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“Learning gives creativity,
Creativity leads to thinking,
Thinking provides knowledge,
Knowledge makes you great”
……… Dr. A.P.J. Kalam

Abstract
Single stage and two-stage sodium sulfite cooking were carried out on either
spruce, either pine or pure pine heartwood chips to investigate the influence of
several process parameters on the initial phase of such a cook down to about
60 % pulp yield. The cooking experiments were carried out in the laboratory
with either a lab-prepared or a mill-prepared cooking acid and the temperature
and time were varied. The influences of dissolved organic and inorganic
components in the cooking liquor on the final pulp composition and on the
extent of side reactions were investigated. Kinetic equations were developed
and the activation energies for delignification and carbohydrate dissolution
were calculated using the Arrhenius equation. A better understanding of the
delignification mechanisms during bisulfite and acid sulfite cooking was
obtained by analyzing the lignin carbohydrate complexes (LCC) present in the
pulp when different cooking conditions were used. It was found that using a
mill-prepared cooking acid beneficial effect with respect to side reactions,
extractives removal and higher stability in pH during the cook were observed
compared to a lab-prepared cooking acid. However, no significant difference in
degrees of delignification or carbohydrate degradation was seen.
The cellulose yield was not affected in the initial phase of the cook however;
temperature had an influence on the rates of both delignification and
hemicellulose removal. It was also found that the corresponding activation
energies increased in the order: xylan, glucomannan, lignin and cellulose. The
cooking temperature could thus be used to control the cook to a given
carbohydrate composition in the final pulp. Lignin condensation reactions
were observed during acid sulfite cooking, especially at higher temperatures.
The LCC studies indicated the existence of covalent bonds between lignin and
hemicellulose components with respect to xylan and glucomannan. LCC in
native wood showed the presence of phenyl glycosides, ϒ-esters and α-ethers;
whereas the α-ethers were affected during sulfite pulping. The existence of
covalent bonds between lignin and wood polysaccharides might be the ratelimiting factor in sulfite pulping.
Keywords: Activation energy, acid sulfite pulping, bisulfite pulping, cellulose,
delignification, dissolving pulp, extractives, glucomannan, hemicelluloses,
lignin, lignin condensation, lignin carbohydrate complexes, pine, spruce,
thiosulfate, total SO2 and xylan.
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Sammanfattning
Sulfitkokning med natrium som bas utfördes i ett respektive två steg på vedflis
från gran, tall respektive kärnved från tall. Avsikten var att undersöka inverkan
av några processparametrar på kokets initialfas ner till ett massaytbyte på
ungefär 60 %. Koken utfördes i laboratorieskala och den använda koksyran var
framställd antingen i laboratoriet eller i massabruket och koktemperatur och
koktiden varierades inom de tekniskt intressanta intervallen. Inverkan från
vätskefasens innehåll av löst organisk och oorganiska material undersöktes
dels på massaegenskaperna efter koket dels på andelen oönskade
sidoreaktioner. Kinetikekvationer och aktiveringsenergier enligt Arrhenius
togs fram för nedbrytning av lignin och kolhydrater och genom att analysera
bindningarna mellan lignin och kolhydrater så kunde andelen
kolhydratkomplex (LCC) bestämmas vid olika betingelser. Det visade sig vara
gynnsamt att använda en fabrikstillverkad koksyra istället för en
laboratorietillverkad med avseende på andel oönskade sidoreaktioner och
kvarvarande innehåll av extraktivämnen samt för stabiliteten i pH värdet. Typ
av koksyra påverkade däremot inte nedbrytningen av lignin eller kolhydrater.
Resultaten från kokförsök utförda vid olika temperatur visade att
cellulosautbytet var oförändrat under kokets initialfas medan lignin och
hemicellulosa bröts ned och hastigheten för nedbrytningen ökade med ökad
temperatur. Det kunde också visas att aktiveringsenergierna för nedbrytning
ökade i följande ordning: xylan, glukomannan, lignin samt cellulosa. Detta
resultat medför att koktemperaturen kan användas för att styra koket till
önskad kolhydratsammansättning.
Ligninkondensation uppstod vid sur sulfitkokning speciellt vid de högsta
temperaturerna. LCC studierna indikerade att det fanns kovalenta bindningar
mellan lignin samt xylan och glukomannan. LCC studierna visade också att i
den ursprungliga veden fanns fenylglukosidiska bindningar, γ-estrar samt αetrar och under kokningen minskade andelen α- etrar. Det antogs att andelen
kovalenta bindningarna mellan lignin och polysackarider i massan troligen är
det hasighetsbestämmande steget vid sulfitkokning.
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1.

Introduction

Virgin pulp is produced from wood and to some extent from annual plants like
wheat (straw), sugarcane (bagasse), etc. and it is used for paper and board
production. However, a large fraction of the fiber raw material used in the
paper industry today is recycled paper and paper can be recycled several times
before it becomes garbage and goes to incineration. The total pulp production
is based on a renewable resource i.e. the trees in the forest and to some extent
farming residues. The total production of pulp in Europe during 2014 was 36.5
MT; where Sweden’s share was 32 %, Figure 1 (Climate strategies, 2016).

Figure 1. Pulp production in Europe, 2014 (CEPI Key Statistics, 2014)
Dissolving pulp is one major product used in the manufacturing of cellulose
based textiles, in certain food related products, in addition to personal care
products like tooth paste, skin lotion and in pharmaceutical industry. The
demand for dissolving grade pulp is increasing annually, showing an
increasing trend of approximately 2 % during 2014-2015 (RISI, 2014). Sulfite
dissolving pulps have, in many cases, better qualities than prehydrolysed kraft
pulps with respect to pulp reactivity (Duan et al., 2015; Bajpai, 2012). An
important parameter in pulping is the choice of raw material. In Scandinavia,
the choice of softwood raw material is of particular importance, since pine and
especially the heartwood of pine contains a component called pinosylvin
(Sixta, 2006). This is a highly conjugated aromatic structure that is believed to
crosslink lignin structures during acidic sulfite cooking i.e. cooking at pH 1.5
(Sjöström, 1993), thereby preventing efficient delignification. Pine is thus
unsuitable for the acidic sulfite pulping, and spruce is used instead. However,
pine can be used as raw material for producing dissolving pulp in two-stage
1

sulfite pulping, in which the initial pulping stage is performed at pH>4 and the
final stage at pH=1.5 (Rydholm, 1965; Casey, 1980; Sixta, 2006).
1.1 The composition of wood
Wood is a heterogeneous biological material comprised of cellulose,
hemicelluloses, lignin and small amounts of extractives (organic components
with low molecular weight), proteins, pectins and inorganic components.
Almost all trees that are used as raw material for pulping are either softwoods
(conifer trees) or hardwoods (woody eudicotyledons). Softwood trees are
generally referred as conifers and include trees like spruce (Picea), pine
(Pinus) and fir (Abies). Hardwood trees are known as deciduous or broad leaf
and include for example birch (Betula), eucalyptus (Eucalyptus), beech
(Fraxinus) and oak (Quercus). Cellulose, hemicelluloses, lignin and other
components are present in varying compositions in the fiber wall: the actual
composition depends, for example, on the species, growth place and age of the
trees. The major wood components are either carbohydrates (cellulose,
hemicellulose and pectin) or lignin, and are present in large quantities and
form almost 95 % of the wood mass. The carbohydrate components of the
wood, also known as holocelluloses, consist mainly of cellulose and
hemicelluloses. The cellulose, usually present in the range of 40-45 %, consists
exclusively of β-pyranoside-glucose units linked to each other by 1-4 glucosidic
bonds (Casey, 1980; Sjöström, 1993; Ek et al., 2007). The hemicelluloses
compose 25-35 % of the dry weight of the wood and are the second most
abundant polysaccharides after cellulose. Hemicelluloses are a group of
heterogeneous polysaccharides comprising of monomeric components such as
glucose, mannose, xylose, galactose, arabinose and small amounts of rhamnose
and glucuronic acids (Sjöström, 1993; Ek et al., 2007). The other fraction of
the wood is lignin, which is present in the range of 20-30 %. It is well known
that the lignin is bonded chemically to the carbohydrates (Björkman, 1956;
Kosikova et al., 1979; Eriksson et al., 1980). Lignin is a polymeric compound
comprised of three building units of phenyl propane units: coumaryl alcohol,
sinapyl alcohol and coniferyl alcohol (Freudenberg, 1968; Sjöström, 1993).
Cellulose has a high degree of polymerization of around 10,000-15,000 units
in wood, whereas that of hemicelluloses is around 200-400 units (Axelsson et
al., 1962). The chemical compositions of two tree species are given in Table 1.
Wood in a living tree has a dry solid content of approximately 40-50 %, i.e.
about 50 % of the weight of fresh wood is water.
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Table 1: The chemical composition of two wood species (mass %) (Ljungberg,
2007)

Softwood
Norway
Spruce
(Picea abies)
Hardwood
Birch
(Betula
verrucosa)

Cellulose

Lignin

Glucomannan

Xylan

Extractives

Other
polysac.

Others

41.7

27.4

16.3

8.6

1.7

3.4

0.9

41.0

22.0

2.3

27.5

3.2

2.6

1.4

Sapwood and heartwood
The wood (secondary xylem) of hardwoods and softwoods consist of two parts
called sapwood and heartwood. Sapwood, the outermost portion of the tree
stem, is comprised partly of living cells and its function is to transport water
and nutrients in the trees. Heartwood forms the inner most part of the tree,
and consists of dead xylem cells that provide mechanical support. As the tree
ages, the heartwood portion becomes successively larger and consists partly of
organic deposits, resins, phenols, which sometimes makes it darker in color
(Sjöström, 1993). The chemical compositions of the sapwood and heartwood
differ from each other. Studies by many researchers have found that the lignin
content decreases from heartwood to sapwood whilst the cellulose content
increases (Fengel and Wegener, 1989; Shupe et al., 1997). The results obtained
from these research works also indicated that the content of hemicelluloses
showed unchanged behaviour throughout the wood (Sundberg et al., 1996).
Studies on Norway spruce (Picea abies) by Bertaud (Bertaud et al., 2004)
showed the same differences in the chemical composition of sapwood and
heartwood, Table 2.
Table 2. Chemical composition of Norway spruce (Bertaud et al., 2004)
Norway spruce (Picea abies)
Heartwood

Sapwood

Klason lignin, %

28.3±0.3

27.7±0.1

Hemicellulose, %

25.7±1.4

24.3±1.4

Cellulose, %

45.5±1.7

47.1±1.6
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Softwood species such as pine have a high content of phenolic substances that
are more concentrated in the heartwood than in the sapwood. Table 3 shows
the differences in the content of pinosylvin in the sapwood and heartwood of
Scots pine. The presence of these phenolic substances is undesirable in the
pulp production process at acidic sulfite conditions, since these phenolic
substances may result in lignin condensation reactions.
Table 3. Chemical composition of Scots pine (Willför et al., 2003)
Scots pine (Pinus sylvestris)
Sapwood
Heartwood
1.1.1

Pinsoylvin, mg/g
0.11
3.70

Structure of the cell wall

Wood is built up according to a layered structure consisting of annual rings of
summer wood and latewood, and is easy to see in a log of wood. These rings
consist of wood cells, which are composed of several layers that are formed at
the cambium layer, as shown in Figure 2. The middle lamella, comprised
mainly of lignin, serves as the “glue” that bonds adjacent cells together. The
wall itself is made up of a primary wall (P) and a secondary wall in three layers
(S1-S3), each of which has distinct alignments of micro-fibrils. Micro-fibrils are
thread-like bundles of cellulose molecules that are interspersed with and
surrounded by hemicellulose and lignin molecules.

Figure 2. Model of a typical structure of a wood fiber wall.
P: the primary wall; S1, S2 & S3: the three layers of the secondary wall; M: the
middle lamella (amorphous, high-lignin-content material that binds cells
together) and W: the warty layer lining the cell lumen (Cote, 1967; Koch, 1985).
4

The thick arrows in Figure 2 show the alignment of the cellulose microfibrils
(10-20 nm in diameter) in the respective secondary layer of the cell wall.
Cellulose is the main skeletal matrix and is surrounded and encrusted by
hemicelluloses and lignin. The outermost layer of the cell is the primary layer
(P), which consists of randomly oriented cellulose microfibrils. The primary
and secondary layers can be distinguished from each other by analyzing the
alignment of the cellulose microfibrils: they are aligned randomly in the
primary cell wall but either horizontally or vertically in the secondary layer.
Moreover, the S2 layer is much thicker than the S1 and S3 layers (Ek et al.,
2007).
Some researchers, who have studied the contents of lignin and carbohydrates
in the secondary cell wall of wood, found that the hemicelluloses and lignin
had the same orientation as the cellulose microfibrils (Åkerholm and Salmén,
2003). The association of hemicellulose components such as xylan was linked
more with lignin when compared with glucomannan, which was more
associated with cellulose (Salmén and Olsson, 1998). The above results were
based on studies that used spectroscopic data and Raman spectroscopy
(Åkerholm and Salmén, 2001).

1.2 The chemical composition of wood
1.2.1 Cellulose
The carbohydrate fraction comprises the majority of the wood, with cellulose
being a major component. Cellulose is a linear polymer consisting of β-glucose
units linked to each other by β 1-4 glucosidic bonds. Each D-anhydro
glucopyranose unit has hydroxyl groups at the C2, C3, and C6 positions, which
are capable of undergoing the typical reactions known for primary and two
secondary alcohols. Cellulose has a strong tendency to form intra and intermolecular hydrogen bonds by means of the hydroxyl groups on these linear
cellulose chains: these stiffen the straight chain and promote aggregation into
a crystalline structure (Klemn et al., 2005). The basic structure of cellulose is
shown in Figure 3 (Ek et al., 2007). The linearity of cellulose molecules leads
to a strong tendency for them to interact and form microfibrils comprised of
highly ordered crystalline, and less ordered amorphous, regions.
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Figure 3. Primary structure of cellulose showing different linkages other than
1-4 glucosidic linkages (Ek et al., 2007).
As can be seen in Figure 3, there are two hydrogen bonds (shown as dotted
lines) present in the cellulose structure: one is between the C2 and C6 hydroxyl
groups and the other is between the C5 oxygen atom and the C3 hydroxyl
group side. The presence of these hydroxyl bonds stabilizes the glycosidic
linkages, thus making the structure stiffer (Kihlman et al., 2013).
1.2.2 Hemicelluloses
Hemicelluloses are the other main group of polysaccharides found in wood.
They have a degree of polymerization of about 200-400 units (Croon and
Enström, 1962; Sjöström, 1993), have a less ordered structure compared with
cellulose and are amorphous (Meier, 1958; Simonson, 1963). The content of
hemicelluloses in wood is 25-35 % of the dry matter, and it is higher in
hardwood than in softwood.
Softwood hemicelluloses
The two most important hemicelluloses are O-acetyl-galacto-glucomannan,
which is commonly known as glucomannan, and arabino-(4-O-methylglucurono) xylan, known as xylan (Hamilton and Thompson, 1958; Jacobs and
Dahlman, 2001). Softwood hemicelluloses are mainly comprised of galactoglucomannan, which have a backbone of glucose and mannose monomers with
galactose substituents. The galacto-glucomannan constitutes about 20 % of the
dry matter in softwood. An important structural feature is that the C2 and C3
positions in the chain units are partially O-acetylated: there is, on average, one
group per 3-4 hexose residues. These acetyl groups are easily cleaved by alkali.
The galacto-glucomannan of softwood is divided into two types that differ in
6

their content of galactose. The galactose-poor fraction has a galactose: glucose:
mannose ratio of 0.1: 1: 4, whereas that of the galactose-rich fraction is 1: 1: 3
(Sjöström, 1993). The structure of O-acetyl galacto-glucomannan is shown in
Figure 4.
Glu (1 per 4 - 5)
HO

CH2OH
O
OAc

O
OH
O
CH2OH

O

OH

HO
O

HO

O
CH2OH

CH2OH

O
OH

O
AcO

HO

O
OH
O

O
O

Acetyl groups

HO

OH
O

OH CH2OH

Galactose

Figure 4. The structure of O-acetyl galactoglucomannan (Sjöström, 1993).
The xylan content of softwood is relatively low, being about 5-10 % of dry
materials. Xylans consist mainly of (1-4) linked β-D-xylopyranose units, as
shown in Figure 5. They are partially substituted at C2 by 4-O-methyl- α-Dglucuronic acid groups with, on average, two residues per ten xylose units. The
framework also contains 1.3 residues of α-L-arabinofuranose per ten xylose
units. The furanosidic structure of the arabinose side chains means that they
are easily hydrolyzed by acids.

HO
O

OH
O

O

O
HO

HO
O

OH
O O
OH

O
OH

O

HO
O

OH

OH

O

O

HOH2C

O
HOOC

O

O

OH

Arabinose

OH
OMe

1 per 8 to 9 xylose
MeGlcA

1 per 5 to 6 xylose

Figure 5. The structure of arabino-(4-O-methyl glucurono) xylan (Ek et al.,
2007).
1.2.3 Lignin
Lignin is a three-dimensional network polymer comprising phenyl propane
units with different substituents on the phenolic groups, as shown in Figure 6;
its concentration is high mainly in the region of the middle lamella
(Freudenberg, 1968; Adler, 1977). The proportion of these three alcohols in a
7

lignin polymer varies between softwood and hardwood as well as between
different species of trees.

a)

b)

c)

Figure 6. The three important building blocks of the lignin polymer: a) pcoumaryl alcohol, b) coniferyl alcohol and c) sinapyl alcohol.
Softwood lignin, which forms about 25-30 % of the dry mass of softwood,
consists almost exclusively of polymerized coniferyl alcohol units. Hardwood
lignin forms about 20-25 % of the dry mass of hardwood: it is comprised of
coniferyl and sinapyl alcohol, and is often called guaiacylsyringyl lignin
(Sjöström, 1993). Lignin is bound together to the cellulose and hemicelluloses
(Glennie and McCarthy, 1962). The position of lignin within the lignocellulosic
matrix is illustrated in Figure 7.

Figure 7. The position of lignin within the lignocellulosic matrix (Kuhad and
Singh, 2007).
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The cellulose is surrounded by a monolayer of hemicelluloses and is embedded
in a matrix of hemicelluloses and lignin. Furthermore, lignin specifically
creates a barrier against enzymatic attack, while the highly crystalline structure
of cellulose is insoluble in water. The hemicelluloses and lignin create a
protective sheath around the cellulose (Stenius, 2000). Most isolated lignins
are brown amorphous powders. The presence of these cross-links and the
existence of covalent bonds between lignin and carbohydrates give rigidity to
the lignified cell walls. Studies by Lawoko (Lawoko et al., 2006) demonstrated
that the lignin was cross-linked with carbohydrates with covalent bonds in the
cell wall of the wood. The cross-links between lignin and carbohydrates form a
network-like structure and hence play an important role in providing the wood
with mechanical strength.
1.2.4 Lignin carbohydrate complexes
The wood matrix is comprised mainly of lignin, hemicelluloses and cellulose;
these components are associated with each other within wood by different
types of linkages. The chemical natures of the wood and wood fibers are
dependent on the organization of these wood constituents, which varies from
one wood specie to other. The interaction between these wood constituents can
be of a physical (non-covalent) or chemical (covalent) nature. Wood
constituents can be extracted with different types of solvents in which they are
soluble. The isolation of these individual wood components is difficult due to
the various lignin carbohydrate complexes (LCC), i.e., covalent bonds between
lignin and wood polysaccharides, present in the wood. Several kinds of
chemical treatments are commercially available for separating lignin from
carbohydrates in pulp production processes (Rydholm, 1965). The main
difficulty facing the various pulping techniques is the delignification process,
especially in the final phase of the cook, because the existing LCC (or some that
were formed during the pulping process) may affect the complete removal of
lignin (Karlsson and Westermark, 1996). Lignin forms networks with various
carbohydrate components to form covalent bonds; non-covalent interactions
and different types of cross-links are formed in the cell wall, as shown in
Figure 8.

9

Figure 8. Schematic representation of the lignin carbohydrate network found
in wood (Ragnar et al., 2014).
Lignin and carbohydrates are linked by covalent bonds; the existence of crosslinkages between them has been reported by Lawoko and Li (Lawoko et al.,
2005a, 2005b; Li et al., 2010). Lawoko proposed that there are two types of
lignin in wood: one associated with glucomannan and the other linked to xylan
(Lawoko, 2005). The presence of these lignin carbohydrate complexes affects
the rate of delignification in the pulping process. The prominent types of lignin
carbohydrate linkages found in wood are benzyl esters, benzyl ethers and
phenyl glycosides (Freudenberg et al., 1960; Kosikova et al., 1972; Balakshin et
al., 2007), Figure 9. Although the content of lignin carbohydrate complexes
varies between species of wood, some studies have shown that softwoods have
a lower content of LCC than hardwoods. Many LCC studies on kraft pulps have
been carried out and it is a well-known fact that delignification in the final
phase of the cook is not very selective (Lawoko, 2005). Naturally, this affects
the yields of cellulose and hemicelluloses negatively. However, if the LCC
compounds were attacked more selectively during the cook, the pulping
conditions would be less drastic and the possibility of preserving the
carbohydrate fraction would thereby increase (Freudenberg et al., 1960;
Kosikova et al., 1972; Santos et al., 2011).
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Figure 9. The covalent bonds between lignin and carbohydrates as proposed by
several authors (Lawoko et al., 2006).
The behaviour of LCC during sulfite pulping has still not been explored
completely and the need to improve this knowledge is therefore great (Lawoko,
2005). The presence of LCC in dissolving pulps have never been examined.
1.2.5 Extractives
Wood also contains non-cell wall components: these are known as extractives
and are organic compounds of low molecular weights (Sjöström, 1993). Such
substances are obtained by extraction, whereby wood meal or pulp is subjected
to treatment with an organic solvent (e.g. ether, acetone or ethanol) or with
water. Usually, wood contains 1-5 % extractives comprised of heterogeneous
groups of various compounds, such as resin acids, terpenes, fats and waxes.
These extractives provide the wood with protection against bacteria, fungus
and animals. Some of these substances also provide each type of wood with
characteristic properties, such as color and permanency. Extractives can be
divided into two broad groups: lipophilic and hydrophilic. Lipophilic
extractives are insoluble in water and are comprised of oleoresins (resin acids,
terpenes), fats (triglycerides, fatty acids, sterols and steryl esters) and waxes
(C22+ long chain compounds). Hydrophilic extractives are comprised of
phenols, polyphenols, salts and sugars. The presence of extractives in wood
reduces the final yield of pulp, increases the consumption of pulping and
bleaching chemicals and also leads to problems, such as foaming, during
pulping and papermaking processes (Wise, 1962). Resins are usually located in
the parenchyma cells and resin ducts (resin canals) in softwoods, which
contain more resin than hardwoods. The resin content of sapwood and
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heartwood varies, with appreciable quantities occurring in the latter. Some
coniferous woods, such as pine, contain high amounts of resins, which are
present in the ray parenchyma cells and resin canals (Sjöström, 1993). As far
as chemical composition is concerned, the resins present in heartwood may be
related more closely to canal resins than resins in sapwood are. The amounts
of extractives retained in unbleached pulps depend upon the pH of the cooking
conditions used. Under acidic conditions, e.g. in acid sulfite or bisulfite
cooking processes, the resins are affected only mildly and thus remain in the
pulp, whereas under alkaline conditions, e.g. in kraft or soda processes, the
fatty and resin acids are saponified and simply dissolve in the liquor. Efficient
washing after the cooking stages is then more helpful in removing extractives
in alkaline cooks compared with acidic cooks (Hillis, 1962).
1.2.6 Inorganic materials
Wood finally contains small amounts of inorganics in the range of 1-2 % for
debarked wood and 2-5 % for bark (Sjöström, 1993). The inorganic content of
wood is measured as ash content, and includes calcium, magnesium,
manganese, silica, iron, aluminium, potassium and chloride. Bark is rich in
these inorganics components: the efficient debarking of logs is therefore
important in removing these inorganics prior to the pulping process. The
make-up chemicals used in pulp and paper mills also contribute to the buildup of these inorganic elements in the pulp system.
1.3 Different pulping processes
Wood is a natural renewable resource and provides the world’s pulp mills with
almost 90 % of their raw material (Ecopapel, 2016). Global pulp production
during 2000 constituted about 56 % virgin fibers as compared with secondary
pulp, which was 44 % (Sixta, 2006). The pulps produced from these wood
resources have a significant impact on our everyday life: we are dependent on
the wide range of products that are made from them. The application of pulp
ranges from paper and paperboards to textiles and cellulose derivative
products. The pulping process can be defined as a process designed to convert
woody raw materials, or lignocellulosic biomass, into fibrous material called
pulp. It involves the separation and liberation of fibers from wood
accomplished by either a pure chemical action or a combination of mechanical
and chemical actions (Rydholm, 1965; Sixta, 2006). The particular objective of
the method used for separating the fibers depends on the type of pulp being
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manufactured, varying from paper pulps, consisting of cellulose and
hemicellulose, to high purity dissolving pulps, consisting mainly of cellulose
(Ingruber et al., 1993; Sjöström, 1993).
Chemical pulping involves treating wood chips with different types of cooking
chemicals at alkaline or acidic pH. Its main principle is the selective removal of
lignin by dividing its molecules into smaller fragments, i.e. breaking the ligninlignin bonds and the lignin carbohydrate bonds in varying degrees. The
drawbacks of chemical pulping are the high consumption of chemicals and the
low yield of pulp (Rydholm, 1965; Fardim 2011). Several steps are involved in
chemical pulping processes. They begin with the preparation of wood chips
and mixing the chips and the cooking liquor, followed by the actual pulping
process after which the pulp is screened to remove knots and washed to
recover costly cooking chemicals (which are recycled) and dissolved organic
matter (which is used as fuel after it has been dried). Good pulp washing also
reduces the size of the carryover of organic and inorganic materials that may
otherwise lead to pollution problems at the pulp mill. The recovered filtrates
constitute approximately 50 % of the wood mass. The residual lignin present
after the pulping process can be delignified further, using oxygen and
subsequent bleaching stages (Casey, 1980; Ragnar et al., 2014). The important
chemical pulping processes today are kraft (i.e. sulfate process) and sulfite (i.e.
acid sulfite and bisulfite processes). The kraft process is currently the
dominant chemical pulping process employed and it has major share in world’s
virgin pulp production (Sixta et al., 2009). Compared with the sulfite process,
kraft has the benefits of being able to use all types of wood raw materials, to
produce strong pulps and it has an efficient chemical recovery system (Sixta,
2006; Bajpai, 2012; Annergren et al., 2014).
1.3.1 Sulfite pulping
The sulfite pulping process was developed by B. C. Tilgman in 1866-1867,
using calcium as the base to manufacture paper pulp from wood (Rydholm,
1965; Sixta, 2006). The first sulfite pulp mill was started in 1874 in Bergvik,
Sweden, using magnesium as the base (Rydholm, 1970; Fardim, 2011). The
sulfite pulping process employs various cooking bases, like calcium,
magnesium, sodium and ammonia; it also offers a wide range of operating pH
levels, with conditions ranging from highly acidic to highly alkaline, Figure 10.
This makes it very flexible and permits the production of different types and
grades of pulp suitable for a broad range of applications.
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Figure 10. Composition of the sulfite solution at different pH levels (Patt and
Kardsachia, 1991).
Until the 1930’s, calcium was the base typically used with sulfurous acid;
magnesium has, however, since become the dominant cooking agent. This
trend can be attributed to its beneficial chemical and heat recovery systems
(Hoge, 1954; Annergren et al., 2014). In sulfite pulping, the dissolution of
lignin is initiated by its sulfonation, forming solid lignosulfonic acids
(Rydholm et al., 1959). These are rendered soluble by a hydrolysis reaction in
the later part of the cook and are thus removed from the wood (Wenzl, 1970).
Sulfite pulping has the advantage of being able to produce unbleached pulps of
high brightness which means that the requirements of bleaching chemicals
needed to produce pulps of full brightness is very low. Since it can operate in
various pH ranges, many different types of the sulfite process were developed
over the years, e.g. acid sulfite, bisulfite, alkaline sulfite, multi-stage sulfite and
high yield sulfite processes.
The pH of the sulfite liquor is determined by the amount of the sulfite (SO3
2−), hydrogen sulfite (HSO -) and hydroxyl ions (OH-) present in the cooking
3
liquor (Ingruber, 1993; Fardim, 2011). Acid sulfite cooking liquor contains
higher free SO2 content compared with bisulfite cooking liquors, which
contains free SO2 and combined SO2 in almost equal amounts. Bisulfite
cooking liquors are sometimes called square liquors since the HSO3- and free
SO2 are in equal proportions (Biermann, 1996).
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The acid sulfite pulping process is carried out using an excess of free sulfurous
acid with a pH of 1-2, whilst the main cations used are calcium, sodium and
magnesium (Sixta, 2006). Magnesium is used in bisulfite pulping up to pH 5.6
(Ingruber et al., 1993). Sodium and ammonia cations offer a wide range of
operating pH, ranging from acidic to alkaline (Woodings, 2001). The use of
calcium as the base in the sulfite process suffers from the disadvantage of the
low solubility of calcium, which restricts calcium sulfite pulping to low pH (<2
pH) cooking only (Rydholm, 1965; Ingrubber at al., 1993). It is also important
that the liquor phase have a high concentration of free SO2. Finally, it is not
possible to recycle and reuse the cooking chemicals after the cook, which leads
to high pollution of the water recipients (Casey, 1980). The ammonium cation,
on the other hand, is applicable over a wide range of operating pH (up to pH
11) but, since it produces darker unbleached pulps, more bleaching chemicals
are required, which creates problems associated with chemical recovery and
regeneration (Rydholm, 1965). Sodium and magnesium cations give better
results with respect to pulp quality; they also have good chemical recovery
systems (Annergren et al., 2014). Magnesium-based sulfite mills have a
simpler and the cheaper recovery systems than sodium sulfite mills (Casey,
1980). Acid sulfite pulps dominated as the major dissolving grade of pulp up to
the beginning of 2005: at the end of 2014, it was pre-hydrolysis kraft pulp
(Chen et al., 2016).
The main advantage of acid sulfite pulping is that it can use all bases, where
calcium is the cheapest; whilst the main disadvantages are the long cooking
times and the fact that it cannot be operated at high temperature, because the
risk of lignin condensation is high (Rydholm, 1970). The cooking temperature
used in acid sulfite cooks therefore ranges from 130 to 145 °C. It is difficult to
pulp resinous wood and the wood that contain bark, due to the high risk of
lignin condensation reactions occurring (Annergren et al., 2014). Bisulfite
pulping is carried out with a cooking liquor having equal amounts of combined
SO2 and free SO2, operating in a pH range of 3-5.5. Bisulfite cooking does not
contain an excess of free SO2: the use of the inexpensive base calcium is not
possible because of its low solubility, so magnesium and sodium bases are
therefore widely used. Bisulfite cooking is carried out at temperatures ranging
from 150 to 170 °C, which is higher than for acid sulfite cooking. The higher pH
range in the bisulfite cooks has the advantage that even resinous wood species
can be used for producing pulps of different types. Bisulfite pulps are not
suitable as dissolving pulp due to the high hemicellulose content in such pulps.
Several modifications were made to the sulfite process during the 1950’s and
60’s, which resulted in the development of multi-stage cooking process, e.g. by
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Stora, Sivola, Magnefite, etc. (Casey, 1980; Sixta 2006). The main benefit of
these multi-stage processes is the use of different pH levels in the cooking
stages to increase the pulp yield by hemicellulose retention, Figure 11
(Annergren et al., 1961, 1960). The multi-stage process is also useful for
producing dissolving pulp from resinous raw materials such as pinewood,
where acidic conditions are used in a second cooking stage to maximize the
removal of hemicelluloses (Rydholm, 1965; Sjöström, 1993; Sixta, 2006). The
benefit of sulfite pulping as compared with kraft (Sulfate process) to produce
pulps of different yield is shown in Figure 11. Sulfite pulping can be carried out
using single stage or multistage cooking to produce pulps of varying yield and
composition. It can be seen in the Figure 11 that the two-stage sulfite cooking
(pH 6 & 7) gives higher yield as compared with single stage cooking like
bisulfite cooking. The benefits of two-stage sulfite pulping using low acidity or
near neutral pH as first stage favors both high yield pulp production and also
the possibilities to use resinous wood raw materials like pine, douglas fir etc.
(Rydholm, 1965; Sixta, 2006; Fardim 2011).

Figure 11. Pulp yield versus kappa number for different cooking conditions.
The yield advantage of the two-stage sulfite processes is compared with acid
sulfite and sulfate (kraft) processes (Lagergren, 1964).
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The presence of resinous extractives in certain wood species like pine and fir
favors lignin condensation reactions instead of lignin sulfonation at high acidic
pH and the use of low acidity sulfite cooking helps in resolving this
condensation problem. The use of near neutral pH helps in favoring
sulfonation reactions and even preserving polysaccharide hydrolysis with
improved pulp yield (Rydholm, 1965; Sixta, 1998; Sixta, 2006). A high yield
pulp can be produced by mild neutral sulfite treatment, followed by
mechanical action to defibrize the fibers (Hanhikoski, 2013). This kind of pulp
is used in corrugating board, packaging and as reinforcement in newsprint
(Casey, 1980; Sixta, 2006).
1.3.1.1

Acid sulfite pulping

Prior to the 1950’s, the combined pulp capacity of the acid sulfite and bisulfite
pulping processes dominated and was larger than the total capacity of the kraft
pulp process (Sixta, 2006). One of the main advantages that the sulfite
processes had over the kraft process before the 1950’s was the lower capital
investment and lower operating cost for small and medium scale industries
which, in many cases, had no chemical recovery systems. Another was that
they produced unbleached pulp of high brightness, unlike the dark unbleached
pulp produced by the kraft process. Moreover, the bleaching demand was very
low and, in the case of the softwood sulfite process, the pulp yield was higher.
The invention of chlorine dioxide and the implementation of good recovery
systems, however, made kraft pulp mills more interesting than the sulfite
process; decreasing research and development activities into sulfite
technologies was another reason for reducing the interest of sulfite pulping. A
major benefit of the kraft process, which became increasingly important, was
that it could handle all types of wood raw materials, whereas the sulfite mills
preferred spruce wood of good quality. Nevertheless, there are still a number of
bleached sulfite mills in operation in Europe and North America, three
(Domsjö Fabriker AB, Nymölla Mill and Säffle Mill) of which are located in
Sweden. Sweden also has two pulp mills that produce neutral sulfite semichemical pulps (NSSC) based on birch, where the pulp is used mainly as an
unbleached corrugated medium in container-board.
A comparison of different pulping processes and their impact on the
carbohydrate degradation of given contents of lignin is shown in Figure 12. As
can be seen, the selectivity of the acid sulfite process is better than the kraft
process for both a given content of lignin and the removal of carbohydrates.
Even at low rates of delignification the carbohydrate losses are high at the
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beginning of the cook and, as it proceeds, the lignin is removed more
selectively.

Figure 12. Delignification selectivity of three different pulping processes
(Sjöström, 1993).
The effectiveness of delignification during acid sulfite pulping has been
attributed to both sulfonation and hydrolysis reactions. The former makes the
lignin more hydrophilic by introducing sulfonic groups, and the latter breaks
ether bonds and creates new phenolic groups, thereby increasing the
hydrophilicity of lignin as well as lowering its molecular weight. The reaction
mechanisms involved in delignification during acid sulfite pulping have been
studied using model compounds (Gellerstedt et al., 1971), where it was shown
that the sulfonation of lignin occurred mainly at the α-position of the lignin,
whilst the β-aryl ethers remained stable. It has also been proposed that the
dissolution of lignin is retarded by the lignin condensation reactions that take
place during the pulping process (Kaufmann, 1951; Gellerstedt, 1976).
1.3.1.2

Bisulfite pulping

The bisulfite cooking process is suitable for producing paper pulp for printing
and writing paper, but not dissolving pulps. The dominant cooking reagent in
the cooking liquor is the bisulfite (HSO3-) ion; the pH range of the process is 35. The bisulfite process became commercially successful during the 1950’s
when the sodium bisulfite (Arbiso) and magnesium bisulfite (Magnefite)
processes were developed (Casey, 1980). Resinous wood raw materials, e.g.
pine and Douglas fir, can be easily cooked with the bisulfite process: wood that
is difficult to cook in the acid sulfite process because of problems associated
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with the lignin condensation reactions generated by resins are starting to be
used. If such resinous raw materials is to be used for producing dissolving
grade pulp, the sulfite cooking process will have to be carried out as a twostage process: bisulfite cooking followed by acid sulfite cooking. The common
base used in the bisulfite cooking stage is either sodium or magnesium.
1.3.2 Kraft pulping or Sulfate pulping
Kraft pulping is currently the dominant pulping process, constituting about
90 % of the world’s production of virgin chemical pulp (Sixta et al., 2009). The
main advantages of kraft pulping over other pulping processes are twofold: the
ease with which the different wood raw materials can be handled, and that the
pulps it produces are of superior strength. This pulping process operates in the
alkaline pH region of around 12, at a cooking temperature of around 140-175
°C, and uses sodium hydroxide (NaOH) and sodium sulfide (Na2S) as the main
cooking chemicals. The selectivity of delignification during a kraft cook
changes twice: the cooking times are as shown in Figure 13 (Gellerstedt and
Lindfors, 1984). The figure shows that the removal of lignin is divided into
three different phases: initial, bulk and residual (Gellerstedt and Lindfors,
1984). The delignification starts in the initial phase, with the maximum
removal taking place during the bulk phase. The carbohydrate fraction of the
wood is also affected during delignification in that there is some loss in yield,
which is more pronounced during the residual phase. The amount of lignin
that is removed during the kraft pulping of softwoods is around 90 %.

Figure 13. Delignification phases during kraft cooking (Gellerstedt and
Lindfors, 1984).
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Two important carbohydrate reactions take place during kraft cooking, namely
peeling and stopping reactions. At strong alkaline cooking conditions, the
carbohydrates are degraded into monomeric hydroxycarboxylic acids, which is
the result of glycosidic bonds cleaving and known as the peeling reaction
(Sjöström, 1993). This alkali-catalyzed peeling reaction reduces the chain
length of the cellulose by peeling the glucose monomers from the end of the
cellulose chain, and thus affects both the viscosity and yield of the pulp. The
stopping reaction converts the end-groups of the cellulose chain into
metasaccharinic acid, that is stable against peeling reaction (Rydholm, 1965;
Casey, 1980, Sixta, 2006).

1.3.3 Sulfite pulping versus kraft pulping
The current global production of sulfite pulps is much smaller (<4 %) than that
of kraft pulps. Sulfite pulps are used mainly as specialty pulps rather than
being an alternative market grade to kraft pulps (Sixta, 2006). The main
reasons for the more limited applicability of sulfite pulps may be summarized
as follows:





It is not possible to use pine and other resinous wood raw material in a
single stage acid cooking process due to the high risk of lignin
condensation reactions occurring, which limits the raw material base of
sulfite pulping.
The strength of sulfite pulps is generally poorer than that of kraft pulps.
Sulfite mills are usually small and are therefore less competitive than
kraft pulp mills. Reducing air and water pollution, as required by
legislation, is more costly than for a kraft mill. Also, with the exception of
the magnesium-based sulfite process, it is either very costly or not
possible to recover the cooking chemicals. Finally, sulfite mills are
generally quite old, which makes investing in them questionable.

The main characteristic of the sulfite process is its high degree of flexibility:
e.g. it has a selective removal of hemicelluloses, and the entire pH range can, in
principle, be used whereas kraft pulping requires an alkaline pH. Thus, the use
of sulfite pulping permits the production of different types and grades of pulps
suitable for a broad range of applications. The biorefinery approach is
therefore appropriate for sulfite pulp mills, as the spent liquors are easily
fermentable, and the dissolved lignin from the spent liquor can be recovered as
lignosulphonates (Leger et al., 2010).
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1.3.4 Paper pulp and dissolving pulp
Paper pulp and dissolving pulp (pure cellulose pulp) are two important types
of pulps used either for special end applications (e.g. printing and writing
paper) or for making regenerated cellulose and cellulose derivatives. Despite
the world production of dissolving pulp having been significantly reduced
during the period 1970- 2000, a change in this trend is now taking place.
Dissolving-grade wood pulp and cotton linters are the major raw material for
the production of regenerated cellulose and cellulose derivatives. The high
costs of processing cotton and cotton linters restrict their application to certain
products (Sczostak, 2009), but the use of various hardwoods and softwoods
has become more successful for making dissolving-grade pulps (Charles,
1963). There is an increase in demand, due mainly to the new installation of
viscose plants in Asia manufacturing regenerated cellulose fibers. Compared to
paper-grade pulps, dissolving-grade pulps represent a niche market with a
world production of 5.2 million tonnes in 2011 (Valois, 2012). In 2013, the
world demand for dissolving-grade pulp reached 6.25 million tonnes (RISI,
2014). The global capacity for dissolving pulp is ever increasing, totaling 7.5
million tonnes in 2015, Figure 14.

Figure 14. The worldwide demand for dissolving pulp (RISI, Outlook for Global
Dissolving market, 2016).
Paper pulps, on the other hand, contain cellulose, hemicellulose and lignin in
varying quantities, depending upon the end applications. The global
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production of paper and board was 406 million tonnes in 2014 (Roth et al.,
2016), which is significantly higher than that of dissolving pulp.
1.4

Sustainability and socio-economy aspects

Both paper pulps and dissolving pulps have in most cases their origin in the
forest; the trees they are sourced from, being renewable raw materials. The
production of pulp and paper involves chemical and mechanical treatment
steps, requiring a good deal of energy and water. Pollution is kept under
control by federal and local regulations imposed by governments but also
owing to the fact that there is a demand in the market for “sustainable”
products. Moreover, these statutory regulations, which become stricter over
time, have compelled the pulp and paper industry to re-engineer its processes
with advanced technologies so that resources can be utilized fruitfully in an
environmentally friendlier manner.
An increase in the use of forest-based products can result in expanded forests
plantation in many countries, especially in tropical developing countries. This
can lead to more carbon dioxide being captured naturally (photosynthetically),
and thereby, to fewer problems catalyzed by climate changes, such as heavy
rain, landslides, etc. Sustainability also helps to secure more jobs in companies
providing forest-based resources, as well as in forest-based and cellulose-based
industries.
Most industries are motivated to operate in a sustainable way, and this has
resulted in many new methodologies being applied to their own forest
plantations, silviculture, cloning technologies and tissue culture. Sulfite mills,
which were causing environmental pollution earlier, have now found new ways
of implementing the biorefinery approach when they use acidic cooking
conditions. Making pure cellulose (dissolving pulp) has the advantage that it
also produces more byproducts on the mill site (e.g. ethanol, lignosulphonates
and bio-resin) when biorefinery techniques are employed.
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2

Objectives of this study

The main aim of this study was to increase the understanding of the
mechanism of sodium softwood sulfite cooking. It was interesting to
investigate if its benefits could be better utilized in the future with regard to
production of dissolving pulps. A new study on lignin carbohydrate complexes
for pine heartwood and its impact during different sulfite cooking conditions
was explored.
1.

2.

3.

4.
5.
6.

It was postulated that the pulp composition after a bisulfite cook was
influenced by the type of cooking liquor used i.e. the mill acid or synthetic
lab acid.
It was suggested that the cooking temperature during the initial phase of
the bisulfite cook had an influence on the delignification rate,
carbohydrate degradation and extractives removal.
A further objective was to improve the understanding of the side reactions
during the initial phase of the bisulfite cook as these could significantly
influence the cooking efficiency.
Another objective was to determine the activation energies according to
the Arrhenius equation for delignification and carbohydrate degradation.
Another objective was to determine the influence of acid sulfite cooking
conditions on delignification rate and the lignin condensation rate.
The final objective was to investigate and explain the mechanism for LCC
formation and removal.
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3.

Materials and methods

3.1

The wood raw material

Spruce and pinewood were used in the cooking experiments undertaken in
Papers I-V (Chapters 4.1-4.5) whereas Paper VI (Chapter 4.6) focused on
studies of pure pine heartwood. The processing of the wood raw material and
the separation methods used for the chips are explained in more details in the
various papers (Chapters 4.1-4.6). In Papers I-V the chips of acceptable size
were frozen before being used in the experimental trials, whereas the pine
heartwood chips used in Paper VI were fresh.
3.2

The cooking liquor

The mill-prepared bisulfite cooking acid was collected from a Swedish sulfite
pulp mill and used in some of the reference experiments; its composition is
given in Table 4. However, in the majority of the experiments, lab-prepared
acid sulfite and bisulfite cooking acids were used, the composition of which can
also be found in Table 4. The starting pH of the cooking liquor was always 4.5
for the bisulfite cooking experiments and 1.5 for the acid sulfite, measured at
room temperature.
Table 4. Compositions of the two cooking acids used in the experiments

COD, g/l
TOC, g/l
Total SO2, %
Combined SO2, %
Free SO2 , %
Na2S2O3, g/l
Na2SO4, g/l
pH
Lignin, g/l
Acetone extractives, g/kg
Glucomannan, g/l
Xylan, g/l
Base charge as Na2O,
% on wood

Mill-prepared
bisulfite
cooking acid
49
18.5
2.7
1.5
1.2
0.8
3
4.5
14
0.1
2
1.2

Lab-prepared
bisulfite
cooking acid
5
0
2.7
1.5
1.2
0
0
4.5
0
0
0
0

Lab-prepared
acid sulfite
cooking acid
6
0
3.8
0.6
3.2
0
0
1.5
0
0
0
0

5

5

2.5
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3.3

Profile of the cooking temperature

The cooking experiments were carried out in a lab digester with 6 autoclaves,
each with a capacity of 1 liter. The initial amount of chips in each autoclave was
100 g, calculated as oven dry material. These autoclaves were rotated slowly in
a glycol bath, where they were heated according to a predetermined
temperature profile, Figure 15. The start-up temperature was 100 °C and the
L/W ratio was always 4.6. It should be noted that the time zero hour (0 h) was
defined as the time when full cooking temperature was reached. This means
that the time when the autoclaves were mounted in the digester was negative
which, in this case, is minus 2 h, as shown in Figure 15. A detailed procedure
on the handling of the pulp samples after completion of the cooking
experiments is discussed in Papers I-VI.

Figure 15. Temperature profiles during the laboratory cooks at three different
cooking temperatures. The L/W ratio was always 4.6.
This study of the bisulfite and acid sulfite cooking of spruce and pine has
focused on the initial stage of the cook; it is referred to as Phase I in Figure 16,
defined here as the part of the cook down to around 60 % yield. The remainder
of the cook is defined as Phase II, where the pulp yield was below 60 %.
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Figure 16. The two phases of the cook and the corresponding pulp yield.
3.4

Methods used for testing samples of pulp and liquor

The pulp samples obtained after the cooking experiments were analyzed for
chemical composition, as shown in Table 5.
Table 5. Testing methods used for the wood and pulp samples
Acetone extract
Klason lignin
Lignin (UV)
Arabinose, Galactose,
Glucose, Mannose and Xylose
Total-S

ISO 14453
Tappi T-UM 250
Tappi T 222
SCAN-CM 71: 09 *
SCAN-CM 57

*Calculated as anhydrous sugar
The spent cooking liquors were analyzed using the methods shown in Table 6.
The composition of the pulps with respect to lignin, extractives, cellulose,
glucomannan and xylan was determined using the Klason and UV methods,
based on acetone extracted chips.
Table 6: The testing methods used for the spent cooking liquors
Sulphate
Lignin
Acetone extract
Sulfite
Arabinose Total; Galactose Total; Glucose
Total; Mannose Total and Xylose Total.
Thiosulfate
Total -S
TOC
COD

SCAN-N 36
Tappi T-UM 250
KA 11. 305
SCAN-N 36
KA 10. 202
SCAN-N 36
SCAN-N 35
ISO 8245
SS 028142
26

3.5

Calculations

3.5.1 Carbohydrate analysis
The values obtained for the carbohydrate monomers were recalculated to the
initial carbohydrate polymers using Meier’s correlations (Meier, 1958). Using
the softwood data, the carbohydrate content of the pulp was calculated as the
percentage of wood based on the monomer results of the carbohydrate analysis
according to Equations I, II and III below:
Cellulose= Glucose - (1/3.5) Mannose

(I)

Glucomannan= Mannose (1+1/3.5) + Galactose

(II)

Xylan= Xylose + Arabinose

(III)

However, when analyzing carbohydrates in this way, there is always a
significant fraction of the pulp that is impossible to dissolve: this is reported as
being a “residual” and is at least 10 % of the bone dry pulp weight but, in some
cases, can be as much as 20-30 %. Some laboratories do not report this
amount at all because it does not respond to the carbohydrate test; it is
therefore considered as being “something else” even though it is well known
that wood and pulp consist mainly of lignin and carbohydrates. Moreover,
when carbohydrate monomers are analyzed, the results can be reported either
with or without the presence of one water molecule per monomer. This water
is bound to the monomers in the monomer state but not to those in the
polymer state. The carbohydrate numbers published for samples of wood and
pulp therefore have to be checked very carefully: it is important to know how
the data has been obtained in order to avoid erroneous conclusions being
made. The bound water in this study has been subtracted and the “residual”
amount of carbohydrates has not been included: the numbers for cellulose,
glucomannan and xylan are therefore on the low side compared to those
reported in old text books such as Rydholm (Rydholm, 1965). The methoxyl
groups in the wood and pulp samples were determined by cleaving them with
hydroiodic acid (using adipic acid as a catalyst), and the resulting methyl
iodide was then analyzed with GC.
3.5.2

Integrated version of a first order reaction

Each sample of pulp was evaluated using the correlation “Ln Wi = a x t + b”
where “Ln Wi” is the logarithm of the parameter “Wi”, see Equations IV-VII.
The concentrations of the non-constant cooking chemical used during the
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pulping reactions meant that the evaluation of the kinetic data had to be based
mainly on the initial chemical concentrations:

Equation VII was rewritten as “Ln Wi = a x t + b”
This general equation is the integrated version of a first order reaction, where
“a” is a constant at a given chemical composition, “b” is a second constant and
“t” is the cooking time.
3.5.3

Activation energy

The activation energy of sulfite pulping can, theoretically, be calculated if the
liquor-to-wood (L/W) ratio is so high that the consumption of cooking
chemicals does not have any influence on the composition of the cooking
liquor during the cook. Many examples can be found in the literature of kinetic
pulping studies that have been carried out at L/W ratios as high as 40-200,
which can be compared to the laboratory standard of 3.5-4 (Richards et al.,
2004). So, if the L/W ratio is high, and it is assumed that the degradation of
lignin is a first-order reaction and that the process chemistry remains
unchanged, Equation VIII can be used to summarize the kinetic results:

where L is lignin (%), t is time (h), T is temperature (Kelvin), k and A are
constants, R is the gas constant (kJ/mol. K) and E is the activation energy
(kJ/mol).
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This equation can be integrated and rewritten as Equation IX thus:

where Lo is the concentration of lignin in the original wood chips.
In this study, it was decided that the cooking experiments should be carried
out at the standard L/W ratio in the laboratory, i.e. 4.6. This meant that the
concentrations of the cooking chemicals were changed during the cook. The
slope of the ln L vs t curve at time zero was therefore used, as the
concentration was known for that point. The data obtained scattered very little
and the correlation was surprisingly linear (Deshpande, 2015). The equations
at hand were thus easy to solve, and were of the type represented by Equations
VIII and IX. Plotting ln L versus time (t) provided the slope, Equation X:

where Y is the numerical value of the slope. Equation X was then rewritten as
Equation XI:

Finally, by plotting ln Y versus 1/T for the different temperatures studied, the
new slope corresponding to -Ea/R was obtained, where R is the gas constant
and Ea the activation energy.
3.6

Wood preparation and LCC protocol for pine heartwood

A novel technique for the mild quantitative fractionation and characterization
of lignin carbohydrate complexes at around neutral pH was used in the
experiments, which supplied more reliable and detailed information of the
covalent structure of the LCC matrix (Nicola et al., 2016). All chemicals used
were of analytical grade and were purchased from Sigma Aldrich.
3.6.1 Ball milling
The wood powder that passed through a 40 mesh (see Chapter 3) was
extracted in a Soxhlet apparatus with acetone for 20 h to remove the
extractives. Each sample was dried in an open fume hood overnight and then
ball milled in a Retsch planetary ball mill of type PM400. The ball milling
procedure involved weighing 40 g of each sample and placing it in a stainless
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steel jar with a nominal volume of 500 ml. A total of 100 stainless steel balls,
10 mm in diameter, were added to the jar before it was closed with a steel lid
and subjected to milling, which was performed at room temperature at 300
rpm for 24 hours.
3.6.2 Protocol for LCC
The fractionation steps involved in the LCC method are shown in Figure 17.
The first step was to treating 10 g of ball-milled sample with 100 ml of
deionized water at 80 °C whilst being stirred continuously for 4 hours. After
this hot water treatment, the next step was to centrifuge the mixture at 10,000
rpm for 25 minutes to separate the residue from the solution; the solution
containing the dissolved wood components was freeze-dried and weighed (E1).
The solid residue obtained after centrifuging was air dried at 45 °C in an oven
and weighed. The second step was to treat the residue fraction with [Amim]Cl
(1-allyl-3-methylimidazolium chloride) for 2 h at 80 °C and then add 20 ml of
DMSO (dimethyl sulphoxide). After 2 h hours of treatment with [Amim]Cl and
DMSO, an extra 180 ml DMSO was added and it was kept stirring overnight at
70 °C until complete dissolution was achieved. It was then cooled to room
temperature and 40 ml water was added (40% of DMSO volume). A precipitate
was observed at this point, so the mixture was allowed to stand for 1 h to
ensure complete precipitation. The solution was thereafter centrifuged to
separate the precipitate (Precipitate 1, P1), washed with 160 ml of water and all
of the supernatant solution was collected. The P1 fraction was washed again
with deionized water until it was free from chemicals and then freeze-dried
and weighed; the wash water was discarded. The supernatant solution was
collected after being separated from the P1 fraction, and three times the
volume of pure ethanol was added. This mixture of ethanol and supernatant
was allowed to stand overnight at 4 °C. The precipitate obtained after the
ethanol was added to the supernatant was centrifuged to separate the
precipitate and was called Precipitate 2 (P2), as shown in Figure 17. The P2
fraction was dialyzed and then freeze-dried and weighed. Precipitate 3 was
obtained by addition of three times the volume of water/acetone to the
solution obtained after P2 sample. The P3 fraction obtained was centrifuged
and separated.
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Figure 17. LCC fractionation scheme (adopted and revised from Giummarella
et al. 2016).

3.6.3 Size-exclusion chromatography-DMSO/0.5 % LiBr
The molecular weight distributions of the LCC fractions were investigated by
dissolving 5 mg of lyophilized samples in 2 ml of DMSO + 0.5 % LiBr (w/w)
solution. After filtrating the samples through 0.45 mm PTFE filters, size
exclusion chromatography (SEC) was performed with SEC 1260 Infinity
(Polymer Standard Services, Germany) equipment that is comprised of an
isocratic pump (G1310B), a micro degasser (G1379B) and a standard autosampler (G1329B). The detection system included a UV detector (G1314B) in
series with a refractive index detector (G1362A). The mobile phase was DMSO
+ 0.5 % LiBr set at a constant flow rate of 0.5 ml min-1 for a total run time of
65 minutes; the injection volume was 100 ml. The separation system consisted
of a PSS GRAM Precolumn + 2 PSS GRAM 100 analytical columns regulated at
60 °C and connected in series. Pullulan standards, with nominal masses of 708
kDa, 344 kDa, 47.1 kDa, 21.1 kDa, 9.6 kDa, 6 kDa, 1.08 kDa and 342 Da, were
used for standard calibration according to previous work (Duval et al., 2015).
3.6.4 Enzymatic hydrolysis
An amount of 200 mg of Extract 1 obtained from 2 stage process pulp was
incubated in presence of 50 mM phosphate buffer (pH=7) for 48 h at room
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temperature under continuous stirring. The enzyme dosage was of 100 µl and
the enzymes, all from Novozyme, were respectively Pulpzyme® HC (a product
rich in xylanase activity), Gamanase (1000 VHCU/g) (a product rich in
mannanase activity) and Fibercare® (a product rich in cellulase activity).
Enzyme treated and untreated samples were analyzed by size exclusion
chromatography.
3.6.5 2D HSQC-NMR analysis
For 2D-NMR, roughly 100 mg of freeze dried fractions were dissolved in 700 µl
of deuterated DMSO-d6 or DCCl3 in the case of acetylated samples, derivatized
at same condition reported by Lu et al. (Lu et al., 2003). NMR spectra were
recorded and processed as described elsewhere. DMSO (δC/δH=39.5/2.5
ppm) and chloroform (δC/δH=77.3/7.2 ppm) were used as internal reference.
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4. Results and Discussions
4.1

Paper I: Initial phase of sodium bisulfite pulping of spruce,
Part I

A study was performed where 100 % spruce chips were subjected to sodium
bisulfite cooking with the aim of monitoring the impregnation and the initial
phase of the cook. The pH of the bisulfite cooking liquor was 4.5 and the
cooking temperature was 154 °C. The cook itself was carried out using two
types of acids: one lab-prepared and one mill-prepared cooking acid. The cook
with the mill-prepared acid had higher contents of both COD (49 gpl) and TOC
(18.5 gpl) than the cook with lab-prepared acid (see Table 4); the impact of
these components had on the final composition of the pulp, as well as on side
reactions during the cook, was compared between the two cooks.
The pulping experiments were carried down to about 60 % final pulp yield,
with the focus being placed on the initial stage (Phase I) Figure 18. One of the
objectives was to understand the difference in the reaction mechanism of the
wood components when different types of cooking acids are used. The samples
of pulp and liquor were analyzed and compared for the various cooking
conditions. Detailed studies of the cooking chemistry, and the formation of
thiosulfate and sulfate during the sulfite cook in particular, were made in the
1960’s by Sjöström (Sjöström et. al., 1962); it was felt that an update of this old
knowledge was necessary. The objective of the first study (Part I) was to
develop new knowledge regarding sodium bisulfite cooking using two types of
cooking acids with varying levels of COD and TOC (see Table 4). The
parameters of the bisulfite cooking process considered in this study were
chemical charge, temperature and cooking time.

Figure 18. The bisulfite cook showing its two phases: Phase I (lignin content
above 20 %) and Phase II (lignin content below 20%).
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The chemical consumption profiles of bisulfite cooking using two cooking acids
are compared in Figure 19. The total SO2 charge at the start of the cook was the
same for both acids (i.e. 2.7 %). It was found that about 50 % of the total SO 2
was already consumed when the full cooking temperature was reached (i.e.
zero hour) and, secondly, that although the correlations shown for the
combined and total SO2 are slightly curved, they begin to level out at the end of
the cook. There was a difference in the total consumption of SO2 between the
lab and mill acids, with the latter being higher. The combined SO2 for both
acids showed the same consumption behaviour.
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Figure 19. Total SO2 and combined SO2 consumption in either mill prepared or
lab prepared cooking acid at different cooking time at 154 °C.
4.1.1 Chemical consumption difference between mill and lab acid:
One reason for higher chemical consumption in the mill acid case can be
explained by higher chemical consumption by dissolved lignin. Studies by
many researchers have indicated that lignin sulfonation in wood reaches a
maximum sulfonation value of 0.30-0.33 mol S/mol OCH3. When this low
sulphonated lignin becomes dissolved in the cooking liquor, it tends to
continuously react with the free sulfite cooking chemicals, producing varying
degrees of sulfonation at different pH values, as shown in Figure 20 (Erdtman,
1945; Erdtman et al., 1946; Sixta, 2006). The maximum degree of lignin
sulfonation that is attainable has been observed to be unity (Leoplold, 1952).
The mill cooking acid contained dissolved lignin (see Table 4) and it can
therefore be hypothesized that part of the cooking acid is consumed by the
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dissolved lignin in extended sulfonation reaction, as observed by the many
researchers named above.

Figure 20: Sulfonation of low sulfonated lignin at different pH values (Leopold,
1952).
The other reason for higher chemical consumption in mill acid case can be
attributed to reactions of HSO3- with dissolved carbohydrates resulting in the
formation of α-hydroxysulphonates, which is termed “loosely bound sulphur”
(Rydholm, 1965; Sixta, 2006). The carbohydrates dissolved in the liquor also
consume cooking chemicals in the oxidation process: the aldehydic end-groups
are converted into acids such as galactonic, mannonic, xylonic and gluconic
acids. It is also well known that thiosulfate is formed in chemical reactions
between the bisulfite ions and the reducing end-groups in cellulose and
hemicellulose (Schöön, 1962; Sixta, 2006); it is also widely known that
thiosulfate can be formed in the liquor phase when bisulfite reacts with
dissolved glucose monomers (Schöön, 1962).
The cellulose, lignin and total pulp yields obtained in the cooking experiments
with the lab cooking acid are shown versus cooking time in Figure 21. The
correlations in the figure were surprisingly straight even when the cook was
prolonged down to a pulp yield of approx. 60 %. As can be seen, the cellulose
yield was affected only slightly in the initial stage of the cook. This low yield
loss of cellulose was due to its well-known high order of crystallinity (Rydholm,
1965; Sixta, 2006). In conclusion it may be claimed that the higher loss in pulp
yield was due to the removal of lignin as well as to the loss of hemicelluloses,
which were dissolved during the cook.
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Figure 21. Bisulfite cooking of spruce with a lab-prepared cooking acid.
The correlations for cellulose, lignin, glucomannan and xylan in the pulp when
a lab cooking liquor was used are summarized using the general equation “Ln
Wi = a x t + b” and shown in Table 7. Here, “Wi” is the actual parameter, “a”
and “b” are constants and “t” is the cooking time, see chapter on Materials and
Methods. The scatter in the data is limited because the R 2 values were 0.91 or
higher. The initial weight of the wood chips is defined as 1.0, and Wi in the
table is given for a cooking time of zero hours, i.e. when full cooking
temperature is reached. This equation can be used to estimate the composition
of individual samples of pulp for a certain cooking time in the interval studied;
it is also a way of summarizing the experimental data.
Table 7: Experimental results summarized using the equation “Ln W i = axt+b”

Yield (%)
Cellulose
Lignin
Glucomannan
Xylan

Lab-prepared cooking acid
a
b
Wi (t=0)
0.13
3.5
34.5
0.38
3.2
24.5
0.4
2.6
13.5
0.4
1.7
5.5

R2
0.92
0.91
0.97
0.94

Delignification during sulfite pulping is always initiated by the sulfonation of
lignin moieties, which makes lignin soluble in the cooking liquor during the
following sulfite cook. It is also well known that the chemical reactions in a
sulfite cook lead to the formation of sulfonic groups (-SO3H) in the lignin, and
that these groups facilitate the degradation and the subsequent dissolution of
the lignin from the pulp. The amount of sulfonic groups in the pulp is thus an
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important parameter, and it can be analyzed as the ratio of the total amount of
sulfur in the pulp to the total amount of methoxyl groups in the same pulp. The
delignification process was studied with respect to the lignin sulfonation of
spruce wood using mill-prepared cooking acid: the degree of sulfonation and
the delignification ratio (mol ΔLignin/mol Lignin) are shown in Figure 22.
Sulfonation was quantified by measuring the quantity of sulphur to methoxyl
groups in the lignin moieties (sulphur-methoxyl ratios), and was found to
increase with cooking time, levelling off after 3 h of cooking time. Earlier
studies by many researchers like Rydholm and Lagergren (Rydholm et al.,
1959) have also found that the sulfonation value of the wood chips reached a
maximum of up to 0.30 mol/mol. It can thus be assumed that the sulfonation
value of 0.3 mol S/ mol OCH3 is the maximum value, and that it is sufficient
for further delignification reaction to occur.
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Figure 22. Degree of sulfonation measured as mol S/ mol OCH3 and the
delignification ratio (i.e. degree of delignification) during bisulfite cooking of
spruce using mill prepared acid.
The spruce wood had an initial content of acetone extractives of 1.8 % and it
was important to understand if the type of cooking acid used influenced the
removal of extractives from the pulp produced, Figure 23. Compared with the
lab acid, it was found that the mill acid gave pulps with lower contents of
extractives. The presence of dissolved organics and inorganics in the mill
liquor had an influence on the removal of extractives: favorable results were
obtained from cooks using mill-prepared acid. Moreover, there was a
difference in the final pH between the two cooking experiments. Although the
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initial pH of both cooking acid was same 4.5, the final pH differed: the lab acid
cook had 2.9 whilst the mill acid cook had 3.8. A lower pH should,
theoretically, be detrimental to the dissolution of extractives during pulping. It
is thus important that, when laboratory experiments are employed to predict
the final content of extractives in the pulp produced in a pulp mill, cooking
liquors with the same composition of ions, COD and pH are used.

Extractives, %

The lignosulphonates that are formed during the sulfite cook dissolve in the
cooking liquor and act as a detergent for the liphophilic resin components
(Sjöström, 1993). The canal resins, which are easily accessible, are dispersed by
the lignosulphonate present in the cooking liquor, resulting in a reduced
content of extractives (Back et al., 2000; Allen et al., 1978). The mill acid used
in our study already contained dissolved lignin (Table 4), which was present in
the form of lignosulphonate, and thus promoted the removal of extractives.
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Figure 23: Content of acetone extractives in the pulp after bisulfite cooking of
spruce with two cooking acids: one lab-prepared and one mill-prepared.
4.1.2 Side reactions
The side reactions that occur during sulfite pulping are problematic: they cause
decomposition of the cooking liquor and, if they are not controlled, may result
in lignin condensation reactions. The formation of thiosulfate is one variable
that affects the efficiency of bisulfite cooking in that it consumes bisulfite,
thereby hindering the sulfonation and the delignification (Schöön, 1961, 1962).
In the initial stage of bisulfite cooking the presence of bisulfite ions is
important: however, if these bisulfite ions disproportionate into thiosulfate,
they will affect the sulfonation of lignin directly. Thus, its becomes very
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important to monitor the levels of thiosulfate, especially during the
impregnation stage and when the lignin is being sulfonated. The presence of
dissolved organics and inorganics in the cooking liquor also plays an important
role in the decomposition of the cooking liquor. The amounts of thiosulfate
formed in the experiments varied according to the type of bisulfite cooking
liquor used. The results showed that more thiosulfate was formed when the
lab-prepared acid was used than with the mill-prepared acid, Figure 24. The
lower amount of thiosulfate formed in the mill acid cook may be due to the
dissolved lignin reacting with the thiosulfate: the mill liquor already contained
dissolved lignin, which in turn, reacted with thiosulfate, resulting in reactions
that consumed thiosulfate.
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Figure 24. Thiosulfate content in the cooking liquor during bisulfite cooking of
spruce chips at 154 °C.
In the initial phase of the cook, where the lab-prepared cooking acid had been
used no dissolved lignin was present so the thiosulfate formed was easily
measured. The initial pH of the bisulfite cooking liquor was the same for both
cooking acids, but the final pH of the lab-prepared acid was lower than that of
the mill acid. The difference in the pH between the two acids was probably due
to the buffering actions of the dissolved components in the mill acid. Thus, it
can be concluded that bisulfite pulping with a lab-produced cooking acid
cannot be used to forecast the concentration of thiosulfate that will be obtained
in a bisulfite cook in a pulp mill.
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4.2

Paper II: The influence of the temperature on the initial
phase of sodium bisulfite pulping of spruce, Part II

The cooking temperature employed in the pulping process is very important as
it influences the degradation kinetics of several parameters for example
delignification (Yorston, 1942). It is also important to investigate the initial
phase of the cook in order to improve the understanding of the influence of
temperature. Very few investigations on the activation energies required for
delignification and carbohydrate degradation during bisulfite pulping had been
undertaken at the start of my PhD project; hence it was therefore of interest to
produce new results that can be compared with the delignification kinetics and
the impact of temperature on the overall carbohydrate degradation. The side
reactions that occur under varying cooking conditions during bisulfite cooking
were also an important part of this study.
In my study lab-prepared cooking acid was used and the cooking temperatures
were 142 °C, 154 °C and 165 °C. Bisulfite studies at 154 °C were used as
reference and were investigated further at varying cooking conditions, Figure
25. It was found that the higher temperature gave a higher delignification rate
and hence pulps with lower kappa number can be obtained by increasing
bisulfite cooking temperature.
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Figure 25. Influence of time and temperature on the lignin degradation during
bisulfite cooking of spruce. Conditions used: 2.7% total SO2 and 1.5%
combined SO2. The cooking acid was prepared in the lab.
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The influence of the temperature on both the delignification rate and the
carbohydrate degradation rate for bisulfite pulping is shown in Figure 26. As
can be seen, the delignification rate increased at higher cooking temperatures,
whereas the content of cellulose was not affected by temperature, which can be
attributed to its crystalline nature (Sjöström, 1993). This low reactivity is
specific to sulfite pulping and quite different to kraft pulping, where cellulose
is slowly degraded right from the start of the cook (Wu et al., 2003). The
hemicellulose fraction of the carbohydrates was affected by the higher cooking
temperature: the higher the temperature, the greater the amount of
hemicellulose removed.
The conclusion to be drawn is that temperature can be used as a variable to
control the removal of hemicelluloses for a given content of cellulose. Higher
temperatures produce pulps with lower contents of hemicellulose, which is
desirable when producing pulp of dissolving grade. On the other hand, a low
cooking temperature is more beneficial in a bisulfite mill that produces paper
pulp to obtain a higher yield.
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Figure 26. Influence of time and temperature on the cellulose degradation and
as a reference the lignin and hemicellulose degradation during bisulfite
cooking of spruce.
4.2.1 Activation energies
The Arrhenius equation was used to calculate the influence of temperature on
the initial pulping rate, as shown in Table 8. The activation energy for
delignification was found to be 130±5 kJ/mole: this value corresponds to
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increasing the cooking rate by 2.5-3 times for an increase in temperature of 10
°C. Earlier research found the activation energy for hemicellulose to be around
80-90 kJ/mole for overall bisulfite pulping (Goldfinger, 1941; Rusten, 1962;
Fischer et al., 1991). The activation energy for the hemicelluloses fraction of
the carbohydrate was found to be 87±4 kJ/mole, which was lower than the
activation energy for delignification.
Table 8. The activation energies for the different wood components
Wood component

Ea ,kJ/mole

Lignin

130±5

Hemicellulose

87±4

Delignification studies at 154 °C using lab-prepared cooking acid were
discussed in Paper 1 (Chapter 4.1) and a comparison with the mill-prepared
cooking acid is included in this study. The main purpose here was to study the
difference in the delignification rate when two different cooking acids were
used, and then correlate the results with formation of thiosulfate and
condensation of lignin. Figure 27 shows the delignification results for 154 °C
for a bisulfite cook using two different cooking acids: mill and lab acid. The
delignification reaction was thus relatively robust and not influenced much by
the presence of by-products and COD from the mill cooking acid. In fact, the
dissolved lignin and other by-products in the liquor phase can have a
protective effect on the cook: the lignin condensation reactions caused by the
thiosulfate ions take place, to a large extent, in the dissolved lignin and not in
the lignin that still is bound to the fibers. It can therefore be concluded that the
type of cooking acid used did not affect the rate of delignification.
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Figure 27. The lignin content for bisulfite cooking of spruce using one mill
cooking acid and one lab cooking acid. Conditions used: 154 °C.

Hemicellulose,%

The degradation rates of hemicellulose at 154 °C using mill acid and lab acid
are shown in Figure 28. This study was performed in continuation with Paper 1
(Chapter 4.1), which compared the total pulp yield, delignification rate and
cellulose yield with the lab-prepared acid (see Figure 21, Chapter 4.1). The
degradation rate of hemicellulose was found to be slightly higher for mill acid
cooks than lab acid cooks. The presence of dissolved organic and inorganic
constituents in the mill acid probably resulted in good wetting of chips and
transportation of the hemicelluloses from chips into liquor phase. The
difference in removal rate was however negligible.
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Figure 28. The hemicellulose content versus time for bisulfite cooking of
spruce with either a mill or a lab prepared cooking acid. Conditions used: 154
°C.
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4.2.3 Some concluding remarks comparing Paper 1 and Paper 2
It was found that, in a bisulfite cook, the rate of delignification, along with the
rates of degradation of the cellulose, hemicellulose and cooking acid are all
influenced by temperature but to different degrees. It can be deduced that, at a
higher temperature, a lower content of hemicellulose will be obtained in the
pulp compared at a given content of cellulose. Moreover, since a higher
temperature increases the rate of formation of thiosulfate, the risk of lignin
condensation reactions and a so-called “black cook” occurring are therefore
greater. A low temperature is therefore recommended for a bisulfite pulp mill
that produces paper pulp and where a high pulp yield is necessary, even
though this will also increase the total cooking time, Table 10. The quality of
the cooking acid was shown to be an additional variable: a mill-prepared
cooking acid had no significant influence on the delignification rate but a
significant effect on the decomposition rate of the cooking acid, Table 9.
Table 9. The relative kinetic effect of the mill cooking acid versus lab cooking
acid for bisulfite pulping of spruce at 154 °C.
Rate when using

Rate when using

lab cooking acid

mill cooking acid

154

154

Cellulose

0

0

Hemicellulose

0

Higher

Lignin

0

Lower

Thiosulfate

0

Lower

Reference
Temperature, °C
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Table 10. The relative kinetic effect of the temperature for bisulfite pulping of
spruce using lab-prepared cooking acid as the reference cook at 154 °C. The
reference cook results are shown in Table 7 data.
Relative degradation rate of different
components compared at three temperature
Temperature, °C

142

154

165

0

0

0

Hemicellulose

Lower

0

Higher

Lignin

Lower

0

Higher

Thiosulfate

Lower

0

Higher

Cellulose

4.3 Paper III: Initial phase of sodium bisulfite pulping of pine,
Part III
Pine wood is not considered as being good for acid sulfite pulping due to the
inherent risk of lignin condensation reactions during the cook. Pine is
nevertheless of interest for two main reasons in Sweden: it is cheaper than
spruce and is readily available. It has therefore become interesting to
investigate sulfite pulping of pine again, partly to verify some old data and
partly to obtain new knowledge on the sulfite pulping process. For these
reasons, sodium bisulfite pulping of pine was carried out and the influence of
time, temperature and type of cooking acid were investigated. The cooking
liquor and the cooking conditions were identical to those given in Paper-I
(Chapter 4.1).
The degree of sulfonation of spruce during a sulfite has already been discussed
in Chapter 4.1. However, pine wood was also determined to understand the
difference in the sulfonation mechanism during such pulping, see Figure 29.
During sulfonation a large number of sulfonate groups are attached to lignin
side chains, and complete sulfonation of all lignin units takes place within a
few hours. The degree of sulfonation of lignin can be measured as the molar
ratio of total sulphur and total methoxyl groups in the pulp, i.e. S/OCH 3, as
shown in Figures 22 and 29 for spruce and pine, respectively. In these
experiments, the degree of sulfonation for both spruce and pine was almost the
same, reaching a maximum molar ratio of 0.30 S/OCH3 at three hours of
cooking time and the content of methoxyl groups then decreased with
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increasing cooking time for both pine and spruce. As delignification proceeds,
the methoxyl groups are lost from the lignin and enter into the liquor phase.
Thus, this study shows that spruce and pine had a similar reaction mechanism
with respect to sulfonation and delignification.
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Figure 29. Degree of sulfonation measured as mol S/mol OCH3 and the
delignification ratio (i.e. degree of delignification) versus cooking time during
bisulfite cooking of spruce and pine. Mill-prepared cooking acid was used.
The contents of glucomannan and xylan were studied at 154 °C using millprepared and lab-prepared acids, see Figure 30. Hemicelluloses are not
crystalline and they have a low degree of polymerization: they are therefore
removed to a large degree during bisulfite cooking (Annergren et al., 1959;
Rydholm, 1965; Sjöström, 1993). In the initial phase of the cook, the removal
rate of xylan was slightly higher compared with lab acid cooking when mill
cooking acid was used. However, the differences in the rates of removal of
glucomannan and xylan when mill and lab cooking acids were used levelled off
with increasing cooking time and it totally disappeared after 5 h cooking time.
Comparing Figures 30 and 28, it is obvious that the mill acid cooks for both
spruce and pine follow the same correlation with respect to the degradation of
hemicellulose.
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Figure 30. The influence of cooking time on glucomannan and xylan removal
during the bisulfite cooking of pine. Conditions used: 154 °C.
The correlations found in my study for yield, lignin, glucomannan and xylan in
the pulp using lab cooking acid are summarized in Table 11 using the equation
“Ln Wi =a x t + b”, where “Wi” is the content of the component “i”, “t” is the
cooking time and “a” and “b” are constants (see Chapter 3 for more details).
When compared with spruce, pine showed the same behaviour with respect to
yield and other wood components (see also Table 7). The “b” values of yield,
lignin, glucomannan and xylan are similar for spruce and pine.
Table 11. Experimental results summarized using the equation, Ln Wi = a x t
+b. The weight of initial pine wood chips was defined as 1.0, and “Wi” in the
table is given for zero cooking time, i.e., when the cooking temperature was
reached.
Lab Acid Cooking Liquor
a
b
R2
Wi (t=0)
Yield
0.2
4.5
0.98
90
Lignin
0.1
3.1
0.92
22.2
0.28
2.5
0.92
12.2
Glucomannan
Xylan
0.3
1.7
0.92
5.5
Some organic acids, such as acetic, formic, uronic and aldonic acids, are
generated during bisulfite cooking, which decrease the pH of the cooking
liquor (Husband, 1957). Thus, the pH behaviour of the bisulfite cooking acid
versus cooking time is shown in Figure 31, for both mill and lab acids. The
initial pH of the bisulfite cooking liquor was 4.5 and the initial chemical
concentration with respect to the total SO2 and combined SO2 were the same in
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both cases. Thus, a mill acid cook had a more stable pH than a lab acid cook.
This indicated that the presence of dissolved organic and inorganic chemical
components seemed to act as a buffering agent, which was also observed in the
spruce experiments. The initial pH of both cooking acids were same but, after
5 h of cooking time the pH of the cooking liquor was 3.9 for the mill-prepared
cooking acid case; whereas that of the lab-prepared acid was 2.9. The pH was
thus more stable in the mill acid case. The result was same for both spruce and
pine.
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Figure 31. The pH behaviour of the bisulfite cooking liquor when using mill- or
lab-prepared cooking acid (refer Chapter 3, Table 4 for liquor composition).
4.3.1 pH stability for mill acid:
The initial composition of both cooking acids was the same regarding total SO 2
and combined SO2. It may be conjectured that the greater stability of the mill
acid pH was due to it containing dissolved sugar derivatives, lignin and lignans
with carboxylic groups along with some other inorganic ions, like sulphate and
thiosulfate: this increased its ionic strength and consequently the buffering
capacity of the liquor. Moreover, it might also be so that the dissolved organic
material can consume protons in decomposition reactions. The mill and lab
acids were therefore tested for pH stability, as shown in Figure 32. It was
observed that the mill acid showed a lower pH drop than the lab acid, which
was probably due to the buffering action of the organic and inorganic
components dissolved in it.
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Figure 32. pH of the bisulfite cooking liquor for mill and lab-prepared acids
measured at 25 °C. Pine wood chips were used and the compositions of the
cooking acids are given in Table 4.
The extractives content of the pine pulp samples produced at various cooking
times and using different types of cooking acids are shown in Figure 33. The
extractives removal rate was found to be higher for the mill acid case than for
the lab acid cook. The low pH probably hindered the dissolution of extractives
when lab-prepared acid was used. Earlier studies by Mutton (1962) also
showed that acidic pH levels have little hydrolytic effect on the extractives. The
presence of dissolved lignosulfonates in the mill acid case was acting as
detergent for liphophilic resin components and hence resins in resin canals
were easily dispersed (Back et al., 2000; Allen et al., 1978). The same
phenomenon was observed in spruce experiments when mill acid was used and
lower levels of extractives was found in the pulp as compared with lab acid
cook (Figure 23, Chapter 4.1).
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Figure 33. Acetone extractives content in the pulp after bisulfite cooking of
pine with either a mill-prepared or a lab-prepared cooking acid. The extractive
content in the original pinewood was 2.6 % measured as acetone extractives.
Experiments using a lab-prepared acid showed a higher formation of
thiosulfate compared with mill-prepared acid, Figure 34. The reason for the
significantly higher content of thiosulfate in the experiments with lab acid may
be due to the difference in the contents of TOC and COD in the two types of
acids.
There was, however, dissolved lignin present in the mill acid case. Earlier
investigations by several researchers have revealed that thiosulfate ions and
lignin can react to form thioethers (Goliath et al., 1961; Sjöström, 1993), which
can later result in problematic lignin condensation reactions: the lignin
contained in the liquor phase thus removes the dissolved thiosulfate present in
the liquor phase. The lignin content in the lab acid, on the other hand, was
zero. The thiosulfate formed was therefore not removed by lignin reactions at
the beginning of the initial cooking period: its concentration in the liquor
phase could therefore be assumed to be higher than for a mill acid. It was
found that the formation of thiosulfate was higher for pine (0.006 mol/l) than
for spruce (0.004 mol/l, Chapter 4.1) when lab-prepared cooking acid was
used at 154 °C after 5 h cooking time. The experiments with mill-prepared
cooking acids had lower thiosulfate levels than the corresponding lab acid
experiments.
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Figure 34. Influence of cooking time on the thiosulfate formation during the
bisulfite cooking of pine.
4.3.2 Final remarks for pine and spruce wood
It was found in this study that pine and spruce wood had the same reaction
mechanism with respect to delignification rate and carbohydrate degradation.
Cooking with mill acid had a greater influence on the removal rate of
extractives than cooking with lab acid for both spruce and pine wood, whereas
their cellulose yields were unaffected by the cooking acid used. The side
reactions with respect to the formation thiosulfate were more intense when lab
acid was used. The degree of sulfonation and the rate of delignification of pine
wood followed the similar mechanisms as found earlier in spruce experiments.

4.4

Paper IV: The influence of the temperature on the initial
phase of sodium bisulfite pulping of pine, Part IV

The aim of this study was to understand the reaction mechanisms during
bisulfite pulping for pine. The bisulfite cooking results showed no lignin
condensation reactions, so carrying out these pine cooking experiments was
not a problem.
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The degradation of both lignin and cellulose during the bisulfite cooking of
pine at 142 °C, 154 °C and 165 °C using lab-prepared cooking acid are shown in
Figure 35. It is clear from the graph that the content of cellulose was
unaffected during these cooking experiments, and is probably due to its highly
crystalline nature. This unaffected content of cellulose verifies earlier results
which showed that the cellulose yield is unaffected down to a pulp yield of
about 50 % (Papers I-III; Meier, 1962; Sjöström 1993). In this study, the rate of
delignification was influenced greatly by the cooking temperature: the lowest
lignin content was obtained after 3 h of cooking time at 165 °C. It can therefore
be inferred that the cellulose yield is independent on both the rate of
delignification and cooking temperature for a given pulp yield.
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Figure 35. Influence of time and temperature on the cellulose degradation and
the delignification during bisulfite cooking of pine using lab-prepared cooking
acid.
4.4.1 Activation energy
Bisulfite cooking experiments were carried out at different temperatures using
pine wood and the activation energies for its various components were
determined and compared with spruce wood (Chapter 3: Materials and
Methods), Table 12. The activation energy for the delignification rate of pine
was found to be 121±5 kJ/mol, which corresponds to the same activation
energy found by Dorland (121.3±2 kJ/mol; Dorland et al., 1958; Yorston et al.,
1965); almost the same activation energies were also obtained in our previous
bisulfite cooking studies of spruce (130±5 kJ/mol, Paper II, Chapter 4.2). Since
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the cellulose yield was not affected up to a pulp yield of approximately 60 %,
the activation was not determined for cellulose.
The temperature of the cook affected the hemicellulose components, i.e.
glucomannan and xylan, so their activation energies were determined. It
should be noted that the activation energy for the total content of
hemicelluloses was obtained from an analysis of the total content
hemicelluloses versus cooking time and not via a sum of the relative Ea values
for glucomannan and xylan. The activation energies for the bisulfite cooking of
spruce has been determined previously (Paper II, Chapter 4.2), and it was
found that the “Ea” values were slightly higher for spruce than for pine, Table
12.
Table 12 - The activation energies found for bisulfite pulping of pine.
Activation energies for different wood
components, Ea (kJ/mol)
Pine
Spruce
Lignin
121±5
130±5
Hemicelluloses
81±3
87±4
Glucomannan
91±5
101±3
Xylan
58±5
69±4
4.4.2 Degradation reactions
The formation of thiosulfate at different cooking temperatures was
determined, and the result for spruce and pine is shown in Figure 36. It was
found that temperature had an influence on the formation rate of thiosulfate
and that the rate was higher at higher temperatures. The amount of thiosulfate
decreased as the cooking time increased, indicating that the thiosulfate reacted
further and most probably with dissolved lignin in the liquor phase (Goliath et
al., 1961). This reaction between lignin and thiosulfate is not good, as
thiosulfate may cross-link lignin moieties resulting in the occurrence of more
condensed lignin (Sjöström, 1993).
The thiosulfate formed at 154 °C as studied in Paper I and Paper III (Chapter
4.1 and 4.3, Figure 24 and 34) was compared with cooking at 165 °C and 142 °C
for spruce and pine. It was found that a lower cooking temperature resulted in
a lower concentration of thiosulfate in the liquor phase, Figure 36. The results
obtained at 154 °C indicated that the dissolved lignin present in the spent
cooking liquor acted as a consumer of thiosulfate. Thus, it may be assumed
that a lignin condensation reaction in the liquor phase is not as critical as one
with the lignin still bound in the pulp. Moreover, the thiosulfate studies carried
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out with lab-prepared acid could be misleading for sulfite mills that use mill
acid as the cooking chemical. It is also important to note that a higher
temperature increases the rate of formation of thiosulfate and, hence, the risk
of lignin condensation occurring is greater. Pine showed higher levels of
thiosulfate formation compared with spruce.

Figure 36. Thiosulfate content in the cooking liquor during bisulfite cooking of
spruce and pine with lab and mill-prepared cooking acids at 142 °C, 154 °C and
165 °C. A mill acid was used only at 154 °C.
4.4.3 Spruce and pine wood comparison during bisulfite cooking at
different temperatures
The behaviour of the wood components when spruce and pine chips were
cooked with bisulfite cooking at 142 °C, 154 °C and 165 °C is shown in Figures
37, 38 and 39, respectively. In Figure 37, which shows the composition of the
spruce and pine pulps as a function of the cooking time at 142 °C, it can be
observed that there was no loss in the cellulose yield at all, despite the fact that
the cook was continued up to 6 h. It is evident from the graph that the removal
of lignin had no influence on the content of cellulose, as the lignin content
decreased with cooking time. The rate of delignification influenced the content
of hemicelluloses, which decreased with cooking time. The content of
extractives, on other hand, was not affected during the cook. The component
named “balance” in the figures corresponds to the difference between the total
yield of pulp and the amounts of lignin, cellulose, hemicelluloses and
extractives in the pulp; it is comprised of pectins, proteins, ash and other
polysaccharides. The graph shows that the amount of balance in the pulp
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decreased with cooking time. Both the spruce and pine wood showed the same
behaviour with extended cooking times.

Figure 37. Material balance for the wood components during sodium
bisulfite cooking of spruce and pine at 142 °C using lab prepared acid.

Figure 38. Material balance for the wood components during sodium
bisulfite cooking of spruce and pine at 154 °C using lab prepared acid.
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Figure 39. Material balance for the wood components during sodium bisulfite
cooking of spruce and pine at 165 °C using lab acid.
It can be compared from the Figures 38 and 39, that the increase in cooking
temperature had an overall impact on the wood components compared at a
certain cooking time. Earlier studies by Salmén and Olsson (1998) and Lawoko
(2005) have indicated that lignin and carbohydrates are bound covalently in
wood; the present study indicated that higher temperature favoured the
delignification rate and higher hemicellulose degradation. It can be assumed
from the results obtained here that a higher temperature favors the breakage of
linkages between lignin and hemicelluloses (i.e. glucomannan, arabinose,
galactose and xylan). It should be noted that there was no change in the yield
of cellulose up to a final pulp yield of about 60 %, indicating that the higher
temperature favoured only the removal of hemicelluloses and lignin: this is one
of the reactions desired in the production of dissolving-grade pulp. Gellerstedt
and Gierer (1971, 1976) showed that sulfonation occurs at the alpha position on
the lignin molecule during acid sulfite cooking; the results of the present study
indicate that, at higher temperatures, sulfonation is also accompanied by the
simultaneous removal of lignin. Our results also concur with those of Lawoko
(2005), who found that xylan was more stable during acidic conditions and
that glucomannan was easily removed in acidic conditions, both of which can
be seen in our graphs (Figure 38 and 39): at higher temperatures, more
glucomannan was removed and the rate of removal of xylan was very slow.
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4.4.4 Some concluding remarks on the bisulfite pulping mechanism
Figure 40 shows the basic reaction mechanism between the wood chips and
the bisulfite cooking liquor. The cooking process starts with the chips being
impregnated with bisulfite cooking liquor, i.e. SO2 and HSO3-. The reaction
between the lignin and the cooking liquor in the initial part of the sulfite cook
results in the sulfonation of lignin molecules, which in the latter part of the
cook, are rendered soluble by the breakage of the bonds that link them to the
carbohydrates. The fragmented lignin molecules diffuse out of the wood chips
into the cooking liquor during the cook. Whilst the lignin is sulfonating and the
linkages are broken, the carbohydrate fractions of the hemicelluloses are also
being partially degraded and removed from the wood chips. The present study
found that delignification was not influenced in the impregnation stage at the
cooking temperatures studied, and the fragmentation of the lignin began with
sulfonation and increased as the cooking temperature increased.

Figure 40. Reaction steps between wood chips and cooking chemicals during
bisulfite cooking.

4.5

Paper V: Some process aspects on acid sulfite pulping of
softwood

Samples of 100 % spruce and 100 % pine were also subjected to acid sulfite
pulping to investigate the influence of different cooking conditions on the
wood components at pH 1.5. In earlier studies (Papers I-IV), bisulfite cooking
was studied at pH 4.5. Acid sulfite cooking was carried out at 132 °C, 142 °C
and 154 °C temperature, with a total SO2 charge of 3.8 % and free SO2 charge
of 3.2 %. The liquor to wood ratio (L/W ratio) was always 4.6 and the pH of the
lab-prepared cooking acid was 1.5. Lab-prepared cooking acid was used in all
experiments.
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Delignification is very important during acidic sulfite conditions but both
lignin degradation and lignin condensation reactions can occur if the cooking
conditions are not controlled well, Figure 41. Lignin degradation reactions are
important in obtaining pulp of the quality desired, whereas lignin
condensation may result in a “black cook” and, consequently, a dark pulp,
which is unacceptable. An acid sulfite cook is a therefore a balancing and a
demanding process.

Figure 41. Lignin reactions that can occur during acid sulfite pulping.
The content of lignin versus cooking time at three different temperatures was
determined for spruce and pine wood, as shown in Figure 42. It was found that
the temperature had an influence on the rate of delignification and the
condensation reactions of lignin. A low cooking temperature resulted in a low
delignification rate and the correlation between temperature and time was
found to be linear for both spruce and pine. A higher temperature resulted in a
higher delignification rate. The increase in the lignin content found at the end
of the cook for the highest temperature was most probably due to condensation
reactions, e.g. the dissolved lignin bound to the lignin in the pulp fibers. Earlier
studies by Kaufmann and Ingruber have also indicated that a sufficient amount
of combined SO2 is necessary in the system to avoid lignin condensation
reactions from occurring (Kaufmann, 1951; Ingruber, 1993). The two types of
wood used here, i.e. spruce and pine, showed the same general correlation,
although the rate of delignification was found to be slightly higher for spruce.
It may be deduced that the delignification chemistry is probably very similar
for both pine and spruce. Sulfite pulp mills do not usually use pine, in order to
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avoid the risk of lignin condensation reactions taking place in its heartwood
(Sixta, 2006).

Figure 42 - Lignin content in the pulp versus cooking time during acid sulfite
cooking of spruce and pine.
Based on the above delignification studies on spruce and pine, it was
important to compare the behaviour of lignin condensation at the highest
cooking temperature i.e. 154 °C, Figure 43. As can be seen, the pine pulp curve
starts at a lignin content that is about 1.5 % lower (26.6 % in the wood sample)
than the spruce pulp (28.0 % in the wood sample); this difference remains
throughout the whole cooking time. It therefore seems that if the two types of
pulps had started with the same contents of lignin, the correlations in Figure
43 would most probably have been identical: pine and spruce seem to have the
same reactivity versus lignin. The proposed condensation reactions of lignin
started at 2 h cooking time for both pulps. The remaining content of total SO2
here was about 0.5 % or 23 kg/t wood calculated as SO2. As the initial
concentration was 3.8 % or 175 kg/t wood, it meant that 91 % of the cooking
acid was consumed at this point. Thus, cooking acid of too low a concentration
should be avoided, and especially so when a high cooking temperature is
employed.
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Figure 43. Lignin content versus the cooking time for spruce and pine.
The behaviour of cellulose degradation during acid sulfite cooking was studied
at different temperatures; the results are shown in Figure 44. Although the
spruce and pine wood both showed similar behaviour in the degradation of
cellulose during the cook, the trend is easiest to see for the pine pulp. It can
thus be concluded that the lignin condensation at higher cooking temperatures
(in this case 154 °C) influences the degradation rate of cellulose.

Figure 44. Cellulose content in the pulps versus the cooking time for the spruce
and pine pulp samples and at three cooking temperatures.
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The degradation of hemicelluloses with respect to the content of lignin in the
pulps was studied for spruce and pine at 154 °C, Figure 45. It shows that the
two pulps followed a similar correlation for glucomannan and xylan. It was
also found that the condensation of lignin had no influence on either the
glucomannan or xylan degradation, since they both decreased as the cooking
time increased. It could thus be concluded from the figure that the lignin
reactions and hemicellulose reactions were not correlated, at the end of the
cook at least. The linkages that may be present in the pulps between lignin and
hemicellulose in particular, denoted as lignin carbohydrate complexes (LCC),
thus seemed to exist only at the beginning of the cook (Lawoko et al., 2005).

Figure 45. Contents of glucomannan and xylan versus content of lignin of
spruce and pine pulp samples at a cooking temperature of 154 °C.
The amounts of extractives present in the samples of spruce and pine pulps
were determined at 154 °C, Figure 46. In the original wood, the pine contained
more extractives than the spruce. The results showed that the contents of
extractives were unchanged in the very first part of the cook. However, when
zero hours was reached (i.e. at full cooking temperature) a reduction in the
extractives was seen and this curve was relatively linear. In the current
experiments, the pine pulp always had the highest content of extractives but
the rate of removal was also higher. Thus, both spruce and pine had the same
final content of extractives at the end of 3 h of cooking time.
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Figure 46. Content of acetone extractives in the pulp samples versus cooking
time for acid sulfite cooking experiments at 154 °C using lab-prepared acid.

A comparative study was made using pine wood with respect to the total yield
of pulp at acid sulfite and bisulfite cooking conditions at 154 °C, Figure 47. It
was found that the delignification rate was higher for an acid sulfite cook than
for a bisulfite cook at a given temperature. Based on the previous studies
reported in Paper IV (Chapter 4.4), it can be concluded that a higher
temperature during a bisulfite cook results in higher rate of cooking. Moreover,
a certain amount of extractives were found in the final pulp in the acid sulfite
case, and even more so in the bisulfite case. The presence of extractives in the
final pulp is a quality parameter: the lower the content of extractives, the better
the pulp. The acidic pH of a sulfite cook makes it difficult to eliminate
extractives: it is much easier in an alkaline stage in, for example, a kraft cook
(Mutton, 1962). Bisulfite cooks produce pulps with higher contents of both
hemicellulose and lignin at the same cooking temperature compared with acid
sulfite pulps.
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Figure 47. The content of carbohydrates, extractives and lignin versus cooking
time and delignification during acid sulfite and bisulfite cooking of pine using
lab prepared cooking acid. Conditions for bisulfite cook: same as in Paper IV
(Chapter 4.4).

4.6 Paper VI: The reactivity of lignin carbohydrate complexes
(LCC) during manufacture of dissolving sulphite pulp from
softwood
Production of sulfite dissolving pulp using different wood raw materials is well
known but how to avoid the formation of LCC (Lignin carbohydrate
complexes) which hinders the delignification process is not yet known. This
study was therefore carried out on 100 % pine heartwood to understand and
verify the LCC behaviour during a sulfite pulping process. A neutral pH
protocol for LCC fractionation (Chapter 3.6; Giummarella et al., 2016) was
used in our study to investigate in-depth the presence of lignin-carbohydrate
linkages for pine heartwood pulps. The LCC analyses were carried out on pine
heartwood, single-stage and two-stage acid sulfite pulp samples. Temperature

profile for single-stage and two-stage acid sulfite cook is shown in Figure 48.
The dotted line for two-stage sulfite cook represents the first impregnation stage
with bisulfite cook (pH-4.5, 154 °C, L/W ratio-4.6) up to zero hour cooking
time; which is then continued with acid sulfite cook as second stage (pH-1.5,
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142 °C, L/W ratio-2.6). Pulp and liquor samples were then collected after each
cook and analyzed (see Chapter 3.4 and 3.5).

Figure 48. Cooking temperature profile for two-stage sulfite (red dotted line)
and acid sulfite (blue line) cooking.
The chemical composition of the pine heartwood and the pulp obtained after
different pulping conditions were analyzed for carbohydrate, lignin and
extractives contents as shown in Table 13.
Table 13: Wood and different sulfite pulps composition

Yield, %
Lignin, %
Cellulose, %
Glucomannan, %
Xylan, %
Extractives, %
Pinosylvin, mg/kg

Pine
heartwood
100
26.6
35.0
12.6
6.9
11.8
2411

142 °C,
Acid sulfite
65.55
16.3
34.5
3.0
2
4.7
127

Two stage
cooking
61.5
11.19
33.00
3.95
2.51
3.57
12.3

The pine heartwood and the pulp samples obtained after different sulfite
pulping conditions were fractionated according to the procedure for LCC
fractionation described by Giummarella (Giummarella et al., 2016). Mass
balance analysis for all pulp samples show recovery yields all above 90 %
(Table 14).
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Chemical analysis on all the LCC fractions were carried out, Table 14. It is
evident for the pine heartwood that the hemicelluloses were enriched in the E1
fraction, cellulose in the P1 fraction and Lignin in the P2 fraction. However,
most of the lignin was present in the P1 fraction, which was the largest by
mass. A similar fractionation applied to the pulps however shows a different
tendency with respect to yield and composition of the fractions. The P1 fraction
progressively diminishes from one-stage to two-stage sulfite pulping, while the
E1 fraction increases. The compositional changes of the growing E1 fraction
indicate dominance of cellulose. This tendency can be explained by that the
cellulose is depolymerized during the pulping and becomes more water-soluble
during LCC fractionation. In this context, the two-stage pulping is more severe
on cellulose degradation.
Table 14. Mass balance Carbohydrate and lignin content of different fractions
142 °C , Acid
sulfite

Pine heartwood

%

Two stage
cooking

E1

P1

P2

P3

E1

P1

P2

E1

P2

Mass
balance
Arabinose

18

52

21

2

28

5

40

70

12

5.9

1.0

1.7

n.a

0.1

0

0

0

0

Galactose

10.2

1.4

3.2

n.a

0.1

0

0

0.1

0.1

Glucose

13.7

62.6

38.3

n.a

49.8

57.9

75.6

66.8

80.8

Xylose

17.3

3.7

7.0

n.a

8.4

0.4

1.1

5.8

1.9

Mannose

43.2

4.0

10.3

n.a

10.0

0.9

1.9

7.0

2.4

9.7

27.3

39.5

n.a

31.6

40.7

21.4

20.3

14.9

Lignin

11*

35*

25*

*Obtained by UV; n.a=not analyzed
4.6.1 Molar Mass Distributions of LCC fractions
The E1 fraction and the P2 fraction were completely soluble in the eluent
solvent system (0.5 % LiBr/DMSO) but the P1 was only partially soluble. The
insoluble fraction was probably restricted by its large molar mass.
For the pine heartwood (see Figure 49), it is generally observed that some
lignin (reflected by the UV detector signal) co-eluted with most of the material
(reflected by the RI detector signal). Yet the lignin content in the fractions was
in the range of 9-40 % (Table 14, columns 1-3). This is a strong indicator of
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covalent linkages between lignin and carbohydrates. It should however be
noted that in the case of the P1 which was only partly soluble, the dissolved
fraction consists mainly of hemicelluloses and lignin, the cellulose fraction
constituting the insoluble. Thus, the deduction of lignin carbohydrate bonds
from the SEC chromatograms is specifically lignin-hemicellulose bonds. This is
further substantiated when one follows the cellulose degradation during
pulping by SEC. It is clear that the high intensity RI peak (representative of
cellulose) is not associated with a UV peak. However, the involvement of noncellulosic glucans in LC linkages cannot be disregarded. It is evident from the
molar mass parameters of pine heartwood fractions reported in Table 15, that
the P2 fraction represents the highest number average molar mass (Mn) and
the E1 the lowest. The P1 is intermediate but it should be noted that solubility
was poor for this fraction and we attribute this to high molar mass insoluble
fraction.

Figure 49. SEC elution patterns for pine heartwood fractions.
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Table 15. Polydispersity (D), Mn and Mw values for LCCs fraction of pine
heartwood, 142 °C-Acid sulfite and Two stage cooking pulps
Pine heartwood
Mn,
g/mol
Mw,
g/mol
D

142 °C , Acid sulfite

Two stage
cooking
E1
P2

E1

P1

P2

P3

E1

P1

P2

4800

6100

13200

3700

1800

4600

3200

1700

2600

13000

30900

93000

8700

7700

15100

12700

6200

7100

2.72

5.04

7.02

2.33

4.22

3.26

4.03

3.77

2.72

The SEC profiles of the fractions obtained from the pulps (Figure 50) were
somewhat different from those of the original pine heartwood. Firstly, most of
the carbohydrate fractions seemed to be free of lignin since the UV and RI were
not superimposed. In general, it was difficult to deduce the existence of lignin
carbohydrate bonds from the elution profiles.

Figure 50. SEC results for 142 0C fractions (left) and for 60 min fractions
(right).
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Further investigation was therefore done by applying carbohydrate degrading
enzymes, i.e., specific hemicellulose degrading enzymes, on E1 from two-stage
process, followed by SEC analysis. The working hypothesis here is that the
enzymatic treatment should not affect the elution profile of lignin (observed by
UV) unless the lignin was covalently attached to the partially depolymerized
carbohydrate. As shown in Figure 51, the enzymatic depolymerization of the
different carbohydrates surely did affect the lignin SEC profiling by UV, yet the
enzymes do not degrade lignin. This could indicate that lignin in these
fractions were covalently linked to carbohydrate. Furthermore, all of the three
different enzymes applied gave the effect of “moving UV peaks” indicating that
covalent bonds exist to at least xylan and glucomannans and possibly also to
glucans. That this was the case was finally demonstrated by the linkage
analysis applying 2D HSQC NMR. The shift towards lower molecular weight
after the treatment in both detectors indicates the presence of covalent bonds
between lignin and polysaccharides.

Figure 51. SEC elution pattern of E1 for two-stage sulfite pulp (black line) and
after Fibercare® (cellulase), Gamanase (Mannanase), and Pulpzyme® HC
(xylanase) enzyme treatment looking at UV (left) and RI (right) detectors.
4.6.2 Mechanism on LCC behaviour and its comparison with native pine
heartwood
The lignin-carbohydrate (LC) bond types identified were the phenyl glycosides
(PG) and gamma esters (GE). These were only observed in the E1 fractions.
The P2 fractions had lower contents of lignin and if LC bonds were present in
them, they were below the detection limits. The benzyl ethers which were
present in the native wood had been cleaved. A likely explanation for this is
that ethers are broken during the sulfonation of lignin according to the
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mechanism in Figure 52. Xylan and pectin carry carboxylic acid groups that
maybe responsible ester linkage formation to lignin. However, since only xylan
was detected in the pulps, it plays a more important role in lignin carbohydrate
networks in sulphite pulps (Lawoko et al., 2006).

Figure 52. Suggested mechanism where LCC of ether type are broken by acidic
sulfonation.
According to the proposed mechanisms of LC bond formation in the wood cell,
the benzyl ethers and benzyl esters could form through nucleophilic addition
to the quinone methide intermediate of lignin polymerization. However, of the
two LC bond types formed by the proposed mechanisms, only benzyl ethers
have been detected by 2D HSQC analysis. The absence of benzyl esters has
been attributed to the migration of the uronic acid esters from the alpha to the
gamma position, Figure 53 (Evtuguin et al., 2005).This may explain why the
GE were detected in the pulps. Besides, sulfonation of the primary alcohol
located at the gamma carbon is not as common as that of the secondary alcohol
at the benzylic carbon (Gellerstedt et al., 1971).

Figure 53. Hypothetical mechanism of uronosyl migration from benzylic to
gamma carbon (Evtuguin et al. 2005).
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In this mechanism the originally formed α ester (iii) is formed by the reaction
between a carbohydrate-bound carboxylic acid and the quinomethide structure
(ii) formed by the coupling of radicals (i). The hydroxyl on the γ-carbon
performs a nucleophilic attack on carboxyl carbon and forms a cyclic
intermediate (iv), before an ester to the γ-carbon eventually is formed. That
structure (v) is more favorable than structure (iii) might be due to that the
reactivity of the hydroxyl on the γ-carbon is higher and sterical reasons.
Although the cleavage of alkyl-aryl ether linkages has been proposed
(Gellerstedt et al., 1971), the cleavage of BE by sulfonation reaction has not
been discussed and would have a technical significance in the context of future
bio refineries targeting hemicellulose or lignin extractions. As such a more
detailed investigation is required.
4.6.3 Some LCC conclusions
The results obtained in this work indicate that lignin- carbohydrate bonds of
the ester and glycoside type may in part explain why lignin is retained in pulps.
In fact, we observe that residual lignin carbohydrate complexes are
significantly sulfonated. Hence, sulfonation alone is not enough for lignin
dissolution. The cleavage of stable LC bonds is equally important to release
sulfonated lignin into the liquor. This applies for both the one- and two-stage
pulping. From the analytical data, we were unable to detect lignin products
resulting from intramolecular condensation reactions involving β-β structures
as previously observed in Eucalyptus sulfite pulps (Marques et al., 2009).
These reactions would lead to cyclic structures with known NMR resonances
that were not identified in the present work. The LCC mechanism results from
this Paper VI can be compared with the delignification studies in Paper I-V,
since there is no significant difference in chemical composition of lignin
between spruce and pine wood. It can be concluded that the covalent bonds
between lignin-hemicellulose survive the acid sulfite and bisulfite cooking
conditions and the α-ethers linkages are more affected and cleaved during the
sulfite pulping.
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5.

Conclusions

1.

No significant impact was made on the rate of delignification or rate of
carbohydrate degradation when either a mill-prepared or lab-prepared
bisulfite cooking acid was used in the cook. However, the removal rate of
the extractives was found to be higher when a mill acid was used.
The lab acid experiments showed initially an increase and in the end of
the cook a decrease in the thiosulfate formation, with pinewood showing
higher thiosulfate values than spruce.
The temperature during the initial phase of a bisulfite cook had an
influence on both the rate of delignification and the removal of
hemicelluloses: higher temperature resulted in faster rates of
delignification and removal of hemicelluloses. However, the yield of
cellulose was not affected by the cooking temperature.
The formation of thiosulfate, which is undesired side reaction, was found
to be more pronounced at higher temperatures.
The activation energies required for delignification and the degradation of
hemicelluloses during bisulfite cooking were found to be slightly higher
for spruce than for pine. It should also be noted that the activation energy
for degrading glucomannan was found to be higher than that for xylan,
indicating that the composition of hemicelluloses in the final pulp can be
controlled.
Acid sulphite cooking of spruce and pine showed very similar reaction
rates at the same temperature and chemical charge.
Lignin condensation reactions were observed when the total SO2 content
was below 0.5 % or 23 g/kg wood (0.08 mol/l) and this min value was the
same for spruce and pine.
The LCC studies on pine heartwood revealed the presence of covalent
bonds both in native wood and sulfite pulp samples. The linkages studied
indicate that the covalent bonds were mainly associated with lignin and
hemicelluloses.
In the original pine heartwood sample the LCC were phenyl glucosides, γesters and α-ethers but in the pulps, the α-ethers were cleaved. Covalent
bonds between lignin and wood polysaccharides might be a factor that
limits delignification in sulphite pulping. The present study indicates that

2.

3.

4.
5.

6.
7.

8.

9.

covalent bonds between lignin and hemicellulose present in wood survive
the dissolving type sulphite pulping.
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6.

Pulp mill considerations
1.

2.

3.

4.

5.

Dissolving pulp production by softwood sulfite pulping is a challenge
with respect to the type of raw materials used and the cost of the raw
materials. By using 100 % pine or pine/spruce mixture instead gives a
lower production cost. The results from this thesis will help the
industry to choose the best raw material mixture.
The activation energies obtained in our studies for the removal of
different wood components can be a useful tool in producing sulfite
pulps of different compositions and yields.
Experimental trials in laboratories are usually conducted with
laboratory prepared sulfite liquor (sometimes called as synthetic
cooking liquor). However, there is a difference in the side reactions
when lab-cooking acid is used instead of mill prepared cooking acids.
Thus, a mill-prepared cooking acid should be used when optimizing the
pulp mill.
The knowledge about the influence of the temperature on side reactions
will help the pulp mill to use suitable temperature profiles so that side
reactions are minimized.
The LCC studies and the proposed mechanism for lignin carbohydrate
bonds will give valuable information about the sulfite pulping
conditions and how the conditions can be adjusted to get good
delignification.
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The sulfite pulping process is today practised in only a small number of pulp
mills around the globe and the number of sulfite mills that use sodium as the
base (cation) is less than five. However, due to the increasing interest in the
wood based biorefinery concept, the benefits of sulfite pulping and especially
the sodium based variety, has recently gained a lot of interest. It was therefore
considered to be of high importance to further study the sodium based sulfite
process to investigate if its benefits could be better utilized in the future in the
production of dissolving pulps. Of specific interest was to investigate how the
pulping conditions in the initial part of the cook (≥ 60 % pulp yield) should be
performed in the best way.
Thus, this thesis is focused on the initial phase of sodium based single stage
bisulfite, acid sulfite and two-stage sulfite cooking of either 100 % spruce, 100 %
pine or 100 % pine heartwood chips. The cooking experiments were carried out
with either a lab prepared or a mill prepared cooking acid and the temperature
and cooking time were varied. Activation energies for different wood components
were investigated as well as side reactions concerning the formation of thiosulfate.
LCC (Lignin carbohydrates complexes) studies were carried out to investigate
the influence of different cooking conditions on lignin carbohydrate linkages.

ISBN 978-91-7063-726-1
ISSN 1403-8099
DOCTORAL THESIS | Karlstad University Studies | 2016:43

Raghu Deshpande | The initial phase of sodium sulfite pulping of softwoods | 2016:43

The initial phase of sodium sulfite pulping
of softwood

