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Abstract  
During kraft cooking a significant part of the wood material, especially lignin and 
hemicelluloses, is degraded and dissolved in the cooking liquor, rendering a broad range of 
degradation products with different molecular mass and functional groups. The main part of 
this thesis has been devoted to clarify the role of these dissolved wood components (DWC) 
during kraft cooking. The investigations have covered their influence on e.g. the 
delignification rate, pulp yield, point of defibration, unbleached pulp colour and pulp 
bleachability, i.e. the amount of bleaching chemicals consumed per kappa number or lignin 
unit to reach a certain brightness. Both softwood (Picea Abies) and hardwood (Eucalyptus 
urograndis) have been studied. During kraft cooking, many reactions occur simultaneously. 
Therefore emphasis has been put on separating the effects of hydroxide ions, hydrogen 
sulphide ions, sodium ions and DWC. This has been enabled by the use of a so called 
constant-composition-cooking technique, which enables the use of almost constant 
concentrations of the cooking chemicals during the cook and also results in a very low 
concentration of DWC in the cooking liquor. The presence of DWC has been controlled by 
the addition of industrial black liquor. To further scrutinise the role of DWC, the effect of 
different molecular mass fractions were studied and representative model substances were 
used to clarify the origin of the observed effects.  
 
A kinetic study showed that the delignification rate was significantly affected by the presence 
of DWC in the cooking liquor and resulted in a rate increase in the part of the cook where the 
bulk phase dominates and a decreased delignification rate when  the residual phase dominates. 
The increase in delignification rate wasdepended on the concentration of DWC and was 
observed in softwood as well as hardwood kraft cooks. The rate increasing effect was 
investigated further by the use of ultra- and nanofiltration. This way the DWC was divided 
into fractions with different molecular mass distributions. The results showed that the increase 
in delignification rate related more strongly to the content of free phenolic groups in the DWC 
than on the total amount of DWC. By cooking in the presence of representative model 
substances the effect was further clarified. Aromatic structures with free phenolic groups gave 
a rate increasing effect while no visible effect could be seen from other structures. This 
supports the finding that the delignification rate relates to the amount of free phenols in the 
cooking liquor and shows that the phenolic functionality take active part in the delignification 
reactions. Free phenolic groups in the degraded lignin may explain a large part of the rate 
increasing effect seen from the presence of DWC. 
 
Further, the presence of DWC increased the point of defibration in a eucalyptus kraft cook 
and made it possible to terminate the cook at a higher kappa number with the same amount of 
reject. By terminating the cook at a higher kappa number it was possible to noticeably 
increase the fully bleached pulp yield. The content of hexenuronic acids (HexA) in the 
eucalyptus pulp depends on the H-factor and increases with delignification, providing that the 
bulk phase still dominates. Therefore, by increasing the rate of delignification and terminating 
the cook at a higher kappa number it was possible to significantly decrease the amount of 
HexA in the pulp.  
The presence of DWC causes a darkening of the unbleached pulp. Bleachability in a 
D(EOP)DD sequence was negatively affected by the presence of DWC during pulping of 
softwood, while no effect was seen on the bleachability of hardwood. 
 
Keywords: Delignification, Dissolved wood components, black liquor, Defibration point,  
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2. Introduction 
In order to make paper from wood or annual plants, the fibres have to be liberated. In 

principle, this is done either mechanically or chemically. The present thesis is focused on the 

chemical kraft pulping process, which is one of the major processes used for in the complex 

conversion of wood into so-called wood-free paper and pulp products. These products are 

today usually divided into three major categories, information carriers, packaging materials 

and absorbing products. Depending on the product which the papermaker produces, he is 

willing to pay for different functionalities of the pulp; the whiteness of the pulp to get good 

printability and contrast, the pulp strength for containers and carton board or the water 

sorption of the pulp fibres for a paper towel.  

 

Different fibres have different characteristics but it is also possible to treat the fibres in certain 

ways during the pulping process, and this influences their functionalities.  

 

2.1 Wood composition 

Wood is the main raw material used in the production of paper products due to its good fibre 

morphological properties, supply and price. The main components are the polymers, cellulose, 

hemicellulose and lignin. Low-molecular extractives and inorganic material are also present 

in smaller amounts as well as some minerals. Table 1 show the composition of wood in 

Spruce and Eucalyptus. However, it must be remembered that the chemical composition may 

vary a lot even within a genus, especially for eucalyptus.  

 

Table 1. Chemical composition of Norway Spruce (Picea abies) and Eucalyptus (Eucalyptus 

urograndis) according to Sjöström (1993) and Colodette (2004).  

 Norway Spruce (%) Eucalyptus Urograndis (%) 
Cellulose 42 51 
Lignin 27 28 
Hemicellulose   
   Glucomannan 16 2.0 
   Glucuronoxylan 8.6 13 
Other polysaccharides (pectin etc) 3.4 *na 
Total Extractives 1.7 2.0 
Residual (inorganic material) 0.9 *na 
*Not analysed. 
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Cellulose is a long-chain linear homopolysaccharide, which consists of β-D-glucopyranose 

units connected to each other by (1→4)-glycosidic bonds. The cellulose molecule is, in its 

native form, built up of about 9 000-10 000 glucose units (Goring, Timell 1962). The 

cellulose chains are arranged in β-sheets that are bundled in microfibrils, with an estimated 

diameter of 2-4 nm (Fengel, Wegener 1984). These microfibrils build up the wood fibres. 

 

Hemicelluloses are, unlike cellulose, branched heterogeneous polysaccharides. The chains are 

shorter compared to cellulose, with a degree of polymerisation of about 100 to 200 (Fengel, 

Wegener1984). The composition and amount of hemicellulose varies in stem, branches, roots 

and bark, and also between softwood and hardwood. In softwood, such as spruce and pine, the 

major hemicelluloses are galactoglucomannan (O-acetyl-galactoglucomannan) referred to as 

glucomannan and arabinoglucuronoxylan (arabino-4-O-methylglucoronoxylan) i.e. xylan, 

where they correspond to about two thirds and one third respectively of the total 

hemicellulose content (Sjöström 1993). The back bone of glucomannan is a linear chain built 

up of (1-4)-linked β-D-glucopyranose and β-D-mannopyranose units. The α-D-

galactopyranose residue is linked as a single-unit side chain to the framework by 1-6 bonds. 

The hemicellulose of hardwood species, such as birch and eucalyptus, consists mainly of 

glucuronoxylan (O-acetyl-4-O-methylglucuronoxylan), referred to as xylan, and a minor 

amount of glucomannan. The xylan content in different hardwood species differs between 13 

and 30% and the glucomannan between 2 and 5%. Xylan, the major hemicellulose, consists of 

1-4 linked β-D-xylopyranose units, substituted with 4-O-methyl-α-D-glucuronic acid groups 

at C2.  

 

Lignin is the material that binds the fibres together in the wood. It is an amorphous, 

heterogeneous, polyphenolic and crosslinked polymer, with a complex structure. Lignin is a 

result of the radical polymerisation of the monolignols p-coumaryl, coniferyl and sinapyl 

alcohol. The monolignols occur with different compositions in different wood species. The 

middle lamella (ML) between the fibres has the highest lignin concentration in the tree, but 

most of the lignin is in the S2-layer of the fibre wall. Hardwood lignin contains both coniferyl 

and sinapyl alcohol, whereas softwood lignin consists almost exclusively of coniferyl alcohol. 

In hardwood, where there are different lignin components, there is a larger amount of 

coniferyl in the middle lamella, whereas the S2 has a lignin composition with more equal 

amounts of sinapyl and coniferyl alcohol (Fergus, Goring 1970; Sjöström et al. 1983; 

Christiernin et al. 2005).  
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This is probably the reason why hardwood lignin in the S2 layer is dissolved faster then the 

lignin in the ML. This effects the defibration point, i.e. when the fibres can easily be separated 

from each other (with only small amounts of shives), and appears at a lower kappa number in 

hardwood than in softwood (Hartler, Östberg 1959; Söderqvist-Lindblad and Olm 1992).  

 

 OH OH

OMe

OH

OH OH OH

MeO OMe

 
Figure 1 .The phenyl propanoid units are the building blocks in lignin. From left to right, p-

comaryl, coniferyl and sinapyl alcohol.  

 

The term extractives refers to the low molecular weight organic and inorganic extractable 

compounds in the wood. The organic extractives play an important role in the tree's 

metabolism, and certain extractives help to protect the tree from fungi and insects. In pulp and 

paper production, the extractives are often detrimental. Many of them are surface active, and 

this can lead to changes in the pulp properties, such as a decrease in the bonding strength 

between fibres. Examples of extractives often present in wood include fatty acids, resin acids 

and sterols. 

 

2.2 Kraft cooking 

C.F Dahl is usually credited with the development of the kraft process in 1879. He first 

substituted the make-up chemical, sodium carbonate, often used to replace the alkali 

consumed in the soda cooking, by sodium sulphate. In 1884, he obtained a patent for this 

process (Dahl 1884). It was found that the addition of sulphide (obtained in the recovery 

boiler from the sulphate) to the cook accelerated the delignification and gave a stronger pulp 

than the soda process. The active chemicals in the kraft process are hydroxide and hydrogen 

sulfide ions. Today, chemical pulping is the dominating pulping process and 95% of the 

chemical pulp in the world is produced by the kraft process.  
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Initially, kraft cooking was performed under batch conditions, so-called conventional kraft 

cooking. The chips were first treated with steam in the digester in order to facilitate 

penetration of the cooking chemicals. The cooking liquor was then added, consisting of a 

sufficient amount of white liquor, i.e. a mix of hydroxide and hydrogen sulfide ions for the 

whole pulping process, and hot black liquor from previous cooks to gain heat. The 

temperature was then increased to the desired cooking temperature, usually 170oC. After a 

completed cook, to the desired lignin content in the pulp, the digester was empted by blowing. 

Between 1938 and 1948, Richer and coworker developed a continuous cooking system called 

Kamyr cooking, which had several advantages over the batch process, the greatest being the 

more efficient heat recovery (Richer 1981). The main disadvantage with the continues 

cooking was initially the low pulp strength, which to some extent was improved with the cold 

blow system in 1957.  

 

The kraft cooking process remained more or less unchanged until the development of the 

modified kraft pulping process during the 1970’s and 1980’s. This was based on a co-

operation between The Royal Institute of Technology (KTH) and the Swedish Pulp and Paper 

Research Institute, STFI (Carnö, Hartler 1976; Hartler 1978; Nordén, Teder 1979; Teder, Olm 

1981). The principle for this “new” process was to divide the charge of the active chemicals 

during the cook to obtain a more constant concentration profile during the process. The results 

of the investigations that led to a more selective process are summarized in the four principles 

below. 

 

1. The alkali concentration should be constant during the cook. (Norden, Teder, 1979; 

Teder, Olm 1981; Sjöblom et al. 1983).  

 

2. The hydrogen sulfide ion concentration should be as high as possible at the beginning 

of the cook. (Teder, Olm 1981; Sjöblom et al. 1983).  

 

3. The concentrations of dissolved lignin (Norden, Teder, 1979; Sjöblom et al. 1983) and 

of sodium ions should be as low as possible, especially at the end of the cook (Teder, 

Olm 1981).  

 

4. The temperature should be kept low, especially at the beginning and at the end of the 

cook (Teder, Olm 1981) 
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Among other things, the development of modified kraft cooking made it possible to decrease 

the amount of lignin in the pulp after cooking with preserved viscosity. This meant a lower 

bleaching chemical consumption with retained pulp strength.  

 

The advantages of the kraft process have mainly been rationalised as the pulp strength, the 

process possibility to work with different wood species and other fibre sources, and a well 

developed chemical recovery system. However, the major disadvantages of the kraft process 

include the low pulp yield, the high consumption of bleaching chemicals to obtain a bright 

pulp and the formation of odorous gases. 

 

During kraft cooking, the lignin, which essentially glues the fibres together, is degraded by 

the active cooking species, the hydroxide and hydrogen sulphide ions. The degradation 

products are dissolved and the fibres are separated from each other. The de-polymerization of 

lignin in an alkaline process is mainly due to the cleavage of β-aryl ether linkages. The 

cleavage of the β-O-4 linkages is increased by reactions involving hydrogen sulphide ions, 

and this in turn increases the rate of delignification in the kraft cook. After degradation, the 

lignin is dissolved in the cooking liquor. Depending on the sodium hydroxide ion 

concentration and on other parameters affecting the solubility, the lignin can precipitate back 

onto the fibres. 

 

The delignification process during kraft cooking is known to be divided into three dominating 

phases in the production of pulp for bleached grades. These phases are known as the initial, 

bulk and residual delignification phases (Stone, Clayton 1960, Olm, Tistad 1979; Wilder, 

Daleki 1965; Kleinert 1966; LéMon Teder 1973). Mainly low molecular weight lignin 

dissolves during the initial phase. As the kraft cook continues, lignin fractions of higher 

molecular weight are dissolved (Gellerstedt et al. 1984; Söderhjelm 1986). According to the 

studies of Wilder and Daleski (1965), 23% of the lignin in the wood chip is removed during 

the first five minutes of pulping at 150oC; thereafter the delignification slows down 

remarkably. Most of the delignification process, accounting for about 70% of the lignin, 

occurs during the slower bulk phase. The residual phase, which is less selective towards lignin 

degradation, starts to dominate after about 90-95% delignification.  
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Initialfase

Bulkfase

Residualfase

Initial delignification

Bulk delignification

Residual delignification

 

 

Figure 2. The amount of lignin that reacts according to the initial (---), bulk (···) and residual 

phase (-·-·-) delignification. The solid line shows the sum of all the delignification phases. 

(Lindgren and Lindström 1996).  

 

The carbohydrate degradation is, however, better divided into two different phases (Lindgren 

1997) involving peeling, chain cleavage and dissolution of short carbohydrate chains. A 

significant part, 40-70% of the hemicelluloses in softwood mainly glucomannan is dissolved 

during the first phase (Aurell, Hartler 1965). The removal of glucomannan is independent of 

the alkali concentration while the degradation of xylan increases by 50% when the hydroxide 

concentration is increased from 1.0 to 1.5 mol/dm3 (Aurell 1963). The selectivity of the kraft 

cook, i.e. the carbohydrate yield at a given lignin content in the pulp, decreases when the slow 

residual phase delignification starts to dominate, since the carbohydrate degradation rate is the 

same as when the faster bulk delignification phase is dominating. 

 

2.3.1 Hexenuronic acid, HexA 

Clayton proposed in 1963 that under alkaline conditions β-elimination of methanol from 

methyl glucuronic acid leads to the formation of a double bond in the uronic acid in xylan 

(Clayton 1963). This theory was also supported by Johansson and Samuelsson (1977), but it 

was not until 1995 that 4-deoxy-β-L-threo-hex-4-enopyranosyluronic acid (hexenuronic acid, 

HexA) was detected in kraft pulps by Teleman et al. (1995).  
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HexA is formed during alkaline delignification from the uronic acid in the xylan and is there 

after degraded (Buchert et al. 1995). HexA contributes to the kappa number and therefore 

appears as “false lignin” in the pulp, together with other non-lignin structures (Li 1999). It 

also consumes bleaching chemicals. The most efficient way to degrade HexA in the pulp is to 

employ acidic bleaching stages such as hot acid , chlorine dioxide, ozone and peracetic acid 

stages (Vuoronen 1996; Bergnor-Gidner et al. 1998). A great problem with HexA is that it 

causes brightness reversion in the fully bleached pulp, especially after a TCF-sequence 

(Granström et al. 2001). Recent studies show that HexA is more important for brightness 

reversion than lignin and other non-lignin components (Sevastyanova 2006). Therefore it is of 

great importance to reduce the amount of HexA in fully bleached kraft pulp.  

 

2.3 Bleaching  

There are several reasons why pulp is bleached to a high brightness and high purity. Firstly a 

bright pulp is necessary for good contrast and printability for easy reading. Furthermore, 

bleaching of the pulp makes it more resistant towards aging. Chemically and biologically pure 

pulps are naturally also required in the production of hygiene products and packages for 

foodstuffs. 

 

Pulp bleaching has a controversial history in Sweden and indeed in the rest of the northern 

European countries. This is after the discovery of the chlorinated phenols and the subsequent 

media attention during the 1980’s regarding chlorine bleaching and the negative effect on the 

environment of polychlorinated organic substances and chlorinated dioxins. However, the 

bleaching plant is still the most serious environmental problem in pulp production. The 

effluent from bleaching cannot always be recovered in the same efficient way as the liquors 

from the kraft cooking and oxygen stage. The environmental debates had a very positive 

effect on the development of bleaching methods in the pulp mills and the amounts of harmful 

compounds in the effluent were reduced markedly.  

 

Today, bleaching to full ISO brightness (88-90%) is performed mainly in ECF- (Elemental 

chlorine free) processes, i.e. chlorine-dioxide-based bleaching, or TCF-sequences (Totally 

chlorine free). In Sweden, elementary chlorine is no longer used in bleaching sequences. On 
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other continents, however, bleaching with chlorine is still used. It is most certainly only a 

question of time until this will change, through a more rigorous environmental debate. 

 

Modern pulp digesters, producing fully bleached kraft pulp, are almost always integrated with 

an oxygen delignification stage (O-stage) which degrades lignin more selectively than the 

prolonged kraft cook. The oxygen stage reduces the lignin content in the pulp by 

approximately 50%-70%, from 2% to about 0.5% lignin on wood. Furthermore, it is common 

that pulp mills have two oxygen reactors in series to improve efficiency. 

 

The oxygen delignification is followed by several bleaching stages using mostly oxidative 

chemistry to obtain a fully bleached pulp. As previously mentioned, bleaching in Sweden is 

today most often divided into TCF and ECF bleaching. TCF bleaching was established during 

the 1990’s, and is performed without the addition of any elemental-chlorine-containing 

chemicals. The most common bleaching chemical in a TCF sequence is hydrogen peroxide 

(P) with the addition of oxygen (O) and together with a chelating stage (Q). TCF can also 

include other bleaching stages such as peracetic acid (T) and ozone (Z). Examples of 

industrial TCF bleaching sequences are, Q(EOP)Q(PO) and Q(OP)(TQ)(PO).  

 

ECF bleaching, is based on chlorine dioxide stages (D), and is performed under acidic 

conditions. ECF bleaching also has an alkaline extraction stage (E), often in combination with 

hydrogen peroxide (P), under oxygen pressure (O). One standard ECF sequence in a modern 

pulp mill is D(EOP)DD, but it can also be designed as an (OP)(ZE)D sequence. 

 

Apart from the cost of the raw material, the bleaching operation is the most expensive process 

in pulp production. By extending the kraft cook to a lower kappa number, it is possible to 

reduce the amount of bleaching chemicals required to reach a given brightness. However, a 

further lowering of the lignin content in the kraft cook may result in severe losses in pulp 

yield and pulp strength.  

 

In the future, we shall probably see shorter bleaching sequences, where the mills will be able 

to bleach with less bleaching equipment, i.e. a three-stage bleaching sequence. This will give 

the mills lower investment costs. The amount of bleaching chemicals to reach given 

brightness will probably be similar to the amount required today.  
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2.4 Kraft pulp yield  

A major disadvantage of the kraft pulping process is the low pulp yield, which obviously has 

a negative impact on the process economy. The low pulp yield generates a high amount of 

dissolved wood components, and this inflicts a high load on the recovery system, which often 

becomes the bottleneck in a pulp mill, restricting further production increases. The raw 

material is the largest variable cost in the pulp production, and it is hence important to focus 

research on improving the selectivity of the delignification process, to get “more from less”. 

Besides the lignin, a considerable amount of hemicelluloses are dissolved during the kraft 

cook. The yield of xylan in softwood and hardwood is highly dependent on the hydroxide ion 

concentration during pulping and has been reported to vary between 20 and 70% (Aurell 

1963). Most of the glucomannan, i.e. 70 to 80%, is dissolved already during the initial phase 

of the softwood kraft cook. The glucomannan yield can be increased by using cooking 

additives such as sodium borohydride, NaBH4 (Aurell, Hartler 1965).  

 

During the latter part of the kraft cook, hemicellulose in the form of xylan is adsorbed (or 

precipitated) back on to the fibres, whereas the glucomannan dissolved in the black liquor is 

not precipitated. This xylan adsorption is very important for the final pulp yield. According to 

Yllner and Enström (1957), the yield of softwood pulp increases from 45% to 47% as a result 

of the adsorption of xylan.  

 

If the the hydroxide ion concentration is decreased, more xylan will be able to adsorb onto the 

fibres (Aurell, Hartler 1965). In softwood kraft cooks, it is important to keep the hydroxide 

ion concentration above 6-8 g/dm3, i.e. 0.15-0.20 mol/dm3, since there is a risk that the lignin 

may precipitate if the hydroxide ion concentration is to low.  

 

When the pulp yield is increased, the load on the recovery boiler decreases. Currently, the 

recovery boiler is often the bottleneck in pulp production, and it is also at the same time the 

most expensive capital investment. By decreasing the load on the recovery boiler, increasing 

the pulp yield or removing the high molecular weight fraction of lignin for other purposes, it 

is nevertheless possible to further increase the production. 

 

 17



2.5 Chemical additives in kraft cooking 

Since a major disadvantage of the kraft process is the poor pulp yield, it has been an important 

challenge for scientists to find pulping additives that increase the pulp yield by 1) protecting 

the carbohydrates from degradation and 2) increasing the extent of lignin degradation without 

losing pulp strength. However, not all of the lignin activators tested have been successful. The 

most common disadvantage has often been that the additives are more expensive than the 

economic gain.  

 

Sodium borohydride, NaBH4, has a reducing effect on the carbohydrate end groups and makes 

them alkali-resistant (Hartler 1959). This gives an increase of 3 percentage points in the 

softwood pulp yield. It is mainly glucomannan that accounts for this yield increase. At the 

same time, the amount of xylan in the pulp decreases. This is probably due to a decrease in 

the xylan adsorption onto the fibers as a result of the higher amount of glucomannan. Sodium 

borohydride is today not used commercially, as it is too expensive.  

 

Polysulphide is another additive that has been examined by several researchers (Kleppe, 

Kringstad 1963; Teder 1968). The polysulphide has a positive effect both on the 

delignification rate (Lindström, Teder 1995) and on the carbohydrate stability, as it oxidises 

the carbohydrates, reducing the end groups to alkali-stable aldonic acid end groups (Teder 

1968). 

 

The positive effect of polysulphide on the delignification rate is evident at concentrations of 

0.02 mol/dm3 and higher (Berthold, Lindström 1997). Even though polysulphide is formed 

during the kraft cook, most of it rapidly decomposes at temperatures higher than 110oC. 

Without polysulphide addition, the concentration of polysulphide is lower than required to 

achieve the positive effect on the delignification rate (Gellerstedt 2003). Consequently, 

polysulphide has to be added to the cooking liquor. The drawback of polysulphide addition is 

that the amount of sulphur in the system is increased, and this disturbs the sodium-sulphur 

balance in the mill, thereby generating higher emissions to the atmosphere. 

 

The lignin activator currently in most use is anthraquinone (AQ), which increases the 

delignification rate in a soda cook and also to a smaller extent in a kraft cook (Holton 1977, 

Fleming et al. 1978; Löwendahl, Samuelsson 1978). AQ stabilises the carbohydrates by 
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oxidising their reducing end groups (Obst et al. 1979) and thereby protecting them against the 

peeling reactions which lead to a decrease in pulp yield. In this reaction, AQ is itself reduced 

to anthrahydroquinone (AHQ), which can cleave β-O-4 linkages in the lignin. 

 

Different reaction mechanisms have been suggested for the lignin degradation caused by 

AHQ. Both an ionic mechanism (Aminoff 1979; Obst et al. 1979; Gratzl 1980) and a radical 

mechanism (Dimmel, Schuller 1986) for the β-arylether cleavage have been reported. The AQ 

acts almost like a catalyst during the kraft cook, as about 20% of the AQ can be found in the 

black liquor after the kraft cook. AQ can be used in the soda-AQ process, but its main use 

today is as an additive in the kraft process, mainly in countries with high raw material costs 

such as Japan. A major disadvantage of the addition of AQ, apart from the price, is that the 

bleachability i.e. the amount of bleaching chemicals required to reach a given brightness for a 

given lignin content of the unbleached pulp, decreases when AQ is added to kraft or soda 

cooks (Håkansdotter, Olm 2002).  

 

2.6 Black liquor  

Black liquor is the name given to the spent cooking liquor from the kraft cooking process. It 

contains sodium hydrogen sulphide, hydroxide ions and dissolved wood components, mainly 

in an ionic form. The black liquor also contains minor amounts of organic and inorganic 

polysulfide (Bilberg, Landmark 1961). The composition of the black liquor can vary 

depending, for example, on the wood species or delignification rate.  

 

The dissolved wood components (DWC) in the black liquor, consists of lignin, degraded 

carbohydrates and extractives (resin and fatty acids/tall-oil), with lignin usually accounting 

for the major part of the polymeric material. Most of these dissolved lignin fractions are of a 

high molecular weight, i.e. having several aromatic rings linked together, although several 

hundred of low-molecular aromatics have been reported in black liquors, for example 

guaiacol, vanillin, vanillic acid (Sarkanen, Ludvig 1971; Neimelä 1990). 

 

Several attempts have been made to retrieve components from the black liquor. Currently, the 

lignin and degradation products from dissolved carbohydrates in the black liquor, are almost 

entirely utilized as bio-fuel in the recovery boiler. This provides most of the energy input 

needed in the mill. In Scandinavian countries, pulp mills sometimes sell the surplus energy to 
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a local energy concern. Since the recovery boiler is one of the most expensive constructions in 

the pulp mill, it is important to find ways to decrease the load on it. Tall oil and turpentine are 

the only current by-products that have a value besides bio-fuel in the kraft black liquor. 

Research is currently ongoing to find alternative uses for the lignin as well as for the degraded 

carbohydrates in the kraft black liquor. This can be anything from isolating a certain high-

energy fraction of the black liquor and burning it elsewhere to using a lignin fraction as a 

component in a biopolymer material.  

 

It has been known for a long time that the addition of industrial black liquor during the 

impregnation phase of the kraft cook has a positive effect on the energy economy (Fagerlund 

1981). Initially, this positive effect was assumed to come from the unconsumed, inorganic 

active cooking chemicals in the liquor, mainly the hydrogen sulphide ions. During the 1990’s, 

black liquor was added in the pre-treatment in industrial modified batch cooking (e.g. RDH 

and Super Batch) in two stages at two different temperatures (Mjöberg 1987, Hiljanen et al. 

1991) with positive effects. Studies have also been performed to better understand the 

influence on the delignification rate caused by addition of industrial- as well as laboratory 

produced black liquors, during the impregnations stage (Bäckström 1993). In the study by 

Bäckström, model substances were used to simulate different black liquor components, but no 

clear improvements on the selectivity were observed. 

 

However, results contradictory to the four principles of modified kraft cooking were recently 

obtained (Sjöblom 1996), where the dissolved organic substances have been shown to have a 

positive effect on the rate of delignification, not only in the impregnation phase. Blixt and 

Gustavsson (1997) showed that cooking with a low liquor-to-wood ratio (4:1, i.e. a higher 

lignin concentration in the cooking liquor during the bulk phase), increased the rate of bulk 

delignification by 20%, compared to cooks performed at a high liquor-to-wood ratio (75:1) 

without the addition of industrial black liquor. Therefore this findings has been further 

explored in the present work.  
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2.7 Objectives 

In any fundamental studies on kraft cooking, it is important to separate the effects from the 

different components in the liquor, since there are many components and many reactions 

going on simultaneously.  

 

In this work, the effects of the active chemicals, i.e. hydroxide ion and hydrogen sulphide ion 

concentration, as well as those of the DWC and the sodium ion concentration were carefully 

separated to understand the effect caused by the addition of DWC. 

 

The major objective of this work was to clarify how DWC affects kraft pulping. In order to 

reach a better understanding of the positive and negative impacts of the addition of DWC 

from industrial black liquor, the bulk and the residual phase of the kraft cook were studied 

separately, with respect to the delignification rate, pulp yield, defibration point, pulp 

bleachability, HexA formation and degradation.  

 

Another aim of this work was to study how different nano-fractionated permeates of different 

DWC size affect the delignification rate, and also whether certain components in the black 

liquor had a major effect on the rate of delignification.  
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3. Materials and methods 

3.1 Wood 

Pulps were produced from industrial Norway spruce (Picea abies) and Eucalyptus 

(Eucalyptus Urograndis). The wood chips were screened on a disc screen and the 2-8 mm 

fraction was used. Knots and bark were then removed by hand and the chips were dried to a 

dry content of about 92 %. 

3.2 Kraft cooking  

The cooking experiments for the unbleached brightness study were performed in autoclaves 

rotating in a heated poly-ethylene glycol (PEG) bath. The pulps used for the bleachability 

study were produced using a circulation laboratory digester of 20 dm3, with a circulation flow 

of 13 dm3/min, which ensured constant chemical conditions throughout the cook.  

 

All cooks were performed after 20 minutes evacuation and an impregnation time of 30 

minutes at 120oC with [OH-]=0.4 mol/dm3, [HS-]=0.2 mol/dm3, [Na+]=2 mol/dm3 and no 

addition of dissolved wood components at a liquor-to-wood ratio of 75:1.  

 

After cooling, the impregnation liquor was withdrawn to a liquor-to-wood ratio of about 2:1 

and replaced with new cooking liquor with a liquor-to-wood ratio of 75:1. The high liquor-to-

wood ratio was used to maintain the [OH-], [HS-], [Na+] concentrations and the concentration 

of dissolved wood components as constant as possible throughout the cook. The cooking time 

for all cooks was 240 minutes while the temperature was varied between 150°-170° to reach 

the desired kappa number. After cooking, the autoclaves were instantly cooled in water. The 

chips were washed overnight in deionized water and defibrated in a NAF-defibrator. 

3.3 Oxygen delignification and bleaching 

The oxygen delignification was carried out in tefloncoated steel autoclaves rotated in a heated 

poly-ethylene glycol (PEG) bath for 90 minutes at 100°C. The pulp was mixed with alkali (to 

reach a residual pH of about 10.5) and magnesium (0.5% as MgSO4) together with deionized 

water to reach a consistency of 12%. An oxygen pressure of 0.7 MPa was applied. 
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The pulps were bleached in the ECF-sequence D(EOP)DD. The D-stages were carried out in 

sealed polyethylene bags placed in water baths held at 65o, 70o and 70oC respectively. In the 

D0 stage, the active chlorine charge was 20 kg/Bone Dry tonne (BDt) pulp, in the D1-stage it 

was varied from 10 to 20 kg per BDt pulp, and in the D2 stage the charge was 5 kg per BDt 

pulp. The pulp consistency in the bleaching stages was 10%. 

 

The (EOP)-stage was performed in steel autoclaves rotated in a heated PEG bath for 70 

minutes at 90°C and pressurised to 0.5 MPa with oxygen. The pulp was mixed with 0.3% 

hydrogen peroxide, alkali (to reach a residual pH of about 10.5-11.0) and magnesium (0.2% 

as MgSO4).  

 

3.4 Kraft cooking liquors and black liquors 

The cooking liquors were prepared from technical grade Na2S, NaOH and NaCl. Two 

industrial kraft black liquors from Swedish kraft pulp mills were used for the nano-filtration 

experiments, one hardwood and one softwood black liquor. The kraft cooking conditions used 

in the mill for the production of the hardwood (birch) black liquor were 40% sulphidity, 18 % 

effective alkali (as NaOH) and a liquor-to-wood ratio of 3.7:1. The cook proceeded to kappa 

number 18. For the production of the softwood (mixture of Norway spruce and Scot’s pine) 

black liquor, the sulphidity was 40%, with 20% effective alkali (as NaOH) and a liquor-to-

wood ratio of 4:1, proceeding to kappa number 30. The black liquor was cooled and stored in 

sealed plastic containers at room temperature. The concentrations of [OH-], [HS-] and [Na+] 

were measured and corrected before addition to the cooking liquor.  

The Eucalyptus black liquor were performed in a laboratory kraft cook on Eucalyptus 

urograndis at a liquor-to-wood ratio of 4:1, an effective alkali concentration (EA) of 18% and 

35% sulphidity. The DWC concentration, measured as lignin concentration, was 60 g of 

lignin /dm3. 

 

3.5 Ultra and nano-filtration 

The industrial black liquor was filtered through ceramic membranes coated with ZrO2 

(manufactured by Orelis, France). Three different membranes with 1, 5 and 15 kDa cut offs 

and a filter area of 816 cm2 were used.  
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3.6 Lignin free black liquor  

A black liquor was first membrane-filtrated with a 1kDa filter. The pH in the permeate was 

reduced to 5 and the lignin that had precipitated was filtrated. The pH of this permeate was 

then further lowered to pH 2 and the lignin was again filltered. The retenate was allowed to 

stand overnight and then again filtered. The retenate was then run twice through a column 

with XAD 4 to remove the aromatic groups. Afterwards the retenate was run through an 

anionic and a cationic column to remove the cations and anions respectively.  

 

3.7 Analysis 

The residual alkali in the cooking liquors and in the black liquors was determined by titration 

to pH 10.7 with HCl after addition of BaCl2, (for precipitation of dissolved lignin and 

carbonate ions). The hydrogen sulphide ion concentration was determined by potentiometric 

titration with AgNO3 (Chiu, Paszner 1975) and the sodium ion concentration was measured by 

Atomic Absorption Spectroscopy. Viscosity and kappa number determinations were 

performed according to SCAN-test-methods C 1:00 and CM 15:99 respectively.  

 

The light absorption of the unbleached kraft pulp as well as of the fully bleached pulps was 

determined by measuring the reflectance of a single sheet at a wavelength of 457 nm over two 

different backgrounds (Rundlöf, Bristow 1997). To calculate the brightness of the fully 

bleached paper sheets, an estimated light scattering coefficient with a value of 40 m2/kg was 

used. 

 

In the D(EOP)DD bleaching sequence, only the chlorine dioxide consumption was 

considered. The results were presented as the consumption of active chlorine i.e. the chlorine 

dioxide was normalised with respect to the oxidizing ability of chlorine gas, calculated as 2.63 

kg active chlorine/ kg chlorine dioxide. 

 

The lignin concentrations in the black liquor and in the different permeates were determined 

by UV spectroscopy at 289 nm. On each lignin sample (black liquor as well as the permeates), 

the amount of phenolic hydroxyl groups per gram lignin was determined by a UV-

spectrophotometric method (Lin, Dence 1992; Gärtner et al. 1999). 
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4. Results and Discussion 

4.1  The effect of DWC on the delignification rate (Papers II, IV) 

4.1.1 The effect of DWC on the delignification rate during softwood kraft 

cooking 

The laboratory cooking technique called “constant composition” cooking i.e. a high liquor-to-

wood ratio of 75:1, ensures an almost constant chemical concentration throughout the kraft 

cook. This type of cook is also characterised by a low amount of dissolved wood components 

(DWC) in the cooking liquor during the entire cooking procedure. The effects of different 

active cooking chemicals or other additives can thereby be carefully investigated separately. 

 

In order to investigate the effect of DWC on kraft pulping, industrial softwood black liquor 

was added to laboratory kraft cooks and the results were compared with these of a reference 

cook with the same inorganic composition. Figure 3 shows how the addition of DWC in the 

cooking liquor affected the delignification rate. The addition of 25 volume percent DWC to 

the cooking liquor, which in this experiment corresponded to 20 g of lignin/dm3 measured as 

UV-absorbance at 289 nm, gave a kappa number of 26 at a H-factor of 2000, compared to a 

kappa number of 34.5 for the reference without DWC addition. 
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Figure 3. The kappa number achieved when cooking to an H-factor of 2000 with different 
amounts of softwood DWC with a liquor-to-wood ratio of 75:1 and otherwise identical 
conditions. ([OH-] = 0.4 mol/ dm3, [HS-] = 0.2 mol/ dm3 and [Na+] = 2.0 mol/ dm3). The 
reference was cooked without addition of DWC.  
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Figure 3 also shows that an increase in DWC concentration to 40 or 75 g of lignin/dm3 in the 

cooking liquor affected the delignification rate only slightly, decreasing the kappa number to 

24.5. These results indicate that almost a maximum improvement in the delignification, by 

close to ten kappa units, was reached when adding 20 g of lignin/dm3. 

 

In these experiments, the hydroxide ion concentration was the same in cooking liquors with 

and without added black liquor at room temperature. However, if the temperature is increased, 

the alkalinity i.e. sodium hydroxide concentration, in the cooking liquor with DWC addition 

increases since the acid-base equilibrium is temperature-dependent (Gustavsson, Teder 1969; 

Sjöblom, Söderqvist Lindblad 1990). 

 

That the effect on delignification rate is caused not only by a shift in the acid-base equilibrium 

is shown in Figure 3, where almost the maximum positive effect of the addition of DWC was 

observed already when 20 g of lignin/dm3 was added to the cooking liquor. Only a minor 

increase in the delignification was observed when 40 or 75 g of lignin/dm3 was added to the 

cooking liquor. Figure 3 show results when the bulk delignification is still dominating. 

 

4.1.2 Softwood black liquors from varios pulp mills vs. laboratory-produced 

black liquors  

A comparison ofthe delignification rates of kraft cooks incorporative industrial black liquors 

from different pulp mills, shows that they have different effect. The variation in the increase 

in delignification rate was up to 30%. One reason could be that the concentrations of the 

different wood components in the liquors vary. However, there are components such as 

mercaptans that appear in very low concentrations at an early part of the kraft cook. The 

mercaptan concentration increase as the cook is prolonged, Figure 4 (Unpublished results by 

Teder and Tormund 1983). It can be hypothesised that a longer retention time of the cooking 

liquor in the process, increases the production and thereby the concentrations of certain 

components in the black liquor. 
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This could be one reason for the varying delignification effect observed when using different 

industrial cooking liquors, and its studied further chapter 4.6.3. 

 

 

 

Figure 4. The concentration variation of methyl mercaptan, (MM), and dimethyl sulphide, 

(DMS), in a laboratory softwood kraft cook at a liquor-to-wood ration of 4:1. Unpublished 

results 1983, with permission from Teder and Tormund. 

 

To investigate whether black liquors taken after different cooking times affect the 

delignification rate to different extents, black liquor was extracted from a laboratory-

circulation digester after cooking to H-factors ranging from 2 to 2000. Figure 5 shows that 

when the different laboratory-produced black liquors were added to a series of kraft cooks, the 

increases in delignification rate were very similar. Interestingly, it can be noted that the black 

liquor taken after cooking to only 2 H-factor units had the same delignification effect as black 

liquor from cooks with a longer cooking time. It is also noteworthy that the laboratory- 

produced black liquors had a lower delignification effect than the industrial black liquors. The 

reduction in kappa number was around 4-5 kappa number units when adding laboratory-

produced black liquor compared to 8-10 kappa number units when using industrial black 

liquor. 

 

 27



10

20

30

40

1 2 3 4 5

Kappa number

H-factors
Ref 1000 20005002

 

Figure 5. Kraft cooks performed with the addition of black liquor taken from a conventional 

kraft cook with a liquor to wood ratio of 4:1, after different H-factors. Sample 2 H-factors 

contained less then 10 g of lignin/dm3. Samples 500, 1000 and 2000 contained approx. 16 g of 

lignin/ dm3 each. The reference had no addition of DWC. The [OH-] = 0.4 mol/ dm3, [HS-] = 

0.2 mol/ dm3 and [Na+] = 2.0 mol/ dm3) in all samples. 

 

From an industrial viewpoint it is of interest to know whether this effect can be seen under 

more industry-like conditions, i.e., at a liquor-to-wood ratio of 4:1. It could be assumed that in 

such a case, there is DWC in the cooking liquor at a very early stage and that these dissolved 

components should have a positive effect similar to that of the 2-H factor liquor. When using 

a liquor-to-wood ratio of 4:1 in a conventional kraft cook (effective alkali 18%, sulphidity 

35%), the result shows that the addition of DWC to the cooking liquor increases the 

delignification rate with 5-7 kappa numbers at a given H-factor. This effect was observed for 

softwood as well as hardwood. However, the following experiments in this thesis were 

performed with liquor-to-wood ratio of 75:1. 

4.1.3 Addition of hardwood DWC to the softwood kraft cook 

Compared with softwood, the lignin in hardwood is more diverse as it contains both coniferyl 

and sinapyl alcohol groups. DWC from a birch kraft cook was therefore added to a softwood 

cook in order to see whether this had a different effect on the delignification rate. The addition 

of 50 volume percent (35 g lignin/dm3) of DWC resulted in a pulp with kappa number 25, 

compared to the reference with kappa number 34. As shown in Figure 3, the addition of same 

amount of softwood DWC gave a pulp with kappa number 25. It can be concluded that the 

effect of DWC on softwood kraft cooking is the same, whether softwood or hardwood DWC 

is used. 
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4.1.4 The effect of DWC on the delignification rate during hardwood kraft 

cooking  

 

A series of kraft cooks of eucalyptus were carried out with the addition of laboratory-

produced eucalyptus black liquor. All the experiments on eucalyptus were performed in a 

manner similar to that used in the cooks with softwood. As in the case of softwood kraft 

cooking, DWC addition had a positive effect on the degree of delignification, Figure 6. 

However, the effect levelled out at a somewhat higher DWC concentration. The explanation 

of why the full effect on the delignification appears at a higher DWC concentration is 

probably that the industrial black liquor used in the softwood experiments had a different 

composition. The absolute effect, in kappa numbers, is higher in the eucalyptus than in the 

softwood case. One reason could be the difference in lignin composition between hardwood 

and softwood, or/and the shorter delignification time.  
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Figure 6. The kappa number reached at an H-factor of 300 for cooks performed with different 

amounts of eucalyptus DWC under otherwise identical conditions ([OH-]=0.4, [HS-]=0.2 and 

[Na+]=2.0 mol/l).  
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4.2 The influence of DWC on the delignification kinetics (Papers II, IV) 

4.2.1 Softwood kraft pulps 

The overall delignification in kraft pulping has been presented as the sum of three parallel on-

going reactions, the initial, bulk and residual delignification phases ( Lindgren, Lindström 

1996). To better understand the positive effect of DWC addition on the delignification, it is 

important to obtain a clearer view of when during the kraft cook, this positive effect occurs. 

 

In a kinetic study, the effects during different parts of the cook can be more thoroughly 

investigated. Figure 7 illustrates a kinetic study that shows the percentage lignin concentration 

in wood on a logarithmic scale, versus the H-factor.  
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Figure 7. A comparison of the delignification kinetics for pulping in a pure white liquor 
system (WL) with no addition of DWC, compared to pulping with addition of DWC (BL). The 
DWC addition in BL samples were 20 g of lignin/dm3. The amount of lignin reacting 
according to bulk (···) and residual (-·-·-) delignification, the solid line is the sum of the bulk 
and residual lignin. 
 

 

DWC addition increased the delignification rate in that part of the kraft cook where the bulk 

phase delignification is dominating, The results in Figure 7 show that, in kraft cooks with a 

liquor-to-wood ratio of 75:1, it is possible to reach kappa number 30 with an addition of DWC 

corresponding to 22 g of lignin per dm3, at a 20% less H-factors than in a cook where no 
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DWC has been added. However, when the residual phase is dominating, the opposite occurs, 

i.e. addition of DWC gives a decrease in delignification rate by about 30%. This is in 

accordance with previously reported results (Blixt, Gustavsson, 2000).  

 

Studies on softwood kraft pulp selectivity (Bäckström 1993) showed an increase in selectivity 

when industrial black liquor was added to the impregnation stage. However, this could only 

be observed on cooks performed to kappa numbers higher than 24, while the effect was the 

opposite if the delignification was extended further. Even if the selectivity does not correlate 

directly with the delignification rate, these results may be similarly interpreted. Bäckström´s 

results indicate that the addition of industrial black liquor has a positive effect on the 

delignification rate during the kraft cook before the residual phase starts to dominate.  

 

It was suggested by Sjöblom (1996) that the positive effect of the addition of DWC on the 

delignification rate originates from polysulphide formed during the cook. Besides 

carbohydrate stabilization, it is known that polysulphide also increases the delignification rate 

(Lindström, Teder 1995). It acts as an oxidant and accelerates the cleavage of ether linkages 

in the lignin (Brunow, Miksche 1976), while introducing carboxylic acid groups (Bertholt, 

Lindström 1997). However, the positive effect on the delignification does not occur when the 

polysulphide concentration is lower then 0.02 mol/dm3 (Berthold, Lindström 1997). 

According to Gellerstedt (2003), the concentration of polysulfide in industrial black liquor is 

below this critical amount, when no polysulphide or elemental sulfur has been added. It is 

therefore assumed that the polysulphide does not significantly contribute to the increase in 

delignification rate. However, it can not be neglected that the methylmercaptan-polysulphide 

complexes (shown in Figure 4) have a positive impact on the delignification rate. Another 

explanation has been put forward by Blixt and Gustavsson (2000). They suggested that one 

reason for the increase in delignification during the bulk phase on addition of DWC could be 

that the lignin acts as a nucleophile, degrading the lignin and therefore making it more 

soluble. However, Sjöblom (1996) suggested that condensation reactions between the 

dissolved lignin and the wood residue during the residual phase are the main reasons for the 

slow delignification rate.  

 

The present results show that the black liquor has a positive effect on the delignification rate 

when the bulk phase is dominating. The negative effect of dissolved lignin in the residual 

phase, may not affect the modern industrial kraft cook to any great extent, since most mills 
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producing softwood kraft pulps now terminate the kraft cook before the residual phase starts 

to dominate. 

 

4.2.2 Eucalyptus kraft pulp. 

A kinetic study was performed with Eucalyptus urograndis, where an even clearer effect of 

the addition of DWC could be seen, than with softwood, Figure 8. The positive effect to reach 

a given kappa number during the bulk phase is much more obvious. The delignification rate is 

up to 60% faster when DWC is added to the cooking liquor. Whether there is a positive effect 

from DWC during the initial phase is difficult to see, since the lignin in the initial stage 

dissolves very easily (Wilder, Dalski 1963; Olm, Tistad 1979; Lindgren, Lindström 1997). 

 

 

Figure 8. The delignification kinetics for pulping in a pure white liquor system (White liquor) 

with no addition of DWC and for pulping with the addition of DWC (50% Black liquor) 

corresponding to 32 g of lignin/dm3. Other cooking conditions were as in Figure 6. 

10

100

0 200 400 600 800 1000 1200 1400
H-factor

K
ap

pa
 n

um
be

r

White liquor

50% Black liquor

H-factor
0 400 800          1200      

K
ap

p
a 

n
u
m

b
er

100

50

20

10

Ref
DWC

 

It is evident that in the very slow residual phase the delignification almost comes to a 

complete stop. When we subtract the effect of hexenuronic acid, only a degradation of 

carbohydrates can be observed. However, condensation reactions between the dissolved lignin 

and fiber lignin or carbohydrates have been suggested as possible mechanism for the negative 

delignification effect (Gierer et al. 1976). Figure 9 show the delignification during the later 

part of the cook for series with the addition of DWC corrected for the contribution of HexA.  
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Figure 9. The kappa number and the kappa number corrected for the contribution of HexA 

(kappa**) for a series of eucalyptus kraft cooks performed at a liquor-to-wood ratio of 75:1 

with the addition of DWC (32 g of lignin/dm3). 

 

4.3  Lignin composition of different softwood cooking liquors and 
effects on the delignification 

As has been shown in chapter 4.1, Figure 5, conventional kraft cooking at a liquor-to-wood 

ratio of 4:1 were terminated after 2-2000 H factors to investigate how the addition of the 

different cooking liquors would affect the delignification rate. The results show that the 

different cooking liquors had a similar positive effect on the delignification. A SEC-analysis 

was performed to determine the size distributions in the different liquors (Figure 10).  

 

As indicated by reports of Gellerstedt et al. (1984) and Söderhjelm (1986), the cooking liquor 

taken out after 2 H-factors had the highest concentration of low molecule weight components, 

Figure 10. The molecular distributions of material in the 500 and 2000 H-factor liquors were 

similar except that the 2000 H-factor liquor had a slightly smaller amount of the high 

molecular fraction. This could be due to a degradation of the dissolved lignin in the black 

liquor.  
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Figure 10. Molecular weight distributions of lignin precipitated from different cooking 

liquors terminated after 2, 500 and 2000 H-factors respectively. The concentration in all the 

samples were approx. 1 mg/ml .  

 

4.4 Nano- and ultrafiltration (Paper I) 

Figure 5 shows that when added to a cook, cooking liquors taken out after different H-factors, 

have similar positive effects on the delignification rate. Since the cooking liquor taken out 

after 2 H-factors has a higher concentration of low molecular components and the total lignin 

concentration is low (compared with the 2000 H-factor liquor), this may imply that smaller 

dissolved wood molecules, i.e. DWC including lignin molecules with a low molecular weight, 

have a greater positive effect on the delignification rate than the DWC with a higher 

molecular weight.  

 

As mentioned in the introduction, black liquor from the softwood kraft cook has a complex 

composition. By carrying out filtration using ceramic membranes, a separation of the DWC 

into permeates of different, well-defined, molecular weight fractions is possible.  

The different membranes used in this study had cut offs of 1, 5 and 15 kDa, where the 1 kDa 

permeate corresponds to a molecular size of lignin not larger than a few aromatic rings. The 

lignin concentration in the original softwood black liquor, as well as its different permeate 

fractions, are presented in Table 2, which also shows the phenolic content in the different 

fractions.  
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The data in this table show that the lignin and phenolic contents in the permeates differed, 

which implies that the fractions can be used for different applications. 

 

Table 2. The contents of phenolic hydroxyl groups (calculated per phenylpropane group) in 
softwood black liquor and in the permeates. 
 

 Permeate cut off 

( kDa) 

Lignin conc. 

(g/dm3) 

Phenols 

(mmol/g) 

Phenols per C9 unit 

(%) 

None 78.6 1.89 34.1 

1 25.2 3.27 58.8 

5 28.5 2.44 43.9 

15 33.8 2.18 39.3 

 

 

 

 

 

 

 

 

4.5 Kraft cooks with the addition of ultra- and nano-filtrated softwood 
black liquor (Paper III) 

A series of cooks were performed where different permeates of membrane-filtered black 

liquor with cut offs of 15, 5 and 1 kDa were added to the cooking liquor, with otherwise 

identical cooking conditions, as shown in Figure 3. Kraft cooks were also performed with and 

without the original black liquor as references. This was done to study how the increase in 

delignification rate caused by DWC was dependent on the components of low or high 

molecular weight. A lignin concentration of 7.9 g/dm3 was used for the cooks with the 

addition of the different permeates and original black liquor. This corresponds to 10 volume 

percent of the cooking liquor in the reference cook with the addition of the original softwood 

black liquor (DWC in Figure 11). This concentration was chosen since, as previously shown, 

a maximum effect was reached by adding 25 volume percent DWC i.e. 20 g of lignin/dm3 to 

the cooking liquor in the cook, (Figure 3). A concentration corresponding to a part of the 

maximum effect was therefore considered suitable. Table 2 shows that the lignin 

concentration decreased with decreasing permeate size. The lignin concentration in the 

original DWC was almost three times as high as the concentration in the 1 kDa fraction, 79 g 

compared to 28 g of lignin/dm3. This meant that almost three times as much 1 kDa 
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fractionated liquor was required to achieve the same lignin concentration as in the reference, 

with the addition of the original black liquor. 

 

Figure 11 shows that a permeate fraction from a smaller cut-off gave a better delignification, 

which may imply that smaller molecules are responsible for the greater delignification rate. 

However, the smaller fractions had a larger amount of phenolic groups at the same lignin 

concentration, (Table 2). 
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Figure 11. The kappa number reached at H-factor = 2000 for a reference cook (Ref), cook 

with addition of original softwood black liquor (DWC) and filtrated black liquor permeates 

from using different membranes (15kDa, 5 kDa and 1 kDa). All cooks except the WL had a 

lignin concentration of 8 g of lignin/dm3. The concentrations of the active cooking chemicals 

were [OH-]= 0.4 mol/dm3, [HS-]=0.2 mol/dm3, and the [Na+]=2.0 mol/dm3. 

 

 

Figure 12 compares cooks with the addition of the different permeate fractions with the same 

concentration of phenolic groups. The delignification rates for the samples with permeate 

addition were more similar. 
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Figure 12. The kappa number reached at H-factor = 2000 for a reference cook (Ref), cooks 
with addition of original black liquor (DWC) and filtrated black liquor permeates using 
membranes with different cut offs (15 kDa, 5 kDa and 1 kDa). All cooks, except the WL, had a 
phenolic groups concentration of 14.7 mmol/dm3. The concentrations of the active cooking 
chemicals were [OH-]= 0.4 mol/dm3,  [HS-]=0.2 mol/dm3, and the [Na+]=2.0 mol/dm3. 
 

These results lead to the conclusion that the phenolic groups certainly have a positive effect 

on the delignification rate.  

 

4.6 Kraft cooks with different model components (Papers III, IV) 

To verify whether the increased delignification is caused by low molecular weight phenols in 

the softwood kraft cook, kraft cooks were carried out with the addition of different model 

lignin compounds. Model substances are not similar to native lignin, but they may give an 

indication of whether the components have a positive or negative effect on the delignification 

rate.  

 

Beside lignin, the DWC in the black liquor contains a great number of components such as 

pectin, extractives and degraded carbohydrates. Neimelä (1990) reported over 350 different 

structures observed in an industrial kraft black liquor. To investigate whether the degraded 

carbohydrates in the DWC affect the delignification rate, different mono- and disaccharides 

were added to the cooking liquors. Pectin was added as citrus pectin.  
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4.6.1 Addition of phenolic model components to the kraft cook 

To simulate the monolignol coniferyl alcohol, which is present in the softwood black liquor, 

4-hydroxy-3-methoxybenzyl alcohol (vanillyl alcohol) was chosen (Figure 13). 

 

 

OH

OH

OMe

 

Figure 13. The model lignin component 4-hydroxy-3-methoxybenzyl alcohol (Vanillyl 
alcohol) was added to the kraft cook to simulate the effect of phenolic groups in the DWC.  
 

 

Different amounts of vanillyl alcohol were added to kraft cooks performed under otherwise 

identical conditions (except for the compensation of the alkali consumption due to the 

ionisation of the hydroxyl groups), and the results are shown in Figure 14. The model lignin 

compounds increased the rate of delignification. The greatest effect on the delignification rate 

was observed when about 1.5 g of phenol/dm3, i.e. 12 mmol phenol/dm3 of vanillyl alcohol 

was added. When the phenol concentration was increased to 15 g of phenol/dm3 i.e. 120 

mmol phenol/dm3, no further effect on the delignification rate was seen since the measured 

curve levels out. This effect is similar to that of the addition of different amounts of DWC 

(Figure 3), with a maximum effect observed at a certain lignin concentration.  
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Figure 14. The kappa number reached at H-factor = 2000 for cooks with the addition of 0-15 
g of phenol/dm3 , i.e., 0-120 mmol of phenol/dm3, of 4-hydroxy-3-methoxybenzyl alcohol 
(vanillyl alcohol). The concentrations of other cooking chemicals were constant, [OH-]= 0.4 
mol/dm3, [HS-]=0.2 mol/dm3, [Na+]=2.0 mol/dm3. 
 

 

This study shows that the addition of DWC as well as of phenolic groups increases the 

delignification rate when the bulk phase is dominating the kraft cook. It is, however, unclear 

where there is one or several reactions that are linked to the faster delignification rate.  

Positive effects on the delignification rate have been seen with the addition of other model 

compounds of monophenolic groups, such as 3-hydroxy-4-methoxy benzaldehyde, 

syringaldehyde and 2,6-dimethoxyphenol. This is shown in Table 3. 

 

Table 3. The effect of model components on delignification. All cooks were performed on 
softwood to a H-factor of 2000.  
 

Added Chemical Amount of 
added chemical 
mmol/dm3

Residual
[OH-] 
mol/dm3

Residual 
[HS-] 
mol/dm3

Kappa 
number 

White liquor - 0.36 0.18 30.6 
Vanillyl alcohol 12 0.36 0.18 27.7 
Syringyl alcohol 12 0.36 0.18 27.4 
3-hydroxy-4-methoxy 
bensaldehyde 

12 0.36 0.18 28.5 

Syringaldehyde 12 0.36 0.18 28.9 
2,6 dimetoxyphenol 12 0.36 0.18 28.1 
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4.6.2 Non-phenolic lignin 

To see whether it was the phenolic group or just a small molecule with an aromatic group that 

was responsible for the increased delignification, a benzyl alcohol with no free phenolic 

group, i.e a blocked phenolic group, was added to the kraft cook. 

 
 

OH

OMe
OMe

 

Figure 15. The benzyl alcohol, 3-4 dimetoxybenzyl alcohol.  

 

No significant increase in delignification was noticed when it was added to the hardwood 

kraft that was terminated at an H-factor of 370. When the softwood kraft cook was continued 

to an H-factor of 2000, a slight increase in delignification of two kappa units was observed. 

To better understand the effect of the methylated phenolic group, a softwood kraft cook was 

terminated at an H-factor of 380. At this rather high lignin content (kappa number approx. 

90), only smaller difference in kappa number could be observed. An explanation of this could 

be that metylmercaptan is formed late during the cook, as indicated in Figure 4. Therefore the 

concentration received reacted at an H-factors of 380 is rather low and no effect on the 

delignification will be observed.  

 

4.6.3 The effect of the mercaptan ion on the delignification 

There is a certain amount of methyl mercaptan in the black liquor even though the 

concentration is rather low, (Figure 4). Since the mercaptan ion is more nucleophilic than 

either hydrogen sulphide or hydroxide ions, it could have a positive effect on the 

delignification rate.  

 

Earlier unpublished data by Teder and Tormund show that a small addition of mercaptan (3 

mmol/dm3) did not lead to an increase in delignification rate but when 20 mmol /dm3 cooking 
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liquor was added, an increased delignification of 8 kappa units was observed. This effect is 

nevertheless most certainly not the same as that which can be observed when the 2 H-factor 

black liquor is added to the kraft cook, since no mercaptan was formed after this short kraft 

cook, Figure 4. 

 

The formation of mercaptide ions in the kraft cook is not very fast (Figure 4). When the black 

liquor in an industrial system is re-circulated, the concentrations of mercaptan and mercaptan-

bonded to polysulphide probably increase. This could be a reason why an addition of 

industrial softwood black liquor increases the delignification rate to a greater extent than the 

addition of laboratory black liquor. 

To see whether an increase in methyl mercaptan would have a positive affect on the 

delignification rate, syringyl alcohol was added to the cooking liquor. The syringyl alcohol 

increases the mercaptan concentration in the cooking liquor more than vanillyl alcohol. As 

shown in Table 3, no difference in delignification rate could be seen when the effects of 

vanillyl and syringyl alcohol was compared. The delignification rate was nevertheless 

increased compared with the reference for both softwood and hardwood.  

 

4.6.4 Surface active chemicals 

The colloidal stability of the kraft lignin has been studied by Norgren and Edlund (1996). 

They found that samples with various alkyl sulphonates showed a comparatively low colloidal 

stability. The addition of surface-active chemicals, in the form of a sodium salt of bile acid, 

increased the solubility of the lignin at pH 10.5.  

 

Surfactants were added to a conventional softwood kraft cook with a liquor to wood ratio of 

4:1. They had a slightly positive effect on the delignification rate, reducing the kappa number 

from 26 for the reference pulp to 25 with surfactant addition. In the constant composition 

cooks with a high liquor-to-wood ratio, i.e. a low amount of dissolved wood components in 

the cooking liquor, the addition of bile acid had a greater affect on the delignification rate. 

The kappa number was reduced from 34 for the reference to 30. One possible explanation 

could be that the surfactant increases the solubility of the lignin in the black liquor, assuming 

that the lignin solubility in the cooking liquor is a limiting factor for the delignification. 
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Figure 16. The molecular structure of the bile acid sodium salt deoxycholate. 

 

Another proposed effect of surfactants is that they help to dissolve the extractives in wood. To 

clarify this, wood was extracted with acetone prior to cooking, in order to remove the 

extractives. Addition of the surfactant to the cooking liquor still had the same positive effect 

on the delignification rate, thus ruling out the explanation of dissolution of extractives as 

being the major effect of the delignification increase. 

 

On the other hand, the greater delignification effect in the high liquor-to-wood ratio cooks 

leads to the conclusion that there may be components in the black liquor that have a similar 

effect on the delignification. These may be in such a high concentration in the black liquor 

that the extra addition has only a small visible effect on the delignification rate in the 

conventional kraft cook. 

 

Wood components that the surfactant could be simulated by include tall oil or fatty acids. A 

mixture of fatty acids (Arizona Chemical, Bevacid 2, 98% Fatty acids) was added to a high 

liquor-to-wood kraft cook, to see if they had any effect on the delignification rate. No 

significant effect was observed. 
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Table 4. The effect of model components on the delignification. All cooks were performed 

with a concentration of 1g of additive /dm3 at a liquor-to-wood ratio of 75:1. 

 

 
Softwood 

Kappa 
number 

Residual 
[OH-] 
mol/dm3

Residual 
[HS-] 
mol/dm3

H-factor 

Reference 34.2 0.36 0.18 1800 
Bile acid  29.9 0.36 0.18 1800 
Vanillyl alcohol 28.9 0.35 0.18 1800 
Bile acid + vanilly alc.  28.1 0.36 0.18 1800 
 
Hardwood 
 

    

Reference 30.9 0.32 0.19 370 
Bile acid 28.7 0.31 0.18 370 
Fatty acid    30.0 0.32 0.20 370 

 

 

An experiment was performed where the surface-active bile acid and a phenolic monolignol 

were added concurrently. The positive effects were not additive. Instead the results showed a 

similar increase in delignification as when each component was added separatly. This could 

indicate that the bile acid and the phenolic group have a similar effect on the delignification. 

 

4.7 The effect of degraded carbohydrates on the delignification rate  

The DWC in the black liquor contains not only dissolved lignin, but also to large extent 

different degraded carbohydrates. To see whether these influence the delignification, 

industrial black liquor was treated (as explained below) to reduce the amount of lignin. When 

these treated liquors with reduced lignin content were added to the kraft cook, a large effect 

on delignification could still be seen in some cases (Table 5), which may imply that some of 

the “non lignin” components have a positive effect on the delignification rate.  

 

Three different lignin-free black liquors were obtained: 

Step 1. An industrial softwood black liquor was first membrane filtered with a 1kDa 

membrane, the pH in the permeate was then reduced to pH 5 and the lignin that had been 

precipitated was filtered off. (This liquor is in the following called pH 5 liquor). 
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Step 2. The pH of this permeate was then further lowered to pH 2 and the solution was 

filtered. The retenate was left to stand standing overnight and then again filtered (pH 2 

liquor).  

Step 3. The retenate was then run twice through a column with XAD 4 to remove the aromatic 

groups. Afterwards the retenate was run through an anionic and a cationic column to remove 

caions and anions. This lignin-free black liquor was colourless. A carbohydrate analysis 

indicated that the liquor contained carbohydrates, (Lignin-free black liquor).  

 

When pH 5 liquor and pH 2 liquor where added to the kraft cook, (Table 5) a significant 

increase in delignification was observed. The Lignin-free black liquor on the other hand did 

not lead to any change in delignification rate compared to the reference cook. The 

carbohydrate concentration in the Lignin-free black liquor fraction was low, which may have 

effected the results. 

 

However, the pH 5 and pH 2 black liquors, with a reduced amount of lignin did most certainly 

contain a mix of lignin-carbohydrate-complex fragments not precipitated during the acidic 

treatment, as well as carboxylic acids and other water-soluble carbohydrates. The lignin 

fragments (in ph 5 liquor and pH 2 liquor) were detected but not quantified with FT-IR.  

 

To see the influence of the dissolved carbohydrates alone, model components simulating 

cellulose, hemicellulose and pectin were added to the kraft cook. These components where 

treated to replicate the conditions of a kraft cook. Addition of these model compounds did not, 

however, lead to any influence on the delignification rate. 
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Table 5. The effect of added pretreated black liquors and model components on 

delignification. All hardwood cooks were delignified to an H-factor of 370 and softwood 

cooks to an H-factor of 1800. 

 

 
Softwood 
 

Amount of 
added liqour 
[vol-%] 

Residual
[OH-] 
mol/dm3

Residual 
[HS-] 
mol/dm3

Kappa 
number 

Reference - 0.34 0.19 31.4 
pH 5 liquor  50 0.29 0.19 23.0 
pH 2 liquor 50 0.27 0.19 25.4 
Lignin free black liquor 50 0.31 0.18 32.2 
 
Softwood 

Amount of 
added chemical 
[g/dm3] 

Residual
[OH-] 
mol/dm3

Residual 
[HS-] 
mol/dm3

Kappa 
number 

White liquor  - 0.36 0.18 30.6 
Pectin (as Citrus pectin) 3 0.35 0.19 30.8 
Hemicellulose  1 0.34 0.19 31.2 
Cellulose  2 0.34 0.19 30.8 
Xylose 2 0.33 0.18 31.6 
Rhamnose 2 0.33 0.18 31.8 
Cellobiose 2 0.34 0.18 30.9 
 
Hardwood 
 

Amount of 
added chemical 
[mol/dm3] 

Residual
[OH-] 
mol/dm3

Residual 
[HS-] 
mol/dm3

Kappa 
number 

Reference - 0.33 0.19 29.2 
Rhamnose 12 0.31 0.19 27.8 
Sucrose 12 0.30 0.19 26.9 
Cellobiose 12 0.32 0.19 29.5 

 
 
In another set of experiments, different mono- and disaccharides were added to the cooking 

liquor to further investigate the positive interaction of dissolved carbohydrates on the 

delignification rate. 

In softwood as well as hardwood kraft cooks cellobiose, xylose and rhamnose did not have 

any effect on the delignification rate, whereas sucrose enhanced the delignification, 

decreasing the kappa number by almost 2 units when added it to a hardwood kraft cook. 

These results suggest that dissolved carbohydrates in black liquor have a very small or no 

effect on the delignification rate. 
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4.8 Sulphur-free DWC liquors  

As has already been commented on the introduction, the positive effect of the black liquor 

addition was at an early stage assumed to be due to the unconsumed inorganic cooking 

chemicals and in particular the hydrogen sulfide ions. It has also been suggested that the 

added lignin may increase the absorption of sulphur by the wood and that this may have a 

positive effect on the delignification rate (Sjöblom 1996).  

 

Sulphur-free softwood black liquors were therefore obtained from a soda cook at H-factors of 

2, 400 and 2000 and added to the kraft cooking liquor. These sulfur-free cooking liquors had a 

significantly positive effect on the delignification rate with an increase in delignification up to 

7 kappa units (29 vs. 22, at an H-factor of 1800). These results indicate that it is the sulphur-

free DWC that has a positive effect on the delignification rate and that it is not only “hidden 

sulfur” in the DWC, which was a common belief when the positive black liquor effect was 

first discovered.  

 

4.9 The impact of the cooking temperature and active cooking 
chemicals on the DWC delignification effect (Paper III) 

Whether it is the concentration of active cooking chemicals, i.e. hydroxide ion concentration 

and hydrogen sulfide ion concentration, or the temperature during the kraft cook which leads 

to the an impact on the positive delignification effect when DWC is added to the kraft cook 

has been investigated.  

 

The results show that the effect on the delignification rate caused by the addition of DWC, 

was similar at cooking temperatures of 150, 160 and 170oC.  

 

Kraft cooks were carried out with and without the addition of DWC and with different 

hydroxide ion concentrations. It was found that the effect of the addition of DWC was slightly 

more positive at a higher hydroxide ion concentration (Table 6). 
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Table 6. The kappa number and viscosity of pulps obtained with and without addition of DWC 
at different [OH-] concentrations (mol/dm3) during the kraft cooks. 
  

[OH-] 
 
mol/dm3

[HS-] 
 
mol/dm3

DWC 
addition 

Kappa 
Number

Kappa 
number 
reduction 
[%] 

Visc. 
dm3/kg 

H-factor 

0.26 0.20  36.1 ref 1000 2520 
0.24 0.20 X 29.0 19 1080 2520 
0.26 0.20  29.0 ref 930 3030 
0.24 0.20 X 26.2 10 1030 3030 
0.82 0.20  74 ref 1070 750 
0.81 0.20 X 65 13 1120 750 
0.82 0.20  50.4 ref 1080 910 
0.81 0.20 X 39.5 20 1140 910 
 

This may be because the residual phase begins to dominate at lower kappa numbers, as the 

amount of residual phase lignin is decreased by increasing the hydroxide ion concentration 

(Lindgren, Lindström 1996). The DWC addition seems to increase the delignification rate 

only when the bulk phase is dominating.  

 

Studies have also been performed while varying the sulfide ion concentration from 0.1 to 0.3 

mol/dm3 in kraft cooks with and without the addition of DWC. The results (Table 7) show 

that the influence of the black liquor was more significant when the sulphide concentration 

was in the lower range. 

 

Table 7. The Kappa number and viscosity of pulps obtained with and without addition of 
DWC at different [HS-] concentrations (mol/dm3) during the kraft cooks. 
 

[OH-]/ 
residual [OH-] 
mol/dm3

[HS-]/ 
residual [HS-] 
mol/dm3

DWC 
addition 

Kappa 
number

Kappa 
number 
reduction 
[%] 

Visc. 
dm3/kg 

H-factor 

0.41 0.10  47.7 Ref 950 2000 
0.39 0.10 X 35.3 27 990 2000 
0.41 0.10  35.2 Ref 1050 2400 
0.39 0.10 X 24.2 31 950 2400 
0.41 0.29  67.8 Ref 1260 900 
0.40 0.29 X 59.9 12 - 900 
0.41 0.29  52.3 Ref 1225 1100 
0.40 0.29 X 44.2 15 - 1100 
 

 47



The kappa reduction at a low hydrogen sulphide concentration (0.1 mol/dm3) was about 30%, 

compared with 14% at the higher concentration, i.e. 0.3 mol/dm3. This suggests that some of 

the DWC may react in a manner similar to the hydrogen sulphide ions, promoting the 

fragmentation of the quinone methide intermediate rather than the formation of enol ethers, as 

schematically shown in Figure17. Condensation reactions taking place in the lignin have 

earlier been suggested by Gierer et al. (1976) and Al-Dajani (2001).  

 

 

 

Figure 17, Main reactions of the phenolic β-aryl ether structure during kraft pulping. 

Adapted from Gierer (1970). 

 

The increased delignification rate caused of DWC addition has a positive effect on the 

viscosity (Table 6 and 7). When cooking to the same kappa number/H-factor, the viscosity 

has a significantly higher number when adding DWC to the cooking liquor. These results are 

to some extent contradicted with Sjöblom et al. (1983) and might imply that the DWC could 

protect the carbohydrates from degradation during the kraft cook.  

 

 48



4.10 The effect of DWC on the colour and on the bleachability of the 
softwood kraft pulp (Paper II) 

The presence of DWC in the kraft cook increases the light absorption coefficient (k) at 457 

nm, i.e. the pulp becomes darker, Figure 18. The pulp that was cooked with the addition of 

DWC (20 g of lignin/dm3) to the cook had a 60% higher light absorption coefficient then the 

reference cooked without the addition of DWC. When the concentration was increased to 96 

volume percent, i.e. 78 g of lignin/dm3, the k value of the pulp increased still further. 
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Figure 18. The light absorption coefficient k, at 457 nm vs the kappa number, where the 
concentration of DWC was varied, no addition (●), 20 (■), and 78 (▲) g of lignin/dm3 .  
 

Many constituents of the DWC could be expected to affect the colour of the unbleached kraft 

pulp. However, it is most unlikely that the increase in colour comes from the hemicelluloses. 

According to Hartler and Norrström (1969), the hydroxide ion and sodium ion concentration 

do not affect the colour of hemicelluloses, even though the hemicelluloses contribute to 10% 

of the kraft pulp k-value at 457nm. After the kraft cook, the contribution to the k-value of the 

extractives (Hartler, Norrström 1969) and the hexenuronic acids (Ragnar 2001) is negligible. 

It is more probable that the colour originates from different chromophores in the lignin, since 

they arise during the cook. 
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ECF-bleaching is currently the most commonly used bleaching method world-wide. In this 

study, the bleachability, i.e. the consumption of a given bleaching chemical per kappa number 

unit to reach a certain brightness, has been evaluated only according to the D(EOP)DD 

sequence.  

 

The kraft pulp cooked to kappa number 25 with the addition of DWC showed a slightly 

poorer bleachability than the pulp cooked without DWC, as shown in Figure 19. To reach 89 

% brightness (interpolated value), the chlorine dioxide consumption was increased by 13%, 

which corresponds to 5 kg active chlorine per Bone Dry tonne (BDt) of pulp.  
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Figure 19. Brightness vs. kg active chlorine consumption/ kappa number, where the amount 
of DWC in the cook was varied, no addition (●) and 20 g of lignin/dm3 (■). 
 

Results in paper V, for Eucalyptus urograndis and by Axelsson and Lindström (2004) for 

birch, showed that the bleachability was not negatively affected when DWC was added to the 

hardwood kraft cook. Axelsson and Lindström showed that there was a significant difference 

in the colour of the unbleached birch pulp, and that the addition of DWC caused a darkening 

of the pulp. This disappeared after the oxygen stage.  
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4.11 Influence of DWC on the pulp yield (Papers II, IV) 

As has previously been mentioned, the low pulp yield is a major disadvantage when 

comparing kraft pulping and other chemical pulping processes, especially in countries with 

poor wood production and high raw material costs.  

When 25 volume percent of DWC, i.e., 20 g of lignin/ dm3, was added to the cooking liquor, 

the pulp yield at a given kappa number increased by 1-2 percentage points (Table 8). These 

results are in accordance with earlier studies (Yllner, Enström 1956). It has been suggested 

that the increase in pulp yield is caused by the adsorption of dissolved xylan, from black 

liquor addition, onto the fibres (Yllner et al. 1957; Axelsson et al. 1962). However, when the 

delignification rate is increased, it is also possible to decrease the temperature to reach the 

target kappa number in a given time. This will also lead to an increase in pulp yield, since the 

activation energy for carbohydrate degradation is higher, 169 kJ/mol, (Lindgren 1997) than 

that for the bulk delignification, to 127 kJ/mol (Lindgren, Lindström 1996). 

 
Table 8. Pulp yield, relative carbohydrate composition, Klason lignin content and viscosity in 
the kraft pulps, at kappa number 25, and after D(EOP)DD bleaching.  
 
 

Samp 
 

Total 
Yield 
(%) 

Ara- 
binose 
(%) 

Xylose
(%) 

Mannos
(%) 

Galactose
(%) 

Glucose 
(%) 

Klason 
lignin 
(%) 

Visc. 
dm3/kg
 

Ref 48.8 0.5 5.8 5.4 0.3 84.7 3.1 1020 
DWC addition 50.4 0.8 7.4 5.4 0.3 82.9 2.9 1050 
Ref bleached - <0.3 2.4 4.1 <0.3 93.3 <0.1    730 
DWC bleached - <0.3 7.0 3.9 <0.3 89.1 0.1 790 

 

As shown in Table 8, the pulp produced with the addition of DWC had a higher content of 

xylan than the pulp cooked without DWC. The relative xylan content increased from 5.8 to 

7.4 percent units. According to Yllner and Enström (1956) it is probable that the xylan 

adsorption accounts for most of the 1.6 percentage units of the yield increase after cook and 

that a minor part depends on the decrease in cooking temperature.  

 

Most of the adsorbed xylan remains on the fibres after bleaching. It is difficult to predict, 

however, whether the same effect would be obtained in an industrial situation where the fibres 

are treated under harsher conditions.  
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4.12 The influence of DWC addition on the defibration point in 
hardwood (Paper V) 

The defibration point in the delignification process at which the fibres can be separated  

from each other with little mechanical force. In chemical pulping, the defibration point sets a 

limit to the highest lignin content at which the cook can be terminated without refining. In 

softwood pulping, the defibration point occurs at a rather high kappa number, around 45 

(Hartler and Östberg 1959), and the cook usually proceeds well beyond this degree of 

delignification. Hardwoods, however, have to be delignified to a kappa number of 

approximately 20 before the point of defibration is reached (Söderqvist-Lindblad and Olm 

1992).  

 
It is important to dissolve the lignin in the middle lamella so that the fibres can be separated 

from each other during the kraft cook. Since there are different lignin compounds in the 

hardwood middle lamella and in the S2 layer, the delignification rate is different in the 

different parts of the wood chips (Fergus, Goring 1970). This, together with the fast 

delignification rate, is probably one reason why the defibration point appears at a much lower 

kappa number in hardwood than in softwood kraft pulping. Lucia et al. (2004) have shown 

that it is possible to minimize the shive content at agiven kappa number in hardwood by using 

a mild alkali charge and a low cooking temperature during kraft cook. 
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Figure 20. The shives content vs. kappa number for two series of Eucalyptus urograndis kraft 

cooks performed with(●) and without (■) the addition of DWC (50 g of lignin/dm3) to the 

cooking liquor and otherwise similar conditions.  
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To study the impact on the shives content and on the defibration point of the addition of DWC 

to the cooking liquor, two series of hardwood kraft cooks were performed (Figure 20). In one 

eries, the cooking liquor had no added DWC a. In the other series, DWC was added to the 

 of approximately 24, whereas 

e kraft cook without DWC addition had to be delignified to kappa number 18 to reach the 

ifcation in the more selective 

 

Figure 21.Yeild vs. kap fication and the D0 
3) to 

s

cooking liquor and the concentration was 30 g of lignin /dm3.  

 

An industrially acceptable shives content after the kraft cook may be about 1 %. At this shives 

content, a kraft cook with DWC addition had a kappa number

th

same shives content in the pulp. The shape of the two curves shown in Figure 20 is similar to 

that of curves published in earlier studies on birch (Söderqvist-Lindblad and Olm 1992). 

These results show that the addition of DWC to the cooking liquor reduces the shives content 

at a given kappa number in eucalyptus kraft cooking. The addition of DWC makes it possible 

to reach the critical defibration point at a higher kappa number. 

If the kraft cook is terminated at a higher kappa number, i.e. at a lower H-factor, the pulp 

yield increases significantly. Since it is possible to defibrate the kraft cooked chips at a higher 

kappa number, it will be possible to carry out more of the delign

oxygen delignification stage and thereby obtain a higher overall pulp yield, (Figure 21).  

pa number after the kraft cook, oxygen deligni

stage, for two eucalyptus kraft pulps cooked with addition of DWC (50g of lignin/dm
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kappa 16 and 25 respectively.The alkali charge was 1.8% for the kappa 16 pulp and 3.0% for 

the kappa 25 pulp. 

 

Figure 21 show two pulps cooked with the addition of DWC to kappa numbers 25 and 16 

spectively. The difference in unbleached pulp yield was 2.5%. After the D0 –stage, the yield 

4.13 The influence of DWC on the HexA content in the pulp (Paper IV)  

HexA is formed from methyl glucuronic acid, mainly at an early stage in the kraft cook and 

th  

e the xylan content in the hardwood is much 

igher than in softwood. This leads to a much higher HexA content in the unbleached kraft 

 HexA during the kraft cook for two series, one with the 

ddition of DWC and one without. As can be seen, the HexA content passes through a 

re

increase was reduced to 1.5 % due to the removal of a large amount of lignin in the oxygen 

stage. The pulp yield was not further effected by the bleaching sequence. It could be 

concluded from these results that addition of DWC to the kraft cook makes it possible to shift 

the defibration point to a higher kappa number. If the delignification is extended with the 

more selective oxygen delignification, it is possible to increase the fully bleached pulp yield 

by 1.5 percent points. 

 

ereafter partly degraded by alkali (Buchert et al. 1995). How different active chemicals such

as [OH-], [HS-] and [Na+] as well as the temperature and cooking time affect the content of 

HexA has been shown for softwood by Gustavsson et al. (2000). The effect of DWC on the 

degradation of HexA in softwood kraft cook is minor. The HexA content is slightly higher in 

the presence of DWC since the H-factor to reach a certain kappa number is lower and the 

amount of adsorbed xylan on the fiber is higher.  

 

The situation for eucalyptus pulp is different, sinc

h

pulp. The delignification rates also vary considerably between the different species and this 

affects the degradation of HexA.  

 

Figure 22 shows the formation of

a

maximum at an H-factor of about 500, where it contributes to about 5.5 kappa number units. 

No significant differences can be seen between the two pulps. 
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igure 22. The HexA content in the eucalyptus pulp (given as kappa number equivalents) 

ersus cooking time (given as H-factor) for pulps prepared without (●) and with addition (▲) 

study the HexA content at a given kappa number, since the 

resence of DWC was shown to have such a large effect on the rate of delignification. Figure 

 

F

v

of DWC, i.e., 30 g of lignin/dm3.  

 

It is, however, also interesting to 

p

23 shows the HexA content in the pulp versus kappa number for pulps prepared with white 

liquor and with the addition of 50% DWC.  
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Figure 23. The HexA content in the pulp (given as kappa number equivalents) versus the 

kappa number of the pulp after cook, for pulps prepared without (●) and with(▲) the addition 

of DWC i.e. 30 g of lignin /dm3. 

 

Also here, a maximum is clearly seen. It is obvious that the formation of HexA is dependent 

more on the H-factor than on the kappa number. To minimise the amount of HexA, there are 

two options; either keep the cooking time short (high kappa number) or prolong the cook. 

However, it is evident that the reduction in HexA by prolonging the cook is not accompanied 

by any significant delignification, i.e. the cook has entered the region where the non-selective 

residual phase delignification is dominant. Carrying out a large part of the cook in this phase 

is known to be unfavourable for pulp yield and for pulp quality. Therefore a better choice, for 

ucalyptus kraft pulp, is to keep the cook short, i.e. to a low H-factor. In this case the presence 

and this technique cannot be used.  

e

of DWC can be considered to be an advantage since, as shown in Figure 23, a lower kappa 

number can then be reached before the maximum HexA content is reached in the cook. For 

softwood the picture is different 
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4.14 Concluding remarks 

This study shows that black liquor addition clearly 1) enhances delignification, and 2) shifts 

the defibration point to a higher kappa number. Furthermore, it appears that one effect is 

related to the presence of phenolic groups in the black liquor.  

 

A possible explanation is that, with DWC addition, the lignin degradation increases more than 

the kappa number measurement actually shows, since the lignin can adsorb onto the fibers and 

thus increase the kappa number of the pulp.  

 

With the present data it is not possible to explain the reasons for the defibration and increased 

delignification effects, but several explanations can be considered. 

Aromatic lignin fragments may act as strong nucleophiles and cleave ß-O-4 bonds in a more 

efficient way than the sulphide ion (Blixt, Gustavsson 1996), similar to the effect of 

anthraquinone (Aminoff 1979). This will lead to a faster depolymerisation of the lignin, which 

leads to delignification and eventually defibration, due to weakening of the middle lamella. 

Simultaneously, soluble aromatic fragments, both those formed in the cook and those present 

in the added black liquor, covalently couple to the lignin remaining in the fibers. Although 

these reactions lead to a higher content of remaining lignin in the pulp, they do not hinder 

defibration to any great extent, since much of the radical coupling (Li et al. 2000; Gellerstedt 

et al. 2004) and condensation (Gierer, Pettersson 1977;) probably takes place in the S2 layer, 

and few, if any, novel covalent fiber-fiber bonds are formed. Taken together, these two 

mechanisms give an explanation of the effect of adding black liquor to the kraft pulp liquor. 
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5. Conclusions 
The results show that the presence of DWC, originating from industrial black liquor, in 

softwood as well as hardwood kraft cooking has a positive effect on the delignification rate 

before the residual delignification phase starts to dominate.  

 

DWC with a lower molecular mass distribution, prepared with nanofiltration at a cut-off of <1 

kDa, had a greater rate increasing effect at a certain concentration compared to untreated 

DWC. The rate increase was shown to depend more strongly on the amount of free phenolic 

groups in the DWC than on the total amount of DWC.  

 

The addition of model substances with a free phenolic functionality increased the rate of 

delignification, while structures representing other types of DWC did not show any or very 

small effect. This supports the finding that the amount of free phenolic groups in the cooking 

liquor plays an important role for the rate of delignification, and shows that the phenolic 

functionality takes an active role in the delignification reactions.  

 

The presence of DWC caused a darkening of the unbleached kraft pulp and deteriorated the 

bleachability of the softwood kraft pulp using a D(EOP)DD sequence. No effect on the 

bleachability of the hardwood kraft pulp was detected.  

 

The addition of DWC shifted the point of defibration in a eucaluptus kraft cook to a higher 

kappa number and decreased the amount of shives at a given kappa number. This makes it 

possible to terminate the cook at a higher kappa number and thereby increase the fully 

bleached pulp yield by 1.5 percentage units.  

 

The HexA formation and degradation in the eucalyptus kraft cook correlates with the H-factor 

and increases with delignification providing that the bulk phase dominates. The presence of 

DWC, causing both an increase in the delignification rate and an increase in the point of 

defibration makes it possible to obtain a significantly lower HexA content in the pulp.  
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