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Abstract

Although kraft pulping has long beenthe predominantly used pulping process, models describing the
carbohydrate degradation during these conditions are insufficient. Focus has historically been on
describing the delignification whereas less attention has been paid to the hemicellulose degradation.
This thesis aim to provide models of the degradation and dissolution of the main softwood
hemicelluloses, glucomannan and xylan, while considering the distinctly different degradation
mechanisms involved. The models are based on an extensive set of experimental data generated
through laboratory cooking of Scots pine (Pinus sylvestris) wood meal in constant composition cooks.
The glucomannan loss can be accurately described by the degradation to monomers through endwise
degradation as well as alkaline hydrolysis, either through accounting for the cooking liquor
composition by power law expressions or by using equilibrium constants related to rate limiting
intermediates. The xylan removal is on the other hand largely controlled by the solubility of
polysaccharide fragments and may thus rather be described by a continuous distribution of reactivity
model.

As the glucomannan removal is controlled by the degradation, the cooking temperature and hydroxide
ion concentration had the largest impact on the overall yield. The degree of delignification seemed to
affect the extent of primary peeling obtained, possibly due to a physical stopping reaction of the
endwise degradation as a result of lignin-carbohydrate linkages. This effect was minor among the kraft
cooking experiments, although a significantly higher glucomannan yield is obtained during soda cook
experiments. The removal of xylan had a more pronounced correlation with delignification and thus
the hydrogen sulphide concentration. The retention of xylan is however decreased at higher ionic
strengths due to the decreased solubility of polysaccharide fragments.

Keywords: kraft cooking, hemicellulose, degradation, glucomannan, xylan, modelling, reaction
kinetics, equilibrium based model, continuous distribution of reactivity
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1. Introduction

1.2 Background

The pulp and paper industry has a long tradition in Sweden. The pulp is produced by liberating the
wood fibres in the raw material, either mechanically through shear forces or by dissolving the lignin
fraction through chemical treatment. Mechanical pulping is an energy demanding process resulting in
a good material efficiency due to the high yields obtained whereas chemical pulping typically has
yields of about 50 %. The effective recovery of cooking chemicals in the kraft process, as well as the
high pulp quality obtained, is however the reason that kraft pulping is the predominant method for
pulp production.

The kraft process produces pulp by the cooking of wood chips in alkaline liquor containing hydrogen
sulphide. Cooking chemicals are then recovered and recirculated whereas the dissolved wood material
is used for energy production. Lignin is however not the only wood component that is degraded during
the alkaline cooking conditions as substantial losses of carbohydrates accompany the lignin removal.
The produced pulp has very high cellulose content whereas most of the hemicelluloses and lignin has
been degraded and dissolved. Although increasing the hemicellulose yield would have a positive
impact on the profitability of pulping process, sufficient knowledge regarding many features of the
process is still lacking. This shows the complexity of this over century old process.

The focus of this study is on the reaction kinetics of the main hemicelluloses in softwood, namely
glucomannan and xylan. The degradation mechanisms are studied in order to formulate models for the
hemicellulose removal during kraft pulping conditions. An extensive set of experimental data
concerning the carbohydrate composition after laboratory cooking will be used as the basis for the
modelling. The experimental data has been generated during studies on the delignification kinetics
carried out within the project Avancell - Centre for Fibre Engineering, but the carbohydrate
composition has previously not been studied further.

1.3 Aim

The objective of this thesis is to describe the degradation of glucomannan and xylan during kraft
cooking of softwood meal. The effect of temperature and cooking liquor composition concerning
hydroxide ion concentration, hydrogen sulphide ion concentration and total salt concentration (ionic
strength) are considered in the models. The modelling is focused at not only describing the observed
trends from the experimental data, but rather provide explanations for the studied behaviour in order to
be applicable over a wider range of cooking conditions.



2. Theory

This chapter gives a brief description of the chemical components present in wood. It also presents the
most important carbohydrate degradation reactions along with the corresponding reaction
mechanisms. Existing models for carbohydrate removal during chemical pulping are also presented
along with a brief discussion about the reasoning behind the various approaches to modelling that has
been taken.

2.1 Chemical composition ofsoftwood

Wood is a material mainly built of fibres. These long and slender fibre cells are called tracheids and
constitute 90-95 % of the cells. The fibres give softwood mechanical strength and allow for water
transport. The cell walls are mainly composed of cellulose, hemicellulose and lignin. Cellulose canbe
seen as the basis for the cell walls while located in a matrix of hemicelluloses and lignin polymers.
This is of course a very simplified picture as the cell wall consists of several different layers with
varying structure and chemical composition. In fact, wood is a complex biopolymer composing of a
network of connected polymeric components (Sjostrom 1993). This work regard the carbohydrate
degradation during pulping of softwood species and the average chemical composition for normal
softwood is presented in table 2.1.

Table 2.1. Average macromolecular composition of softwood (Sjostrom, Westermark 1999).

Components [% dry wood weight]
Cellulose 37-43
(Galacto)glucomannan 15-20
Arabinoglucuronoxylan 5-10

Lignin 25-33

Extractives 2-5

2.1.1 Cellulose

The main component in wood, as well as the most abundant organic compound in nature, is cellulose.
It is a linear homopolysaccharide composed of $-D-glucopyranose units linked together by

1-4 glycosidic bonds, see figure 2.1. The linear structure of cellulose gives a tendency for
intermolecular hydrogen and hydrophobic bonds, leading to cellulose grouping together into
microfibrils with alternating crystalline and amorphous regions. The microfibrils in turn form fibrils
and finally build up the cellulose based fibre walls that are the basis for the wood material. A typical
degree of polymerisation for cellulose in wood is 10 000 glucose molecules (Sjostrom 1993).
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Figure 2.1. Cellulose structure.

2.1.2 (Galacto)glucomannan

(Galacto)glucomannan is the most common of the softwood hemicelluloses. Itis a slightly branched
heteropolysaccharide with a basis of two glucose epimers, namely 3-D-glucopyranose and
-D-mannopyranose. The chain is constructed from 1-4 linkages with a ratio of glucose to mannose of




1:3-4. Apart from cellulose the (galacto)glucomannans also have side-groups of a-D-galactose units
attached to the chain with 1-6 bonds, see figure 2.2. The amount of galactose units may differ
significantly and it is thus common to differentiate between galactoglucomannan with the ratio
galactose:glucose:mannose of 1:1:3 and glucomannan with the corresponding ratio of 0.1:1:4. Every
3-4 hexose unit in the glucomannan backbone is also acetylated at C-2 or C-3. The acetyl groups are
readily hydrolysed during alkaline conditions and are thus responsible for a rapid initial consumption
of hydroxide ions during cooking (Sjostrom 1993).
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Figure 2.2. Galactoglucomannan structure, a partly acetylated backbone of Man:Glu:Man:Man:Man
with a galactose side-group attached.

There are large differences between cellulose and hemicellulose as most hemicelluloses only consist of
up to 200 linked monomers. The (galacto)glucomannans typically has a degree of polymerisation

about 100. All hemicelluloses are amorphous and lack the crystalline regions that can be found in
cellulose, thus making them less mechanically protected against degradation reactions during chemical
pulping (Sjostrom 1993).

2.1.3 Arabinoglucuronoxylan

The second most common hemicellulose in softwood is arabinoglucuronoxylan (xylan). Xylan has a
basis of 1-4 linked B-D-xylopyranose units along with some additional substitutions, see figure 2.3.
The C-2 carbon is substituted on average every 5-6 xylose unit with a 4-O-methyl-a-D-glucuronic acid
group whereas every 8-9 C-3 unit is substituted with a-L-arabinofuranose. A native softwood xylan
chain has typically a degree of polymerisation about 100, whereas hardwood xylan has a degree of
polymerization about 200 (Sjostrom 1993).
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Figure 2.3. Arabinoglucuronoxylan structure, backbone of xylose and side-groups of 4-O-methyl-
glucuronic acid and arabinofuranose.



2.1.4 Lignin

Apart from the carbohydrate content in wood there also is a large fraction of lignin. Softwood lignin is
almost entirely composed of coniferyl alcohol units bonded together. The most frequent linkage in the
lignin polymer is the 3-O-4 ether bond, see figure 2.4, but a large variety of different linkages occur.
Carbon-carbon linkages as -5, 5-5, B-p or other ether bonds, such as 4-O-5, are also frequent and
contribute to the random structure of lignin (Ralph et al. 2004). Lignin is also covalently bonded with
the carbohydrate components, forming lignin-carbohydrate complexes (Lawoko et al. 2005). In
contrast to the carbohydrates that are more or less linear, the lignin polymer forms a random three
dimensional network.
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Figure 2.4. Three coniferyl alcohol units linked with $-O-4 ether bonds, the most frequent linkage in
the complex lignin polymer.

During chemical pulping the goal is to liberate the fibres by dissolving lignin in the cooking liquor.
This is achieved as lignin is fragmented, leading to liberation of the phenolic groups and thus and
increased hydrophilicity. Cleavage of the B-O-4 linkages in phenolic structures is an important
reaction during lignin degradation and the extent of the cleavage is determined by the composition of
the cooking liquor. A high content of hydrosulphide ions promote the cleavage whereas a lower
content benefits a competing formation of alkali-stable enol ether. The cleavage of f-O-4 linkages
without free phenols is also contributing to the lignin fragmentation although it is a slower reaction
that only is dependent on the hydroxide ion concentration. The carbon-carbon linkages in the lignin
polymer are essentially stable during pulping (Sjostrom 1993).

2.2 Carbohydrate degradation reactions

The desired lignin dissolution is not the only degradation obtained during chemical pulping. The
selectivity of the kraft process is in fact rather low, as can be seenin table 2.2, where typical
compositions for native pine and the corresponding kraft pulp are given (Sjostrom 1977), and in figure
2.5 displaying the yield changes for the major wood components during kraft pulping. The
carbohydrate losses during these alkaline conditions are mainly attributed to the endwise degradation
of reducing end-groups, primary peeling, and the chain cleavage through alkaline hydrolysis with
subsequent secondary peeling. Apart from these two degradation reactions carbohydrate losses also



originates from an initial dissolution of soluble carbohydrates and the hydrolysis of substituents,
mainly acetyl groups (Sjostrom 1993).

Table 2.2. Typical chemical composition of native pine wood and unbleached pine kraft pulp
(Sjostrom 1977).

Native pine wood [% ofwood] | Pine kraft pulp [% of wood]
Cellulose 39 35
Glucomannan 17 4
Xylan 8 5
Lignin 27 3
Other 9 -
Total yield 100 47
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Figure 2.5. Yield changes for the major wood components during kraft pulping at 168°C and a
constant concentration of cooking chemicalsat OH™=0.26 mol/kg solvent and HS'=0.52 mol/kg
solvent.

When studying the carbohydrate yields separately it can be seen that cellulose is degraded to a lesser
extent than the hemicelluloses. This can be attributed to cellulose being protected by the partly
crystalline structure as well as its high degree of polymerisation. The hemicelluloses on the other hand
have a higher amount of reducing end-groups as a result of their lower degree of polymerisation and
are thus more susceptible to the peeling reaction (Sjostrom 1993).

The removal of glucomannan has been described by a rapid initial degradation through primary
peeling followed by a lower rate of degradation attributed to the alkaline hydrolysis and secondary
peeling. Any dissolved glucomannan is rapidly degraded due to a low resistance towards degradation
(Simonson 1963; Aurell, Hartler 1965). The same effect is not observed for xylan as the arabinose and
glucuronic acid side-groups, attached to C-3 and C-2 respectively, has a stabilizing effect. The
degradation of xylan is instead similar to the delignification as it becomes profound only at
temperatures above 130°C (Whistler, BeMiller 1958; Aurell, Hartler 1965, Sjostrom 1977). As the
degradation of xylan to monomers is more hindered than for glucomannan, the solubility of
polysaccharide fragments is increasingly important for the removal. The dissolution of longer xylan




polysaccharide fragments in the cooking liquor enables dissolved xylan to be adsorbed back onto the
fibres (Yliner, Enstrom 1956; Ribe et al. 2010). Dissolved xylan polysaccharides are protected against
degradation by the substituents on the backbone, an effect that is decreased at elevated temperatures as
the substituents are removed through alkaline hydrolysis (Simonson 1963; Simonson, 1965; Hansson,
Hartler 1968).

2.2.1 Mechanism of peeling reaction

The degradation of carbohydrates during kraft cooking is mainly a result of endwise degradation
known as peeling. During the peeling reaction monomer units are removed from the reducing end-
groups and transformed into isosaccharinic acids while a new reducing end-group is formed on the
polysaccharide chain. The peeling reaction is initiated by a keto-enol tautomerization that opens the
hemiacetal into an aldehyde and a monomer is then removed from the polysaccharide backbone by [3-
alkoxy elimination (Young etal. 1972), see figure 2.6.
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Figure 2.6. Reaction mechanismfor the peeling reaction on a cellulose or glucomannan chain,
redrawn from Gellerstedt (2008).

The peeling reaction continues until a competing stopping reaction stabilizes the end-group by
forming a metasaccharinic acid (Young, Liss 1978) or the reaction is physically hindered, e.g. by
reaching a crystalline region (Franzon, Samuelson 1957). The stopping reaction occurs if a
B-elimination takes place on C-3 instead of having the B-alkoxy elimination on C-4 as for the peeling,
see figure 2.7. For cellulose anaverage of 65 monomers are peeled of before the end-group is
stabilized, which indicates the large impact the peeling reaction has on the short and only slightly
branched glucomannan chains which lack crystalline regions (Franzon, Samuelson 1957). The



arabinose substituents on C-3 in xylan are however better leaving groups than hydroxide ions and thus
promote the stabilizing stopping reaction and reduce the effect of peeling greatly (Whistler, BeMiller
1958; Simonson, 1963; Aurell, Hartler 1965). This effect is decreased with increasing cooking
temperatures as the arabinose units are removed through alkaline hydrolysis (Hansson, Hartler 1968).
The glucuronic acid substituents attached to C-2 on the xylan backbone has a similarly stabilizing
effect as the required isomerization at C-2 is prevented (Sjostrom 1977; Sjostrom 1993; Sartori et al.
2004)
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Figure 2.7. Reaction mechanism for the stopping reaction on a xylan chain, redrawn from Gellerstedt
(2008).

The peeling and stopping reactions occur through anion intermediates. The peeling proceeds through
an enolate anion intermediate and occur already at low alkali levels (Young et al. 1972) whereas the
stopping reaction mechanism includes a dianionic intermediate, thus requiring sufficiently alkaline
conditions (Lai, Sarkanen 1969). The reaction mechanisms for the endwise degradation and stopping
reactions can thus also be expressed as presented in figure 2.8 (Young, Liss 1978).
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Figure 2.8. Reaction mechanismfor the peeling and stopping reactions (Young, Liss 1978)

The reaction mechanisms are described starting from the open aldehyde form after the keto-enol
tautomerization. The monomer is deprotonated to a monoanion and possibly further to a dianion. The
peeling reaction occurs from both the mono- and dianion with the same reaction rate whereas the
stopping reaction only proceeds through the dianion. The mechanism can thus be modelled by the two
deprotonation equilibriums and the rate determining [-eliminations.

The equilibrium constants, K; and K;, has been determined at room temperature to be 6.3*10™ and
1.6*10™" respectively (Young etal. 1972). As the pH value is high at the cooking conditions the
concentrations of hydrogen ions will be very small and it might therefore be beneficial to express the
deprotonation equilibriums in terms of hydroxide ions instead of hydrogen ions when modelling the
degradation (Gustafsson, Teder 1969). Itis finally important to have in mind that the equilibrium
constant varies with the temperature and the ionic strength of the solution (Teder, Tormund 1981;
Christensen et al. 1970).

2.2.2 Mechanism of alkaline hydrolysis

The degradation of carbohydrates does not only proceed from the reducing end-groups present
initially, new reducing end-groups is also formed as a result of alkali induced chain cleavage. The
alkaline hydrolysis and the subsequent secondary peeling affect the yield of polysaccharides at
elevated temperatures (Sjostrom 1977). The hydrolysis is initiated by anionization of the C-2
hydroxyl group followed by an internal nucleophilic attack on C-1 resulting in the cleavage of the 1-4
linkage that constitutes the polysaccharide backbone, see figure 2.9. The chain cleavage is followed by
a rapid transformation resulting in a new reducing end-group that enables secondary peeling (Lai
1981).

OH OH
Q R (o]
o TTorR ™ o Ol 0 o
HO HO
o)
o OH

Reducing end-group
Figure 2.9. Reaction mechanism for the alkaline hydrolysis.

The alkaline hydrolysis can be expressed by the equilibrium, acid dissociation, between the neutral
and ionized hydroxyl group on C-2 followed by the rate determining cleavage resulting in the



degradation products (Lai 1981). The acid dissociation constant has been determined to be 1.84*10™*
at room temperature (Neale 1930). As for the equilibrium constants in the peeling mechanisms, the
acid dissociation constantis not a fixed constant as it is dependent on both temperature and ionic
strength (Pu, Sarkanen 1991; Motomura et al. 1998; Norgren, Lindstrom 2000).

2.3 Kinetic models for carbohydrate degradation

Kinetic models are a helpful tool for controlling and optimizing the pulping process as well as
providing additional insight into the reaction mechanisms involved. However, the modelling of kraft
cooking kinetics has for a long period of time been focused on the delignification and relatively few
studies have considered the carbohydrate degradation.

The Purdue model developed by Smith and Williams (1974) was the first to study the different
carbohydrates individually and has been subjected to a number of further developments. The Purdue
based models are characterized by the degradation of wood components being described by parallel
phases which are affected to different extents by the cooking conditions, thus accounting for the
changes in degradation behaviour throughout the cook. Another version of phase based models is the
3-stage model as developed by Gustafson et al. (1983) where the degradation is described by
consecutive equations instead of the parallel phases used in the Purdue model. Both phase models aim
to describe the removal of wood material from wood chips and describe the overall effect, including
the mass transfer to and from the wood chips.

Recent work has suggested that the degradation of glucomannan may be described by the usage of the
involved reaction mechanisms instead of phases (Wigell etal. 2007; Paananen et al. 2010), resulting in
increased mechanistic significance of the model parameters (Montané et al. 1998). This is achieved
mainly by modelling the reactions at the reducing end-groups. The reaction mechanism based
approach for xylan removal is less straightforward as alkaline hydrolysis and dissolution of
polysaccharide chains is the dominating mechanisms instead of endwise degradation. The degradation
of xylan may thus rather be described by a continuous distribution of reactivity model. These distinctly
different modelling approaches will be discussed in the following sections.

2.3.1 Phase models

The Purdue- and the 3-stage models are two different families of phase models for describing the kraft
cooking kinetics. The Purdue models describe the degradation by parallel phases representing different
degradation mechanisms whereas the 3-stage models use consecutive reactions, dividing the
degradation into initial, bulk and residual periods.

The Purdue model was initially developed by Smith and Williams (1974) and modelled cellulose,
xylan and glucomannan separately as well as the delignification by dividing lignin into two phases,
high- and low reactive lignin, by using equation (1).

aws; _ — —
— = —(ki[OH7]+ ko [OHT][HSTDW; @
Where W, wood component

k rate constants, described by Arrhenius expressions

The Purdue model was later extended by Christensen et al. (1983) in order to better correlate to
experimental data. This was done by adding exponents to the dependence on the hydroxide and
sulphide ion concentrations as well as classifying part of the wood components as unreactive.
aw;

== (ki [OH™ 14 kip [OH719[HS 712 )(W; = Wyp) )



Where W, wood component

Wiy unreactive part of wood component

k rate constants, described by Arrhenius expressions
a exponent to the hydroxide ion concentration

b

exponent to the sulphide ion concentration

More recent work by Gustavsson and Al-Dajani (2000) has similarly suggested that the degradation of
the different carbohydrates can be described by first order reactions, equations (3) and (4). Their
studies on the latter stages of the cook implied that the degradation of xylan and glucomannan
increased with increasing concentrations of hydroxide ions and hydrogen sulphide, although the effect
of hydrogen sulphide was less prominent for glucomannan. The effect of ionic strength, expressed by
sodium ion concentration, was also considered and found to be insignificant for glucomannan whereas
an increased ionic strength increased the xylan retention. The effect on xylan yield by ionic strength
was suggested to depend on a solubility effect (Gustavsson, Al-Dajani 2000), an explanation that
correlates well with studies of xylan sorption (Ribe et al. 2010).

Xt = Xoe(_kt) (3)
()
k =1073(a+ koy[OH 1+ kys[HS ]+ kyg[NatDe\ *\ Tres (4)
Where a constant describing dissolution at low alkali
k rate constants
Ea activation energy

The early Purdue models modelled the individual carbohydrates as degradation in a single phase even
though different reaction mechanisms are assumed to control the degradation during different periods
of the cook (Aurell, Hartler 1965; Sjostrom 1977). Gustafson et al. (1983) therefore took another
approach and based the 3-stage model on these differing pulping periods. The 3-stage model describes
the degradation of the combined carbohydrates as dependent on the delignification in each of the
phases by consecutive equations, equations (5)-(10).

Initial phase:
% — —36.2T05(—4807.69/T) | )
ac _ —10.11 4L
i 2.53[0H"] = ()
Bulk phase:
17200 14400

== —(e(35-19‘ g )[OH-]+e(29-23‘T)[0H-]°-5[510-4)L M
X g7l (8)
dt dt
Residual phase:

10804
% _ _e(19.64—T) [OH~]1°7L ©)
L2192 (10)
dt dat

10



Where L lignin
C total carbohydrates
S sulphide concentration

The 3-stage model was later improved by Pu etal. (1991) in order to describe the degradation of
hemicelluloses separately from cellulose, as well as independent of delignification, for the initial and
bulk phases.

Initial phase:
Eaa
pre ke TR 0HTa(Cc— ) (11)
Bulk phase:
Eaz
= = ke on1C - ¢y) (12)
Where C wood component, either cellulose or hemicellulose
Co unreactive part of wood component
k rate constants
Ea Activation energies

The consecutive phases used in the 3-stage models result in a discontinuous system where the location
of the phase transition is dependent on the cooking conditions (Gustafson etal. 1983). So in order to
improve the accuracy of the Purdue models and avoid the problems that follow the discontinuous 3-
stage model, Andersson et al. (2003) combined their strengths by describing the degradation of all
wood components separately with 3 parallel equations.

Y = —ky(10H-19[HS 1P + k3 )Wy (13)
Where w wood component

k1 rate constant, described by Arrhenius expression

ko constant describing dissolution at low alkali

a exponent to the hydroxide ion concentration

b exponent to the sulphide ion concentration

However, the Andersson model did not vary the model parameters between the different carbohydrates
as it accounted for the differences by variation of the relative magnitude of the different phases. The
phase composition varied with the cooking conditions and thus accounted for a large part of the
modelling (Andersson 2003).

Johansson and Germgard (2007) continued the development of the phase model by accounting for the
different behaviour of individual carbohydrates to varying alkali concentrations as well as by adding a
dependence on the sodium concentration in the cooking liquor. The initial phase composition was also
made independent of the cooking conditions for cellulose and glucomannan and the degradation was
thus described only by the degradation equations. Glucomannan was described by three parallel phases
whereas two phases was sufficient to describe the xylan and cellulose degradations (Johansson,
Germgard 2008). The extent of initial phase xylan was however modelled as dependent on the
hydroxide ion concentration and described by a linear relationship, see equation (15) and (16).
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% = —k,([0H 14 [HS 1P [Na* 19)W; (14)
Where w wood component

k rate constant, described by Arrhenius expression

a exponent to the hydroxide ion concentration

b exponent to the sulphide ion concentration

c exponent to the ionic strength
X; = —4.082[0H~]+ 6.026 (16)
Where Xi amount of xylan in initial phase

X amount of xylan in final phase

The Johansson model was based on experimental data exclusively having cooking times exceeding
100 min and the model does therefore not describe the initial dissolution or primary peeling in detail.
The model is instead focused on the alkaline hydrolysis that dominates the later stages of the cook.
Model parameters for the Johansson model are presented in table 2.3.

Table 2.3. Model parameters for the Johansson model (Johansson, Germgard 2008).

Phase (% ow) A Ea [kJ/mol] | Hydroxide ion | Sodium ion
exponent, a exponent, ¢
Cellulose
Inttial phase 4.2 1.635E+17 | 153 1.49 0.58
Final phase 39.8 5.227E+14 | 151 0.83 0.38
Xylan
Initial phase Xi =7.61 — X 5.840E+17 | 158 0 -1.35
Final phase X¢ = -4.082[OH]+6.026 | 3.444E+16 | 160 0.62 -0.41
Glucomannan
Inttial phase 155 2.626E+07 | 70 0 -0.74
Intermediate 2.6 3.554E+10 | 121 0.46 -0.27
phase

Johansson (2008) found that the hemicellulose yield increased with increasing ionic strengths, an
effect that was suggested to be a result of lignin-carbohydrate complexes as lignin dissolution is
retarded by high ionic strengths. However, the carbohydrate degradation was found to not be
significantly affected by the hydrogen sulphide concentration by both Andersson et al. (2003) and
Johansson and Germgard (2007; 2008). These results are contradictory as hydrogen sulphide
influences delignification to a large extent. The increased hemicellulose yield observed at increasing
ionic strengths is most likely rather an effect of decreased solubility of polysaccharide chains and thus
most prominent for xylan (Mitikka-Eklund 1996; Ribe etal. 2010). The ionic strength effect obtained
by Johansson is also most likely overestimated as the experiments used addition of sodium chloride to
adjust the ionic strength. The usage of sodium chloride has later been shown to retard delignification
to a larger extent than other sodium salts more common in industrial black liquor (Bogren etal. 2009a,
Dang et al. 2010).

All the phase based models have been derived from experiments using wood chips of varying
dimensions as raw material. The models are thus not only describing the degradation kinetics, all
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factors affecting the kinetic behaviour are accounted for jointly. The mass transport of cooking
chemicals to the reaction site in the fibre as well as the diffusion of the degradation products out into
the cooking liquor are effects that may impact the degradation rate significantly when using wood
chips and thus interfere with the reaction kinetics.

2.3.2 Reaction mechanism based models

The phase models aim to describe the carbohydrate degradation either by a single equation or by
combining the effect of a number of different phases. These phases correspond well to the different
reaction mechanisms involved in glucomannan degradation as the initial phase describes the primary
peeling as well as initial dissolution whereas the other two phases represents the slower reacting
alkaline hydrolysis with subsequent secondary peeling. The reaction mechanism based models
describes the reactions more directly by tracking the active sites involved. The effects of cooking
chemicals may be accounted for by the use of either power law equations or the equilibrium constants
associated with intermediates in the reaction mechanism. It is important to note that the reaction
mechanism based model are derived from experiments using wood meal, the effect of mass transport
has thus been minimized in order to isolate the effect of reaction kinetics.

Wigell etal. (2007b) developed a model describing the degradation of glucomannan during soda
cooking using power law equations. The glucomannan yield was calculated by equation (17)-(20)
from the amount of initially insoluble material as well as the degradation through primary peeling and
alkaline hydrolysis.

G =Gis—Gp—0Gy 17
46p _ -1
e ky,R(t)[OH"] (18)
& = —ksROIOH™]™ (19)
S8 = kyGOOH " (20)
Where G glucomannan yield
Gis fraction of glucomannan insoluble in cooking liquor at 25°C
Gp fraction removed through primary peeling
Gy fraction removed through alkaline hydrolysis and secondary peeling
R frequency of reducing end-groups
k rate constants, described by Arrhenius expressions

L mn exponents of the hydroxide ion concentration

After treatment at 25°C and 1.25 mol OH/kg liquor for 180 min, it was found that 85 % of the
glucomannan remained insoluble (Wigell etal. 2007a). The removal of the 15 % of initially soluble
glucomannan was thus not included in the model. The frequency of reducing end-groups was setto 1
initially and decreased with the stopping reaction whereas the alkaline hydrolysis did not yield
additional reducing end-groups. The effect of secondary peeling is instead accounted for by the
equation for the alkaline hydrolysis (Wigell etal. 2007b).

By studying the parameters for the Wigell model, table 2.4, it can be seen that the stopping reaction is
favoured by an increasing hydroxide ion concentration. Increasing the alkali content will thus result in
a decreased amount of glucomannan degraded through primary peeling whereas simultaneously
increasing the degradation through alkaline hydrolysis and secondary peeling. The relative
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contribution of the peeling and hydrolysis reactions in the model was validated by cooking series with
wood material pretreated with sodium borohydride. The sodium borohydride prevents primary peeling
as it inactivates the end-groups by acting as a reducing agent, and the subsequent degradation as a
result of the alkaline hydrolysis and secondary peeling was accurately predicted by the model (Wigell
etal. 2007Db).

Table 2.4. Model parameters for the Wigell model (Wigell etal. 2007b).

Parameter Value

Ap 3.476E+13
As 4.990E+13
Ay 1.495E+08
Eap 111 kJ/mol
Eas 110 kJ/mol
Ean 89 kJ/mol

I 0.36

m 0.45

n 0.82

Power law models as the one suggested by Wigell etal. is very flexible in that sense that it is
straightforward to investigate additional effects. The possible influence of ionic strength or the
concentration of hydrogen sulphide is readily added to the model at the expense of an increased
number of model parameters. This straightforward approach is something that models using the
equilibrium constants lack. However, those models instead have the potential to describe the
degradation by using physically relevant parameters only. Paananen et al. (2010) attempted to model
the carbohydrate degradation by taking the equilibrium based approach and modelled the endwise
degradation as suggested by Young et al. (1972).

K, - + k
(G)n'GR --_—-" (G)n'GR +H L . .
K, _lfﬁ—' Peeling reaction
(G)n'GR- --; (G)n'GRZ_ + H+ k%

Stopping reaction

Figure 2.9. Scheme of the peeling reaction (Youngetal. 1972).

The degradation rate for carbohydrates through primary peeling and the corresponding rate of the
stopping reaction can be described by equations (21)-(23).

d[Gg]

= kep(1GF 1+ [GED) (22)

dlGr] -
S = —keg[GR] (22)
[Grle = [GR] + [GR1+[GF™] (23)
Where [Ge] fraction of material degraded through peeling

[Gr]: total fraction of reducing end-groups

[Gr] fraction of mono-ionized end-groups

[G:™] fraction of di-ionized end-groups

[Gr] fraction of reducing end-groups

k rate constants, described by Arrhenius equations
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The initial fraction of reducing end-groups was taken as the average of previously published values
(Procter, Apelt 1969; Young, Liss 1978; Jacobs, Dahlman 2001) and set to 0.0075, which corresponds
to a degree of polymerization of 133. The concentrations of the mono- and dianions are in turn
expressed by the equilibriums associated with the ionized end-groups as presented in equations (24)
and (25).

_ [GRIIH*]

= @9
Gg_|[H*]
Ky =1 R[a]};] (25)

This results in the peeling and stopping reactions being described by equations (26) and (27).

dlGe] _ Ky ([H*]+K2)

ac P[H+]2+K1[H+]+K1K2[ rle (26)
dlGrle _ _ K1K>

dt  S[HY2+Ky [H¥]+K:K, (Gl (@

The alkaline hydrolysis contribution was expressed by Paananen et al. (2010) in a similar manner as
presented in figure 2.10 and the corresponding equations (28)-(30).

KA -
GH + OH-..-—_"" G+ HZO
. kyy
G — » P
Figure 2.10. Scheme of the hydrolysis reaction (Paananen et al. 2010).

d[P]

— = kulG7] (28)
_ [671lH*] _  [671IHY]

Ka = "o = [GletPo] (29)
dalpl _,  Ka([Gl=[P])
at ~ H [p+]+k, (30)
Where [P] fraction of material degraded through alkaline hydrolysis

[GH] fraction of glycoside molecules

[G] fraction of glycoside anions

k rate constant, described by Arrhenius equation

The set of differential equations (26), (27) and (30) is then solved with the mass balance presented in
equation (31). Similarly to the Wigell model, the initially soluble wood material is omitted from the
degradation model.

[G]: = [Gis] — [Gg] — [P] (31)

The model was fitted to experimental data for glucomannan degradation at cooking temperatures
below 130°C, obtaining the model parameters presented in table 2.5. It is important to note that the
model does not account for the temperature dependence of the equilibrium constants and that the
hydrogen ion concentration is calculated from the hydroxide ion concentration using the ionic product
of water at 25°C.
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Table 2.5. Model parameters for the Paananen model (Paananen et al. 2010).

Parameter Value

K; 1.30E-13

K, 7.91E-15
Ka 2.22E-15

Ap 6.37E15

Ag 3.32E14

Ay 1.71E12

Eap 112.5 kd/mol
Eas 110.6 kJ/mol
Ean 98.1 kJ/mol
Gis 0.96

2.3.3 Continuous distribution of reactivity model

The reaction mechanism based models describes the glucomannan removal as degradation to
monomers through endwise degradation, either through primary peeling or as secondary peeling
following alkaline hydrolysis. This approach is not satisfactory for describing xylan removal as the
effect of endwise degradation is small due to the stabilizing effect of arabinose and glucuronic acid
substituents on the polysaccharide backbone (Whistler, BeMiller 1958; Simonson, 1963; Aurell,
Hartler 1965). The xylan removal is instead dependent on dissolution of longer polysaccharide
fragments. The presence of covalent bonds between lignin and xylan (Lawoko et al. 2005) also have a
retaining effect, and the degradation to soluble fragments are thus obtained through alkaline hydrolysis
of the polysaccharide backbone as well as degradation of lignin and the breakage of lignin-xylan
linkages. The xylan degradation must thus be considered as part of a more complex system and
affected by a variety of reactions and effects with contributions that vary during different stages of the
cook.

The continuous distribution of reactivity model describes the degradation by assuming that the
activation energy of the reactions contributing to the degradation is continuously distributed. The
degradation is assumed to occur through first order kinetics with a time-dependent rate constant
accounting for the varying behaviour throughout the cook. While the phase models are considering the
studied wood component to consist of a finite number of fractions with different reactivities, the
continuous distribution of reactivity model rather assumes the material to consist of a very large
number of similar chemical species (Montané et al. 1998). Variations of the continuous distribution of
reactivity approach has previously been used on biomass for modelling of delignification (Montané et
al. 1994; Bogren et al 2008b) as well as xylan degradation during dilute acid hydrolysis of birch
(Montané etal. 1998). These models used an expression for the time-dependent rate constant proposed
for species trapped in condensed media, see equation (32) (Plonka 1986).

k() =ptr-1, 0<y<1 (32)

Where B time independent rate constant
Y dispersion factor

The parameter y describes the dispersion of the system with a value of 1 corresponding to classical
kinetics and thus no dispersing effect. Using this rate constant, the xylan degradation may be described
by equation (33).

X _ _per-1x (33)
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As the system may be described as a multitude of simultaneous degradation reactions, it is preferably
describe by using the Kohlrausch relaxation function. The Kohlrausch relaxation function can be seen
as the superposition of exponential decays and may be reached by defining the effective lifetime
according to equation (34) (Plonka 1986), resulting in the mean lifetime as expressed by equation (35)
(Bogren et al. 2008b).

1/y

v =(5) (34)
=— (Z\ (L
= (y)r(y) (35)
Where To effective lifetime of wood component in cooking liquor

T mean lifetime of wood component in cooking liquor

r gamma function, defined according to equation (36)
r'(a) = foooe‘tt“‘ldt (36)

The mean lifetime of the modelled wood component may also be expressed as the inverse of a time-
independent rate constant according to equation (37).

-1

“Ea
7= (s0H ] [Hs"] INa* D) o7 ) @7
Where S pre-exponential factor, dependent on liquor composition
E, mean activation energy of degradation reactions

The pre-exponential factor in equation (37) is dependent on the cooking liquor composition and
accounting for the effects of cooking chemicals on the degradation rate. A standard power law
expression is however not sufficient to describe the effect of cooking chemicals as the dependence is
changing throughout the cook. Bogren et al. (2008b) modelled delignification with the continuous
distribution of reactivity model by using a modified power law expression, making the exponents
linearly dependent on the degree of delignification, see equation (38).

S(OH™L[HST]INa*]) = So([OH™ ™™ [HS~]°*PL[Na*]9+TH) (38)

Combining equations (33)-(37) and using the modified power law expression in equation (38) yields
the continuous distribution of reactivity model according to equation (39).

_EN\Y
C:i_)t( — (SO([OH—]m+nX[HS—]o+pX [Na+]q+rX)6R_7fq) % y1_y «T (%)y «tYV"la X (39)
When modelling the delignification Montané et al. (1994) found the relaxation parameter,y, to
increase with increasing cooking temperatures. Bogren et al. (2008b) suggested that describing the
parameter as linearly dependent of the temperature, equation (40), increased the model performance
significantly. Including a linear temperature dependence of the system dispersion in the continuous
distribution of reactivity model results in 10 parameters required to describe the xylan removal.

Yy =v1+t7v.T (40)
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3. Method

3.1 Experimental methods

This thesis is based on extensive experimental data for kraft cooking of wood meal at constant liquor
composition in autoclaves. A detailed description of the experimental procedure is given by Bogren
(2008), Bogren et al. (2007) and Bogren et al. (2009b) whereas a brief summary is presented in the
following section. Additional experimental data concerning alkaline cooking was obtained with a
similar experimental method from the work of Wigell et al. (2007a), whereas the effect of varying
ionic strength were investigated by Dang et al. (2010) using a flow through reactor.

The raw material used for all experiments was sapwood from Scots pine (Pinus sylvestris) originating
from the southwest of Sweden. The wood meal was produced in a Wiley mill with screens allowing
particles with a diameter below 1 mm to pass, thus minimizing the effect of mass transport throughout
the cooking process. Inorder to minimize unwanted degradation during storage, the wood meal was
stored frozen without pre-drying.

In the cooking experiments the liquor to wood ratio was high (200:1) in order to ensure constants
chemical conditions throughout the cook. The studied cooking temperatures ranged from 108-168°C
while the concentrations of hydroxide ions and hydrogen sulphide were varied between 0.1-0.78
mol/kg solvent and 0.1-0.52 mol/kg solvent respectively. The cooking liquors were prepared from
analysis graded Na,S and NaHS and reagent graded NaOH dissolved in deionized water. The ionic
strength of the liquor can thus be expressed by the sodium ion concentration. Apart from the standard
kraft cooking experiments additional series using wood material pretreated with sodium borohydride
was included. The sodium borohydride addition reduces the end-groups and thus prevents primary
peeling, allowing for the degradation through alkaline hydrolysis to be studied separately.

Validation series using a liquor to wood ratio of 7:1 were performed in order to be more comparable to
an industrial cook. The concentrations of the active cooking chemicals was not constant during these
trails but was measured by titration and the variation can thus be included in the modelling. During the
validation trails both synthetic liquors prepared from salts and industrial liquors were used.

All cooking experiments were performed in autoclaves rotating in a pre-heated polyethylene glycol
bath in order to reach the desired cooking temperature. As pretreatment the autoclaves were evacuated
for 5 minutes and the subjected to a pressure of 0.5 MPa of nitrogen for 5 minutes in order to achieve
an oxygen-free environment and good impregnation during the cook. The over-pressure was released
before the cooking was initiated. The temperature was measured during the heating up period of the
autoclaves and this period was included in the cooking time, the temperature rise must thus be
described in the modelling. The cook was terminated at the desired cooking time by cooling the
autoclave with running tap water for 15 minutes. The content was then washed with 0.5 | of cooking
liquor filtrate and 1 I of deionized water. The carbohydrate content was determined from the filtrate
using 1C with pulsed amperometric detection (CarboPac™ PA1 column, Dionex, Sunnyvale, CA,
USA). The experimental error of the measurement of carbohydrates in the wood after cooking was
determined to be = 3 % based on six analyses of untreated wood meal.

3.2 Mathematical modelling methods

During the early part of the cooking experiments, the temperature rises in the autoclaves as the
polyethylene glycol bath is preheated to the cooking temperature whereas the autoclaves are room
tempered. This temperature rise is included in the modelling as the temperature is described by
equation (41).
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T = Thnax — (Tmax - Tstart)e_t/(15'3_0'021TmaX) (41)

Where T rrex cooking temperature, expressed in Kelvin
Tstart room temperature, 293.15 K
t cooking time, expressed in minutes

All modelling was performed using the Matworks Inc. Matlab 7.11 software with the optimization and

statistical toolboxes. The systems of differential equations constituting the models were solved using

odel13 which is suitable for computationally intensive problems. The model parameters were fitted to

the experimental data by using the commands nlinfit and fmincon. To avoid optimizing the model
around a local minimum the parameter optimization was performed by using the GlobalSearch
algorithm which uses multiple initial guesses for the parameters. The residual used throughout the
parameter optimization was the squared difference between the model value and the experimentally
obtained value.

r=; —9:)? (42)

The model fit was evaluated using the coefficient of determination, R?. The coefficient of
determination is a statistical measure of how large fraction of the experimental variance that is
described by the fitted model and is calculated by equation (43). A coefficient of determination of 1
thus means the model describes all variation in the experimental data.

2 —_1_ SSerr — X(yi-9)?
R SStor  2(vi—¥) (43)

Where experimental value
mean value of the experimental data

model value

= L

The standard error of estimation, equation (44), was also used as a measure of the model performance.

This corresponds to the deviations in [yield %]; the standard deviation expressed in [% on wood] is
obtained by multiplication with the initial fraction of the wood component.

Where Sy x standard error of estimation
n number of experiments

The error of estimation expressed as % of the experimentally measured amount of glucomannan can
be calculated by equation (45). This value is suitable to comparison with the experimental error of
3 %.

_ 1o lyi-7l
S=a275 (45)
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4. Results and discussion

This chapter contains the results of the thesis. The experimental data used for modelling of
glucomannan and xylan removal is presented initially along with a discussion of the mechanisms
behind the observed degradation effects. The modelling of glucomannan degradation was performed
using reaction mechanism based approaches whereas the removal of xylan was described by phase
models as well as a continuous distribution of reactivity model. The degradation models are then
validated with experimental data from other authors at differing experimental conditions.

4.1 Carbohydrate degradation and dissolution

4.1.1 Effect of temperature

The degradation of hemicelluloses is strongly temperature dependent as both reaction rate and final
yield is affected by the cooking temperature. The yield difference arise from the decreased alkaline
hydrolysis at lower cooking temperatures whereas the extent of the primary peeling is largely
unaffected by the temperature, see figure 4.1 and 4.2. The yield differences at varying cooking
temperatures are thus larger for xylan than glucomannan due to the stabilizing effect of arabinose side-
groups towards endwise degradation (Whistler, BeMiller 1958; Sjostrom 1977). This stabilizing effect
is decreased at increasing temperatures as a result of substituent removal through alkaline hydrolysis
yielding additional secondary peeling (Simonson 1963; Simonson, 1965; Hansson, Hartler 1968).

Another effect that was observed from the experimental results was that the rate of glucomannan
degradation was significantly decreased as the yield approached 20 %. This effect of a residual
glucomannan that is rather stable towards degradation has been suggested to depend on a fraction of
glucomannan with a more ordered structure, thus shielding the glucosidic linkages against alkaline
hydrolysis (Aurell, Hartler 1965).
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Figure 4.1. Temperature dependence of the glucomannan degradation at liquor composition of OH"
=0.26 mol/kg solvent, HS=0.26 mol/kg solvent, Na*=0.52 mol/kg solvent.
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Figure 4.2. Temperature dependence of the xylan degradation at liquor composition of OH=0.26
mol/kg solvent, HS=0.26 mol/kg solvent, Na"=0.52 mol/kg solvent.

4.1.2 Effect of hydroxide ion concentration

The degradation of glucomannan and xylan are affected differently by the hydroxide ion concentration
as a result of the primary degradation mechanisms involved. Anincreased hydroxide ion concentration
limits the extent of primary peeling as the selectivity for the chemical stopping reaction is benefitted
from the increasing alkali, see figure 4.3. The reaction rate of both the peeling and stopping reactions
are increased by a higher hydroxide ion concentration, but the selectivity for the stopping reaction is
increased as the stabilizing formation of metasaccharinic acid requires a dianion intermediate whereas
the peeling reaction can occur through either mono- or dianion intermediates. An increased hydroxide
ion concentration increases the fraction of dianionic end-groups and thus increases the reaction rate of
the stopping reaction to a higher degree than the reaction rate of the peeling reaction (Lai, Sarkanen
1969; Young etal. 1972).

Increasing the hydroxide ion concentration also increases the degradation through alkaline hydrolysis.
The alkaline hydrolysis is strongly dependent on the hydroxide ion concentration as the reaction is
initiated by the deprotonation of hydroxyl groups on the polysaccharide backbone (Lai 1981). The
trend that can be observed in figure 4.3 is thus that an increased hydroxide ion concentration lowers
the glucomannan degradation through primary peeling in the early part of the cook. The glucomannan
degradation is instead increased in the latter stages of the cook where alkaline hydrolysis and
subsequent secondary peeling is the dominating degradation mechanisms. The limiting effect of a high
hydroxide ion concentration on the degradation through primary peeling can also be seen at lower
cooking temperatures, figure 4.4, where the degradation through alkaline hydrolysis is less prominent.
In this case is the degradation rate decreased initially by a lower hydroxide ion concentration, but the
stopping reaction is decreased even further resulting in a lower glucomannan yield. It should however
be noted that the overall effect of varying hydroxide ion concentrations on the glucomannan
degradation is relatively minor.
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Figure 4.3. Effect of the hydroxide ion concentration on glucomannan degradation at 168°C, HS
=0.26 mol/kg solvent.
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Figure 4.4. Effect of the hydroxide ion concentration on glucomannan degradation at 139°C, HS®
=0.26 mol/kg solvent.

The effect of the hydroxide ion concentration on xylan degradation is more straightforward than for
glucomannan degradation as a higher alkali increases the removal during all stages of the cook, see
figure 4.5. This is the case as xylan degradation is dominated by alkaline hydrolysis resulting in both
chain cleavage as well as removal of the arabinose side-groups, thus increasing the extent of secondary
peeling obtained from each formed reducing end-group (Aurell, Hartler 1965; Hansson, Hartler 1968).
The xylan removal is also benefitted by an increased solubility of polysaccharide fragments at
increased hydroxide ion concentrations (Y liner, Enstrom 1956; Hansson, Hartler 1969; Ribe et al.
2010).
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Figure 4.5. Effect of the hydroxide ion concentration on xylan degradation at 168°C, HS'=0.26 mol/kg
solvent.

4.1.3 Effect of hydrogen sulphide concentration

Previous studies have found that an increase in hydrogen sulphide concentration increases the removal
of carbohydrates slightly (Lémon, Teder 1973; Gustavsson, Al-Dajani 2000; Johansson 2008). This
effect may be explained by increased accessibility and less retention due to lignin-carbohydrate
linkages as a result of improved delignification. The hydrogen sulphide concentration has been found
to have a more pronounced effect on the removal of xylan than glucomannan (Gustavsson, Al-Dajani
2000), figure 4.6 and 4.7, which correlates well with the lignin-carbohydrate complexes explanation as
xylan has been found to be more closely associated with lignin (Lawoko et al. 2005).
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Figure 4.6. Effect of the hydrogen sulphide concentration on glucomannan degradation at cooking
temperaturesof 108°C(A) and 168°C(o) with OH=0.26 mol/kg solvent.
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Figure 4.7. Effect of the hydrogen sulphide concentration on xylan removal at OH=0.26 mol/kg
solvent and temperatures 108°C(o), 139°C(A) and 168°C(o).

The experimental data suggests a slight increase in the extent of glucomannan removal at higher
concentrations of hydrogen sulphide, although the trend is less conclusive than the effects of
hydroxide ion concentration and temperature. The retaining effect of lignin-carbohydrate complexes
on the glucomannan removal may be limited compared to the effect on xylan because of the rapid
degradation of glucomannan to monomers. There are however significant covalent bonding between
glucomannan and lignin (Lawoko et al. 2005), as has been shown by the decreased rate of
delignification obtained when the glucomannan degradation through primary peeling is impaired
(Wilson, Procter 1970; Bogren 2008).

An increased glucomannan removal at higher hydrogen sulphide concentrations would be a result of
improved accessibility and less retention from lignin-glucomannan complexes. The glucomannan
yield ata given degree of delignification should thus be either unchanged or slightly increased as the
selectivity for lignin degradation is improved. This would be the case as the addition of hydrogen
sulphide improves the rate of delignification, thus yielding the degree of delignification more rapidly
and lowering the glucomannan degradation achieved. As can be seen in figure 4.8, this effect is not
conclusive for the used experimental data. Itis thus possible that the relatively minor differences in
glucomannan yield between varying hydrogen sulphide concentrations largely arise from experimental
error.
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Figure 4.8. Effect of the hydrogen sulphide concentration on glucomannan degradation at OH=0.26
mol/kg solvent and cooking temperatures 108°C(A) and 168°C(0).

The removal of xylan has a clear dependence of the hydrogen sulphide concentration, even though
hydrogen sulphide is not considered to contribute directly to xylan degradation. As both glucomannan
and xylan form lignin-carbohydrate complexes (Lawoko etal. 2005) it is unlikely that the closer
affinity of xylan to lignin, resulting in a more pronounced increase in accessibility, is enough to
explain the difference. A plausible explanation is rather that the glucomannan removal is less affected
by the degree of delignification as the removal largely is achieved by endwise degradation forming
monomers in the early stages of the cook. The removal of xylan on the other hand is constituted of
dissolution of polysaccharide chains and the decreased solubility obtained by the presence of lignin-
carbohydrate complexes thus impact the removal to a larger extent. This is shown by the fact that
delignification and xylan removal is closely associated, see figure 4.9.
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Figure 4.9. Effect of the hydrogen sulphide concentration on xylan removal at OH=0.26 mol/kg
solvent and temperatures 108°C(o), 139°C(A) and 168°C(o).
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4.1.4 Effect of ionic strength

The ionic strength of the cooking liquor, measured as sodium ion concentration, has been found to
influence the cooking kinetics by retarding the delignification (Lémon, Teder 1973; Teder, Olm 1981;
Lindgren, Lindstrom 1996; Bogren et al. 2009a). This retarding effect has been suggested to depend
on a decreased solubility of lignin fragments and the effect has been shown to vary depending on the
salt composition of the liquor (Norgren etal. 2002; Bogren et al 2009a). The effect is especially
pronounced for experiments using addition of sodium chloride, as chloride ions have been shown to
affect the delignification to a larger extent than the anions present in industrial liquors (Bogrenet al.
2009a; Dangetal. 2010). Xylan removal, which is dependent on dissolution of larger polysaccharide
fragments, has similarly been shown to decrease with an increasing sodium ion concentration, figure
4.10 (Dang et al. 2010). This effect also arises from a decreased solubility as studies have shown that
sorption of xylan onto cellulose fibres is increased at increasing ionic strengths (Ribe et al. 2010).
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Figure 4.10. Effect of the ionic strength at 168°C with OH=0.26 mol/kg solvent and HS'=0.26 mol/kg
solvent. The ionic strength was achieved through addition on sodium carbonate.

The removal of glucomannan has been shown to remain largely unaffected at various ionic strengths,
see figure 4.11 (Dang et al. 2010; Dang etal. 2011). This is somewhat expected as the removal is less
dependent on solubility due to the extensive endwise degradation. It does however imply that Donnan
effects lack significant impact on the glucomannan degradation. Donnan membrane equilibrium theory
states that the concentration of hydroxide ions is lower in the fibre wall than in the bulk liquor due to
the fibres negatively charged surface. This concentration difference decreases at increasing ionic
strengths as a result of screening of the negative charges on the surface (Pu, Sarkanen 1991;
Motomura et al. 1998). The occurrence of significant Donnan effects at the prevailing cooking
conditions has been found by studying the formation and degradation of hexenuronic acid (Bogren et
al. 2008a). The endwise degradation reactions are however not as strongly affected by the hydroxide
ion concentration as the hexenuronic acid reactions, thus limiting the Donnan effects on the overall
glucomannan degradation.
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Figure 4.11. Effect of the ionic strength at 168°C with OH=0.26 mol/kg solvent and HS=0.26 mol/kg
solvent. The ionic strength was achieved through addition on sodium carbonate.

4.2 Modelling of glucomannan degradation

The following sections are focused on describing the glucomannan degradation during kraft pulping
by using models based on the main reaction mechanisms involved. Whereas phase based models are
useful for describing existing experimental data, reaction mechanism based models allow for
additional insight through the usage of parameters with distinct physical meaning. The modelling
performed in the following sections is based on two levels of reaction mechanism models. The model
proposed by Wigell et al. (2007) uses a straightforward mathematical approach of describing the
effects of cooking chemicals through power law expressions, whereas the model published by
Paananen et al. (2010) uses the equilibrium constants of rate limiting intermediates.

4.2.1 Wigell model
The power law based model for glucomannan degradation as proposed by Wigell etal. (2007b) was

solved using equations (45)-(49).

G =Gis—Gp—0Gy (45)
% = kpR(OIOH]! (46)
o = —ksR(OIOH]™ (47)
S8 = kyGOOH " (48)
ki = Aie_EAi/RT (49)
Where G glucomannan yield
Gis fraction of glucomannan insoluble at 25°C, 0.85 (Wigell et al. 2007a)
Gp fraction removed through primary peeling
Gh fraction removed through alkaline hydrolysis and secondary peeling
t cooking time, expressed in minutes
R(t) frequency of reducing end-groups
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k rate constants, described by Arrhenius expressions

L m,n exponents of the hydroxide ion concentration
A pre-exponential factor

Ea activation energy

R ideal gas constant

The model was fitted to the experimental data while excluding experimental values exceeding the
fraction of insoluble glucomannan at 25°C. This was done in order to limit the deviation originating
from the initial dissolution not included in the model and rather model the actual degradation
reactions. The initial conditions used in the model is Gp =0, R=1and Gy = 0.

The model published by Wigell et al. (2007b) was solved using Microsoft Excel. The system of
differential equations was thus solved using a fixed time step for the entire degradation process. This
solution method may however give rise to numerical errors in regions where the degradation rate is
changing rapidly. In this thesis the differential equations are rather solved using Matworks Inc. Matlab
7.11 software and the solver ode113, which uses the multistep Adams-Bashford-Moulton method. The
difference between these solution methods is illustrated in figure 4.12.
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Figure 4.12. Different solution methods for the Wigell model with the reported parameters for soda
cooking at 168°C and OH=0.26 mol/kg solvent.

The model parameters were refitted to the soda cook experiments in order to account for the new
solution method, see table 4.1. The standard error of estimation between the model and the 133 cooks
was found to be 2.9 % and the degree of determination 0.96. This corresponds to a mean standard
error of estimation of 5.0 % of the experimental value. The model is thus able to describe the
glucomannan degradation very well for the soda experiments as the deviation between model and
experimental data is of the same order of magnitude as the experimental error.

The model performance on during kraft cooking was investigated by refitting the model parameters to
the results of 191 cooking experiments. The refitted model parameters for this set of experimental data
are presented in table 4.1. The obtained parameters show that a higher hydroxide ion concentration
favour the stopping reaction during the primary peeling dominated stage of the degradation. The
alkaline hydrolysis is however also favoured by high alkalinity. The model is able to describe the
glucomannan degradation reasonably well as can be seenin figure 4.13 and 4.14 where the
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dependence of temperature and hydroxide ion concentration are shown.
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Figure 4.13. The temperature dependence of the Wigell model with a liquor composition of OH=0.26
mol/kg solvent, HS=0.26 mol/kg solvent, Na*=0.52 mol/kg solvent.
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Figure 4.14. The hydroxide ion dependence of the Wigell model at 168°C and with a liquor
composition of HS'=0.26 mol/kg solvent.

The standard error of estimation for the Wigell model on the kraft cooking experiments was found to
be 4.3 % and the coefficient of determination was calculated to 0.94. The Wigell model only account
for temperature and hydroxide ion concentration and thus lack the ability to describe possible effect of
varying hydrogen sulphide concentration. Part of the deviation between model and experimental data
arise from series with differing hydrogen sulphide concentration, as is indicated by figure 4.15. In
order to evaluate the significance of hydrogen sulphide to the overall model fit, the Wigell model was
modified to include this aspect by increasing the number of model parameters, see equation (50)-(52).
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Figure 4.15. Predictions of the Wigell model plotted against the experimental data.

‘;if = kpR(O[OHJ'[HS 1P (50)
% = —ksR()[OH~]™[HS ]9 (51)
ZH = kyGOIOH T [HS T (52)

The model parameters were refitted, see table 4.1, and only minor effects on the overall model

performance were observed as the standard error of estimation were calculated to be 4.1 %. The
parameter for hydrogen sulphide dependence of the alkaline hydrolysis was found to be insignificant
and was excluded from the model whereas a higher concentration benefitted the degradation through

primary peeling.
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Figure 4.16. Predictions of the Wigell model with hydrogen sulphide dependence, plotted against the

experimental data.
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Figure 4.17. The hydrogen sulphide dependence of the modified Wigell model at 108°C (o) and 168°C

(o) with a hydroxide ion concentration of 0.26 mol/kg solvent.

Table 4.1. Model parameters for the Wigell model and the Wigell model with hydrogen sulphide
dependence when fitted to soda cooking experiments and kraft cooking experiments.

Parameter | Wigell model, Soda Wigell model, Kraft Wigell HS model, Kraft
cooking experiments cooking experiments cooking experiments

A 4.057E+13 4,975E+13 5.086E+13

As 6.290E+13 4.978E+13 4.951E+13

An 6.505E+07 2.271E+10 2.142E+08

Eap 111.4 kJ/mol 111.0 kJ/mol 111.0 kJ/mol

Eas 110.1 kJ/mol 108.9 kJ/mol 109.0 kJ/mol

Ean 86.2 kJ/mol 107.7 kJ/mol 106.7 ki/mo

I 0.397 0.354 0.345

m 0.497 0.396 0.388

n 0.744 0.485 0.458

p - - 0.030

q - - -0.012

r‘ - - -

4.2.2 Equilibrium based model
Paananen et al. (2010) proposed a model describing the glucomannan degradation by using the

equilibrium constants involved in the reaction mechanisms. The Paananen model was solved using
equations (53)-(56).

[G]t = [GIS] - [GE] — [P]

dlGg] Ki([HY]+K>)

dt P u+124 K, [H*]+K K,
dlGrle _ Ki1K;

dt S[HH)2+K, [HH]+K1K,

Grle

[GR]t

(53)

(54)

(55)
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d —_
ﬂ — HKA([G]I,' [P]) (56)

dt [H+]+K4

Where [G]: fraction of glucomannan remaining
[Gis] fraction of glucomannan insoluble at 25°C
[Ge] fraction of material degraded through primary peeling
[P] fraction of material degraded through alkaline hydrolysis
[Gr]: total fraction of reducing end-groups
k rate constants, described by Arrhenius expressions
K equilibrium constants according to figure 2.9 and figure 2.10

The initial conditions used were Ge =0, P =0 and Gr = 0.0075 while 96 % of the glucomannan was
considered insoluble at room temperature. The model was able to describe the experimental data
published by Paananen etal. (2010) very well as the solution method used in this thesis yielded a
standard error of estimation of 2.7 % and a coefficient of determination of 0.99. When studying the
contribution of the primary peeling and the degradation through alkaline hydrolysis individually it can
however be seen that the alkaline hydrolysis dominates the glucomannan degradation already at low
cooking temperatures.
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Figure 4.18. Contribution of primary peeling and alkaline hydrolysis to the degradation of
glucomannan according to the Paananen model at a cooking temperature of 105°C with OH =0.93
mol/l and 33 % sulphidity.

The unexpected behaviour of the alkaline hydrolysis originates from the equilibrium expression used
in the derivation of the model, see equation (29). This expression suggests that the amount of
glucomannan not in ionized form is described by equation (57), which cannot be the case when
considering the mass balance in equation (53).

[GH] = [G]; — [P] = [G™] = [Gis] — [Gg] = 2[P] - [G7] (57)

The amount of glucomannan removed through alkaline hydrolysis and secondary peeling, [P], already
is accounted for when determining [G]; and the amount of glucomannan susceptible for deprotonation
should thus rather be described by equation (58).

[GH] = [G]; — [67] = [Gis] — [Gg] — [P] - [G7] (58)
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That is, the amount of glucomannan that may be deprotonised is the same as the remaining
glucomannan except for the ionized fraction. Using this expression, the equilibrium takes the form of
equation (59) and the removal of glucomannan through alkaline hydrolysis is described by equation
(60).

__l67IHY] _ [671[H]
AT [H T [6le-[6] (59)
ap] _ KalGle
dat ~ H[H+]+k, (60)

In the Paananen model, the hydrogen ion concentration is calculated from the hydroxide ion
concentration by using the ionic product of water at 25°C. As the ionic product of water is strongly
dependent on the temperature (Olofsson, Hepler 1975) it is appropriate to rather express the
equilibriums by using the hydroxide ion concentration directly.

_[6gl
K1 = Gallon D
__le&]
K2 = Glior (62)
6 (6]
4 7 [6Hl[oH"] ~ [0H-1([Gl¢~[G7]) (63)

Note that the equilibrium constants in these cases represent the ratio of the equilibrium constant using
the hydrogen ion concentration and the ionic product of water. With this representation of the
equilibriums, the degradation of glucomannan may be modelled by an equilibrium based model using
equations (64)-(67).

[G]; = [Gis] — [Gg] — [P] (64)
dEiGtE] = kp 1+K1[o:—1][3g1_112[011—]2 (1 + K[0H™DIG]: (65)
%};]t = 51+K1[01-II<-1][-|0-II;’11_112[01-1—]2K2 [0H™][GR]; (66)
% = H’IZX—EZZ:} (Gis — [Gg] = [PD (67)

When fitting the model parameters in the equilibrium based model described by equations (64)-(67),
see table 4.2, an equally satisfactory description of the experimental data from the studies of Paananen
etal. (2010) was obtained. The degradation through alkaline hydrolysis is however low as the cooking
temperatures used were below 130°C and the corresponding model parameters were thus not
statistically relevant. The glucomannan removal could therefore be described solely by the endwise
degradation reactions, yielding a standard error of estimation of 3.1 % and a coefficient of
determination of 0.98. The primary peeling is thus accounting for the glucomannan degradation in the
equilibrium based model, as can be seen in figure 4.19. This behaviour corresponds well with
experiments where the primary peeling reaction has been disabled by reduction of the end-groups
through sodium borohydride addition considering the high temperature dependence of the alkaline
hydrolysis (Wigell et al. 2007a), see figure 4.20.
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Figure 4.19. Contribution of primary peeling and alkaline hydrolysis to the equilibrium based model
at105°C, OH =0.93 mol/l and 33 % sulphidity. Note that the alkaline hydrolysis reaction is
inactivated due to parameter insignificance when using experimental data from the temperature range
80-130°C.
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Figure 4.20. Effect of sodium borohydride addition at a liquor composition of OH'=0.78 mol/kg
solvent and HS'=0.52 mol/kg solvent. Sodium borohydride addition (A), reference (o).

Refitting the equilibrium based model to the kraft cooking experiments used in this thesis results in the
model parameters presented in table 4.2. As for the evaluation of the Wigell model the fraction of
insoluble glucomannan was set to 85 % and yields exceeding this value were omitted. The model
performance was similar to the Wigell model in describing the temperature and hydroxide ion
dependence of the degradation, as can be seenin figures 4.21 and 4.22 respectively. The standard error
of estimation for the equilibrium based model was calculated to be 4.3 % with a coefficient of
determination of 0.94. The equilibrium based model is thus able to represent the experimental data
with the same level of accuracy as the power law based model.
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Table 4.2. Model parameters for the equilibrium based model fitted to the experimental data published
by Paananen et al. (2010) as well as the kraft cooking experiments performed by Bogren (2008).

Parameter Equilibrium based model, Equilibrium based model,
Paananen cooking experiments | Bogren cooking
experiments
K, 1.008 1.306
K 10.66 105.6
Ka - 3.082
Ap 5.82E+14 4.00E+15
As 3.55E+12 2.94E+13
Ay - 1.29E+10
Eap 103.4 kJ/mol 110.6 kJ/mol
Eas 100.4 kJ/mol 108.5 kJ/mol
Ean - 104.9 kJ/mol
Gis 0.96 0.85
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Figure 4.21. The temperature dependence of the equilibrium based model with a liquor composition of
OH=0.26 mol/kg solvent, HS'=0.26 mol/kg solvent, Na*=0.52 mol/kg solvent.
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Figure 4.22. The hydroxide ion dependence of the equilibrium based model at 168°C and with a liquor

composition of HS'=0.26 mol/kg solvent.

When studying the model parameters in table 4.2, the equilibrium constants are noteworthy. As the
equilibrium constants are considered to not vary in the investigated temperature interval, the
equilibrium constant expressed by hydrogen ions is thus assumed to follow the temperature
dependence of the ionic product of water. This assumption is made for modelling purposes in order to
limit the number of parameters and is not strictly valid. The equilibrium constant for deprotonation has
in fact been shown to increase less rapidly than the ionic product of water at increasing temperatures
(Pu, Sarkanen 1991). The assumption thus results in the equilibrium constants overly favouring the
reactions at higher temperatures, an effect that the model counteracts by lowering the activation
energies. The obtained activation energies can thus be assumed to be slightly lower than the actual
activation energies. The calculated values for the equilibrium constants as expressed in hydrogen ion
form at both ends of the investigated temperature interval are presented in table 4.3 along with
corresponding literature values.

Table 4.3. Literature values and modelling results of the equilibrium constants with equilibriums
expressed as dependent on hydrogen ion concentration.

Compound | T[°C] pK; pK, pKa Reference

Glucomannan | 80 12.6 11.6 - Model value, Paananen data
Glucomannan | 130 11.9 10.8 - Model value, Paananen data
Glucomannan | 108 12.0 10.1 11.7 Model value, Bogren data
Glucomannan | 168 11.4 9.47 11.0 Model value, Bogren data
Cellulose 25 - - 13.7 Neale 1930

Cellulose 25 - - 14.0 Pu, Sarkanen 1991

Glucose 25 12.1 13.8 - Bamford, Collins 1950
Laminarin 56 12.2 - - Young etal. 1972

Glucose 10 12.7 - - Christensen et al. 1970
Glucose 25 12.3 - - Christensen et al. 1970
Mannose 10 12.5 - - Christensen et al. 1970
Mannose 40 11.8 - - Christensen et al. 1970
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The monoanion equilibrium constant obtained from the model are in good agreement with the
literature values which mostly were derived from monosaccharides. There are however significant
deviation between the literature values and the model values for the equilibriums concerning both the
stopping and alkaline hydrolysis reactions. In both cases are the values from the model implying that
the ionized forms occur to a higher degree than the literature value suggests and that the reaction rates
thus are less dependent on the hydroxide ion concentration. This behaviour is a result of the model
formulation as additional effects are modelled by the equations in the currently used form. The
contribution of physical stopping of the endwise degradation is not accounted for separately as the
model only include the chemical stopping reaction. As the physical stopping is independent of the
alkali, the overall effect of hydroxide ion concentration is thus decreased compared to the pure
chemical stopping reactions described by the literature values. Plausible explanations to this physical
stopping is formation of metasaccharinic acid induced by branching or linkages to either lignin or
other polysaccharides, as well as the complete degradation of a polysaccharide chain as both these
actions result in the removal of a reducing end-group.

The effect of hydroxide ion concentration on the relative rates of the propagation and termination
reactions can be seen in figure 4.23 for the rate constants obtained through fitting the model to the
kraft cooking experiments of Bogren and Paananen respectively. The relatively minor effect of
hydroxide ion concentration on the yield, see figure 4.3 and 4.4, implies that the apparent equilibrium
constant with the applied model formulation cannot approach the literature value while describing the
degradation sufficiently. An alkali independent physical stopping term would rather be needed to limit
the propagation to termination ratio at low hydroxide ion concentrations.
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Figure 4.23. Ratio of peeling and stopping reaction at 100°C according to the equilibriumbased
model.

The equation modelling the alkaline hydrolysis is also describing additional functions. It does not only
include the chain cleavage reaction, it also describes the degradation through secondary peeling. This
additional effect has a substantial impact on the model value for the corresponding equilibrium
constant. The model may however readily be modified so that the alkaline hydrolysis gives rise to new
reducing end-groups whereas the secondary peeling is accounted for by the peeling equations. The
degradation is thus described by equations (68)-(70).

[G]: = [Gis] — [GE] (68)
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dlGel _ kp KiloH7] (1 + K;[0H~D[GR]: (69)

dt 1+K1[0H~]+K.K;[0H™]?
dlGrle _ K1[0H™] _ kyKalOH™] _
at 51+K1[OH‘]+K1K2[0H‘]2K2 [OH11GR]e + ku 1+K4[0H-] (Grs — [GeD (70)

With this configuration a different set of model parameters are obtained, see table 4.4. The equilibrium
constant for the alkaline hydrolysis corresponds better to the literature value as the pK, value was
found to be 13.8 and 13.2 at the ends of the temperature interval. The ability of the model to describe
the glucomannan degradation is however decreased by the increased coupling of model equations,
rendering it less useful for description of the degradation. This difference is significant at high
temperatures and high alkalinity where the alkaline hydrolysis reaction is pronounced, as can be seen
in figure 4.24 where the coupled and uncoupled models are compared. This implies that the reducing
end-groups created from alkaline hydrolysis cannot be treated similarly as the primary reducing end-
groups as this results in an overestimation of the secondary peeling. A larger extent of physical
stopping may be expected on the secondary reducing end-groups due to the lower degree of
polymerisation of these polysaccharide fragments. The overall standard error estimation of the coupled
equilibrium based model was however not largely affected as the majority of the cooking experiments
used less severe conditions, thus having a limited contribution of secondary peeling. The standard
error estimation found to be 4.6 % and the coefficient of determination 0.93.

Table 4.4. Model parameters for the modified equilibrium based model with coupling of alkaline
hydrolysis and peeling reactions, fitted to the experimental data from Bogren.

Parameter Value

K, 1.37

K, 96.0

Ka 0.02

Ap 3.92E+15
A 2.82E+13
Ay 2.29E+10
Eap 110.8 kJ/mol
Eas 108.6 kJ/mol
Ean 108.3 kJ/mol
Gis 0.85
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Figure 4.24. Comparison of the equilibrium based model with (dashed line) and without (solid line)
coupling of the hydrolysis reaction with the formation of reducing end-groups.

4.3 Modelling of xylan removal

The removal of xylan is modelled in the following sections through the use of phase models as well as
the continuous distribution of reactivity model. The reaction mechanism based approaches used to
describe the glucomannan degradation in the previous chapter is not applicable due to the low impact
of endwise degradation on the removal of xylan. Whereas the glucomannan removal can be accurately
described by the endwise degradation, this is not the case for xylan due to the stabilizing effects of
substituents on the backbone (Aurell, Hartler 1965, Sjostrom 1977). As the endwise degradation is
hindered, a larger variety of reactions are instead contributing to the removal along with the
solubilisation of longer polysaccharide fragments.

The model parameters for xylan removal were obtained through minimizing the deviation towards
kraft cook experiments in the same manner as for the glucomannan models. This was however not the
case for the parameters describing the effect of ionic strength, measured as the sodium ion
concentration. As the experiments varied the hydrogen sulphide concentration and sodium ion
concentration jointly without including series with isolated variations of the ionic strength, these
parameters could not be separated. The ionic strength dependence of the phase models were instead
determined by using experimental data from Dang et al. (2010) separately whereupon this contribution
was used as a constant during the general parameter optimization.

4.3.1 Phase model
The phase model proposed by Johansson and Germgard (2008) was used to describe the xylan

removal as degradation of two differing species, equations (71)-(73). The fraction of xylan assigned to
each phase was calculated from a linear relationship using the hydroxide ion concentration as well as
the experimentally determined initial amount of xylan, 7.0 % on the wood material. The rate constants
in the model are calculated by Arrhenius expressions.

ax; _

—L = —k;([0H"1%[HS 1" [Na*1%)X; (71)
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Xro=—alOH™]1+ B (72)
Xi,O = XO _Xf (73)

The model was fitted against 195 kraft cook experiments, resulting in the parameters presented in table
4.5. When the native wood material was treated with cooking liquor atroom temperature and an alkali
concentration of 1.25 mol OH/kg liquor for 180 min, 95 % of the xylan remained insoluble (Wigell
2007). As for the modelling of glucomannan degradation, the initially soluble amount was omitted
from the modelling and experimental values exceeding this level excluded. The standard error of
estimation for the phase model was found to be 5.0 % with a coefficient of determination of 0.95.
Although the model described variations in cooking conditions satisfactory, see figures 4.25-4.27, the
model performance is deficient during the latter stages of the cook. This can be seen by studying the
residuals in figure 4.28. It should also be noted that the effect of cooking liquor composition during

the early stages if the cook is very small, indicating that the solubility of the polysaccharide fragments
removed in this stage is high.
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Figure 4.25. The temperature dependence of the phase model with a liquor composition of OH=0.26
mol/kg solvent, HS=0.26 mol/kg solvent, Na*=0.52 mol/kg solvent.
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41



1

R
0.9 ® x% &'32 b3 7
b
= xx'xxxx
08} o 1
= e e

0.7} . % X%X%i j
- ’%x% it
5 os} g KT -
o ®
K 05}k & 4
= s
&£ X
S 04f ; 1

03l < *  OH =01 HS =025 |]

% OH =025 HS =01
0.2 3 OH =026, HS = 0.26 []
»
| % OH =026 HS =052 ]
0.1 «
OH =0.78, HS" = 0.26
0 1 1 1 1 1 1

1 1 1
0 01 02 03 04 05 06 07 08 09 1
Experimental value

Figure 4.28. Predictions of the phase model plotted against the experimental data.

Part of the model deviation for the phase model arises as a result of the changes in degradation rate
with decreasing yield being insufficient. This can be seen as there are two visible curvatures in figure
4.28. The modelled degradation rate is lower than the observed at yields in the range of 0.8-0.95 where
the initial phase dominates. The modelled degradation rate does however surpass the obsereved
degradation rate as the amount of xylan remaining in the initial phase decreases, resulting in a region
where the model predictions are lower than the experimental results. The same trend can also be
observed at the lower yields corresponding to the final xylan degradation phase. To account for these
apparent model deficiencies the model was modified by the addition of exponents to the amount of
xylan in each phase, resulting in the model being described by equation (74).

21 = —k;([0H1%[HS 1 Na*1) X} (74)

The modified phase model had a significantly improved ability to describe the experimental data as
the standard error of estimation was determined to 3.4 % with a coefficient of determination of 0.97.
The improved model performance can be seen when studying the residuals in figure 4.29. The
residuals for the modified phase model are evenly distributed around the experimental values.
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Figure 4.29. Predictions of the modified phase model plotted against the experimental data.

Table 4.5. Model parameters for the phase model and the modified phase model fitted to the
experimental data from kraft cooking experiments.

Parameters Phase model Modified phase model
A 2.106E+10 9.907E+14
Eai 91.6 kJ/mol 140.6 kJ/mol
dj 0 0

bi 0 0

Ci 0 0

d; - 7.018

As 7.643E+13 2.681E+15
Eas 130.6 kJ/mol 143.9 kJ/mol
as 0.967 1.525

bs 0.367 0.566

Cs -0.150 -0.365

d - 2.308

a 1.157 0.388

B 5.302 4.459

4.3.2 Continuous distribution of reactivity model

The continuous distribution of reactivity model as used by Bogren et al. (2008b) to describe
delignification is a more complex model that the phase based models due to the usage of a time
dependent rate constant. In order to illustrate the function of the continuous distribution of reactivity
model the different effects will be added in sequence, starting from the simple power law approach
presented in equation (75).

Z_f = —kX2[0H"]P[HS~]¢[Na*+]? (75)

This straightforward power law approach is insufficient to describe the xylan removal as the effect of
liguor composition varies in different stages of the cook, see figure 4.30. The effect of cooking
chemicals, most notably the hydroxide ion concentration, appear to increase along the cook as the

model overestimates the yields for experiments at low concentrations during the early stages of the
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cook whereas the yield ata high alkali level is overestimated during the latter stages. The standard
error of estimation for the power law model was determined to be 6.2 % for the power law model,
with a coefficient of determination of 0.92.
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Figure 4.30. Predictions of the power law model plotted against the experimental data.

The varying effect of cooking chemicals may readily be accounted for in the power law model at the
cost of an increased number of parameters. A linear dependence on the xylan yield was added to the
power law model, see equation (76), increasing the number of parameters to 9. The model accuracy
was significantly improved by these additions as the standard error of estimation and the coefficient of
determination was found to be 4.9 % and 0.95 respectively. The model does however still yield
systematic error, as evident from the curvature in figure 4.31. The modelled degradation rate is higher
than the observed during a section in the middle of the xylan degradation, indicating that a relaxation
of the exponential decay may improve the model accuracy.

ax

E — _kXCl [OH—]b]_'l'bzX [HS—]C1+02X[Na+]d1+d2X (76)
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Figure 4.31. Residuals of the power law model with exponents describing the effect of cooking
chemicals linearly dependent on the xylan yield.

The continuous distribution of reactivity model is similar to the power law models with the addition of
relaxation of the exponential decay. This is achieved by the usage of a time-dependent rate constant
defined according to equation (77), yielding the model as described by equation (78).

k() =pt¥~1, 0<y<1 (77)

ax ﬂ 14 1 Y

S =- (A([OH‘]bl"'be [HS—]e1+eeX [Ng+]di+daX )e Ry ) £ 17V« F(—) «tV"1x X (78)
Y

The relaxation factor, y, has been found to be temperature dependent in studies of delignification
(Montané et al. 1994; Bogren etal. 2008b). As similar result where found in this study, the relaxation
factor was modelled as linearly dependent on the cooking temperature.

Y =v1+v.T (79)

The continuous distribution of reactivity model decreased the systematic error of the model
predictions significantly, especially during the early stages of the cook, see figure 4.32. The standard
error of estimation was found to be 3.7 % with a coefficient of determination of 0.97.
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Figure 4.32. Predictions of the continuous distribution of reactivity model plotted against the
experimental data.

Table 4.6. Model parameters for the power law models and the continuous distribution of reactivity
model when fitted to kraft cooking experiments.

Parameter Power law model Power law model, CDR model
varying exponents

A 3.246E+11 5.224E+11 5.049E+17

Ea 98.5 kJ/mol 107.1 kJ/mol 157.1 kJ/mol

a 5.158 1.179 -

b, 1.091 3.910 3.893

b, - -4.388 -4.162

C: 0.506 1.490 1.302

Cy - -1.611 -1.303

d, -0.365 -0.840 -0.840

d, - 0.950 0.950

Y1 - - -2.068

Y2 - - 6.62E-3




4.4 Validation of glucomannan models

The power law based model suggested by Wigell etal. (2007b) and the equilibrium based model
provided very similar descriptions of the glucomannan degradation in the evaluated interval of
cooking conditions, see figure 4.33. Both model types are thus equally able to describe this set of
experimental data. It is however important to not overestimate the significance of the model
parameters in the equilibrium based model as the used equilibrium constants is influenced by
additional effects that the model does not account for separately. The performance of both models is
validated in the following sections with experimental data from other authors using differing cooking
conditions. These validations provide information about the reliability of the respective models to
operate outside of the interval of cooking conditions for which they were optimized.
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Figure 4.33. Comparison of the Wigell model (solid line), the Wigell model with hydrogen sulphide

dependence (dotted line) and the equilibrium based model (dashed line).

4.4.1 Validation using soda cooking experiments

The reliability of the models with parameters obtained through optimization towards the experimental
data from kraft cooks was investigated by comparison with cooking series from other authors. The 133
cooking experiments of Wigell etal. (2007a) was used for validation of the Wigell model and the
equilibrium based model at soda cooking conditions, see figures 4.34-4.37. Both models are able to
describe the effects of temperature and hydroxide ion concentration well, although the equilibrium
based model suggests lower differences between the alkali levels. The overall fit is however lacking as
the kraft cooking experiments resulted in lower hemicellulose yields than the soda cook experiments.
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Figure 4.34. Validation of the Wigell model using soda cook experiments (Wigell et al. 2007a) with a
hydroxide ion concentration of 0.5 mol/kg solvent.
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Figure 4.35. Validation of the Wigell model using soda cook experiments (Wigell et al. 2007a) with a

cooking temperature of 168°C.
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Figure 4.36. Validation of the equilibrium based model using soda cook experiments (Wigell et al.
2007a) with a hydroxide ion concentration of 0.52 mol/kg solvent.
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Figure 4.37. Validation of the equilibrium based model using soda cook experiments (Wigell et al.
2007a) with a cooking temperature of 168°C.

When studying the glucomannan degradation as a function of delignification, figure 4.38, it may be
suggested that the significantly decreased delignification obtained during soda cooking has a limiting
effect on the glucomannan degradation. The difference in delignification is far more pronounced
between the soda cook experiments and the kraft cook experiments than between the varying
concentrations of hydrogen sulphide among the kraft cook experiments. This implies that already low
hydrogen sulphide concentrations are sufficient to improve the delignification significantly, a
difference that in turn may result in increased glucomannan degradation. Studying the degradation
through alkaline hydrolysis separately through usage of wood material pretreated with sodium
borohydride reveals that the decreased glucomannan degradation at soda cooking condition originates
from a lower degree of primary peeling. This effect may be explained by increased physical stopping
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as a result of lignin-carbohydrate complexes as the delignification is decreased, an effect that is most
prevalent during the rapid primary peeling.
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Figure 4.38. Comparison of experimental data obtained from soda and kraft cooking experiments. The
liquor has a hydroxide ion concentration of 0.52 mol/kg solvent and the cooking temperatures are
139°C (A) and 168°C (o).

4.4.2 Validation using ionic strength experiments

Danget al. (2010) studied the effect of ionic strength on kraft cooking kinetics using wood meal in a
flow through reactor. It was found that variations in ionic strength lacked significant impact on the
glucomannan degradation. The previously unpublished glucomannan yields from the 72 cooking
experiments are used in this thesis for model validation, see figure 4.39. The results are in good
agreement with the autoclave experiments used for parameter optimization as the standard error of
estimation for both the Wigell model and the equilibrium based model was determined to 4.2 % while
the standard error of estimation for the Wigell model with hydrogen sulphide dependence was 4.0 %.
The deviation between model and experimental data is a result of the slightly lower yield obtained in
the validation series than in the experimental data used for the modelling, a difference that is
illustrated in figure 4.40.
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Figure 4.39. Validation of the Wigell model (solid line), the Wigell model with hydrogen sulphide
dependence (dotted line) and the equilibrium based model (dashed line) using experimental data with
varying ionic strength (Dang et al. 2011). The liquor composition is OH'=0.26 mol/kg solvent, HS"
=0.26 mol/kg solvent and ionic strengths of Na*=0.52 mol/kg solvent (o), Na*=2.0 mol/kg solvent (o),
Na*=3.0 mol/kgsolvent (A).
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Figure 4.40. Difference between yields for the cooking series of Dang and Bogren at 168°C, OH
=0.26 mol/kg solvent and HS'=0.26 mol/k g solvent.

4.4.3 Validation using experime nts with lowe r cooking temperatures

The models were also compared with the cooking experiments published by Paananen et al. (2010).
This set of experiments used cooking conditions in a lower temperature interval as well as higher
hydroxide ion concentrations. The power law models and the equilibrium based model performed
differently in this interval of cooking conditions as can be seen in figures 4.41-4.43. The equilibrium
based model does not yield any significant difference between varying hydroxide ion concentrations at
the higher alkalinities investigated as a result of the high equilibrium constant used for the dianionic
intermediate. That is, the model loses the ability to describe the hydroxide ion dependence at higher
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alkalinity. The Wigell model was however able to describe the trends rather well whereas the modified

Wigell model failed due to the joint increase of hydrogen sulphide concentration and hydroxide ion

concentration in the experiments. These two concentrations have opposite effects on the primary

peeling in the model which result in similar final yields, contrary to the experimental results. This is an
effect of the low cooking temperatures used as the delignification is limited during all the trails. As the

lignin removal is low regardless of the liquor composition the physical stopping through lignin-

carbohydrate complexes is maintained as the concentration of hydrogen sulphide is increased. The
effect of hydrogen sulphide concentration thus appear to be temperature dependent as the amount of

residual lignin is the affecting factor on glucomannan removal, not the actual concentration of

hydrogen sulphide. The hydrogen sulphide dependence could thus rather be included in an expression

accounting for the retaining effect of lignin-carbohydrate complexes.

=
o
o
=
=
o
o
T 1
03} - &
02 O  OH =0.31 molil []
o1l O OH =093 moll ||
OH" = 1.55 mol/l

U 1 1 1 1 1 1 1 1 1
0 20 40 G0 80 100 120 140 160 180 200

Time at temperature [min]

Figure 4.41. Validation of the Wigell model using experimental data with a higher range of alkalinity

than the data used for optimization (Paananen et al. 2010). The cooking liquor has a sulphidity of

33 % and the cooking temperatures are 80°C (o), 105°C (o) and 130°C (A).
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Figure 4.42. Validation of the Wigell model with hydrogen sulphide dependence. The cooking liquor
has a sulphidity of 33 % and the cooking temperatures are 80°C (o), 105°C (o) and 130°C (A).
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Figure 4.43. Validation of the equilibrium based model. The cooking liquor has a sulphidity of 33 %
and the cooking temperatures are 80°C (o), 105°C (o) and 130°C (A).

The validation experiments resulted in a significantly higher yield than the model prediction for lower
cooking temperatures as well as larger differences between the alkali levels. This difference could
possibly be attributed to either differences in the wood material or the analytic method as only 4 % of
the glucomannan was found to be soluble at room temperature (Paananen 2009). The experimental
data used for parameter optimization rather had 15 % of the glucomannan as initially soluble. By
changing the fraction of initially soluble glucomannan in the models to the fraction obtained during
the validation experiments a considerably improved fit was obtained at the lower end of the
temperature interval, see figures 4.44 and 4.45. With this modification the standard error of estimation
was found to be 4.0 % and 4.6 % respectively for the Wigell model and the equilibrium based model.
The difference in degradation between the series at 105°C and 130°C were however significantly
larger than the experimental data used for optimization suggested.
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Figure 4.44. Validation of the Wigell model when modified fraction of initially soluble material to
correspond with validation experiments. The cooking liquor has a sulphidity of 33 % and the cooking
temperaturesare 80°C (o), 105°C (o) and 130°C (A).
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Figure 4.45. Validation of the Wigell model with hydrogen sulphide dependence when modified
fraction of initially soluble material to correspond with validation experiments. The cooking liquor
has a sulphidity of 33 % and the cooking temperatures are 80°C (o), 105°C (o) and 130°C (A).

4.4.4 Validation at lower liquor to wood ratio
Bogren et al. (2009b) performed a series of validation trails without the high liquor to wood ratio

required in order to achieve constant composition cooks. The liquor to wood ratio in these trails was
7:1 and the experiments are thus similar to industrial conditions. The hydroxide ion concentration in
the cooking liquor decreased rapidly during the early stages of the cook as the more or less

instantaneous hydrolysis of acetyl groups as well as the primary peeling result in alkali consumption



(Chiang et al. 1987). The concentration of hydroxide ions was therefore measured during the cook and
the concentration profile included in the modelling.

The validation trails used liquors prepared from salts as well as industrial white liquor, industrial green
liquor and industrial black liquor, table 4.5. The degradation of glucomannan was not significantly
affected by the inactive ion composition of the liquors, see figure 4.38. This result is in agreement with
the results from Dang et al. (2011) suggesting that the glucomannan degradation is largely unaffected
by the ionic strength. The addition of dissolved wood components did however have a retarding effect
on the glucomannan degradation during the early stages of the cook.

The addition of dissolved wood components to the cooking liquor has been proposed to increase the
bulk delignification rate as well as the carbohydrate yield ata given kappa number, whereas the
delignification rate during the latter stages of the cook is impaired (Sjoblom 1996; Sjodahl et al. 2004).
The effect on delignification has however been shown to be dependent on the inactive ion composition
of the cooking liquor (Bogren etal. 2009a), while no such difference has been observed for the
hemicelluloses. It has been suggested that the carbohydrate yield increase largely is a result of xylan
sorption onto the fibres (Sjodahl et al. 2004), although the observed increase in glucomannan yield
indicates that additional effects contribute, see figure 46.

Table 4.5. Liquor composition for the validation trails using a liquor to wood ratio of 7:1.

Synt. WL 1 Synt. WL 2 WL BL/WL GL/WL
Na' [mol’kg solv.] | 1.04 1.2 1.26 2.28 2.83
K™ [mol’kg solv.] - - 0.07 0.14 0.13
OH"[mol/kg solv.] | 0.89 0.90 0.90 1.01 0.98
HS [mol’kg solv.] | 0.15 0.30 0.15 0.17 0.37
CO;” [mol/kg - - 0.11 0.22 0.79
solv.]
SO, [molkg solv.] | - - 0.01 0.03 0.03
CI' [mol/kg solv.] - - 0.01 0.03 0.02
Lignin [g/kg solv.] | - - - 475 -
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Figure 4.46. Glucomannan yield for the validation experiments at low liquor to wood ratio and a
cooking temperature of 160°C.
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The model predictions ranged between the experimental results from the validation trails, see figure
4.47-4.49. The models were thus slightly overestimating the yields although the apparent effect of
dissolved wood components was unaccounted for. The standard errors of estimation was determined to
be 3.6 % and 3.3 % respectively for the Wigell model and the equilibrium based model as they both
described the validation trails similarly. The Wigell model with hydrogen sulphide dependence did
however yield an additional deviation as the validation trails did not result in any difference between
varying hydrogen sulphide concentrations. This result corresponds to the validation against the
experimental data published by Paananenetal. (2010) and it is thus likely thatthe effect of hydrogen
sulphide concentration on the glucomannan degradation noted in the experimental data used for model
optimization is overestimated. The standard error of estimation for the Wigell model with hydrogen
sulphide dependence was found to be 3.9 %.
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Figure 4.47. Validation of the Wigell model at the industrially feasible liquor to wood ratio of 7 to 1.

1 . ;
®  Synt WL 1
0.9} U
y & Synt. WL 2
08} H
o7l _D_ WL
— 06} ! @  BLWL
= ':
2 05l ! £ GLAWL
0 R
1
o 04} \ @ B
03}t 1
B ATl
02} Y Y Mt N
0.1} .
U 1 1 1 1 1 1 1
0 50 100 180 200 250 300 350 400

Time [min]

Figure 4.48. Validation of the equilibrium based model at the industrially feasible liquor to wood ratio
of 7to 1.
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Figure 4.49. Validation of the Wigell model with hydrogen sulphide dependence at the industrially
feasible liquor to wood ratio of 7 to 1.

4.4.5 Validation with sodium borohydride addition

The contribution of the different degradation reactions to the glucomannan removal was validated by
cooking trails using wood material pretreated with sodium borohydride. As sodium borohydride is a
strong reducing agent it deactivates the end-groups and prevent primary peeling. The persisting
degradation is thus a result of alkaline hydrolysis and secondary peeling. At cooking temperatures
below 123°C the degradation was not significant as the yield after 3 hours remained about the initially
insoluble amount of 85 %. The degradation was however significant at elevated temperatures, see
figure 4.50, and the models described this degradation sufficiently. The standard error of estimation
for the 12 data points was found to be 4.0 % for the Wigell model and 4.5 % for the equilibrium based
model.
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Figure 4.50. Validation of the alkaline hydrolysis and secondary peeling contribution with sodium
borohydride pretreated wood material. The cooking temperature was 168°C and the liquor had a
hydroxide ion concentration of 0.78 mol/kg solvent and were either soda cook or had a hydrogen
sulphide concentration of 0.26 mol/kg solvent. Wigell model (solid line), Equilibrium based model
(dashed line).

4.5 Validation of xylan models

When comparing the solutions of the phase models and the continuous distribution of reactivity model
it is important to note that the model structures are vastly different. This result in differing coupling of
the model parameters between the models and thus solutions that are not nearly as consistent as for the
models describing glucomannan degradation, see figure 4.51. This behaviour is illustrated by the
behaviour at low yields of the phase model modified to include exponents on the amount of xylan
remaining. The strong dependence on the xylan amount remaining decreases the degradation rate to a
higher extent at high alkalinities, the parameter coupling thus decreases the accuracy at low yields.

The performance of the phase models and the continuous distribution of reactivity model are validated
with experimental data from additional experimental series in the following sections. The effect of
ionic strength is however not validated as the experimental data series of Dang et al. (2010) were used
for parameter determination. The ionic strength series are however used for validation of the overall
degradation effect and temperature dependence.
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Figure 4.51. Comparison of the continuous distribution of reactivity model (solid line), the phase

model (dotted line) and the phase model modified to contain exponents on the amount of xylan
remaining (dashed line).

4.5.1 Validation using ionic strength experiments

Flow through reactor experiments provided by Dang et al. (2010) was used for validation of the xylan
removal models as well as for determination of the parameters concerning the ionic strength
dependence. The experimental results from the flow through reactor and the autoclave experiments
used for model optimization differ during the early stages of the cook, figure 4.52, due to differences
in temperature profile. Using the temperature profile from the flow through reactor experiments does
however not sufficiently increase the rate of xylan removal, see figures 4.53-4.55, resulting in large
deviation between model and experiments during the heating up period. The difference between the
flow through reactor and the autoclave experiments are however limited to the early stages of the cook
as the final xylan yields are similar.
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Figure 4.52. Experimental resultsat 168°C and a liquor composition of OH'=0.26 mol/kg solvent and
HS=0.26 mol/kg solvent for the flow through reactor (Dang series) and the autoclave experiments
(Bogren series).
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The performance of the different models is illustrated in figures 4.53-4.55. The effects of ionic
strength variations are well described by all models as the flow through reactor experiments were used
for parameter determination. The standard error of estimations were calculated while only considering
cooking times exceeding 30 min, resulting in 64 used experimental data points. The continuous
distribution of reactivity model had the lowest standard error of estimation with 4.1 % whereas values
for the phase model and the modified phase were 6.3 % and 5.5 % respectively.
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Figure 4.53. lonic strength dependence and validation of the phase model towards experimental data
froma constant composition flow through reactor. The cooking temperature was 148°C (o) and
168°C (A) with a liquor composition of OH'=0.26 mol/kg solvent and HS'=0.26 mol/kg solvent.
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Figure 4.54. lonic strength dependence and validation of the modified phase model towards
experimental data froma constant composition flowthrough reactor. The cooking temperature was
148°C (o) and 168°C (A) with a liquor composition of OH=0.26 mol/kg solvent and HS'=0.26 mol/kg

solvent.
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Figure 4.55. lonic strength dependence and validation of the continuous distribution of reactivity

model towards experimental data from a constant composition flow through reactor. The cooking

temperature was 148°C (o) and 168°C (A) with a liquor composition of OH=0.26 mol/kg solvent and

HS=0.26 mol/kg solvent.

4.5.2 Validation using experiments with lower cooking temperatures

The model behaviour at low cooking temperatures where investigated using the experimental data of
Paananen et al. (2010) in the temperature range of 80-130°C. Similar to the comparison with the
experimental data from the ionic strength investigation, the model performs poorly during the early
stages of the cook, plausibly due to the different temperature profiles used during the experimental
procedure as the time is corrected to time at cooking temperature. The phase models are able to
describe the rapid initial degradation to a higher extent than the continuous degradation of reactivity
model, they are however not functional at the lower end of the temperature interval, see figure 4.56-
4.58. The continuous distribution of reactivity model on the other hand is unable to account for the
different temperature profile due to the time dependence of the rate constant. The time dependence
requires that the model parameters are determined for a specific temperature profile, thus decreasing
the ability of the model to operate outside the conditions for which it is optimized.

Due to the large differences in these respective regions, the standard error of estimation is substantial
for the low cooking temperatures validation; 6.8 % for the continuous distribution of reactivity model,
10.7 % for the phase model and 8.4 % for the modified phase model. The effect of varying the cooking
chemical concentration is however well described by the modified phase model and the continuous
distribution of reactivity model in the hydroxide ion concentration range from 0.31-1.55 mol/l with a
constant sulphidity of 33 %.
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Figure 4.56. Validation of the phase model at lower cooking temperatures. The sulphidity of the
cooking liquor was constant at 33 % and the cooking temperatures were 80°C (o) and 130°C (A).
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Figure 4.57. Validation of the modified phase model at lower cooking temperatures. The sulphidity of
the cooking liquor was constant at 33 % and the cooking temperatureswere 80°C (o) and 130°C (A).
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4.5.3 Validation at lower liquor to wood ratio
The validation series with the industrially feasible liquor to wood ratio of 7:1 performed by Bogren et
al. (2009b) was used for validation of the xylan removal models. Both cooking liquors prepared from
salts as well as industrial cooking liquors were included in these trails, see table 4.6. Only minor
differences were noticeable between the varying cooking liquors, with the largest difference arising
from the black liquor series, figure 4.59. The difference between the black liquor series and the other
cooking liquors is largest during the early sections of the cook whereas the final yields are similar. A
plausible explanation for this behaviour is that the dissolved wood components in the black liquor
decreases the solubility of xylan fragments, lowering the removal rate initially. As the degradation
proceeds in a non-constant composition cook, the amount of dissolved wood components builds up in
the cooking liquor and thus decreasing the relative influence of the initially added wood components.

Table 4.6. Ligquor composition for the validation trails using a liquor to wood ratio of 7:1.

Synt. WL1 [ Synt. WL2 [ WL BL/WL GL/WL

Na" [mol/kg solv.] 1.04 1.2 1.26 2.28 2.83

K™ [mol/kg solv.] - - 0.07 0.14 0.13
OH’ [mol/kg solv.] | 0.89 0.90 0.90 1.01 0.98
HS [mol/kg solv.] | 0.15 0.30 0.15 0.17 0.37
CO;” [mol/kg - - 0.11 0.22 0.79
solv.]

S0O,” [mol/kg solv.] | - - 0.01 0.03 0.03

CI' [mol/kg solv.] - - 0.01 0.03 0.02
Lignin [g/kg solv.] | - - - 47.5 -
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Figure 4.59. Validation series with varying cooking liquors, both industrial and synthetic, at a liquor
to wood ratio of 7:1 and a cooking temperature of 160°C.

The model performance of the phase models are negatively influenced by the hydroxide ion
dependence of the phase composition. The initial consumption of hydroxide ions is large due to
primary peeling as well as hydrolysis of acetyl groups (Chiang etal. 1987) and the concentration thus
drops significantly in cooks with lower liquor to wood ratios. The initial phase xylan is thus
overestimated and the model deviates during the early stages of the cook, see figure 4.60 and figure
4.61. The main deviation between the validation trails and the models are however located during the
latter stages of the cook. The models consistently presents lower yields than the experimental data, an
effect that may be explained by the accumulation of dissolved wood components in the cooking liquor
resulting in lowered solubility. The standard error of estimation for the phase model, the modified
phase model and the continuous distribution of reactivity model was found to be 10.0 %, 6.9 % and
6.1 % respectively.
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Figure 4.60. Validation of the phase model using various cooking liquorsat a liquor to wood ratio of
7:1 and a cooking temperature of 160°C.
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5. Conclusions
The following conclusions have been reached through the modelling work presented in this thesis:

The glucomannan losses during kraft pulping can be accurately described by models based on
the main reaction mechanisms involved. However, additional parameters describing the
physical stopping of the endwise degradation is required to expand the applicability to a wider
range of cooking conditions.

The glucomannan yield is higher in soda cook experiments than in kraft cooking experiments.
This indicates that the decreased delignification has a retaining effect, possibly through lignin-
carbohydrate linkages. The glucomannan degradation was however not largely affected by
changes in hydrogen sulphide concentration among the kraft cooking experiments as the effect
on degree of delignification was far less pronounced.

The removal of xylan is largely controlled by the dissolution of longer polysaccharide
fragments due to the stabilizing effect of substituents on the endwise degradation. A reaction
mechanism based approach to describing the removal is thus unsuitable.

An increased ionic strength lowers the solubility of xylan. The xylan removal is however
increased by addition of NaHS, indicating a strong correlation between delignification and
xylan removal. The lignin-carbohydrate linkages can be supposed to influence the retention of
xylan to a larger extent than glucomannan due to a closer affinity to lignin. The dissolution
limited xylan removal also increases the effect, whereas glucomannan largely is degraded to
monomers.
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