed denser paper sheets with higher tensile
strength and wet zero span strength. A highly charged and swollen pulp seems to be
advantageous with respect to beatability when the pulp is beaten to a target tensile
strength.

The use of both (DZ)Eo prebleaching and pressurized peroxide final bleaching in a
DEoQ(PO) bhleaching sequence reduced the AOX formation by 64%, but the tear
strength and the wet zero span strength of beaten pulp were also lowered.
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CHAPTER

CONCLUDING REMARKS

7.1 Synergetic delignification in the (DZ) process
(Chapter 3)

The use of chlorine dioxide and ozone in combination in (DZ)Eo and (ZD)Eo
prebleaching of oxygen delignified kraft pulp has been shown to be efficient in terms of
delignification. When the (DZ)Eo prebleaching process was applied, a synergetic
delignification effect was obtained giving better delignification than should be expected
from the effect of chlorine dioxide and ozone separately.

7.2 Thecomplementary lignin chemistry of chlorine
dioxide and ozone (Chapter 4)

The efficient delignification obtained when chlorine dioxide and ozone are used in
combination seems reasonable due to their ability to degrade different types of lignin
structures. Whereas chlorine dioxide mainly degrades phenolic lignin structures, ozone
is capable of degrading both phenolic and non-phenolic lignin structures. Both chlorine
dioxide and ozone are strong oxidants, but ozone seems to be more efficient in this
respect since more carboxyl groups were implemented in the residual lignin at the same
degree of delignification. The large number of carboxyl groups introduced in the lignin
structure seems to govern the solubilization of the lignin in chlorine dioxide and ozone
bleaching.

The superior delignification efficiency of (DZ)Eo prebleaching versus (ZD)Eo
prebleaching may be explained by that the (DZ) treatment initially allows chlorine
dioxide to degrade the phenolic lignin structures, and leaves the non-phenolic and less
reactive lignin structures for the ozone treatment.

7.3 Effect of chlorine dioxide chargein chlorine dioxide
bleaching (Chapter 5)

Chlorine dioxide prebleaching has been shown to give efficient delignification relative
to chemical consumption when alow chlorine dioxide charge is applied. The effect may
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be explained by that the reaction intermediate hypochlorous acid reacts with residual
lignin and contributes to delignification. At higher chlorine dioxide charges less reactive
lignin structures are present and hypochlorous acid probably reacts to a larger extent
inorganically and forms chlorate.

In practice, a low chlorine dioxide charge is used in the (DZ) and (DC) stages, which
both have been shown to be very efficient in terms of delignification. Sequential
charging of small amounts of chlorine dioxide was not beneficial compared to traditional
batch charging.

7.4 Physical propertiesof final bleached pulps
(Chapter 6)

Physical paper properties of (DZ)EoD.ED,, DE0Q(PO) and (DZ)EoQ(PO) bleached
oxygen delignified softwood kraft pulps were compared to the same properties of a
DEoDED, bleached ECF reference pulp.

(DZ)Eo prebleaching applied in a (DZ)EoD4ED, bleaching sequence reduced the AOX
formation and the COD effluent load by 25% and 9% respectively. The tear strength was
maintained, but the (DZ)Eo prebleaching seems to have a slight negative effect on fibre
strength as indicated by lower wet zero span strength of beaten (DZ)EoD,ED, and
(DZ)EoQ(PO) bleached pulps.

Pressurized peroxide final bleaching applied in a DEoQ(PO) bleaching sequence
reduced the AOX formation by 30%, but the COD effluent load was increased by 29%.
Q(PO) final bleaching yielded pulps with higher fibre charge than chlorine dioxide final
bleaching. Compared to the D{ED, final bleached pulps, the increased number of
charged groups in DE0Q(PO) and (DZ)EoQ(PO) bleached pulps seemed to promote
increased fibre swelling of both unbeaten and highly beaten pulps. The more swollen
unbeaten Q(PO) final bleached pulps formed denser paper sheets with higher tensile
strength and wet zero span strength. A highly charged and swollen pulp seems to be
advantageous with respect to beatability when the pulp is beaten to a target tensile
strength.

The use of both (DZ)Eo prebleaching and pressurized peroxide final bleaching in a
DEoQ(PO) bleaching sequence reduced the AOX formation by 64%, but both the tear
strength and the wet zero span strength of beaten pulp were also reduced.
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Use of Chlorine Dioxide and Ozone in
Combination in Prebleaching

K. TOVEN, G. GELLERSTEDT, P. KLEPPE and S. MOE

(DZ)Eo prebleaching of oxygen-delignified sofiwood kraft pulp gave a synergistic delignification effect compared to the effect of chlorine dioxide and
ozone separately, and the (DZ)Eo process was somewhat better than (ZD)Eo prebleaching in terms of delignification. The solubilization of the lignin
in chlorine dioxide and ozone bleaching seems to be governed by the large number of carboxyl groups introduced into the lignin structure. The effi-
cient delignification obtained in (DZ)Eo prebleaching may be explained by the ability of chlorine dioxide and ozone to degrade different types of lignin
structures. Whereas chlorine dioxide mainly degrades phenolic lignin structures, ozone is capable of degrading both phenolic and non-phenolic lignin
structures. The (DZ) treatment initially allows chlorine dioxide to degrade the phernolic lignin structures, and leaves the non-phenolic and less reac-
tive lignin structures for the ozone treatment.

Le pré-blanchiment (DZ)Eo de pates kraft de résineux délignifiées a l'oxygene a permis d’obtenir un effet de délignification synergique,
comparativement a l’effet du bioxyde de chlore et de I’ozone utilisés séparément, et le procédé (DZ)Eo s’est révélé meilleur que le pré-blanchiment
(ZD)Eo pour la délignification. La solubilisation de la lignine lors du blanchiment au bioxyde de chlore et a l’ozone semble étre régie par le grand
nombre de groupes carboxyles introduits dans la structure de la lignine. La délignification efficace obtenue grice au pré-blanchiment (DZ)Eo peut
s’expliquer par la capacité du bioxyde de chlore et de ’'ozone a dégrader différents types de structures de lignine. Alors que le bioxyde de chlore
dégrade surtout les structures phénoliques de la lignine, I’ozone peut en dégrader autant les structures phénoliques que non phénoliques. Le
traitement (DZ) permet d’abord au bioxyde de chlore de dégrader les structures phénoliques et laisse les structures non phénoliques et moins

réactives pour étre traitées a l’ozone.

INTRODUCTION

Chlorine dioxide is an excellent bleach-
ing agent because of its selectivity towards
lignin. Totally chlorine free (TCF) chemicals,
like hydrogen peroxide and ozone, cause some-
what more degradation of the cellulose in the
pulp during delignification. Therefore, it is dif-
ficult to avoid chlorine dioxide if one wishes to
produce a chemical pulp with high strength
properties. However, environmental aspects
and market demands have forced increased use
of TCF chemicals in pulp bleaching.
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Ozone is a very efficient oxidant, capa-
ble of oxidizing all types of lignin structures.
However, ozone may also oxidize poly-
saccharide chains, forming carbonyl and car-
boxylic structures. Upon alkaline treatment
these groups may cause chain breakage and
loss in pulp viscosity. Therefore, ozone is usu-
ally used in the beginning of a bleaching se-
quence, where the cellulose degradation is
retarded by the high amount of lignin present,
or only small charges of ozone are applied.

An interesting, rather new bleaching
concept is the use of chlorine dioxide and ozone
in combination in the same bleaching stage
[1,2]. Effective delignification is obtained,
adsorbable organic halide (AOX) formation is
reduced and pulp viscosity is mostly main-
tained because of the rather low ozone charge
applied. Lachenal et al. [1] found that the selec-
tivity expressed by the decrease in kappa num-
ber versus the degree of polymerization was
superior for the DZ treatment in which chlorine
dioxide was used before ozone, compared to
the ZD treatment. In addition, the simplified
one-stage (DZ) treatment, without washing in
between the chlorine dioxide and the ozone
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treatment, was even more selective than the
two-stage DZ treatment. Both findings were
surprising since ozone usually is less harmful at
high lignin contents and since the presence of
dissolved organic material often has a negative
effect. It was speculated that the chlorine diox-
ide modifies the residual lignin and makes it
more reactive towards ozone, and that dis-
solved organic matter may act as a radical scav-
enger during the latter ozone treatment.

Chirat and Lachenal [3] found that the
total chlorine dioxide consumption could be re-
duced by 1.0% for hardwood and 0.8% for soft-
wood pulp when using a (DZ)EoDED,
sequence to 88% ISO brightness instead of a
traditional DEoDED, sequence. Amounts of
0.25 and 0.7% ozone were used for the hard-
wood and softwood pulp, respectively, corre-
sponding to an ozone—chlorine dioxide
replacement ratio of 0.25 kg Os/kg C1O, for the
hardwood pulp and 0.58 kg Os/kg ClO, for the
softwood pulp. Oxygen-delignified softwood
kraft pulp was found to respond differently to
the (DZ) and (ZD) treatments than the un-
bleached pulp [4]. In this case, the (ZD) treat-
ment was found to be the most efficient
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the injection was fast
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abatic expansion of
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tainer. Thus, the in-
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Fig. 1. Delignification in DEo, (DZ)Eo, (ZD)Eo and ZEo prebleaching of
oxygen-delignified kraft pulp. D, Z, (DZ), (ZD): 50°C, 10% cons. (MC
mixer); Eo: 1% NaOH, 0.5 MPa Og press., 90°C, 1 h (autoclaves)

treatment in terms of delignification. Chirat et
al. [4] suggested that the fact that the number of
free phenolic groups in lignin is reduced in oxy-
gen delignification could explain the different
behaviour of the oxygen-treated pulp. In con-
trast to ozone, chlorine dioxide reacts almost
exclusively with phenolic lignin structures.

The (DZ) and (ZD) bleaching technolo-
gies already have been implemented in some
mills and experience from three mills was pre-
sented at the 2000 International Pulp Bleaching
Conference [5-7]. Two of the mills reported re-
duction in both COD and AOX effluent load as
well as in bleaching chemical costs [5,6]. The
Luiz Antiénio pulp mill, Luiz Anti6énio, Brazil,
initially installed the (DZ) process since the
process provided the best effluent and pulp
quality, but later the mill converted to a (ZD)
process, mainly due to corrosion problems [7].

The object of this work was to explore
effects of using chlorine dioxide and ozone in
combination in the prebleaching of oxygen-
delignified kraft pulp from a fundamental point
of view. The delignification efficiency of using
chlorine dioxide and ozone in combination was
investigated, and the prebleaching effects of
chlorine dioxide and ozone were related to re-
sidual lignin structure.

EXPERIMENTAL

Two industrially produced softwood
(mixture of Picea abies and Pinus sylvestris)
oxygen-delignified kraft pulps (kappa numbers
13.2 and 12.7) were used in the experiments.
The pulps were washed and acidified with
sulphuric acid and prebleached according to the
sequences DEo, (DZ)Eo, (ZD)Eo and ZEo. The
pulps were pH adjusted with sulphuric acid to
pH = 3 prior to Z and (ZD) stages and to pH 4
prior to the D and (DZ) stages. Final pH after
the D, (DZ) and (ZD) stages was ~2.4 while it
was ~2.6 after the Z treatment. The D, (DZ),
(ZD) and Z stages were all performed at 50°C
and 10% pulp consistency in a high-shear me-
dium-consistency mixer (CMS 2040).

Ozone was injected from a gas container
and the ozone concentration in the container
measured by iodometric titration. The gas was
injected by opening a valve manually, trying to
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accurately by the
pressure drop, but the
amount of ozone in-
jected was not always
the exact amount
planned. Chlorine di-
oxide was injected quite accurately from liquid
cylinders, and the chlorine dioxide concentra-
tion was determined by iodometric titration
immediately before injection.

The retention time of the D and Z stages
was 30 min, while the retention time of D and Z
in the (DZ) and (ZD) stages was 30 and 10 min,
respectively. Rather long retention times were
chosen to ensure that all of the initial injected
chemical in the (DZ) or the (ZD) stage is con-
sumed before the other chemical is injected.
Pulps were subjected to high-intensity mixing
during injection of chemicals, whereas inter-
vals of low-intensity mixing were applied to
secure uniform temperature in the pulp
throughout the treatment.

The alkali extraction stages, Eo, were
done in autoclaves at 90°C, 0.5 MPa O, pres-
sure, 1% NaOH charge, for 60 min. The pulps
were analyzed for kappa number (SCAN-C
1:77) [8], brightness (SCAN-C 11:95) [9], vis-
cosity (SCAN-C 15:88) [10] and hexenuronic
acid content [11]. Bleaching filtrates were ana-
lyzed for AOX (SCAN-W 9:89) [12], chlorate
ions by ion chromatography and chemical oxy-
gen demand (COD) by a photometric method
using a Dr. Lange apparatus [13]. Organically
bound chlorine in pulp, OCl, was analyzed by
burning and titrating a known amount of pulp in

a Euroglass apparatus according to the SCAN
method for AOX determination [12].

Residual lignins were isolated from ace-
tone-extracted pulps by acid hydrolysis [14].
The pulps were refluxed for 2 h with 0.1 mol/L
HCI in dioxane—water v/v 82:18. Thereafter,
the dioxane was evaporated with subsequent
addition of water to avoid strong acidity. The
solution was dialyzed for three days to remove
hydrochloric acid and low molecular weight
material, evaporated on a rotavapour and freeze
dried. Finally, the lignin was extracted with
pentane to remove remaining extractives [14].
Residual lignins were analyzed for 3-aryl ether
content by thioacidolysis [15], free phenolic
hydroxyl groups by ultraviolet spectroscopy
[16,17], carboxyl groups by conductometric ti-
tration [18], elemental composition and
methoxyl content.

Heuts [19] suggested that acidic pheno-
lic groups may contribute in the determination
of carboxylic groups in residual lignins since
conductometric titration yielded higher values
for carboxyl group content than 3!P nuclear
magnetic resonance (NMR) determination.
Some obtained data and some of the literature
data on functional groups in lignin are recalcu-
lated using a molecular weight for a spruce
lignin "monomer” of 183 g/mol [20] to estimate
the number of functional groups per 100
phenylpropane units.

RESULTS AND DISCUSSION
Synergistic Delignification
in the (DZ) Process

The effects of using chlorine dioxide and
ozone in combination in the prebleaching of
oxygen-delignified softwood kraft pulp were
investigated. Pulp and effluent properties of
(DZ)Eo and (ZD)Eo prebleached pulps were
compared to the DEo and ZEo reference pulps.
The chemical charges for the DEo and ZEo ref-
erence sequences were selected to be 0.95%
ClO; and 0.67% O3, respectively. To compare
the delignification effect with respect to chemi-
cal consumption the chemical charges of chlo-
rine dioxide and ozone in the (DZ)Eo and
(ZD)Eo were selected pairs of A + 0.95% ClO,
and (1-A) + 0.67% O3 where A =[0.2,0.4,0.5,
0.6, 0.8]. Kappa numbers are plotted versus the

TABLE |
DEo, (DZ)Eo, (ZD)Eo AND ZEo PREBLEACHING OF
OXYGEN-DELIGNIFIED KRAFT PULP

DEo, (DZ)Eo, ZEo

DEo, (ZD)Eo, ZEo

Charge K Br. Vise. Charge K Br. Visc:
Clo, 0, % Clo, 0, %
% % ISO  dm7kg % % ISO  dm’ kg
100 0 2.6 66.2 943 100 0 2.6 66.2 943
80 22 2.6 67.9 844 80 23 3.2 65.9 889
60 41 2.7 68.7 784 60 42 3.0 67.1 876
50 48 28 68.6 787 50 55 3.3 655 867
40 57 3.0 67.0 777 40 61 37 64.7 847
20 81 3.4 64.8 788 20 75 3.7 64.5 764
0 100 4.0 62.0 780 0 100 4.0 62.0 780

—Starting pulp: kappa number 13.2, brightness 42% ISO, viscosity 965 dm®/kg:

—ClO> and O3 charge as percent of 0.95% ClO» and 0.67% Og; respectively. The charged
amount of ClOs equals the consumed amount of ClOs.

—x =kappa number; Br. - brightness; Visc. - viscosity
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injected amount of ozone in Fig. 1, and addi-
tional data are given in Table I.

Figure 1 shows that (DZ)Eo prebleach-
ing gives somewhat better delignification than
(ZD)Eo prebleaching. In fact, the (DZ)Eo treat-
ment seems to give a synergistic delignification
effect, giving a higher delignification than
should be expected from the effect of chlorine
dioxide and ozone separately. If there were no
synergistic delignification effect of using chlo-
rine dioxide and ozone in combination, the
kappa numbers of the (DZ)Eo and (ZD)Eo
prebleached pulps should have formed straight
lines between the kappa numbers of the DEo
and ZEo reference pulps. Some deviations be-
tween the injected amount of ozone relative to
the planned amounts do not seem to have af-
fected the difference between (DZ)Eo and
(ZD)Eo.

To study structural changes in the resid-
ual lignin structure after chlorine dioxide and
ozone prebleaching, another oxygen-deligni-
fied kraft pulp was bleached in the same way.
The chlorine dioxide charge in the DEo refer-
ence prebleaching was reduced to achieve the
same degree of delignification as that after ZEo
prebleaching. To get a representative pulp and
enough pulp for residual lignin isolation, three
batches of each prebleaching sequence were
bleached and mixed before analysis. The pulp
and effluent characteristics are given in Table
II. In agreement with previous results, the data
in Table II show that (DZ)Eo prebleaching is
the most efficient treatment in terms of
delignification. The results in Tables I and II
both show that the improved delignification of
the (DZ)Eo prebleached pulps is accompanied
by a lowered viscosity. However, lower viscosi-
ties of (DZ)Eo prebleached pulps do not neces-
sarily imply poorer selectivity since compari-
son should be made at the same degree of
delignification. After final bleaching, the dif-
ference in pulp viscosity decreased [21].

Non-lignin structures like hexenuronic
acid have been found to contribute to the kappa
number determination [22]. The hexenuronic
acid content in the prebleached pulps and its
contribution to the kappa number are given in
Table II. Hexenuronic acid accounts for
~0.6-0.8 kappa units in prebleached pulps. At
the same degree of delignification, ozone
seems to be more efficient in degrading
hexenuronic acid groups than does chlorine
dioxide. However, a somewhat different ability
to degrade hexenuronic acid does not seem to
explain the lower kappa number of the (DZ)Eo
prebleached softwood pulp. Hardwood pulps
contain more hexenuronic acid groups than
softwood pulps. As mentioned, Chirat and
Lachenal [3] found that the chlorine diox-
ide—ozone replacement ratio of (DZ) and (ZD)
stages is higher for hardwood pulps than soft-
wood pulps, which may be because ozone ap-
pears to be more efficient in degrading
hexenuronic acid groups than does chlorine
dioxide.

Table II shows that chlorate formation is
lower in the (DZ)Eo prebleaching. Chlorate
formation represents a waste of oxidation
power in chlorine dioxide bleaching. Previ-

TABLE 1l
CHARACTERISTICS OF PULP AND EFFLUENTS FROM
PREBLEACHING OF OXYGEN-DELIGNIFIED KRAFT PULP

Pulp ! DEo (DZ)Eo (ZD)Eo ZEo
ClOz charge, as % ClO3 0.65 032 0.33 =
Oz charge, % - 0.36 0.36 0.63
ClOs» mol% of ClO22 51 i3 29 =
AOX, kg Clit.o.d. 2 038 0.15 0.21 -
COD, kgt 2 20.9 21.8 25.0 24.0
Kappa number (k) 37 31 3.4 4.0
HUA, prmol/g 9.7 7.9 na. 6.7
Axgrum’* 0.8 0.7 n.a. 0.6
Brightness, %ISO 62.3 63.9 637 60.7
Viscosity, dm3/kg 790 690 720 690
OCI kg Clit-o.d: t 0.13 0.14 0.14 =

1. Starting pulp: Kappa humber 12.7, brightness 36% IS0, viscosity 930 dm3/kg.

2.1st stage.
3. Sum of 1st.and 2nd stages.

4. Ax = 0.086 « HUA, HUA = hexenuronic acid (pmol/g) [24].

ously, it has been shown that the relative
amount of chlorate formed in chlorine dioxide
prebleaching increases with chlorine dioxide
charge [23]. As chlorine dioxide prebleaching
also appeared very efficient in terms of
delignification when small chemical charges
are applied, it was suggested that the reaction
intermediate hypochlorous acid reacts differ-
ently depending on chlorine dioxide charge. At
low chlorine dioxide charge, hypochlorous acid
may react with residual lignin and contribute to
delignification, whereas at higher chlorine di-
oxide charges less reactive residual lignin
structures are present and hypochlorous acid
reacts to a larger extent inorganically, and
forms chlorate [23]. Analogously, the increased
chlorate formation in the (ZD) stage can be re-
lated to the fact that hypochlorous acid to a
larger extent reacts inorganically, since both
ozone and chlorine dioxide have oxidized most
of the reactive lignin structures prior to the gen-
eration of hypochlorous acid. Initially, the (DZ)
stage is a chlorine dioxide treatment using low
chlorine dioxide charge. Thus, the efficient
delignification obtained in (DZ)Eo treatment
might be due to efficient delignification in the
initial chlorine dioxide treatment [23].

As mentioned previously, Chirat et al.
[4] found that the (ZD) stage was the most effi-
cient treatment for the oxygen-delignified kraft
pulp, whereas the (DZ) stage was the most effi-
cient treatment for the unbleached pulp. It was
suggested that the efficient delignification ob-
tained in both the (DZ) and (ZD) stages was due
to the ability of chlorine dioxide and ozone to
degrade different lignin structures. The differ-
ent behaviour of unbleached and oxygen-
delignified pulp was suggested to be related to
the decrease in phenolic lignin structures in ox-
ygen delignification.

In contrast to the results of Chirat et al.
[4], the results presented here imply that the
(DZ)Eo process is the most efficient for oxy-
gen-delignified pulps also. [tis difficult to spec-
ulate why the two studies come to different
conclusions, but the way the (DZ) and (ZD)
bleaching stages are performed in the labora-
tory is probably critical. The fact that different
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pulp consistencies were applied in the two stud-
ies may have influenced the results. Except for
a few pilot scale experiments, Chirat et al. [4]
performed (DZ) and (ZD) stages at low pulp
consistency, whereas the experiments per-
formed in this study were done at medium con-
sistency.

To investigate whether the efficient
delignification obtained in both (DZ) and (ZD)
stages and the superior delignification effi-
ciency of (DZ)Eo prebleaching versus (ZD)Eo
prebleaching could be related to lignin chemis-
try, residual lignins were isolated and analyzed
from untreated (oxygen-delignified) pulp and
chlorine dioxide and ozone prebleached pulps.

Lignin Isolation

Lignin isolation from a chemical pulp is
a difficult task. The residual lignin content is
low and some of the lignin is probably linked to
carbohydrates [25]. It has been suggested that
alkali-stable lignin—carbohydrate ether bonds
form during kraft cooking [26], and the residual
lignin is linked to the polysaccharides in such a
way that neither mild acid hydrolysis nor alkali
treatment can completely release it [27].

In this investigation, residual lignins are
isolated from pulps by acid hydrolysis [14].
Acid hydrolysis yields pure lignins with no re-
sidual carbohydrates present. Gellerstedt and
Heuts [28] pointed out that aryl ether linkages
that are sensitive to acid hydrolysis are proba-
bly cleaved during the isolation and that con-
densation reactions between adjacent lignin

TABLE Il
ISOLATION OF RESIDUAL LIGNINS
BY ACID HYDROLYSIS

Lignin
isolated,
Kappa g/100 g Yield,
Pulp number pulp %!
0 127 0.78 41
ODEo 3.7 026 47
OZEo 40 0.36 60
1.Based on % lignin =0.15« k.
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Fig.2.a) Uncondensed B-aryl ethers and some etherified B3-aryl ethers
are analyzed by thioacidolysis [15,29]. b) Type of phenolic
phenylpropane units analyzed by UV spectroscopy [16,17].

structures could occur. However, except for an
increase in the amount of phenolic groups, the
lignin structure seems to be rather unaffected
by the isolation procedure [28]. As the results in
Table Il reveal, the yield of residual lignin iso-
lated by acid hydrolysis is quite low. Thus, it
can be speculated whether the isolated lignin is
representative of all the residual lignin in the
pulp. The total lignin content is estimated using
the correlation

% lignin = 0.15 + «

where k is kappa number, which is a rather ap-
proximate correlation since non-lignin struc-
tures like hexenuronic acid have been found to
contribute to the kappa number [22].

Phenolic Hydroxyl Groups

During alkaline cooking, the cleavage of
alkyl-aryl ether structures (3-O-4) is the main
reaction causing fragmentation of the lignin
macromolecule. In spruce milled wood lignin
(Picea abies), 3-O-4 linkages have been found
to contribute to about 50% of the total number
of interunit linkages in the lignin structure [25].
Thus, the reaction behaviour of the -aryl ether
structures is of great importance for the deligni-
fication in alkaline cooking. Thioacidolysis can
be applied to analyze uncondensed f-aryl
ethers in wood material [15]. Here, uncon-
densed f3-aryl ethers are defined as phenylpro-
pane units which are not involved in carbon-
carbon or diphenylether bonds [29]. In addition
to uncondensed f-aryl ethers, thioacidolysis
also includes -aryl ethers linked by an ether
linkage at C4 to the o or 8 position of an adja-
cent unit in the measurement [29] (see Fig. 2).
About 85 and 80% of the uncondensed f3-aryl
ether bonds in wood lignin have been found to
be cleaved during kraft pulping of Pinus
sylvestris [30] and Pinus radiata [31], respec-
tively.

The cleaving of alkyl-aryl ether linkages
during alkaline cooking leads to formation of
new phenolic end groups, increasing the con-
tent of phenolic hydroxyl groups in the residual
lignin. In wood lignin, the content of phenolic
hydroxyl groups has been determined to be ~13
per 100 phenylpropane units for both Picea
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ter kraft pulping, the
content of phenolic
hydroxyl groups inre-
sidual lignins has in-
creased to ~30 phe-
nolic hydroxyl groups
per 100 phenylpropane units [17,31,33]. The
dissolved lignin in black liquor contains as
many as 75 phenolic hydroxyl groups per 100
phenylpropane units, which underscores the ef-
fect of the phenolic hydroxyl groups on lignin
solubility and the importance of aryl ether
cleavage for delignification [34]. From a reac-
tivity point of view, the most important func-
tionality in kraft lignin is the free phenolic
group. In most chemical reactions on lignin,
phenolic phenylpropane units are preferentially
attacked. In addition, the phenolic group is able
to ionize under alkaline conditions improving
the aqueous solubility of the lignin [34]. The
phenolic group is the only type of functional
group, except for a small number of carboxylic
acid groups, conferring water solubility on un-
bleached kraft lignin.

Table IV shows the effect of chlorine di-
oxide and ozone prebleaching on the content of
p-aryl ether structures and phenolic lignins in
oxygen-delignified kraft pulp. The results
clearly illustrate that chlorine dioxide prefer-
entially attacks phenolic lignin structures.
Upon chlorine dioxide prebleaching of the oxy-
gen-delignified pulp, the relative content of free
phenolic hydroxyl groups in residual lignin has
decreased over 80%. The ozone treatment also
yielded a substantial decrease in the content of
phenolic lignin structures. Thus, even though
ozone is capable of degrading all types of lignin
structures, it also seems to prefer to attack phe-
nolic lignin structures when they are present.
About 80% of the phenolic lignin structures in
the analyzed residual lignins were of the uncon-
jugated types (Fig. 2).

Oxidation of Lignin
in Prebleaching

The predominant mode of lignin re-
moval in bleaching is the oxidation of lignin.
Acidic and carbonyl groups are formed which
increase the water solubility of the lignin poly-
mer and induce cleavage of carbon—carbon and
carbon—oxygen bonds. Muconic acids form
when aromatic rings are degraded and aliphatic
acids form when carbonyl groups in the side
chains are oxidized. Gellerstedt et al. [35]
found that the carboxylic acid content in soft-
wood kraft lignin increased from 1.0 to 1.7 and

TABLE IV
(‘j Uncondensed /\ P EFFECT OF CHLORINE DIOXIDE AND OZONE PREBLEACHING
C-O—L Jree phenolic | Lo ON THE CONTENT OF FREE PHENOLIC PHENYLPROPANE UNITS
(‘j B-aryl ether e=0 AND B-ARYL ETHER STRUCTURES
OCH, L OCH; Phenolic
OCH; OH L OCH; g phenylpropane units B-0-4 structures
(‘j OH Coniusated oh °Hl . mmol/g No./100 pmol/g No./100
OCH; c-o-L L orjugated phenots L lignin C9 units lignin C9 units
OH C & 1.35 25 186 34
ODEo 0.25 4.6 136 2.5
OZEo 0.84 15 121 22
Etheriﬁed 0CH3 L 0CH3
S-aryl ether OCH; OH Ol
o Unconjugated phenols abies and  Pinus 4.9 mmol/g after' oxygen del}gmflcatlon apd
a) L b) . ODEo prebleaching, respectively. The dis-
sylvestris [32,33]. Af- o .
solved lignin from the bleaching stages always

contained a higher amount of carboxyl groups
than did residual lignin in the pulp. Native
lignins contain few, if any, carboxyl groups
[25]. The need for a comprehensive oxidation
of the lignin to obtain lignin dissolution and a
high degree of delignification in a bleaching
stage is further supported by the fact that
depolymerization of lignin in bleaching treat-
ments can be rather low. In contrast to chlorine,
chlorine dioxide yields a low degree of
depolymerization of the kraft lignin [36],
whereas almost no depolymerization occurs in
ozone treatment [36,37].

The oxidizing effect of chlorine dioxide
prebleaching and ozone prebleaching is illus-
trated by the increase in carboxyl group content
in residual lignin in Table V. Although the dif-
ferences were smaller than the results of
Gellerstedt etal. [35], the results in Table V also
show that the number of carboxyl groups in re-
sidual lignin increases upon prebleaching. At
the same degree of delignification, the ozone
treatment yields more carboxyl groups in the
residual lignin than does chlorine dioxide. The
change in elemental composition of the resid-
ual lignins also reveals the extensive oxidation
which has occurred in prebleaching. The calcu-
lated double bond equivalents (DBE) values
represent the degree of unsaturation and mainly
reflect the presence of aromatic rings and inter-
unit linkages connecting the phenylpropane
monomer units [34]. In comparison, the ele-
mental composition of milled wood spruce
lignin (Picea abies) has been determined to be
CoHg 0507 34(OCHs)g 95, DBE = 5.5 [38] and
unbleached kraft pulp (Picea abies and Pinus
sylvestris) CoHg 6403 9980.07(0CH3)073. DBE

The results in Table V also show that a
substantial demethoxylation has occurred, es-
pecially in the chlorine dioxide prebleached
pulp. The demethoxylation is caused by the ox-
idation of aromatic rings which probably re-
flects the low degree of unsaturation of the
ODEo residual lignin.

Sun and Argyropoulos [39] found
changes in residual lignin structure similar to
those presented here when treating unbleached
softwood (Picea mariana) kraft residual lignin
directly with various bleaching chemicals.
Chlorine dioxide treatment caused a higher re-
duction in free phenolic group content than did
ozone, whereas ozone treatment generated
more carboxyl groups in the residual lignin
structure. A substantial demethoxylation oc-
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TABLE V
OXIDATION OF LIGNIN IN PREBLEACHING
Carboxyl groups
mmol/g  No./100 Elemental DBE'
lignin C9 units composition
o] 1.0 19 CoHg.4003.1180.07 5.5
(OCHa)o.70
ODEo 1.2 22 CH11.105.0050.05 4.3
{OCHa)o0.402
OZEo 1.7 30 CyH10.004.3350.07 4.7
{OCHz3)o.s1

1.Given the elemental composition (incl. OCHa} in the form CaHpOSq, then DBE=12[(2a+ 2) - b].
2. '3C NMR showed traces of carbohydrate impurities in the sample. Residual lignin was later re-
isolated from the ODEo-treated pulp before analyzing for free phenolic groups and carboxyl

groups.

curred upon chlorine dioxide treatment,
whereas the ozone treatment caused no change
in the methoxyl content.

(DZ) Versus (ZD)

Better delignification efficiency of the
(DZ)Eo process versus the (ZD)Eo process
may be explained by the differing ability of
chlorine dioxide to degrade non-phenolic lignin
structures. Whereas chlorine dioxide mainly
degrades phenolic lignin structures, ozone at-
tacks both phenolic and non-phenolic lignin
structures. However, ozone also seems also to
prefer to attack phenolic lignin structures when
they are present. Thus, the (DZ) treatment
seems to be more efficient, allowing chlorine
dioxide initially to degrade the phenolic lignins
and leave the non-phenolic and less reactive
lignin structures for the ozone treatment.

CONCLUSIONS

The use of chlorine dioxide and ozone in
(DZ) and (ZD) bleaching stages yields efficient
delignification in prebleaching of oxygen-
delignitied kraft pulp. The (DZ)Eo process was
somewhat better than the (ZD)Eo process, and
a synergistic delignification effect was ob-
served by achieving better delignification than
should be expected from the use of chlorine di-
oxide and ozone separately.

The efficient delignification obtained in
(DZ)Eo and (ZD)Eo prebleaching seems rea-
sonable because of the ability of chlorine diox-
ide and ozone to degrade different types of
lignin structures. Whereas chlorine dioxide
mainly degrades phenolic lignin structures,
ozone is capable of degrading both phenolic
and non-phenolic lignin structures. Both chlo-
rine dioxide and ozone are strong oxidants, but
ozone seems to be more efficient in this respect
since more carboxyl groups were measured in
the residual lignin at the same degree of
delignification. The large number of carboxyl
groups introduced into the lignin structure
seems to govern the solubilization of the lignin
in chlorine dioxide and ozone bleaching.

The superior delignification efficiency
of (DZ)Eo prebleaching versus (ZD)Eo
prebleaching may be explained by hypothesiz-
ing that the (DZ) treatment initially allows

chlorine dioxide to degrade the phenolic lignin
structures, leaving the non-phenolic and less re-
active lignin structures for the ozone treatment.
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SUMMARY

Effects of using low chlorine dioxide charge in preb-

leaching have been investigated. Chlorine dioxide preb-

leaching has been shown to give efficient delignifica-

tion relative to chemical consumption when low chlo-

rine dioxide charge is applied. An explanation may be

that the reaction intermediate hypochlorous acid reacts
with residual lignin and contributes to the delignifica-

tion when a low chlorine dioxide charge is applied. At

higher chlorine dioxide charges less reactive lignin

structures are present and hypochlorous acid reacts to a
larger extent inorganically and forms chlorate. In prac-

tice, a low chlorine dioxide charge is utilized in the

(DZ) and (DC) stages, which both have been shown to
be very efficient in terms of delignification. Sequential

charging of small amounts of chlorine dioxide was not

beneficial compared to traditional batch charging.

INTRODUCTION

When used to delignify pulp under acidic conditions,
chlorine dioxide is reduced in a complex reaction pat-
tern including lignin degrading reactions and inorganic
reactions. Within a few minutes chlorine dioxide is con-
sumed forming chlorous acid (HCIO,), hypochlorous
acid (HOCI), chlorate (ClO3"), and chloride (CI'). Chlo-
ride and chlorate are stable ions while chlorous acid and
hypochlorous acid are usually involved in further reac-
tions. The ideal situation for maximum oxidation of
lignin would be if al chlorine dioxide was reduced to
chloride ion, CI", with corresponding maximum oxida-
tion of lignin.

ClO, + 4H" + 56 ® CI" + 2H,0 (6]
However, during chlorine dioxide bleaching some of the
chlorine dioxide is oxidized to chlorate. Chlorate is a
stable ion representing a waste of oxidation power in
chlorine dioxide bleaching. An old ideais to try to mod-
ify process conditions to reduce the chlorate formation
and achieve a more efficient delignification. Germgard
et al. [1] investigated the chlorate formation in chlorine
dioxide prebleaching and final bleaching, and con-
cluded that the chlorate formation is not a measure of
the efficiency in chlorine dioxide bleaching. Later stud-
ies have shown that the chlorate formation is a result of
complex inorganic reactions which are affected by the
conditions applied [2,3,4]. In most studies on inorganic
chemistry in chlorine dioxide bleaching rather high
chlorine dioxide charges have been applied, correspond-
ing to the amounts of chlorine dioxide applied in prac-
tice. In this study, effects of using low chlorine dioxide

charge in the prebleaching of oxygen delignified kraft
pulp have been investigated. Low chlorine dioxide
charge is utilized in both the (DC) [5] and (DZ) stages
[6, 7], which both have been found very efficient in
terms of delignification. In the following, the inorganic
chemistry in chlorine dioxide bleaching is briefly sum-
marized. Thereafter effects of chlorine dioxide charge
on delignification efficiency and formation of inorganic
chloro-compounds in chlorine dioxide prebleaching is
studied. Finaly, effects of utilizing low chlorine diox-
ide charge in (DZ) and (ZD) bleaching stages and
sequential charging of low amounts of chlorine dioxide
isinvestigated.

EXPERIMENTAL

An industrial oxygen delignified softwood (mixture of

Picea abies and Pinus sylvestris) kraft pulp of kappa

12.7, brightness 36% |1 SO and viscosity 930 drr?’/kg was

applied in the experiments. The pulp was prebleached

according to the sequences DEo, (DZ)Eo, (ZD)Eo and
ZEo. The D, Z, (DZ) and (ZD) stages were done at 50°C
for 30 minutes in a MC mixer (CMS 2040). Pulps were

acidified with sulphuric acid to pH 3 prior to Z and (ZD)

stages and to pH 4 prior to D and (DZ) stages. Upon
chlorine dioxide treatment the pH dropped immediately
to about 2.6 and final pH were about 2.4 in both the D,
(DZ) and (ZD) stages. The oxygen reinforced alkali

extraction stages, Eo, were done in autoclaves at 90°C,
0.5 MPa O, pressure, 1% NaOH, for 60 minutes.

In order to study concentration profiles of inorganic
chloro-compounds during chlorine dioxide bleaching
some pulp was bleached at low consistency in a continu-
ously stirred batch glass reactor. Chlorine dioxide
charge was varied (0.5, 0.75 and 1.0% CIO,) by vary-
ing the pulp consistency (2, 1.33 and 1%), and keeping
the total liquid volume and the amount of chlorine diox-
ide injected constant. Throughout the treatment pulp
suspension samples was taken out and filtrated on biich-
ner funnel. The filtrates were cooled on ice bath and
analysed directly on chlorine dioxide, chlorite, chloride
and chlorate concentration by ion chromatography
(Dionex 4000i). As chlorine dioxide and chlorite yielded
the same peak in the chromatogram, their concentrations
were measured by analysing two samples in which chlo-
rine dioxide was removed by nitrogen in one of the sam-
ples. The (ZD) stage was performed by bubbling ozone
(ca. 0.4% consumed) through the pulp suspension prior
to the chlorine dioxide treatment.

RESULTSAND DISCUSSION

Reaction with phenolic lignin structures

Chlorine reacts rapidly with phenolic lignin structuresin
the pulp. A proposed reaction pattern for the reactions
between chlorine dioxide and phenolic lignin structures
is summarized in Figure 1 [8]. Theoretically, chlorine
dioxide can also attack non-phenolic lignin structures in
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a similar way, but at a greatly reduced rate. Initialy,

phenoxy radicals and chlorite (or chlorous acid, see
Equation (2)) form by one electron oxidation. Coupling
of phenoxy radical with additional chlorine dioxide

leads to the formation of chlorous acid esters. On
decomposition, the latter structures are converted to
benzoquinone or corresponding catechols and muconic
acid monomethyl esters or their lactone forms. Chlorite
and hypochlorous acid are released in one- or two-elec-
tron oxidation reactions. Wajonet al. [9] studied the

reaction of chlorine dioxide with a phenol model com-
pound. The results corresponded to a reaction mecha-
nism in which the rate-determining step is the initial

removal of one electron from the substrate by chlorine
dioxide forming a phenoxy radical and chlorite. Subse-

quently, chlorine dioxide adds to the phenoxy radical,
most frequently in the para position, forming p-benzo-

quinone with the concomitant release of hypochlorous
acid. The mechanism is in agreement with that about 0.5
mole chlorite was formed per mole chlorine dioxide
reduced [9].

Acid-base equilibriums

Being acids the presence and reactivity of chlorous acid
and hypochlorous acid are dependent on pH. Chlorous
acid is in acid equilibrium with chlorite (ClO5) (2), and
hypochlorous acid is in equilibrium with chlorine (Cl,)
in acidic solution (3) and hypochlorite (CIO) in neutral
solution (4).

HCIO, « ClIO, + HF, Ka 2
Cl, + HyO« HOCI + ClI" + H*, Ka (3)
HOCI « CIO™ + H*, Kag (4

Reported equilibrium constants are pKa;=2.31 [10],
2.0[11], Kap = 3.94-10% [12], and pKag = 7.5 [11], 7.3
[12]. Thus, in a typical pH range of 2.5-4 for chlorine
dioxide bleaching, chlorite is the main species present.

The presence of chlorine versus hypochlorous acid is
dependent on both pH and chloride concentration.

Chlorate formation and chlorine dioxide regenera-
tion
Ni et al. [3] captured hypochlorous acid by sulfamic
acid in chlorine dioxide treatment of unbleached kraft
pulp and found that only a small amount of chlorate was
formed. Consequently, essentially all chlorate seems to
be formed in reactions in which hypochlorous acid is
involved. The reaction between chlorite and hypochlo-
rous acid was found to account for essentialy the all
chlorate formation [3]:

ClOy + HOCI® H* + CI" + ClOg (5)
At more acidic conditions the Ch-HOCI-equilibrium (3)
is shifts towards chlorine, and chlorite reacts with chlo-
rine and regenerates chlorine dioxide:

2Cl0, + Cly, ® 2CI" + CIO, (6)

Both reactions (5) and (6) are very rapid under acidic
conditions [13]. A reaction mechanism for the two reac-
tions was proposed by Taube and Dodgen [14] and later
expanded by Emmenegger and Gordon [13]. A com-
mon reaction intermediate, CLO,, is formed in both
reactions:

ClO, + HOCl + H* ® Cl,0,+ Hy0 7
ClO, + Cl, ® Cl,0,+ CI” (8)
2Cl,0, ® Cl, + CIO, 9)

Cl,0; + HO® CI" + ClO5 + 2H* (10)

The reaction mechanism explains several experimental

findings. Chlorine dioxide regeneration has been found
to be favoured by acidification [13] and chloride addi-

tion [1,15], whereas dlorate formation is favoured at

low pulp consistency [13]. Both acidification and chlo-

ride addition shift the HOCI/Cl,-equilibrium (3) towards

chlorine. Chlorine dioxide regeneration is favoured

since the reaction rate for reaction (8) is much higher
than for reaction (7) and the second-order reaction (9) is
favoured by a high intermediate (Cl,O,) concentration.

At low pulp consistency the first-order chlorate forma-
tion (10) is favoured over the second-order chlorine
dioxide regeneration.

Acid catalysed disproportionation of chlorite
Chlorite is generated initially during chlorine dioxide
bleaching and consumed throughout the treatment. As
mentioned, chlorite is consumed in the rapid reaction
with hypochlorous acid (7), but under acidic conditions
it may also decompose and regenerate chlorine dioxide.
Kieffer and Gordon [16] investigated the acid catalysed
disproportionation of chlorite and found that the stoichi-
ometry in the pH range 0.3-3 can be approximated by:

4ClOy + 2H* ® 2CIO, + CI'+ CIOg + H,O  (11)
Chloride addition changed the stoichiometry to:

5ClIO, + 4H* ® 4ClO, + CI™ + 2H,0 (12)

whereas more chlorine dioxide respective chloride and
no chlorate was formed. Smitz and Rooze [17] sug-
gested another mechanism in which hypochlorous acid
is generated and reacts further according to the Equa-
tions (7), (9) and (10).



Table 1. Acid catalysed disproportionation of chlo-

ritein buffered solutions?.

NaClO, pH Pul p?  Time Rg'gl;al Fg_ 3
mole/l min. % %
0.01 - 30 100 2
0.01 35 - 60 89 5
0.008" + 30 60 18
0.01 - 30 e 13
0.01 25 - 60 66 22
0.008 + 30 45 24

Dcitric acid buffer solutions 2Oxygen delignified kraft
pulp, 8% pulp consistency *’Chloride present in the
NaClO, aalt)applied (0.19 mole CI'/ mole ClOy) is
subtracted * Equals 0.6% ClO, charge

ClO, + ClI'+ 2H™ ® 2HOCI ® Cl,0;... (13)

A later study showed that reaction (11) and (13) do not
occur to any noticeable extent since no detectable
amount of chlorate or hypochlorous acid was formed in
an acidic chlorite solution during 150 minutes at pH 2.6
and 45°C [3]. Initialy chlorine dioxide and chloride
were formed at a high CIO)/Cl™-ratio which decreased
throughout the treatment. Thus, the reaction pattern
appears to be more complex than suggested by Equa-
tions (11) and (12).

Irrespective of the mechanism, acid catalysed dispropor-
tionation of chlorite is a slow reaction. The maximum
reaction rate occurs at pH values about the pKa of chlo-
rous acid [18,19]. Kieffer and Gordon [10] stated that
only when pH is less than 3 will more than one percent
sodium chlorite decompose within a retention time of
ten minutes. The decomposition of chlorite under chlo-
rine dioxide prebleaching conditions with and without
pulp present is studied in Table 1. The results in Table 1
show that about almost no chlorite is decomposed dur-
ing 30 minutes at pH 3.5, while about 23% is decom-
posed during the same time at pH 2.5.

A subject of little attention in the literature is that chlo-
rite may act as a bleaching agent itself under acidic con-
ditions. Rapson [20] found that chlorite reacts with
unbleached kraft pulp releasing chloride at pH values
below 4. The reactivity decreased rapidly at higher pH
values, and at pH values greater than 5, chlorite was sta-
ble in pulp suspensions. However, to what extent chlo-
rite reacted with pulp itself or was decomposed by acid
catalysed decomposition is unclear. The results in Table
1 show that chlorite is consumed at a higher rate when
pulp is present. Thus, either the pulp catalyses the
decomposition of chlorite or some chlorite reacts with
the pulp itself. No chlorate was formed in any of the
experiments.

AOX formation
Among others, Ni et al. [21] has verified that hypochlo-

DZzZ: 56°C, 30 min., ‘10% cons., MC mixer
Eo :90°C, 0.5MPa O, 1% NaOH, 60 min., autoclaves

Kappa number

0 0‘.2 0‘.4 0‘.6 0‘.8 ‘1
CIO, or O charge [%)]

Figure 2. DEo and ZEo prebleaching of oxygen del-

ignified kraft pulp.

rous acid is the main component forming organically

bound chlorine (AOX and OCI) in chlorine dioxide del-

ignification. By capturing hypochlorous acid by a radi-

cal scavenger, hypochlorous acid was found to attribute
to at least 86% of the chloro-organic compounds
formed. Wajon et al. [9] studied the reaction between
chlorine dioxide and a phenol model compound, and
found that chloro-phenols were only formed when phe-
nol was present in excess.

Effects of chlorine dioxide chargein prebleaching
The charge in a prebleaching stage is usually determined
by the desired final brightness and number of bleaching
stages available. Here, it was desired to achieve a final
brightness of 88% I1SO in a DEoD,ED, bleaching
sequence of an oxygen delignified kraft pulp. Hence, a
chlorine dioxide charge of 0.65% CIO, (kappa factor
0.13) was required in the prebleaching stage and 0.70%
ClO, in the D1ED,, final bleaching stages. The delignifi-
cation effect versus chemical consumption in the preb-
leaching is illustrated in Figure 2. By comparing the
delignification efficiency of chlorine dioxide prebleach-
ing to ozone prebleaching, chlorine dioxide appears to
be a more efficient delignifying agent when small chem-
ical charges are applied. Both the D and the Z stage
were performed in a MC mixer to ensure proper mix-
ing, and all the chlorine dioxide and ozone charged was
consumed during the treatments.

The chlorate formation was measured in filtrates from
the chlorine dioxide bleaching stages, and the relative
amount of chlorate formed is plotted versus chlorine
dioxide charge in Figure 3. The amount of chlorate
formed rises with increasing chlorine dioxide charge up
to about 0.65% chlorine dioxide, and seems to stabilize
at a chlorate formation of about 21 mole% CIGy upon
further increase in chlorine dioxide charge. As previ-
ously mentioned the chlorate formation represents a
waste of oxidation power during chlorine dioxide
bleaching. Thus, it is tempting to assume that the appar-
ently efficient delignification at low chlorine dioxide
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Figure 3. Chlorateformation in chlorine dioxide

prebleaching of oxygen delignified kraft pulp.

charge may be related to the relatively lower chlorate
formation when low chlorine dioxide chargesis applied.

Besides oxidating phenolic lignin structures a signifi-

cant amount of chlorine dioxide is consumed in reac-
tion with hexenuronic acid groups in the pulp. The
content of hexenuronic acid groups and phenolic lignin
structures for the current pulps are given in Table 2. The
content of free phenolic groups in lignin was estimated
by isolating residual lignins by acid hydrolysis [22] and

measuring the amount of phenolic phenolpropane
groups in the residual lignins by UV spectroscopy [23].
The results in Table 2 show that about 95% of the phe-
nolic lignin structures and 45% of the hexenuronic acid
groups in the oxygen delignified kraft pulp are degraded
in DEo prebleaching. The relative amount of phenolic
lignin structures in residual lignin has decreased over

80%. According to the proposed mechanism between
chlorine dioxide and phenolic lignin structures in Fig-

ure 1, two equivalents of chlorine dioxide should be
consumed for each phenolic phenyl propane unit
reacted. As the hexenuronic groups also has been found
to consume two equivalents of chlorine dioxide [24],
0.59% chlorine dioxide should theoretically be con-
sumed if all phenolic phenyl propane units and hexen-

uronic groups was degraded by chlorine dioxide in the
present oxygen delignified pulp. The small decrease in
kappa number upon chlorine dioxide charges above
0.6% in Figure 2 is probably related to limited accessi-

bility of the remaining reactive structures in the pulp.

The effect of hypochlorous acid

According to the literature only the hypochlorous acid
formed seems to determine both the AOX formation and
the chlorate formation in chlorine dioxide bleaching.

Hypochlorous acid also seems to be essential for the
delignification in chlorine dioxide bleaching. Joncourt et

al. [4] found that the delignification in chlorine dioxide
treatment of unbleached kraft pulp was reduced by
about one third when a radical scavenger (DMSO) was
added. Hypochlorous acid is very reactive and has been

Table 2. Content of phenoliclignin structures and

hexenuronic acid groups (HUA) in unbleached, oxy-

gen delignified and ODEo prebleached kraft pulp.
Free phenolic groups HUA

Pulp nﬁ?’r?gg mmole/g. umolellf;. umole/g.
res. lign.  pulp pulp
Unbleached 24.3 1.86 68 16.9
(0] 12.7 1.35 26 17.7
ODEc? 37 025 14 9.7

D Assumed a lignin content of % lignin= 0.15* Kappa
number and a Cgy-based m%ecular weight for spruce
lignin of 183 g/mole [26]. < 0.65% CIO, charged.

generally considered to be destructive to cellulose and
therefore avoided in pulp bleaching [25]. Radical scav-

engers like sulfamic acid and phenolic compounds have
been added to prevent cellulose degradation during
acidic hypochlorite bleaching. Studies by both Kolar et

al. [2] and Ni et al. [3] showed that hypochlorous acid is
formed in excess relative to chlorite in chlorine dioxide
bleaching. Kolar et al. [2] captured about 50 mole%
hypochlorous acid of charged chlorine dioxide (kappa
factor 0.16) by DMSO during chlorine dioxide preb-
leaching of oxygen delignified kraft pulp. About 20-30
mole% chlorite was formed initially and consumed
throughout the treatment. Kolaret al. [2] suggested that
the excess formation of hypochlorous acid versus chlo-
rite may be explained by chlorine dioxide being reduced
to both chlorite and monochlorine monoxide, and the
latter reduced by lignin to hypochlorous acid. Niet al.

[3] captured 58 mole% hypochlorous acid (kappa factor
0.22) and measured an initial chlorite formation of 25
mole% during chlorine dioxide delignification of

unbleached kappa kraft pulp. Joncourt et al. [4] esti-

mated an even higher formation of 75 mole% hypochlo-
rous acid in chlorine dioxide delignification of

unbleached kraft pulp. The estimate was made by
assuming that hypochlorous acid accounts for al AOX
formation and extrapolate the plot of the AOX forma-
tion versus added amount of radical scavenger (DM SO).
In the study by Joncourtet al. [4] the chlorate formation
only was reduced from 19.4% to 16.5% when a rather
high amount of radical scavenger was added. Accord-
ing to Ni et al. [3] there should not be any chlorate for-
mation if all hypochlorous acid is captured by a radical

scavenger, since equation (5) was found to account for
essentially all chlorate formation during chlorine diox-

ide bleaching.

The chlorate and chloride formation during low consist-
ency chlorine dioxide prebleaching is shown in Figure
4. In agreement with the results in Figure 3, the chlorate
formation rises with increasing chlorine dioxide charge.
When 0.5% and 0.75% chlorine dioxide are applied, all

chlorate seems to form within a few minutes. At 1.0%
ClO, charge a considerable amount of the chlorate that
is generated is formed more slowly throughout the treat-
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Figure 4. Chloride and chlorate formation during
low consistency chlorine dioxide prebleaching.

ment.

The initial fast chlorate formation is accompanied by a
rapid decrease in chlorite concentration, indicating that
the chlorate is formed by the reaction between
hypochlorous acid and chlorite, see Equation (5).
According to the literature [2, 3, 4] hypochlorous acid is
formed in excess to chlorite. Provided the stoichiometry
of Equation (5) applies hypochlorous acid should
remain even if al the generated chlorite reacted with
hypochlorous acid. Hypochlorous acid reacts also with
lignin. The increased chlorate formation at high chlo-
rine dioxide charge may be explained by that less resid-
ual lignin is present when hypochlorous acid is
generated. The chlorine dioxide has oxidized the most
of the reactive lignin structures before hypochlorous
acid is formed, and hypochlorous acid probably reacts to
a larger extent inorganically and forms chlorate. At
1.0% chlorine dioxide charge, a major portion of the
formed chlorate was generated rather slowly throughout
the treatment. Considering that both the reaction
between hypochlorous acid and chlorite is fast and that
the hypochlorous acid is formed in excess to chlorite, it
is possible that chlorate is formed from hypochlorous by
another slow reaction when low amount of residual
lignin is present.

The importance of residual lignin content for the chlo-
rate formation is also supported by the results of Germ-
gard et al. [1]. In prebleaching of oxygen delignified

kraft pulp 5-20% of the consumed chlorine dioxide was
converted to chlorate, whereas 25-50% chlorate was
formed in chlorine dioxide final bleaching. In final

bleaching the chlorate formation increased linearly with
consumed chlorine dioxide, corresponding to a constant
percentage of charged chlorine dioxide. According to
the theory presented, these results should imply that the
residual lignin content in prebleached pulps are so low
that the hypochlorous acid formed in final bleaching
generates chlorate independently of the chlorine diox-

Table 3. Balance of inorganic and organic chloro-
compoundsformed in the DEo, (DZ)Eo and (ZD)Eo
prebleaching of oxygen delignified kraft pulp

DEo (DZ)Eo (ZD)Eo
kgt % kgt % kgt %
Kappa 3.7 31 34
ClO, charge 361V 100 1.78 100 1.83 100
ar, 222 61 120 68 113 62
Clog 076 21 023 13 053 29

AOX,1%stg. 032 9 013 7 017 9

J¥gg. 006 2 002 1 003 2
ocl 013 4 014 8 014 8
SUM 348 96 173 O7 201 110

ide charge applied.

(DZ) and (ZD) stages

An application of low chlorine dioxide charge is in the
(DZ) and (ZD) bleaching stages. Here, chlorine dioxide
and ozone is injected subsequent to one another allow-
ing the first injected chemical to be consumed before the
other is injected. It has been shown that (DZ)Eo preb-
leaching of oxygen delignified kraft pulp is more effi-

cient in terms of delignification than (ZD)Eo

prebleaching [27]. A synergetic delignification effect

was observed in the (DZ) treatment giving a higher del-
ignification than would be expected from the effect of
chlorine dioxide and ozone separately. A balance of
inorganic and organic chloro-compounds formed in
DEo, (DZ)Eo and (ZD)Eo prebleaching is compared in
Table 3. The most efficient delignification and the low-

est chlorate formation were obtained in the (DZ)Eo
prebleaching sequence. Less chlorate formation in the
(DZ) stage compared to the D stage is in agreement with
the results in Figure 3 and related to the lower chlorine
dioxide charge applied. The higher chlorate formation in
the (ZD) stage versus the (DZ) may be related to less
reactive lignin structures being present during the chlo-
rine dioxide treatment in the (ZD) stage. Both ozone and
chlorine dioxide have oxidized lignin in the (DZ) stage
before the hypochlorous acid is generated, and
hypochlorous acid probably reacts to a larger extent
inorganically and forms chlorate.

The chlorate and chloride formation during low consist-
ency D and (ZD) treatments are shown in Figure 5.
Since the chlorate and chloride concentrations remain
unchanged upon ozonation when all chlorine dioxide
and chlorite are consumed, the formation of inorganic
chloro-compounds in the D and (DZ) stage are equal at
the same chlorine dioxide charge. In agreement with the
previous results, Figure 5 shows that the (DZ) process
yields less chlorate formation than the (ZD) treatment.
Like the chlorate formation at high chlorine dioxide
charge (1.0%) in Figure 4, a significant portion of the
chlorate formed in the (ZD) treatment is generated
rather slowly throughout the treatment
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Figure 5. Chloride and chlorate formation during
low consistency D/(DZ) and (ZD) treatment of oxygen
delignified kraft pulp.

Sequential charging

The effect of sequential charging was tested by chlorine
dioxide prebleaching experiments performed in plastic
bags at 8% pulp consistency in buffered solutions at pH
2.5 and 3.5. The retention time in between the charges
was varied in order to investigate the possible effects of
residual chlorite. The results for the experiments per-
formed at pH 3.5 are given in Table 4. Neither the chlo-
rine dioxide bleaching experiments at pH 3.5 nor pH 2.5
showed any typical difference in chlorate formation or
brightness development between sequential and batch
charging. The measured concentrations of chlorate and
chloride were systematically lower compared to earlier
experiments. Some experiments were repeated without
buffer addition but the buffer did not seem to influence
the results to any noticeable extent.

Previously it was suggested that the lower chlorate for-
mation and increased delignification of the (DZ) treat-
ment versus the (ZD) treatment could be explained by
that the chlorine dioxide treatment was more efficient in
the (DZ) stage than the (ZD) stage. The results indi-
cated that hypochlorous acid to a larger extent reacts
with lignin and contributes to delignification in the (DZ)
stage, whereas it reacts inorganically and forms chlo-

rate in the (ZD) stage when less reactive residual lignin

structures are present. In relation to these results it
seems reasonable that splitting the chlorine dioxide
charge in a (D;..D;)Eo process is not beneficial com-

pared to a DEo process. Like the chlorine dioxide treat-
ment in the (DZ) stage, the first chlorine dioxide
treatments in the (Dy..D;) stage probably work effi-

ciently, but as the number of reactive lignin structuresin

the pulp decreases the latter chlorine dioxide treatments
probably do not. Recently, Lachenal and Chirat [28]

also investigated effects of splitting the chlorine dioxide
charge in prebleaching. In agreement with the previous
results, splitting the chlorine dioxide charge in a DDDE

process did not lead to any improvement compared to a
DE process. Lachenal and Chirat [28] suggested that
chlorine dioxide reacts with oxidized lignin which has

not yet gone into solution, since no improvement was
obtained when the pulp was washed between the chlo-
rine dioxide treatments. Sequential charging of low

amounts of chlorine dioxide is only beneficial when the

pulp is pH adjusted or treated with alkaline between the
charges [4, 28].

Similarities between (DC)/(CD) and (DZ)/(ZD) stages
Quite similar to the superiority of (DZ)Eo prebleaching
versus (ZD)Eo prebleaching, the delignification effi-
ciency of (DC)E prebleaching has been shown to be
superior to (CD)E prebleaching [5, 29, 30]. The chlo-
rate formation has also been reported to be lower for the
(DC) stage than the (CD) stage [29]. Niet al. [31]

explained the difference in chlorate formation by chlo-
rite decomposing and regenerating chlorine dioxide as
in Equation (12) in the (DC) stage, whereas chlorate for-
mation takes place by Equation (5) in the (CD) treat-
ment since hypochlorous acid from the C-treatment is
present when chlorite is generated in the latter D-treat-
ment. However, the explanation does not seems likely
when considering that the acid catalysed decomposition
of chlorite is a very slow reaction, and that sufficient
amounts of hypochlorous acid should be present for
reacting with chlorite in both (CD) and (DC) stages
since hypochlorous acid is formed in excess to chlorite
in chlorine dioxide bleaching [2, 3, 4]. Thus, extra
hypochlorous acid from the initial C-treatment should

Table 4. Effect of sequential chargingin buffer ed (pH 3.5) chlorine dioxide prebleaching of oxygen delignified

kraft pulpz).
ClOg3", % of charged CIO, ClI", % of charged CIO, Brightness, %ISO

ClO,charge, % 02 04 06 08 10 02 04 06 08 10 02 04 06 08 10
Batch 45 72 99 117 113] 47 53 49 45 45 [449 468 483 50.7 523
Seq., 3089 42 85 108 113 110| 49 58 54 49 44 | - 447 47 499 523
Seq., 5 min. - 80 81 100 101| - 58 48 57 44 | - 451 485 531 523
Seq., 30 min. - 90 9 - - - 8 50 - - - 458 511 - -
Seq., 30 min - 1 13 - - - 62 57 - - - 451 498 - -

DCitrjc acid buffer 2)Starting pulp: Kappa number 12.7, 36% | SO brightness. D-stage: 50°C, 8% consistency, water
bath 3)Sequential charging was done by charging x times of 0.2% CIO ,. Intervals between the charges were 30 seconds,
5 minutes and 30 minutes. %) No buffer applied. Start pH was 4.0 and final pH 2.4.



not influence on the chlorate formation in the latter D
treatment since, according the stoichiometry of Equation
(5), only one equivalent of hypochlorous acid is con-
sumed in the reaction with chlorite. Another explana-
tion could be that the difference in chlorate formation of
the (DC) and (CD) stages is related to different amount
of reactive lignin structures present during the chlorine
dioxide treatment. In the (CD) treatment less unoxi-
dized residual lignin is present since chlorine has oxi-
dized lignin prior to the chlorine dioxide treatment.
Thus, in the absence of reactive lignin structures the
hypochlorous acid generated in the latter chlorine diox-
ide treatment probably reacts to a larger extent inorgani-
caly and forms chlorate. In the (DC) treatment more
residua lignin is present when hypochlorous acid is
generated, and it may react with residual lignin and con-
tribute to delignification.

The superior delignification efficiency of (DZ)Eo preb-
leaching versus (ZD)Eo prebleaching can aso be
explained by the ability of chlorine dioxide and ozone to
degrade different types of lignin structures [32]. Chlo-
rine dioxide mainly degrades phenolic types of lignin
structure whereas ozone is capable of degrading both
phenolic and non-phenolic lignin structures. In the (DZ)
stage, chlorine dioxide is allowed to attack phenolic
lignin structures initially and the non-phenolic and less
reactive lignin structures are left for the ozone treat-
ment [32]. Since chlorine, like ozone, is a stronger oxi-
dant that chlorine dioxide, the same argumentation
should apply for the superiority of the (DC) treatment
versus the (CD) treatment.

CONCLUSIONS

Chlorine dioxide prebleaching has been shown to give
efficient delignification relative to chemical consump-
tion when a low amount of chlorine dioxide is applied.
The effect may be explained by that the reaction inter-
mediate hypochlorous acid reacts with residual lignin
and contributes to delignification when low chlorine
dioxide charge is applied. At higher chlorine dioxide
charges less reactive lignin structures are present and
hypochlorous acid reacts to a larger extent inorganically
and forms chlorate.

In practice, alow chlorine dioxide charge is used in the
(DZ) and (DC) bleaching stages, which both have been
shown to be very efficient in terms of delignification.
Sequential charging of small amounts of chlorine diox-
ide was not beneficial compared to traditional batch
charging.
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Physical and swelling properties of
ozone based ECF bleached softwood
kraft pulps

Kai Toven, Norwegian Pulp and Paper Research
Institute, Trondheim, Norway

SUMMARY

Physical properties of DEoQ(PO), (DZ)EoD,ED, and
(DZ)EoQ(PO) bleached oxygen delignified softwood
kraft pulps were compared to the same properties of a
DEoD,ED, bleached ECF reference pulp. Both (DZ)Eo
prebleaching and pressurized peroxide final bleaching
reduced the AOX formation considerably, however the
Q(PO) final bleaching also increased the COD effluent
load. The tear strength was maintained, but the (DZ)Eo
prebleaching seems to have a slight negative effect on
fibre strength as indicated by lower wet zero span
strength of beaten (DZ)EoD.ED, and (DZ)EoQ(PO)
bleached pulps. Pressurized peroxide final bleaching
yielded pulps with higher fibre charge than chlorine
dioxide final bleaching. Compared to the D,ED, final
bleached pulps, the increased number of charged groups
in DEoQ(PO) and (DZ)EoQ(PO) bleached pul ps seemed
to promote increased fibre swelling of both unbeaten
and highly beaten pulps. The more swollen unbeaten
Q(PO) final bleached pulps formed denser paper sheets
with higher tensile strength and wet zero span strength.
A highly charged and swollen pulp seems to be advanta-
geous with respect to beatability when the pulp is beaten
to atarget tensile strength.

INTRODUCTION

The interest for totally chlorine free (TCF) bleaching
chemicals as a replacement for chlorine dioxide has
accelerated in the 1990s due to both market demand and
a desire for further reduce in discharge of chlorinated
compounds. An important reason for the limited use of
TCF chemicals is their low selectivity towards lignin,
which cause reduced pulp viscosity and fibre strength
[1]. The paper propertiesis the subject of this paper, and
the TCF chemicals ozone and hydrogen peroxide have
been applied in two rather recently developed bleaching
concepts which according to the literature appear to be
beneficial from both an environmental and cost-effi-
cient view relative to traditional ECF bleaching. The
bleaching sequences are termed ECF light due to the
reduced consumption of chlorine dioxide.

Studies have shown that ozone with advantage can be
used in combination with chlorine dioxide in (DZ) and
(ZD) prebleaching stages [2,3]. The formation of chloro-
organic compounds is reduced, and the viscosity of the
pulp is maintained when the ozone charge is kept low
[2]. In addition, the concept is efficient in terms of both
delignification and chemical savings. Ozone can be
charged both prior to and after the chlorine dioxide addi-

tion in (ZD) and (DZ) stages respectively [4]. However,
relative to chemical chargesthe (DZ) treatment has been
shown to give the most efficient delignification of oxy-
gen delignified kraft pulp [5]. The (DZ) treatment gave a
synergetic delignification effect giving better delignifi-
cation than expected from the effect of chlorine dioxide
and ozone separately. From a practical point of view, the
(DZ) and (ZD) bleaching stages are interesting since the
ozone treatment quite easily can be implemented in an
existing bleach plant without investing in new expensive
and space demanding bleaching towers. Pressurized per-
oxide bleaching has been shown to be a possible alterna-
tive to chlorine dioxide final bleaching. Pressurized
peroxide bleaching, (PO), means oxygen pressurized
hydrogen peroxide treatment at high temperature, and
has been shown to be beneficial in several aspects com-
pared to traditional atmospherical hydrogen peroxide
bleaching [6]. The reaction time is reduced considera
bly, the amount of hydrogen peroxide needed to achieve
a certain brightness is reduced, maximum obtainable
brightness level is raised and higher pulp viscosity is
obtained [6]. The objective of this study is to compare
physical paper properties of various ECF light bleached
oxygen delignified softwood kraft pulps to a traditional
DEoD,ED, ECF reference pulp. The ECF light bleach-
ing sequences applied were (DZ)EoD,ED,,
(DZ)EoQ(PO) and DE0Q(PO).

EXPERIMENTAL

An industrial oxygen delignified softwood (70:30 mix-
ture of Picea abies and Pinus sylvestris) kraft pulp of
kappa 12.7, brightness 36% ISO and viscosity 930 dm?/
kg was applied in the experiments. After laboratory
washing, the pulp was pH adjusted by H,SO, to pH 4,
and bleached according to the sequences DEoD,ED,,
DEoQ(PO), (DZ)EoD4ED, and (DZ)EoQ(PO). The ini-
tial D or (DZ) stage was performed at 50°C for 40 min-
utes in a high shear medium consistency (MC) mixer.
During injection of chemicals the pulps were fluidized
by high intensity mixing, and the chemical charges were
0.65% ClO, and 0.33% CIO, + 0.36% Os in the D and
(DZ) stages respectively. In the (DZ) stage, ozone was
injected after 30 minutes, when all chlorine dioxide and
chlorite should be consumed. The oxygen reinforced
alkali extraction stage, Eo, was performed in autoclaves
for one hour at 90°C, applying 1% NaOH charge and 0.5
M Pa oxygen pressure. The batches of DEo and (DZ)Eo
prebleached pulps were divided in two portions for
D,ED, and Q(PO) final bleaching.

Pulps were acidified by H,SO, to pH 6 prior to the D4
stage. D4, E and D, stages were performed in a water
bath at 70°C employing retention times of two, one and
three hours respectively. Chemical charges were 0.5%
CIO, in the D, stage, 0.4% NaOH in the E stage and
0.2% CIO, in the D, stage. Chelation, Q, was done in
plastic bags in a water bath for one hour at pH 5.5 and
70°C, charging 0.3% EDTA. Pressurized peroxide stage,



(PO), was performed by charging 0.3% MgS04, 0.2%
DTPA, 1.6% NaOH and 4.0% H,O, and keeping the
pulp in plastic bags within rotating autoclaves at 105°C,
0.5 MPa oxygen pressure for two hours. All treatments
were done at 10% pulp consistency, and the pulps were
washed with hot distilled water in between bleaching
stages and after the bleaching sequence.

Pulps were analysed for kappa number (SCAN C 1:77),
brightness (SCAN C 11:95), viscosity (SCAN C 15:88),
tear strength (SCAN P 11:96), tensile strength (SCAN P
16:76), water retention value (SCAN C-102XE), Scott
bond strength, AOX and OCI in pulp: SCAN W 9:89.
The fibre charge was analysed by polyelectrolyte
adsorption [8] on pulps converted to Na-form [9]. 3.6-
ionene (polybrene) with a molecular weight of about
8-10° g/mole and charge density of 5.12-10"% mole eg/g.
was applied without further purification. Hexenuronic
acid content was determined by UV spectroscopy [10].
The applied method correlates well with other methods,
but somewhat higher values are obtained [11]. Carboxy-
lic acid content in lignin was estimated by analysing car-
boxylic acid content in residua lignins by
conductometric titration [12] and assuming that total
lignin content in the pulps was given by% lignin =
0.15-Kappa number. Residua lignins were isolated from
the pulps by acidolysis [13].

RESULTSAND DISCUSSION

Bleaching sequences

The pulp and effluent characteristics of final bleached
pulps are given in Table 1. Chemica charges in final
bleaching were chosen in order to achieve afina bright-
ness target of 88% |SO. Compared to the ECF reference,
the total AOX formation was reduced by 25% in the
(DZ)EoD4ED, sequence, 30% in the DEoQ(PO)
sequence and 64% in the (DZ)EoQ(PO) sequence. The
D,ED, final bleaching accounted for 38% and 58% of
the total AOX formation in the DEoD.ED, and
(DZ)EoD4ED, sequence respectively. The (DZ)Eo preb-
leaching seemed to yield a small reduction in COD
effluent load, whereas a substantial increase in dissolu-
tion of organic material took place when Q(PO) find
bleaching was applied. The dissolution of organic mate-
rial represents both an increased effluent load and a
yield loss. Even though a rather low ozone charge of
0.36% has been applied here, the resultsin Table 1 show
asignificant lower viscosity for the
(DZ)Eo prebleached pulp com-

Table 1. Characteristics of pulps and effluents

ECF  Ozone Peroxide Ozone+ per-
reference added added  oxide added
Prebleaching: DEo |(DZ)Eo| DEo (DZ)Eo
ClO,, kg Cl/t 361 | 1.84 | 361 1.84
AOX, kg/t 032 | 0.17 | 0.32 0.17
OCl, kglt 0.08 | 0.07 | 0.08 0.07
Kappa number 37 31 37 31
Viscosity, dm3/kg| 840 | 730 | 840 730
Final bleaching: | p,ED, | D,ED, | Q(PO) Q(PO)
ClO,, kg Cl/t 3.89 | 3.89 - -
AOX, kg/t 021 | 0.23 | 0.05 0.02
COD, kg/t 8.9 1.7 17.3 185
OCl, kglt 0.08 | 0.08 | 0.09 0.03
Viscosity, dm¥kg| 750 | 750 770 730
Brightn., %10 884 | 875 | 875 87.7
Sum CIO,, kg CI/t| 7.5 5.7 3.6 18
Sum AOX, kg/t 053 | 040 | 0.37 0.19
Sum COD, kg/t 289 | 264 | 373 37.2

(DZ)Eo prebleached pulps is significant lower than the
DEo prebleached pulp, the results in Table 1 also show
that the difference in pulp viscosity decreases considera-
bly after fina bleaching.

Physical properties of unbeaten pulps

The paper properties of unbeaten pulps are given in
Table 2. Generally, differences in paper properties were
small, and the tear index and fibre-fibre strength (Scott
Bond) were about equal for al pulps. However, the
Q(PO) the final bleached pulps seemed to be somewhat
more swollen than the D{ED, final bleached pulps, and
somewhat denser paper sheets with higher tensile
strength and wet zero span strength were formed.

Similar results were obtained by Laine and Stenius [14]
when studying effects of fibre charge on paper proper-
ties of industrially bleached kraft pulps. Increased fibre
charge was found to promote increased fibre swelling
and flexibility of the fibres. Increased fibre flexibility
further promoted fibre conformability and yielded more
fibre-fibre contacts. As the fibres remain in contact and
form bonds at their intersections upon drying [15]
improved fibre flexibility yields denser sheets with
higher relative bonded area. The fibre-fibre strength
(Scott bond) did not vary much for the pulps investi-
gated. As the differences in paper properties of unbeaten
pulps in Table 2 can be explained by differences in

Table 2. Paper properties of unbeaten ECF bleached kraft pulps.

pared to the reference pulp. As
mentioned, ozone may oxidize

polysaccharide chains and form
carbonyl and carboxylic structures
within the polysaccharide chains.
These groups may cause chain
cleavage and loss in pulp viscosity
upon alkali treatment. However,
even though the pulp viscosity of

DEoD,ED, (DZ)EoD,ED, DEO0Q(PO) (DZ)EoQ(PO)
Tear index, MNn?/lg 205+ 0.7 20708 20708 20.7%0.7
Tensleindex, Nmig ~ 259+09 252+1.1 268+11 27.8+12
Density, kg/m3 606 + 9 609 + 8 619+9  623+10
Wet zero span, Nm/g 93+5 R+4 98+5 93+ 4
Scott Bond, J/n? 100+12  109+10  109+12  109+10
WRV, g/g 1.14 1.17 1.22 1.21
Viscosity, dm¥/kg 750 790 770 730

Errors are estimated by the standard deviation of replicates



Table 3. Development of charged groups in kraft
pulp in bleaching

Fibre  Hexen- Carboxylic
Pulp L A

charge uronic acid groupsin lignin

pmole/g pmole/g pmole/g
Unbleached 123 16.9 25
O 113 17.8 20
ODEo 86 9.7 7
O(DZ)Eo 74 7.9 -
OZEo 76 6.7 10
ODEoDED, 51 0.3 -
O(DZ)EoD4.ED, 49 0.3 -
ODEO0Q(PO) 73 10.3 -
O(DZ)EoQ(PO) 68 7.0 -

swelling it was decided to further investigate the swell-
ing properties of the pulps.

Effect of bleaching on fibre charge

During kraft cooking a significant number of the initial
4-O-methyl glucuronic acid side groups of xylan is con-
verted to hexenuronic acid groups. Sostrom [16]
reported that the content of methyl glucuronic acid
groups in Picea abies and Pinus Sylvestris were 70 and
80 umole/g respectively. Hexenuronic acid is a major
contributor to the fibre charge in unbleached kraft pulp,
and the variation in fibre charge of ECF and TCF
bleached pulps can be largely explained in terms of
selective reactions of hexenuronic groups with various
bleaching chemicals[7, 17].

The development of total amount of charged groups in
the pulps, hexenuronic acid groups and acid groups
attached to lignin in the bleaching sequences applied in
this study are shown in Table 3. The results indicate that
the hexenuronic acid groups and charged groups
attached to the lignin structure account for about 15%
and 20% of the total number of charged groups in the
unbleached kraft pulp respectively. However, the total
number of charged groups determined by polyelectro-
lyte titration is probably somewhat overestimated. When
comparing the polyel ectrolyte titration method with con-
ductometric titration [12], polyelectrolyte titration gave
about 15-20 umole/g higher values for the fibre charge
for four different chemical pulps of different charge lev-
els. Even though the total number of charged groups
probably is somewhat overestimated, the hexenuronic
acid groups and acid groups attached to lignin account
for only about 40% of the total number of charged
groups in the pulps. Some of the remaining carboxyl
groups may be 4-O-methyl glucuronic acid groups
which were not converted to hexenuronic acid groups in
the cook.

In agreement with the literature [7, 17], the results in
Table 3 show that chlorine dioxide and ozone reduces
the number of charged groups in the pulp, whereas the
amount of charged groups in the pulps remain about

Table 4. Effect of fibre charge on fibre swelling
DEo (DZ)Eo DEo (DZ)Eo
D,ED, D4ED, Q(PO) Q(PO)
Fibre charge, pmole/lg 51 49 73 68

1) 114+ 117+ 122+ 121+
WRV, d/g 001 001 001 001
WRV-WRVyac, /g2 001 002 004 006
Na content, ppm ) 153 140 137 198

DRewetted sheets?WRV in water - WRV in 0.1 M NaCl
3)100 ppm Na =4.4 pmole Na/g

constant upon hydrogen peroxide and oxygen treatment.
At the same degree of delignification, ozone prebleach-
ing yielded somewhat more efficient degradation of hex-
enuronic acid groups than chlorine dioxide did. After
chlorine dioxide final bleaching only traces of hexen-
uronic acid remained in the pulp, whereas a significant
amount of hexenuronic acid groups remained in pressu-
rized peroxide final bleached pulps. As the variationsin
the total number of charged groups in the pul ps resemble
the variations in the hexenuronic acid group content, the
total number of charged groups was aso significantly
higher for the pressurized peroxide fina bleached pulps
than the chlorine dioxide final bleached pulps.

Effect of charged groups on swelling

Generdly swelling of cellulosic fibres is governed by
the swelling of polysaccharides, and the osmotic pres-
sure created within the fibres due to the dissociation of
smal ions from charged groups. The swelling is
restricted by the ability of the fibre wall to resist the
swelling pressure. Upon drying, swelling is reduced due
to increased interfibrillar bonding termed hornification.
Charged groups promote the swelling of rewetted fibres
both by increasing the osmotic pressure and by reducing
the degree of hornification upon drying [18, 14].
According to Salmén and Berthold [19] ionic changes
mainly affect the surface water of the fibres.

Swelling properties of the various ECF bleached pulps
are given in Table 4. Q(PO) fina bleached pulps are
dlightly more swollen than the D{ED, final bleached
pulps. Although the differences in WRV in Table 4
seem small they are believed to be significant. The
errors in WRV are estimated by the standard deviation
between replicates, and the obtained errors correspond
well to the average standard deviation between repli-
cates reported in the method (SCAN C 62:00). The posi-
tive effect of charged groups on swelling isillustrated by
the difference in water retention value of fibres in water
respective salt solution, WRV-WRVq 1m nacl- Accord-
ing to the Donnan Theory [20] salt addition will reduce
the difference in total ion concentration between the cell
wall and external medium, and reduce the osmotic
swelling pressure created by the charged groups. The
results in Table 4 indicate that the improved swelling of
the Q(PO) final bleached pulps can be related to the
higher number of charged groups present in these pulps.



Table 5. Effect of beating on paper properties

containing a large number

DEoD,ED,  (DZ)EoD,ED,  DEoQ(PO)  (DZ)EoQ(PO) of charged groups should be
Wet zero span, Nnvg™ 112+6 103+5 112+5 103+ 6 advantageous with respect
Tear index, mNm?/g Y 134+08  141+09 137+08  123+09 to beatability when beating
Density, kg/n? 775+ 8 762+ 9 770+ 9 782+ 9 to a target tensile strength.
PFI mill rev. 34004200  3000+200  2600+200 3000 * 200 A drawback might be a too
Scott Bond, J/n? 2 330+ 30 300 + 40 310+ 30 280 + 30 great incresse in drainage
Girley, pnvPas? 16 13 9 6 resistance. As shown in
Light scatt., m?/kg 20.7 20.8 20.8 20.8 Table 5 the more swelled
WRV-WRV ., 9/g® 0.06 0.03 0.09 0.09 Q(PO) bleached fibres also
Shopper Riegler, m ® 26.5 26.5 29.0 29.0 were the ones with the high-

DAt tensile strength 70 Nm/g 2)At sheet density 750 kg/m® 2)At 4000 PFI rev. Errorsare

est Shopper Riegler values.

estimated from linear regression curves of the paper property versus beating degree.

Lindstrém and Carlsson [18] have shown that the ionic
form affects the fibre swelling. The degree of hornifica-
tion in drying decreased when the pulps were dried with
the acidic groups in their ionized form (e.g. in the pres-
ence of Na") instead of in their protonized form. In the
bleaching sequences applied, the final bleaching stages
were both acidic and alkaline, but the pulps were
washed with distilled water and pH adjusted to pH 5-6
with SO,-water after final bleaching. Thus, both chlo-
rine dioxide final bleached pulps and pressurized perox-
ide final bleached pulps were dried in their protonized
form. Laine and Stenius [14] studied the swelling prop-
erties of bleached softwood pulps dried in ionized Na-
form and found that the water retention value of rewet-
ted sheets increased by about 0.005 units per charge
unit. Theresultsin Table 4 indicate that carboxyl groups
in the pulps promote swelling even when presented in
their protonized form.

Physical properties of beaten pulps

Table 5 compares the physical properties of beaten
pulps. The tear index at tensile index 70 kNm/kg of the
(DZ)EoDED, bleached and the DE0Q(PO) bleached
pulps was about equal to that of the ECF reference.
However, the wet zero span strength of beaten pulps was
about 8% lower for the pulps in which the (DZ) treat-
ment had been applied. Thus, the (DZ) stage seems to
have a dlightly negative effect on the fibre strength.

The effect of charged groups on swelling, expressed by
WRV-WRV \ o), Seemed to increase at a high degree of
beating. Accordingly, Salmén and Berthold [19]
observed that the increase in swelling when changing
ionic form from proton form to sodium form was sub-
stantially higher for highly beaten pulps. The effect may
be explained by that the fibrillated material created in
beating having less restricting forces to the osmotic
pressure created by the charged groups compared to the
unbeaten fibre wall.

As mentioned previously, increased swelling promotes
increased fibre flexibility and sheet of higher tensile
strength. Since charged groups promote increase in
swelling in both unbeaten and highly beaten pulps, pulps

The results in Table 2 indi-
cated that the unbeaten Q(PO) final bleached pul ps were
somewhat more swollen due to the higher amount of
charged groups present. Upon a high the degree of besat-
ing the resultsin Table 5 indicated that the difference in
swelling between the Q(PO) and the D.ED, final
bleached pulps was further increased. Since increased
swelling yields increased fibre flexibility and sheets of
higher degree of bonding, highly charged and swollen
pulps should be advantageous with respect to beatabil-
ity when beating to a target tensile strength. Table 5
shows that beatability, meaning the number of PFI mill
revolutions required to reach tensile index 70 Nm/g, was
better for the DEoQ(PO) pulp than the DEoD,ED,, pulp,
but equal for the (DZ)EoQ(PO) and (DZ)EoD.ED,
pulps.

The differences in beatability may be influenced by fibre
curl introduced by the fibres by the mixing at medium
consistency in the first bleaching stage [21]. Somewhat
curled fibres probably explains that all pulps required a
rather high amount of energy to reach tensile index of 70
Nm/g. To minimize this effect, pulps were only mixed
by high intensity during injection of bleaching chemi-
cals. Since the rewetted zero span tensile strength
describes both the strength properties of single fibres
and the degree of fibre deformation [22], the lower wet
zero span values of the (DZ)Eo prebleached could be
related to more curled fibres. However, considering both
the low degree of mixing applied and that lower wet
zero span values also were obtained after beating, thisis
not believed to be the case. PFI mill beating is known to
straighten curled fibres [23].

CONCLUSIONS

Physical paper properties of DEoQ(PO), (DZ)EoD4ED,
and (DZ)EoQ(PO) bleached pulps to 88% 1SO bright-
ness were compared to the same properties of a
DEoDED, bleached ECF reference pulp.

(DZ)Eo prebleaching applied in a (DZ)EoD4ED,
bleaching sequence reduced the AOX formation by 25%
and the COD effluent load by 9%. The tear strength was
maintained, but the (DZ)Eo prebleaching seems to have
a dlight negative effect on fibre strength as indicated by



lower wet zero span strength of beaten (DZ)EoD/ED,
and (DZ)EoQ(PO) bleached pulps.

Pressurized peroxide final bleaching in a DEoQ(PO)
bleaching seguence reduced the AOX formation by
30%, but the COD effluent load was increased by 29%.
Q(PO) fina bleaching yielded pulps with higher fibre
charge than chlorine dioxide final bleaching. Compared
to the D,ED, final bleached pulps, the increased number
of charged groups in DEoQ(PO) and (DZ)EoQ(PO)
bleached pulps seemed to promote increased fibre swell-
ing of both unbeaten and highly beaten pulps. The more
swollen unbeaten Q(PO) fina bleached pulps formed
denser paper sheets with higher tensile strength and wet
zero span strength. A highly charged and swollen pulp
seems to be advantageous with respect to beatability
when the pulp is beaten to atarget tensile strength.
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