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Abstract

Various attempts to isolate the residual lignin by acid hydrolysis of softwood kraft pulp
indicate that at least two different types of residual lignin exist, differing in their accessibility.
One fraction, comprising about 50% of the total amount, can be easily isolated whereas the
other is more strongly retained in the fiber and requires harsher conditions. The residual lignin
fractions, isolated by acid hydrolysis either in one or two consecutive steps, exhibit great
structural similarities with each other as revealed by NMR and pyrolysis data. Some
differences exist, however, between the residual pulp lignin and the lignin dissolved during
the kraft cook. Acid hydrolysis can also be used to isolate lignin from wood and by
comparison with milled wood lignin, both materials seem to be very similar.

The content of hexenuronic acid in the pulp is an important factor for the production of
bleached chemical pulp. A model that has been developed to describe the rate of
dissolution/degradation of hexenuronic acid as a function of cooking parameters suggests that
this rate increases with increasing hydroxyl ion concentration, increasing hydrosulfide ion
concentration, increasing ionic strength and increasing cooking temperature. Additionally, the
effect of hydroxyl ion is much more pronounced than that of hydrosulfide ion or ionic
strength. For a given kappa number, the use of a high hydroxyl ion concentration, a high ionic
strength, a low cooking temperature or a low hydrosulfide ion concentration will give a pulp
having a lower content of hexenuronic acid. Accordingly, the content of hexenuronic acid in
the unbleached kraft pulp can be minimized by choosing the right combination of cooking
conditions. An attempt to achieve this goal and utilize the results of the model has been done
by applying a polysulfide pretreatment of wood chips prior to cooking. The polysulfide
stabilizes glucomannan against degradation and, as compared to a conventional kraft pulp at
the same degree of delignification, a higher hydroxyl ion concentration in the subsequent
cook results in a pulp with 50% lower content of hexenuronic acid, without detrimentally
affecting the viscosity or yield of the process.

In order to obtain a pulp with an easily oxidizable and thus bleachable lignin in a sequence
employing only oxygen and hydrogen peroxide (OQPQPMg), the remaining amount of
arylglycerol β-aryl ether (β-O-4) structures in the unbleached pulp lignin should be high. This
can be achieved by choosing the pulping parameters such that the lowest possible H-factor is
obtained. A combination of a high hydroxyl and hydrosulfide ion concentrations together with
a low ionic strength and a high temperature are beneficial although, in practice, other pulp
characteristics such as strength and yield may affect the choice. At the same degree of
delignification, the superior bleachability of alkaline sulfite pulps over kraft pulps is, in part,
attributable to a higher content of β-O-4 linkages in the former type of pulps.

A bright unbleached pulp with a low value of the light absorption coefficient (k; measured at
457 nm and defined as k/corrected kappa number) is associated with a high residual hydroxyl
ion concentration and a low ionic strength in the cooking liquor. Furthermore, the higher the
hydroxyl ion concentration, the lower the content of calcium ions remaining in the pulp, and



hence, the lower the potential for the dissolved lignin to precipitate onto the fibers. All these
factors seem to act together to improve the bleaching response in an OQPQPMg-sequence.

Keywords: β-O-4, bleachability, hexenuronic acid, hydrogen peroxide, hydrosulfide ion,
hydroxyl ion, ionic strength, residual lignin.
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1. Introduction

Kraft pulping and subsequent oxygen delignification are nowadays and will probably remain

the dominant delignification processes in the long term. Extended delignification decreases

the demand for bleaching chemicals, increases the opportunities for closing the bleach plant

and increases the fuel value of black liquor. However, the difficulty in achieving an extensive

delignification without simultaneous degradation of carbohydrates leads to a considerable

consumption of chemicals in subsequent bleaching.

In order to develop a selective delignification process for competitive bleached chemical pulp

which meets high requirements with regard to environmental adaption, energy economy and

process stability, it is essential to understand how the residual lignin (lignin and modified

carbohydrates) influences the need for bleaching agents, as well as how it can be affected by

the cooking conditions.

Lignin reactions taking place during kraft pulping result in a less reactive residual fiber lignin.

Therefore, trying to minimize the extent of reactions during cooking which have a negative

effect on bleachability would improve the reactivity of the residual lignin during subsequent

bleaching and, thus, provide a basis for the delignification process where all the known and

new principles for selective cooking, oxygen delignification and bleaching are used and where

all processes are balanced with the rest of the mill system.

The introduction of new pulping processes during the eighties and nineties has given rise to

many different types of pulps with different properties and bleachabilities, even though they

have the same degree of delignification. The main objective of this work has therefore been to

try to explain these differences by means of correlating the structure of residual lignin of such

pulps and their bleaching response (expressed as the consumption of bleaching chemicals).

Different types of alkaline softwood pulps have been prepared in the laboratory by inducing

controlled changes in pulping parameters (hydroxyl and hydrosulfide ion concentrations, ionic

strength and temperature), and the bleachability has been evaluated using TCF-sequences

employing only oxygen and hydrogen peroxide (OQP or OQPQPMg). The possibility of

producing a bright unbleached pulp with acceptable strength properties and minimized

consumption of bleaching chemicals is discussed.
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2. Background

2.1 The structure of native lignin (protolignin)

The word lignin is derived from the Latin “Lignum” and means wood. About 27% of

softwood consists of lignin. Lignin is incorporated into the fiber wall to hold various wood

components together. Thus, giving a high stiffness to the trunk. The hydrophobic lignin in the

tracheids regulates the water transport through the trunk. Furthermore, the phenolic groups

present in lignin provide a protection against bacterial and fungal attacks.

Protolognins are biopolymers consisting of phenylpropane units with an oxygen atom in the

p-position (as O-H or O-C) and with none, one or two methoxyl groups in the o-positions to

the oxygen atom. Alternatively, these o-positions may be C-substituted or O-substituted with

other substituents than methoxyl. These phenylpropane units are attached to one another by a

series of characteristic linkages, Figure 2.1. Some facts about protolignins are summarized as

follows :

- All types of structural elements detected in protolignins (except dihydroconiferyl alcohol

units) have been demonstrated to be formed on oxidation of the p-hydroxycinnamyl

alcohols in vitro (Freudenberg 1968; Adler 1977).

- The structural elements are not linked to one another in any particular order.

- Protolignins are not optically active (Ralph et al. 1999).

- The polymer is branched and cross-linking occurs.

- There are strong indications of the occurence of linkages between protolignins and

carbohydrates (Iversen 1985).

- Some types of protolignins are esterified with phenolic acids (grass lignin with p-

coumaric acid and aspen lignin with p-hydroxybenzoic acid).

The most common guaiacyl lignin units existing in protolignins are shown in Figure 2.1. The

approximate distribution of these units is given in Table 2.1.
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Figure 2.1 Different units present in protolignins (as guaiacyl lignins).

Table 2.1 The distribution of lignin units with different types of
side chains.
Type of unitα Percentage
Units of the arylglycerol β-aryl ether
   type [1 (erythro), 2 (threo)]              36β

β-5 (phenylcoumaran) units (3)              12β

β-β units (4)                3β

5-5 units (5)              11β

5-5-O-4 units (6)                5β

Diaryl ether units (7)                4γ

β-1 units (8)                2β

Glyceraldehyde 2-aryl ethers (9)                1-2γ

Coniferaldehyde units (10)                5β

Dienone units (11)                2β

Arylglycerol units (12)                2γ

Units linked to C-6 or C-2 (13)                3γ

Units with “reduced” side chain (14)                2γ

α Numbers 1 through 14 refer to the structural units shown in Figure 2.1.
β For spruce MWL, data from Zhang and Gellerstedt (2000).
γ Data from Brunow et al. (1999).
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2.2 General lignin reactions during kraft pulping

During kraft pulping, delignification is brought about by the cleavage of different lignin

linkages (Gierer 1970), especially the most common β-O-4 units, with concomitant formation

of new phenolic hydroxyl groups as shown in Figure 2.2. In phenolic β-O-4 structures, the

phenolate anion gives rise to a methylene quinone intermediate (quinone methide). A

nucleophilic attack then takes place by the hydrosulfide ion on the α-carbon of the quinone

methide, leading to a benzylthiol structure. Another nucleophilic attack on the β-carbon by the

thiol group attached to the α-carbon or by a new hydrosulfide ion terminates this course of β-

O-4 degradation. The quinone methide intermediate undergoes also undesirable reactions such

as the formation of side chain structures carrying CHx-groups (Gellerstedt and Robert 1987),

the conversion into enol ether structures (Gellerstedt and Lindfors 1987) or the condensation

with a peeling intermediate (Gierer and Wännström 1984) or with lignin (Gierer 1970).

Figure 2.2 The reactions of β-O-4 structures in alkaline pulping.
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The selectivity of pulping processes has been continuously improving during the last two

decades. Further understanding of lignin and carbohydrate chemistries during the pulping

process has lead to the introduction of the concept of modified kraft pulping (Johansson et al.

1984) according to the following four principles:

1) The alkalinity of the pulping liquor should be low in the initial phase since the degradation

of phenolic lignin structures in the presence of hydrosulfide ions is not dependent on the

hydroxyl ion concentration (Brunow and Miksche 1969; Gierer and Ljunggren 1979).

Additionally, high alkalinity increases the rate of degradation of carbohydrates and the

rate of formation of enol ether. Therefore, levelling out the alkali concentration

throughout the cook is essential.

2) The hydrosulfide ion concentration should be high, especially in the initial phase and

during the transition to the bulk phase since the reactions of the initial phase are

hydrosulfide ion dependent (Ljunggren 1980; Gierer 1985). The rapid dissolution of lignin

in the bulk phase requires a high concentration of hydrosulfide at the transition point

between initial and bulk phases (Gellerstedt and Lindfors 1984a).

3) The concentration of dissolved lignin (Nordén and Teder 1979) and the ionic strength

(Teder and Olm 1981) should be low in the residual phase in order to increase the rate of

delignification.

4) The temperature should be relatively low (Teder and Olm 1981; Kubes et al. 1983).

2.3 Isolation and structure of residual lignin

Structural characterization of the residual lignin is of considerable importance in pulping and

bleaching studies. Since native lignin undergoes structural changes during the pulping

process, it is of great importance to gain information about the reactivity of the resulting

residual lignin towards bleaching agents. In situ analysis of residual lignin in unbleached

pulps is difficult because the content is low and some of the lignin is chemically linked to the

carbohydrates. Therefore, isolation prior to analysis has to be done. It should be noted here

that an isolated residual lignin is defined by the method applied to isolate it.

Two different methods for the isolation of residual lignin are widely employed nowadays:

acid and enzymatic hydrolysis. The first method involves the treatment of the pulp with

hydrochloric acid in dioxane-water at reflux temperature and recovering the lignin from the
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solution (Gellerstedt et al. 1994). In the second, pulp is treated with an enzyme mixture

(cellulases and/or hemicellulases) to depolymerize and dissolve the carbohydrates leaving a

residue composed mainly of lignin (Yamasaki et al. 1981; Hortling et al. 1990; Hortling et al.

1992). A new method that involves combining acid and enzymatic hydrolysis has been

recently developed (Argyropoulos et al. 2000), in which a mild enzymatic treatment is first

applied to the pulp, followed by a mild acid hydrolysis of the resulting lignin.

In the following discussion, a summary of the knowledge about the structure of residual lignin

is presented.

•  A series of articles published during the 1980’s focused on elucidating the nature of

residual and dissolved lignins produced during conventional kraft pulping (Gellerstedt and

Lindfors 1984a; Gellerstedt and Lindfors 1984b; Gellerstedt et al. 1984; Robert et al.

1984; Gellerstedt and Gustafsson 1987; Gellerstedt and Lindfors 1987; Gellerstedt and

Robert 1987). The outcome of these articles is that significant changes in the lignin

structure take place only at the beginning and towards the end of the cook. These changes

coincide with the transitions from initial to bulk and from bulk to final delignification

phases. Compared to a native wood lignin, residual and dissolved kraft lignins contain a

higher content of free phenolic groups (with dissolved lignins having a significantly

greater amount of such groups), a lower amount of β-O-4 linkages (in residual lignins

about 15% of the amount found in a reference wood sample) and a fairly large proportion

of saturated side-chain carbon atoms with bonds only to carbon and hydrogen. A certain

portion of β-O-4 units is converted into alkali stable enol ether structure during the course

of kraft pulping. Towards the end of the cook the relative amounts of biphenyl (5-5) and

biphenyl ether (4-O-5) structures in lignin increase whereas guaiacyl end-groups decrease,

and the residual lignin starts to contain increasing amounts of carbohydrates. This

indicates that the delignification is becoming less selective and the lignin going into

solution at this stage has a more branched and/or cross-linked structure and that there are

fewer hydrolysable β-O-4 units. All these structural changes hinder further fragmentation

causing the residual lignin to be unreactive towards pulping chemicals.

•  The residual lignin, compared to native lignin, is unreactive due to a low content of aryl

ether linkages and the prevalence of condensed type structures (Froass et al. 1996a).

Similarly, a residual lignin isolated from conventional kraft pulp has a lower content of β-
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O-4 structures and a higher content of condensed structures than a residual lignin isolated

from an extended modified kraft pulp (Froass et al. 1998).

•  Lignins from pulps with lower lignin content (lower kappa number) have lower contents

of aliphatic hydroxyl groups and β-O-4 structures and higher contents of phenolic

hydroxyl groups, carboxylic acid groups and condensed structures compared to lignins

from pulps with higher lignin content (higher kappa number), (Froass et al. 1998).

•  One of the major changes occuring during the course of conventional kraft pulping is a

progressive enrichment of carboxylic acids and condensed phenolic hydroxyl groups (cf

native condensed units in Table 2.1). Toward the end of kraft pulping, the residual lignin

contains three times more C-5 condensed phenolic groups than those present in the

starting wood sample. A comparison of the structure of the residual lignin in a

conventional kraft pulp to one produced via a modified protocol (EMCC) showed that the

latter contained lower amounts of condensed phenolic and higher amounts of carboxylic

acids and uncondensed phenolic units (Jiang and Argyropoulos 1999).
•  Residual lignins from fines contain more condensed structures than residual lignins from

long fibers (Liitia et al. 2000). Moreover, the residual lignin in the fiber surface material

(both free primary fine material and mechanically liberated secondary fine material) has a

clearly higher molar mass and a lower content of phenolic lignin units than in the

corresponding peeled fibers in unbleached kraft pulps (Kleen et al. 1998).
•  In a recent study (Jääskeläinen et al. 2001), the structures of residual lignins isolated from

black spruce kraft pulp (kappa number 30, 4.5% lignin) applying the above-mentioned

three methods (acid hydrolysis, enzymatic hydrolysis or a combination of both) have been

compared. A summary of this comparison considering the yield, chemical composition

and other structural details of each isolated lignin is shown in Table 2.2. According to the

results, none of the methods appears to be perfect for the isolation of residual lignin. Acid

hydrolysis gives pure lignin with low yield and somewhat modified structure. Enzymatic

hydrolysis, on the other hand, gives lignin in higher yield and unchanged structure but,

rather impure. The lignin isolated by combining enzymatic and acid hydrolysis appears to

have properties that are intermediate between the other two lignins, Table 2.2.
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Table 2.2 Properties of the residual lignins obtained using three different isolation methods
(Jääskeläinen et al. 2001).

Acid hydrolysis Enzymatic hydrolysis (Enzymatic+Acid)
      hydrolysis

Yield of pure lignin (%) 39.8 83.2 78.4
Carbohydrate content (mg/g) 4.0 60.1 18.7
C (%) 62.8 63.2 61.2
H (%) 6.2 5.6 5.6
O (%) 31.0 31.2 33.1
N (%) 0.0 0.8 0.7
OCH3 (%) 13.9 14.1 13.2
Molecular weight (g/mol) 11030 35110 21080
β-O-4 content (mmol/g)1 0.164 0.188 0.187
Total phenolic OH (mmol/g)2 2.19 1.37 1.80
Condensed PhOH (mmol/g)2 1.14 0.70 0.94
PhOH in 5-5’ biphenols
(mmol/g)2 0.58 0.37 0.49
Conjugated PhOH (mmol/g)3 0.33 0.20 0.31
Aliphatic OH (mmol/g)3 1.94 3.20 2.37
1 DFRC 31P method.
2 31P NMR.
3 Difference UV method.

2.4 Bleachability and its connection to cooking parameters and structural units in lignin

It has been shown that different types of alkaline pulps exhibit differences in bleachability,

usually expressed as consumption of bleaching chemicals to reach a certain brightness

(Colodette et al. 1998; Halminen et al. 1998; Moe et al. 1998; Senior et al. 1998; Gustavsson

et al. 1999; McDonough et al. 1999). Furthermore, attempts have been made to correlate the

chemical structure of the residual fibre lignin to the bleachability of the pulp (Gellerstedt and

Wafa Al-Dajani 1997; Colodette et al. 1998; McDonough et al. 1998; Senior et al. 1998;

Gustavsson et al. 1999; Lachenal et al. 1999; McDonough et al. 1999). So far, no unequivocal

correlation between the lignin structure and the bleachability has been found, however, and

the results indicate that several different parameters such as wood species, pulping conditions

and bleaching sequence may play a role.

A summary of the results of some previous and recent studies on residual lignins and their

relationship to pulp bleachability, with some of the techniques used to enhance it, is discussed

below.
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•  A pulping and bleaching study using CEHDED sequence has shown that increasing the

effective alkali charge from 17.5 to 21.5% results in an increase in the bleached brightness

from 90 to 92% ISO (for unbleached pulps having a kappa number of 30), (Carnö et al.

1975).

•  The content of hexenuronic acid in the pulp is in many ways an important factor in the

production of a bleached chemical pulp. The unsaturated hexenuronic acid residues

consume permanganate in the kappa number analysis and thereby contribute to the kappa

number of the pulp (Gellerstedt and Li 1996; Vuorinen et al. 1996). Hexenuronic acid

reacts with several bleaching chemicals, such as chlorine, ozone or peracids (Buchert et

al. 1995; Vuorinen et al. 1996), and this leads to a higher consumption of bleaching

chemicals. The reaction of hexenuronic acid with ozone is a source of oxalate and, hence,

scaling problems (Nilvebrant and Reimann 1996; Elsander et al. 2000). Hexenuronic acid

is known to decrease the brightness stability of the bleached pulp (Buchert et al. 1996)

and it also has a strong affinity for transition metal ions (Vuorinen et al. 1996; Devenyns

and Chauveheid 1997). The hexenuronic acid can be selectively removed before bleaching

by the introduction of a mild acid hydrolysis step into the bleaching sequence (Hanninen

et al. 1997). The degradation products of the acid hydrolysis have been identified by

NMR spectroscopy to be two furan carboxylic acid derivatives (Teleman et al. 1996).

•  Froass et al. (1996b) have shown that during bleaching of a conventional kraft and EMCC

pulps in a D(EO) sequence, the consumption of ClO2 per unit kappa number reduction,

slightly increases as the kappa number of both pulps decreases. The higher content of β-

aryl ether linkages and lower amount of condensed structures in the residual lignin of

high-kappa-pulps suggest that such a lignin may be more reactive towards ClO2. The

phenolic content of the EMCC residual lignin increases with decreasing kappa number

while for the conventional residual lignin the phenolic content levels off after kappa

number 18. These observed changes in the phenolic content do not correlate with the

bleachability of these pulps, since phenolic structures are believed to be the main reactive

site for ClO2 (Lindgren 1971). The results also indicate a continuing enrichment of

carboxylic acid groups in the residual lignins as the kappa number of the pulps is

decreased for both the conventional kraft and EMCC pulps. Experiments in which the

isolated residual lignins (conventional and EMCC) were reacted with ClO2 show that the

higher kappa number residual lignins, in spite of their lower content of phenolic groups,

have a larger increase in carboxylic acid formation, suggesting a more reactive lignin.
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•  As compared to conventional control softwood pulps with no addition or removal of

liquor during the cook, pulps produced under conditions of relatively constant alkali

concentration and low dissolved organic solids concentration, here denoted low-solids

pulps, have higher unbleached brightness and better bleachability in a D(EO)DED

sequence. The results have been interpreted in terms of fewer free phenolic hydroxyl

groups in the low-solids pulps to serve as quinone precursors (McDonough et al.1999).

•  The QPQPMg-bleachability of conventional kraft pulps can be improved by means of

shorter cooking time, i.e. by increasing the hydroxyl ion concentration, hydrosulfide ion

concentration or the cooking temperature or, alternatively, by decreasing the sodium ion

concentration. However, applying very high hydroxyl ion concentrations can impair the

bleachability. Increasing the cooking temperature at very high chemical charges, on the

other hand, gives no improvement in bleachability. The changes leading to improved

bleachability for a pulp are not always accompanied by improved yield and process

selectivity. A high hydrosulfide ion concentration and a low sodium ion concentration

influence the yield and selectivity positively in the same way as the bleachability. An

increase in hydroxyl ion concentration and temperature, however, leads to a lower yield

and poorer selectivity. Thus for optimal product properties, a compromise between a good

bleachability, high yield and good strength properties must be chosen (Sjöström 1998;

Gustavsson et al. 1999; Sjöström 1999).

•  The content of fines in softwood kraft pulp affects the bleachability in an OQP-sequence.

An increase of approximately 2 ISO brightness units is obtained by removing the fines

from the pulp before the bleaching. This increase in brightness corresponds to a reduction

in the hydrogen peroxide charge of about 7 kg/tonne pulp at a certain brightness level. In

addition to this, pulps with and without fines show no difference in metal ion content or

light scattering coefficient. The light absorption coefficient is, however, higher in the

pulps containing fines. This indicates that the observed differences in bleachability are due

to differences in lignin content and lignin structure  (Bäckström and Brännvall 1999).

•  The removal of extractives before/after kraft pulping gives a slight decrease in hydrogen

peroxide consumption of about 2 kg/tonne pulp at a certain brightness level in an

OQPQPMg-sequence. Despite the fact that the extractives cause significant technical

problems in pulp and paper industry, their presence does not seem to have a negative

impact on either kraft pulping or TCF-bleaching chemistry (Gellerstedt and Wafa Al-

Dajani 2001).
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•  Alkaline sulfite pulps exhibit a fibre strength that is comparable to that of kraft pulps and

are much easier to bleach. The most common alkaline sulfite processes are ASAM (Patt

and Kordsachia 1986) and MSSAQ (Dahlbom et al. 1990). An ASAM-process requires a

double chemical recovery system; one for the alkaline sulfite and alkali and the other for

methanol. In MSSAQ, a small amount of sulfide is added in the first stage to the cooking

liquor to promote better delignification. With extra alkali added in the second stage, a pulp

with a higher selectivity than a conventional kraft pulp can be obtained.

•  Cooking of spruce chips with the addition of polysulfide and anthraquinone (PS/AQ) to a

kappa number of 40, followed by oxygen delignification to a kappa number of 22 seems

to be promising for maximizing the cooking yield. The bleachability of this oxygen

delignified high yield PS/AQ pulp was compared to that of conventional and ITC-type

kraft pulps of comparable kappa numbers using DED, ODED, OODED and OPaaODED

bleaching sequences. Interestingly, the PS/AQ pulp is easier to delignify by either oxygen

or chlorine dioxide in spite of an apparent low level of free phenolic groups (Moe et al.

1998).

•  Two-stage oxygen processes are used nowadays to expand the overall delignification in

the oxygen stage/s after interrupting the cook at a high kappa number, thus, decreasing the

consumption of bleaching chemicals in subsequent bleaching. Recently, it has been shown

that OO-processes can be used to minimize differences in the chromophore content

between pulps cooked with different alkali concentrations to different brightness levels

(Rööst et al. 2000a).

•  Oxygen delignification of softwood and hardwood kraft pulps can be improved using

peroxymonosulfate (PMS) which is an efficient and selective delignifying agent. It can be

used at the end of the oxygen tower, so called (OPx) stage, due to a very short

delignification time of about 3 minutes. The benefits of including an (OPx) stage within

an ECF bleaching sequence are a large decrease in ClO2 consumption and lower COD and

AOX in the bleaching effluent (Bouchard et al. 2000).

To summarize, all efforts are now focusing on optimizing cooking conditions so as to

minimize the extent of reactions which have a negative effect on bleachability and to raise the

reactivity of the residual lignin during bleaching by means of different treatments or additions

of certain chemical agents.
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3. Materials and methods

3.1 Wood chips

All pulping experiments were carried out using either industrial pine (Pinus sylvestris) or

industrial Norwegian spruce (Picea abies) chips.

3.2 Isolation of residual and dissolved lignins

Residual lignins: Extractives were removed by acetone extraction of the pulp. Subsequently,

the pulp was treated with 0.1 M HCl in dioxane-water 82:18 v/v at 3% pulp consistency for

two hours at reflux temperature. The pulp was then filtered and washed with dioxane-water

82:18. The combined solution was evaporated at reduced pressure to remove dioxane. Small

portions of water were added repeatedly during the evaporation to keep the volume of the

solution constant and thus to avoid strong acidity. After centrifugation the carbohydrate-free

lignin was washed with ice water, freeze-dried and extracted with pentane over night to

remove co-precipitated extractives (Gellerstedt et al. 1994).

Dissolved lignins: The alkalinity of the black liquor was lowered with 0.5 M H2SO4 to pH=5

under a stream of nitrogen, and 1 g EDTA-disodium salt was added per 100 ml liquor to

chelate any metal ions present. After all free hydrogen sulfide had been removed, the

suspension was placed in a freezer over night. After thawing to 0oC the lignin was filtered,

washed, freeze-dried and subsequently extracted with pentane to remove extractives. Finally,

the lignin was treated with dioxane-water (9:1) and centrifuged to remove insoluble lignin-

carbohydrate components. The procedure was repeated several times until the solution

remained colorless. The combined dioxane-water extract was evaporated to remove dioxane

and then freeze-dried again.

3.3 Alkaline extraction of pulp

Strong alkaline extraction of pulp at an elevated temperature can also be used to dissolve

lignin and carbohydrates (mostly hemicelluloses possibly linked to lignin). A kraft pulp was

alkali-extracted according to Scheme 3.1. The pulp (50 g dry matter) was swollen with 600 ml

of 2.5 M KOH at room temperature under an atmosphere of nitrogen. Subsequently, the pulp

was extracted at 5% consistency with water-dioxane (4:1) containing 2.5 M KOH for 2 hours

at 142oC. After cooling, the mixture was filtered and the pulp residue washed with 3×200 ml
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of 20% aqueous dioxane and finally with water until a neutral pH was reached. The pulp

residue was washed with acetone and dried. The combined solution was evaporated at

reduced pressure to remove dioxane and then treated with 2 M H2SO4 to pH=11. After

filtration to yield fraction LCC0 (Scheme 3.1), pH was lowered again with H2SO4 to a value

of 6. Further treatment to separate the different fractions is shown in Scheme 3.1. This

procedure is a modification of a method originally described by Gellerstedt and Li (1994).

Scheme 3.1 Isolation procedure for the different lignin fractions after alkaline extraction of
the pulp.

3.4 Thioacidolysis

The experimental conditions described by Rolando et al. (1992) was followed with some

minor modifications. 50 mg well-dried lignin were added to 5 ml of thioacidolysis reagent

(solution of 0.2 M BF3 etherate in a 8.75:1 (v/v) dioxane/ethanethiol mixture) in a tube fitted

with Teflon-lined screwcap under an atmosphere of nitrogen. The thioacidolysis was allowed

to proceed at 100oC (oil bath) for 4 h with occasional shaking. The reaction tube was cooled

in ice-water and the reaction mixture was poured over dichloromethane to which an internal

standard (1 mg tetracosane) had been added. The pH was adjusted to 3-4 by the addition of
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aqueous 0.4 M NaHCO3 and the two phases were together extracted with dichloromethane (3

× 50 ml). The combined organic extracts were dried over anhydrous MgSO4, and then

evaporated under reduced pressure at 40oC. The oily residue was carefully redissolved in 1 ml

dichloromethane and dried over MgSO4. 20 µl of this dried organic solution was

trimethylsilylated at room temperature with 50 µl of  BSTFA+TMCS, 99:1 (N,O-

bis(trimethylsilyl)trifluoroacetamide and trimethylchlorosilane respectively) and 5 µl of dried

pyridine in a 200-µl reaction vial fitted with a Teflon-lined screwcap.

GC analysis was performed on a WCOT (wall coated open tubular) polydimethylsiloxane

fused silica capillary column (1 µm film thickness, 30 m × 0.32 mm I.D.). The carrier gas was

helium at a flow rate of 1.5 ml/min and the temperature is programmed as follows: 180oC, 5
oC /min, 280oC, 30 min at 280oC. 1 µl was injected at a temperature of 250oC and split ratio of

20:1. Flame ionization detector at 280oC was used.

The content of β-O-4 structures in the lignins was reported as µmol/g of residual lignin. This

value was then divided by the corrected kappa number of the corresponding pulp in order to

relate the content of β-O-4 structures to the real lignin content in the pulp.

3.5 Analytical pyrolysis

Pyrolysis was performed using a foil pulse pyrolyser (“PYROLA”, Pyrol AB, Lund, Sweden).

Approximately 50 µg well-dried lignin was put in a cavity of 2.5 mm I.D. in a platinum foil.

In order to ensure good contact between the lignin sample and the foil, the sample was wetted

with a drop of deionized water and dried at 150oC before pyrolysis. A pyrolysis temperature

of 580±10oC was used and the temperature rise time setting was 8 ms. The pyrolysis time was

set to 2 s in order to avoid undesirable reactions which otherwise may occur when the

pyrolysis time is too long for the sample quantity. The pyrolysis chamber (kept at 150oC) was

purged with helium in order to transfer the pyrolysis products as quickly as possible from the

hot zone around the foil to the GC-column, thus avoiding undesirable secondary reactions.

The pyrolyser was connected to an HP 6890 Series gas chromatograph equipped with a split

injector utilizing a split ratio of 1:19. The injector temperature was 280oC. Separation was

carried out on a 30 m × 0.25 mm I.D. fused silica capillary column of DB-1701 (J&W,

bonded phase, film thickness 1 µm). Temperature program: 100oC (2 min), heating rate

4oC/min, 265oC for 5 min. The carrier gas (He) flow rate was 0.9 ml/min. The capillary
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column was directly connected to a mass spectrometer (Ion Trap Detector model 700,

Finnigan MAT). The ion trap temperature was set to 200oC and a mass range of 47-216 m/z

was chosen (1 scan/s). Both electron impact and chemical ionization were applied for the

detection of the mass fragments.

3.6 13C-HSQC NMR (Two-dimensional NMR)

The 13C-HSQC sequence was applied on lignin samples to obtain quantitative information

about some of the various structural units. About 100 mg of the lignin sample were dissolved

in a mixture of acetone-d6 and D2O (5:1) and analyzed in a Bruker Avance 400 MHz

instrument. The quantitative 13C experiments were performed with a broad band 5 mm probe.

The spectra were collected with inverse gated proton decoupling, with a delay time of 10

seconds between the pulses and with a 90 degree pulse angle. An inverse probe, equipped

with a gradient coil, was used for the HSQC-experiments. A spectrum window of 13 ppm in

F2 and 200 ppm in F1 dimension, with 2K X 0.5K increments, was acquired. The HSQC-data

were processed with 2K X 1K data points in F2 and F1 dimensions, using the Bruker pulse

programme, “invieagssi”, with the following key parameters: the delay between the pulses

(D1) was 2 seconds, the coupling constant (J) was 145 Hz and the delay of optimizing the CH

signal selection (D24) was 1/4J=1.72 ms. The method is fully described by Zhang and

Gellerstedt (2000).

3.7 Determination of hexenuronic acid content

The content of hexenuronic acid in the various pulps was determined using a selective

hydrolysis followed by oxidation and conversion of the product to a colored compound as

described in Gellerstedt and Li (1996). The contribution from hexenuronic acid to the kappa

number in the pulps was calculated as 1 kappa number unit per 11.6 µmol of hexenuronic acid

(Li and Gellerstedt 1997). The contribution of other oxidizable non-lignin structures to the

kappa number was determined according to Li and Gellerstedt (1998). Unless otherwise

mentioned, all kappa numbers were corrected only for the contribution of hexenuronic acid.

3.8 Determination of carbohydrate content

The carbohydrate content of the pulps was determined by gas chromatography after

converting the monosaccharides (existing in the filtrate after Klason lignin removal) into their

corresponding alditol acetates (Theander and Westerlund 1986). The contents of xylan,
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glucomannan and cellulose in the pulps were calculated according to a previously described

method (Janson 1970), in which the contents of sugar monomers in the pulps together with

known facts about the structure of the polysaccharides were simultaneously utilized to

calculate the polymer contents.

3.9 Bleaching and evaluation of bleachability

A TCF-bleaching sequence utilizing oxygen and hydrogen peroxide was used, i.e. OQP or

OQPQPMg, where PMg denotes a peroxide stage with added Mg+2. The oxygen stage (O) was

carried out in steel autoclaves rotating in a steam-heated polyglycol bath. Both chelating agent

(Q) and hydrogen peroxide (P) stages were carried out in sealed polyethylene bags in

thermostatted water baths. Typical bleaching conditions used are shown in Table 3.1. In this

work, the bleachability was evaluated as the consumption of bleaching chemicals per

corrected kappa number to reach a certain brightness level. The total consumption of

bleaching chemicals was expressed as the summation of the amount of consumed oxidation

equivalents, OXE, divided by the corrected inlet kappa number for each stage in the sequence.

Thus, the total consumption of oxidation equivalents in an OQPQPMg-sequence is:

[3.1])(
 

)( =
OQPafterkappaCorrected

POXE
OafterkappaCorrected

POXE
numberkappaCorrected

OXE Mg

+�

Table 3.1 Bleaching conditions in the different bleaching stages used.
O Q P/PMg

Temperature (°C) 100 70-90 90
Time (min) 45-85 60 180-480
Consistency (% on pulp) 12 4 10
Pressure (MPa) 0.7 - -
NaOH (% on pulp) 1.6-2.25 - ~1.8
DTPA (% on pulp) - 0.2 -
H2O2 (% on pulp) - - 3
Mg1 (% on pulp) 0.7-0.8 - 0.05 (in PMg)
Final pH ≈11 4.5-6.5 ≈11
1Added as MgSO4.

For hydrogen peroxide, a value of 58.79 OXE/kg H2O2 was used (Grundelius 1991). It was

assumed that the content of hexenuronic acid in the pulps did not change during the hydrogen

peroxide stage. The brightness values (brightness, %) were calculated using Kubelka-Munk
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equation by measuring the light absorption coefficient, k, at an effective wave length of 457

nm, and assuming a value for the light scattering coefficient, s, of 35-40 m2/kg. The sheets for

the reflectance measurements were prepared according to SCAN C26:76 at a pH around 5.5.

The grammage of the sheets was 60±2 g/m2.
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4. Isolation and structural analysis of residual lignins (Paper I)

The residual lignin in the unbleached pulp is difficult to characterize due to its very low

content. Therefore, it is essential to isolate it prior to analysis. An ideal isolation procedure

should give an unmodified lignin in high yield and with a low carbohydrate content. In Paper

I, the efficiency and reliability of acid hydrolysis as a method for isolating residual lignins is

investigated.

4.1 The efficiency of acid hydrolysis in isolating residual lignin

The efficiency of lignin isolation by acid hydrolysis of pulp can be expressed as the reduction

percentage of either kappa number or klason lignin content during that hydrolysis step.

After acid hydrolysis, the amount of residual lignin isolated from the pulps shown in Table

4.1 is higher for pulps with kappa number 25 than that for pulps with kappa number 15 (as g

isolated lignin/100 g pulp). However, when expressed as the reduction percentage of kappa

number or klason lignin content, the yield of lignin seems to be higher for pulps with kappa

number 15. In all cases, the yield is rather moderate and within the range of 39-55%, Table

4.1.

Table 4.1 Isolation of residual lignins from alkaline pulps using acid hydrolysis.
Pulp Klason

lignin (%)
      Kappa number after

Cooking1     acid hydrolysis

Lignin
isolated
(g/100 g)

Kappa
reduction
    (%)

Klason
reduction
   (%)

Kraft-25     3.5 21.7           11.8    1.35    45.6    38.6
Kraft-15     1.7 14.0             6.4    0.94    54.3    55.3
Soda-25     3.4 23.7           12.1    1.43    48.9    42.1
Soda-15     1.6 13.2             5.9    0.84    55.3    52.5
Industrial
pine wood
meal

  26.8 - -    4.18       -    15.6

1 Corrected for the contribution of hexenuronic acid after acetone extraction.

It can be thought that extraction of the pulp with acetone prior to the acid hydrolysis might

negatively affect the isolation of residual lignin. Two acid-hydrolysis experiments were

therefore carried out using the same pulp (with and without acetone extraction respectively).

In both cases, lignin yield was virtually the same.
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For the sake of comparison, an industrial pine wood meal was extracted with acetone and

subjected to acid hydrolysis in the same manner as that done for the pulps. Only an amount

corresponding to 15.6% of the klason lignin content can be isolated in this case by acid

hydrolysis, Table 4.1, indicating that native lignin is difficult to isolate by simple acid

hydrolysis.

4.2 Performing acid hydrolysis at different HCl-concentrations

The normal hydrolysis procedure implies the use of 0.1 M HCl. In order to investigate the

possibility of isolating the residual lignin in higher yield, a series of acid hydrolysis

experiments were conducted on pulp Kraft-15 (Table 4.1) at different concentrations of

hydrochloric acid viz 0.1, 0.2, 0.3, 0.5, 1.0 and 1.5 M. Measuring kappa number of the pulp

residue after acid hydrolysis is supposed to give a relatively accurate measurement of the

remaining lignin content, since hexenuronic acid is totally eliminated during such treatment.

The original kappa number must, however, be corrected for the presence of hexenuronic acid

in order to obtain kappa numbers, which more correctly reflect the amount of lignin in the

pulp. As expected, the kappa number of the pulp residue decreases constantly with increasing

acid strength during the hydrolysis (up to 0.5 M HCl), Figure 4.1. Using concentrations of

hydrochloric acid higher than 0.5 M does not reduce kappa number any further.
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Figure 4.1 Kappa number of the pulp residue vs HCl-concentration used in acid hydrolysis.
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The difference between the initial amount of pulp used and the amount of pulp residue after

acid hydrolysis gives a measure of the extent of carbohydrate degradation during the

hydrolysis process. When the amount of pulp residue (expressed as % of the original pulp

amount) is plotted against the hydrochloric acid concentration used, Figure 4.2, it is shown

that the higher the acidity, the greater the dissolution of carbohydrates. By inspecting Figure

4.1 and 4.2, it can be seen that the dissolution of carbohydrates during acid hydrolysis

contributes to a better removal of the residual lignin. Beyond a certain limit (0.5 M HCl in this

particular case) the kappa number of the pulp residue becomes unaffected despite stronger

acidity and unceasing carbohydrate removal.
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Figure 4.2 Amount of the pulp residue vs HCl-concentration used in acid hydrolysis.

The concentration (0.1+0.5) M in Figure 4.1 and 4.2 denotes two consecutive acid

hydrolyses; the pulp was first acid-hydrolyzed at 0.1 M HCl, after which the pulp residue was

washed and subjected to another acid hydrolysis at 0.5 M HCl. In the first hydrolysis step,

0.94 g residual lignin per 100 g pulp was isolated. With higher acidity in the second

hydrolysis step, a further 0.64 g residual lignin per 100 g pulp residue was isolated.

Calculated as a percentage of the original klason lignin content (1.7%), the total efficiency of

lignin isolation in both steps was around 91%. As mentioned before, the kappa number of the

pulp residue levelled off at a value of around 2.8 when stronger concentrations than 0.5 M

HCl were used, Figure 4.1. Since almost all the theoretical amount of residual lignin in the
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pulp is isolated by the two consecutive acid hydrolyses, most of the components that

contribute to this kappa number of 2.8 are probably non-lignin structures. This is in

accordance with a recent study (Gellerstedt et al. 2000) where oxidizable non-lignin structures

were found to exist after cooking, contributing to 4 kappa number units in an unbleached

softwood pulp with a kappa number of 22.5. In a similar way, the residue of the pine wood

meal mentioned in Table 4.1 was acid-hydrolyzed again using 0.5 M HCl. The total yield of

lignin from wood meal in both stages appeared to be only 45.2% of the initial klason lignin

content.

Figure 4.3 shows the carbohydrate composition of pulp Kraft-15 as well as the compositions

of the corresponding pulp residues after acid hydrolysis using 0.1, (0.1+0.5) and 1.0 M HCl.

As shown here, the klason lignin content decreases with increasing acidity in the hydrolysis

step. Additionally, xylan and mannan undergo moderate degradation when a concentration of

0.1 M HCl is used. This degradation becomes much more extensive at 1.0 M HCl and, in this

case, the carbohydrate composition of the pulp residue is almost similar to that of a residue

obtained after a two-step-hydrolysis using 0.1 and 0.5 M HCl respectively.

0

2

4

6

8

10

After
cooking

0.1 M HCl (0.1+0.5)
M HCl

1.0 M HCl

g 
/ 1

00
 g

 m
at

er
ia

l

Lignin
Xylan
Mannan

Figure 4.3 Lignin, xylan and mannan contents in the pulp and pulp residues after acid
hydrolysis at 0.1 M and 1.0 M HCl (In all cases, the difference to 100% is mainly cellulose).

The residual lignins, denoted R(0.1) and R(0.1+0.5) in Table 4.2, are the residual lignins

obtained by acid hydrolysis using 0.1 and (0.1+0.5) M HCl respectively. These lignins were

analyzed by quantitative 13C-HSQC NMR with respect to the content of α-hydroxy-β-O-4, β-
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5 and β-β structures. Three more lignin samples were also analyzed and compared viz the

dissolved (black liquor) lignin corresponding to pulp Kraft-15 (DissLig), a milled wood lignin

from spruce wood (Spruce MWL1) and the lignin fraction isolated by acid hydrolysis (0.1 M

HCl) of pine wood meal (LpineW).

By inspecting the results shown in Table 4.2, it can be seen that the fraction isolated after the

second hydrolysis step, R(0.1+0.5), is indeed a lignin fraction. The contents of β-O-4 and β-5

structures in residual lignin R(0.1+0.5) are slightly lower than those in lignin R(0.1), but still

much higher than those in the corresponding dissolved lignin DissLig, which indicates that

the polymeric nature of the residual lignin is retained even after a highly acidic second

hydrolysis step.

Table 4.2 Quantities of common lignin structural units determined by 13C-HSQC NMR.
Structure
(Units/100
C9 units)

R(0.1) 1 R(0.1+0.5) 2 DissLig3 Spruce MWL14 LpineW5

   β-O-46 7.2 6.0 2.3 36.0 32.0
   β-5 5.0 3.8 1.6 12.0 12.0
   5-5-O-4 - - -             5.0        4.5
   β-β 2.6 2.6 1.2             3.0        3.5
1Residual lignins isolated after acid hydrolysis of pulp with 0.1 M HCl.
2Residual lignins isolated after acid hydrolysis of pulp with (0.1+0.5) M HCl in two steps.
3Dissolved (black liquor) lignin.
4Results from Zhang and Gellerstedt 2000.
5Lignin isolated by acid hydrolysis of pine wood.
6Only β-O-4 with free α-C-OH.

When comparing the NMR analysis results of Spruce MWL1 with the lignin fraction isolated

by acid hydrolysis of pine wood meal (LPineW), similar compositions are found, Table 4.2.

In view of the results obtained, acid hydrolysis can not be considered to jeopardize the quality

of the residual lignin, and it can be concluded that the characteristic structural features are

retained, provided that the conditions during acid hydrolysis are mild (cf Jiang and

Argyropoulos 1999).

4.3 Pyrolysis-GC/MS

The lignin samples R(0.1), R(0.1+0.5) and Disslig were analyzed by pyrolysis-GC/MS and

the results compared to published data for two milled wood lignin samples (Spruce MWL2
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and Spruce MWL3 in Table 4.3). Pyrolysis of the residual lignins revealed the presence of 13

representative components whereas the MWLs also gave rise to some other structures as

shown in Table 4.3. The relative peak intensities for the pyrolysis products (peak area values

expressed as a percentage of the total area of the pyrolysis products) are also given in the

table.

Table 4.3 Relative peak intensities for the pyrolysis products of the isolated lignins
Compound Abbreviated

formula
R(0.1) R(0.1+0.5) DissLig Spruce

MWL22
Spruce
MWL33

1. Guaiacol G 22.4  26.7 45.1 5.6 12.9
2. 4-Methylguaiacol G-C 32.1  32.0 17.0 10.3 18.4
3. 4-Vinylguaiacol G-C=C 10.6  9.1 15.2 6.9 14.5
4. Eugenol G-C-C=C 3.0  2.8 1.7 3.5 4.5
5. cis-Isoeugenol G-C=C-C 1.6  1.6 1.1 2.2 1.6
6. trans-Isoeugenol G-C=C-C 7.0  6.0 5.6 6.5 8.3
7. Vanillin G-CO 12.7  11.9 6.0 16.2 10.0
8. Homovanillin G-C-CO 1.6  1.2 1.7 4.7 1.0
9. Acetoguaiacone G-CO-C 4.1  4.3 3.7 5.8 2.9
10 and 11. 1 G-COH-C=C

G-CO-C=C 2.9 2.8 1.1 6.4 -
12. Dihydroconiferyl
       alcohol G-C-C-COH 1.0 0.7 1.4 3.0 2.0
13. cis-Coniferyl
       alcohol G-C=C-COH 0 0 0 3.2 0.6
14. trans-Coniferyl
      alcohol G-C=C-COH 0 0 0 16.4 0.3
15. Coniferaldehyde G-C=C-CO 1.0  0.9 0.4 7.7 8.2
 Total 100  100 100 98.4  85.2
1 Mixture of 4-(1-hydroxy-prop-2-enyl)guaiacol and 4-(1-carboxy-prop-2-enyl)guaiacol.
2 Results from Kleen and Gellerstedt 1991. The difference to 100% is 1.6% 4-ethylguaiacol.
3 Results from Choi et al. 2001. The difference to 100% is: 1.0% phenol; 0.4% m/p-cresol; 0.6% 3-
  methylguaiacol; 3.9% 4-ethylguaiacol; 7.1% guaiacylacetone and 1.8% isomer of confieryl alcohol.

Both residual lignins R(0.1) and R(0.1+0.5) have similar relative peak intensities for their

pyrolysis products. The four major pyrolysis products are 4-methylguaiacol (~32%), guaiacol,

vanillin and 4-vinylguaiacol. The corresponding dissolved lignin, DissLig, is much more

degraded and therefore gives guaiacol (~45%), 4-methylguaiacol and 4-vinylguaiacol as the

major pyrolysis products. These results are in accordance with previous results from the

pyrolysis of residual lignin in hardwood kraft pulps (Tanaka et al. 1995) where guaiacol and

4-methylguaiacol were observed as pyrolysis products.
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The spruce milled wood lignin samples, Spruce MWL2 (Kleen and Gellerstedt 1991) and

Spruce MWL3 (Choi et al. 2001) were analyzed by pyrolysis-GC/MS using pyrolysis

temperature of 620 and 450oC, and pyrolysis time of 25 and 10 s respectively. The conditions

for pyrolysing the lignins R(0.1), R(0.1+0.5) and DissLig were much closer to those used for

Spruce MWL2 than Spruce MWL3. Both residual lignins give higher amounts of 4-

methylguaiacol as compared to Spruce MWL2, Table 4.3, which indicates that residual

lignins have considerable amounts of side chain structures carrying CHx-groups (reduced

structures). The residual lignins do not give rise to coniferyl alcohol as a pyrolysis product

indicating that this compound is not formed from β-O-4 structures in lignin since both the

residual lignin samples still contain this structural unit according to the NMR-data. A direct

pyrolysis experiment of the pulp residue obtained after the two-stage acid hydrolysis (0.1+0.5

M HCl) revealed the presence of 4-vinylguaiacol (84%) and vanillin (16%), which indicates

the presence of a small amount of residual lignin despite a delignification degree of 91% in

the acid hydrolysis treatment.

It should be emphasized that the results from pyrolysis-GC/MS should be interpreted with

great caution and with much consideration taken to the experimental conditions used. As

shown in Table 4.3, Spruce MWL2 and Spruce MWL3 have different relative peak intensities

for their pyrolysis products. The most conspicuous difference here is the content of trans-

coniferyl alcohol (16.4 and 0.3% respectively). Nevertheless, pyrolysis-GC/MS is still a

powerful tool for characterizing the nature of residual lignins.

Residual lignin of ASAM beech pulp was pyrolyzed and a high yield of sinapaldehyde was

observed (Choi et al. 2001). The formation of sinapaldehyde was suggested to occur via

thermal depolymerization and dehydration of β-O-4 linked syringylpropanol units. This is in

agreement with the results of Paper IV, where a residual lignin of ASAM softwood pulp was

analyzed by thioacidolysis and shown to have a much higher content of β-O-4 units than a

residual lignin of a kraft softwood pulp.

4.4 Alkaline extraction

Strong alkaline extraction of pulp at an elevated temperature can also be used to dissolve

lignin and carbohydrates. The carbohydrates are mostly hemicelluloses possibly chemically

linked to lignin.
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An industrial softwood kraft pulp with a kappa number of 18.2 was extracted with strong

alkali in a water-dioxane mixture and the extract further separated according to Scheme 3.1. A

mass balance is shown in Table 4.4 giving the amounts of different fractions. The amount of

“pure” lignin (Lignin1 and Lignin2 in Scheme 3.1; material soluble in 9:1 v/v dioxane:water)

is about 12% of the totally dissolved material or 50.8% of the klason lignin content, Figure

4.4. This low yield indicates that the residual lignin is chemically linked to the carbohydrates

to a considerable degree. The fractions LCC0, LCC1, LCC2, LCC3 and LCC4 (see Scheme

3.1) were analyzed with respect to klason lignin and carbohydrate contents, Table 4.4. As

shown, the content of unidentified structures (neither klason lignin nor neutral sugar

monomers) is rather high, especially in the fractions LCC2 and LCC3. This may possibly be

explained by alkali induced chemical transformation reactions of carbohydrates introduced in

the pulp during the kraft cook and/or during the extraction resulting in structures that are not

detected during the determination of carbohydrate content (cf Forsskåhl et al. 1976). Among

the sugar components, xylan is clearly predominant in all the LCC-fractions accompanied by

arabinan as the second most important, strongly indicating chemical linkages between lignin

and xylan via arabinose units  (cf Gellerstedt and Lindfors 1984a; Iversen and Wännström

1986; Tamminen et al. 1994). The carbohydrate analysis of the pulp residue confirms this

result. As shown in Figure 4.4, about 70% of the xylan is degraded during the alkaline

extraction while the content of mannan remains almost unchanged. Furthermore, there is still

a residual lignin in the pulp residue after alkaline extraction, measured as both kappa number

and klason lignin, indicating the presence of linkages between lignin and cellulose and/or

glucomannan.
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Table 4.4 Alkaline extraction and fractionation of kraft pulp according to Scheme 3.1.
Pulp type Kraft
Initial Kappa number 18.2
Kappa number after alkaline extraction 9.1
Initial weight of pulp (g) 50.00
Weight of pulp residue after extraction (g) 44.60

Fraction

LCC0
LCC1
LCC2
LCC3
LCC4

Lignin 11

Lignin 21

Amount
   (g)

   0.54
   0.24
   1.20
   0.79
   1.87

   0.49
   0.17

Klason lignin (%)    ┎───  Carbohydrates ────┒     Unidentified (%)
                                Arabinan (%)      Xylan (%)   Others2 (%)

       14.1                       4.9                     64.5               1.6                     14.9
       22.5                       3.6                     34.9               9.4                     29.6
         3.7                       2.4                     28.2               2.5                     63.2
       17.8                       2.1                     25.7               1.2                     53.2
         6.3                       3.9                     49.9               0.5                     39.4

1 considered as pure lignin.
2 mannan+galactan+glucan.
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Figure 4.4 Lignin, xylan and mannan contents in the pulp and pulp residues after acid
hydrolysis at 0.1 M HCl and alkaline extraction (In all cases, the difference to 100% is mainly
cellulose).
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5. Hexenuronic acid

The amount of hexenuronic acid in kraft pulp is strongly affected by the pulping conditions

(Buchert et al. 1995; Buchert et al. 1997; Gustavsson et al. 1999; Sjöström 1999). The main

objective of Paper II is to study the effects of hydroxyl ion concentration, hydrosulfide ion

concentration, ionic strength and temperature on the dissolution/degradation rate of

hexenuronic acid during the kraft cooking of softwood. A mathematical model of the

dissolution/degradation of hexenuronic acid is developed for “constant composition” cooks

(cooks in which the liquor-to-wood ratio is very high (41:1) to maintain approximately

constant concentrations of cooking chemicals). Using fewer experimental data points than in

the case of hexenuronic acid, approximate rate constants for the dissolution/degradation of

glucomannan and xylan are also developed for the purpose of comparison.

Pretreatment of softwood with polysulfide results in a higher yield and a slightly faster

delignification in the residual phase of the cook than in a cook done without polysulfide

pretreatment (Lindström and Teder 1995). Polysulfide seems to act in two ways: as an

oxidative end-group stabilization of the polysaccharides and an oxidation of certain lignin

structures (Brunow and Miksche 1976, Berthold and Gellerstedt 1998) thus rendering the

lignin more reactive towards the pulping chemicals. In Paper III, the possibility of applying

polysulfide to decrease the content of hexenuronic acid during kraft pulping is discussed.

5.1 Model for the dissolution/degradation of hexenuronic acid, xylan and glucomannan
(Paper II)

It should be pointed out that the model developed here is based on “constant composition”

cooks. The applicability of this model to cooks with changing concentration profiles has not

been verified since the main objective of this work is to make a comparison of the rates of

dissolution/degradation of different pulp polymers. However, these kinetic models are

expected to predict similar degradation patterns in industrial systems.

Since the content of hexenuronic acid (HexA) is a disturbing factor in the production of

bleached chemical pulps, it is desirable to be able to minimise it already during the cook. It

has been demonstrated that hexenuronic acid groups are formed early in the kraft cook, i.e.

during the heating up period of the cooking (Buchert et al. 1995; Buchert et al. 1997). A small
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amount of 4-O-methyl-α-D-glucuronic acid was detected in all their pulps, indicating that

some of the initial 4-O-methyl-α-D-glucuronic acid groups do not react with the cooking

chemicals. The reason for this is not known. The model presented here is based on the

assumption that the β-elimination of 4-O-methyl-α-D-glucuronic acid to give hexenuronic

acid occurs rapidly and more or less completely during the initial stage and heating up periods

of the kraft cook. Consequently, it is assumed that the rate of formation of hexenuronic acid

groups is much greater than the rate of their dissolution/degradation. Additionally, the

effective cooking time during the initial stage and heating-up periods has been transformed to

the time at maximum cooking temperature using Vroom’s H-Factor, which is based on an

apparent activation energy of 134 kJ/mol (Vroom 1957).

According to the experimental data, the rate of dissolution/degradation of hexenuronic acid

gives a good fit to a first order reaction of the form:

( )tk

t
HexAHexA •−•= exp

0
                                                                                                           [5.1]

where HexA0 and HexAt are the amounts of hexenuronic acid at the beginning of the cook (47

µmol/g pulp, % on wood) and at time t (min) respectively. k (min-1) is the rate constant.
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NakHSkHOkak                [5.2]

The values for the constants (a, kHO, kHS, kNa and Ea) in Eq. [5.2] are presented in Table 5.1.

Table 5.1 The values of the constants and apparent activation
energies for hexenuronic acid, xylan and glucomannan in Eq. [5.2].

Hexenuronic acid1 Xylan2 Glucomannan2

a -2.5 0 -0.5
kOH 33.5 8.4 3.2
kHS 6.8 2.6 1.4
kNa 1.5 -0.9 0
Ea (kJ/mol) 123 134 119
1At t=0, HexA0=47 µmol/g pulp (% on wood), assuming that hexenuronic
 acid is formed rapidly during the heating up period of the cook.
2At t=0, Xylan0=4.5% on wood; Glucomannan0=4.7% on wood. These values
 were maintained when fitting our data to the model, Eq. [5.2], and have no
 physical meaning.

Figure 5.1 shows how the dissolution/degradation of hexenuronic acid changes with changing

hydroxyl ion concentration at a constant hydrosulfide ion concentration and a constant ionic

strength. As expected, the rate of dissolution/degradation of hexenuronic acid increases with
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increasing hydroxyl ion concentration. The dissolution/degradation rate of hexenuronic acid

also increases with increasing temperature, Figure 5.2. An increase in the hydrosulfide ion

concentration at constant hydroxyl ion concentration and constant ionic strength also leads to

an increase in the rate constant as shown in Eq. [5.2] and Table 5.1. However, the hydroxyl

ion dissolves/degrades the hexenuronic acid groups more extensively than the hydrosulfide

ion does, since kHO>>kHS, Table 5.1. The same relationship has been observed but to a much

smaller extent when the ionic strength is increased.
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Figure 5.1 The effect of [HO-] on the dissolution/degradation rate of hexenuronic acid. [HS-

]=0.28 mol/L, [Na+]=1.3 mol/L and temperature 170°C. The solid lines are calculated using
Eq. [5.2]. Hydroxyl ion concentration: 0.10 M (▲); 0.23 M (● ); 0.44 M (■ ); 0.90 M (◆ ).

At a given kappa number, the hexenuronic acid content can be minimized by applying a high

hydroxyl ion concentration, a high ionic strength, a low cooking temperature or a low

hydrosulfide ion concentration. The lower hexenuronic acid content found when pulping with

a high ionic strength, a low temperature or a low hydrosulfide ion concentration is mainly a

result of the prolonged cooking time required to reach the same target kappa level.
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Figure 5.2 The effect of temperature on the dissolution/degradation rate of hexenuronic acid.
[HO-]=0.44 mol/L, [HS-]=0.28 mol/L and [Na+]=1.3 mol/L. The solid lines are calculated
using Eq. [5.2]. Temperature: 160 oC (● ); 170 oC (▲); 180 oC (◆ ).

Is the removal of hexenuronic acid during kraft pulping due to dissolution together with xylan

and/or degradation of the hexenuronic acid groups? As can be seen in Figure 5.3, the

dissolution/degradation of hexenuronic acid is much greater than that of xylan. Pulping from

corrected kappa number 58 to 11 at a hydroxyl ion concentration of 0.9 mol/L leads to a

decrease in the hexenuronic acid content of approximately 90% (≈ 17 µmol HexA/ g pulp, %

on wood), Figure 5.3 and 5.4, while the corresponding decrease in the xylan content is only

about 40% (≈ 1.1% on wood), Figure 5.3.
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Figure 5.3 The amount of hexenuronic acid vs the xylan content at two different [HO-] levels.
Hydroxyl ion concentration: 0.10 M (▲); 0.90 M (◆ ).
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Figure 5.4 The effect of [HO-] on the amount of hexenuronic acid (% on wood) vs the
corrected kappa number. [HS-]=0.28 mol/L, [Na+]=1.3 mol/L and temperature 170°C.
Hydroxyl ion concentration: 0.10 M (▲); 0.23 M (● ); 0.44 M (■ ); 0.90 M (◆ ).
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One explanation might be that the fractions of xylan containing hexenuronic acid groups are

more soluble than those not substituted with hexenuronic acid groups. A degradation of the

hexenuronic acid groups during kraft pulping is another possible explanation for the greater

removal of hexenuronic acid than of xylan. One possibility for such a degradation is shown in

Scheme 5.1, where the reaction of the acidic proton at C-3 (structure 1) with hydroxyl ion

leads to an extended conjugation and finally to an elimination at C-1, resulting in a cleavage

from the xylan backbone and the formation of 4-pyranon-2-carboxylic acid (structure 2). The

removal of hexenuronic acid may therefore be partly due to degradation and partly due to

dissolution together with xylan. The greater removal of hexenuronic acid can also be due to

an uneven distribution of uronic acid groups in the pulp xylan, i.e. most of the uronic acid

groups are located on the surface of the pulp fibers and are thus easily removed, and another

part of the xylan is, already in wood, more difficult to dissolve for morphological reasons.

However, Lindquist and Dahlman (1998) suggest a regular distribution pattern for the uronic

acid groups linked to the spruce xylan backbone.

Scheme 5.1 Suggested mechanism for the degradation of hexenuronic acid (1) under alkaline
pulping.
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Two mathematical models that describe the degradation of xylan and glucomannan in the pulp

as a function of cooking variables have also been developed in the same manner as that

described earlier for hexenuronic acid. These models satisfy Eqs. [5.1] and [5.2] with the

constants shown in Table 5.1.

High hydroxyl ion concentration promotes the dissolution/degradation of xylan. The effect of

hydrosulfide ion concentration is similar but less extensive. This is in accordance with the

model in which (kHO=8.4) > (kHS=2.6), Table 5.1. An activation energy of 134 kJ/mol shows

that increasing the cooking temperature gives rise to greater xylan degradation. A negative

sign for kNa (-0.9) means that a higher ionic strength decreases the dissolution/degradation of

xylan. This is probably due to a solubility effect. However, the delignification rate also

decreases with increasing ionic strength (Lindgren and Lindström 1996).

The rate of degradation of glucomannan increases with increasing hydroxyl ion concentration,

and it also increases with increasing cooking temperature. The effect of hydrosulfide ion

concentration on the rate of degradation of glucomannan is also similar but it is less marked.

The ionic strength, however, does not affect the degradation rate of glucomannan according to

our results. These effects are illustrated by the constants of the model obtained for

glucomannan degradation in Table 5.1. The hydroxyl ion concentration affects the

degradation rate of glucomannan more than the hydrosulfide ion concentration since

(kHO=3.2) > (kHS=1.4), and the ionic strength has no effect because kNa=0, Table 5.1. The

effect of cooking temperature is indicated by the activation energy of 119 kJ/mol.

Comparing the constants of Eq. [5.2] in Table 5.1 for the degradation of hexenuronic acid,

xylan and glucomannan reveals that, at a given concentration of hydroxyl ion, the

dissolution/degradation rate of hexenuronic acid is much greater than that of xylan (see

Figure 5.3), and that of xylan is somewhat greater than that of glucomannan. The latter

observation is in accordance with previous results where the degradation of pine glucomannan

and xylan was studied by treatment with 1 M sodium hydroxide at 100oC for 4 hours

(Hansson and Hartler 1968; Hansson and Hartler 1970). Prolonging the treatment time by

more than 4 hours did not affect the glucomannan yield, indicating that the stopping reaction

was complete (Hansson and Hartler 1970). However, a peeling reaction for pine xylan still

proceeded after a similar 4-hour-treatment (Hansson and Hartler 1968). The same ranking

order is valid for hexenuronic acid, xylan and glucomannan when considering hydrosulfide
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ion concentration. However, the dissolution/degradation of hexenuronic acid, xylan and

glucomannan is affected more by the hydroxyl ion concentration than by the hydrosulfide ion

concentration, since kHO>>kHS, Table 5.1. The effect of the ionic strength is not only small but

it also varies; with increasing ionic strength, the dissolution/degradation rate increases slightly

for hexenuronic acid, decreases slightly for xylan and remains unaffected for glucomannan,

Table 5.1. The activation energies lie within the same order of magnitude, indicating that the

cooking temperature influences the dissolution/degradation of the three species in a similar

way, Table 5.1. To summarize, the degradation of hexenuronic acid can be strongly affected

by adjusting the cooking conditions. This is also the case for xylan but to a much smaller

extent. At the cooking temperature, the glucomannan is shown to be quite stable, which

means that there is only insignificant degradation (beyond that caused by peeling) regardless

of the cooking conditions.
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5.2 Optimization of pulping conditions to get a lower content of hexenuronic acid (Paper
III)

Since hexenuronic acid reacts with some bleaching chemicals and decreases the brightness

stability of bleached pulps, it is desirable to be able to produce an unbleached pulp with as

low content of hexenuronic acid as possible. From the previous section, it has been shown that

a high hydroxyl ion concentration and a high temperature are beneficial although, in practice,

other pulp characteristics such as viscosity and yield may be negatively affected.

Consequently, our goal should be achieved using a different approach.

5.2.1 Pretreatment of wood chips with polysulfide before pulping

Wood chips were pretreated with polysulfide in five different ways before kraft cooking to

examine the effect of the pretreatment on the content of hexenuronic acid in the pulps as

shown in Table 5.2. The different pretreatments were as follows:

- PS1: Polysulfide pretreatment using [So]=0.40 M, [HO-]=1.20 M at 135oC for 65 min.

- PS2: Lower [HO-] than PS1.

- PS3: Higher [HS-] than PS1.

- PS4: Higher H-factor than PS3 (in the subsequent cook).

- PS5: Longer polysulfide pretreatment time than PS1.

Table 5.2 Pretreatment of wood chips with polysulfide.
PS1 PS2 PS3 PS4 PS5 Reference

Pretreatment with polysulfide
[So] 0.40 0.40 0.40 0.40 0.40 -
[HO-] 1.20 0.80 1.20 1.20 1.20 -
[HS-] 0.12 0.12 0.40 0.40 0.12 -
Time (min) 65 65 65 65 125 -

Cooking: [HO-]=1.20 M, [HS-]=0.36 M, 70 oC, 1 oC/min, 170 oC
H-Factor 955 955 955 1198 920 1878
Yield (%) 48.2 47.7 47.8 46.4 48.2 45.8
Kappa number 20.6 23.0 18.9 15.9 17.7 22.1
HexA (µmol/g) 11.7 15.3 10.9 6.8 11.9 37.5

Corrected
kappa number

19.6 21.7 18.0 15.3 16.7 18.9

HexA (% of
kappa number) 4.9 5.7 5.0 3.7 5.8 14.6
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The results were evaluated with respect to a reference pulp (Reference, Table 5.2) which was

prepared without any polysulfide pretreatment. By comparing this reference pulp with those

of the experiments PS1 through PS5, it is found that the content of hexenuronic acid can be

reduced from about 38 µmol/g in an ordinary kraft pulp to 7-15 µmol/g in a pulp produced by

pretreatment of the wood chips with polysulfide, or from 15% to 4-6% respectively when

calculated as a percentage of the total kappa number.

Three more pulps having a kappa number around 25 were produced as follows (Table 5.3):

- Pulp 1: Kraft Kraft pulping as shown in Table 5.3.

- Pulp 2: PS-Kraft Pretreatment of the wood chips with polysulfide, then cook as for Pulp 1.

- Pulp 3: HS-Kraft Pretreatment of the wood chips with white liquor, then cook as for Pulp 1.

Table 5.3 Pretreatment of wood chips with polysulfide/hydrosulfide.
Kraft PS-Kraft1 HS-Kraft2

[HO-] 1.20 1.20 1.20
[HS-] 0.35 0.35 0.35
[Na+] 1.55 1.55 1.55
Temperature (oC) 165 165 165
H-Factor 1738 766 596
Residual [HO-] 0.29 0.73 0.81
Residual [HS-] 0.28 0.31 0.29
Yield (%) 46.6 49.8 45.5
Viscosity (mL/g) 1130 1160 1160
Brightness (457 nm, %) 36.1 40.7 40.0
Kappa number 25.0 25.1 25.3
HexA (µmol/g) 38.7 17.4 22.4
Corrected kappa no. 21.7 23.6 23.4
HexA (% of kappa no.) 13.3 6.0 7.6
1Pretreatment of wood chips with polysulfide at 135oC for 65 minutes,
   [So]=0.40 M, [HO-]=1.20 M, [HS-]=0.12 M.
2Pretreatment of wood chips with white liquor at 135oC for 65 minutes,
   [HO-]=1.20 M, [HS-]=0.52 M.

As shown in Table 5.3 and Figure 5.5, pulp PS-Kraft has a higher viscosity, lower

hexenuronic acid content and better bleachability in an OQPQPMg-sequence than pulp Kraft.

In order to explain this, the content profiles for glucomannan and xylan were studied for both

pulps. The composition was analyzed at three points: At the beginning of the cook (wood

chips), during the heating-up period at 150oC (pulp Kraft)/end of polysulfide pretreatment

(pulp PS-Kraft), and finally at the end of the cook. It can be seen in Figure 5.6 that

polysulfide stabilizes glucomannan from the very beginning of the pretreatment. About 65%
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is degraded in the heating-up period for pulp Kraft, while the corresponding value for pulp

PS-Kraft is only 35% after polysulfide pretreatment. When cooking is interrupted at a kappa

number of 25, the content of glucomannan in pulp PS-Kraft is higher than in pulp Kraft by an

amount corresponding to about 20% of the native value.
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Figure 5.5 Brightness vs consumed OXE/kappa number for the pulps Kraft (● ) and PS-Kraft
(■ ) in an OQPQPMg-bleaching sequence.
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Figure 5.6 Glucomannan content at the beginning of the cook (wood chips), during the
heating-up period at 150oC (Kraft ● )/end of polysulfide pretreatment (PS-Kraft ■ ), and
finally at the end of the cook expressed as a percentage of the native value.
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This stabilization of glucomannan against peeling due to the polysulfide pretreatment explains

the higher cooking yield for pulp PS-Kraft, Table 5.3. As for the content of xylan, a similar

degradation pattern is observed for both pulps Kraft and PS-Kraft during the heating-up

period and polysulfide pretreatment respectively, Figure 5.7. For pulp PS-Kraft, xylan

degradation continues in a steeper way during subsequent cooking. The reason for this is a

high residual alkali concentration (see Table 5.3). This is in accordance with Paper II and

earlier results (Aurell and Hartler 1965) where the xylan content in the pulp was shown to

decrease with increasing hydroxyl ion concentration (at a certain kappa number). This lower

content of xylan in combination with high residual alkali explains the lower content of

hexenuronic acid obtained for pulp PS-Kraft. In order to verify this point, another pulp (HS-

Kraft) was prepared by pretreating wood chips with a white liquor having the same molar

concentration of sulfur as in the polysulfide pretreatment, and then cooking as pulp Kraft.

Table 5.3 shows rather high residual hydroxyl ion concentration for pulps PS-Kraft and HS-

Kraft after the cooking and, as expected, similar contents of hexenuronic acid, 17.4 and 22.4

µmol/g pulp respectively.
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Figure 5.7 Xylan content at the beginning of the cook (wood chips), during the heating-up
period at 150 oC (Kraft ● )/end of polysulfide pretreatment (PS-Kraft ■ ), and finally at the end
of the cook expressed as a percentage of the native value.
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6. Correlation between chemical structure of residual lignins and
OQPQPMg-bleachability

6.1 Bleachability versus ββββ-O-4 content and cooking parameters (Paper IV)

Nine different pulps having a kappa number of 20 were prepared as shown in Table 6.1 by

applying different charges of alkali and sulfide and varying the H-factor. In all experiments,

the ionic strength, i.e. [Na+], was kept constant by adding sodium chloride while other

parameters were varied. In Figure 6.1, the relationship between the content of β-O-4

structures in the isolated residual lignins and the H-factor is shown. As shown, a decrease in

the amount of β-O-4 structures is observed when the H-factor increases. Above an H-factor of

around 3000, a sudden change in this behaviour is noticed, however, and the further decrease

is very slow. Here, it should be noted that the last two points in Figure 6.1 (pulps 4 and 5 with

extremely high H-factors) correspond to pulps which are not conceivable in technical pulping.

Table 6.1 Cooking conditions and results for the pulps investigated (constant ionic strength).
Pulp Cooking

temp.
(°C)

Time at
cooking
temp.
(min)

Charged
[HO-]
(mol/L)

Charged
[HS-]
(mol/L)

  Total
  yield
  (%)

Kappa
number

Viscosity
(mL/g)

β-O-4
(µmol/
g.kappa)

1  160   115  1.5  0.5   43.2  19.6  1080   9.4
2  160   425  0.55  0.5   43.0  18.9  1160   3.4
3  160   290  1.5  0.075   40.5  20.1    715   5.2
4  160 2602  0.55  0.075   39.5  20.2    665   1.0
5  181   280  0.55  0.075   40.9  20.6    600   2.4
6  154   280  1.0  0.5   43.4  18.8  1215   9.4
7  179     93  0.55  0.5   40.8  17.9  1010   6.0
8  178     39  1.5  0.5   40.5  17.4    815 11.4
9  160   252  1.0  0.25   42.1  19.1    990   7.3

The effects of changing the pulping variables on the content of β-O-4 structures in the

residual lignin are depicted in Figure 6.2. When the [HO-] is increased while keeping the [HS-

] and temperature constant (moving from pulp 4 to 3, from 2 to 1 or from 7 to 8; see Figure

6.2 and Table 6.1), the content of β-O-4 structures is found to increase. The same effect is

seen when the [HS-] is increased with the [HO-] and temperature constant (moving from pulp

4 to 2 or from 3 to 1) or when the temperature is increased with the other parameters

unchanged (moving from pulp 2 to 7 or from 1 to 8).
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Figure 6.1 β-aryl ether content in residual lignins after kraft cooking vs H-factor. Influence
of cooking parameters with pulp numbers as shown in Table 6.1.
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Figure 6.2 [HO-] vs β-aryl ether content at different [HS-] and temperatures for the pulps
shown in Table 6.1.

Thus, the rate of delignification seems to be strongly correlated to the cleavage of non-

phenolic β-O-4 structures in lignin since this reaction is dependent on the [HO-] (Ljunggren

1980). This rate increase leaves a residual lignin in the pulp with a high total amount of



41

remaining β-O-4 structures at the given kappa number. The fact that increasing the charge of

[HS-] also results in an increased amount of remaining β-O-4 structures is, however,

surprising since hydrogen sulfide ions promote the cleavage reaction. Obviously, the much

shorter reaction time at the higher [HS-] is the determining factor.

In order to establish a relationship between the content of β-O-4 structures in the residual

lignin and the bleachability of the pulp, the consumption of oxidation equivalents per kappa

number in an OQPQPMg-sequence was determined for the pulps. The results are shown in

Figure 6.3 at a brightness level of 87%. It can be seen that having a high amount of β-O-4

structures in the residual lignin after the cook, results in a lower consumption of bleaching

chemicals. Furthermore, at a value for the remaining β-O-4 structures of around 3

µmol/(g.corrected kappa number), the bleachability changes dramatically and, below this

value, becomes very poor.
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Figure 6.3 Consumed OXE/kappa number for pulps bleached in an OQPQPMg-sequence to a
brightness of 87% vs the amount of β-aryl ether structures in the residual lignin after
cooking. The numbers signify the pulps shown in Table 6.1.

Further classification of the pulps is obtained by calculation of the consumption of oxidation

equivalents at a brightness of 90% (Figure 6.4). Thus, kraft cooking at a high [HO-] and [HS-]

results in pulps that have a high amount of remaining β-O-4 structures and a high
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bleachability (pulps 1, 6 and 8 in Figure 6.4). Among the pulping conditions investigated,

cook 6 is the best in terms of total yield, viscosity and bleachability (Table 6.1). Pulping at a

low [HO-] and [HS-] results in a low amount of remaining β-O-4 structures and in a low

bleachability. These pulps (pulps 4 and 5) can not be bleached to 90% under the conditions

used here and, consequently, they are not shown in Figure 6.4. When other combinations of

pulping conditions are used, i.e. high [HO-] and low [HS-] or vice versa, the pulps can still be

bleached to 90% although the consumption of bleaching chemicals is high.
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Figure 6.4 Consumed OXE/kappa number after bleaching in an OQPQPMg-sequence to a
brightness of 90% vs the amount of β-aryl ether structures in the residual lignin after
cooking. The numbers signify the pulps shown in Table 6.1.

In order to investigate the influence of the ionic strength on the bleachability in an OQPQPMg-

sequence, three pulps were prepared to a kappa number ≈ 16 using a [Na+] of 1.9, 2.9 and 3.9

M respectively by adjusting the cooking time. As shown in Figure 6.5, a high ionic strength

(long cooking time) results in a decreased amount of remaining β-O-4 structures and in an

inferior bleachability both at a brightness of 87% and at 90%.

In pulping and bleaching experiments, it has been shown that alkaline sulfite pulps such as

ASAM and MSSAQ acquire a better bleachability than pulps produced by the kraft process

(Teder and Sjöström 1996). Two pulps, one kraft and one ASAM pulp, were produced both

with a kappa  number of 16. From these  pulps, the residual lignins were isolated and analysed

High [HO-] and
high [HS-]

High [HO-]
and low
[HS-]. Low
[HO-] and
high [HS-]
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Figure 6.5 Consumed OXE/kappa number after bleaching in an OQPQPMg-sequence to a
brightness of 87 and 90% (lower curve and upper curve respectively) vs the amount of β-aryl
ether structures in the residual lignin after cooking. Ionic strength: 1.9M (● ); 2.9M (■ ); 3.9M
(▲).
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Figure 6.6 Consumed OXE/kappa number vs the amount of β-aryl ether structures in the
residual lignin after cooking at different ionic strengths when bleached in an OQPQPMg-
sequence to a brightness of 87 and 90%, lower line and upper line respectively. (● ) Kraft
pulp; (❍ ) ASAM-pulp.
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for their content of β-O-4 structures. Subsequently, the pulps were bleached to a brightness of

90% using the sequence OQPQPMg. As shown in Figure 6.6, a large difference in the amount

of remaining β-O-4 structures is observed and, as before, a corresponding difference in the

bleachability can be seen. Although sulfite processes result in the introduction of strongly

hydrophilic sulfonic acid groups in the lignin, the alkaline conditions prevailing in the ASAM

process can be assumed to result in a comprehensive secondary elimination of sulfonic acid

groups (Kratzl and Paszner 1970; Gellerstedt 1976). In addition, the presence of

anthraquinone should facilitate the cleavage of β-O-4 structures resulting in a lignin which,

consequently, should bear a resemblance to kraft lignin. Nevertheless, the ASAM process

seems to be superior to kraft in terms of delignification selectivity and bleachability in a

peroxide sequence.

The fact that a high remaining amount of β-O-4 structures in the residual fibre lignin after the

cook results in an improved bleachability in alkaline peroxide bleaching can be related to the

known chemistry of hydrogen peroxide. Thus, in addition to a partial removal of

chromophoric groups in lignin (Gellerstedt et al. 1996), peroxide bleaching of chemical pulps

seems to involve a delignification reaction starting from phenolic benzyl alcohol units of the

β-O-4 type (Kadla et al. 1997; Heuts and Gellerstedt 1998).
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6.2 Bleachability versus light absorption coefficient (Paper V)

6.2.1 Correlation between k/kappa and the cooking conditions

For some of the pulps investigated in Table 6.1 (pulps 1-5, 8), Figure 6.7 shows that the light

absorption coefficient, expressed as k/corrected kappa number (the contributions of

hexenuronic acid and other oxidizable non-lignin structures were subtracted), increases with

increasing H-factor. Formation of chromophoric structures in the lignin during the cook is, to

a great extent, the reason for this increase in the k/kappa-value (cf Hartler and Norrström

1969; Norrström 1969). Based on model experiments, the formation of individual

chromophores in kraft pulps such as stilbenes and other conjugated phenolic structures has

been discussed in the literature (Falkehag et al. 1966; Gierer 1970; Forsskåhl et al. 1976).

Stilbenes are among the potent leucochromophoric lignin structures since they can be easily

oxidized by the action of transition metal ions to the corresponding stilbenequinones (Adler

and Häggroth 1950). Similar reactions can also occur with catechol structures. Stilbenes can

be formed under alkaline conditions from both β-1 and β-5 structures whereas catechols are

formed in demethylation reactions and are also present in the native lignin (Gellerstedt and

Lindfors 1984a).
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Figure 6.7 k/corrected kappa number vs the H-factor for the pulps shown in Table 6.1. Solid
symbols represent dark pulps while hollow symbols represent bright ones.
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Pulp 3 in Table 6.1 has a much lower k/kappa than pulps 4 and 5 (see Figure 6.7), despite the

fact that the charge of hydrosulfide ion is very low in all three cases (0.075 M). Aurell and

Hartler (1965) showed that low residual alkali concentration in the cook gave pulps with a

low brightness. Evidently, k/kappa seems to be more dependent on the residual hydroxyl ion

concentration as shown in Figure 6.8. At a residual hydroxyl ion concentration lower than

0.20 M, k/kappa-value increases sharply and the pulp becomes dark.
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Figure 6.8 k/corrected kappa number vs the residual hydroxyl ion concentration for the pulps
shown in Table 6.1.

Certain metal ions in the unbleached pulp give rise to colour formation. One possibility is the

iron-catechol complex (Falkehag et al. 1966). No simple relationship exists between the

content of iron, copper or manganese in the different pulps and k/kappa-value. There is,

however, a distinct increase in k/kappa as the amount of calcium ions increases in the pulp,

Figure 6.9. This is in agreement with the results of a recent study (Sundin and Hartler 2000a),

where the precipitation of kraft lignin by metal cations under alkaline conditions was studied.

It was found that in the presence of calcium ions, lignin was precipitated at a calcium

concentration of 3 mM, with a downward concentration shift at lower pH-levels or higher

temperatures. Furthermore, high-molecular mass lignin was almost completely precipitated by

calcium ions, while, on the other hand, the low-molecular mass fraction (<1000 g/mol) was

not precipitated at all.
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Figure 6.9 k/corrected kappa number vs the content of calcium ions in the pulps shown in
Table 6.1.

The results of Figures 6.8 and 6.9 are also consistent with those of earlier investigations. The

lignin dissolved during sulfate cooking was found to be darker than the residual lignin

remaining in the pulp (Janson and Palenius 1972; Nilsson and Norrström 1972). Furthermore,

pulps produced in batch reactors were darker than those produced in continuous mode

reactors (Janson et al. 1975). The concentration of dissolved lignin is lower in the latter case

and, consequently, redeposition of the dissolved lignin on the fibers takes place only to a

much lesser extent. During pulp washing, Sundin and Hartler (2000b) found that the kappa

number of the pulp increased with increasing calcium ion concentration at pH values between

9-12. At pH 13, however, the effect was less noticeable probably due to the formation of

CaOH+ and Ca(OH)2. It was also found that during pulp washing in the presence of calcium

ions, the lignin precipitated onto the fibers was darker than the rest of the dissolved lignin,

indicating a higher content of chromophoric groups in the lignin precipitated by calcium ions

(Sundin and Hartler 2000b). These chromophoric groups are, with great certainty, of lignin

origin since Suckling and Pasco (1999) showed that carbohydrate-derived chromophores

could only contribute slightly to the absorbance of kraft spent liquors.

For pulps 1-5 and 8 in Table 6.1, a high k/kappa-value is accompanied by a low content of β-

aryl ether units in the residual lignin, Figure 6.10. Since no obvious correlation exists between
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the formation of chromophores and the degree of β-O-4 cleavage during cooking, this result

rather demonstrates, in accordance with the results shown in Paper IV and with some previous

data (Froass et al. 1998), that applying a high H-factor to reach a given kappa number is

accompanied by a low residual amount of β-O-4 structures in the residual lignin. Such types

of cooks, will also show a low residual concentration of alkali and thus an increased risk for

lignin reprecipitation (Gustavsson et al. 1999; Sjöström 1999).
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Figure 6.10 k/corrected kappa number vs the β-aryl ether content in the isolated residual
lignins of the pulps shown in Table 6.1.

In another series of experiments, kraft cooks were carried out by only changing the ionic

strength to get two different kappa number levels, viz 15 and 25, pulps 10-13 in Table 6.2. As

shown in Figure 6.11, a higher ionic strength (longer cooking time to attain the same kappa

number) results in a higher k/kappa-value. Furthermore, it can also be seen that the kappa-25

pulps are brighter (have a lower k/kappa-value) than the kappa-15 pulps.

Table 6.2 Cooking conditions and results for the pulps investigated (varying
 ionic strength).

Pulp          Cooking parameters
[Na+]    [HO-]     [HS-]   time (min)

Yield
 (%)

 Kappa
number

Viscosity
(mL/g)

10  1.55      1.20        0.35        264 46.6  21.7 1130
11  2.50      1.20        0.35        305 46.7  22.9 1070
12  1.90      1.20        0.30        265 44.6  15.8       990
13  3.90      1.20        0.30        935 38.6  15.9       555
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Figure 6.11 k/corrected kappa number vs the ionic strength for the pulps shown in Table 6.2.

6.2.2 Correlation between k/kappa and the degree of oxygen delignification

The degree of delignification in the oxygen stage, defined as the percentage decrease in kappa

number, is somewhat higher for all the unbleached pulps having a high k/kappa-value as

shown in Figure 6.12. In order to find an explanation for this behavior, the residual lignins of

pulps 5 and 8 in Table 6.1 (high and low k/kappa-values respectively) were isolated by acid

hydrolysis and analyzed by 13C-HSQC NMR. The results suggest that the residual lignin

isolated from pulp 5 has a lower content of β-O-4, β-5 and β-β structures, Figure 6.13, but a

higher content of unsaturated aliphatic carbon atoms located around δ≈126-130 ppm (the

elliptical regions in Figure 6.14) than the corresponding lignin of pulp 8. Thus, the higher

degree of delignification in the oxygen stage for pulps with high k/kappa-values seems to be

correlated to a higher amount of phenolic structures with a conjugated side chain like

stilbenes and enol ethers in the residual lignins. These structures, which have been shown to

be the most reactive ones during oxygen delignification (Johansson and Ljunggren 1994),

should give rise to NMR-signals in the elliptical regions shown in Figure 6.14. The contents

of lignin structures like β-O-4, β-5 and β-β, on the other hand, do not seem to influence the

degree of oxygen delignification at all.
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Figure 6.12 k/corrected kappa number vs the degree of delignification in the oxygen stage.
The numbers signify the pulps shown in Tables 6.1 and 6.2.
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Figure 6.13 Some structural units in the isolated residual lignins of pulps 5 and 8 shown in
Table 6.1.
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Figure 6.14 Part of 13C-HSQC spectra for the isolated residual lignins of pulps 5 and 8
shown in Table 6.1.

6.2.3 Correlation between k/kappa and OQPQPMg-bleachability

As described in section 6.1, the pulps shown in Table 6.1 were bleached in an OQPQPMg-

sequence and the bleachability was expressed as the consumption of oxidation equivalents

required to attain a certain brightness level. Pulp 8, with a low unbleached k/kappa-value, can

rather easily be bleached to 90% brightness as shown in Figure 6.4. Despite a higher degree

of delignification in the oxygen stage, pulp 5 can not, however, be bleached to 90% brightness

(not shown in Figure 6.4) since its β-aryl ether content is extremely low (see Figure 6.10).

The brightness ceiling in this particular case is 88% with a considerably higher consumption

of oxidation equivalents than for pulp 8, Figure 6.3.

It can be clearly seen in Figure 6.15 that the lower the k/kappa-value of the unbleached pulp,

the lower the consumption of bleaching chemicals in the OQPQPMg-sequence to reach a

brightness of 87%. This is in agreement with a recent study (Rööst et al. 2000b) in which the

bleachability of softwood pulps in a TCF-sequence utilizing oxygen and hydrogen peroxide

has been found to be mostly dependent on the brightness of the pulp entering the bleaching

plant.
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Figure 6.15 k/corrected kappa number vs the amount of oxidation equivalents consumed in
an OQPQPMg-sequence to a brightness of 87%. The numbers signify the pulps shown in
Tables 6.1 and 6.2.

6.2.4 Addition of 2,6-xylenol to the white liquor

Pulping in the presence of a reactive phenol like 2,6-dimethylphenol (2,6-xylenol) should

result in condensation reactions between Cα-positions in the lignin and the 4-position of the

added phenol thereby preventing the important sulfidolytic cleavage of β-O-4 structures in

lignin. In model experiments, it has also been shown that the reaction between a β-O-4 model

compound and 2,6-xylenol gives rise to the formation of stilbenes (Gierer and Lindeberg

1979; Gierer 1992) thus providing a way of elucidating the importance of stilbene formation

for the degree of discoloration in kraft pulping.

Laboratory autoclave pulping was carried out with the addition of 2,6-xylenol to the cooking

liquor and the results were evaluated with respect to a reference kraft pulp with almost the

same kappa number. As shown in Table 6.3, addition of 2,6-xylenol to the white liquor does

not seem to affect the k/kappa-value, pulping yield or the content of remaining β-O-4 units in

the residual lignin (determined by thioacidolysis) to any noticeable extent. After being

quantified by GC/MS, the content of the expected stilbene condensation product from non-

condensed phenolic β-aryl ether units and 2,6-xylenol appeared to comprise only about 1% of

the dissolved lignin. This result suggests that this reaction does not take place to any extent
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that would affect the cook or the structure of the residual lignin. A similar result has been

obtained in a model study using a synthesized polymeric lignin model compound and a

reactive phenol, and treatment of these with alkali at pulping temperature (Barkhau et al.

1994). Thus, the frequently encountered condensation reactions found in lignin model

experiments (Gierer et al. 1976) seem to be of much lower importance in polymeric lignin.

The residual lignins of the corresponding pulps (Reference and 2,6-Xylenol in Table 6.3)

were acetylated and analyzed by quantitative 13C-NMR in order to investigate any possibility

for structural differences. From the spectra shown in Figure 6.16, it is seen that the peak of

the two carbons corresponding to the methyl groups of pure 2,6-xylenol (at 16.7 ppm)

exhibits a narrower line width (0.5 Hz) than the corresponding one in the residual lignin

spectra (13 Hz). This means that 2,6-xylenol indeed has condensed with the residual lignin,

and integration of the spectra demonstrates that about 14 xylenol rings per 100 methoxyl

groups are present.  By calculating the area differences, A2,6-Xylenol-AReference, in the aromatic

region (100-160 ppm), it is also found that all carbons of 2,6-xylenol are present in the

polymeric structure of the residual lignin. The resolution of the spectra does not permit,

however, any further interpretation of possible linkages between the lignin and 2,6-xylenol.

Table 6.3 Pulping with the addition of 2,6-xylenol
Pulp Reference 2,6-Xylenol

[HO-] 1.32 1.321

[HS-] 0.34 0.34
[2,6-Xylenol] - 0.34
Residual alkali (mol/L) 0.26 0.29
Kappa number  16.8  14.9
Viscosity (mL/g) 1035 995
k/kappa (m2/kg) 1.38 1.34
Yield (%) 45.7 45.2
β-O-4 (µmol/g.kappa) 7.9 9.1
1 Extra alkali was added (molar equivalent to 2,6-xylenol) to account
   for the acidity of 2,6-xylenol.
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Figure 6.16 13C-NMR spectra of (a) pure 2,6-xylenol; (b) the residual lignin isolated from a
pulp produced by adding 2,6-xylenol to the cooking liquor and (c) the residual lignin isolated
from a reference pulp produced without any addition of 2,6-xylenol.

(a)

(b)

(c)
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7. Discussion and conclusions

From the analytical data obtained upon analysis of residual lignins it is demonstrated that the

kraft process is still far from being optimal in terms of chemical reactions. In a model kraft

cook employing an optimal alkali profile, the residual lignin contains β-O-4 units in

reasonable amounts when analyzed by thioacidolysis (≥ 10% of the native lignin value),

which means that the delignification reactions, based on lignin model experiments, are not at

all as efficient as expected. In addition, the presence of enol ether units (≤ 10% of the β-O-4

content) indicates that even a well-impregnated kraft cook is inhomogeneous with respect to

the availability of hydrosulfide ions throughout the cook.

Various attempts to isolate the residual lignin by acid hydrolysis of softwood kraft pulp

indicate that at least two different types of residual lignin exist, differing in their accessibility.

One fraction, comprising about 50% of the total amount, can be easily removed whereas the

other is more strongly retained in the fiber and requires harsher conditions. The residual lignin

fractions, isolated by acid hydrolysis either in one or two consecutive steps, exhibit great

structural similarities with each other as revealed by NMR and pyrolysis data. Some

differences exist, however, between the residual pulp lignin and the lignin being dissolved

during the kraft cook. Acid hydrolysis can also be used to isolate lignin from wood and by

comparison with native lignin (MWL), both materials seem to be very similar. When applying

thioacidolysis on the isolated lignins from the various cooks carried out in this work, the

expected product from the cleavage of β-O-4 units has always been detected. This result is

somewhat astonishing considering the fact that the lignin isolation technique, acid hydrolysis,

would be expected to cause a cleavage of remaining β-O-4 linkages in the residual lignin.

Obviously, this cleavage does not take place to any large extent since the amount of the

thioacidolysis product has been found to be of the same order of magnitude as that from the

corresponding acidolysis of kraft pulp. In view of the results obtained, acid hydrolysis can not

be considered to deteriorate the quality of the residual lignin, and it can be concluded that the

characteristic structural features are retained, provided that the conditions during acid

hydrolysis are mild.

Strong alkaline extraction of pulp at an elevated temperature has also been used to dissolve

lignin and carbohydrates. In all the LCC-fractions isolated, xylan is clearly predominant

accompanied by arabinan as the second most important, strongly indicating chemical linkages
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between lignin and xylan via arabinose units. Furthermore, the presence of residual lignin in

the pulp residue after alkaline extraction, measured as both kappa number and klason lignin,

indicates linkages between lignin and cellulose and/or glucomannan.

During alkaline pulping, the 4-O-methylglucuronic acid units present in the xylan are to a

great extent converted into the corresponding hexenuronic acid structure. The content of

hexenuronic acid in the pulp is in many ways an important factor in the production of a

bleached alkaline pulp. Although hexenuronic acid is almost completely stable in alkaline

bleaching stages involving oxygen and hydrogen peroxide, it has to be selectively removed

before bleaching since it is known to decrease the brightness stability of the bleached pulp. A

model, developed to describe the behaviour of hexenuronic acid as a function of cooking

parameters, suggests that its rate of degradation increases in direct proportion to hydroxyl ion

concentration, hydrosulfide ion concentration, ionic strength or pulping temperature.

Moreover, the effect of hydroxyl ion concentration or temperature has been shown to be more

pronounced than hydrosulfide ion concentration or ionic strength. At a given kappa number,

the hexenuronic acid content can be lowered by applying a high hydroxyl ion concentration, a

high ionic strength, a low cooking temperature or a low hydrosulfide ion concentration. The

lower hexenuronic acid content found when pulping with a high ionic strength, a low

temperature and a low hydrosulfide ion concentration is mainly a result of the prolonged

cooking time required to reach the same target kappa level. Applying very high charges of

chemicals, especially hydroxyl ion concentration, at elevated temperatures just to decrease the

content of hexenuronic acid in the unbleached pulp is, however, virtually inconceivable in

technical pulping. Therefore, a new approach has been employed to minimize the content of

hexenuronic acid by means of polysulfide. A pretreatment of wood chips with polysulfide

prior to cooking stabilizes glucomannan against peeling thus giving higher yield. A high

alkali concentration in subsequent pulping will, according to the above-mentioned model,

contribute to a lower content of hexenuronic acid in the pulp without detrimentally affecting

the viscosity of the pulp or subsequent OQPQPMg-bleachability.

In order to enhance the bleachability in a sequence employing only oxygen and hydrogen

peroxide (OQPQPMg), the remaining amount of β-O-4 units in the unbleached pulp lignin

should be high. This can be achieved by choosing the pulping parameters such that the lowest

possible H-factor is obtained. A high hydroxyl ion concentration, high hydrosulfide ion

concentration, a low ionic strength or a high cooking temperature gives rise to a higher
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content of β-O-4 units in the residual lignin. Thus, the rate of delignification seems to be

strongly correlated to the cleavage of non-phenolic β-O-4 structures in lignin since this

reaction is dependent on hydroxyl ion concentration. This rate increase leaves a residual

lignin in the pulp with a high total amount of remaining β-O-4 structures at the given kappa

number. The fact that increasing the charge of hydrosulfide ion concentration also results in

an increased amount of remaining β-O-4 units is, however, surprising since hydrosulfide ions

promote the cleavage reaction. Obviously, the much shorter reaction time at the higher

hydrosulfide ion concentration, higher temperature or lower ionic strength is the determining

factor. A combination of a high hydroxyl and hydrosulfide ion concentrations together with a

high temperature in order to get a high content of β-O-4 units leads, however, to a

deterioration in other pulp characteristics such as cooking yield and bleaching selectivity

(viscosity at a certain brightness level). According to the present results, a high hydrosulfide

ion concentration (0.50 M) with an intermediate alkalinity (1.0 M) and a fairly high cooking

temperature (160oC) is supposed to be the best choice in terms of total yield, viscosity and

OQPQPMg-bleachability.

ASAM pulps are well known to be much easier to bleach than kraft pulps at the same degree

of delignification. It has been shown that the superior bleachability of ASAM pulps in an

OQPQPMg-sequence is partly attributable to a higher content of β-O-4 units in the residual

lignin. This result is unexpected since the presence of anthraquinone in the ASAM-process

should facilitate the cleavage of β-O-4 structures resulting in a lignin which, consequently,

should bear a resemblance to kraft lignin. Obviously, it is difficult to precisely describe the

chemistry of the system when other species are also involved, i.e. methanol.

A bright unbleached pulp with a low value of the light absorption coefficient (defined as

k/corrected kappa number) is associated with a high residual hydroxyl ion concentration and

low ionic strength in the cooking liquor. Furthermore, the higher the hydroxyl ion

concentration, the lower the content of calcium ions remaining in the pulp, and hence, the

lower the potential for the dissolved lignin to precipitate onto the fibers. All these factors

seem to act together to improve the bleaching response in an OQPQPMg-sequence. An

addition of 2,6-xylenol to the cooking liquor does not influence the yield of the cook or other

pulp properties to any noticeable extent thus indirectly supporting the view that condensation

reactions are of minor importance for the delignification reactions in kraft cooking.
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In view of the results obtained so far, a short residence time in the digester (low H-factor)

seems to be an excellent way for β-O-4 linkages to survive complete degradation and, thus,

retain a great deal of the reactivity of the residual lignin for a viable operation in the bleaching

plant.
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10. Definitions of technical terms and abbreviations

AOX: Adsorbable organic halogens. A measure of the amount of organically bound chlorine
in bleaching effluents.

ASAM: Alkaline Sulfite Anthraquinone Methanol. A pulping process with sodium hydroxide,
sodium sulfite, anthraquinone and methanol as the active pulping species.

AQ: AnthraQuinone.

Black liquor: Residual liquor from the kraft cooking process containing spent chemicals and
dissolved lignin and carbohydrates.

Bleachability: The effectiveness with which chromophores and/or lignin are removed in a
bleaching sequence. Bleachability is expressed as the amount of bleaching chemicals
consumed (see OXE) to reach a certain brightness level.

Brightness (%): The total reflection of light from an opaque pack of sheets in a region with
an effective wavelength of 457 nm, R∞. The brightness is estimated using Kubelka-Munk
equation:
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Where R∞ is the brightness, k is the light absorption coefficient and s is the light scattering
coefficient.

Brightness (% ISO): A brightness value determined according to a standard method (SCAN
C 11:75).

C: Chlorine stage.

COD: Chemical Oxygen Demand. The amount of oxygen that is consumed during the
degradation of organic substances in waste water.

D: Chlorine dioxide stage.

E: Alkaline extraction stage.

EMCC: Extended Modified Continuous Cooking.

Dissolved lignin: Lignins from spent liquors.

ECF: Elemental Chlorine Free. Bleaching without Cl2, HClO or ClO-. An ECF-bleaching
sequence usually involves ClO2 together with O2 and H2O2.

O

O
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Effective alkali (EA, %): A measure of the concentration of hydroxyl ions in the white
liquor.

                                         EA = NaOH + 0.5 Na2S

The amounts of NaOH and Na2S are expressed as weight percentage of NaOH on charged dry
wood.

H: Hypochlorite stage.

H-factor: A variable used to express the combined effect of cooking time (t) and temperature
(T) during the pulping process. When the relative reaction rate is plotted against the cooking
time, the area under the curve is the H-factor.

 )/-( =- a dtRTEaefactorH �

With an activation energy of 134 kJ/mol, Ea/R = 16113 K, a = 43.2.

Ionic strength: Sodium ion concentration.

ITC: IsoThermal Cooking.

Kappa number: A measure of the lignin content in the pulp. A decrease in lignin content
gives a decrease in kappa number. It is defined as millilitres of 0.02 M of potassium
permanganate consumed by one gram of dry pulp according to a standard procedure, SCAN
C1:77. Some non-lignin structures, such as hexenuronic acid, consume also potassium
permanganate. Therefore, the measured kappa number should be corrected by subtracting the
contribution of hexenuronic acid (a content of 10 µmol hexenuronic acid per gram pulp
corresponds to 0.86 kappa number units).

Klason lignin: The amount of lignin in wood or pulp determined gravimetrically. The sample
is first treated with 72% sulfuric acid and subsequently heated with dilute acid to hydrolyze
the polysaccharides to soluble fragments, after which the solid residue (Klason lignin) is
collected, washed, dried and weighed.

Kraft pulp: Sulfate pulp.

Kubelka-Munk equation: See brightness.

Light absorption coefficient (k, m2/kg): A measure of the ability of a fiber layer to absorb
light.

Light scattering coefficient (s, m2/kg): A measure of the ability of a material to scatter light.

MSSAQ: MiniSulfide Sulfite AnthraQuinone. A pulping process with sodium sulfide, sodium
sulfite and anthraquinone as the active pulping species.

MWL: Milled Wood Lignin, also Björkmanlignin. A lignin isolated by extensive milling of
the plant followed by extraction with dioxane-water. Milled wood lignin is considered to be
representative of protolignin in wood and is widely used for structural studies of lignins in
plants.
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O: Oxygen delignification stage.

OXE: OXidation Equivalents. One OXE is defined as the amount of oxidation chemical that
consumes 1 mole of electrons when it is reduced. The use of OXE makes it possible to
compare different bleaching sequences with respect to chemical consumption, irrespective of
the bleaching agent used.

Protolignins: Unchanged or essentially unchanged native lignins.

PMg: Hydrogen peroxide bleaching stage (P) with MgSO4-addition.

Paa: Peracetic acid stage.

PMS: PeroxyMonoSulfate. PMS can be generated according to the following reaction:

PS: Polysulfide, SnS-2.

Pyrolysis-GC/MS: The pulp or lignin sample (< 0.1 mg) is heated rapidly to a high
temperature in an inert atmosphere. An inert gas stream flushes the volatile reaction products
into a gas chromatograph/mass spectrometer for separation and identification. These reaction
products often carry information on the polymeric structure in the original sample.

Q: Chelating stage using EDTA or DTPA.

Residual lignin: The lignin fraction remaining in the pulp after the cook.

Selectivity: The degree of desirable lignin reactions (delignification) as compared to
undesirable carbohydrate reactions (peeling). A higher pulp viscosity at a given kappa number
or given brightness means a higher pulping selectivity.

TCF: Totally Chlorine Free. Bleaching without any chlorine-containing bleaching chemicals.

Thioacidolysis: A method used for structural analysis of lignin based on degradation. Lignin
is treated with boron trifluoride and ethanethiol in dry dioxane at 100oC for 4 h. It results in a
selective cleavage of all β-O-4 linkages present in the lignin with a simultaneous substitution
of the side chain hydroxyls with ethylthiol groups.

Viscosity (mL/g): A measure of the degree of degradation of cellulose, i.e. the cleavage of
carbohydrate chains during cooking or bleaching. A lower value means highly degraded
cellulose in the sample. The viscosity is measured in a capillary viscometer according to
SCAN CM 15:88.

White liquor: A kraft cooking liquor containing sodium hydroxide and sodium sulfide.

Yield (%): The ratio of the amount of pulp and shives produced to the amount of charged
wood.

Z: Ozone stage.

Na2SO3 + O2
Cu+2

Na2SO5
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