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REACTION ENGINEERING, KINETICS AND CATALYSIS
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Abstract
The article introduces a detailed model for carbohydrate chemistry in kraft pulping.
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lulose acid–base equilibria, in addition to peeling, stopping, and alkaline hydrolysis
reactions of the same carbohydrates, as well as hexenuronic acid formation and degradation reactions. The Arrhenius parameters were applied from the literature or
regressed against experimental data in the present study. The model is very successful in predicting the experimental data of carbohydrate reactions during kraft pulping.
Many features of the pulping-related model can be applied to specific fractionation
chemistry considerations. The detailed knowledge on carbohydrates composition at
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any stage of pulping gives possibility for further development of biorefinery cases
based on kraft pulping, such as biofuel and chemicals production.
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I N T RO DU CT I O N

The carbohydrate yield loss in kraft pulping, due to degradation
and dissolution of polysaccharides, is substantial and a serious draw-

Currently, the kraft pulping process is globally the most common pul-

back of the process.1 In kraft pulping, the significant consumption of

ping process. The popularity of this process can be explained by high

alkali takes place due to the rapid hydrolysis of acetyl groups in hemi-

strength properties of the pulp, relatively easy recovery of the

celluloses (i.e., galactoglucomannan in softwoods and xylan in hard-

cooking chemicals and the use of dissolved organic material for

woods)3 and peeling reactions of wood polysaccharides, where sugar

energy production.1 On the other hand, disadvantages of kraft pulping

units are lost one-by-one from the reducing end of the polysaccharide

process include the dark color of unbleached pulp, the loss of pulp

(primary peeling). During the heating period of pulping, new reducing

yield due to carbohydrate degradation and solubilization, as well as

end groups are forming enabling secondary peeling. The peeling reac-

the formation of odor compounds.1 The main cooking chemicals in

tions are interrupted by competing stopping reactions, which convert

kraft pulping are sodium hydroxide and sodium sulfide in a highly alka-

the reducing end groups into stable carboxylic acid groups.2 Both

line aqueous solution, called white liquor. During delignification, the

softwood and hardwood xylans contain 4-O-methyl glucuronic acid

white liquor interacts with the wood, resulting in the formation of

(MeGlcA) side groups. In alkaline conditions MeGlcA are converted

black liquor, which is a complex mixture of degraded lignin, carbohy-

into hexenuronic acid (HexA) groups by elimination of methanol.4

drates, carboxylic acids, extractives and chemicals.2

However, these acid groups attached to the xylan backbone are

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
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relatively stable under alkaline conditions and contribute substantially

distinguish different carbohydrate species. The model represented by

to the total amount of acidic groups in kraft pulps.5 Cellulose is a more

Johansson16 is based on the idea how alkali and sodium concentration

resistant carbohydrate component against alkali in comparison with

affect carbohydrates' behavior in kraft pulping. However, the model

hemicelluloses, which degrade much more extensively. The overall

was based on experimental data from later stage of pulping, and con-

carbohydrate degradation reactions in kraft pulping are presented in

sequently initial dissolution and primary peeling of carbohydrates

Figure 1.

could not be included. Therefore, this model was focused on alkaline

In order to obtain a better understanding of alkali pulping pro-

hydrolysis instead of whole kraft pulping process.

cesses, the reaction kinetics of carbohydrates and lignin degradation

Wigell17 described glucomannan degradation in alkaline pulping

have been studied over the years. Different models have been devel-

by power law equation. Galactoglucomannan was described by the

oped for kraft pulping process. The first model was presented by

amount of insoluble material, degradation through alkaline hydrolysis

6

7

Vroom. Kleinert studied lignin and carbohydrate reaction kinetics as
8

and primary peeling. Later, Nieminen18 presented a mathematical

a function of temperature and alkali charge. Later, Hatton implement

model where primary and secondary peeling, as well as stopping and

a model that predicts the kappa number and residual lignin content,

alkaline hydrolysis reactions were included. Wigell17 described xylan

based on H-factor and effective alkali (EA) charge. LeMon and Teder9

and galactoglucomannan degradation similarly in their model; how-

were the first who presented the “3-stage model” approach to the sci-

ever, this is not acceptable: galactoglucomannan degrades as a result

entific community. Another type of model is Purdue model10 where

of endwise degradation through primary and secondary peeling fol-

wood

cellulose,

lowing alkaline hydrolysis, whereas xylan degradation due to endwise

galactoglucomannan, xylan and lignin (high and low reactivity). Later,

peeling is limited.19,20 Components such as arabinose and glucuronic

chips

are

divided

to

several

components:
11

where dependence of

acid presented on the backbone of the xylan polysaccharide stabilize

reactivity on hydroxide and hydrogen sulfide ions was added.

its structure.21 Additionally, degradation products of xylan are poly-

Purdue model was extended by Christensen,
12

developed a 3-stage model based on differential pulping

mers, Dissolution of xylan polymers is dependent on the porosity of

periods. In 3-stage model, degradation of carbohydrates depends on

cell wall.22 After degradation of lignin and other hemicelluloses, poros-

the delignification rate in each phase. Later, the model was improved

ity of cell wall increases and improves the dissolution of xylan.22

13

by modeling individually cellulose and hemicellulose degradation.

Therefore, xylan degradation cannot be modeled in the same way as

Another model, presented by Gustafson and Al-Dajani14 was based

galactoglucomannan, which means that a more complex scheme for

on carbohydrates as individual species (cellulose, galactoglucomannan,

degradation and dissolution of xylan has to be developed. Another

and xylan) and could be described by the first order reaction. Addi-

model dealing with kraft pulping is model by Bogren et al.23 The

tionally, the effect of hydroxide and hydrogen sulfide ions is included

model includes time-dependent rate constant and mathematical pre-

in the model. New attempt to improve Purdue model was done by

exponent that are dependent on the degree of delignification and

Andersson et al.15 In work,15 degradation of all wood components is

temperature. However, the model is challenging to use due to many

Gustafson

total—12

adjustable “parameters.” For example, in order to predict xylan

pseudocomponents. However, the model parameters do not

removal in kraft pulping, 10 parameters are required. In general, the

demonstrated

by

individual

parallel

equations,

in

F I G U R E 1 Carbohydrate reactions in kraft pulping, where R is a carbohydrate chain. (1) Alkali-catalyzed hydrolysis; (2) stopping reactions of
reducing end groups; (3) alkali-catalyzed peeling of reducing end groups; (4) formation and degradation of hexuronic acid groups (HexA) [Color
figure can be viewed at wileyonlinelibrary.com]
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problem for most of empirical models is that they are based on

hemicelluloses should be removed almost completely (in addition to

adjusting mathematical simulation results to experimental data.

removing lignin).51 However, when producing paper grade pulp, it is

24

developed a continuous digester model (extended

beneficial to have a relatively high hemicellulose content, because that

Purdue model) based on Purdue model. They implemented a lumped-

improves the binding of the cellulosic fibers with each other in the

parameter approximation, used to describe the flow transport mecha-

paper.1 During pulping (also in the case of paper grade pulp) limited

nism. As a result, a model based on the fundamental principles of mass

removal of hemicelluloses is beneficial for better mass transfer: for

and energy was developed. In that model, fewer simplifying assump-

example, the lignin molecules can leach out more easily from the cell

tions in the model derivation are needed, because of definition of

wall structure, when it becomes more porous, that is, some hemicellu-

mass bases and volume fractions. Further Bhartiya25 presented a

loses are degraded and dissolved. The present model, taking advan-

model where digester thermal–hydraulic model was combined with

tage of fundamental understanding of the identified reactions and can

Purdue model. The benefits of hydraulic extension were presented by

be applied to optimize the pulp production process. The current paper

the ability of the model to explain the impact of dynamic flow rate

focuses on hemicellulose reactions in kraft pulping and Fearon et al30

and compaction changes on pulp quality. Additionally, the model was

paper focuses on delignification model in kraft pulping.

Wishnewski

able to explain operation difficulties taking place during hardwood to
softwood transition. Another simulation-cooking model (Lo-Solids™)
is a developed by Miyanishi and Shimada.26 The model is a steady-

2

MODEL

|

state simulation of continuous cooking systems. The kinetic model utilized in the simulation is based on Purdue model.10,11 The model

In the present paper, carbohydrate reaction model in kraft pulping con-

includes, besides earlier presented components (high and slow reac-

ditions is discussed. In our other recent work,30 the general idea of the

tive lignin, cellulose, galactoglucomannan, and xylan), also extrac-

model and the details of modeling lignin reactions were presented.

tives.26 They are assumed to dissolve extremely fast already in the

Pine wood composition used in the model development was

beginning of cooking. The degradation of the other five components

approximated by utilizing literature data from similar types of

is modeled based on initial, bulk and residual phases of cooking. Addi-

wood2,31,32(Table 1). The initial composition of pulping liquor as well

tionally, the model is divided into three phases: wood components, as

as such parameters as temperature, pressure, and liquid-to-wood

well as entrapped and free liquor.26 Choi and Kwon27,28 have devel-

ratio, were varied depending on the experimental setup. Extremely

oped a complex model that is able to regulate Kappa number, porosity

fast mass transfer was assumed, by the fact that experimental studies

evolution and cell wall thickness of wood chips. The model includes

with wood meal31-33 were utilized for the model validation and

Purdue model for delignification of wood chips, kinetic Monte-Carlo

parameter optimization. Parameter regression with Kinfit software34

algorithm to describe the evolution of micro configuration and model-

using Levenberg–Marquardt optimization algorithm was used to

based feedback control system to regulate kappa number, cell wall

obtain the unknown model parameters.

27,28

Those parameters are

The model follows time evolution of compounds presented in

important for future studies of microscopic properties and their effect

Table 1 during pulping as well as formation of new compounds. The

on paper properties.

contents of Ca2+ and uronic acids determine the magnitude of the

thickness and/or porosity simultaneously.

Looking into all mentioned models above, it is clear that they are

Donnan effect in the model.

not taking into the consideration all chemical phenomena. By contrast,

This paper is organized so that the modeled degradation of each

our aim is to create in-depth knowledge on the existing and possible

type of carbohydrate polymer—galactoglucomannan(GGM), xylan

new cooking processes. Model, presented in this work based on simu-

(XYL), and cellulose—is presented separately. A list of chemical reac-

lation of individual reactions and combining them together for an

tions and reaction parameters is presented in Tables 2–4.

overall phenomenon. This is especially crucial for the development a
biorefinery cases, where understanding chemistry of each wood fraction is necessary. Additionally, in order to improve prediction of the

3

RESULTS AND DISCUSSION

|

models, the amount of assumptions has to be limited. A general model
with empirical kinetic equations may give a good fitting for individual

Carbohydrate and lignin parameters were regressed separately, there-

cases; however, they rarely can give reliable prediction results for a

fore carbohydrate parameters could be underestimated because of

wide range of experimental setups due to the fact that the equations,

yield loss due to lignin removal and increasing fiber saturation point

most often, have no physical or chemical meaning and they are just

(FSP) were not included in the simulations. FSP is a measure of the

representing mathematical fitting.

amount of water bound to the fiber wall.35

In this work, the main aim is to create a detailed method for simulating chemical and physical phenomena in kraft pulping. The concept
of two liquid phases was applied to take into account the ion distribu29

tion (Donnan effect)

3.1

|

Modeling of galactoglucomannan reactions

and to separate the effect of mass transfer and

reaction kinetics. The amount of hemicellulose reactions depends on

Native GGM polymers were modeled as a set of three types of units:

the desired outcome. When producing dissolving pulp, the

reducing end group (GGMR), nonreducing end group (GGMNR), and

4 of 9
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TABLE 1
Composition of Scots pine (Pinus sylvestris L.)2,31,32
used for simulations
Component

ized reducing end groups undergo the peeling or stopping reactions
(G1–G3).39 Activation energy for galactoglucomannan peeling reaction

(mol/kg)

(G1 and G2) has been reported to be 84.6 kJ/mol.39 The alkaline hydro-

26.8

lysis reaction (G4) can be encountered by intramolecular bond cleavage

Nonphenolic (etherified) guiacyl

1.07

Guaiacyl phenol

0.32

Nonphenolic guaiacyl with carbonyl
group in α carbon

0.0081

Cellulose

nose were reported to be 36.7 and 33.1 kJ/mol, respectively.38 The ion-

Content
(%)

Lignin

14.28 reported for cellulose.37 The ionization heat of glucose and man-

in the ionized middle units.40
However, the scheme described above did not give satisfactory
results in fitting between experimental and simulated results.
Improvements to the model were achieved by addition of a new stop-

41.8

ping reaction (G5) that describes the possibility of the formation of

Group in the middle of the cellulose
chain

2.466535

Reducing end group of cellulose chain

0.000245

after this addition. In Tables 2–4 in reaction stoichiometry, bolded

Nonreducing end group of cellulose
chain

0.000223

reaction species were in rate equations. Reported in literature

Glucomannnan

between experimental and modeled data were significantly improved

values36-39 were very close to the values obtained from regression in
16.9

Kinfit (Table 2).

Glucomannan group in the middle of
the chain

1.02

Reducing end group in glucomannan

0.0102

Nonreducing end group in
glucomannan

0.0102

Arabinoxylan

Simulation results of GGM degradation and dissolution are presented in Figure 2. The experimental data from Paananen32 was used
for the model validation. Parameters for GGM degradation were
obtained from the fitting and then alkali-catalyzed deacetylation and
cleavage of uronic acids esters were included to the model. The model

8.4

accurately fitted the experimental data.

Group in the middle of the xylan chain

0.5784

Reducing end group of xylan chain

0.0056

Nonreducing end group of xylan chain

0.0056

4-O-methyl-D-glucuronic acid

0.08

Other carbohydrates

metasaccharinic acid even at low alkali concentrations. The match

3.2

1.5

|

Modeling of xylan reactions

The XYL degradation reaction routes are very similar to those with
GGM. The units considered in the model were reducing end-group

Arabinogalactan galactose nonreducing
end-group

0.0106

Arabinogalactan middle group

0.0160

middle group in the xylan chain (XYLM). Additionally, it was assumed

Arabinogalactan arabinose nonreducing
end group

0.0071

that arabino(4-O-methylglucurono)xylan has two kinds of side-groups.

Methyl esterified galacturonan middle
group

0.2308

Galacturonan middle group
(non-esterified)

0.1539

Arabinose structure in hemicellulose

0.00056

Extractives

units (XYLR), nonreducing end group units (XYLNR), and units in the

Of them, 4-O-methylglucuronic acid (MeGlc) side-groups were treated
as individual compounds, whereas arabinose side groups were considered as leaving groups that enhance the conversion of a reducing end
group in xylan into a stable metasaccharinic acid group through the
stopping reaction. During pulping, a considerable amount of xylan is also
dissolved as polymer and this feature was included in the model. The

3.4

degree of polymerization for xylan was assumed to be 106.2 Initially,

Ca

0.00021

K

0.00029

As it was mentioned, XYL was modeled in the same way as GGM

Mg

0.00007

to encounter peeling (Table 3; X1 and X2), stopping (X3 and X4) and

one end was assumed to be reducing and the other end nonreducing.

alkaline hydrolysis (X5) as well as reversible acid–base equilibrium
reactions which were included in the model (Table 3; XE1-XE3). All
units in the middle of the chain (GGMM). One end of the GGM poly-

kinetic parameters presented in Table 3 were regressed in Kinfit soft-

mer was assumed to be reducing and the other one nonreducing. The

ware based on Paananen32 data. Comparison values from Chen41

2

were used to prove the fitting results, of 11.69 and 12.59 for XE1 and

degree of polymerization of GGM in wood was assumed to be 102.

In alkaline conditions, the reducing end groups and the middle units

XE2, respectively. In addition, the value for XE3 could be compared to

of GGM undergo reversible acid–base equilibrium reactions that were

the value of 14.28 reported for cellulose.37 A proton ionization heat,

added to the model (Table 2, GE1–GE3). The pKa values for GE1 and

reported by Christensen,38 of 37.7 kJ/mol for xylose was used in the

32

GE2 were fitted in Kinfit software based on the work of Paananen.

model. The formation of arabinose during peeling (X1 and X2) and

For comparison, pKa values of 10.89 and 12.49 were reported in litera-

alkaline hydrolysis (X5) represent the fact that, in average, every 10th

ture.36 The pKa value for GE3 was compared with the pKa value of

xylan middle unit has an arabinose side-group.2 The formation of

5 of 9
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TABLE 2
Parameters for GGM
degradation scheme obtained from fitting
in Kinfit. SSE 5.49 × 10−3

TABLE 3

R

Reaction stoichiometry

pKa (25 C)

ΔHf,reaction (kJ/mol)

GE1

GGMR(f) $ GGMR(−f) + H

10.7 ± 1.4

−(33.5 ± 8.4)

GE2

GGMR(−f) $ GGMR(−2f) + H+

11.7 ± 3.6

−(34.3 ± 13.0)

GE3

GGMM(f) $ GGMM(−f) + H+

14.6 ± 15.0

−(8.8 ± 2.1)

+

Ea
(kJ/mol)

Reaction stoichiometry

A (s−1)

G1

GGMM(f) + GGMR(−f) ! GGMR(f)
+ Isosaccharinic acid (−aq)

1.97 × 109

(1.20 ± 0.71) × 10−5

81 ± 4

G2

GGMM(f) + GGMR(−2f) ! GGMR(−f)
+ Isosaccharinic acid (−aq)

1.92 × 1013

(8.58 ± 1.45) × 10−5

105 ± 12

G3

GGMR(−2f) ! Metasaccharinic acid
(−f) + HO−

1.82 × 1012

(3.07 ± 1.45) × 10−7

107 ± 7.8

G4

GGMM(−f) + GGMM(f) + H2O(aq) !
GGMR(−f) + GGMNR(f)

2.79 × 1013

(2.53 ± 0.84) × 10−11

137 ± 14

G5

GGMR(−f) ! Metasaccharinic acid(−f)
+ HO−

1.97 × 1010

(5.70 ± 5.34) × 10−9

106 ± 12

k (25 C/s)

Parameters for xylan degradation and dissolution, scheme obtained from fitting in Kinfit. SSE 5.93 × 10−2

R

Reaction stoichiometry

pKa (25 C)

XE1

XYLR(f) $ XYLR(−f) + H+

11.8 ± 8.9

−(24.0 ± 7.2)
−(42.4 ± 14.3)

XE2

XYLR(−f) $ XYLR(−2f) + H+

12.6 ± 4.7

XE3

XYLM(f) $ XYLM(−f) + H+

14.4 ± 6.2

R

Reaction stoichiometry

ΔHf,reaction (kJ/mol)

−(6.3 ± 2.4)

−1



A (s )

k (25 C/s)

X1

1.1 XYLM(f) + XYLR(−f) ! XYLR(f) + XyloIsoSaccA (−aq) + 0.1 arabinose(f)

8.3 × 10

X2

1.1 XYLM(f) + XYLR(−2f) ! XYLR(−f) + XyloIsoSaccA (−aq) + 0.1 arabinose(f)

6.0 × 1010

X3

XYLMR(−f) + arabinose(f) + H2O(aq) ! XyloMetaSaccA (−f) + arabinose(aq)

1.3 × 10

X4

XYLMR(−2f) ! XyloMetaSaccAb(−f) + HO−

3.6 × 1012

X5

XYLM(−f) + 1.1 XYLM(f) + H2O(aq) ! XYLR(−f) + XYLNR(f) + 0.1 arabinose(f)

1.4 × 10

X6

XYLM(f) + OH(−aq) ! XYLM(aq) + OH(−aq)

6.0 × 1014

a

−

−

12

(5.2 ± 0.8) × 10

(3.4 ± 0.3) × 10−5
(8.4 ± 2.1) × 10

9

13

X7

MeGlc(−f) + HO ! HexA(−f) + methanol(aq) + HO

7.38 × 10

X8

HexA(−f) + HO− ! COMA(−aq) + HO−

8.05 × 1011

Ea (kJ/mol)
−6

−7

(4.9 ± 0.2) × 10−7
(8.5 ± 0.8) × 10

−11

(7.6 ± 1.2) × 10−13

104 ± 4
87 ± 11
87 ± 7
108 ± 7
132 ± 13
154 ± 4

11

122
126

a

XyloIsoSaccA, xyloisosaccharinic acid.
XyloMetaSaccA, xylometasaccharinic acid.

b

xylometasaccharinic acid (X3) takes place when an arabinose unit is in

reaction kinetic parameters for HexA simulation (X7 and X8) were

the reducing end unit. Equal dissolution rate was assumed for all XYL

obtained from Bogren's44 work. All other parameters for simulations

polymers. The dissolved XYL was assumed to be degraded at the

were fitted with Kinfit software.34

same rate as the fiber-bound XYL. Possible readsorption of dissolved
XYL, on the pulp surface, was not considered.

HexA profiles were modeled by utilizing Bogren's experimental
data44 and Bogren's model.23,45 The model presented in this article

Simulation results of degradation and dissolution of XYL are pres-

has a better fit to Bogren's experimental data then their own model,

ented in Figure 3. Experimental data from Paananen32 were used for

as could be seen in Figure 4a. The Bogren's model output deviated

model parameter regression. The predicted XYL degradation shows a

from the Bogren's experimental data44 in the way as it deviated from

good correlation with the experimental data.

our developed model output. The possible reason is in the Donnan

4-Deoxy-4-hexenuronic acid (HexA) is formed from MeGlc.42

effect. The current model took into consideration the decreasing

According to Johansson et al,42 HexA degrades to 4-oxo-4H-pyran-

Donnan effect as HexA is cleaved from the fiber wall, whereas in the

14

In alkaline conditions, both

Bogren's model the Donnan effect was assumed to be constant

these uronic acids are in dissociated form (their pKa values are about

through the simulations. Nieminen and Kuitunen have discussed

3)43 contributing to the ion exchange (the Donnan effect). The

importance of Donnan effect on simulation results.29,46

2-carboxylic acid (comanic acid, COMA).
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Parameters for cellulose degradation scheme obtained from fitting in Kinfit. SSE 5.54 × 10−3

TABLE 4
R

Reaction stoichiometry

pKa (25 C)

ΔHf,reaction (kJ/mol)

CE1

CR(f) $ CR(−f) + H

11.5 ± 7.2

−(37.1 ± 11.7)

CE2

CR(−f) $ CR(−2f) + H+

12.2 ± 4.9

−(40.7 ± 11.8)

CE3

CM(f) $ CM(−f) + H

+

+

−(1.5 ± 0.6)

14.7 ± 5.4
−1



R

Reaction stoichiometry

A (s )

k (25 C/s)

C1

CM(f) + CR(−f) ! CR(f) + Isosaccha (−aq)

3.55 × 1013

(2.68 ± 1.18) × 10−6

C2

CM(f) + CR(−2f) ! CR(−f) + Isosacch (−aq)

2.40 × 10

C3

CR(−2f) ! Metasacchb (−f) + HO−

3.59 × 1014

C4

CM(−f) + CM(f) + H2O(aq) ! CR(−f) + CNR(f)

8.25 × 10

13

13

Ea (kJ/mol)

−4

109.1 ± 7.4

(2.76 ± 2.08) × 10

96.7 ± 5.6

(3.13 ± 1.26) × 10−8

125.1 ± 11.3

−13

(1.07 ± 0.89) × 10

153.5 ± 20.7

a

Isosacch, isosaccharinic acid.
Metasacch, metasaccharinic acid.

b

F I G U R E 2 Galactoglucomannan degradation at [HO−] = 1.55 M,
[HS−] = 0.31 M. Experimental data points32 represented by symbols,
simulation results expressed by lines. ■, —: 150 C, [Cl−] = 0 M; ●,
__ __ __
: 130 C, [Cl−] = 0.14 M; ▲, - .. - .. -: 140 C, [Cl−] = 0.14 M; ♦,
- . - . -: 150 C, [Cl−] = 0.14 M; ●, - - - -: 160 C, [Cl−] = 0.14 M
[Color figure can be viewed at wileyonlinelibrary.com]

In Figure 4a effect of temperature on HexA formation and degra-

F I G U R E 3 Xylan degradation at [HO−] = 1.55 M, [HS−] = 0.31 M.
Experimental data points32 represented by symbols, simulation results
expressed by lines. ■, —: 150 C, [Cl−] = 0 M; ●, __ __ __: 130 C,
[Cl−] = 0.14 M; ▲, - .. - .. -: 140 C, [Cl−] = 0.14 M; ♦, - . - . -: 150 C,
[Cl−] = 0.14 M; ●, - - - -: 160 C, [Cl−] = 0.14 M [Color figure can be
viewed at wileyonlinelibrary.com]

3.3

|

Modeling of cellulose reactions

dation is clearly shown. HexA degradation took place at temperatures
higher than 139 C and proceeded faster at higher temperatures.

Native cellulose polymers were modeled to consist of reducing end-

Figure 4b represents how alkali concentration affects the amount of

group units (CR), nonreducing end group units (CNR) and the units in

HexA. As shown on the Figure 4b—when [HO−] is low (0.25 mol/kg)

the middle of the chain (CM). The degree of polymerization of cellu-

HexA formation is slow and degradation is insignificant, with higher

lose wood was assumed to be equal to 10,000.2 Cellulose degradation

alkali (0.51 mol/kg) HexA is formed and degraded, and at higher alkali

was modeled using the previous scheme including: reversible acid–

(0.77 mol/kg) HexA is rapidly formed and degraded. The prediction is

base equilibrium, peeling, stopping and alkaline hydrolysis reactions.

in line with the experimental values and showed that at higher alkalin-

Reversible acid–base equilibrium reactions for cellulose are presented

ities a competing formation and degradation of HexA proceeds faster

in Table 3(CE1–CE3). For the alkaline hydrolysis, a pKa value of 14.28

than at lower alkali concentrations. This result is in line with earlier

has been published for cellulose.37 Activation energy for peeling reac-

47

where it is shown that the rate of HexA formation in pulp,

tion has been reported to be 100.3 kJ/mol for cotton hydrocellulose48

as well as its decomposition, is a function of hydroxide ion

and 101 kJ/mol for cellulose.49 The published activation energy for

concentration.

the stopping reaction are 134.8 kJ/mol and 100 kJ/mol for cotton

research
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F I G U R E 4 HexA formation and degradation. Experimental data points44 represented by symbols, simulation results expressed by lines.
(a) Effect of temperature on HexA at [HO−] = 0.77 mol/kg: ●, - - - -: 139 C; ▲, - . - . -: 123 C; ♦, __ . __ . __: 154 C; ●, -----: 168 C. (b) Effect of
alkali concentration on the amount of HexA at 168 C: ●, - - - -: [HO−] = 0.51 mol/kg; ▲, - .. - .. -: [HO−] = 0.77 mol/kg; ♦, - . - . -:
[HO−] = 0.25 mol/kg [Color figure can be viewed at wileyonlinelibrary.com]

Cellulose peeling reactions lead to consumption of alkali and yield
loss. Figure 5 presents the results for the cellulose degradation process. As can be seen from this figure, the simulation fitted the experimental data accurately.
According to all the present results current model shows a good
confidence between the simulation and experimental results.
Obtained from Kinfit fitted kinetic parameters are in good line with
published values. It shows that this approach offers an exceptional
opportunity to examine the validity of various theories or hypothesis
and provides deep knowledge based on reaction mechanisms and
kinetic parameters of carbohydrate chemistry in pulping processes.
The present modeling concept could be extended.

4
F I G U R E 5 Cellulose degradation at [HO−] = 1.55 M,
[HS−] = 0.31 M. Experimental data points32 represented by symbols,
simulation results expressed by lines. ■, —: 150 C, [Cl−] = 0 M; ●,
__ __ __
: 130 C, [Cl−] = 0.14 M; ▲, - .. - .. -: 140 C, [Cl−] = 0.14 M; ♦,
- . - . -: 150 C, [Cl−] = 0.14 M; ●, - - - -: 160 C, [Cl−] = 0.14 M
[Color figure can be viewed at wileyonlinelibrary.com]

|

CONC LU SIONS

In this paper, a detailed phenomenon-based model of carbohydrate
reactions in kraft pulping was introduced. In this approach, the real
chemistry and other essential phenomena of carbohydrate reactions,
taking place in kraft pulping, is implemented in the model at molecular
level. We have developed model that can predict carbohydrate degradation with good correlation to the experimental data. Moreover,
obtained through fitting kinetic parameters are in line with published
in literature, it proves that model can be used as tool for deep knowl-

38

hydrocellulose

49

respectively. Alkaline hydrolysis acti-

edge on reaction stoichiometry and kinetic parameters. However, due

vation energy for cellulose has been published to be 150.3 kJ/mol50.

and cellulose,

to the lack of experimental data, only simulations of kraft pulping with

All reaction kinetic parameters were fitted with Kinfit software34 for

pine wood meal were used. It would be beneficial for the research to

the most precise values. As it is visible from the Table 4 obtained

run simulation also with other wood species and check the accuracy

results from the fitting are in line with published experimental values.

of the model. However, already at this stage, the model can be used

The list of all cellulose reactions included in the model, their stoichi-

for modeling raw material fractionation into main wood components,

ometries and reaction parameters are presented in Table 4.

and it could be very useful simulation tool for biorefinery cases,
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especially if current, kraft pulping, part will be combined with previously developed models (hot-water extractions, bleaching, delignification). This approach offers an exceptional opportunity to
examine different theories and hypothesis on reactions mechanisms
as for existing process as for new chemistry processes, by including
new compounds and reaction chemistries to database and simulator.
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NOTATION
A

frequency factor (depends on the rate equation)

COMA

comanic acid

CR

cellulose reducing end-groups

CNR

cellulose nonreducing end-group

CM

cellulose units in the middle chain

Ea

activation energy (J mol−1)

FSP

fiber saturation point (kg water[kg o.d.wood]−1)

GGM

galactoglucomannan

GGMR

galactoglucomannan with a reducing end-group

GGMNR

galactoglucomannan with a nonreducing endgroup

GGMM

galactoglucomannan units in the middle of the
chain

HexA

hexenuronic acid

k

reaction rate constant (stoichiometry dependent
units)

K

equilibrium constant (stoichiometry dependent
units)

MeGlc

methylglucuronic acids

pKa

acid dissociation constant

SSE

sum of squared errors of prediction

t

time (s)

T

temperature (K)

XYL

xylan

XYLR

xylan reducing end-group

XYLNR

xylan with nonreducing end-group

XYLM

middle group in xylan chain

XyloIsoSaccA

xyloisosaccharinic acid

XyloMetaSaccA

xylometasaccharinic acid
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