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Symbols and abbreviations 
AA   Active alkali 
AHQ  Anthrahydroquinone 
ASAM  Alkali sulfite anthraquinone 

methanol pulping 
AQ  Anthraquinone 
CE Concentration in entrapped 

liquor 
CFL  Concentration in free liquor 
Cimpr  Concentration of 

impregnation  liquor 
Cl nr.   Chlorine number 
Cold pH pH measured at room 

temperature 
DP   Degree of polymerization 
DMC  Dry matter content 
DWC   Dissolved wood 

components 
Ea   Activation energy 
EA   Effective alkali as NaOH 
EL  Entrapped liquor 
EtOH  Ethanol 

FKA  Fiber Kappa Analysis 
FL  Free liquor 
FT-IR  Fourier Transform Infrared 
L:W  Liquor to wood ratio 
MeOH  Methanol 
mw  weight of wood sample 
o.d.  Oven dry 
PI   Process intensification  
PuPu  Push-Pull 
T  Temperature 
∆T  Temperature difference 
R  Gas constant 
WLI  White Liquor Impregnation 

pulping method 
Wt%   weight percentage 
VP  vapor phase 
WL  White liquor  
κ-nr.   Kappa number  
ρw  basic density of wood 
ρw.solid  density of wood cell wall 

Terminology 
Alkali charge   Total amount of alkali added to the process 
Alkali to cook   Amount of alkali actually entering the cooking stage 
Alkali uptake    Alkali transferred to wood in impregnation 
Cellulose   Primary component of the cell wall in wood 
Chemical pulp   Wood defibrated using chemicals that dissolve lignin 
Entrapped liquor  Liquor inside wood after impregnation 
Hemicellulose Heteropolymer present in cell wall along with cellulose and 

lignin 
H-factor   Variable capturing both time and temperature in pulping 
Kraft pulping process Chemical pulping using sodium hydroxide and sodium 

sulfide 
Lignin Organic polymer that holds the cells (fibers) together in 

wood 
Lignin yield   Percentage of original lignin left after pulping 
Mechanical pulp  Wood defibrated using mechanical energy 
Mercaptans Organic compounds containing a functional group 

composed of sulfur and hydrogen, the compound giving the 
kraft process its distinctive smell 

Penetrated liquor  Liquor that has entered wood through penetration 
Rejects Fiber bundles insufficiently delignified in the cook to yield 

free fibers   
Screened yield   Total yield less screening rejects
Total yield The amount of solid material left after cooking 
Soda pulping   Alkaline pulping without sulfur 
Total yield   Weight of pulp after pulping 
Organosolv   Pulping using organic solvents 
Wood alkali consumption Actual amount of alkali consumed in reactions during 

impregnation
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1 Introduction 

1.1 Background and research problem 
With the exception of agriculture and fishing, the wood products industry is a unique 
industry in that it uses a completely renewable raw material and, in chemical pulping, 
produces a surplus of energy. Wood is also an exceptionally abundant raw material. The 
total production of roundwood (including wood for fuel) in the world in 2003 was 3.3 
billion m3, about half of which was used for industrial purposes. This corresponds to 
roughly 1.3 billion metric tons of wood. Consequently, the amount of wood used in the 
world is of the same order of magnitude as the total production of cereals, which 
amounted to 2.0 billion metric tons in 2003/1/. 

With rising energy prices and growing environmental concerns it is becoming 
increasingly important to use the wood raw material as efficiently as possible. The need 
for efficiency also applies to the production of papermaking pulp. The dominating 
process for turning wood into chemical pulp for papermaking is the kraft pulping process. 
Of the 131 million tons of chemical pulp produced in 2000 kraft pulping accounted for 
117 million tons /2/. Kraft pulping is characterized by the use of aqueous solutions of 
alkaline chemicals (NaOH and Na2S) together with high temperature (140-180°C) to 
dissolve the lignin in the middle lamella that holds the fibers together in wood.  

Kraft pulping has become the dominant way to produce chemical pulp because it yields 
strong pulp, can be used to process any fibrous raw material and generates an energy 
surplus. Kraft pulping is a complex system of simultaneous mass transfer and reactions 
/3/. The high temperatures, pressures and highly alkaline conditions used in kraft pulping 
make it very hard to accurately measure the different parameters affecting cooking, both 
in industrial equipment and on laboratory scale. This has led to a situation where the 
process design relies heavily on experience, and design changes are made in small steps 
rather than as step changes based on solid science. This reliance on small incremental 
changes has in turn has led to a situation where the digesters have become extremely 
large and hard to control. As a result of this trend, the capital cost of new digesters has 
risen and the flexibility of the industry has been severely restricted. The realization that 
this is a problem is not new; in 1930 Aronovsky and Gortner concluded that: “the cooking 
process in the pulp industry is based more upon practical experience than upon the 
knowledge of the chemical reactions taking place in the digester”/4/. 

The reason why wood pulping is so notoriously hard to describe accurately is largely due 
to the complex nature of the raw material. Wood comes to the pulp mill in the form of 
logs with all the variation a natural raw-material brings with it. To make it possible to 
process the wood chemically it has to be turned into chips. In order to avoid excessive 
cutting of fibers, the chips can not be too small. A typical wood chip in pulping is around 
25 mm long, 15 mm wide and 5 mm thick. As a typical softwood fiber is just over 3 mm 
long and 30 µm thick, a single chip may contain more than 0.5 million fibers /5/. This 
constitutes a natural source of variation in wood density and moisture content, which is 
further increased by the tendency of wood to form early- and latewood with very different 
characteristics. Also, because of the nature of the transport phenomenon involved, it is 
impossible to avoid further unevenness when the wood gets into contact with the pulping 
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chemicals. On top of this, even on the level of individual fibers, there is huge 
heterogeneity in chemical composition and physical characteristics due to the layered 
structure of the wood fiber wall. The possibilities of influencing this problem are limited. 
In most chemical processes the raw material can be crushed to minimize the variations in 
the raw material. For wood, where fiber quality is critical for paper properties, this of 
course is not an option. 

1.2 Concept of process intensification 
With increasing understanding of reaction kinetics and better process control equipment, 
many industrial chemical engineering processes have become more compact and thus 
more efficient. When reactors are made smaller, in-process inventory is reduced and thus 
the risk of continuous production of sub-standard products is also significantly decreased. 
The discipline in chemical engineering aimed at decreasing reactor size and maximizing 
the efficiency of industrial processes is often referred to as process intensification (PI). PI 
is not a method as such, but rather a framework for various methods striving to achieve 
more intelligent processes. 

Several slightly different definitions of PI exist. Some define it as the reduction in size of 
process equipment by a factor of 100, others are less ambitious, setting the aim at halving 
the reactor volume for a given rate of production /6,7/. This thesis does not try to define 
the concept of PI in any definite way, but is more concerned with viewing kraft pulping 
through the lenses of the basic process intensification mentality. The basic goal of process 
intensification is to measure the true kinetics of the chemical reactions and make sure that 
mass- and heat transfer correspond to those kinetics. The idea is to ensure that the streams 
of the purest reagents possible meet and are supplied with adequate energy to react at the 
point of contact. Ideally, in an intensified process, all molecules in the whole system get 
the same treatment. This requires that the mass transfer and kinetics of the process are 
designed so that the reaction kinetics is the limiting factor of the process. The leading 
thought in intensified processes is to avoid large reactors with back-mixing and slow 
addition of chemicals that slowly diffuse and react with some other reagent. Process 
intensification has its background in attempts to reduce the capital cost of production 
systems in the chemical industry. PI has been successfully applied in some chemical 
engineering applications, such as de-aeration of water and combined distillation and 
reaction in esterification. Static mixers in pipelines are another example of PI /8/. 
However, there has not yet been a major commercial breakthrough of the concept in 
wider process design, with the exception of some special applications. This has been due 
both to technical and economical reasons but also aversion of risk in the relatively 
conservative chemical industry.  

1.2.1 Current situation in kraft pulping process de sign 
Contemporary kraft pulping processes are in strong contrast to any concept of 
intensification. Despite research on kinetics, residence times in reactors have only 
become longer over the years. This is due to decreased cooking temperatures and 
chemical concentrations in pursuit of greater heat efficiency and so-called modified 
pulping aimed at reaching lower pulp lignin contents prior to bleaching. Also, increased 
production capacities have led to bigger reactors and the reactors are now reaching sizes 
where the chip column non-uniformity is starting to present a serious obstacle to the 
production of uniform-quality kraft pulp. For instance, large temperature differences (5°C 
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in the cooking zone, up to 70°C in the displacement zone) and flow speed differences 
have been measured for liquid removal screens on different sides of a modern continuous 
digester /9/. The striking thing about the evolution of kraft pulping systems is that there 
has never been a conscious decision to steer the development onto a path of ever-
increasing reactor size and residence times – it has all just happened. All changes in 
process technology have been gradual and based on an earlier small step, eventually 
leading to the huge digesters of today. Nobody has made an effort, since the late 1960’s, 
to systematically study the kraft process from a point of view that would resemble 
intensification. Some more recent studies have been performed aimed at removing the 
problems related to sulfur, but in these cases the aim has been to keep the overall process 
efficiency at the same level as in kraft pulping, not to improve on it. 

It can be envisioned that by gaining a better understanding of what the actual limiting 
factors are for kraft pulping, processes could be designed to operate at their maximum 
efficiency. If current processes do not operate at this “efficiency barrier”, it is clear that a 
move towards that barrier would make it possible to reduce the digester volume for a 
given production rate. Again, the idea is not new: in 1964 Theodore N. Kleinert wrote: “It 
was felt that mere variation of factors in pulping under conventional conditions as 
practiced in the industry cannot lead to major improvements in the technology of pulping 
and that better knowledge of the underlying basic phenomena could lead to new 
commercial processes”/10/. 

1.2.2 Process intensification in kraft pulping 
In order for any chemical reaction to take place, reactive chemicals and energy have to be 
present. The rate of reactions as a function of chemical concentration and temperature is 
given by the reaction kinetics. In chemical pulping the reactions take place inside the 
wood matrix, meaning that the kinetics are dependent on the heat- and mass transfer into 
the wood. 

In pulping systems, heat transfer is achieved either by putting the wood in contact with a 
hot liquid or by letting steam condense on the wood surface. Heat transfer in wood is at 
least one order of magnitude faster than mass transfer. Therefore, it is clear that heat 
transfer is not a limiting factor for process speed /11/. The actual absolute temperature 
used industrially is then a question of optimizing the steam usage of the mill. Medium-
pressure steam from the steam turbines is generally used, which sets the maximum 
temperature at around 180°C. The steam pressure is generally 12 bar, corresponding to a 
temperature of 188°C. 

Compared to heat transfer, the transfer of chemicals into the wood is much more 
complicated, especially in view of the alkali-consuming reactions taking place in wood 
and the vastly varying temperature dependence of their kinetics. The purpose of pulping 
is to break lignin bonds, dissolve the lignin into the cooking liquor and simultaneously 
remove part of the hemicelluloses. This can only take place in an alkaline environment 
with cold pH above 11 (pH measured for samples cooled to room temperature). The real 
difficulty in ensuring such conditions becomes apparent by looking at the various 
alkaline-consuming reactions when increasing the temperature to the level needed for 
delignification, i.e. above 140 °C. The actual lignin bond cleavage does not consume very 
much alkali, as seen in Table 1.  
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Table 1. Consumption of alkali in the basic reactio ns of softwood pulping. Alkali 
consumption is 150 kg EA/t wood as NaOH for a final  pulp lignin content of 3%. Total 
pulp yield 47% /5, 12/. 

Reaction 
Approximate temperature of 

significant reaction speed (°C) 
Alkali consumption (kg 

NaOH/t wood) 

Hydrolysis of acetyl groups 20 15 

Hemicellulose degradation 
reactions 

100 45 

Neutralization of peeling 
products 

130 50 

Neutralization of dissolved 
lignin 

140 40 

  By the time a temperature suitable for lignin cleavage is reached (~140°C), about half of 
the total alkali charge has been consumed. Maintaining favorable alkaline conditions for 
delignification in all parts of chip pieces is a real challenge and today’s kraft cooking 
technology does not do this. Several studies and modeling work prove that alkali 
depletion in the chip interior is a fact and a major drawback in contemporary cooking 
technology /13/. 

In aiming for process intensification and fast heating, the crucial issue is to have enough 
alkali in the molecular vicinity of the lignin-containing fiber wall structure. It is easy to 
hypothesize that this can only be achieved by impregnation, using highly concentrated 
cooking chemicals at low enough temperature. Finding the conditions to achieve this aim 
is one of the starting hypotheses of the present work. 

Figure 1 is an attempt to schematically present the basic relationships governing the speed 
of delignification in kraft pulping. The figure illustrates how the mass transfer has to 
overcome both the mass transfer resistance and the consumption of chemicals caused by 
competing reactions. The speed of the competing reactions is dependent on absolute 
temperature. Heat transfer depends on the temperature difference and the heat transfer 
resistance of the wood. Certain pulping additives such as methanol have an impact on 
different aspects of the whole process leading to faster overall pulping. 
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Delignifying 
reaction

Pulping chemicals

CHO- CHS-

Process steam

Transfer methods:
- liquid to liquid
- condensing steam

Heat-transfer 
resistance

Mass-transfer 
resistance

Competing reactions

k1 f(T)(HO-) de-acetylation kinetics

k2 f(T)(HO-) sapponification kinetics

k3 f(T)(HO-) peeling kinetics

k3 f(T)(HO-)(HS-) delignification kinetics

Starting temperature:
~20°C
~80°C
~100°C
~135°C

Pulping additive

(CH3OH)

Chip surface

Reaction site in chip core

Heat transfer

Mass transfer

Figure 1. Schematic presentation of factors affecti ng delignification reactions. 
kxf(T)(OH-) symbolizes the different alkali consuming reactio ns as functions of 
temperature. 

1.3 Objectives 
The objective of the investigation was to find ways to intensify kraft softwood pulping. In 
this investigation the term intensification was understood to mean a faster overall pulping 
rate, i.e. a reduction of the overall process time. This means smaller reactors and smaller 
in-process inventory. The benefits expected from an intensified process would be more 
flexible reactor design, less undesired side reactions and easier process control. Further 
possible benefits include lower consumption of pulping chemicals and higher pulp yield. 
A minimum requirement for an intensified pulping process was to increase process speed 
without impairing the raw material efficiency of the process, both in terms of pulp yield 
and chemical consumption.  

1.4 Starting hypotheses 
The process time can be reduced by increasing the efficiency of heat- or mass transfer or 
the rate of the reactions. The basic starting hypotheses were: 

(1) Heat transfer is a straightforward way towards process intensification; steam 
phase cooking is the fastest means of heat transfer known in industrial pulping. 

(2) Mass transfer of cooking chemicals is the limiting factor for pulping speed and the 
obstacle to taking advantage of fast heat transfer; an intensified kraft process must 
have a high concentration of cooking chemicals in the vicinity of wood lignin at 
the onset of reactions 

(3) Methanol increases pulping speed 
  

Based on earlier experience, two approaches to intensifying the kraft softwood pulping 
process were seen as particularly promising at the onset of the project. These were 
optimizing the front end of kraft pulping, i.e. improving impregnation through the use of 
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high concentrations of pulping chemicals in chip impregnation, and using short-chained 
alcohols as pulping accelerants. 

1.5 Research methods 
The research was mainly conducted through laboratory cooks and basic pulping-related 
analysis methods. A new type of experimental digester was used in the project in order to 
make it possible to vary the cooking parameters over a very broad range. Most of the 
research presented in this thesis was performed using this equipment. The idea of the 
present investigation was to use fundamental laboratory tests to chart the possibilities of 
achieving faster and more uniform delignification using different impregnation and heat-
up scenarios and by using organic solvents in kraft pulping.  
  
Some basic impregnation tests were also performed. These were done with the 
impregnation unit designed in the laboratory of pulping technology at the Helsinki 
University of Technology. The equipment can be used to measure how penetration 
advances under different conditions. 

Some pulp uniformity tests were also performed using both fiber kappa analysis and 
Fourier Transform Infrared Spectroscopy (FT-IR) measurements. Both methods measure 
the uniformity of the lignin removal in cooking, fiber kappa analysis one fiber at a time 
and FT-IR measurements from the surface of a pulp pad. 

All methods used are presented in greater detail in the experimental section of the thesis. 

1.6 Scope of research 
In the current project, small-scale laboratory pulping tests were used to investigate the 
possibilities for intensifying the processes. The results of the trials were mainly evaluated 
based on the rate of delignification, process yield and process uniformity (rejects). The 
question of fiber quality was outside the scope of the research. Also, questions regarding 
actual plant design for intensified processes were left outside the scope as was a deeper 
analysis of the costs involved.  

The methods of process intensification employed were chosen on the basis that they 
should be reasonably simple to implement on an industrial scale. Therefore, the additives 
used were cheap industrially available chemicals that are not exceptionally hazardous or 
poisonous in ppm concentrations. Also, any additives used should be easy to regenerate 
from the spent pulping liquor. As such, short-chained alcohols were known to hold great 
promise. The liquor to wood ratio (L:W) had to be technically reasonable and the end-of-
cook alkalinity had to be reasonable in order to avoid a huge dead load to chemical 
recovery. Medium-pressure steam was considered as the heating medium. The reactor to 
be minimized was the actual digester. Processes taking place at atmospheric pressure 
were not considered essential to the overall process time, so impregnation was always 
performed <100°C as this can be performed at atmospheric pressure. 

The study was highly experimental and evolutionary in nature. The aim at this point was 
to find possible ways of intensification. Where such possibilities were found, no attempt 
was made to optimize and completely explain the effects at this point. Instead, the idea 
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was to try to be technically innovative and to identify different scenarios that can be used 
in future research into more flexible processes.  
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2 Literature review 
This literature review is aimed at identifying techniques previously studied for the 
intensification of kraft softwood pulping. There is a large body of literature available on 
different forms of process improvements for kraft pulping. This literature can be roughly 
grouped into the following categories: 

�Descriptions of new digester designs, usually written by representatives of 
equipment manufacturers. Much of this literature describes the step change of mills 
going from old equipment run much over its designed capacity to modern equipment 
run at design capacity.  
�Actual data on mill performance in daily operation. Very little material of this type 
exists. 
�Research into modifications aimed at improving pulp viscosity and sometimes yield. 
This literature generally either serves as the basis for future digester design changes 
or is aimed at understanding the actual implications of the changes made. The 
question of overall process speed is rarely touched. 
�Research into strength characteristics of pulp using different cooking and bleaching 
set-ups. Very little information on cooking efficiency can be derived from this 
literature. 
�Reports on laboratory-scale processes using more or less realistic chemicals and 
conditions. A lot of pulping research has been performed without any consideration 
of the cost of possible additives etc. 

In this review only research that is seen to decrease overall pulping time is considered as 
improvements towards intensification, so research aimed at increasing e.g. pulp yield or 
viscosity is not considered. Although the improvement of yield as such is not an aim, the 
overall efficiency of the process may not be sacrificed and in fact many process 
improvements actually bring with them increased yield. The question of pulp strength is 
not addressed except when the deterioration of strength is so substantial as to make the 
pulp unthinkable as a raw material for modern papermaking.  

As presented in section 1.2.2 any decrease in the overall pulping time would have to 
come from faster heat-transfer, faster mass-transfer or faster reactions. In the following 
text different ways to improve all three are discussed after a short introduction to the 
basics of kraft pulping. 

2.1 Kraft pulping 
Kraft pulping is by far the most widely used way to produce chemical pulp today. The 
reasons why kraft pulping has become so popular include the versatility of the raw 
material base (all species of wood can be pulped), the low cost thanks to the use of 
pulping chemicals that are easy to regenerate, the energy surplus in the process and also 
the high fiber strength in the end product. 

The basic idea in kraft pulping is to use alkali (NaOH) and sulfur (Na2S) at high 
temperature (140-180°C) to break down and dissolve the lignin that holds fibers together 
in wood. The wood is handled in the form of chips, with the chips submerged in an 
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aqueous solution containing the cooking chemicals. The process can be broadly divided 
into three steps, impregnation, heat-up and actual cooking, as seen in Figure 2. The aim of 
impregnation is to transfer cooking chemicals into the wood, with heat transfer taking 
place in the heat-up stage and the actual reactions in the cooking stage. In reality, these 
steps are not clearly separated and take place simultaneously.  

Impregnation Heat-up Cooking

Figure 2. Basic process steps in kraft cooking. 

The basic process steps taking place during the cooking stage are: 
- transfer of chemicals to the liquid-wood interface 
- transfer of chemicals inside the wood 
- reactions between the chemicals and wood constituents 
- removal of reaction products from the wood to the pulping liquor 

Kraft pulping is generally considered to be restricted by the speed of the reactions. In the 
following review, all steps will be discussed at some length to identify possible ways to 
increase pulping speed. 

On an industrial scale, kraft pulping is performed either as a continuous process in very 
large vertical digesters or in displacement-heated batch digesters. In continuous pulping, 
the chips are fed at the top of the digester together with the pulping chemicals to form the 
chip bed inside the digester. The chip bed moves slowly downward inside the digester 
and after a retention time of around 4-6 hours the delignified chips exit through the 
digester bottom. Modern continuous digesters can be around 60 meters high and up to 10 
meters in diameter.  The temperature and active chemical profiles in a continuous cooking 
installation are shown in Figure 3.  
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Figure 3.  Concentration profile of effective alkal i and temperature profile in modified 
and conventional continuous cooking; temperature cu rve added to original picture /5/. 

In industrial batch pulping a fiber line consists of several, typically 6-8, individual 
digesters that are used in a batchwise manner to ensure more or less continuous 
production. The cooking cycle of an individual batch digester is presented in Figure 4. As 
can be seen, the total process time is around 4 hours with both methods. In continuous 
pulping the impregnation stage (stage A in Figure 3) is preceded by chip steaming. This 
adds around 30 minutes to the process time. 
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Figure 4. An example of timing and process conditio ns in a conventional batch kraft 
cooking system /5/. 

The main drawbacks of the kraft process are: 
- capital-intensity; especially the regeneration of chemicals requires such complex 

equipment that mills have to be built for very big production rates in order to be 
profitable. This has led to huge investments and therefore increased the financial 
risks involved in building new pulp mills 

- dark pulp; this leads to a need for multistage bleaching after the pulping stage, 
which increases the waste water loads and causes to further investment needs in 
water treatment equipment 

- odor problems; the sulfur used in the process forms malodorous compounds that 
the human nose detects at very low concentrations. Also, there is a slight risk of 
smelt-water explosions in the chemicals recovery department. These two factors 
have been cited as reasons why not to build pulp mills close to densely populated 
areas. 

After the actual cooking stage, the delignified chips are washed and delignified further 
using oxygen. The oxygen delignification is followed by multistage bleaching to remove 
the remaining lignin and ensure a sufficient final brightness. A typical modern fiber line 
using continuous cooking can be seen in Figure 5. 
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Figure 5. Flowsheet of cooking, washing, screening,  oxygen delignification and DE OPDD 
bleaching /5/. 

The balance of lignin removal can be different in different mills. At some mills as much 
of the lignin as possible is removed in cooking, whereas other mills leave a higher lignin 
content in the chips after cooking and instead remove more lignin in the yield-saving 
bleaching stages. Factors such as the cost of wood and bleaching chemicals and the 
chemical recovery capacity determine the optimal level at individual mills.    

The extent of delignification achieved is generally measured by letting the pulp react with 
a known amount of some chemical for a given time. After the reaction time the residual 
chemical is measured, generally by titration. The most frequently used method is kappa 
number measurement, which is performed using potassium permanganate. Another 
method that used to be in widespread use is the chlorine number, using chlorine as the 
active chemical. The relationship between the methods and pulp lignin concentration is 
shown in Table 2. 
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Table 2 Examples of relationships between Kappa and  chlorine numbers and residual 
lignin content in kraft pulping /5/. 

Wood species Cl- number/Li)
κ- number/L i)

Birch 0.991 6.064 
Pine, Spruce 1.109 6.546 
i)Lignin content

There is one significant drawback with using kappa or chlorine numbers for determining 
the extent of delignification. The measurement gives only the ratio of lignin structures to 
the weight of the pulp sample. This means that the amount of lignin left in the pulp is not 
at all compared to the original lignin in the wood. In other words, although the 
delignification of the wood might have proceeded very differently in two cooks, the 
kappa number can be the same, provided that the carbohydrate yield has changed in the 
same way as the lignin removal. 

A simple way to circumvent the problem is to use the total process yield and the relation 
presented in Table 2 to calculate the lignin yield on wood of the process. This can then be 
readily compared to the original lignin content of the wood. An example of the impact of 
varying process yields on the relationship between kappa number and lignin yield is 
illustrated in Figure 6. 
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Figure 6. Kappa number as a function of lignin yiel d for pulp with a total yield of 40, 50 
and 60% on wood. 

Normal softwood contains 26-32% lignin /65/. The industrially interesting lignin yield 
range after cooking is 1.5-2.5% lignin on wood, corresponding to a total yield of 45-50% 
on wood. 

An often measured parameter for chemical pulp is pulp viscosity. The viscosity gives an 
idea of the degree of depolymerization of the cellulose molecules of the pulp. There are 
several other factors such as hemicellulose content that also affect viscosity. An excessive 
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viscosity drop in bleaching is a sign of pulp degradation. As far as the viscosity of 
brownstock pulp is concerned, it is not a good measure of pulp quality /14/.  

2.2 Intensification by improved heat transfer and h igher 
temperature 

One of the basic factors determining process speed is the availability of heat for the 
reactions. The general theme of heat in pulping can be divided into two basic questions, 
the question of heat transfer and the question of absolute temperature in pulping. The 
following is a discussion of their effects on overall process speed. 

2.2.1 Heat transfer 
On an industrial scale, heat transfer to wood is possible in two ways, either by 
condensation of steam on the wood surface or by contact with a heating liquor. In both 
cases the transfer of heat is dependent on the temperature difference between the heating 
medium and the wood. As a general principle, it can be assumed that the diffusion 
coefficient for heat transfer in wood is up to two orders of magnitude larger than that of 
mass transfer /11/. In other words, it is at least 100 times easier to transport heat than 
mass in wood. This means that, if they occur simultaneously, mass transfer will be the 
rate-determining step.  

Figure 7. Heating of pine chips by saturated steam of 100 °C Starting temperature: 30 
°C; Chip dimensions: 25x15x8 mm /22/. 

As can be seen in Figure 7, heating with condensing steam is very rapid. The same 
principle is applied in some modern continuous digesters to reach the desired pulping 
temperature by having a portion of the top of the digester in steam phase as shown in 
figure 8.  
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Figure 8. A two-vessel steam/liquor digester system  (Kvaerner) /5/. 

From a pulp quality point of view, however, it is generally agreed that heating to cooking 
temperature should be slow, as fast heating is said to be detrimental to pulp quality. This 
is an interesting claim as the heating of chips in steam is quite rapid, as seen in Figure 7, 
and also the heating to cooking temperature after impregnation is fast in modern 
displacement heated batch and continuous digesters. The claim that pulp quality suffers 
from fast heating up is based on rather old research, such as the findings regarding the 
relationship between heat-up time and pulp polymerization degree measured as pulp 
viscosity, as presented in Figure 9. 

Chips in 
steam phase 
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Figure 9. Degree of polymerization vs. lignin conte nt in kraft pulping of slash pine, with 
slow or instantaneous heating to cooking temperatur e /20/.  

A difficulty in examining the effect of the heat-up time is that it is very hard to accurately 
conduct tests over a wide range in the laboratory. Current pulping research techniques do 
not allow pulping tests with different types of impregnation and a very short heat-up time. 
For instance the results in Figure 9 are based on cooks without proper impregnation. 
Instead the wood was merely pre-evacuated at relatively low temperature and then 
brought into contact with hot cooking liquor. 

2.2.2 Absolute temperature in pulping 
It is well known that the pulping temperature has a very significant impact on the overall 
pulping speed. In its most basic form the temperature dependence of basic kraft cooking 
can be seen in Figure 10. The figure also shows the impact of sulfidity, which will be 
discussed later; normal industrial cooks have a sulfidity of 30-40%. 
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Figure 10. Effect of cooking time, temperature and sulfidity on the rate of kraft cooking 
of spruce. Heating time 2 h, active alkali charge 2 42 kg/t wood as NaOH /12/. 

The relationship between cooking temperature and delignification can be modeled using 
an Arrhenius-type activation energy model, the so called H-factor model. The basic form 
of the Arrhenius equation for the temperature dependence of the rate constant k is seen 
below.  

RT

Ea

Aek
−

=            Equation 1 

where  Ea is the activation energy for the reaction 
T is the absolute temperature 
R is the general gas constant 

This rate equation holds for the average degree of delignification observed in the process 
when the starting parameters are held constant. By experimentally determining a value for 
the activation energy and setting a reference value of reaction speed at 100°C it has been 
possible to construct a method of calculating the combined effect of time and temperature 
as an expression called the H-factor. The H-factor model does not take into account the 
effect of chemical concentration, but it is a good tool when comparing cooks with 
different temperature profiles. The essential rule of thumb that can be derived from the H-
factor is that the rate of reaction roughly doubles with every 10°C increase in 
temperature. 

The effect of describing the cooking time and temperature with the help of the H-factor 
can be seen in Figure 11. Comparing this against Figure 10, the usefulness of the H-factor 
becomes apparent. It is also clear that the cooking temperature does not have an impact 
on the cooking yield, or the ratio of lignin to carbohydrates in the pulp produced. This is 
supported by research by Daleski who used temperatures up to 195°C /15/. High 
temperature was, however, seen to have an effect on pulp viscosity. A similar study 
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conducted at HUT that included trials at both laboratory and mill scale also showed that 
viscosity goes down and rejects up when the cooking temperature is increased. No effect 
on total yield was seen. So, non-uniformity increases due to limits in mass-transfer, but 
yield as such is not affected /16/. 

Figure 11. Yield of pulp and residual lignin conten t in kraft cooking of spruce wood as a 
function of H-factor. Sulfidity 31% /5/. 

The basic H-factor model has been refined over the years. The most popular way to 
model kraft pulping is by dividing the cook into three phases, the initial, bulk and the 
residual phase. Time/temperature correlations are given for each phase separately as a 
function of liquor alkalinity. The effect of increasing the temperature is still the same, a 
faster cook. However, fast cooks have not been a priority in process development lately. 
This is probably largely due to energy economy. It has also been stated that the activation 
energy of delignification is lower than that of carbohydrate cleavage. This means that 
delignification is less temperature sensitive than the cleavage of carbohydrates. A 
reduction in pulping temperature should thus lead to more selective delignification, as 
lignin cleavage stays more or less the same, while carbohydrate cleavage is reduced /17/. 

As discussed above, increasing the temperature is restricted by the need for uniformity in 
pulping. Laboratory trials have shown that thick chips are always unevenly delignified, so 
that 10 mm thick chips can have a screened kappa number (=average kappa number) of 
24 and the chip center can still be at a kappa number of 127 /13/. The effect is 
accentuated with increased temperature. This phenomenon is illustrated in Figure 12. The 
nonuniformity leads to overcooking of the chip surface and a loss of yield and pulp 
strength. In fact, it has been shown that thin chips can be pulped to very low lignin 
content without loss of yield, indicating that the apparent unselectivity of kraft pulping is 
in fact unselectivity of the processing method and not the delignification chemistry. All 
this seems to imply that the transfer of chemicals really is a bottleneck in kraft pulping 
and that an improvement in diffusion based mass-transfer in impregnation would be a 
possible way to intensify the kraft process. The fact that non-uniformity in delignification 
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is due to uneven transfer of chemicals is further backed by research showing that the 
lignin content of the rejects is basically unchanged in cooks where the actual rejects 
content on wood has changed from 2 to 12% on wood /18/. The fact that the rejects 
always contain the same amount of lignin means that the rejects is due to lack of 
chemicals and therefore reactions in the chip center. The modeling by Gustafson et al. 
/19/ also shows that the reject content in pulp is dependent on the delignification profile 
rather than the absolute lignin concentration. 

Figure 12. Screened, unscreened and chip center kap pa numbers of pulps from 
stratified laboratory cooks using 1-10 mm laborator y-cut chips. Bulk average kappa 
number 23.4 /13/. 

Consequently, from the point of view of intensification, the upper temperature limit is set 
by energy consumption considerations and the formation of rejects when pulping thicker 
chips at higher temperature. 

2.3 Intensification by improved mass transfer 
If kraft pulping is constrained by mass transfer, an intensified process should be achieved 
by making sure the pulping chemicals are at the reaction sites in sufficient quantities 
when the reaction temperature is reached. Mass transfer of pulping chemicals into the 
wood takes places through two basic mechanisms: I. penetration and II. diffusion. 
Penetration refers to the process where the air in the wood chips is replaced by cooking 
liquor and diffusion is the random movement of molecules leading to the removal of 
concentration gradients. The behavior of these two methods of mass transfer has been 
studied extensively in the past and some interesting findings have been made. 

The quantity of chemicals that can be transferred using the two mechanisms depends on 
the density, the dry matter content of the wood and the concentration of the impregnating 
liquor. Figure 13 shows an example of the volume fractions of a 1 kg block of fresh wood 
with a basic density of 400 g/dm3 and a dry matter content of 50% being impregnated 
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with a 40 g/l EA liquor. Penetration will only fill the void space available, so any further 
mass transfer needed will have to rely on diffusion. 

Solid wood
0.67 dm3=1kg

Water
1.00 dm3=1kg

Penetrated 
liquor
0.83 dm3

Solid wood
0.67 dm3=1kg

Water
1.00 dm3=1kg

Gas filled void
0.83 dm3

Solid wood
0.67 dm3=1kg

Cooking liquor 
inside wood 

chips 
=entrapped 

liquor
1.83 dm3=1.83kg

Fresh wood
Penetrated wood, reactions 
and diffusion disregarded

Penetrated wood after diffusion, 
reactions disregarded

c=40 g/l
3.3% EA on wood

c=40 g/l
7.3% EA on wood

Figure 13. Volumetric proportions of gas, water and  solid wood in a hypothetical solid 
wood block of 1 kg dry matter with a basic density of 400 g/dm 3 and a dry matter 
content of 50% being impregnated with 40 g/l liquor . The wood represents a typical 
boreal softwood. The achieved alkali charge transfe r to the wood as % EA on wood is 
indicated for the two cases. 

The total chemical consumption in softwood pulping is typically around 15% EA on 
wood weight as NaOH. In a hypothetical situation using the wood model above, where a 
40 g/l EA cooking liquor is used, the chemical charge transferred by penetration would 
thus be only 3.3% on wood. If alkali consumption is disregarded and the volume of 
impregnating liquor is considered infinite (no concentration drop in the impregnating 
liquor), the charge transferred after complete impregnation and diffusion would be 7.3% 
on wood. A similar calculation can be found in the text by Nolan /20/. The result of the 
calculation implies that around half of the chemicals needed for delignification have to be 
transferred to the wood after the onset of the reactions, either during heat-up or during the 
actual cooking stage. The cooking stage is also where the bulk of the reactions take place.  

2.3.1 Intensification through improved penetration 
Fresh wood contains gas filled voids evenly spread out in the wood matrix. The filling of 
these voids with cooking liquor is referred to as penetration. There are two basic ways to 
improve penetration in impregnation, either by more efficient air removal or by applying 
higher pressure in impregnation. The basic principles have been known for a long time 
and have been presented as process ideas, such as the Va-Purge process etc., as far back 
as the 1950’s. The basic idea of the Va-purge was to alternatively increase digester 
pressure using steam and relieving the digester for a couple of cycles in order to remove 
air entrapped in the chips. The benefits reported were lower rejects, shorter cooking 
times, higher yields and lower alkali consumption /21/. However, it was not until the 
work by Malkov /22/ that an accurate mathematical model describing the effect of the 
various parameters affecting penetration was presented. The research showed that the 
most important parameters in penetration are temperature, impregnation pressure, liquor 
viscosity and liquor surface tension. The modeling was further refined by Kovasin et al. 
/23/ who were able to calculate the time needed for the longitudinal diffusion of air out 
from softwood chips at different chip lengths and initial moisture contents. The diffusion 
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of air from the chips is a pre-requisite for complete impregnation. Figure 14 shows how 
air is removed from chips with varying dry matter content subjected to steaming. 

Figure 14. Effect of chip moisture content on resid ual air content of chips (chip length 
25 mm) during steaming at 100°C /23/.  

The work by Malkov and Kovasin et al. gives a good idea why there were no dramatic 
improvements from the Va-purge treatments in the 1950´s and why, as pulping 
temperatures were lowered in pursuit of a modified pulping process, the question of air 
removal again became important. The reason is simple and is aptly illustrated by Figure 
15 showing the floating tendency of chips under various combinations of pressure and 
chip dry matter content.  
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Figure 15. Density of penetrated chips as a functio n of dry solids and degree of 
penetration /5/. 

At the high pulping temperatures used in the 1960’s (~170°C), the pressure in pulping 
was so high (>7.9 bar) that any residual air in the chips was compressed to a very small 
volume. This meant that the incremental benefit of efficient air removal was very limited. 
The biggest benefit would have come from reduced non-uniformity in delignification, but 
at the time the possibilities of measuring this effect would have been quite limited. It was 
not until process temperatures were significantly lowered that the air content in chips 
became a problem. When process temperatures (and thereby pressures) were lowered in 
digesters with insufficient air removal, the end result was runnability problems, caused by 
chips that would float in the digester. This led to the introduction of more efficient 
steaming vessels which eliminated the problem. In general, the importance of steaming is 
well understood today and current installations provide good enough steaming prior to 
impregnation.  

These effects have been studied by Kleinert & Marraccini /24/ who found that rejects and 
lignin content were lowered when penetration was improved by applying high pressure in 
impregnation. Adding surfactants had a slight negative effect on impregnation (alkali 
uptake and pulping results). Similar results were achieved by Malkov et al. /25/ when 
they studied the uniformity of delignification in pulping with varying front-end 
treatments. Further work by Malkov et al. /26/ showed that optimizing the front-end 
treatment of chips reduces rejects somewhat and can lower the kappa number by 5-10% at 
the level of kappa 30. No differences in papermaking properties were found. Basically, it 
seems that poor air removal and impregnation will lead to non-uniformity in pulping, but 
the lignin content cannot be reduced very much by optimal pre-treatment. Or put more 
bluntly, bad air removal will destroy digester runnability, but the benefit of perfect air 
removal for pulping speed is not very big. 
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2.3.2 Intensification through improved diffusion 
Studying the impact of alkali diffusion on kraft pulping is made complicated by the fact 
that there is always some consumption of alkali during diffusion. The alkali-consuming 
reactions become more pronounced with increasing temperature, as explained in section 
1.2.2. To make the concepts somewhat more clear, the following discussion on diffusion 
is divided into a discussion of diffusion at impregnation temperatures (<120°C) and at 
cooking temperature (>130°C). 

Diffusion depends on the random movement of molecules. The particle flux in diffusion 
is described by Fick’s law: 

dx

dc
DJ −=         Equation 2 

In other words, diffusion is proportional to the concentration gradient (dc/dx) and the 
diffusion coefficient (D). 

The diffusion coefficient follows the Einstein equation in which the coefficient of 
diffusion can be written as: 

f

kT
D =         Equation 3 

where the frictional force on the particle (f) can be described by Stoke’s law, thus giving 
the Stokes-Einstein equation for diffusion: 

a

kT
D

πη6
=          Equation 4 

where a is the effective particle size and η is the viscosity of the liquid that the particle 
travels through. In other words, an increase in viscosity makes ionic diffusion slower. An 
increase in temperature on the other hand makes it faster. 

Diffusion can be increased in three ways in kraft pulping:  

• by increasing the driving force (concentration gradient),  
• by increasing the speed of the molecules (temperature)  
• by decreasing the friction affecting the molecules 

  
A source of complication for diffusion in kraft pulping is that there are two species of 
ions that are important and which behave rather differently. The hydroxide ion diffuses 
rapidly in alkaline environments as it can move through charge transfer. The consumption 
of hydroxide is also great and very temperature-dependent in the kraft pulping system. On 
the other hand, the hydrogen sulfide ion diffuses much slower and is not consumed to any 
major extent in kraft pulping. The difference between the two ions is illustrated in the 
graphs in Figure 16. 
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Figure 16. Effective alkali concentration profiles in free (FL) and entrapped (EL) liquor 
for different initial effective alkali charges (EAC , g Na2O/100g wood, sulfidity 30%) (left) 
and hydrogen sulfide ion concentration profiles for  different sulfidities (S,%, EAC=15) 
(right) Eucalyptus globulus wood, 165°C /27/. 

The above results refer to hardwood, but the principle is clear. The alkali concentration in 
entrapped liquor pressed out from the wood after a given reaction time reaches its peak 
level after only about 60 minutes. For hydrogen sulfide it takes nearly three times as long. 
This points to very different diffusion characteristics of the two ion species. 

In this discussion, emphasis will be put on the transfer of hydroxide, as no kraft pulping 
can take place without it. In the absence of better knowledge, it is assumed that sufficient 
concentrations of hydrogen sulfide are present when impregnation has been thorough.  

A further problem is the fact that alkali is consumed in different reactions starting at very 
low temperatures. This means that the concentration inside the wood is dependent both on 
the amount of alkali that has diffused and the amount of alkali consumed in the reactions. 
To quantify these parameters the concepts of alkali uptake and wood alkali consumption 
can be used. 

Free liquor
CFL0=C

Solid wood 
mw

Entrapped 
liquor
CE=0 Free liquor

CFL1=

Solid wood 
mw

Entrapped 
liquor

CE=CFL1

t=0 t=t1

CFL0VFL-MwCons
       VFL-VE

Figure 17. Schematic representation of free liquor,  entrapped liquor and solid wood in 
impregnation studies with impregnation time t 1. Wood model as presented in figure 13. 
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Alkali uptake    = Loss of alkali in free liquor 

    
w

FLFLFLFL

m

CVCV 110 ×−×=    Equation 5 

Wood alkali consumption  = Alkali uptake – Entrapped liquor alkali  

    
w

EE

w

FLFLFLFL

m

VC

m

CVCV ×−×−×= 110   Equation 6 

As indicated by the equations above, wood alkali consumption can only be determined by 
leaching out the alkali in the entrapped liquor or by otherwise acquiring a representative 
sample of the concentration inside the wood. 

2.3.2.1 Diffusion in impregnation 
Unlike penetration, diffusion in impregnation involves a lot of open questions. The 
biggest question regards the amount of chemicals that should be transferred during the 
impregnation stage. As a minimum, there should be enough alkali to cover the reactions 
that take place during the impregnation stage, thus maintaining alkaline conditions in the 
entrapped liquor. There are different views on the impregnation from there onwards, and 
on the benefits of different ratios of OH/HS ions. The present discussion will, however, 
focus on the impact on overall pulping speed of various modes of impregnation. A 
problem in this context is that impregnation generally is seen only as a way to avoid 
uneven pulping (rejects). The impact of impregnation on aspects such as pulping speed 
and process yield is more rarely commented on. 

Several researchers have examined the diffusion in wood. The work by Hultholm et al. 
/31/ gives the amount of alkali taken up by the wood as the difference between alkali 
charged and alkali that can be leached out post-impregnation = wood alkali consumption. 
Other researchers have tried to measure the concentration of liquor inside the wood /3/ 
and also quantify the de-acetylation-consuming alkali during impregnation /28/. 

A very illustrative way of studying the advance of impregnation has been used by 
Zannutini et al. /29/ for eucalyptus. Their results concur with those of Hultholm et al. as 
to the fact that the most important factor for the progress of impregnation is the 
concentration of the impregnation liquor, not the impregnation temperature. They also 
show the impregnation profile as a clear S-shaped curve in the wood cross section, 
indicating a clearly separated reaction layer that is moving into the chip. The 
concentration of sodium in the reacted zone is close to that of the surrounding liquor, 
whereas the concentration of hydroxide is significantly lower. The difference is thought 
to be due to the competition between hydroxyl ions and the anions created by the reaction 
with wood. This can be seen in Figure 18 for eucalyptus wood. 



36

Figure 18. Profiles of alkali impregnation of fresh  eucalyptus wood. (Alkali content as g 
NaOH per kg of oven dry (o.d.) wood, acetyl group c ontent as x 0.5 acetyls per kg of o.d. 
wood and liquid content as x 10g liquid per g of o. d. wood) /29/. 

The theory that unimpregnated wood has a clear reaction zone gets more support from 
further work by Zanuttini et al. /30/. Their work indicates that wood behaves like a glassy 
polymeric solid placed in contact with a solvent. This means that at least the first wave of 
alkali diffusing into the wood chips cannot be modeled by simple Fickean diffusion, 
because the diffusion properties change as the chemical front advances. In practice, this 
does not change the behavior of wood in impregnation very much, but should be kept in 
mind in any attempt to model the diffusion in the impregnation stage. 

In the following paragraphs different ways to improve diffusion in impregnation will be 
discussed in more detail. 

Increased temperature 
An increase in temperature will make diffusion faster as the random movement of 
ions becomes faster. However, this also increases the consumption of alkali in 
non-delignifying reactions, eventually leading to lower yield. Several researchers 
have investigated the impact of temperature on impregnation results /31,10,/ 
Research is currently being undertaken at HUT to get a clearer picture of the 
composition of the entrapped liquor inside the wood after impregnation. This 
should help to clarify the extent to which increased temperature leads to higher 
chemicals consumption and faster diffusion. 
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Figure 19. Development of EA concentration inside f resh industrial 4-6 mm thick 
spruce chips during impregnation at different tempe ratures using 16 and 32 g 
NaOH/l impregnation, liquor to wood ratio 10:1 /31/ . 

In Figure 19 the concentration of alkali inside the wood is calculated based on the 
amount of alkali that can be leached out from impregnated wood after an 
impregnation stage. Therefore, no consumption of alkali during the impregnation 
stage is considered in this approach. As seen in Figure 19, increasing the 
temperature is not the way to achieve a higher amount of “free” alkali (alkali that 
can be leached back out) in the wood. The increased consumption attached to a 
temperature increase in fact lowers the “free” concentration in the wood. On the 
other hand, the same figure clearly shows the benefit of higher concentration.  

Useful additional information on yields and alkali uptake in softwood impregnation 
can be found in the work by Robertsen et al. /32/. In their work, the same 
dependence on alkali uptake is seen for liquor concentration and temperature.  

Table 3. Alkali consumption and uptake in impregnat ion of softwood at 80 and 120°C. 
3h impregnation, NaOH concentration 1 mol/l /32/. 

Temperature 
Alkali consumed 

kg NaOH/ton wood
Alkali uptake kg 
NaOH/ton wood 

Total yield 
(on wood) 

Lignin dissolved 
(of total) 

80°C 60 120 90% 8% 
120°C 100 140 <80% 25% 

As can be seen from the results in Table 3, an increase in temperature increases the 
consumption of alkali much more than it increases the alkali uptake (= total alkali 
consumption). 

However, when the diffusion of hydrogen sulfide is taken into account, the picture 
changes. The diffusivity of hydrogen sulfide is lower than that of hydroxide, and 
hydrogen sulfide is not consumed during impregnation in the same manner as 
hydroxide. For this reason, an increase in temperature during impregnation will in 
fact increase the amount of hydrogen sulfide transferred. Hultholm & Lönnberg 
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report an increase from 0.3 mol HS-/kg wood to 0.42 mol during 40-minute 
impregnation when increasing the temperature from 80 to 130°C /33/. These tests 
were, however, performed in a solution without added hydroxide ions.  

In examining the effect of temperature in impregnation on intensification, a 
problem is that there is not very much information on the effects of different 
amounts of consumed alkali, free alkali and lost yield after impregnation on the 
actual cooking parameters. However, it does seem logical that extensive yield loss 
and thus alkali consumption should be avoided during impregnation, as any yield 
lost during impregnation cannot be recovered in later process steps. 

Increased concentration 
As seen in Figure 16 and Figure 19, there is a very strong correlation between the 
concentration of impregnation liquor and the amount of alkali moved into the wood 
in impregnation, but the problem of knowing the effects of various levels of transfer 
in impregnation on the actual cooking remains. Steam phase pulping is one 
particular method that has been the subject of extensive research into the effects of 
various impregnations. One of the first researchers to really understand the 
importance of thorough impregnation as a means to achieve fast pulping was 
Kleinert in his work on “Rapid Alkaline Pulping” /10/. In this work, impregnation 
was performed at a high liquor-to-wood ratio (1:10 and 1:20) and a high 
concentration (40-80 g/l EA as NaOH), followed by fast (20 minutes, 182°C=810 
H-factor) steam phase pulping. The alkali transferred to the wood and the degree of 
delignification achieved were in clear correlation with the concentration in 
impregnation, as illustrated in Figure 20 and Figure 21. 
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Figure 20. Charge and consumption of effective alka li in short cycle vapor-
phase kraft cooking, alkali as Na 2O. Charge calculated as difference between 
concentration of liquor entering and liquor withdra wn after impregnation. 130°C, 
20 min impregnation /10/. 
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Figure 21. Results from Kleinerts work regarding at tainable degree of delignification for 
different charges and rejects as a function of deli gninfication. Impregnation 20 min 
130°C, pulping 20 min 182°C in steam phase /34, 35/ . 

Kleinert’s results show that it is possible to get fully defiberized pulp using short 
cooking times, provided that the impregnation has been thorough enough. The 
pulp yield of cooks with 1% rejects was around 50% on wood. However, an 
increase in excess alkali after pulping did lead to a loss of pulp strength and 
viscosity, as did an increase in temperature. Kleinert speculated that the 
mechanism of delignification in rapid cooks was one of free radicals. This claim 
was backed up by an article in Nature /36/. An added benefit of rapid alkaline 
pulping was a very small amount of mercaptans, and thus odor, in rapid pulping. 
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Production of pulp with a strength matching that obtained in kraft liquid phase 
pulping and with similar bleaching characteristics was claimed to be possible /35/. 

The process was also tested with different wood species, indicating that it worked 
both with hardwoods and softwoods, but that wood density was a critical factor. 
High-density hardwoods needed a higher concentration of impregnation liquor 
because of the restricted volume of liquid that the wood can hold /37/.  

Similar results have been seen in other research into processes with high liquor 
concentrations in impregnation. One study concerning pre-treatment of wood 
using sodium sulfide showed that increasing the pre-treatment concentration from 
15 to 30 g/l Na2S reduced the H-factor needed to reach a given kappa number by 
about 30% /38/. Other researchers have achieved similar results in studies with 
strong impregnation prior to delignification. One such method is the White Liquor 
Impregnation process (WLI) /39/. Clearly, increased concentration in 
impregnation can be used as a means to intensify kraft pulping. 

Figure 22. Kappa number as a function of digestion time in vapor phase pulping 
and alkali consumption in impregnation for beech ch ips (consumption as % NaOH 
on wood) /55/. 

The impact of different alkali transfers in impregnation can be seen in Figure 22. 
It is clear that delignification is very fast in the vapor phase and stops abruptly 
when the alkali impregnated into the wood has been consumed.  

The implications of high-concentration impregnation and vapor phase and WLI 
pulping are discussed in greater detail in section 2.3.2.3. 

Decreased obstruction of diffusion 
A further way to promote diffusion would be by expanding the effective cross 
sectional area inside the wood available to diffusion. In pulping terms this 
amounts to a removal of substrate that can hinder the free movement of 
molecules. The barriers to diffusion can be both physical and chemical, so a 
greater effective cross sectional area can be gained both by removing physical 
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obstacles, such as pit membranes or hemicellulose blocking access to lignin 
molecules, and by removing wood constituents that consume chemicals and thus 
slow the effective transfer through diffusion. Both pre-hydrolysis and different 
forms of chip leaching prior to impregnation have been proposed. Hultholm et al. 
/31/ suggest the use of two-stage impregnation. The idea of pre-hydrolysis can be 
criticized on the grounds that it probably increases alkali consumption and reduces 
total yield as carbohydrates are converted into acids that need to be neutralized. 
As such, these ideas do not constitute process intensifications.  

2.3.2.2 Diffusion in the cooking stage 
It is generally stated that kraft pulping is not diffusion-limited as long as the cooking 
temperature, chip thickness etc. are kept within normal limits /40, 41/. This limit depends 
on the wood species and cooking conditions, with an increase in temperature drastically 
reducing the maximum chip thickness at which diffusion is not the limiting factor /42/. 
The speed of diffusion for alkali is the same in all directions during kraft pulping /20/.  
Kraft pulping modeling gives some ideas of the interplay between mass transfer and 
reactions in cooking. 

Since the advent of the H-factor model described earlier, more detailed models for kraft 
pulping kinetics have been constructed, which take into account the effect of the  
concentrations of both delignifying chemicals as well as the lignin and carbohydrates in 
the wood. The most popular one is probably the Gustafson model that divides the pulping 
process into three distinct phases; initial, bulk and residual delignification /19 /. Another 
possibility is to divide the reactive components (lignin and carbohydrates) into different 
reactivity classes /43/. Combined with a model for the diffusion of chemicals into the 
chips, the Gustafson model is fairly accurate even at predicting non-uniformity in 
pulping. However, it still makes no attempt at explaining the actual reactions in kraft 
pulping but is instead based on a black-box approach to the overall reactions. Also, there 
seems to exist some uncertainty about the numerical values of several of the parameters. 
For instance the Gustafson model uses an activation energy for diffusion in hardwood of 
20.4 kJ/mol, whereas others have measured figures as low as 1.24 kJ/mol /44/. 

The same possibilities exist as in the impregnation step, i.e. increased temperature, 
increased concentration and a shortened diffusion path to increase diffusion. 

Increased temperature 
As discussed in the section on pulping temperature 2.2.2, the range of movement 
in temperature is limited due to formation of rejects. If the cooking temperature is 
increased very much, there will be more rejects as the rate of reaction increases 
faster than the rate of diffusion.  

Increased concentration 
Clearly the easiest way to increase pulping speed is to use a higher charge of 
pulping chemicals. This, however, leads to lower process yield if performed in a 
conventional cook, as seen in Figure 23.  
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Figure 23. Total yield vs. kappa number with variou s alkali charges in 
conventional pulping /5/. 

A high cooking chemical charge also adversely affects pulp viscosity, which has 
been the main focus of research into so called modified pulping. The results of 
this research have emphasized the use of as low charges and as even concentration 
profiles as possible. Also, on an industrial scale, it clearly is beneficial to use as 
little chemicals as possible. Due basically to these reasons, the common 
understanding in modern kraft pulping is to use as little chemicals as possible, 
while maintaining a level where there still is some rate of reactions. The 
importance of brownstock pulp viscosity was touched upon in section 2.1. 

An interesting fact is that a high alkali charge will not only lead to a short cooking 
time but also to a high amount of β-O-4 structures in the unbleached pulp. In 
bleaching sequences based on oxygen and peroxide, a high remaining amount of 
β-O-4 structures has been shown to be advantageous, since hydrogen peroxide 
will oxidatively degrade such structures, resulting in enhanced fragmentation of 
the lignin /45/. The fact that the chemicals charge, cooking time and lignin 
structures are interdependent indicates that the availability of chemicals inside the 
wood is non-uniform, implying that kraft pulping may indeed be mass transfer-
limited. 

Shortening the diffusion path 
In kraft pulping, the diffusion speed is of about the same order of magnitude in all 
chip directions /20/. This means that, as chip thickness is more than one order of 
magnitude smaller than chip length, chip thickness is the critical parameter for 
mass transfer by diffusion. Thus, the diffusion path of pulping chemicals can be 
shortened by reducing chip thickness. Trials with thinner chips have shown 
benefits in pulping speed and uniformity. The knowledge that chip size is a 
determining factor for the outcome of pulping is by no means new. As early as in 
the 1950’s it was shown that chip shredding gave 40% faster pulping and much 
lower rejects levels /20/. Similar results have been registered for thickness-
screened chips in industrial cooking. Thickness-screened chips gave lower kappa 
numbers, higher total yield and lower rejects than plate-screened chips /18/. 
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In general, in mill installations thinner chips are not an option, as the thickness 
and chip length produced by industrial chippers are dependent on each other and 
thinner chips lead to shorter chips and thus cut fibers. Also, very thin chips can be 
difficult to process in current digesters designed for a certain chip shape, in 
addition to which chipper yield decreases when producing small chips. Thus, the 
potential for process intensification through the use of thinner chips is limited. 

2.3.2.3 Pulping methods with superior impregnation 
Based on the discussion of diffusion in impregnation and cooking it is clear that any 
significant increase in mass transfer has to take place at lower temperatures to avoid 
excessive yield loss. There are two processes that utilize this principle, namely steam 
phase pulping and the WLI process. Some of the aspects surrounding these processes are 
discussed in the following.   

Mass transfer 
A basic difference between the two processes is that in steam phase pulping all 
mass transfer has to happen in the impregnation step. However, there can be some 
mass transfer between the chips, as shown by Ahlgren & Olausson /59/. They 
studied the impact of uneven impregnation prior to vapor phase pulping. They 
impregnated part of the wood with all of the chemicals needed for the cook and 
the rest was left completely unimpregnated. By varying the ratio of impregnated 
to unimpregnated chips and the impregnation concentration, the researchers were 
able to have a constant alkali uptake but cooks with very different impregnation 
characteristics. The result was that using slow heat-up (1°C/min 70-170°C) the 
whole load of chemicals could be packed into 50% of the chips without affecting 
the overall delignification characteristics. Strength characteristics were, however, 
affected by uneven impregnation. Based on these results, it seems that steam 
heating actually forms a liquid film on the wood that makes alkali transport 
possible between chips. Also, in steam phase there is a very limited volume for 
dissolved wood constituents to disappear into. This can be an explanation for the 
higher yield observed in these cooks. The dissolved hemicelluloses do not have 
anywhere to go and are thereby to be re-grafted to the fibers, even if they may 
have been dissolved to some extent earlier in the process. 

In WLI pulping there is a normal liquor phase in the digester. This might lead to a 
situation where some of the chemicals present in the wood can actually leach out, 
making the final cooking slower than what would be expected based on the 
impregnation. 

Pulping speed 
Steam phase pulping is faster than WLI and batch kraft pulping. According to 
Jokela /39/, the H-factor needed in WLI pulping is about the same as in 
conventional batch kraft pulping.  

Rejects 
Both steam phase and WLI pulping have low rejects for a given lignin yield. This 
is probably due to uniform cooking thanks to thorough impregnation. 
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Figure 24. Rejects vs. kappa number in WLI and one- stage batch kraft pulping 
(Reference). Drawn from Jokela’s own data /39/. 

The rejects levels of vapor phase pulps shown in Figure 25 also highly resemble 
the results for WLI pulping in Figure 24. The results indicate uniform 
delignification through the whole chip even at rather high lignin contents. A 
curious thing is that the rejects at kappa 30 seem higher for vapor phase than 
liquid phase pulping. This may, however, merely be due to natural variation in the 
experimental procedure. 

Figure 25. Rejects vs. kappa number for vapor phase  and liquid phase pulping of 
20x20x3mm pine chips /60/. 
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To further study the origin of screen rejects in vapor phase pulping a study was 
performed in which softwood earlywood and latewood were pulped separately 
/46/. The results clearly showed that latewood pulping demands a much higher 
alkali charge than earlywood. In liquor phase pulping this problem is solved by 
using a long residence time and diffusion, in vapor phase pulping there can only 
be diffusion between the two types of wood, not between the wood and the liquid 
phase.  

Yield 
The total yield for WLI pulping is higher than for the reference batch kraft 
pulping, as seen in Figure 26. This contradicts the claims that alkali concentration 
should be kept low in the initial part of the cook in order to achieve high yield. 
The benefits claimed for the WLI-Enerbatch process include higher yield, lower 
rejects and the possibility to use lower-value wood as raw material thanks to the 
efficient impregnation. In addition, the fact that the digester content is cooled 
down to under 100°C before blowing the digester is claimed to reduce emissions 
of mercaptans and other odorous sulfur compounds. The concentration in 
impregnation is 65-70 g/l Na2O /47/. This leads to a short cooking stage, and 
thanks to displacement heating using hot liquors from previous stages, steam 
savings of up to 60% compared to conventional batch pulping are reportedly 
achieved. 
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Figure 26. Total yield vs. kappa number for WLI and  one-stage kraft pulping 
(Reference). Drawn from Jokela’s own data /39/. 

In the same way as the results for the WLI pulping, the results for vapor phase 
pulping yield seen in Figure 27 are also quite difficult to explain based on the so-
called rules of modification for kraft pulping. The concentration profile of the 
cooks is very steep and the concentration of dissolved material inside the chips 
must be substantial towards the end of the cooks. Still, the yield is very good. 
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Figure 27. Total yield for vapor phase and liquid p hase pulping of 20x20x3mm 
pine chips /60/. 

The work of Kleinert and others in the 1960’s showed that an intensified pulping process 
could be achieved through the use of vapor phase pulping. Characteristic of vapor phase 
pulping is that impregnation has to be performed using high concentrations to ensure that 
sufficient amounts of pulping chemicals are present in the wood prior to the cooking 
stage. This is obvious, as no bulk liquid is present to work as a buffer of chemicals. 

Kleinert /48/ took the whole idea of vapor phase pulping to the extreme, going as far as to 
make trials where wood meal was first impregnated with alkali and then dried before 
being subjected to heating using superheated steam. This essentially constitutes heating 
under completely dry conditions. The result was very rapid lignin cleavage without any 
signs of the different stages of delignification that generally are described in kraft pulping 
kinetics (initial, bulk and residual delignification). The carbohydrates were naturally 
severely damaged by the harsh treatment, but the tests clearly showed that the liquid 
phase as such is not needed in alkaline delignification.  

2.3.2.4 Industrial history of steam phase pulping 
The earliest trials using vapor phase pulping date back at least to experiments with Va-
Purge impregnation /49/. These mill-scale experiments were performed in batch digesters, 
so the benefit in terms of process time was not very big (the filling and heat-up of the 
digester took so much time that the benefit of a fast reaction stage remained small). 
Savings in steam consumption where, however, registered. Research into different aspects 
of vapor phase pulping was quite active while the interest lasted. Much of the work was 
performed in Canadian research institutes. The work on vapor phase kraft pulping in 
Canada in the late 1950’s and early 1960’s culminated in a series of patents /50, 51, 52/ 
describing both the equipment and the high-sulfidity process used and both pilot- /53/ and 
mill-scale operation of vapor phase digesters.  
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The Canadian system that operated at mill scale was run by re-circulating the 
impregnation liquor, leading to accumulation of sulfur in the system (Figure 28). The 
process with 100% sulfidity was claimed to give excellent pulp strength and low alkali 
demand and was dubbed the alkafide process. The mill-scale system was a 150 ton/day 
digester at Domtar Newsprint Ltd in Canada. The plant was claimed to have a residence 
time from steaming to bleachable grade pulp of just 40 minutes and an alkali 
consumption of only 65-75% of that of batch pulping to the same lignin content /54/. 

Figure 28. Schematic layout of vapor phase digester  and liquor circulations /53/. 

Benefits 
The following advantages were claimed for rapid pulping in vapor phase /54/ 

1. Lower chemical and steam costs 
2. Higher pulp quality 
3. Smaller in-process inventory 
4. Lower capital cost per ton 
5. Reduction of odor due to virtual elimination of mercaptan formation 

Also, the small in-process inventory made the continuous digester very flexible. 
Starting from an empty digester, good-quality pulp could be produced within an hour, 
a performance unparalleled by modern cooking plants /53/. 

At the same time with the work in Canada, Japanese researchers were working on the 
concept of alkaline vapor-phase pulping /55/. Their work centered on hardwood pulping 
and showed much of the same characteristics as that of the Canadians, namely high 
sulfidity and high impregnation temperature. The researchers realized that the 
impregnation step is a combination of physical impregnation and chemical reactions. 
Trials were also performed on pilot scale (0.5 ton/day) /56/. The use of liquor circulation 
during impregnation gave a clear advantage by making it possible to use a very high 
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effective liquor-to-wood ratio, ensuring high concentration inside the wood without the 
need for an excessive maximum concentration. This also led to very high sulfidity, which 
was seen as beneficial in cooking. The pilot plant gave higher yields than the same 
process performed in an autoclave system, possibly due to lower impregnation 
concentration or because carbohydrates lost in impregnation stayed in the system when 
re-circulating the impregnation liquor in the pilot plant system. 

Problems: 
As is evident when looking at the digester base installed today, vapor phase 
pulping never caught on industrially. The 150 ton/day digester installed at Domtar 
Ltd. was intended as a demonstration unit for bigger installations in the future 
(normal mill size was around 600 tons/day at that time) /57/. The benefits in terms 
of chemical savings and yield benefits were not so big at industrial scale as was to 
be expected from laboratory trials. Also, the amount of rejects was higher than 
expected, possibly in part due to bad chip quality.

Problems encountered in the industrial vapor phase pulping system included /57/: 
• The high-sulfidity (alkafide) process was impractical, sulfur disappeared 

from the system in recovery. 
• The mill used sawmill chips, which tended to be too thick for good 

impregnation, leading to high rejects. 
• The digester design was not optimal; although things worked on small 

scale the problems became too big with scale-up. The digester problems 
included: 

o wear on mechanical parts, the insides of the digester had to be 
completely changed 3 times in 20 years 

o the impregnation would have needed good liquor circulation, 
which was not achieved due to extensive plugging of the screens in 
the impregnation stage 

o there was a high concentration of dissolved solids in the 
impregnation stage. This led to decreased delignification or the 
need to use even higher charges of chemicals as the dissolved 
solids consumed available alkali 

o severe scaling of heat exchangers, both organic and calcium scales 
were worse than those observed in continuous Kamyr digesters. 

• The advantages of vapor phase pulping turned out to be smaller than 
expected, the advantage in chemicals consumption was not as significant 
as expected, the smaller energy input needed was upset by new 
generations of continuous digesters having better heat recovery, the odor 
problem was reduced (mercaptans down by 50%) but not completely 
eliminated 

Vapor phase pulping was not a complete failure, though. The Domtar digester was 
producing vapor phase pulp from 1965 to 1972, and was then converted to liquor phase 
sawdust pulping and was used until 1995. 

An important reason for the shortcomings was probably the excessively high 
impregnation temperature, which was not seen for what it really was, i.e. a short 
conventional liquid phase cooking step at high concentration. This would certainly 
explain the accumulation of dissolved solids in the impregnation step and the problems 
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with calcium scales. There were perhaps hopes to reduce non-uniformity by more 
efficient impregnation (higher temperature and longer impregnation), which in the end 
did not work out. In addition, there was a complicated recovery process with non-
combustive oxidation etc. An underlying reason for the choice of a high temperature in 
the impregnation step may have been a desire to keep the temperature and thereby 
pressure difference between impregnation and cooking stages as small as possible in 
continuous operation. This thinking may have led to problems with impregnation and 
thereby cooking. 

Later developments 
In the 1970’s, the idea of vapor-phase kraft pulping lived on in some installations 
mainly designed for high-yield pulping /58/. A few more scientific papers were 
also presented on the subject /59, 60/ dealing with the effect of impregnation on 
kraft vapor phase pulping of softwood. This research showed a 1-percentage point 
yield advantage thanks mainly to better xylan retention, low rejects and lower 
alkali consumption. On the whole, however, it seems that the interest in the 
pulping world had shifted away from this experimental process, and continuous 
liquid phase pulping, which had been introduced somewhat earlier, went on to 
become the dominating pulping method. 

In modern pulping installations vapor phase technology lives on in some 
continuous digesters with a short vapor phase stage in the upper part of the 
digester. In these digesters the vapor phase is used to achieve fast heat-up of the 
chips to cooking temperature. The heat-up stage is followed by liquid phase 
cooking. The impregnation before heat-up is insufficient to achieve considerable 
delignification in the vapor phase, but heat transfer is very efficient. The vapor 
phase part of the digester has to be kept reasonably small, because a big difference 
between the levels of the chip pile and the liquid level in the digester leads to 
severe compaction in the digester and thus loss of product quality and digester 
runnability. 

Some new research into vapor phase pulping was conducted in the 1990’s in 
connection with the interest in modified pulping. These studies /61/ showed that 
dividing the alkali charge over an initial vapor phase stage and a subsequent liquid 
phase stage increases pulp viscosity but gives the same yield as when charging all 
the alkali in the initial vapor phase stage. Increasing the alkali charge in the liquid 
phase stage was also found to lead to a clear reduction in yield and pulp viscosity. 
The experimental setup differed from the industrial steam/liquor digesters in use 
as the chemical charge ahead of the steam phase step was more than half of the 
total chemical charge. 

Bofeng also studied the effect of re-circulating the impregnation liquor in the 
impregnation step of vapor-liquid phase pulping /62/. No impact on pulping speed 
was detected when the same impregnation liquor was re-used five times (air-dried 
softwood, H 3000 kappa 25, 46,2% yield). Preliminary mass-balance calculations 
show that an ordinary recovery system could supply the chemicals needed to 
maintain sufficient impregnation liquor strength. 

Cooking with very low liquor-to-wood ratios has been used commercially in 
sulfite pulping. A good reference for both laboratory- and industrial-scale work is 
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the licentiate’s thesis work of Pirkko Molketin-Matilainen /63/. An advantage of 
sulfite pulping is that the amount of chemicals transferred in impregnation can be 
more easily increased than in kraft pulping, where the recausticizing technology 
sets the upper limit for the achievable concentration of white liquor. 

2.3.3 Improving the removal of reaction products 
As the aim of kraft pulping is to remove the lignin, it is clear that increasing the rate of 
removal of lignin fragments from inside the wood could be expected to have an effect on 
the overall cooking speed, i.e. resulting in intensification of the process. In connection 
with research into modified pulping this has been presented as a potential way to improve 
the selectivity of delignification. There are several variations of modified pulping. The 
one focusing on removal of dissolved solids from the cooking liquor is called the Lo-
Solids process. This process has been used on industrial scale in several applications. As 
such, the aim of Lo-Solids pulping is not to intensify kraft pulping, but published results 
show that this aspect does exist. Maroccia & Jiang /64/ for example reported a 5 to 10% 
decrease in blowline kappa number when moving to Lo-Solids pulping in digesters that 
used modified continuous pulping.  

It is also claimed that a high ionic strength makes pulping slower and decreases the 
bleachability of the resulting pulp /45/. In practice, it can be hard to get a very low ionic 
strength in industrial pulping, as liquors have to be re-used as much as possible to 
minimize fresh water usage. 

2.4 Intensification through changes in pulping reac tions 
The objective of all chemical pulping is to free the wood fibers by breaking enough bonds 
in the 3d structure of the lignin macromolecules in the middle lamella holding the fibers 
together. The reactions in kraft pulping seem to be quite well understood and are basically 
ionic reactions involving nucleophiles /65/. The main mechanisms of lignin 
macromolecule cleavage is the break-up of α- and β-O-4 ether bonds. Other 
interpretations have been raised, for instance Kleinert pointed to the presence of free 
radicals in alkaline delignification in wood /36/. Others have also studied this 
phenomenon /66/, the problem is, however, that radicals are very short lived and hard to 
measure in-situ. The consensus is that the reactions are due to ionization.  

A possible way to intensify the kraft process would be to find catalysts for the reactions 
or alter the process conditions in some other way that would speed up the reactions. This 
study centers on the kraft process, so only additives that somehow influence the speed 
and extent of these reactions will be considered here. Also, no attempt will be made at 
explaining the complete chemical behavior of the additives. The additives can be grouped 
into chemicals that actively take part in the delignifying reactions and chemicals that 
somehow change the process conditions and thus speed up the process. Chemicals that 
take part in the process are additives such as anthraquinone and polysulfide. Chemicals 
that do not take part in the chemical processes are for instance aliphatic alcohols; their 
effect on pulping speed is somewhat unclear. 
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2.4.1 Intensification through the use of accelerati ng chemicals taking 
part in lignin reactions 

Among the chemicals that take part in lignin and/or carbohydrate reactions the cheapest 
and most widely used accelerant is the one that actually defines kraft pulping, namely 
sulfur. The whole process of kraft pulping is an improvement from the soda (NaOH) 
pulping process. Any improvement provided by further additives has to come on top of 
the speed-up and yield advantage achieved by the use of sulfide in the cooking liquor. By 
increasing sulfidity from 0% to 31% the delignification time is reduced by half for 
softwood pulping /5/. The effect is illustrated in Figure 10. The most natural step forward 
along this line of thought is the use of very high sulfidity, as proposed for instance by 
Munk et al. /53/. As noted earlier, this was impractical partly due to sulfur losses, but also 
due to corrosion on the digester when cooking with high sulfidity/57/. Also, the 
incremental benefit of increasing sulfidity over 35% is minimal, at least in liquid phase 
pulping. 

The hydroxides of different metals also have different delignification characteristics, as 
shown by Laroque & Maas /75/. This could be due to differences in the hydration 
behavior of the various chemicals. The use of sodium based chemicals is, however, 
definitely preferred as these make-up chemicals are cheap and easy to handle. 

2.4.1.1 Polysulfide 
An early attempt at improving kraft pulping was made by using polysulfide. At an early 
stage (1946) /5/, addition of elemental sulfur to the kraft process was found to increase 
pulping yield. The addition of elemental sulfur gives rise to the formation of polysulfide 
in the cooking liquor which in turn stabilizes hemicellulose against alkaline cleavage. The 
problem with this approach is that if elemental sulfur is added to the process, sulfur has to 
be removed at some point. This makes the recovery process more complicated. 

If elemental sulfur is not used, the second option for polysulfide addition is to oxidize 
white liquor to produce polysulfide. This means that the amount of polysulfide in the 
cooking liquor will depend on white liquor sulfidity, so the charge is limited to one 
percent on wood at best. As some thiosulfate is produced as a side-reaction of oxidation, 
this leads to an overall reduction in pulping speed, and the use of polysulfide will then 
work as a process retardant rather than an intensifier. 

However, if polysulfide is combined with a high alkali charge in impregnation, as 
proposed by Brännvall et al., a fast process with high yield can be achieved /67/. The 
proposed process constitutes an extra impregnation step using both alkali and polysulfide. 
As long as sufficient alkali is applied in the pre-treatment, the use of polysulfide does 
give a faster cook than a similar pre-treatment using only alkali and sulfide. The H-factor 
needed to reach kappa 20 dropped by about 25% for spruce pulping /68/. What the actual 
chemical balance in a mill application would look like for such a process is not yet clear. 

The yield benefits of polysulfide and anthraquinone are additive and possible even 
synergistic /69/. 
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2.4.1.2 Anthraquinone 
Another group of chemicals that has been widely investigated are different forms of 
quinones, mostly anthraquinone. Several related derivatives have also been investigated. 
Different forms of quinones have proven to be quite effective in speeding up soda 
pulping. The basic benefits of using anthraquinone in alkaline pulping are: acceleration of 
pulping and carbohydrate stabilization with yield preservation /69/.  The mechanism of 
anthraquinone is to work in a chain of events. First insoluble AQ is electrochemically 
reduced by dissolved carbohydrates in the pulping liquor. The polysaccharides that give 
up an electron are hereby stabilized against peeling reactions. The reduced form of 
anthraquinone reacts with lignin by transferring an electron inducing the lignin to cleave. 
This oxidizes the AHQ back to AQ and the process starts over. 

However, in processes with a sulfidity close to 40%, the incremental benefit on pulping 
speed on top of kraft pulping has not been very big /69/. For instance, addition of 0.05% 
anthraquinone on wood to a kraft cook reduced the kappa number by two points, if all 
other cooking parameters were kept constant /70/. One reason for the relatively small 
change compared to a kraft cook might be mass transfer. It can be speculated that the 
large AQ molecules may be quite slow to diffuse deep into the wood structure where the 
actual lignin reactions take place. For this purpose hydrogen sulfide may be more 
efficient. An interesting discussion of mass transfer questions related to anthraquinone 
pulping has been published by Samp & Li /71/. 

2.4.1.3 Permeate from black liquor ultrafiltration 
Recent research /72/ in Sweden has shown that the addition of low molecular weight 
lignin fractions to a softwood kraft cook increases delignification speed and yield. Under 
otherwise identical conditions, addition of 25%-vol of dissolved wood components to the 
cooking liquor caused the kappa number to drop from 34.5 to 26, compared to a cook 
without addition of such components. The cooks were performed as flow-through cooks. 
Subsequent tests indicated that it was the phenolic compounds in the dissolved wood that 
induced this effect. Similar results have been achieved in related work on birch /73/. 

Figure 29. Kappa number reached at H-factor 1070 fo r a series of constant composition 
cooks of birch with different additions of industri al hardwood black liquor 
(DWC=dissolved wood components) to the cooking liqu or and cooked under otherwise 
identical conditions ([OH -]=0.2 mol/L, [HS -]=0.2 mol/L and [Na +]=2.0 mol/L) /73/. 
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The dissolved wood component used in the study was produced by ultrafiltration of kraft 
black liquor. A benefit of using a black liquor based additive is that the cost of the 
chemical at the mill site will be low. The cost has to be calculated based on the fuel value 
of the organic material removed and the pumping energy needed in filtration. At mills 
that are constrained by recovery boiler capacity, the reduced load to black liquor 
combustion may actually be an advantage. 

In reality, the permeate from black liquor ultrafiltration consists to a large extent of 
phenolic substances. It is well known that phenol can be used as a base in alkaline 
pulping, so the result as such is perhaps not very surprising. 

2.4.2 Organic solvents as accelerants in pulping 
In wood, the organic polymer lignin holds the fibers together. Identifying a simple 
organic solvent that would dissolve lignin but leave cellulose intact would be valuable, as 
in this case chemicals could be recovered simply by distillation. This is the background to 
work on acidic organosolv pulping by Tayenthal & Kleinert, first published in the 1930’s 
/74/. The idea of this work was to use aqueous solutions of alcohols to delignify wood 
without the addition of any other cooking chemicals. The high temperatures involved lead 
to hydrolysis of the hemicellulose, releasing acid groups. This principle is called 
autocatalyzed alcohol pulping. However, the degree of delignification achievable with 
this method was soon found to be insufficient for commercial pulping.  

Subsequent research showed that different aiding chemicals can be used to significantly 
improve the achievable level of delignification. Both alkaline and acidic chemicals were 
tested. Several chemicals are known to speed up pulping kinetics, though the way they 
work is not completely understood. Laroque & Maas /75/ found that the replacement of 
water in alkaline soda pulping by an organic solvent led to an increase in pulping speed. 
They attributed the increase to lower solubility of the alkali in the solvent.  

Work on the acidic side eventually led to the ALCELL process, which was tried on pilot 
scale in Canada. The work on acidic pulping is outside the scope of this investigation and 
the reader is referred to one of many summaries on this subject /76, 77, 78/. In general, 
the pulp quality produced by such processes is poor, leading to limited commercial value, 
unless byproducts can be sold at high profits. After high expectations in the 1960s and 
1970s that pulp could be produced on a large scale with acidic organosolv pulping, the 
focus slowly shifted to finding ways to provide incremental capacity for existing 
hardwood mills. It seems that not even this could be achieved in a commercially viable 
manner. The main driver was to reduce the investment cost for new installations by 
simplifying the recovery of chemicals. 

A further variation of alcohol aided pulping is the use of alcohol in alkaline sulfite 
pulping. The most advanced process based on this concept is the alkaline sulfite 
anthraquinone methanol or ASAM process /79/. As this process uses the sulfite ion as the 
active lignin breaking chemical, it was left outside the scope of the present investigation 
which focuses on kraft pulping. 
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2.4.3 Alkaline organosolv pulping 
On the alkaline side, Laroque & Maas showed an accelerating effect on alkaline pulping 
using various combinations of hydroxide and alcohols in their research during the 1940’s 
/75/. Laroque & Maas assumed delignification to proceed according to a first order 
chemical reaction.  This can be described by the equation: 

( )LLkdtdL −=− 0        Equation 7 

from which follows that: 

LLtk e 0log1=         Equation 8 

where L0 is the original lignin content in wood, L is the lignin remaining after t hours and 
k is the velocity constant. In a series of experiments, Laroque & Maas used various 
combinations of hydroxides and solvent to study the speed of delignification under 
different chemical conditions. In Figure 30, the constant k is plotted against cooking 
liquor concentration for various hydroxides in different solutions.  

Figure 30. Velocity constant in delignifying reacti ons /75/.  

Laroque and Maas attributed the faster pulping speed in the presence of alcohols to the 
difference in solubility of the inorganic chemicals in water and alcohol. Based on the fact 
that the change in pulping speed was proportional to the change in solubility at 25°C, they 
developed the concept of escaping tendency, meaning the tendency of the inorganic 
chemical to “escape” into the wood from the solution. 

NaOH + alcohol 
The question of alcohols in alkaline pulping was not pursued very actively until the 
1980’s, when environmental concerns sparked interest in sulfur free processes. Several 
researchers /80, 81, 82, 83/ studied the effect of alcohols on NaOH pulping of both 
hardwood and softwood. The process conditions used in these studies varied widely, 
which makes it hard to compare the setups. Some general conclusions can be drawn, 
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however. The pulping speed in processes with alcohols was twice as fast as in water-
NaOH pulping and in some cases as fast as in kraft pulping. The process yield was 
reported to be up to 4% higher than in kraft pulping. 

The researchers gave slightly varying explanations for the increased pulping speed. 
Nakano et al. /80/ used tests on model compounds to conclude that cellulose peeling is 
retarded and lignin condensation prevented by the presence of methanol. Nakano et al. 
also found that the lignin in spent liquor from wood meal pulping in the presence of 
methanol had low molecular weight, supporting the non-condensation theory.   

Green and Sanyer /81/, on the other hand, found that solvent addition causes wood to 
adsorb higher concentrations of hydroxide, leading to a higher pulping rate. This is in line 
with the theories of Laroque and Maas. Green and Sanyer also speculated that the organic 
solvent may lead to better wetting of the cell wall polymers, thus leading to faster 
reactions. Marton and Granzow /82/ attributed the increased delignification rate of soda 
pulping in the presence of ethanol to lower liquor viscosity and thus better penetration 
and diffusion of alkali in the chips. Abbot and Bolker /83/ showed that the delignification 
behavior of wood in the presence of solvents is non-continuous with increasing solvent 
concentration. This contradicts the theory of the escaping tendency, as the solubility of 
the pulping chemicals decreases  linearly with increasing solvent addition. Instead, the 
explanation was assumed to be a combination of chemical reactions and physical 
influence. At very high concentrations of alcohol in the cooking liquor, lignin was 
degraded but stayed in insoluble form on the fibers until washed with water.  

NaOH + AQ + alcohol 
When the use of anthraquinone as a pulping additive became more widespread in the mid-
1980’s, research into the combined effect of alcohols and anthraquinone was undertaken 
/84, 85/. The research in this field by Abbot and Bolker /84/ showed that anthraquinone 
and ethanol work in synergy, leading to a bigger effect than the sum of the individual 
effects. This was confirmed by the work of Janson and Vuorisalo /85/ for methanol, 
ethanol, propanol and butanol. Janson and Vuorisalo reported a yield increase of 1-4% on 
wood from the use of the additives, and pulp strengths close to those of kraft pulping. 
Also, alkali consumption was significantly reduced compared to soda pulping.  A yield 
and speed advantage over soda and soda anthraquinone pulping of birch has also been 
reported when using isobutyl alcohol-water and anthraquinone as process media /86/. 
Isobutyl is not completely miscible in water. Abbot and Bolker suggested that the 
improved pulping speed is due to a change in the redox potential of the pulping liquor.  

Further research into alcohol aided NaOH-anthraquinone pulping led to the development 
of the Organocell process in Germany and later the IDE process in Finland. The 
Organocell process was developed all the way to industrial scale. Originally, the process 
consisted of an alcohol aided pre-hydrolysis stage followed by NaOH-AQ cooking /87/. 
By the time when the process was implemented on industrial scale (150,000 tons/year) it 
had  been simplified to one stage with NaOH, methanol and anthraquinone /88/. Research 
concerning the IDE process has been extensively reported over the years /89, 90, 91, 92,  
93,  94/. The process consists of three separate stages, an impregnation stage in which 
wood is impregnated with NaOH, a depolmerization stage in which the impregnated 
wood is heated using ethanol and anthraquinone, and an extraction stage in which the 
cooked wood is extracted with ethanol or water. The effect on delignification in IDE 
pulping is much the same as that seen earlier: ethanol and anthraquinone increase pulping 
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speed and the process yield is 2% higher than in kraft pulping of softwood and 4% higher 
than in kraft pulping of birch /93/. The pulp strength is reported to be comparable to that 
of kraft pulp /89/. 

Studies on model compounds by Brogdon and Dimmel /95/ showed that the addition of 
alcohol to alkaline pulping reactions increased the formation of quinone methide only if 
anthrahydroquinone was present. The formation of quinone methide is considered a rate-
determining step in lignin cleavage, which could explain the synergistic effect of alcohol 
and anthraquinone. 

Kraft + alcohol 
The interest in alcohol aided pulping has not only centered on sulfur free pulping. Some 
researchers have also applied alcohols in kraft pulping. A driving force behind the 
research has been a desire to reduce the sulfidity and thus the formation of malodorous 
gases in pulping. During the early 1990´s, research by Johansson et al. and Norman et al. 
/96 ,97/ showed that the speed of kraft delignification is improved by around 30% by the 
addition of methanol, whereas yield is improved by 1% on wood for softwood. The 
bleachability and strength properties of the pulps were the same as for normal kraft 
pulping. The 30% reduction in pulping time is confirmed by Yoon and Labosky /98/ for 
both aspen and spruce wood. Montplaisir et al. /99/ showed that sulfidity can be reduced 
by 50%, while keeping pulping speed unchanged, if a 15% methanol concentration is 
used in the pulping liquor. The process gave 4% higher pulp yield and a pulp with higher 
tear index but reduced breaking length. The research was performed on white birch. 
Leduc et al. /100/ verify the potential for reducing sulfidity in the pulping of softwood. 

Norman et al. /97/ performed tests on cotton linters to see if the increased reaction speed 
was lignin-specific. They found that the attack on cellulose was also increased, but less 
than the increased delignification, leading to a more selective cook. In later research 
Norman et al. /101/ showed that the effect of organic solvents was similar for soda, soda-
anthraquinone and kraft pulping. By using a wide variety of different solvents they 
showed that the most promising solvents were found in a narrow polarity range. 

2.4.4 Industrial applications of solvent aided pulp ing 
All the research on solvent aided alkaline pulping shows that the use of solvents in the 
cooking stage has a clear impact on pulping speed and raises the yield. Nevertheless, 
Organosolv pulping has not achieved widespread industrial success. 

In much of the early research in this field the cost of solvent re-generation was estimated 
to be too high to make solvent aided pulping economically viable /80, 85/. Growing 
concerns over the environmental impacts of pulping led to renewed interest in solvent 
aided pulping in the late 1980´s. At this stage, the Organocell process was running in a 
demonstration plant in Munich with a capacity of 5 tons/day /76/.  At the same time, a 
demonstration plant employing the acidic ALCELL process was being built in Canada 
/78/ and another employing the ASAM process at Feldmühle in Germany /88/. 

The Organocell process reached commercial scale in 1991 when an old sulfite mill was 
converted to run with the alkali-methanol-AQ process. Production at the mill started in 
late 1992. Although the process did work more or less as intended, there were severe 
problems with reliability and pulp quality. Much of the problems with pulp quality can be 
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traced back to the raw material used and the lack of time for process optimization. For 
example, there were rather wide fluctuations in process parameters during operation, 
leading to uneven pulp quality. There were plans to start operations by producing fluff 
grade pulp, while addressing the strength problems, and then move to paper grade pulps 
/102/, but in the end the owners ran out of money. In 1993 the company went bankrupt 
and production at the mill was stopped /103/. 

The other solvent pulping methods have suffered a similar fate. The ASAM 
demonstration plant was closed after Stora bought the Feldmühle plant /88/. The 
ALCELL mill was closed after 10 years without any scale-up to full production, and it 
has now been dismantled /104/. Its profitability was dependent on the sale of by-product 
chemicals, but a market for such chemicals never emerged /88/.  

A lot of work has also been performed on non-wood pulping, examining the addition of 
organic solvents. This is outside the scope of the present research. For a list of recent 
references, for instance /105/ can be used as a starting point.  

2.4.5 Effect of solvents on properties of cooking l iquor 
When attempting to intensify kraft pulping by adding an extra chemical to the system it is 
very important to understand what the chemical does to the properties of the solution. The 
addition of an organic solvent to an aqueous solution of inorganic chemicals such as 
alkaline cooking liquor has some interesting effects on the properties of the solution. The 
addition can affect the physical properties of the liquor as well as the chemical activity of 
the inorganic chemicals. The first question is that of solubility of the solvent itself in 
water. Generally, only organic compounds that are miscible with water have been used, 
but some research has also been performed with immiscible compounds. The shorter 
chain length alcohols such as methanol, ethanol and propanol are miscible with water, 
whereas longer chain alcohols are not. This study centers on miscible alcohols. Some 
studies have been performed to compare the effect of different solvents. In one such study 
on soda anthraquinone pulping, methanol, ethanol, n-propanol, i-propanol, n-butanol, s-
butanol, i-butanol, t-butanol and n-pentanol were all found to have similar effects, except 
pentanol, possibly due to low miscibility of pentanol in water /85/. 

Many of the characteristics of pulping liquors are poorly known even at low 
concentrations at room temperature. For alkali solvent systems the situation is even 
worse. Most information is on pure solvents and very limited information is available on 
water-solvent mixtures even at low temperatures. Knowledge about how solvent-water 
systems with inorganic chemicals behave at higher temperatures is non-existent. 

What is known, however, is that liquid viscosity increases when alcohol is added to an 
aqueous solution. The viscosity has a maxima at around 40% alcohol by weight, as can be 
seen for ethanol in Figure 31. This leads to issues related both to penetration and 
diffusion and indicates that diffusion in pulping liquors should be retarded by the addition 
of alcohol to the liquor. 

In the work of Malkov /22/ it was also shown that an increase in liquid viscosity 
decreases the speed of penetration of cooking liquor into wood chips. This phenomenon 
indicates that penetration of cooking liquors into wood will be hampered by the addition 
of alcohols to the impregnation liquor. 
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Figure 31. Viscosity of water-ethanol mixtures at d ifferent temperatures /106/. 

The solubility of inorganic chemicals is lower in solvents than in water. For instance, at 
room temperature, the solubility of NaOH in water is 1080 g/l whereas in pure methanol 
it is only 240 g/l /107/. This is the effect that Laroque and Maas used as the basis for their 
assumption of an “escaping tendency” of the inorganic chemicals towards the wood when 
adding alcohols in cooking. 

Another characteristic that is affected is the steam pressure of the cooking liquor at 
elevated temperatures. This is particularly strong for lower alcohols. The vapor pressure 
of a 50 wt% methanol solution is 7.49 bar at 140°C, compared to 3.55 bar for pure water 
/106/. High pressure in the early part of the cook has been shown to have a positive 
impact on pulping uniformity /25/ due to increased penetration and this effect would 
counteract the impact of higher liquid viscosity to some extent. Adding organic solvents 
to an aqueous solution also has an impact on several other physical properties such as 
specific heat and thermal conductivity. 
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Figure 32. Relationship between temperature and pre ssure for aqueous methanol 
solutions with various methanol concentrations /87/ .  

Apart from the easily measurable physical changes in cooking liquors, there are also 
changes in the physico-chemical behavior of the liquids. Figure 33 illustrates the basicity 
scale for the reaction which results in addition of hydroxyl ions (J-) as influenced by the 
addition of ethanol. Clearly, the value of J- increases with increasing concentrations of 
ethanol. The increase is, however, not so big for the range of NaOH concentrations used 
in kraft pulping as for higher concentrations (concentrations in kraft pulping rarely go 
over 2 mol/l). At a constant NaOH concentration of 1.0 M the change in J- when going 
from 1 to 50 vol % EtOH is from 14.28 to 14.48 (1.4%). Other researchers /108/ have 
shown that the proton availability (acidity) of hydrochloric acid in water decreases with 
the addition of alcohols. This also indicates that the addition of alcohols increases the 
basic component of an aqueous solution. In addition, the ionic product of water increases 
as methanol is added /109/. 
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Figure 33. Dependence of the J - acidity function on sodium hydroxide concentration  in 
water-ethanol mixtures of different compositions: c urve 1, 1%vol % EtOH; curve 2, 10 
vol % EtOH; curve 3, 50 % vol EtOH; curve 4, 90 % v ol EtOH /110/. 

Kiryushina et al. /111/, using lignin model compounds, have shown that the acid-base 
properties of lignin and reagents change with the addition of organic solvents such as 
methanol. They also claim that the reactivity of hydroxide anions increases, resulting in a 
high rate of cleavage of all C-O-C bonds in wood components. Their research indicates 
that a 1:1 volume ratio of water and methanol is the most efficient for lignin cleavage. 

A possible way to interpret the effect of changing acid-base properties can be seen in 
Figure 34, showing the influence of temperature on pulping liquor pH. As can be seen, 
the effective pH of kraft pulping liquors drops considerably when going to the high 
temperatures used in pulping. If this effect is in some way changed by the addition of 
solvents, it is clear that it will have an impact on pulping speed. However, it would seem 
logical that the same effect would also have an impact on the yield of cellulose and 
hemicellulose. Such an effect is not seen in the literature that reports increased 
carbohydrate yield for processes with solvents. 
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Figure 34. Cold and hot pH values for different coo king liquors /5/. 

A further interesting effect of small molecular solvents on other materials is that they 
lower the glass transition temperature, Tg, of polymers that come in contact with the 
solvent vapor /112, 113/. This effect is in principle due to the fact that the degree of 
structural order of the glassy polymer is reduced by the solvent entering the structure. 
This actually increases the speed of diffusion in the polymer. Wood behaves like a glassy 
polymer /30/, especially the hemicellulose part becomes very soft at elevated temperature. 
This makes for an interesting dilemma: on the one hand, organic solvents lower the speed 
of diffusion in the liquor phase and probably also in the entrapped liquor in wood; on the 
other hand, the same solvent might penetrate between the polymer chains in the wood 
structures and swell it up, thus making diffusion faster. It is possible that this effect also 
makes it possible for the hydrophobic lignin to come into contact with the hydroxide ions, 
carried in this case by the organic solvent. 

During the work on the experimental side, the benefits of using alcohol in cooking were 
also found to manifest themselves when the alcohol is present only as a heating vapor. 
Aspects of this observation have been studied by Kovasin in calculations into heating 
efficiency and mass transfer /114/. The calculations show two very interesting aspects. 
Firstly, the density of methanol vapor is much higher than that of water steam at the 
pressure of saturated steam at typical pulping temperatures. This in turn means that the 
heat transfer capacity per unit volume of vapor is higher for methanol. Secondly, if the 
chips have first been impregnated with an aqueous solution and are subsequently heated 
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with methanol steam, there will be diffusion of methanol into the chip and water out. This 
might have interesting effects on the chemical activity of the inorganic ions in the 
cooking liquor. Exactly what those effects could be and how big they are is not clear. 

2.4.6 Conclusions from the literature survey 
As the name implies, an intensified process should be fast. Process speed has not received 
very much attention in pulping research during the past decades. Instead, the research has 
focused on pulp quality and yield. The biggest achievements in pulping research have 
been in understanding the impacts of front end changes on the runnability of the pulping 
process. However, the impacts of these parameters on overall pulping speed are not very 
big and it clearly has not been a priority to shorten the pulping time on this basis. 

In contemporary research on the actual cooking stage, different researchers have tended 
to use radically different experimental set-ups, which makes it very hard to compare 
results in an unbiased manner. Also, the research has mostly been concerned with minor 
changes in parameters within the very restricted range currently used in industrial plants. 
This has not been a fruitful means for discovering radically new ways of producing 
chemical pulp. The problem with the incoherence of research methods is especially acute 
in the research into pulping additives such as alcohols. 

As far as real intensified processes are concerned, the most promising research concerns 
steam phase pulping, high temperature pulping and the use of alcohols as process 
accelerants. Processes with increased concentration in impregnation, such as the WLI 
process, involve characteristics related to process intensification, such as attempts at 
ensuring as uniform reaction circumstances as possible for all parts of the wood. 
However, the benefits of these improvements have not been exploited in the form of 
increased process speed, so these processes can not be considered “intensified”. 

Based on previous research, it is clear that there are certain techniques that can be used to 
intensify kraft pulping. The following techniques are presented as methods having an 
impact on the efficiency of kraft pulping: 

1. Air removal prior to impregnation. Thorough steaming makes it possible to 
achieve complete impregnation of the wood chips. The effect of penetration on 
pulping speed is not big, but insufficient penetration will lead to formation of 
rejects and non-uniform pulping. Sufficient air removal is therefore a pre-
requisite. 

2. Impregnation concentration. A high impregnation concentration ensures transfer 
of sufficient chemicals to achieve fast delignification. This has the added benefit 
of reducing rejects from the pulping stage. This draws on the principle of ensuring 
as uniform processing of all molecules as possible.

3. Organic solvents have an accelerating effect on alkaline pulping. Some research 
also suggests improved yield. The underlying mechanism is unclear, but the effect 
is undisputable. 

4. High temperature increases the speed of delignification. The pre-requisite of  
providing sufficient chemicals at the reaction sites has to be filled first. 

Intensification methods 2 and 4 go against contemporary wisdom in pulping. The use of 
strong impregnation is in strong disagreement with so-called alkali profiling. However, 
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the results from steam phase pulping and WLI pulping experiments indicate that there is 
no adverse impact on pulp yield from using a steep alkali profile. The results from high 
temperature pulping contradict the theory that the differences in activation energies for 
delignification and carbohydrate cleavage indicate that low temperature pulping ensures 
improved carbohydrate yield. There is a clear contradiction in the literature on these 
points. 

It is clear that there is a need for research into the actual impact on kraft pulping speed 
and yield of the intensification methods identified here. It is equally clear that a process 
taking advantage of the principles mentioned above may perhaps not be viable due to 
reasons of energy efficiency or the need for make-up chemicals. Still, the contradictions 
in the literature must be clarified before a process can be judged on these criteria. 

2.5 A critical review of methods used in kraft pulp ing research 
When attempting to study intensified methods of kraft pulping it is important to assure 
that the laboratory equipment used is flexible enough to allow testing the methods 
proposed. For example, if a short overall process time is aimed for, all sub-processes 
should be as fast as possible. In standard laboratory equipment the heating up of the 
digester vessel to reaction temperature often takes a disproportionately long time, 
something that is unacceptable when studying intensified processes.  

An important part of any research is the use of laboratory experiments. In kraft pulping 
the importance of good experiments is accentuated by the fact that the unit size of the 
industrial equipment is so big that controlled experiments in a mill setting are impractical. 
Laboratory experiments are clearly needed, the question is merely how to perform the 
experiments so that they accurately describe the underlying phenomenon taking place. In 
an ideal situation, these trials should reflect the inner workings of the industrial 
equipment or the basic physico-chemical phenomenon in a clear and unambiguous way. 
This, however, is often far from the case, due to the fact that there are always several 
things happening at once (simultaneous mass transfer and reactions). Especially 
continuous digesters with their rapid heat-up and complicated chip bed properties are 
notoriously hard to simulate in the laboratory. Very little information has been published 
on the impact of laboratory pulping equipment on the process result. The available 
literature generally only describes the setup for a given experiment; comparisons are very 
seldom made with several types of equipment. Any difference in results compared to 
other research is then explained simply as a difference in the raw material. Only one study 
was found that compared a vertical stationary digester (forced circulation), an oil bath 
rotating autoclave and a digester with preheated liquor and reactor (a crude displacement 
digester)/115/. The following is a short review of typical experimental equipment and the 
kind of results obtainable with them. 

Typical laboratory digesters are: air heated autoclave digesters, oil bath autoclaves, forced 
circulation digesters, flow-through digesters and displacement digesters 

2.5.1 Air heated autoclave digesters 
The most basic way to perform pulping experiments is by using air heated autoclave 
digesters. In this type of reactor an autoclave, generally made of steel, is filled with chips 
and cooking liquor and heated in what is essentially a big oven. These reactors were quite 
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good in mimicking the conditions inside early tumbling batch digesters, but for today’s 
processes they only give basic information about e.g. the suitability of a particular raw 
material for pulp production. 

The biggest drawback with this type of equipment is its slow heat-up, meaning that all 
gradients disappear before reactions start. Also there is no possibility for sampling during 
the process. It is naturally possible to terminate a series of autoclaves at varying times, 
but the slow cooling down also makes this method of sampling unreliable. Also, the 
temperatures in the autoclaves can vary if the air flow is uneven; this is especially serious 
if only one autoclave is equipped with a temperature sensor /116/. 

When using autoclaves without liquor circulation or addition it is clear that the 
concentration of both cooking chemicals and unreacted material is constantly decreasing. 
This leads to very slow reactions towards the end of the process. 

2.5.2 Oil bath autoclaves 
By using pre-heated oil baths the heat-up of the autoclaves can be hastened and 
temperature variations within a batch of autoclaves virtually eliminated. Some versions of 
oil bath digesters even enable sampling of the cooking liquor during the pulping. 

Even though the heat-up times are much shorter than with air heated digesters, the heat-
up is far from instantaneous. Also, the cooling is as slow as for air bath digesters, leading 
to unnecessary changes in liquor and pulp composition. Autoclave pulping in general 
does not reflect industrial operations other than possibly the rotating digesters used for 
straw pulping in some very old mills. The heating and cooling of autoclaves in oil baths is 
in fact a lot slower than one might think. Calculations /117/ taking into account the heat-
transfer coefficients of oil to autoclave and autoclave to liquor in the autoclave have 
shown that even in the event of total mixing inside the autoclave, a small autoclave (375 
ml) reaches an internal temperature of 160°C only after 10 minutes, even if the oil is kept 
at 190°C. This can be regarded as an absolute minimum heating time. 

According to Thode et al. /115/ the removal of carbohydrates at a given level of 
delignification is higher in tumbling oil heated autoclaves than in forced circulation or 
displacement digesters. This can probably be explained by stronger mixing in the 
tumbling autoclaves. 
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Oil bath autoclave digester
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Figure 35. Temperature inside steel cooking autocla ves when heated in 180°C oil bath. 
Series “Estimated temperature” represents best gues s scenario, other series represent 
different assumptions regarding autoclave internal mixing. 

The calculations behind Figure 35 can be found in Appendix 1 of this thesis. 

2.5.3 Forced circulation digesters 
Forced circulation batch digesters were introduced in order to produce larger quantities of 
pulp in a way that more closely mimics industrial operations. These are vertical reactors 
with the chips in a basket through which the cooking liquor is led. The cooking liquor is 
circulated outside the digester and heated in a (generally) steam heated heat exchanger. 
These reactors give more control over the heating profile of the cook and also reflect the 
way simple batch type commercial digesters work. Some basic information can be found 
in work by Thode et al. /115/. Modern displacement heated batch digesters typically can 
not be simulated. 

The heat up is still rather slow due to the large amount of steel that has to be heated, and 
the liquor-to-wood ratio can rise quite high compared to industrial applications. The 
speed of heat-up is set by the efficiency of the heat exchangers that generally are not 
designed to correspond to industrial processes. The use of forced circulation digesters has 
the advantage that it allows chip steaming prior to impregnation. 

2.5.4 Flow-through digesters 
In order to understand the kinetics of chemical reactions, information is needed about the 
speed of reactions at a certain concentration of reagents. In batch autoclave pulping the 
concentration of both alkali in the solution and lignin in wood decrease as long as the 
cook is in progress. To avoid this, in so called flow through digesters a large reserve of 
liquor is used in the digester and then circulated through the chip bed. In this way, the 
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concentration of the cooking liquor can be kept more or less constant throughout the 
experiment, though the concentration of unreacted material will naturally decrease as the 
experiment progresses. This method does a better job of simulating continuous digesters 
than conventional autoclave digesters, as it is possible to perform some alkali profiling. 

The problem with this type of setup is that it does not resemble any industrial process. 
Therefore, care has to be taken not to misinterpret the results. For instance the washing 
out of organic components from the wood will be much more efficient in this system than 
it would in an industrial digester, especially if the cooking solution is based on pure 
water. When it comes to conclusions about kinetics of the reactions, one must remember 
that although the concentration of the surrounding liquor can be held constant, this does 
not necessarily say anything about the concentration at the reaction sites. And in the end, 
that concentration is what matters. 

2.5.5 Displacement digesters 
The introduction of displacement heated batch digesters in the early 1990’s brought a 
need to simulate this new process in the laboratory. To achieve this, a new generation of 
laboratory digesters was designed to make it possible to simulate the many liquor changes 
and displacements that take place in industrial digesters /118/. 

Calculating alkali balances and other factors is difficult also with this type of digester, 
because displacement efficiency is not 100% ideal as some liquor might flow along the 
digester edges. The basic problem is that the digester is less than 1% of the size of a 
commercial digester, but the size of the wood chips is still more or less the same. This is a 
problem shared by all laboratory digesters, which has to be circumvented by acquiring a 
deep understanding of the phenomenon involved. However, good repeatability and much 
more realistic liquor-to-wood ratios and circulation speeds can be achieved with this type 
of digester. 
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2.5.6 Laboratory vs. industrial pulping  
In the following table, the different laboratory pulping methods are compared to the 
industrial processes currently in use. 

Table 4. Typical performance characteristics of ind ustrial and laboratory scale pulping 
systems /5, 118,115,116/. 

Front-end 
treatment 

Heat-up 
time 

Alkali 
profile 

Liquor 
exchange 
method 

Charged 
liquor-

to-wood 
ratio 

Liquor 
movement 

relative to chips 

Mixing during 
operation 

Industrial 
method 

� Continuous Steaming <10 min Adjustable Displacement 3:1 
Co- & 

countercurrent 
Very slight 

� Displacement 
batch 

Packing 
steam 

20 min. Adjustable Displacement 5:1 Flow past Slight 

Laboratory 
method 

� Air bath 
autoclave 

Room temp. 
impr. 

60 min. Decreasing Drain & fill 5:1 Turbulent mixing High 

� Oil bath 
autoclave 

Room temp. 
impr. 

10 min. Decreasing Drain & fill 5:1 Turbulent mixing High 

� Flow through 
Steaming 
possible 

<10 min Adjustable Displacement 30:1 Flow past High

� Forced 
circulation 

Steaming 
possible 

60 min. Decreasing Drain & fill 10:1 Flow past High

� Displaced 
jacket heated 

Steaming 
possible 

15-20 
min. 

Adjustable Displacement 5:1 Flow past Adjustable 

Table 4 is an attempt to group different industrial and laboratory pulping methods 
according to their performance characteristics. Such a comparison can never be 
completely accurate, as there are always variations between individual set-ups, but it is 
meant as a guide for further discussion. The table clearly shows that displaced jacket 
heaters can mimic industrial displacement batch pulping rather well, but no laboratory 
equipment is able to simulate completely all aspects of continuous pulping. Typical heat-
up curves for different types of digester are presented in Figure 36. 
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Typical heat-up profiles for laboratory and industr ial digesters
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Figure 36. Typical heat-up profiles for laboratory and industrial digesters. Autoclave 
cooking typically starts at room temperature as the re is no pre-steaming. In other 
cooking methods, the chips are generally heated to approximately 100°C by pre-
steaming of chips. 

Figure 36 illustrates the problem in pulping research. The most commonly used 
equipment falls short of accurately mimicking the conditions in industrial digesters. Only 
displacement heated batch digesters can be accurately simulated in the laboratory by more 
advanced laboratory digesters. There is no equipment currently available that would be 
able to simulate industrial continuous pulping. 

Due to the use of laboratory equipment with slow heat-up, the experiments will fail to 
show the mass-transfer limitation and alkali depletion that can happen when using fast 
heat-up. As a results, the results become unrealistic. In a study into the fastest possible 
way of producing kraft pulp, where all sub-process should be as fast as possible, such 
restrictions are unacceptable.  
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3 Experimental 
The findings of the literature review support the original starting hypothesis, i.e. that there 
is room for process intensification in kraft pulping by improving mass-transfer, using 
high temperatures and by applying organic solvents. However, as process speed has not 
been a key issue in research conducted so far, the literature is fragmented and gives few 
absolute answers. This allows plenty of scope for new research and new knowledge, but 
only if fast heating processes can be carried out at laboratory scale. Therefore, the first 
step in the present experimental research was designing, building and commissioning of a 
new kind of laboratory cooking equipment, which would solve the obstacles of fast 
heating. The new “PuPu” digester, nick-named according to its push-pull working 
principle, was the only type of cooking equipment in the present study that made it 
possible to apply a unique range of  heating and cooking conditions, while avoiding the 
fundamental difficulties arising from the use of multiple equipment with individual heat 
and mass transfer properties. 

To obtain the data needed to test the starting hypothesis and to draw relevant conclusions 
on process intensification, the following experimental entities were carried out: 

- kraft cooking experiments in liquid phase with varying impregnation and heating-
up  

- kraft cooking experiments in water steam phase  
- kraft cooking in the presence of methanol 

o varying impregnation and heating-up time 
o varying methanol allocation 
o minimizing methanol amount and applying methanol vapor phase cooking 
o varying impregnation concentration and alkali-to-cook 
o varying cooking temperature 
o varying chip thickness 

In addition to the series of cooking experiments, a number of complementary experiments 
were carried out. These included impregnation experiments measuring penetration, the 
effect of pressure in cooking, and replacing methanol by other solvents. 

3.1 Push-pull (“PuPu”) cooking equipment 
As discussed in chapter 2.5, the development of industrial kraft cooking equipment has 
been quite rapid, resulting in various widely used fast heating operations, such as steam-
phase digester top and hot cooking liquor displacements. In contrast, most laboratory 
cooking research has been and still is being carried out with unrealistic equipment, 
resulting in a slow heating rate or an uncontrolled and very non-linear heating rate in 
autoclave-oil bath systems. In the present research challenge, small size and very fast 
heating were key requirements, which none of the existing techniques fulfilled. 

3.1.1  Working principle 
After investigating the heating dynamics of autoclaves, it became evident that mixing and 
moving the liquor in an autoclave positioned in a hot water jacket would improve heat 
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transfer a lot. It would also eliminate the slow-down of the rate of temperature change at 
lower ∆T, because of its stationary chip-liquid bed system. As mixing of the chip-filled 
autoclave is impossible at reasonable liquor-to-wood ratios, the only way to improve 
mixing is to move the chip bed liquid in and out to heat exchanger coils positioned within 
the same hot water jacket as the autoclave. The push-pull motion of the liquid is provided 
by a piston in the cylinder outside of the hot equipment heart. The liquid movement is 
propagated hydraulically and the movement space at the other end of the system is a gas 
space working as a gas spring, pushing back the liquid towards the autoclave and the 
back-stroke of the piston in the cylinder. 

The main parts of the PuPu cooking equipment are illustrated in Figure 37. The heart of 
the system is a digester vessel surrounded by a water jacket. Both the inlets and outlets of 
the digester vessel are in the form of coiled pipes that pass through the water jacket. This 
ensures that heat transfer is very fast and that the liquor entering the digester is at the 
desired temperature. The temperature of the water jacket can be changed very rapidly by 
either bringing in hot water from the hot water accumulator or by using cold tap water.  

Efficient heat transfer is generated by a movable piston in a cylinder connected to the 
liquor system. The piston can be used to move liquid from the digester back and forth 
through the system including the heat-exchange coils, causing very efficient heat transfer 
into the vessel. The mixing within the digester will be quite efficient as a consequence of 
the moving liquid, something that has to be taken into account when considering mass 
transfer aspects in a possible scale-up of the process results. A typical heat-up time from 
80°C to 170°C is as short as 3 minutes, compared to more than ten times as much for 
conventional systems. 
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Figure 37. Push-pull digester (not in scale). Inter nal pipe volumes indicated. 

  
The digester system is also equipped with a sampling valve with cooling that enables 
liquor samples to be drawn during the cook. However, this method of sampling can not be 
used in vapor phase pulping, as the liquid level is below the outlet of the sampling line. 

The graph in Figure 38 shows typical process parameters for a methanol vapor phase 
cook using the push-pull digester. The jagged line depicting the temperature of the 
entering liquor is due to the action of the piston. The numbering of the lines is as 
indicated in Figure 37. 
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3.1.2 Liquor-to-wood ratio 
The short heat-up time achieved with the PuPu digester is to a large extent achieved by 
the rapid movement of the liquid as it is pumped back and forth using the push-pull 
cylinder. The moving liquid passes through the heat-exchange coil at both ends of the 
digester, leading to very efficient heating of the liquid. As the push-pull cylinder is 
moved down, cooking liquor is withdrawn from the digester vessel to fill the pumping 
cylinder. This means that the amount of liquor in contact with wood, or in other words the 
effective liquor-to-wood ratio in the digester, is changing. In the text, two different 
liquor-to-wood ratios will be used: the theoretical and the effective L:W. The theoretical 
L:W is calculated based on the total amount of liquid charged to the system and the 
moisture present in the wood. This includes the liquid that will end up filling pipes etc. in 
the system. The effective L:W is the amount of liquid in contact with the chips in the 
digester. A maximum and a minimum value will be given for this, based on how much 
liquid is flowing in and out of the digester (pipes outside the digester vessel have an 
actual volume of 157ml, the push-pull cylinder 642ml, typical pumping frequency 1/min). 
The reason why it is considered important to make a distinction between the amount of 
liquor in the system and the amount in direct contact with the wood is that the mixing 
behavior inside the digester is not known in detail. Also, the whole concept of vapor 
phase pulping is slightly diffuse, as there will always be condensation of vapor on the 
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chips leading to liquid being present. This underscores the importance of knowing what is 
inside the digester at all times so that the real reaction conditions can be known. 

3.2 Push-Pull (PuPu) cooking methods 
In the course of the investigations, several test series with different setups were 
performed. The variations included trials with different chip dimensions, different 
cooking chemicals and different liquor circulation schemes. To explain every detail of 
every variation in the setup would be impossible, so the following is a discussion of the 
main pulping methods used, and how these compare to each other. Complete listings of 
the experimental conditions and pulping results can be found in the appendixes. 

In view of the possibility to change all pulping parameters over a very wide range, the 
question was how to ensure fair comparison between the cooking results. The method 
employed in the current research was to lock the end-of-cook alkalinity at a realistic level 
of 5-10 g/l EA as NaOH. In industrial systems a clear positive alkalinity is needed to 
make evaporation and firing of black liquor possible. By doing this it was ensured that 
there was still some delignifying power left in the liquor, and still the amount of alkali in 
the cooks was not completely unrealistic. In the course of the research, many experiments 
led to cooks where the alkali was consumed before the end of the cook or where there 
was a surplus of alkali (higher than 10 g/l). Such results have been left out from the 
current discussion, unless explicitly acknowledged in the text. 

All push-pull reactor cooks, except those performed with geometrical chips, were 
performed with fresh chips corresponding to 400 g O.D. wood. Fresh wood was used in 
order to ensure the greatest possible relevance of the results to a real world situation. 

The following general experimental setups were performed: 
• Conventional batch pulping 
• Displacement heating 
• Vapor phase cooking 

The main part of the research was performed with cooking at 175°C. This temperature 
was chosen as one that can be easily reached using medium-pressure steam (12 bar) in a 
mill situation. The H-factor was used to describe the time-temperature sum in the 
experiments, as is common practice in the industry.

3.2.1 Steaming 
In all pulping experiments the chips were steamed prior to pulping. The steaming was 
performed by passing steam through the chip bed in the digester while maintaining 
digester pressure at 1.2 bars. The steaming was continued until there was steam coming 
out from the digester system, i.e. the chips were heated so much that the steam no longer 
condensed. The water jacket was held at 95°C during steaming. After steaming, a mild 
flow of N2 gas was briefly led through the system in order to flush out steam condensate 
from the reactor and piping. Condensate was removed to eliminate any inaccuracies in the 
liquor balance calculations. 
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3.2.2 Conventional batch pulping and methanol impre gnation cooks 
To obtain a relevant reference, batch kraft pulping was performed using the same chips 
and the same digester. All process variations were compared to this reference, and for any 
variation to be considered an intensification, this is the level of pulping speed that it must 
surpass. 

When performing conventional pulping experiments, the delignification chemicals were 
introduced into the digester after the steaming so that the chips were completely 
submerged and part of the liquor was in the expansion vessel above the digester. The 
system was left like this for the duration of the impregnation period. When heat-up 
started, the push-pull piston was operated to ensure quick and uniform heat-up. The cook 
was kept at temperature until the H-factor target had been achieved. When the cook was 
ready, the temperature of the water jacket was lowered to 90°C and the cook was stopped. 
Once cooled, the pulp was washed with 2 l of clean water before removal from the 
digester. The same procedure was used in the methanol impregnation cooks described 
later in the text, the difference being in the composition of the impregnation liquor. In the 
methanol impregnation cooks, 50% of the volume of the cooking liquor was replaced by 
methanol. 

Impregnation liquor:     2000 ml 
L:WTheoretical:     6.3:1 
LWReal (min-max):    4.3:1-5.9:1    
Impregnation temperature:    80°C 
Impregnation time:    60 min 
Impregnation pressure:   0.3-0.5 bar 
Reaction temperature:    175°C  
Heat up-time:     5-7 min 

Cooking liquor

Chips Impregnation Cooking

Figure 39. Schematic presentation of the process st eps in conventional batch cooking. 

3.2.3 Displacement heated cooks / MeOH cooking 
A series of experiments was performed by first impregnating the wood with the cooking 
chemicals and subsequently displacing the impregnation liquor with either water or an 
organic solvent. Simultaneously with the displacing, heating was started. In this way, the 
displacing medium becomes the heating agent. The system was then agitated by means of 
the push-pull piston for the duration of the cooking time. 

When the cook was completed, the temperature of the water jacket was lowered to 90°C 
and the cook was stopped. Once cooled, the pulp was washed with 2 l of clean water 
before removal from the digester. 
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Impregnation liquor:     1500 ml 
L:WTheor. in impregnation:   5:1 
LWReal in impregnation:   4.6:1    
Impregnation temperature:    80°C 
Impregnation time:    60 min 
Impregnation pressure:   0.3-0.5 bar 
Impregnation liquor removed:  800 ml 
Heating liquor:    1200 ml (H2O or methanol) 
L:WTheor. in pulping:    6:1 
LWReal in pulping:    4:1-5.6:1    
Reaction temperature:    175°C  
Heat up-time:     5-7 min 

Cooking liquor Displacement heating liquor

Chips

Displaced impregnation liquor

Impregnation
Displacement 

heating
Cooking

Figure 40. Schematic presentation of the process st eps in displacement heated 
cooking. 

3.2.4 Vapor phase cooks 
In the third main variant of pulping, the chips were first impregnated for 60 minutes. 
Then the digester was emptied of excess liquor before introducing a relatively small 
amount of the heating medium, while simultaneously turning up the system temperature. 
This leads to a situation where most of the chips are not submerged but only heated by the 
atmosphere of hot vapor surrounding them. The chips on the bottom of the digester will, 
however, come into contact with the heating liquid when the push-pull piston is in the top 
position. After the cook, 700 ml of clean water was added to the digester and left to 
diffuse for 1h at 50°C. This liquor was then withdrawn and sampled for end-of-cook 
alkalinity (the result is calculated based on the volume of liquid in the digester prior to 
filling with wash water). The reason for this procedure was quite simply that it would 
otherwise be impossible to get a sample of the liquid inside the digester, since the liquid 
level is below the sampling valve outlet. 
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Impregnation liquor:     1700 ml 
L:WTheor. in impregnation:   5.6:1 
LWReal in impregnation:   5.2:1    
Impregnation temperature:    80°C 
Impregnation time:    60 min 
Impregnation pressure:   0.3-0.5 bar 
Impregnation liquor removed:  1500 ml 
Heating liquor:    600 ml (H2O or methanol) 
L:WTheor. in pulping:    3.3:1 
LWReal in pulping:    1.3:1-2.9:1    
Reaction temperature:    175°C  
Heat up-time:     5-7 min 

Cooking liquor
Heating liquor for creation of vapor phase

Chips

Spent impregnation liquor

Impregnation Liquor removal Cooking

Figure 41. Schematic presentation of the process st eps in vapor phase pulping 

3.3 Testing after pulping 

3.3.1 Disintegration and screening 
After pulping, all pulps were wet disintegrated for 2 minutes in a laboratory disintegrator 
using hot water and subsequently screened using a laboratory screen with 0.25 mm slots. 

3.3.2 Pulp analysis 
Total yield, screened yield, rejects, kappa number, viscosity and brightness were 
determined for all pulps. Kappa number, viscosity and brightness was determined for the 
screened portion of the pulp. 

In comparing the results, lignin yield was used. The lignin yield on wood was calculated 
based on kappa number and total yield, as explained in section 2.1 of the literature 
review. 

3.4 Further testing methods 

3.4.1 Impregnation tests 
Some basic tests were also performed using the impregnation apparatus described in 
Malkov’s thesis /22/. Some of the handmade softwood chips used in that study had been 
kept refrigerated and were also used in the present study.  
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In the experiments, handmade geometrical pine heartwood chips were submerged in a 
wire basket attached to a balance. This made it possible to measure the penetration of 
liquor into the chips as a function of time. Tests were performed using chips with a size 
of 35x15x4 mm. Separate tests were made using pure water, a mixture of water and mill 
white liquor and a mixture of water, mill white liquor and methanol as the impregnating 
media. Tests with all liquors were performed using 1-, 5- and 9-bar overpressure at 25 
and 70°C. 

The same batch of chips was also used in the tests concerning the impact of digester 
pressure on kraft pulping, as is indicated in the results section dealing with those 
experiments. 

3.4.2 Pulp uniformity testing 
Selected pulps were tested for delignification uniformity using single fiber kappa analysis 
and FT-IR measurements. The procedures are described elsewhere /119, 120/. The 
services were provided by the laboratories that have developed the processes. Their help 
is greatly appreciated. 

3.5 Materials used 

3.5.1 Chips 
The softwood cooks were performed using softwood chips from the Botnia Rauma mill. 
The chips were collected in three different batches, so a slight variation in the spruce/pine 
ratio does exist between the raw materials over time.  
The tests with commercial chips were performed using 400g O.D. chips per cook. The 
dry matter content of softwood chips was around 43%. When packed into the digester 
using a wooden club, this left 1310 ml free space in the digester. In other words, the wet 
wood had a packing degree of 0.2 kg/dm3 of digester volume. 

3.5.2 Screening 
The chips were thickness screened on a vibrating screen using screens //8, //6, //4 and // 2 
prior to pulping. The chips used were chosen to be >//2 and <// 6. The reason to use a 
rather narrow sample of thickness screened chips was to ensure uniformity in the rather 
small digester. 

3.5.3 Geometrical chips 
In order to gain a deeper understanding of the mechanisms involved, a series of cooking 
experiments was conducted using geometrical softwood chips. The chips were produced 
by felling one pine tree in the Lohja area and cutting it into boards that were then cut into 
long slabs that were subsequently cut into chips. The chips measured 8x15x25 mm 
(thickness x width x length). Heartwood and sapwood were separated and pulped 
separately. 
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15 mm

8 mm 25 mm

Figure 42. Procedure for preparation of geometrical  chips 

Due to the bigger size of the geometrical chips compared to the mill chips only 340 g as 
o.d. could be fed to the digester for each cook. 

Similar chips were also used in the impregnation experiments and high pressure cooking. 
Those chips originated from Malkov’s research and are described elsewhere /22/. 

3.6 Chemicals 
Mill white liquor from the Botnia Rauma mill was used for the experiments. The sulfidity 
of the mill white liquor was 40%. 

The alkalinity of the white liquor was determined according to the SCAN-N 2:63 
standard. Spent impregnation liquors, generally having an EA of 40 g/l or over were 
titrated to pH 9.5 with the same chemical additions as in SCAN-N 2:63. This was done to 
ensure that the uptake during impregnation is correct (the EA in N2:63 is calculated based 
on titration using indicators with the inflection point at pH 9.5). For black liquors a 
variation of the Wilson method of titrating to pH 11 was used.   
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4 Results 
Characteristic of the present research was its explorative nature: how best to intensify and 
speed up kraft cooking. The first part of the results deals with the question what the limits 
for kraft pulping are, and how much it can be intensified using only minor changes on 
parameters such as impregnation time and heat-up. After showing that heating-up can be 
very fast, emphasis is put on the required mass transfer conditions. By this means the 
kraft pulping barriers become understandable. The quest for intensification is then 
continued by various studies on the effect of methanol as an accelerator of kraft pulping. 
Experiments to minimize the methanol amount led to a new technique for intensification: 
cooking by methanol vapor. The rest of the cooking research was then focused on 
understanding the implications and uncovering optimal conditions. In addition to these 
main series of cooking experiments with the PuPu equipment, several completing results 
are given. Figure 43 illustrates a “family tree” of the research and results thereof. 

The present work covers over 600 cooking experiments and more than three years of 
research work. The starting hypothesis took physical shape as the research depicted above 
and various experimental research lines evolved, ceased and continued. It was decided at 
the beginning that exploring new kraft and methanol-kraft pulping schemes would be the 
main target of the research, meaning, among other things, that it was not possible to use 
any single rigorous statistical design of experiments. Instead the main results and their 
confidence limits were analyzed by suitable statistical tests. 
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Relationship between transfered 
alkali and delignification speed in 

pulping

Impact of impregnation in solvent 
vapor phase

Process control parameters

Impact of heat-up speed and 
impregnation on delignification, 

yield and rejects formation 

Basic impact of organic solvent on  
pulping

(delignification, yield and rejects)

Impact of method of organic solvent 
addition on intensification potential

(impregnation vs. displacement)

Studies on solvent impact on 
physical characteristics of cooking
(penetration & digester pressure)

MAIN FINDING
Potential for use of vapor phase in 

conjunction with solvent

Comparisson of different 
solvents

Testing of cooking 
methods using thick 

geometric chips

Testing of impact of 
cooking methods on 

pulping uniformity

Charting effects of 
solvent pulping 

Fiber properties of solvent 
vapor phase pulping

Figure 43. Schematic presentation of the basic dire ctions of research 

As is typical of research into complex matters, every new finding brought with it a new 
set of questions. As can be seen from Figure 43, the web of research soon started growing 
as the interesting findings started piling up. The following sections present the results of 
each group of experiments and the rationale behind subsequent experimental directions.  

4.1 Barriers of conventional batch pulping 
To find ways to improve the kraft pulping process, the basic correlations for the 
conventional kraft process had to be found. The first parameter to be studied was the 
impact of heat-up time on the pulping result. A series of cooks was performed with the 
same alkali charge and same cooking time as determined by the H-factor. The only 
parameter to be changed was the heat-up time that was changed between 2 and 90 
minutes as seen in Table 5. The results are shown in Figure 44 and Figure 45. 
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Table 5. Experimental parameters in experiments wit h different heat-up times. 

Impregnation 
time (min.) 

Heat-up time 
(min.) 

H-factor Alkali charge (% 
EA on wood) 

60 2-90 2300 25 
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Figure 44. Lignin yield vs. heat-up time for batch kraft cooks. H-factor 2300, EA charge 
25% on wood as NaOH. 60 minute impregnation at 95°C  cooking temperature 175°C.  
Linear regression trend with 95% confidence interva ls shown. 

Visual inspection of the data points fails to identify a clear trend. Linear regression gives 
the relationship between heat-up time and lignin yield as lignin yield=0.001x(heat-up 
time)+1.49. As the slope of the line is very close to zero it is clear that lignin yield cannot 
be estimated based on the heat-up time. Adding 95% confidence intervals for the 
regression further underscores the fact that delignification is independent of heat-up time. 
The apparent curvature of the trends in Figure 44 is due to the logarithmic scale used for 
the x-axis. 

The same observation can be made for the yield results for the cooks as seen in Figure 45. 
No clear trend can be seen in the results, the variation is within the range of normal 
experimental accuracy. Linear correlation between heat-up time and total yield gives the 
equation total yield=0.002x(heat-up time)+44.5. Again, the slope is very close to zero 
pointing to independence of yield from heat-up time. 
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Figure 45. Total yield vs. heat-up time for batch k raft cooks. H-factor 2300, EA charge 
25% on wood as NaOH. 60 minute impregnation at 95°C  cooking temperature 175°C. 
Linear regression trend with 95% confidence interva ls shown. 

As is seen, changing the heat-up time has very little impact on the pulping results when 
impregnation has been thorough. In these first experiments the cooking time was so long 
that some of the possible variation can be masked by subsequent leveling out. The next 
step was to try to find combinations of impregnation and heat-up that would give the 
highest possible yield and fastest possible cook. 

To study the combined effects of impregnation and heat-up, a series of experiments was 
conducted. In this series two levels of impregnation time and heat-up time were chosen: 5 
and 60 minutes’ impregnation and 5 and 90 minutes’ heat-up time. Several experiments 
were performed with all combinations, using different H-factors and alkali charges so as 
to keep the end-of-cook alkalinity constant. The results are presented in the following 
figures. 

Table 6. Experimental conditions used in study on i mpregnation and heat-up 

Impregnation 
time (min.) 

Heat-up time 
(min.) 

H-factor Alkali charge (% 
EA on wood) 

1. 5 5 
2. 5 90 
3. 60 5 
4. 60 90 

1400–2200 19.0-21.3 

Four cooks were performed for both of the short heat-up combinations, whereas three 
were performed for the set-ups with longer heat-up.  The impact on delignification speed 
is seen in Figure 46. 
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y = 2E-06x2 - 0.0116x + 16.949
R2 = 0.9683
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Figure 46. Lignin yield. vs. H-factor for batch kra ft cooks to constant EoC alkalinity 
using varying impregnation and heat-up procedures. 95% prediction band for 
regression model for individual values indicated wi th dashed lines. 

When looking at the distribution of points in Figure 46, it is hard to recognize any clear 
pattern based on impregnation and heat-up times. No matter how impregnation and heat-
up were performed, the end result was more or less the same with regard to the degree of 
delignification. As shown in the figure, all the results can be predicted by a single 
regression model and all results fall within the 95% prediction band of this model. 



84

y = 1.7234x + 41.977
R2 = 0.9487
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Figure 47. Total yield vs. lignin yield for batch k raft cooks to constant EoC alkalinity 
using varying impregnation and heat-up procedures. 95% prediction interval for 
individual values shown by dashed lines. 

In the same way as for lignin yield vs. H-factor in the previous figure, no clear trend can 
be seen for the total yield vs. delignification degree (lignin yield) presented in Figure 47. 
This is particularly apparent when looking at the cooks with 60 minutes’ impregnation 
and slow heat-up, the total yield is virtually unchanged over a band of almost 2 
percentage points of lignin yield. The points for cooks with short impregnation and fast 
heat-up are all above the linear trend, but the difference is so small as to be statistically 
insignificant. 
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Figure 48. Rejects vs. lignin yield. for batch kraf t cooks to constant EoC-alkalinity using 
varying impregnation and heat-up procedures. 

For the rejects at different degrees of delignification presented in Figure 48 it seems that 
slow heat-up is preferable when aiming for low rejects. This is understandable as more 
time is available for diffusion of chemicals within the chips. It is interesting to note that 
60 minutes’ impregnation is not sufficient to markedly change the situation; a short heat-
up time always gives higher rejects at a high lignin content than a long heat-up. 

The cooks yielded quite clear limits in cooking speed that seem to be hard to surpass with 
conventional pulping methods. The limit is basically set by the alkali charge, as the end-
of-cook alkalinity is kept constant and the liquor-to-wood ratio has to be around 5 to 
submerge the chips. Together, the charge and the liquor to wood ratio constrain the 
concentrations that can be used to a rather narrow band. From the point of view of 
intensification, it is seen that impregnation and heat-up can be kept short for well-steamed 
chips, as long as rejects can be kept low by pulping to a low enough lignin yield. 

4.2 Benefit of using methanol in kraft pulping 
As seen in the literature review, several researchers have found addition of methanol to 
have a positive impact on delignification. Earlier unpublished work indicated that fast 
heat-up enhances the effect of alcohol addition. To study this, the series of cooks 
presented in Figure 44 was repeated with the difference that 50% of the cooking liquor 
was replaced by methanol as seen in Table 7.  
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Table 7. Experimental parameters in tests on methan ol impact in cooking 

 Impregnation 
time (min.) 

Heat-up 
time (min.) 

H-factor Alkali charge 
(% EA on 

wood) 

Methanol 
in cooking 

liquor 
A. 60 2-90 2300 25 0% 
B. 60 3-90 2300 25 50 %-v 

The same alkali charge and H-factor were used with heat-up times from 3 to 90 minutes. 
A comparison between the two series is shown in Figure 49. The series without methanol 
is marked A, the series with methanol B. 
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Figure 49. Impact of heat-up time (logarithmic scal e) on delignification without (A) and 
with (B) methanol in cooking liquor. Kraft batch co oks, 25% EA (NaOH), impregnation 
60 min 95°C, cooking H=2300 175°C. 

For the results, the following sample statistics can be calculated for the lignin yield: 
  
nwater = 8 nmethanol = 8

waterx  = 1.53 methanolx  = 1.03

s2
water = 0.107 s2

methanol = 0.073

Checking for equality of variances using a two-tailed F-test with α level of .2 indicates 
that the variances probably are the same (s2

water / s2
methanol =2.18, the critical values are 

ƒ.1(7, 7 df)=2.78 and ƒ.9(7, 7 df)=0.36) /121/. 

The pooled variance can be calculated using the equation: 
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This yields s2
p=0.008 

When the variance is equal the confidence interval for the difference between two means 
is given by: 
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2/21 /1/1 nnst p +±Χ−Χ α       Equation 10 

using a 95% confidence interval this yields: (1.53-1.03)±2.14 )8/18/1(008.0 + = 

0.5±0.1. In other words, the difference in mean lignin yield between a methanol and a 
non-methanol process with this set-up is, with 95% certainty, between 0.4 and 0.6 lignin 
yield percentage points. Clearly, using methanol can be considered a significant method 
of intensification, as the lignin yield drops by 30%. 

In agreement with the findings of other researchers, a clear improvement in the attainable 
degree of delignification can be seen with the addition of alcohol. These first trials clearly 
showed that the addition of methanol to a kraft cook speeds up the process drastically, 
just as predicted. As far as the rejects content of the pulp is concerned, the low lignin 
contents used in the first trials did not produce any rejects in any case, so that question 
went unanswered.  

The total yields of the two cases can be seen in Figure 50. Using the same procedure as 
before, the following statistics are obtained: 

nwater = 8 nmethanol = 8

waterx  = 44.5 methanolx  = 43.7

swater = 0.560 smethanol = 0.320

We now get s2
water / s2

methanol =3.05. This indicates non-equal variances. The Smith-
Satterthwaite procedure is used to calculate the degrees of freedom for the data: 

[ ]
[ ] [ ]

1

/

1

/

//

2

2

2
2
2

1

2

1
2
1

2

2
2
21

2
1

−
−

−

+=
•

n

ns

n

ns

nsnsγ        Equation 11 

This yields 13 degrees of freedom for the data in question. The equation for confidence 
intervals for the difference in means for samples with unequal variance is given by: 
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This gives (44.5-43.7)±2.16 8/107.08/313.0 + = 0.9±0.49. In other words, with 95% 
certainty the difference in yield is between 0.4 and 1.4 percentage points. 

There is a slight tendency towards higher total yield for the non-methanol cooks, but as 
the lignin yield is higher in these cooks, the comparison is not completely without bias. 
When comparing the pulp viscosities in Figure 51, it can be seen that the methanol cooks 
had lower viscosity, but the heat-up time had very little impact on viscosity. 
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Figure 50. Impact of heat-up time (logarithmic scal e) on total yield without (A) and with 
(B) methanol in cooking liquor. Kraft batch cooks, 25% EA (NaOH), impregnation 60 min 
95°C, cooking H=2300 175°C. 
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Figure 51. Impact of heat-up time (logarithmic scal e) on pulp viscostiy without (A) and 
with (B) methanol in cooking liquor. Kraft batch co oks, 25% EA (NaOH), impregnation 
60 min 95°C, cooking H=2300 175°C. 
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Using the same statistical procedures as above, it seems probable that the viscosity for 
both methods has the same variance (s2

water / s
2

methanol =0.40). The calculations yield that 
with 95% certainty the difference in mean viscosity for the pulps is between 177 and 218 
units. It has to be remembered that the pulps also have quite different lignin contents. 

To clarify the impact of delignification on pulp yield with and without methanol addition, 
another series of cooks was undertaken. In this series the effect of short and long 
impregnation, in combination with fast heat-up, was tested.   

Table 8. Experimental conditions in studies on effe cts of impregnation and methanol 
addition. 

 Impregnation 
time (min.) 

Heat-up time 
(min.) 

H-factor Alkali charge (% 
EA on wood) 

Methanol in 
cooking liquor 

5 5 
A. 

60 5 
1400–2200 0% 

5 5 
B. 

60 5 
500-1800 

19.0-25.3 
50 %-v 

The impact of methanol addition on delignification speed seen in Figure 52 is 
undisputable and covers the whole range of delignification studied. The H-factor needed 
to reach a given kappa number is reduced by around 50% at high lignin content and by 
around 30% at lower lignin contents. It seems that methanol works especially at the 
beginning of the cook. The results show that methanol addition can clearly be classified 
as a potential method for intensifying softwood kraft pulping. 
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Figure 52. Lignin yield vs. H-factor for liquid pha se batch cooks using short 
impregnation with (B) and without (A) methanol addi tion. Constant end-of-cook 
alkalinity. 95% confidence intervals for individual  values for the two methods indicated 
by dashed lines. 

B 
A 



90

The total yield of the methanol-containing cooks was up to 3-4 percentage points higher 
at delignification ranges typically used in the industry than that of the conventional 
process, as can be seen in Figure 53. The impact increases with rising lignin content. 

y = 2.2327x + 42.481

y = 1.7234x + 41.977

40

45

50

55

60

65

0 1 2 3 4 5 6 7 8 9

Lignin yield (% on wood)

T
ot

al
 y

ie
ld

 (
%

 o
n 

w
oo

d)

5 min impr, fast heat up, A 5 min impr, fast heat up, B 60 min impr fast heat up, A 60 min impr, fast heat up B

Figure 53. Total yield as a function of lignin yiel d for constant end-of-cook alkalinity 
liquid phase batch cooks without (A) and with (B) m ethanol addition. Constant end of 
cook alkalinity. 95% confidence intervals for indiv idual values for the two methods 
indicated by dashed lines. 

A special area of interest was to examine if there was an effect leading to earlier softening 
of the lignin in the presence of an organic solvent, and if an impregnation set-up could be 
found that would favor such a softening. This phenomenon should be identified as low 
rejects levels. The length of impregnation stage could be expected to have the biggest 
impact on rejects, as good impregnation is said to reduce the non-uniformity of pulping. 
The results in Figure 54 show that the effect of impregnation time on rejects is not very 
big in this comparison. There is a tendency towards higher rejects in the methanol-
containing cooks, but in these the pulping time is shorter due to the effect of methanol. 
Consequently, the higher rejects contents may in fact be explained by the shorter overall 
pulping time, which allows less time for diffusion of chemicals. Should the same results 
be presented as a function of cooking time, the methanol containing cooks would clearly 
have a lower reject content. However, based on these results, no evidence of softening at 
higher lignin contents can be seen. 

B 

A 
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Figure 54. Rejects as a function of lignin yield fo r constant end-of-cook alkalinity liquid 
phase batch cooks without (A) and with (B) methanol  addition. 

As can be seen in Figure 55, the screened yield of the methanol-containing cooks is 
higher than that of the non-methanol cooks up to a lignin yield of ~4% on wood. This 
means that the slight increase in rejects is more than compensated for by the increase in 
total yield. 
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y = -1.795x2 + 12.568x + 25.651
R2 = 0.944

y = -1.1776x2 + 7.285x + 36.897

R2 = 0.9824
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Figure 55. Screened yield vs. lignin yield for cons tant end-of-cook alkalinity liquid 
phase batch cooks without (A) and with (B) methanol  addition. The trendlines are based 
on all cooks for both variations. 

4.3 Impact of the allocation of methanol addition 
It was clear from the batch experiments that the kinetic benefit of adding methanol to 
kraft pulping reported by other researchers is real. In order to understand the effect better, 
the first priority was to figure out if the methanol should be added in impregnation or 
during heat-up. If methanol is added in impregnation it will penetrate and diffuse deep 
into the chip together with the cooking liquor. This results in a situation where the 
methanol is close to the reaction sites inside the wood. In the following, cooks in which 
methanol has been added during impregnation are referred to as methanol impregnation 
cooks. On the other hand, if the methanol is added after impregnation, as a heat-up 
medium by displacement, there is less dilution of the methanol, but it will not penetrate as 
deep into the chip. This method is referred to as MeOH cooking, the impregnation having 
been performed with normal kraft chemicals.  

Table 9.  Experimental conditions for methanol impr egnation and methanol 
displacement cooks. 

 Impr. 
time 

(min.) 

Heat-up 
time 

(min.) 

H-factor Alkali 
charge (% 

EA on wood)

Methanol in 
impr. liquor 

Cooking 
liquor added

Methanol 
impregnation 

5 & 60 5-90 
550 -
1820 

50 %-v  No 

Methanol 
cooking 

5 min – 7 
days 

3-90 
520 -
2030 

17.0-25.3 
0% 

Methanol 
displacement 
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The experiments were performed using constant end-of-cook alkalinity, as explained 
earlier. As part of the active chemicals charged in a displacement heated cook will be 
present in the liquor that leaves the digester during displacement, somewhat higher 
chemical charges had to be used in these cases than in the batch pulping experiments. All 
experimental parameters can be found in the appendixes. 
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Figure 56. Lignin yield as a function of H-factor f or conventional batch kraft, methanol 
impregnation (methanol part of impregnation liquor)  and methanol cooking (kraft 
impregnated chips displacement heated using methano l) pulping methods with 
constant end-of-cook alkalinity. Dashed lines indic ate 95% confidence bound for mean 
of methanol impregnation method. 

From the point of view of process speed, there seems to be virtually no difference 
between the case where methanol is present in impregnation and that where it is brought 
in as the heating liquor in the actual cooking stage, as is seen in Figure 56. The average 
degree of delignification for the methanol displacement cooking method is for most of the 
range within the 95% confidence bound of the mean of the methanol impregnation 
method. This is in fact rather surprising, as it is highly unlikely that methanol could 
penetrate very deeply into a chip that has already been impregnated with cooking 
chemicals, as is the case in MeOH cooking. The fact that there still is an effect supports 
the theory that the effect is not dependent on methanol taking part in delignification 
chemistry. 
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Figure 57. Screened yield as a function of lignin y ield in constant end-of-cook alkalinity 
cooks with different pulping methods. 95% confidenc e interval for mean value for 
methanol cooking shown. 

Looking at the same pulping methods from the point of view of yield optimization, 
solvent displacement heating offers a clear benefit over both conventional batch kraft and 
methanol-containing batch kraft pulping. The improved screened yield seen in Figure 57 
was due to a combination of low rejects and high total yield. These results indicated  
superior defibration, which is reflected as low rejects for the methanol displacement 
process, as predicted earlier. Also, the benefit of methanol addition does not seem to be 
reaction chemistry based, as the methanol is not present at the reaction sites in the chip 
interior.  
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Figure 58. Rejects vs. lignin yield in constant end -of-cook alkalinity cooks with different 
pulping methods. 

4.4 Reducing the amount of methanol 
Concluding that displacement heating (the methanol cooking method) was as fast as the 
methanol impregnation method but gave higher screened yield, it was chosen for further 
study. The question soon arose what the minimum amount of methanol would be to bring 
about this positive effect. When looking for means to answer this question, the idea to use 
only methanol vapor for heating was brought up. 

A series of cooks was performed in which the impregnation was performed much in the 
same way as in the methanol displacement cooks. After impregnation, the free liquor was 
removed as effectively as possible by blowing nitrogen gas through the system. Heating 
was then stared by introducing an amount of methanol that was only sufficient to fill the 
push-pull cylinder, and the jacket temperature was raised as fast as possible. By pumping 
the methanol back and forth through the heating coil ahead of the digester, the heat was 
transferred to the chips as methanol was vaporized and condensed on the chips, as 
explained in the experimental section.  

Table 10. Experimental scenarios in vapor phase pul ping experiments.  

 Impr. time 
(min.) 

Heat-up 
time 

(min.) 

H-factor Alkali charge 
(% EA on 

wood) 

Impregnation 
liquor c. (g 

NaOH/l as EA) 
Water steam 

phase 
600-1800 40-43 95-107 

Methanol 
vapor phase 

60 5-7 
250-1650 38-45 90-120 
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As the end-of-cook alkalinity was kept constant and all chemicals had to be transferred in 
the impregnation stage, it was quickly realized was that the strength of the impregnating 
liquor had to be increased to allow vapor phase pulping. Liquors up to EA 120 g NaOH/l 
had to be used to give enough alkalinity to reach low lignin contents. If lower alkalinity 
was used, the cooking slowed down towards the end of the cook and any possible benefit 
was lost. 

y = 4E-06x2 - 0.0117x + 9.3382

R2 = 0.8463
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Figure 59. Lignin yield vs. H-factor for softwood v apor phase pulping (liquid phase kraft 
shown as reference). Dotted line indicates speed of  pulping for liquid phase methanol 
pulping (as shown in figure 56). 95% confidence int erval for mean value of methanol 
vapor cooking method shown. 

Figure 59 shows the extent of delignification achieved with the different pulping methods 
as a function of cooking time. If impregnation is sufficient, methanol vapor phase pulping 
is significantly faster than the other pulping methods. The difference is especially marked 
for the high lignin content range. The same experiments were also performed using water 
steam. Water steam phase pulping is clearly also faster than regular batch kraft pulping, 
but not quite as fast as methanol steam phase pulping. Interesting is also that a decrease in 
the amount of methanol used increased the pulping speed, as is seen when comparing the 
results for methanol vapor phase cooks with the line describing the methanol liquid phase 
(both impregnation and displacement) cooks. This is somewhat counterintuitive. If 
methanol were an active chemical in the actual cooking reactions then the opposite would 
be expected as the charge and thus overall concentration of methanol is smaller in the 
vapor phase cooks.  

The results shown in Figure 59 are quite remarkable, as they clearly show that the solvent 
effect is independent of the amount of solvent charged. The results indicate that the action 
of the methanol is only to transfer heat and modify the reaction environment, it is not 
taking part in the actual reactions. 

Liquid phase 
methanol cook trend 
from figure 56 
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y = -0.7211x2 + 5.95x + 40.347

R2 = 0.8776
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Figure 60. Screened yield vs. lignin yield for soft wood vapor phase pulping methods, 
liquid phase conventional kraft shown as reference. 95% confidence interval for mean 
value shown in methanol vapor phase cooking. 

Figure 60 shows the screened yield as a function of lignin yield for the pulping methods 
studied. There is a fair amount of scatter in the results, especially for the high lignin 
content range, but with methanol vapor phase pulping the yield is clearly quite good. Not 
only was methanol vapor phase pulping fully possible, it also gave an extra benefit in 
process speed and yield in the lignin yield range of 2-4 % on wood. However, at higher 
lignin yields the results become unreliable as it is hard to ensure proper pulp 
disintegration. In any case, the available points certainly do not rule out a higher yield for 
methanol vapor phase pulping.   
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Figure 61. Rejects vs. lignin yield for softwood vap or phase pulping methods. Liquid 
phase conventional kraft shown as reference. 

Figure 61 indicates a slightly higher level of rejects for methanol vapor phase pulping 
than for either liquid phase or steam phase kraft pulping. With this in mind the high 
screened yield seen for methanol vapor phase pulping is even more remarkable. 

The fact that methanol steam can be used successfully substantially reduces the amount of 
methanol needed compared to a process with liquid phase displacement heating. In the 
continued research, vapor phase pulping became the “state-of-the-art” pulping method 
and the subject of further study. In the reminder of the work, the methods that are 
compared to each other are kraft liquid phase pulping as a basic reference, water steam 
phase as a reference for a known “high speed” pulping method and methanol vapor phase 
pulping as the new experimental cooking method.  

4.5 Impregnation in methanol vapor phase pulping 
According to the experiments, displacement heated pulping was faster than batch pulping 
and steam phase pulping faster than displacement heated pulping, whereas methanol gave 
an extra advantage in all cases. The biggest practical difference between batch, 
displacement and vapor phase pulping lies in impregnation. As methanol vapor phase 
pulping was the fastest method so far, further experiments were performed to clarify the 
impact of impregnation on this process. 

The parameters in impregnation are time, temperature and concentration. Tests were 
performed with different times, two different temperatures and several different 
concentrations as seen in Table 11. The L:W-ratio in impregnation and cooking time were 
kept constant. This naturally leads to varying end-of-cook alkalinity, in some cases zero, 
in some cases quite high. The idea was merely to study the effect of changing the 
impregnation concentration on the end result. 
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Table 11. Experimental conditions in studying the ef fect of impregnation on methanol 
vapor phase pulping. 

 Impr. 
time 

(min.) 

Heat-up 
time 

(min.) 

H-factor Alkali charge 
(% EA on 

wood) 

Impregnation 
liquor c. (g 

NaOH/l as EA) 
Methanol 

vapor phase 
15, 40, 68, 

94, 120 
5-10 1000 17-51 40-120 

The cooking result in terms of lignin yield is shown as a function of impregnation time, 
concentration and temperature in figure 62. 
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Figure 62. Scatter plot of lignin yield vs. impregn ation time, concentration and 
temperature for cooks with varying impregnation con ditions but constant cooking 
(H=1000, t=175°C, methanol vapor phase) 

Looking at figure 62 it is clear that most of the variation in the cooks is explained by the 
impregnation concentration. The correlation coefficient between the two is 0.956, so it is 
clear that the concentration is very important. However, there are some outliers that do 
not quite fit the model. Also, as the liquor to wood ratio was the same in all experiments 
the results are somewhat misleading.  

In an attempt to devise a model that explains the outcome even better it was felt that there 
should be some parameter taking into account also the impact of temperature and time. 
To describe the amount of alkali transferred to the wood during impregnation the concept 
of “alkali to cook” was introduced. Alkali to cook was defined as shown in figure 63. The 
idea of the alkali to cook measurement is simply to give an idea of the efficiency of 
impregnation. The theory being that since no mass transfer happens during the reaction 
stage in vapor phase pulping, all alkali has to be transferred during the impregnation step 
and some measure of the efficiency of this is needed. 

An important point is that alkali to cook includes that amount consumed in chemical 
reactions during the impregnation step. This signifies that the concept may not be so clear 
cut for processes with significantly higher impregnation temperatures. 
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Impregnation

Cin Vin Cout Vout

Chips to cook

Alkali to cook = (CinVin – CoutVout)/mchips

Figure 63. The definition of alkali to cook 

In Figure 64 the same data as in Figure 62 are viewed as a function of alkali to cook. 
Clearly the new parameter has an even higher correlation with achievable lignin yield. 

y = 934.94x2 - 356.95x + 35.728

R2 = 0.9725
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Figure 64. Lignin yield. vs. alkali to cook for coo ks with varying impregnation 
conditions but constant cooking (H=1000, t=175°C, m ethanol vapor phase) 

Overall cooking speed (disregarding the fact that cooking stops when alkali is depleted) 
can clearly be predicted by alkali to cook.  
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4.5.1 Process yield of intensified methanol vapor p hase pulping 
A fast process is interesting only if it gives at least as high yield as a slow one. In 
contemporary pulping research, high alkali charges are always seen as unrealistic as they 
lead to lower yield. Figure 65 shows a surprising effect for methanol vapor phase pulping 
using different amounts of alkali in the cooking stage. The total yield of the process 
decreases with increased delignification achieved by higher alkali to cook, as expected. 
However, the lignin free screened yield actually seems to be improving slightly. The 
rationale behind the use of lignin free screened yield is that this is the material that is 
interesting from a papermaking point of view. Any lignin that is left after pulping will be 
removed in bleaching. Based on this result it seems that methanol vapor phase pulping 
can be used to reach very low lignin contents in pulp without sacrificing brownstock 
yield. 

47

48

49

50

51

52

53

54

55

14 % 15 % 16 % 17 % 18 % 19 % 20 %

Alkali to cook (EA on wood)

Y
ie

ld
 (

%
 o

n 
w

oo
d)

Lignin free screened yield Screened yield Total yield

Figure 65. Total yield, screened yield and lignin f ree screened yield for cooks with 
varying impregnation conditions but constant cookin g (H=1000, t=175°C, methanol 
vapor phase). Lignin yield at alkali to cook 14% = 4.1% on wood, at 19% lignin yield = 
1.6%. 

4.5.2 Alkali to cook and cooking time 
To further study the interdependence of alkali to cook, cooking time and degree of 
delignification, additional tests were performed. In these tests the cooking time was 
varied while keeping all other parameters constant. Based on the earlier experiments the 
impregnation was expected to correspond to an alkali to cook of ~15% on wood. 

Total yield 

Screened yield 

Lignin free screened 
yield 
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Table 12.  Experimental conditions in study on the effect of the cooking time on 
achievable delignification with constant impregnati on. 

 Impr. 
time 

(min.) 

Heat-up 
time 

(min.) 

H-factor Alkali charge 
(% EA on 

wood) 

Impregnation 
liquor c. (g 

NaOH/l as EA) 
Methanol 

vapor phase 
68 5 

600, 800, 
1200, 1400 

34 80 

The results are shown in Figure 66. As can be expected, a longer cooking time leads to 
more delignification and a shorter time to less. The interesting thing to note is how the 
points relate to a hypothetical continuation of the linear part of the delignification curve 
for the 1000 H-factor cooks. The longer cooks fall onto the same trend and again seem to 
have become restricted by alkali to cook rather than cooking time.  

y = 1028.6x2 - 375.27x + 36.33

R2 = 0.9774
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Figure 66. Trend of H-factor 1000 cooks compared to  cooks with varying H-factor. 
Linear estimate for “alkali limited region” added. 

The figure also highlights a problem in the experimental setup. Although the procedure in 
impregnation was exactly the same in all experiments, the alkali to cook achieved varied 
from 14.0 % to 15.0 % on wood. The variation is due to slight differences in the amount 
and concentration of the liquor removed after impregnation.  

4.5.3 General impact of impregnation on pulping spe ed 
The amount of alkali transferred in impregnation is the key factor for process speed and 
delignification in vapor phase pulping. This is obvious as there is no transfer of chemicals 
in the cooking stage. The experiments with liquor phase cooking indicated that 

H=600 

H=800 

H=1200 

H=1400 

Linear 
estimate 
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impregnation also plays a role for process speed in those methods, with displacement 
heating being faster than batch cooking. 

In order to clarify the situation, the data for the different cooking methods were studied 
further. Cooks to the same delignification degree with reasonable positive end-of-cook 
alkalinity were selected both with and without methanol addition. By making some basic 
assumptions, the amount of alkali transferred in impregnation can be calculated. 

In making the calculations the following assumptions were made: 
- 5 minutes’ impregnation gives mass-transport only by penetration 
- 60 minutes’ impregnation gives penetration and complete diffusion 
- No consumption of chemicals during impregnation 

These are seen as reasonable assumptions as the chips were well steamed and the 
impregnation temperature was >80°C. The assumption regarding the consumption of 
chemicals is questionable, but as it is the same for all cases, it only affects the absolute 
numbers, not the relative differences. 

This gives the following equations for calculating the charge of alkali transferred in 
impregnation: 

Transferred in penetration:   
wood

impr
OH

OH

solidw

wood

wood

wood

m

c
mmm ×
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Equation 13

        

Transferred in penetration and diffusion: 
wood

impr
solidw

wood

wood

wood

m

c
mm ×








−

.ρρ
  Equation 14

Where: 
mwood  = chip sample weight  
ρwood  = wood basic density (411 g/dm3 for the softwood used) 
ρw.solid  = density of solid wood (1500 g/dm3 used) 
mH2O  = weight of water in fresh wood 
cimpr =concentration of impregnation liquor 
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Table 13. Cooks used in comparison of methanol free  cooks, cooking temperature 
175°C, lignin yield 2.35±0.15 

Cook 
no. 

Impr. time 
(min.) 

Heat-up 
time 

(min.) 

Impr. liquor 
conc. Cooking method 

H-
factor

End of cook 
EA at pH 11 

94 5 5 34 Batch L:W=6.25 2218 6.3 

128 60 4 34 Batch L:W=6.25 2200 6.6 

310 60 5 41.0 Batch L:W=5 1998 5.7 

120 60 5 56.2 Displ. heated 1803 7.1 

455 65 5 100.0 Steam phase 1654 5.2 

274 60 5 180.4 
Drained after impr. 

l-phase cooking 
764 26.3 

Table 14. Cooks used in comparison of methanol cook s, cooking temperature 175°C, 
lignin yield 2.2±0.2 

Cook 
no. 

Impr. time 
(min.) 

Heat-up 
time 

(min.) 

Impr. liquor 
conc. Cooking method 

H-
factor

End of cook 
EA at pH 11 

118 5 4 34.4 Batch 1754 4.8 

88 60 5 34.8 Batch 1618 6.7 

123 60 90 51.6 MeOH displ 1207 6.4 

126 5 5 54.2 MeOH displ 1515 4.8 

447 65 5 100.0 Vapor phase 1002 6.0 

542 1080 4 100.0 Vapor phase 699 11.2 

270 60 6 120.4 
Drained after impr. 

l-phase cooking 
779 n.a. 

The result of using equations 11 and 12 on the data in Table 13 and Table 14 is shown in 
Figure 67. This graph illustrates the cooking time needed to reach kappa number 30 with 
various impregnations. The result is a graph with cooking time (H-factor) as as  a 
function of how much alkali is assumed to have been transferred to the wood prior to 
heat-up. The rest of the alkali needed to reach kappa number 30 with positive end-of-cook 
alkalinity is in the surrounding liquor. There are also points for both water and methanol 
vapor phase heating to give an idea of the impact of using vapor phase pulping. The point 
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with 180 g/l does not fall into the range of accepted end-of cook alkalinity, but was added 
to illustrate the linearity of the trend even at higher alkali amounts. 

y = -5190x + 1802.4

R2 = 0.9019
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Figure 67. H-factor needed to reach kappa number 30 as a function of the alkali 
transferred into the wood prior to heat-up. All coo ks have positive end-of-cook 
alkalinity, the rest of the alkali (in the cases wh ere total consumption is not covered by 
impregnation) is in the surrounding liquor in the l iquor phase cooks. 

According to the figure, a similar pattern is seen both for methanol and non-methanol 
cooks. A 30% reduction in cooking time can be achieved by having the chemicals close 
to the reaction sites at the onset of the reactions. The benefit of using methanol in pulping 
is of the same magnitude. There is some uncertainty in the figures due to experimental 
variations as described earlier, but the linearity of the correlations for both cooking 
methods is striking. The vapor phase results fall on the same line as the results of the 
liquid phase cooks, this indicates that vapor phase as such does not increase pulping 
speed but it is a way to make sure that enough alkali has been transferred in the 
impregnation step to ensure a fast cook. 

4.5.4 Alkali consumption 
The alkali transferred to the wood determines the speed and extent of reactions. Figure 65 
showed that the lignin free yield is unchanged from lignin yield 2% to 4% when pulping 
with different alkali to cook but constant cooking time. This leaves the question of alkali 
consumption in cooking. 

In Figure 68 the alkali to cook and the alkali consumption for different degrees of 
delignification are shown in the same graph. In this graph the point where the series start 
to move away from each other illustrates the point where the cooks go from being alkali- 
deficient to being time-deficient. It can also be seen how the alkali surplus needed to 
reach lower lignin contents becomes ever bigger unless the reaction time is increased. 
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Figure 68. Achievable lignin yield vs. EA consumpti on and EA to cook with constant H-
factor (H=1000) and methanol vapor phase pulping. 

According to the present trials, it seems impossible to give a strict limit for how fast 
methanol aided kraft pulping can be. As an example it can be mentioned that in trials with 
180 g/l impregnation, giving an alkali to cook of 21%, a lignin yield of 1.4 % on wood 
was reached with 750 H-factors, while maintaining a yield of 49.3% on wood. This, 
however, gives a very high EoC alkalinity and is therefore not interesting from more than 
a scientific point of view. An even higher concentration seems possible to use from a 
yield point of view, but is far from realistic with current recovery technology in which the 
mill white liquor is rarely over 120 g/l. The use of high concentration impregnation is 
restricted by the need to evaporate some of the water entering the system as fresh wood is 
quite wet. The energy economy of such a process is questionable. 

The question of alkali consumption is interesting since, as seen in Figure 60, there was 
evidence that the methanol vapor phase process had higher yield than the water-only 
processes. If the extra yield was due to less carbohydrate peeling, this should also be seen 
as lower alkali consumption, as alkali is consumed in carbohydrate degrading reactions. 
In Figure 69 the alkali consumption for methanol vapor phase, water steam phase and 
batch kraft pulping are presented as a function of lignin yield when using constant end of 
cook alkalinity. 

The wide variation in the results is due to the fact that the experimental procedure was not 
very well suited to study alkali balances. The washing out of residual alkali from cooked 
chips leads to a certain uncertainty which is particularly evident in vapor phase pulping. 
Also, the amount of liquor in the pipes and valves of the equipment can never be known 
with 100% accuracy. Taking into account the additional uncertainty related to the 
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procedures for titrating low concentrations of alkali from liquors containing large 
amounts of dissolved organic salts, it is clear that the current research will only give an 
estimate of consumption, while exact figures require larger scale tests.  
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Figure 69. Alkali consumption vs. lignin yield for various cooking methods, constant 
end-of-cook alkalinity. 

The question of alkali consumption is worth returning to one more time. As the actual 
purpose of kraft pulping is to produce as much papermaking pulp as possible from a 
given amount of wood using as little chemicals as possible, it is felt that any comparison 
of different cooking methods should be made as a function of the pulp produced. Such a 
comparison is shown in Figure 70. 



108

200

220

240

260

280

300

320

340

360

380

400

0 1 2 3 4 5 6

Lignin yield (% on wood)

A
lk

al
i c

o
ns

um
pt

io
n 

(k
g

N
aO

H
 / 

O
.D

. t
on

 p
ul

p
) Methanol vapor

Water steam

Kraft liquid

Figure 70. Alkali consumption vs. lignin yield as a  function of the amount of pulp 
produced using the various pulping methods, 80°C im pregnation, constant end-of-cook 
alkalinity. 

Based on Figure 70, it seems that the yield benefit of methanol vapor phase pulping also 
can be seen as a reduced need for alkali. As before, there is quite high variability in the 
experiments, so the consumption figures should be verified in larger-scale experiments.  

4.5.5 Impact of cooking temperature in methanol vap or phase 
pulping 

175°C had been chosen as the main cooking temperature in the experiments, as explained 
in section 3.2. After the cooking method had been established, it was of interest to study 
the effect of temperature on deligninfication. 
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y = 4E-06x2 - 0.0117x + 9.3382

R2 = 0.8463
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Figure 71. Achievable lignin yield vs. H-factor in methanol vapor phase pulping at 155, 
165, 175 and 185°C. 

  
Figure 71 shows that the pattern of deligninfication in methanol vapor phase pulping is 
much the same as in conventional kraft pulping, as far as the time-temperature behavior is 
concerned. A 10°C increase in temperature doubles the pulping speed, just as the H-factor 
model predicts. This result can be seen as further evidence that methanol does not change 
the actual pulping chemistry but merely works as a “booster” for cooking speed. 
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Figure 72. Screened yield vs. lignin yield in methan ol vapor phase pulping at 155, 165, 
175 and 185°C. 

The results in Figure 72 support the view that the absolute temperature does not have 
much impact on the way methanol vapor phase pulping progresses. The screened yield is 
not affected by the change in pulping temperature. 
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The limited impact of cooking temperature on the outcome in pulping is further supported 
by Figure 73, the rejects levels do not change significantly over the lignin yield range 
studied when using methanol vapor phase pulping. 

4.6 Tests to chart the impact of methanol 
To gain a better understanding of the effect of methanol on kraft pulping, the main path of 
cooking experiments was abandoned in favor of testing the impact of methanol on sub-
processes. The first sub-process to be tested was the impact of alcohol on the penetration 
of cooking liquor into the wood. It was argued that a change in for instance surface 
tension of the impregnating liquor due to alcohol addition could lead to more efficient 
impregnation. To clarify the situation, a study was conducted using the impregnation 
equipment at HUT. Studies were also performed to clarify the impact of the increased 
digester pressure associated with the use of alcohols on pulping and also the impact of 
using solvents other than methanol. 

4.6.1 Methanol in penetration 
The results in Figure 74 show how penetration of the heartwood chips proceeds at 25°C 
with pure water, a mixture of water and mill white liquor, and a mixture of water, 
methanol and mill white liquor. The temperature 25°C has been depicted, as the 
differences are clearest at low temperature. The same impact of methanol addition was 
also seen at higher temperature and at all impregnation pressures used. Tests with all 
liquors were performed using 1-, 5- and 9-bar overpressure and at 25 and 70°C. 
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Figure 74. Degree of penetration vs. time for impreg nation liquors with and without 
methanol addition. 

The chip penetration with liquor containing methanol was clearly slower than of that 
without methanol, showing that the benefit seen from the use of methanol was not due to 
improved penetration. This observation is in agreement with the earlier results, i.e. that an 
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addition of methanol does not reduce the rejects content in batch pulping without liquor 
exchange.  

4.6.2 Tests to chart the impact of increased digest er pressure in 
cooking 

The addition of methanol also increases the digester pressure due to the high vapor 
pressure of methanol compared to water. High pressure early in the cook is known to be 
beneficial if impregnation is inadequate. The effect of high pressure pulping was tested in 
a series of experiments with high digester pressure applied at the beginning of heat-up in 
normal batch kraft pulping. The tests had to be performed without methanol to be able to 
isolate the effect of increased digester pressure. This study was performed using the same 
chips as in the impregnation study, i.e. chips from Malkov’s thesis study. The use of 
geometrically regular chips ensured that the results were comparable, as any irregularity 
of the chips would influence the penetration behavior of the chips. The chips had the 
added benefit that heart- and sapwood had been kept separate, so the effect on both types 
of wood could be studied separately.  

Two series of cooking with the push-pull digester tests were performed, the first with 
minimal impregnation as seen in Table 15. Heartwood and sapwood chips were cooked 
separately. All cooks were essentially identical except that in the cooks indicated by p25 
the digester pressure was increased to 25 bar by adding nitrogen. The experimental set-up 
was the same as in the liquid phase batch cooks described earlier. The pressure in 
methanol pulping at 175°C is around 13 bar, so if higher digester pressure is beneficial, 
the chosen conditions should give clear indication. In the first cooking series with 
minimal impregnation, the impact of high pressure in the cooking stage on rejects is 
rather big, especially for heartwood (Table 16). 

Table 15. Cooking conditions in pressure test cooks with short impregnation 

Impregnation 
time (min.) 

Heat-up time 
(min.) 

H-factor Cooking 
temperature 

Alkali charge (% 
EA on wood) 

5 5 1500 175°C 19.3 

Table 16. Cooking results for pressure test cooks w ith short impregnation  

Wood type Digester 
pressure 

Kappa 
no. 

Yield  (% on 
wood) 

Rejects  (% on 
wood) 

Heartwood normal 59.9 54.0 5.8 
Heartwood 25 bars 60.5 53.8 3.1 
Sapwood normal 68.0 56.3 13.0 
Sapwood 25 bars 65.0 55.0 11.5 

In the second series of tests the impregnation was prolonged before heat-up and the 
application of high pressure as presented in Table 17. The effect of these experiments can 
be seen in Table 18. A longer impregnation time has a clear impact on both kappa number 
and rejects levels but the effect of pressure becomes hard to identify. In fact, the impact of 
impregnation seems to be more clear-cut than the effect of the additional pressure applied. 



113

Table 17. Cooking conditions in long impregnation p ressure test cooks 

Impregnation 
time (min.) 

Heat-up time 
(min.) 

H-factor Cooking 
temperature 

Alkali charge (% 
EA on wood) 

60 5 1500 175°C 19.3 

Table 18. Cooking results for long impregnation pres sure test cooks 

Wood type Digester 
pressure 

Kappa 
no. 

Yield  (% on 
wood) 

Rejects  (% on 
wood) 

Heartwood normal 58.2 52.4 2.6 
Heartwood 25 bars 54.2 52.4 1.8 
Sapwood normal 62.5 54.3 5.5 
Sapwood 25 bars 64.8 54.8 8.0 
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Figure 75. Rejects vs. kappa number for heart- and sapwood cooks at normal and 
elevated digester pressure (25 bar =p25) using long  or short impregnation. Arrows 
show results for corresponding cooks going from low  to high pressure. 

The high kappa number range in the experiments was chosen in order to make sure that 
all cooks produced measurable rejects levels, as the idea of the experiments was to 
compare the level of rejects and the level of delignification achieved. As can be seen from 
Figure 75, the incremental benefit from high pressure pulping was not very big in the 
cooks where impregnation was sufficient. Especially for easily penetrated sapwood the 
effect is within the limits of the experimental accuracy. The arrows in Figure 75 showing 
the move from low to high pressure would be expected to point to the lower left corner of 
the picture if the change in delignification behavior would be due to pressure. The results 
are not very conclusive. 
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4.6.3 Tests with organic solvents other than methan ol 
Having established the fact that methanol vapor phase pulping is possible and quite 
beneficial, it was of interest to study whether the effects seen were methanol-specific. In 
order to do this, several other solvents were also tested. The solvents tested included 1- & 
2-Propanol, Ethanol, N- & T-Buthanol and Acetone. The experimental setup was 
identical to that used for methanol vapor and water steam phase cooking, impregnation 
followed by liquor withdrawal and heating using a minimal quantity of the solvent under 
study. The results are shown in the following figures.  

0

1

2

3

4

5

6

7

8

9

10

0 500 1000 1500 2000 2500

H-factor

Li
gi

n 
yi

el
d 

(%
 o

n 
w

oo
d)

Methanol Ethanol Acetone N-buthanol T-buthanol 1-propanol 2-propanol

Figure 76. Lignin yield vs. H-factor for softwood u sing various solvents in vapor phase 
pulping. 

As is evident from Figure 76, the kinetic benefit of all solvents except acetone is similar 
to that of methanol. This is quite an interesting results when considering the range of 
molar weights and other properties involved. It is almost as if the important thing is to 
remove the water from the system and not so much what solvent is used. An interesting 
question is what the effect of acetone is. Pulping is slower than with the other solvents, 
but clearly there is still delignification taking place. It is as if the level of delignification 
achievable with acetone would be inferior to that achieved with other solvents, even when 
there is still some residual alkali left that should make continued delignification possible. 
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Figure 77. Screened yield vs. lignin yield for soft wood using various solvents in vapor 
phase pulping. 

As seen in Figure 77, the screened yield of the various solvent vapor phase pulping 
methods behaves much like that of methanol for all cases except acetone. For some 
reason, yield drops at low lignin yield when acetone is used as the heating medium, 
without the delignification going any further. The resulting pulp was also quite dark 
compared to the other pulps. The behavior of acetone vapor phase cooking was rather 
surprising although acetone is known to be quite different from the other solvents used. 
No further testing was done to clarify the reason for this odd behavior, but it is felt that it 
probably could give some clues as to the nature of the benefit produced by the addition of 
solvents to kraft pulping.  

4.6.4 Thick chips 
During the course of the investigation, several theories about the reason for the benefit of 
methanol addition have been discussed. Many of the theories have centered on the 
solubility of alkali in different media. Inorganic sodium salts dissolve more easily in 
water than they do in organic solvents. This could be a mechanism by which the alkali 
would be “forced” to stay in the wood instead of becoming part of the surrounding liquor.  
The hypothesis was tested by the following experiment: Thick softwood chips were 
fabricated as explained earlier and pulped with the three different pulping methods. The 
idea was that with thicker chips the surface area of the chips in contact with the heating 
media would decrease. In case of a chemistry based explanation, this should decrease the 
effect of using methanol. Also, if the explanation has to do with the relative solubility of 
alkali in the different media, the relative difference between heating with water steam and 
methanol vapor could be expected to decrease, as the surface coming in contact with the 
heating media decreases. 
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The results of the experiments with thick handmade chips are presented in the following 
figures. The linear trends in the figures represent the results for the various methods with 
normal chips. 
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Figure 78. Comparison of softwood lignin yield vs. H-factor for thick geometrical 
sapwood chips and ordinary softwood chips (ref.) usi ng different cooking methods. 
Constant end of cook alkalinity. 

Figure 78 clearly shows that the benefit of using methanol vapor as a heating medium is 
still present also with thick chips. This is seen as an indication that the benefit is based on 
the solubility of alkali in organic solvents, the idea being that the methanol is unable to 
wash out the cooking chemicals from the wood during heat-up to the same extent as water 
steam. This finding could also be used to enable pulping of thicker chips than currently 
possible, something that could be used to increase process yield.  

Rather surprising is, however, the big difference in delignification speed between normal 
and thick chips when using water steam. If the effect speeding up kraft pulping when 
solvent is present has to do with the solubility of alkali, the smaller surface area / volume 
ratio of thick chips could be expected to be beneficial also in water steam pulping.  
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Figure 79. Comparison of softwood total yield vs. l ignin yield for thick geometrical 
sapwood chips and ordinary softwood chips (ref.) us ing different cooking methods. 

Figure 79 shows the total yield vs. lignin yield for the geometrical chips using the 
different cooking methods. The yields seem quite similar to those achieved with thin 
chips. All cooks, however, had high rejects, so the screened yields are significantly lower. 
The behavior of the rejects was quite similar for all cooking methods as seen in Figure 80. 
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Figure 80. Rejects vs. lignin yield for thick geomet rical sapwood chips and ordinary 
softwood chips (ref.) using different cooking metho ds. 

4.6.5 Uniformity of pulping 
An early hypothesis regarding the effect of methanol addition was that it would somehow 
affect the uniformity of pulping, possibly by “forcing” the delignifying chemicals deeper 
into the wood due to decrease solubility. Testing the uniformity of pulp delignification 
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was therefore of great interest. The uniformity of pulping can be measured by fiber kappa 
analysis (FKA) based on fluorescence of stained lignin or by IR measurements of pulp 
pads. Both methods are relatively fast and simple, but also dependent on calibration using 
samples with known kappa numbers. For the IR measurements calibration is performed 
by measuring all samples in a series with known kappa numbers and then applying 
principal components analysis to determine the spectral compositions corresponding to 
different degrees of delignification. In the fiber kappa analyzer system the red/green ratio 
of acridine orange fluorescence is calibrated using the known samples. 

In order to get as much information as possible about the delignification uniformity of the 
methanol vapor phase pulping method, a series of samples for both methanol vapor phase 
and liquid kraft pulping was tested with both methods mentioned above. The results for 
two pulps at the kappa number level 33-34 are shown in Figure 81 and Figure 82.  The 
testing using IR spectroscopy was performed by personnel at the Laboratory of Wood 
Chemistry of HUT and the fiber kappa measurements by the staff at the University of 
Washington.  

Reference 
SCAN kappa=33 Stdev.=12

0

2

4

6

8

10

12

14

16

18

20

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79

Kappa

Fr
eq

ue
nc

y

New Process 
SCAN kappa=34 Stdev.=7

0

2

4

6

8

10

12

14

16

18

20

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79

Kappa

Fr
eq

ue
nc

y

Figure 81. FT-IR measured kappa distributions of li quid phase kraft cook (reference) 
and MeOH vapour phase cook (new process). The histo grams show the distribution of 
kappa numbers measured for the pulp samples. 250 in dividual points 
measured/sample. Mean kappa numbers given by the FT -IR measurements 30 for kraft 
and 40 for MeOH vapor phase. 

For the FT-IR measurements, the kappa distribution of methanol vapor phase (new 
process) is much narrower than that of the reference kraft. This result supports the 
hypothesis that the low rejects is due to better pulping uniformity. The limited correlation 
between measured SCAN-kappa number and the kappa number predicted by the FT-IR 
measurements raises some questions. 
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Figure 82. Fiber kappa analysis (FKA) kappa distrib utions of liquid phase kraft cook (A 
310) and MeOH vapor phase cook (B 361). 

On the other hand, the FKA results from the University of Washington do not support the 
IR-measurement results. According to these results, the uniformity of methanol vapor 
phase cooking is inferior to that of kraft liquid phase pulping. An interesting feature in the 
FKA results is the fact that the distribution of fiber kappa numbers is less symmetrical 
than that of liquid phase cooking.  

No simple reason could be found for the apparent contradiction in the results between  the 
two measurement methods. The problem was deemed too complex to be investigated 
further in the present study but is clearly an interesting area for further research. 

4.7 Fiber properties 
The present investigation was only aimed at looking into fundamental questions regarding 
pulping speed under various conditions. The question of pulp quality was left outside the 
scope of the research. It was felt that as the active delignifying chemicals are the same as 
in conventional kraft pulping, the properties of the fibers would be unlikely to change to 
any major extent. Also, making a whole set of fiber property measurements for each 
incremental change in process design would have been far beyond the capabilities of the 
current project.  

Some basic features of the resulting pulps were, however, measured. The results of these 
measurements are presented below. 
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Figure 83. Brightness vs. lignin yield for the cook ing methods under study. 

As seen in Figure 83, there is a slight brightness advantage for the methanol pulping 
method compared to the two other ones.  

Viscosity vs. delignification is shown in Figure 84. The current investigation did not see 
the maximization of pulp viscosity as an aim, but as so much literature centers around 
pulp viscosity it was felt that this parameter needed to be presented. 
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Figure 84. Viscosity vs. lignin yield for the cooki ng methods under study. 
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Clearly, the viscosity of methanol vapor phase pulping is lower than that of the other 
pulping methods. The fact that the viscosity of methanol vapor phase pulps is lower than 
that of water steam phase pulps indicates that it is not only the high concentration in 
impregnation that is responsible for the drop as the concentrations are similar in both 
pulping methods. A factor may be the high hemicellulose content that increases the 
proportion of lower molecular mass molecules in the pulp. 
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Figure 85. Fiber coarseness vs. lignin yield for me thanol vapor phase pulping and liquid 
phase kraft pulping. 

Fiber coarseness was measured from the same pulps that were used in the delignification 
uniformity studies. The results are more reliable at lower lignin yields, as there was a 
tendency of clogging in the equipment when measuring less delignified pulps. From 
Figure 85 it can be seen that the superior yield of the methanol vapor phase cooking can 
be seen as a higher fiber coarseness when compared to conventional liquid phase kraft 
pulping. 

5 Discussion 
The PuPu digester system enabled work in a parameter range never studied before. The 
equipment is unique in its ability to allow fast heating up and gave new possibilities to 
study the basic interactions in kraft pulping. It also allowed studying the impact of 
organic solvents on these interactions. The study was based on short series of experiments 
whose results were evaluated and used as a basis for the next experimental setup. 
However, the central theme of the research was to find methods to reduce the overall 
process time as much as possible.  
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As is illustrated by the review of laboratory equipment in section 2.5, the present 
investigation would not have been possible without the new digester. 

5.1 Impregnation and heat-up 
One of the key features of the PuPu digester system was that it enabled the use of very 
short heat-up times. This made it possible for the first time to study the impact of heat-up 
time on identical cooks over a range from 3 minutes to 90 minutes. 

Figure 44 and Figure 45 show that the heat-up time has no impact on the extent of 
delignification or yield at this level of delignification. In terms of intensification this 
means that there is no lower limit for how fast heat-up can be performed from the point of 
view of delignification. According to the further results in section 4.1, the only barrier to 
reducing impregnation and heat-up times is the formation of rejects, i.e. pulping non-
uniformity. A very short heat-up time lowers the threshold for rejects formation. The 
absolute level of this threshold is governed by chip properties and pre-treatment such as 
steaming. It must be remembered, that in this investigation the chips were thin and well 
steamed prior to the experiments. 

The results are very significant as no published research has been found where the heat-
up time has been varied over such a broad range using the same chip supply and digester. 
Modern industrial systems, such as hot liquor displacement and steam phase top 
digesters, use very rapid heating. According to current results, this does not have any 
negative impacts on the pulp. This fact has not been measured before. The data that exist 
from earlier refer to cooks without steaming and thus proper impregnation as seen in 
section 2.2.1. The results in Figure 51 clearly contradict the results found in the literature 
presented in Figure 9.  The reason for the difference is that the results in the literature 
refer to cooks without proper impregnation. 

To further shorten the overall process time, the effect of the combination of impregnation 
and heat-up time was studied. According to the results in Figure 46 and Figure 47, the 
impregnation time can be brought down to 5 minutes and heat-up can be performed as 
fast as possible without any detrimental impact on the pulping results seen as yield and 
pulping speed when delignification is taken to a normal industrial level. Possible changes 
in fiber level delignification uniformity were not studied at this point. The lower limit for 
impregnation and heat-up time is determined by the uniformity of cooking as seen in 
Figure 48. If a normal kraft cook is intensified as much as possible, there is a tendency 
towards higher rejects at high lignin content levels. In this context it is important to 
remember that the chips used in the current study were thinner than normal mill chips, 
meaning that the absolute lignin yield level giving significant rejects probably is lower 
with “normal” chips. Also, it has to be remembered that laboratory screening is not the 
same as mill screening with pressure screens. The fact that there seems to be very little 
difference in rejects between cooks with 5 and 60 minutes’ impregnation is noteworthy. It 
implies that impregnation at typical kraft pulping alkali concentrations has a rather small 
impact on rejects. It seems that low rejects at high lignin content can only ensured by 
slow heat-up in this type of cook.  

From the point of view of intensification this means that it would be possible to use a 
very short impregnation time as long as steaming has been performed well and 
delignification is taken far enough. However, in the present work, the aim was not to 
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shorten the impregnation time. This is because impregnation can be performed below 
100°C and therefore does not require the use of pressure vessels. As the stated aim of the 
present investigation was to decrease the size of the pressure vessel, the question of 
impregnation time was not investigated further. However, the fact that the heat-up time 
can be kept short is good news as far as process intensification is concerned.  

5.2 Impact of methanol addition 
The second step in the experimental investigation was to test the effect of methanol 
addition on kraft pulping. The results in Figure 49 clearly show the impact of adding 50% 
methanol to the cooking liquor. The degree of delignification as indicated by the lignin 
yield dropped by 30% from 1.5 to 1, regardless of heat-up time. This result is in 
agreement with earlier studies that also show a clear favorable effect on delignification 
from the addition of alcohol, as explained in section 2.4.3. Because experimental setups 
used by different researchers vary significantly, it is hard to compare absolute numbers, 
but the levels seem similar. The fact that Figure 50 shows a slight decrease in total yield 
for the methanol-containing cooks is understandable, as the delignification has progressed 
further in these cooks.  

Figure 51 shows that the viscosity of the pulps from methanol-containing cooks tends to 
be lower than that of conventional kraft cooks. This can be due to the greater 
delignification achieved in these cooks. 

Looking at Figure 53, Figure 54 and Figure 55, two things are evident. Firstly, just as for 
non-methanol cooking, impregnation and heat-up time can be shortened at will for 
methanol-containing cooks without adversely impacting the results for yield and degree 
of delignification. This is proven by the fact that all results fit into the 95% confidence 
intervals. Secondly, methanol works as an intensifier of the kraft process over the whole 
delignification range.  The delignification time as given by the H-factor drops 30-50% 
over the whole delignification range. Other researchers have reported drops in kappa 
number at constant cooking times, but few have investigated the effect of a wide range of 
delignification degrees, as performed in the current investigation. Many of the earlier 
studies have been aimed at reducing sulfidity, so the kinetic benefit of alcohol addition 
has been used up as a reduction of sulfur without needing a longer cooking time. 

When comparing total yield over a wider range of delignification, as shown in Figure 53, 
a clear benefit of using alcohol in delignification can be seen. The total yield of the 
methanol-containing cooks is around 2 percentage points higher than that of the 
conventional kraft cooks across the scale of delignification degrees. This concurs with the 
results of Norman et al. /97, 101/. 

Screened yield is also improved in the technically interesting kappa number range of 20-
30, as is seen in Figure 55. Again, it must be stressed that the laboratory screened yield is 
not in clear correlation with industrial screened yield. The advantage in screened yield is 
lost at higher lignin content due to higher rejects content. It is understandable that the 
very short high-lignin-content cooks using methanol will give high rejects, as the overall 
process time is extremely short. 



124

5.3 Impact of the allocation of methanol addition 
To further study the effect of methanol on kraft pulping, additional cooking experiments 
were performed. Figure 56 shows that the benefit for pulping speed of the addition of 
methanol is independent of whether the alcohol is added during impregnation or used as a 
displacement heating agent. This is a remarkable result.  

The result shows that methanol can not be an active delignifying chemical as it is clear 
that the methanol can not have time to diffuse into the chip when it is added only as a 
heating medium after impregnation. Compared for instance to the HO- and HS- ions, 
which are dependent on being impregnated into the wood to be effective, the difference is 
clear. It is also unlikely that the effect of methanol would be to help dissolve the lignin 
from the wood, as saturating the wood structure with methanol should also show up as 
faster cooking. This is an aspect of solvent pulping that has not been reported earlier. 

When comparing the screened yields of the two methods of methanol enhanced cooking, 
a clear advantage is seen for so called methanol cooking (Figure 57). The high screened 
yield in displacement pulping comes from a combination of high total yield and low 
rejects. The low rejects are probably in part due to the fact that a stronger impregnation 
liquor has to be employed in a cook with displacement heating, as the alkali otherwise 
would be depleted in the cooking step. The use of strong impregnation liquor brings a 
clear improvement in impregnation, as seen in the results of Hultholm et al. shown in 
Figure 19. The benefit for rejects is of the same type as shown in Figure 24 for white 
liquor impregnation pulping. The benefit in total yield compared to conventional kraft 
pulping is partly explained by the impregnation characteristics and thus more uniform 
pulping, but also by the impact of methanol. 

When the amount of methanol in the reaction phase was reduced and vapor phase pulping 
was tried, it was found that the reaction time was reduced further, especially for higher 
lignin content pulps (Figure 59). Methanol vapor phase pulping is clearly faster than 
methanol liquid phase pulping. This indicates that the effect of methanol on 
delignification can not be one of lignin dissolution into organic solvents, because then a 
larger volume of solvent should be beneficial. Instead, it seems that the solubility of 
inorganic chemicals could hold the answer to the increased speed for methanol enhanced 
pulping.  

The results for water steam phase pulping confirm that there is a benefit for pulping speed 
in adopting a lower liquor-to-wood ratio in the cooking stage. The cooking speed of water 
steam phase pulping is very close to that of liquid phase methanol pulping and clearly 
faster than that of liquid phase kraft corresponding to the steam phase pulping research by 
other researchers. 

Figure 60 shows that the yield benefit for methanol aided pulping is achieved also in 
vapor phase pulping. A yield benefit for water steam phase pulping over liquid phase 
kraft can also be seen, as was shown by Kleinert and Ahlgren & Olausson /10, 59/. 
Methanol vapor phase pulping has not been reported earlier. The high yield of steam 
phase pulping is in conflict with the rules of modified pulping that are supposed to 
decrease carbohydrate degradation and thereby give higher pulp yield. The high yield in 
vapor phase pulping is, however, undisputable.  
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The fact that vapor phase pulping is possible using methanol as the heating medium is a 
novel finding. It gives clear benefits over both water steam phase pulping and methanol 
liquid phase pulping. This invention was patented /122/. 

5.4 Effect of impregnation on methanol vapor phase p ulping – 
the alkali to cook concept 

In vapor phase pulping, where all mass transfer must happen prior to heat-up, 
impregnation concentration, impregnation time and impregnation temperature can be 
combined into a single parameter, called alkali to cook. This parameter can be used as a 
way of estimating the impact of impregnation on the maximum achievable level of 
delignification in the cooking stage. The same basic idea was used by Kleinert, as seen in 
Figure 20. He used the term alkali charge to describe the amount of alkali transferred to 
the cooking stage. 

In Figure 86 the results for methanol vapor phase pulping to H-factor 1000 are compared 
to Kleinert’s research. In this comparison the methanol cooks have a longer cooking time 
(H=1000 vs. 810), but as was seen in Figure 66, it is the amount of alkali that plays the 
biggest role for the extent of delignification at least to around 17% alkali to cook. This is 
illustrated by the linear trend followed by the results up to that point in Figure 66. Also, 
cook number 542, used to construct Figure 67, with an alkali to cook of 20.6% reached a 
lignin yield of 2.3 % on wood after only 700 H-factors. Clearly, cooking time is not the 
only explanation for the difference, the use of methanol also plays a role. 
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Figure 86. Results for methanol vapor phase cooking  from present research compared 
to data for Kleinert’s research with water steam ph ase pulping. Constant cooking times 
in both series. 

The results in the present investigation and those of Kleinert are very similar. A step 
change in the level of delignification achievable is clearly seen. Whether this is due to 



126

only to the presence of methanol in the present investigation or if chip properties play a 
role is impossible to say, but the difference resembles that seen in Figure 67. 

An unexpected result is that lignin free screened yield does not decrease with decreasing 
lignin yield in the range of 4-2% lignin on wood as seen in Figure 65. This is a further 
contradiction of earlier claims that high alkali charges lead to yield loss. In vapor phase 
pulping, this clearly is not the case. 

The use of constant cooking time, as was done in the research on alkali to cook, is not in 
agreement with the constant end-of -cook alkalinity methodology employed in the rest of 
the research. The use of constant cooking time, however, illustrates the impact of 
available alkali in a clear manner. In a mill situation, the amount of chemicals used will 
be minimized to avoid putting a strain on the chemical recovery system. 

5.5 Diffusion restriction in kraft pulping 
Figure 67 shows the impact of impregnation on pulping speed. Clearly, having the needed 
chemicals inside the wood matrix at the onset of cooking reactions can decrease the 
cooking time by over 20% in conventional kraft pulping, assuming a total alkali amount 
of 20% EA as NaOH on wood. What makes this result remarkable is that as the same 
amount of chemicals is used in all of the experiments, the difference must come from the 
time needed to transfer the chemicals into the wood matrix. This indicates that 
conventional kraft pulping is mass transfer limited in the sense that the same amount of 
chemicals would give a faster cook if they only were in the right place at the onset of 
reactions. This is true even when using thin chips as was the case in the present 
investigation. The result also indicates that the often used assumption in studies on kraft 
pulping kinetics that the concentration inside the wood chips is in straight correlation to 
the concentration of the surrounding liquor is highly suspect. If that was the case then the 
cooks with minimal impregnation should be the fastest as the concentration in the 
surrounding liquor is the highest in those (all chemicals are in the surrounding liquor as 
nothing has been impregnated). Clearly this is not the case. 

The use of methanol further reduces the cooking time by 30%. The similar behavior of 
the two methods is striking; the lines are parallel over the whole range studied. It can also 
be seen that liquid phase and vapor phase cooks behave in the same manner; it is only the 
impregnation that really determines the speed of cooking. 

5.6 Alkali consumption 
The cooks with constant cooking time showed a linear relationship between alkali 
consumption and lignin yield as seen in Figure 68. In cooks with constant end-of-cook 
alkalinity a trend is harder to identify (Figure 69). This is partly due to the equipment 
used and the inherent variation in results for black liquor alkali titration. Also, the fact 
that a rather broad band of end-of-cook alkalinity was accepted (5-10 g/l at pH 11) 
increases the variability. 

If alkali consumption is viewed as a function of pulp production, the high yield of the 
methanol vapor phase process is seen as lower alkali consumption, as illustrated in Figure 
70. Another question is the fate of the residual alkali in the black liquor. It can be argued 
that the residual can be reused in liquid phase cooks that typically have black liquor 
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impregnation as a process step, whereas vapor phase pulping must have a very high 
concentration in impregnation making black liquor impregnation impractical. This blurs 
the picture of consumption further. 

5.7 Impact of cooking temperature 
The basic H-factor relationship between time and temperature in pulping can be used to 
estimate the achievable level of delignification in experiments with varying cooking time, 
as seen in Figure 71. The cooking temperature did not have an impact on pulp yield or 
rejects in the studied range. From the point of view of process intensification, this means 
that high temperatures can be used to shorten the process time. What temperature actually 
is used has to be decided based on the process steam available and considerations of total 
mill energy efficiency. 

Figure 71 shows that an H-factor of 1000 is needed to reach a lignin yield of 2% on wood 
at moderate end-of-cook alkali levels. At 175°C with 5 minutes’ heat-up this corresponds 
to a cooking time of 45 minutes. At 165°C it corresponds to 97 minutes’ and at 185°C to 
only 19 minutes’ cooking time. The impact on the digester volume needed is of course in 
direct relation to the cooking time. 
  

5.8 Tests aimed at explaining the effect of methano l 
The aim of the current research was only to find ways to intensify kraft pulping. 
Scientific curiosity, however, drove the research to look for clues to the reason for 
superior pulping results in the presence of methanol. 

5.8.1 Effect of methanol on pulping physics 
Figure 74 disputes the hypothesis presented by Leduc et al. /70/, i.e. that the positive 
impact of organic solvents on alkaline pulping would be due to improved penetration. As 
far as penetration in impregnation goes, the penetration speed is clearly decreased by the 
addition of methanol. Based on the work by Malkov, the high viscosity of the methanol- 
containing liquors is likely to hinder penetration. The fact that the viscosities are higher 
can be seen in Figure 31, showing the viscosity of a water-alcohol mixture. The fact that 
methanol decreases the rate of penetration also discredits the claim by Marton & 
Granzow that improved cooking in the presence of alcohols would be due to better 
impregnation thanks to the reduced surface tension of the liquor /82/. It can be questioned 
how much of an impact increased penetration would have had in their research, as the 
heat-up time was fairly long at 30 minutes. 

The effect of the increased liquor viscosity on diffusion is less clear. On the one hand, the 
Stokes-Einstein equation implies that an increase in liquid viscosity decreases diffusion 
speed. On the other hand, the glass transition point of the wood matrix may be decreased 
by the addition of methanol, as seen for silicone in the work by Wu et al. and Khang & 
Lee /112,113/, thus improving diffusion in the wood matrix.  

The second hypothesis that could be ruled out was that the increased speed of 
delignification would be due to improved penetration thanks to the high pressure in the 
digester during methanol enhanced pulping. As can be seen from Table 16 and Table 18, 
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there was a slight positive impact on heartwood rejects from pulping using high digester 
pressure, but the impact on sapwood rejects was inconclusive and the effect on the extent 
of delignification was within the margins of experimental error for both types of wood. 
The fact that the benefit of methanol addition was not due to increased penetration could 
also be expected based on the results by Malkov et al. /26/, as they showed that the 
benefit for delignification of an optimized front-end treatment is only about 5-10%, not 
the 30% seen from methanol addition. Based on the present experiments, the effect of 
alcohols on kraft pulping is probably related to the pulping chemistry or an alteration of 
the physicochemical balance of the system. The hypothesis that the front end of the cook 
would be positively changed in terms of liquid penetration could be rejected based on 
these findings. 

5.8.2 Effect of solvent used 
The follow-up investigation into the effect of various types of solvent showed that the 
effect of the alcohols used was very similar in terms of pulping speed (Figure 76). The 
only exception was acetone which behaved quite distinctly. Delignification using acetone 
stopped at a rather high lignin content and could not be taken further without significant 
loss of carbohydrates (Figure 77). The behavior of acetone pulping may merely be due to 
the fact that acetone is more aggressive towards wood than the other chemicals. The fact 
that it behaves very much like the other solvents at high lignin content might be a sign 
that there are two effects taking place at once. One would be an “organic solvent effect” 
perhaps connected to solubility of alkali in the heating media, working much like the 
effect for the other solvents. The other effect would be an acetone specific effect that 
kicks in at longer cooking times, when the acetone actually has diffused into the wood 
matrix. 

5.8.3 Experiments using thick chips 
In further trials examining the nature of the methanol benefit, thick chips were pulped as 
described in the experimental section. In Figure 78 the degree of delignification achieved 
with various H-factors is compared for thick and ordinary chips using different pulping 
methods. The benefit of using methanol is more or less constant, whereas the water based 
methods are quite poor at delignifying the thick chips.  

Using thick chips has two immediate effects. Firstly, the diffusion path for the pulping 
chemicals becomes longer. This means that diffusion restricted pulping methods become 
slower and that there is a greater risk of non-uniformity in the form of rejects. Secondly, 
the surface area in contact with the heating media becomes smaller for a given sample 
weight. This means that any transfer of chemical agents through the chip surface during 
the cooking stage is reduced and the direct effect of the heating media on the wood 
becomes smaller. 

The fact that heating with methanol vapor loses little in the way of delignification speed 
further supports the theory that methanol does not take part in the actual delignification 
but only alters the chemical environment in the digester, thereby increasing the efficiency 
of the delignifying chemicals. A possible explanation lies in the solubility of the 
delignifying chemicals in the heating media. When heating with vapor the conditions in 
the digester will be something of a trickling bed situation with the chips covered by a 
liquid film. Differences in backwards diffusion from the wood to the liquid film could 
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explain the differences seen between the behavior of delignification in water steam and 
methanol vapor when going from thin to thick chips. The crucial question then becomes 
whether the increased volume of solvent that condenses on the surface is enough to wash 
out more alkali, or if the solubility of alkali is so small as to keep the delignification 
chemicals inside the wood. This could be investigated further, for instance by varying the 
chip geometry. 

The difference between vapor and liquid phase heating is schematically presented in 
Figure 87. The point being illustrated is how vapor condenses on the chip surface creating 
a liquid film. The chemicals impregnated into the wood will diffuse out to this film as 
long as the concentration in the chip is higher. In liquid phase cooking diffusion is always 
from the liquid to the chip. 

Figure 87. Schematic illustration of the liquor pha se and impregnated wood liquor in 
vapor and liquid phase pulping. The shade of the ph ases is an indication of the alkali 
concentration in the different phases during the co oking stage. 

The result that thick chips can be delignified this rapidly using methanol vapor was an 
unexpected result. The fact that the rejects levels are the same with all cooking methods 
(thick chips give high rejects) is in line with what can be expected, and implies that the 
delignification profile through the chip is similar in all cases. 

5.9 Pulp uniformity and fiber properties 
In an attempt to measure if the kinetic advantage seen in vapor phase pulping was due to 
more even impregnation, and thus a more even delignification profile across the chips, 
samples were tested for delignification uniformity using two different methods. The 
methods were FT-IR spectroscopy and Fiber Kappa Analysis using fluorescent probes 
and a flow cell. As can be seen from a comparison of Figure 81 and Figure 82, the two 
methods gave conflicting results. This could be due to the fact that the single fiber 
analysis measures deeper into the cell wall than the FT-IR method, indicating differences 
in topochemical behavior of the pulping methods. FKA is believed to measure the whole 
thickness of the fiber (40 µm), whereas FT-IR only measures to a depth of 0.2-2 µm. 
This, combined with differences in cell wall lignin distribution for the two cooking 
methods, could explain the results. The reason may also be due to different lignin groups 
being left in the wood after cooking. For instance, the way in which the fluorescent 
probes react with the residual lignin to give the characteristic change in red/green 
fluorescence ratio is not yet understood in detail. An interesting feature of the FKA 
distribution is an absence of a “low kappa tail”. This is seen as a very steep slope on the 
left side of the curve. What it means is that very little pulp has been overcooked as the 
cook has been very short (the degree of delignification is determined by the cooking time 
and not by the availability of alkali as in conventional pulping). 
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In the current investigation the properties of the resulting pulps were not studied further.  
Instead, energies were focused on finding the parameters affecting pulping speed. Also, it 
was assumed that as the active chemicals are the same as in conventional kraft pulping, so 
the resulting pulp should be very similar. Some basic parameters for the pulps are, 
however, known. The brightness at a given lignin yield is higher for softwood methanol 
pulping than for conventional kraft pulping. This is slightly surprising, as the washing out 
of reaction products should be inferior in the absence of an aqueous phase. Possible 
reasons are that fever cromophores have time to form during the short cooking time, or 
that somehow, due to the presence of methanol, the formation of cromophores is 
altogether reduced. In any case, the formation of cromophores has to be seen as an 
unwanted side reaction, and the fact that it is reduced implies that the principle of process 
intensification is working as expected. 

As for other fiber properties, pulp viscosity is clearly lower for methanol vapor phase 
pulping than for the other cooking methods, as seen in Figure 84. This seems to be a 
combination of the fact that the high concentrations used in steam phase pulping bring 
down the viscosity, as seen for water steam phase pulping, and also that methanol 
enhanced pulping has lower viscosity than purely water based pulping. The reason for the 
lower viscosity may be that the higher yield in methanol vapor phase pulping leads to 
better hemicellulose retention, with the short chained hemicellulose in turn leading to 
lower average pulp viscosity. The use of viscosity as a meaningful measurement of the 
quality of papermaking pulp is questionable at best. The present results should also serve 
as a word of caution to any researcher who wants to draw parallels between higher pulp 
viscosity and higher process yield; the results clearly do not provide support for such a 
parity. 

The high yield of methanol vapor phase pulping is also evident in the pulp coarseness 
measurements, as shown in Figure 85. It is logical that higher yield leads to higher fiber 
coarseness, as the retained hemicellulose has to be connected to the fibers in order not to 
be lost in washing. What is interesting, however, is the potential impact of the better 
hemicellulose retention on the papermaking properties of the pulp. If the yield advantage 
can be maintained through a bleaching sequence, the need for refining the fibers should 
decrease, because higher hemicellulose content leads to better interfiber bonding. Other 
researchers have claimed that pulps produced with methanol+kraft have the same 
properties as conventional kraft pulp /97/. 

5.10 Speculation about the impact of solvents 
The effect of alcohols on pulping clearly needs more research. The current research 
shows new aspects of the effect, but falls short of being able to explain it. The biggest 
question is how the delignification can be faster while the hemicellulose yield at the same 
time is higher. If the alcohols affect the apparent concentration of the alkali, this should 
have a negative impact on the hemicellulose yield as hemicellulose is known to be very 
sensitive to alkali. On the other hand, if the effect of methanol is related to better 
dissolution of reaction products, the step from liquid phase methanol cooking to vapor 
phase should have had a negative impact on the process, whereas the effect seen was the 
opposite. Also, if the methanol somehow altered the reactions of lignin and the cooking 
chemicals, having the methanol impregnated as deeply into the chips as possible could be 
expected to produce a beneficial effect. That this is not the case is illustrated by both the 
“methanol cooking” experiments and the cooks with thick chips. 
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The present results support the hypothesis that the effect of solvents has to do with the 
relative solubility of the delignifying chemicals in the cooking liquor. This was, however, 
at least in part disputed by Abbot & Bolker /83/. It would thereby seem that the effect is 
more refined than simply solubility. It is possible that the solvent effect is due to a change 
in behavior of the free water and thereby the cage effect of the water molecules 
surrounding the cooking chemicals. 

 Another possible explanation has to do with the heat transfer efficiency of the different 
solvents. Methanol vapor is significantly denser than steam at a given temperature, 
because the pressure is so much higher. This also means that methanol is a more efficient 
heat transporter, if one considers a case where hot steam condenses on cold chips at the 
saturation pressure of the vapor. This hypothesis is, however, disputed by the fact that the 
speeding up is also seen in liquid phase cooking and using a wide range of solvents with 
varying vapor pressures. 

Based on the results and literature sources, possible hypotheses for the impact of 
methanol have been compiled into the following table: 

Table 19. Hypotheses concerning the effect of metha nol on kraft pulping. 

Theory Supporting evidence Contradictions 
Difference in solubility 
“Escaping tendency” / 
increased activity 
(~concentration) 

Reaction speed for lignin 
increases as if concentration 
was higher 

Hemicellulose yield higher 
with methanol 
The change of solvent does 
not drastically alter the 
effect although the 
solubility of NaOH is 
different in different 
solvents 

Change in delignification 
reactions 

Reaction speed increases, 
brightness increases, 
possible radicals in pulping-
methanol known radical 
scavenger 

Effect is not dependent on 
methanol being inside the 
wood 

Change in the accessibility 
of lignin 

Lignin is hydrophobic, 
methanol may work as a 
contact media despite low 
solubility of inorganic 
chemicals 

Effect is not dependent on 
methanol being inside the 
wood 

Change in diffusion of 
alkali / hydrosulphide 

Organic solvents may 
“lower concentration” of 
wood constituents, 
increasing diffusion in 
wood cell wall 

Water-methanol mixture 
has high viscosity, slows 
diffusion 

Based on the results at hand, it is impossible to verify these hypotheses, so they have to 
be regarded as a possible starting point for future research. 
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5.11 Ideas for future research 
The present research leaves a lot of open questions. The most interesting one from the 
point of view of basic research must be the effect of organic solvents on pulping. There is 
a clear need for investigations into the basic properties of alkaline cooks in the presence 
of alcohols. At the moment, it is very hard even to find basic information on the behavior 
of different ionic species in aqueous solutions at the temperatures and concentrations used 
in kraft pulping. How an addition of organic solvents impact the behavior is far beyond 
current knowledge. 

A further area that clearly needs more research is the dynamics of delignification inside 
the wood chip. Current research methods only give averages as wood is turned to fibers. 
Fiber Kappa Analysis and FT-IR measurements are a first step towards more reliable 
information. The same information ought to be obtainable for chips before defibration. 
One possibility would be to use UV spectroscopy of chips sliced in thickness direction. 
This should give an overall lignin concentration profile as well as lignin concentration of 
each fiber separately. The information could be used to make a refined diffusion/reaction 
model. 

Almgren /59/ showed that extensive mass transfer takes place during vapor phase pulping 
(at least with slow heat-up). An experimental set-up with part of the chips being 
impregnated and another part not could be used to study the difference between methanol 
and water vapor phase pulping. A step in the same direction would be to just monitor the 
concentration of leached liquor. 

As far as methanol vapor phase pulping is concerned, there is also a lot of scope for 
further research. A top priority is to study the quality and bleachability of the pulp 
produced with this pulping method. Should the fiber properties of the pulp be adequate, 
then larger scale testing should be performed to study the suitability of the process for 
industrial applications. 

6 Conclusions 
In the present investigation the following methods of process investigation for softwood 
kraft pulping were identified: 

- Impregnation using high concentration 
- the use of alcohols as heating media 
- high temperature pulping 

The methods can be combined and work in synergy. The most promising way identified 
taking advantage of the findings is a process with impregnation using high concentrations 
followed by methanol vapor phase pulping. The use of vapor phase minimizes the use of 
cooking chemicals in the cooking stage and the amount of methanol needed.  

The benefits of using methanol vapor phase pulping include higher process yield and 
shorter process times. The use of high temperature further decreases the cooking time. A 
pre-requisite for the use of vapor phase and high temperature pulping is that sufficient 
impregnation is employed. Proper impregnation also decreases the pulping time, as seen 
in Figure 88. The obvious drawbacks of methanol vapor phase pulping are the need for an 
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extra chemical (methanol) and in the case of vapor phase pulping, the need to maintain a 
high effective alkali concentration in the impregnation liquor. Testing the feasibility of 
methanol re-generation was outside the scope of the present investigation. 

Figure 88 is a schematic presentation of the results given in Figure 67, showing the 
relative benefits in pulping speed from improved impregnation and the use of methanol in 
softwood pulping to kappa number 30.  
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Figure 88. Schematic presentation of the benefits o f complete impregnation and 
methanol addition. The lines represent the relation ship between the amount of alkali 
transferred to the wood in impregnation and the coo king time needed to reach kappa 
number 30 when cooking with constant positive end o f cook alkalinity using standard 
kraft chemicals or kraft+methanol.  

In Figure 88 the dashed line shows the relationship between the amount of alkali 
transferred to the wood in impregnation and cooking time needed to kappa number 30 for 
kraft+methanol pulping, the solid line shows the relationship for water based kraft 
pulping. The distance between the two lines is the advantage in cooking speed from the 
use of methanol in the cooking stage. An interesting point is that the advantage is 
independent of whether the cooking is conducted in vapor-phase or liquid phase. The 
reason why vapor phase at first was seen as inherently faster than liquid phase pulping 
was that the use of vapor phase pulping makes it necessary to make impregnation 
“complete” before heating up as no mass-transfer can happen during the cooking stage. 

In Table 20 the intensification potential of using complete impregnation and methanol 
addition has been calculated for three different cases. The first case without impregnation, 
the second represents penetration only and the third penetration and diffusion using a 
typical concentration of 40 g EA/l as NaOH. 
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Table 20. Intensification potential by impregnation  and use of methanol in pulping for 
cases without impregnation, with penetration only a nd with penetration and diffusion 
prior to heat-up. Calculations for transferred EA a re based on the use of 40 g/l 
impregnation liquor and a total alkali need of 20% EA on wood. 

No 
impregnation 

Penetration 
only 

Penetration + 
diffusion 

EA transfered in impregnation 0 % 3.3 % 7.3 % 

H-factor needed to reach 2.2% lignin yield 2400 2300 2000 

Intensification potential by 100% impregnation 
using high concentration liquor (H needed: 
1400) 

42 % 39 % 15 % 

Intensification potential by methanol addition 
25 % (H 

needed: 1800) 
26 % (H 

needed: 1700) 
30 % (H 

needed: 1400) 

Intensification potential by 100% impregnation 
and methanol vapor phase (H needed: 800) 

67 % 65 % 60 % 

Further improvements in pulping speed can be achieved by impregnating a surplus of 
alkali into the wood prior to heat-up, but as this leads to an increased strain on chemical 
recovery, it does not meet the criteria of an intensified process setup in the present 
research. 

It is also possible to decrease the cooking time using high cooking temperature: 
increasing the cooking temperature from 165°C to 180°C would decrease the pulping 
time to reach an H-factor of 800 from 78 minutes by a further 70% to 23 minutes. The 
total decrease in cooking time when going from an unimpregnated cook at 165°C to a 
100% pre-impregnated cook using methanol at 180°C using 5 minutes’ heat-up would 
thus be from 4 hours to 23 minutes or >90%.  

The use of high temperatures can be criticized on the grounds of increased heating 
demand. However, the use of vapor phase technology decreases the volume of liquor that 
has to be heated, so this aspect becomes less significant. 

The current research does not answer the question of what brings about the positive effect 
of methanol on kraft pulping, nor was answering that question an objective of the present 
research. It does however seem clear that the explanation is something slightly more 
complex than the solubility and penetration theories presented in the past. Two interesting 
aspects that warrant further study are the effect of methanol on the amorphous wood 
polymers and the solvent effect on the hydration of inorganic chemicals in the cooking 
liquor. 

Based on the results of the present investigation, it is clear that the kraft process, as 
currently employed, is highly inefficient. There is significant room for shortening reaction 
times, and the failure to do so cannot be justified with claims pertaining to process yield 
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or chemicals consumption. A mill taking advantage of the concepts presented would have 
some of the following benefits: 

• Just in time manufacturing 
• Agile reaction to changes in raw-material properties 
• Increased possibilities to segregate raw-materials and produce tailored pulps 

  
The present research also raises several questions about several basic assumptions widely 
used in kraft pulping research. For instance, the present research shows that higher 
chemical charges do not necessarily lead to extensive yield loss and that yield and pulp 
viscosity are not correlated over a wider range of processes. Also, based on the present 
research the widely used assumption that the concentration of cooking chemicals inside 
wood chips in pulping are in a straight relationship to the concentration of the 
surrounding liquor seems quite shaky. It is clearly time for pulping research to go back to 
fundamental science and make a more focused attempt at explaining the processes 
involved in wood delignification. 
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Appendix 1 

Eric Enqvist doctoral thesis 

Heat Transfer and Temperature Profiles in Oil Bath 
Autoclave Digesters 

The calculations and results presented are compiled from a broader report written by Dr. 

Kari Kovasin in June 2000. 

The purpose of these calculations is to calculate the probable internal temperature in a 

small oil heated autoclave used in pulping research. 

Starting values 

- Initial temperature inside the autoclave 20°C 

- Target temperature inside the autoclave 165°C 

- Autoclaves assumed to be cylinders of outside diameter 0.05 m and length 0.19 

m. Wall thickness 0.003 m 

- Autoclaves rotate in heating oil with a velocity of 14 rpm 

Heat transfer calculation principles 

Heat transfer coefficients 

The most significant heat transfer resistance is outside of the autoclave, from the oil to 

the surface of the autoclave. The heat transfer resistance of the autoclave wall is 

practically insignificant and the inside heat resistance from the inner wall to the digester 

liquor gives a slight increase in total heat resistance. All factors have been taken into 

account in the calculations. 

The heat transfer from the oil to the outer autoclave surface was calculated by means of 

forced convection. The flow regime is laminar and the suitable correlation for the outer 

side heat transfer coefficient is given in Perry’s handbook, 5
th

 Ed. Eq. 10-44 /
1
/ 

The heat transfer inside the autoclave is governed by natural convection due to the 

limited flow in relation to the autoclave wall. A suitable correlation for the evaluation of 

the inner side heat transfer coefficient is given in Perry’s handbook, eq. 10-32. 

The total heat transfer coefficient was then calculated by means of eq. 10-115 of Perry. 

Case I: total mixing inside the bomb 

Considering the unsteady-state heat transfer during the heating up period, there are two 

limiting cases to be considered: either complete mixing inside the bomb or no mixing at 

all. The reality is somewhere in between these two extremes. 
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Eric Enqvist doctoral thesis 

In case of complete mixing, the inside temperature in the digester liquor is the same in all 

place in the autoclave. The heat transfer can be calculated by preparing the unsteady state 

heat balance differential equation. 

  

Case II: No liquor mixing inside the autoclave 

This alternative leads to heat conduction problem in cylindrical coordinates. The 

analytical solution would imply using Bessel functions and is as such solvable in a 

tedious but straightforward manner. However, there are useful graphical methods 

available for solving such problems. One good source is Janna’s Engineering Heat 

Transfer –book /
2
/.  

In this no-mixing case, there is a temperature gradient inside the autoclave from the walls 

towards the centerline of the autoclave. The coldest point is the centerline and the hottest 

temperatures are at the autoclave walls. It is possible to estimate the average and the 

centerline temperatures by using Figs. 6.9a and 6.9b of /2/. 

Discussion 

The two methods give an idea of the behavior of the autoclave temperature in two 

extreme cases. Reality is probably somewhere in-between. 

                                                
1
 Perry, R.H., Chilton, C.H., Chemicla Engineers’ Handbook, 5

th
 Ed., McGraw-Hill Publishing, New York, 

1973 
2
 Janna, W.S., Engineering Heat Transfer, PWS Engineering, Boston, 1986 
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Time to temperature experiments
Cooking chemicals: White liquor + water (batch cook)

E
oC

, g
E

A
/l 

pH 11

60 40 2 175 2302 96 25.0 9.2 21.1 1.4 43.9 0.0 1078 35.6
60 40 5 175 2310 97 25.0 10.0 19.9 1.3 43.7 0.0 1036 39.3
60 40 9 175 2318 92 25.0 9.5 23.5 1.6 45.4 0.0 1108 34.8
60 40 9 175 2335 95 25.0 9.6 21.9 1.5 44.5 0.0 1074 34.7
60 40 17 175 2320 92 25.0 9.4 23.7 1.6 45.1 0.3 1112 34.3
60 40 21 175 2305 88 25.0 10.2 23.1 1.6 44.4 0.0 1094 34.7
60 40 88 175 2295 79 25.0 10.5 22.7 1.5 44.6 0.1 1106 37.2
60 40 90 175 2301 84 25.0 13.1 23.3 1.6 44.6 0.0 1127 36.3

Impregnation experiments
Cooking chemicals: White liquor + water (batch cook)

E
oC

, g
E

A
/l 

pH 11

5 34 5 175 1799 73 21.1 6.4 44.0 3.2 48.2 1.2  -- 29.9
5 31 5 175 1197 38 19.1 5.0 75.0 6.0 52.2 12.5  -- 25.6
5 34 5 175 2218 94 21.1 6.3 31.3 2.2 46.2 0.1 1217 30.1
5 31 5 175 1520 61 19.3 6.0 59.1 4.6 50.5 4.9  -- 28.2
5 31 88 175 1502 52 19.1 4.7 60.4 4.6 49.5 1.2  -- 27.9
5 34 90 175 2209 81 21.1 5.7 30.2 2.1 45.8 0.0 1217 28.8
5 31 90 175 1805 65 19.1 4.8 44.4 3.2 47.0 0.1  -- 31.1

60 34 4 175 2200 92 21.3 6.6 34.7 2.4 45.0 0.2 33.3
60 31 5 175 1501 62 19.1 5.4 61.4 4.7 50.4 6.5  -- 26.4
60 31 6 175 1202 50 19.0 5.8 82.0 6.7 53.5 26.1  -- 23.9
60 34 7 175 2001 84 21.3 6.5 37.8 2.7 46.5 0.6 1291 32.1
60 31 88 175 1401 46 19.1 5.0 62.9 4.7 49.3 2.1  -- 27.9
60 31 90 175 1802 64 19.1 4.7 50.0 3.8 49.3 0.2  -- 29.2
60 31 90 175 1497 50 19.1 5.6 56.8 4.3 49.4 1.0  -- 28.1
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Solvent addition time to temperature
Cooking chemicals: White liquor + water + methanol (batch cook)

E
oC

, g
E

A
/l 

pH 11

60 40.8 4 175 2306 93 25.5 7.9 15.6 1.0 44.0 0.0 933 38.9
60 40.4 3 175 2315 95 25.3 7.2 15.5 1.0 43.7 0.0 878 39.4
60 40.4 10 175 2300 97 25.3 9.5 17.3 1.2 44.0 0.0 948 38.2
60 40.4 10 175 2308 95 25.3 7.3 15.0 1.0 43.8 0.0 863 40.4
60 40.4 20 175 2313 92 25.3 7.7 16.1 1.1 43.7 0.0 860 40.5
60 40.4 20 175 2309 96 25.3 7.3 15.1 1.0 43.5 0.0 825 41.1
60 40.4 88 175 2331 84 25.3 7.1 14.8 1.0 43.6 0.0 855 40.2
60 40.4 79 175 2316 80 25.3 3.6 13.9 0.9 43.0 0.0 825 40.9

Impregnation experiments using solvent (Methanol impregnation)
Cooking chemicals: White liquor + water + methanol (batch cook)

E
oC

, g
E

A
/l 

pH 11

60 40.4 5 175 1809 75 25.3 7.6 21.5 1.5 45.1 0.1 979 38.0
60 40.4 5 175 1773 73 25.3 8.8 21.7 1.5 45.7 0.2 955 36.7
60 40.4 10 175 1759 76 25.3 7.9 21.9 1.5 45.2 0.2 936 37.2
60 40.8 22 175 1820 72 25.5 8.4 18.4 1.3 44.6 0.0 908 39.8
60 40.8 90 175 1763 59 25.5 9.7 17.7 1.2 44.7 0.0 913 39.9
60 34.8 5 175 1618 66 21.8 6.7 27.3 1.9 46.5 0.2 1092 35.7
60 32.0 7 175 1308 52 20.0 4.8 38.4 2.9 49.1 1.6 1245 32.1
60 31.8 6 175 918 36 19.9 6.3 54.6 4.3 51.8 6.8 1275 29.9
60 31.8 5 175 607 23 19.9 7.7 75.4 6.4 55.3 17.7  -- 26.4
60 30.0 4 175 548 21 18.8 6.5 83.4 7.5 58.9 34.9  -- 25.4
5 37 4 175 1854 77 23.1 5.6 24.8 1.8 46.8 0.2 1072 36.1
5 34.4 4 175 1754 72 21.5 4.8 29.4 2.2 48.0 0.8 1147 34.1
5 34.8 5 175 1578 65 21.8 7.0 30.3 2.2 48.1 0.7 1125 29.3
5 34.4 6 175 1606 66 21.5 4.4 32.1 2.4 48.5 0.5 1184 33.9
5 32.0 4 175 906 37 20.0 5.2 53.6 4.4 54.0 8.1  -- 29.3
5 32.2 4 175 800 32 20.1 6.1 60.3 5.0 54.6 10.6  -- 28.8
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Methanol displacement (Methanol cooking)
Cooking chemicals: (White liquor + water) / methanol displacement

E
oC

, g
E

A
/l 

pH 11

60 66.8 3 175 1995 71 25.1 12.3 12.7 0.8 42.1 0.0 621 43.3
60 66.8 7 175 2029 83 25.1 10.3 13.6 0.9 43.5 0.0 721 43.6
60 66.8 21 175 1701 68 25.1 13.7 13.4 0.9 42.9 0.0 763 44.5
60 56.8 4 175 1695 71 23.4  -- 18.8 1.3 44.7 0.0 901 40.4
60 56.8 3 175 1607 58 21.3 6.0 21.9 1.5 45.4 0.0 842 38.3
60 56.8 4 175 1595 66 21.3 7.5 20.8 1.5 45.6 0.0 952 40.2
60 56.8 21 175 1625 64 21.3 7.7 20.1 1.4 44.9 0.0 987 40.0
60 56.8 10 175 1595 66 21.3 7.3 21.4 1.5 45.1 0.0 985 38.9
60 56.8 10 175 1598 64 21.3 7.2 21.7 1.5 46.1 0.0 993 38.6
60 56.4 87 175 1625 56 21.2 7.9 18.7 1.3 44.8 0.0 975 40.6
60 56.4 19 175 1620 63 21.2 8.8 18.7 1.3 45.2 0.0 956 40.6
60 56.4 90 175 1607 63 21.2 8.4 18.8 1.3 44.8 0.0 991 41.0
60 51.6 90 175 1207 38 19.4 6.4 29.4 2.1 46.5 0.0 1154 38.0
60 45.4 90 175 702 18 17.0 4.5 66.8 5.3 51.7 4.0  -- 29.4
60 48 90 175 695 17 18.0 6.5 57.1 4.4 50.7 0.8  -- 30.6
60 50.4 6 175 1201 48 18.9 5.8 31.5 2.3 47.5 0.1 1153 34.8
60 51.6 5 175 1193 56 19.4 5.5 42.2 3.1 48.2 0.3  -- 31.3
60 51.6 6 175 1199 49 19.4 6.0 30.7 2.2 47.0 0.1 1113 35.9
60 48.0 5 175 909 36 18.0 6.1 44.5 3.3 48.9 0.5 1240 32.5
60 45.6 5 175 708 28 17.1 6.8 60.8 4.8 51.8 3.1  -- 30.4
60 44.0 5 175 520 19 16.5 6.3 86.2 7.4 56.1 29.9  -- 26.8
60 48.0 90 175 897 26 18.0 5.7 46.2 3.5 48.9 0.0  -- 32.9

1day 54.2 5 175 1306 53 20.3 5.2 40.7 3.0 48.9 0.0  -- 31.3
1day 45.6 5 175 806 33 17.1 2.8 68.0 5.5 53.1 14.3  -- 25.7
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1day 54.2 5 175 1111 44 20.3 2.9 41.5 3.2 49.9 0.2  -- 31.8
1day 54.2 5 175 1007 41 20.3 3.6 43.3 3.3 50.5 0.1  -- 30.1
1day 54.2 5 175 802 32 20.3 2.8 53.5 4.5 54.4 0.9  -- 28.2
1day 50.0 5 175 1006 41 18.8 1.8 52.0 4.1 52.1 0.7  -- 28.1
1day 50.0 5 175 796 33 18.8 2.8 62.1 5.1 53.6 3.0  -- 26.8
3day 54.2 5 175 1369 56 20.3 2.2 33.0 2.5 49.0 0.0  -- 32.4
3day 45.6 5 175 805 29 17.1 1.2 74.1 6.2 54.9 29.3  -- 24.7
4day 54.2 5 175 1304 53 20.3 2.3 35.9 2.8 50.1 0.0  -- 32.2
4day 54.2 5 175 1001 41 20.3 3.7 43.3 3.4 51.2 0.0  -- 30.6
4day 54.2 5 175 802 33 20.3 5.4 56.0 4.5 52.7 0.5  -- 29.4
4day 45.6 5 175 804 33 17.1 1.4 69.4 5.8 54.3 7.9  -- 24.1
7day 54.2 5 175 1300 54 20.3 3.6 34.2 2.5 48.7 0.0  -- 31.0
7day 50.0 5 175 802 33 18.8 2.8 62.0 5.0 52.9 2.6  -- 26.7

5 54.2 5 175 1515 61 20.3 4.8 31.3 2.3 47.8 0.3 1108 34.9
5 54.2 5 175 1320 56 20.3 6.6 32.8 2.4 47.1 0.3 1121 35.5
5 51.6 5 175 1206 51 19.4 5.0 38.8 3.0 50.0 0.4 1173 33.9
5 51.6 6 175 1000 40 19.4 6.0 42.6 3.2 49.8 1.3  -- 32.6
5 45.6 5 175 803 31 17.1 3.5 66.2 5.6 55.1 10.9  -- 27.8
5 45.6 5 175 701 27 17.1 4.2 71.7 6.2 56.3 10.4  -- 27.9
5 54.2 90 175 1300 36 20.3 4.6 34.0 2.5 47.3 0.1  -- 36.1
5 45.6 90 175 998 30 17.1 3.7 49.4 3.8 50.1 0.3  -- 31.2
5 45.6 90 175 802 21 17.1 4.2 58.3 4.5 51.0 1.5  -- 29.7
5 45.6 90 175 701 18 17.1 3.2 73.8 6.0 53.4 14.6  -- 27.4
5 45.6 90 175 553 10 17.1 3.7 90.2 7.6 55.3 32.3  -- 25.3
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Vapor phase cooking (MeOH-vapor, water steam, kraft liquid reference)

E
oC

, g
E

A
/l 

pH 11

MeOH vapor
15 120.4 9 175 806 30 45.2 % 14.9 % 4.1 40.3 3.4 54.6 2.31 30.30
68 89.6 5 175 1002 37 38.1 % 16.0 % 4.8 33.5 2.6 51.4 0.55 1089 32.11
68 94.8 5 175 1009 38 40.3 % 18.7 % 3.5 32.8 2.6 51.7 0.46 1136 32.99
60 95.0 7 175 998 39 40.4 % 16.7 % 4.7 36.1 2.9 52.66 1.87 1111 31.01
60 95.0 5 175 711 23 40.4 % 16.7 % 4.9 38.5 3.1 52.57 1.14 1120 32.11
60 100.0 5 175 1002 39 42.5 % 18.4 % 6.0 30.2 2.4 51.07 0.97 1047 33.43
60 100.0 5 175 700 26 42.5 % 18.8 % 6.0 39.4 3.2 52.65 1.21 1138 31.58
60 100.0 6 175 505 18 42.5 % 19.0 % 10.0 43.9 3.6 53.5 1.8 - 31.23
60 100.0 6 175 310 11 42.5 % 17.7 % 9.5 71.9 6.5 58.75 8.06 - 26.70
60 100.0 6 175 500 18 42.5 % 16.9 % 8.1 48.8 3.9 52.66 2.22 - 30.79
60 100.0 5 175 1302 52 42.5 % 18.0 % 6.4 27.0 2.1 51.15 0.49 1006 33.87
60 100.0 4 175 1650 67 42.5 % 17.8 % 5.5 22.3 1.7 49.61 0.41 923 34.66
60 95.0 9 175 405 13 40.4 % 17.5 % 8.7 55.6 4.8 56.01 1.53 - 29.16
60 100.0 7 175 702 26 42.5 % 17.9 % 7.5 36.9 3.0 52.97 0.74 - 33.00
60 96.8 8 175 550 20 41.1 % 17.7 % 7.0 45.5 3.7 52.97 1.28 - 30.48
60 93.2 7 175 254 7 39.6 % 16.8 % 7.2 87.7 8.2 61.05 21.39 - 24.31

1080 100.0 4 175 995 39 42.5 % 19.9 % 9.6 21.8 1.6 48.31 0.28 862 38.36

Water steam
68 95.2 7 175 1663 65 40.5 % 18.2 % 5.8 31.6 2.4 50.2 0.28 31.22
68 94.4 5 175 1664 68 40.1 % 17.5 % 4.3 28.9 2.2 49.4 0.21 1190 32.53
65 95.2 6 175 1651 69 40.5 % 17.8 % 5.3 44.2 3.5 51.9 0.62 - 29.34
68 100.0 6 175 1659 70 42.5 % 18.3 % 7.0 27.5 2.1 49.02 0.03 1077 34.36
68 100.0 6 175 1197 49 42.5 % 17.7 % 7.2 39.6 3.1 51.91 0.3 1211 30.53
60 100.0 5 175 803 34 42.5 % 18.2 % 9.6 49.1 4.0 52.96 0.44 - 30.25
60 100.0 5 175 1654 69 42.5 % 18.4 % 5.2 32.6 2.5 50.54 0.24 1089 31.64
60 100.0 5 175 1206 40 42.5 % 17.2 % 7.2 42.8 3.2 49.42 1.59 - 30.99
60 100.0 5 175 601 27 42.5 % 17.2 % 9.6 72.3 5.9 53.27 10.48 - 28.86
60 100.0 5 175 1001 40 42.5 % 18.6 % 7.5 48.2 3.9 53.51 0.75 - 29.03
60 95.0 7 175 598 24 40.4 % 16.8 % 9.2 71.6 6.2 56.24 4.22 - 26.31
60 106.8 8 175 1799 74 45.4 % 19.0 % 6.4 22.5 1.7 48.65 0.06 1063 35.35
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Kraft reference (batch cook)
60 44.0 5 175 2312 97 22.0 % 6.2 25.2 1.8 47.8 0.01 1167 34.60
60 45.0 5 175 2300 96 22.5 % 7.4 22.8 1.7 47.4 0.06 1115 35.50
60 43.0 6 175 2171 90 21.5 % 5.9 27.9 2.1 48.1 0.04 1227 34.10
60 41.0 5 175 1998 83 20.3 % 5.7 33.2 2.5 49.5 0.11 1283 31.66
60 39.0 5 175 1800 75 19.5 % 5.0 42.4 3.3 50.7 0.61 28.55
60 38.0 5 175 1598 67 19.0 % 5.0 51.7 4.1 52.3 1.79 27.68
60 44.0 62 175 2163 81 22.0 % 8.7 20.2 1.4 46.3 0.005 1104 37.41
60 38.0 60 175 1604 61 19.0 % 5.6 41.8 3.2 50.2 0.05 30.36
60 43.0 7 175 2147 88 21.5 % 7.8 25.7 1.9 48.2 0.02 1181 33.35
60 43.0 6 175 2002 86 21.5 % 6.8 28.2 2.1 49.28 0.08 1209 33.05
60 43.0 7 175 1499 63 21.5 % 8.8 42.3 3.3 51.67 1.19 - 30.20
60 43.0 7 175 998 41 21.5 % 10.1 62.3 5.2 54.67 4.11 - 27.08
60 43.0 6 175 499 20 21.5 % 13.1 99.3 9.5 62.82 41.67 - 21.80

Study on impregantion, constant cooking time
Kraft impregnation, methanol vapor cooking

E
oC

, g
E

A
/l 

pH 11

 Statistical study. Param: imp. T, imp. EA, imp. ti me, H-factor.
Impregantion temp 25C

15 40.0 8 175 996 37 17.0 % 6.1 % - 137.2 16.1 76.9 70.5 - 14.0 25
68 80.0 8 175 996* 37 34.0 % 15.5 % 4.5 42.7 3.5 53.0 1.7 - 29.3 25
15 120.0 8 175 1006 37 51.0 % 16.5 % 5.9 30.3 2.4 51.9 0.7 - 33.3 25

120 40.0 8 175 1011 38 17.0 % 7.9 % 0.0 128.3 14.0 71.2 62.5 - - 25
68 80.0 9 175 1019 39 34.0 % 14.8 % 1.8 46.1 3.8 53.7 1.7 - 28.5 25

120 120.0 7 175 1010 38 51.0 % 21.0 % 14.0 20.2 1.6 50.7 0.1 819 36.7 25
68 40.0 7 175 1007 37 17.0 % 8.0 % 0.0 127.0 14.2 73.1 65.4 - 13.3 25
68 80.0 7 175 1003 37 34.0 % 13.8 % 1.2 45.6 3.7 53.5 1.5 - 29.0 25
68 120.0 12 175 1003 38 51.0 % 19.8 % 11.5 21.4 1.7 50.5 0.2 859 36.5 25
15 80.0 9 175 1006 38 34.0 % 11.3 % 0.0 72.4 6.6 60.0 16.6 - 23.3 25

120 80.0 7 175 1002 39 34.0 % 14.6 % 1.4 48.2 4.0 54.5 2.4 - 27.8 25
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Impregantion temp 80C
15 40.0 5 175 1003 36 17.0 % 7.6 % - 138.2 15.6 73.9 66.6 - 14.9 80
68 80.0 4 175 1001 36 34.0 % 15.3 % 2.3 45.1 3.7 53.7 3.8 - 28.9 80
15 120.0 6 175 997 39 51.0 % 18.8 % 9.1 26.6 2.1 51.7 0.3 958 33.7 80
68 80.0 5 175 1008 36 34.0 % 14.0 % 3.1 40.8 3.3 52.7 1.1 - 29.8 80

120 40.0 6 175 998 37 17.0 % 8.6 % 0.0 123.3 13.1 69.4 58.4 - 14.6 80
120 120.0 5 175 998 38 51.0 % 21.5 % 14.1 21.8 1.6 49.4 0.2 - 36.6 80
94 56.9 6 175 999 37 24.2 % 10.1 % 0.0 76.8 6.9 59.0 24.3 - 22.0 80
68 40.0 5 175 1061 37 17.0 % 8.0 % 0.0 121.7 13.3 71.6 66.0 - - 80
68 80.0 5 175 1003 38 34.0 % 15.0 % 1.4 44.4 3.6 53.6 2.4 - 27.4 80
68 120.0 8 175 1003 38 51.0 % 19.4 % 12.6 22.6 1.7 49.8 0.1 848 36.7 80
15 80.0 5 175 1014 39 34.0 % 13.5 % 0.5 55.0 4.7 55.7 7.2 - 26.9 80

120 80.0 5 175 1002 39 34.0 % 15.5 % 3.1 40.2 3.2 52.4 1.1 - 30.5 80
41 99.6 6 175 1008 39 42.3 % 17.4 % 6.8 30.0 2.3 51.1 0.3 1050 33.0 80
41 110.4 5 175 1001 39 46.9 % 18.1 % 8.8 26.0 2.0 51.0 0.4 948 35.2 80
41 89.6 6 175 1003 39 38.1 % 15.9 % 4.6 34.3 2.7 51.7 0.7 1118 31.9 80
68 89.6 5 175 1002 37 38.1 % 16.0 % 4.8 33.5 2.6 51.4 0.6 1089 32.1 80
68 85.2 5 175 999 36 36.2 % 15.0 % 2.8 40.4 3.2 52.5 1.8 1194 29.6 80
68 74.8 6 175 1004 38 31.8 % 13.3 % 0.5 49.8 4.1 54.4 4.5 - 27.6 80
68 69.6 5 175 1000 38 29.6 % 12.7 % 0.0 56.8 4.8 55.6 9.0 - 25.6 80
68 64.8 5 175 1022 38 27.5 % 12.8 % 0.0 64.0 5.6 57.3 7.9 - 23.9 80
68 59.6 5 175 1001 39 25.3 % 11.1 % 0.0 78.6 7.3 60.8 24.9 - 20.7 80
68 55.6 5 175 1002 39 23.6 % 10.9 % 0.0 80.4 7.3 59.6 28.2 - 21.4 80
68 80.0 7 175 1003 40 34.0 % 14.8 % 1.8 41.2 3.3 52.5 1.0 - 29.4 80
68 80.0 6 175 996 39 34.0 % 14.9 % 0.6 39.3 3.2 53.0 1.5 1161 30.3 80

Impregnation temp 80C, varyig H-factor
68 80.0 5 175 610 23 34.0 % 14.6 % 3.3 68.4 5.9 56.4 5.2 - 26.1 80
68 80.0 5 175 801 30 34.0 % 15.0 % 3.1 49.0 4.1 54.8 3.7 - 28.1 80
68 80.0 7 175 1003 40 34.0 % 14.8 % 1.8 41.2 3.3 52.5 1.0 - 29.4 80
68 80.0 5 175 1200 48 34.0 % 14.0 % 1.6 39.9 3.2 52.7 1.3 28.7 80
68 80.0 5 175 1405 54 34.0 % 14.4 % 1.3 33.2 2.6 51.7 1.1 30.4 80
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Study on cooking temepreature
Kraft impregnation, methanol vapor cooking

E
oC

, g
E

A
/l 

pH 11

165C
60 95.0 5 165 309 26 40.4 % 16.9 % 7.8 73.0 6.6 59.22 4.87 - 27.06
60 95.0 5 165 505 45 40.4 % 16.2 % 9.2 46.4 3.9 55.19 0.86 - 31.28
60 100.0 5 165 703 64 42.5 % 17.9 % 7.9 36.6 3.0 52.88 0.99 1189 33.19
60 104.4 5 165 1003 92 44.4 % 18.6 % 9.2 25.0 2.0 51.23 0.14 1089 36.29
60 102.8 7 165 1005 92 43.7 % 17.7 % 8.6 24.2 1.9 51.01 0.16 1056 35.52
60 105.2 5 165 1296 119 44.7 % 17.5 % 7.0 21.8 1.7 50.3 0.22 966 36.65
60 95.0 5 165 449 38 40.4 % 17.4 % 8.3 56.7 4.8 55.56 2.31 - 29.53
60 95.0 6 165 251 21 40.4 % 17.4 % 8.4 80.6 7.3 59.49 10.19 - 25.26
60 94.8 7 165 298 26 40.3 % 17.2 % 10.4 67.5 6.0 58.59 3.81 - 28.27

60 100.0 5 165 697 65 42.5 % 20.4 % 10.6 34.2 2.6 50.4 0.35 1148 34.85
60 104.4 10 165 1001 94 44.4 % 17.3 % 7.6 27.3 2.1 49.97 0.84 1035 31.59
60 104.3 10 165 1022 99 44.3 % 15.3 % 6.9 24.1 1.8 49.38 0.44 1013 32.34

185C
60 105.2 10 185 1050 15 44.7 % 19.0 % 7.6 24.5 1.9 50.22 0.55 883 36.32
60 100.0 10 185 709 9 42.5 % 17.6 % 8.1 34.5 2.7 52.08 1.26 1009 33.92
60 95.0 11 185 505 6 40.4 % 19.3 % 7.2 49.3 4.1 54.2 1.29 - 30.44
60 95.0 11 185 304 2 40.4 % 17.5 % 8.1 69.0 6.1 57.57 6.11 - 26.70
60 95.0 14 185 296 1 40.4 % 17.2 % 9.3 69.2 6.1 57.48 3.98 - 27.38

155C
60 89.6 4 155 101 18 38.1 % 17.0 % 9.4 114.3 11.5 65.91 58.1 - 22.55

60 89.6 5 155 250 53 38.1 % 17.3 % 7.5 88.6 8.0 58.83 30.81 - 25.37

60 89.6 5 155 599 133 38.1 % 16.4 % 4.8 46.0 3.7 53.16 1.43 - 31.40
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Thick chips

E
oC

, g
E

A
/l 

pH 11

Heartwood
Kraft liquid phase

60 33.0 7 175 2760 118 23.6 % 8.4 37.1 2.7 47.1 7.72 1044 31.91
60 37.5 10 175 3150 130 26.8 % 11.5 26.2 1.7 41.845 3.29 927 34.86
60 36.0 11 175 3000 125 25.7 % 11.6 29.0 1.9 43.36 5.72 959 34.46

Methanol vapor
60 125.2 8 175 1316 51 78.2 % 19.3 % 8.9 30.0 2.2 48.875 9.67 751 34.54

60 119.6 11 175 1100 43 74.7 % 15.9 % 5.9 40.5 3.4 54.67 18.34 877 30.79
60 128.0 10 175 1512 58 80.2 % 17.0 % 6.4 40.1 3.6 57.98 20.97 830 29.93

Water steam
60 130.0 9 175 2200 93 81.2 % 16.8 % 6.6 49.1 3.8 50.98 22.94 900 28.48
60 129.6 10 175 2398 98 81.0 % 18.5 % 6.5 48.1 3.8 51.985 22.99 890 28.91
60 134.4 12 175 2404 99 84.2 % 18.0 % 7.6 40.3 3.1 50.1 17.54 860 30.39

60 140.0 14 175 2610 107 87.5 % 11.9 % 7.4 42.8 3.4 51.42 19.26 - 28.93
60 142.4 10 175 3003 126 89.2 % 19.3 % 7.3 33.4 2.6 50.53 15.20 806 31.45

Sapwood
Kraft liquid phase

60 43.6 9 175 2206 89 26.0 % 17.9 28.5 2.0 46.73 4.66 1033 33.99
60 36.4 10 175 3015 124 26.0 % ? 21.2 1.4 44.535 2.365 912 35.46
60 32.0 9 175 2509 104 22.9 % 8.0 39.5 3.0 50.0 9.445 1105 29.78
60 33.0 9 175 2756 114 23.6 % 8.5 36.9 2.8 48.8 8.91 1089 29.97

Methanol vapor
60 100.0 8 175 1648 66 62.6 % 12.7 % 3.0 48.8 4.2 56.5 22.57 - 24.23
60 120.0 8 175 1999 87 75.2 % 17.0 % 7.3 35.5 2.7 49.81 8.28 925 30.63
60 130.0 8 175 2208 92 81.5 % 20.9 % 10.4 30.5 2.2 48.23 7.28 890 32.48

Water steam
60 100.0 6 175 1064 41 62.6 % 17.3 % 3.0 39.6 3.3 54.48 9.87 1029 30.01
60 108.0 7 175 1099 42 67.6 % 16.3 % 5.4 36.6 2.9 51.51 7.35 958 30.37
60 115.0 8 175 1359 72 71.8 % 15.9 % 3.6 27.2 2.0 49.27 5.12 814 31.67
60 125.2 5 175 1097 45 78.3 % 19.4 % 5.2 28.4 2.2 50.96 5.1 878 33.40
60 129.6 10 175 1005 37 81.1 % 14.0 % 7.2 28.2 2.2 50.15 7.19 809 34.66
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Solvents other than methanol
Kraft impregnation, solvent vapor cooking

E
oC

, g
E

A
/l 

pH 11

60 100.0 5 175 1000 38 42.5 % 18.6 % 4.0 28.2 2.2 51.35 0.86 914 35.38 1-propanol
60 100.0 9 175 1658 67 42.5 % 17.7 % 3.8 19.6 1.5 49.03 0.42 807 39.76 1-propanol
60 108.0 8 175 1000 39 45.9 % 18.5 % 7.9 22.7 1.7 50.05 0.22 841 38.96 1-propanol
60 100.0 6 175 700 29 42.5 % 17.5 % 6.9 35.0 2.8 53.16 1.05 1030 35.15 1-propanol
60 95.0 7 175 491 19 40.4 % 16.8 % 7.9 48.3 4.0 53.94 1.17 - 32.33 1-propanol
60 89.6 7 175 302 10 38.1 % 16.3 % 10.1 77.1 6.9 58.62 11.75 - 27.20 1-propanol
60 87.2 8 175 312 12 37.1 % 16.0 % 4.4 81.7 7.5 59.84 15.03 - 27.04 1-propanol
60 95.0 7 175 377 13 40.4 % 16.5 % 7.5 57.8 5.0 56.22 2.05 - 31.06 1-propanol
60 100.0 8 175 1002 38 42.5 % 17.3 % 6.0 27.2 2.1 51.05 0.38 929 35.10 2-propanol
60 100.0 6 175 1650 67 42.5 % 18.0 % 4.1 22.5 1.7 50.33 0.18 897 35.09 2-propanol
60 94.4 9 175 508 7 40.1 % 16.9 % 7.0 56.6 4.9 56.29 2.76 - 29.91 2-propanol
60 100.0 5 175 1655 66 42.5 % 16.1 % 8.7 41.4 2.7 43.34 0.17 - 19.86 Acetone
60 100.0 5 175 1000 40 42.5 % 18.1 % 8.7 43.0 3.3 50.31 0.11 - 20.07 Acetone
60 100.0 7 175 2003 82 42.5 % 17.7 % 7.0 40.7 2.9 46.97 0.14 - 18.46 Acetone
60 92.0 11 175 1006 35 39.1 % 16.1 % 7.8 48.4 3.8 51.18 0.12 - 19.68 Acetone
60 86.8 8 175 726 24 36.9 % 15.6 % 7.3 68.6 5.8 55.6 0.97 - 19.15 Acetone
60 84.0 7 175 518 17 35.7 % 14.9 % 8.1 71.0 6.3 57.82 3.54 - 19.42 Acetone
60 80.0 8 175 303 9 34.0 % 13.7 % 9.8 95.6 9.1 62.17 24.05 - 18.13 Acetone
60 74.8 8 175 336 9 31.8 % 13.4 % 6.3 96.9 9.4 63.73 17 - 16.45 Acetone
60 100.0 5 175 1630 67 42.5 % 16.9 % 5.3 20.3 1.5 47.24 0.28 746 37.73 Ethanol
60 100.0 5 175 1005 40 42.5 % 19.1 % 6.0 28.6 2.3 52.04 0.51 942 36.09 Ethanol
60 100.0 7 175 299 10 42.5 % 18.5 % 8.4 64.4 5.8 58.89 3.46 - 29.29 Ethanol
60 70.0 8 175 1007 38 29.7 % 13.2 % 0.0 53.0 4.5 56.04 6.1 897 27.96 Ethanol
60 85.0 6 175 1005 37 36.1 % 15.6 % 2.4 39.3 3.2 52.96 2.05 1151 31.64 Ethanol
60 100.0 8 175 603 22 42.5 % 18.3 % 8.3 39.7 3.3 54.29 1.98 1016 33.29 Ethanol
60 95.2 13 175 609 18 40.5 % 16.8 % 5.8 42.7 3.5 54.31 2.29 - 33.28 Ethanol
60 92.8 7 175 507 17 39.4 % 15.8 % 4.0 54.4 4.7 57.06 3.51 - 30.52 Ethanol
60 95.2 8 175 500 16 40.5 % 17.1 % 5.0 55.1 4.7 56.31 3.34 - 30.06 Ethanol
60 92.8 8 175 300 10 39.4 % 16.7 % 7.3 70.4 6.2 58.02 4.41 - 28.02 Ethanol
60 89.0 8 175 202 5 37.8 % 15.9 % 6.7 96.1 9.3 63.47 31.64 - 25.20 Ethanol
60 92.8 7 175 236 7 39.4 % 17.7 % 16.7 83.7 7.7 60.41 20.61 - 26.87 Ethanol
60 100.0 6 175 1654 71 42.5 % 17.0 % 2.9 25.3 1.8 45.45 0.49 804 34.04 N-buthanol
60 100.0 5 175 1008 44 42.5 % 19.7 % 6.0 36.5 2.9 51.99 1.13 1041 31.93 N-buthanol
60 100.0 5 175 1630 67 42.5 % 17.6 % 6.1 24.0 1.8 49.63 0.19 883 33.77 T-buthanol
60 100.0 5 175 1000 41 42.5 % 18.3 % 4.6 31.9 2.5 51.05 0.49 964 33.30 T-buthanol
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