Helsinki University of Technology Laboratory of Buig Technology
Reports, Series A30
Espoo 2006

IMPREGNATION, VAPOR PHASE AND METHANOL
AS MEANS OF INTENSIFYING THE SOFTWOOD
KRAFT PULPING PROCESS

Eric Enqvist

Dissertation for the degree of Doctor of Science in Technology to be presented
with due permission of the Department of Forest Products Technology, Helsinki
University of Technology for public examination and debate in the Auditorium of
Puu2 at Helsinki University of Technology (Espoo, Finland) on the 27" of
October, 2006, at 12 noon.

Helsinki University of Technology
Department of Forest Products Technology
Laboratory of Chemical Pulping and Environmental Technology



Distribution:

Helsinki University of Technology
Laboratory of Pulping Technology
P.O. Box 6300

FIN-02015 TKK, Finland

Tel. +358 94511

Fax. +358 94514259

ISBN-13 978-951-22-8406-1
ISBN-10 951-22-8406-5
ISSN 1457-750X

Electronic:

ISBN-13 978-951-22-8407-8
ISBN-10 951-22-8407-3

© Eric Enqvist

Picaset Oy
Espoo 2006



A &

HELSINKI UNIVERSITY OF TECHNOLOGY | ABSTRACT OF DOCTORAL DISSERTATION
P. O. BOX 1000, FI-02015 TKK
http://www.tkk.fi

Author Eric Enqvist

Name of the dissertation
Impregnation, vapor phase and methanol as meanteokifying the softwood kraft pulping process

Date of manuscript May 22, 2006 Date efdissertation October 27, 2006

X Monograph [] Article dissertation (summary + original artigles
Department Forest Products Teamol

Laboratory Chemical Pulping amt/itEonmental Technology

Field of research Chemical Pulping

Opponent(s) Dr. Bruce Fleming, Bssbr Richard R. Gustafson

Supervisor Professor Panu Tikka

(Instructor)

Abstract

The objective of the research was to find waysturten the cooking time, i.e. intensify the kraitging process. The
reason for undertaking such a study lies in thg ltanding trend of ever increasing reactor sizbérkraft pulping
industry. The huge digester size in use presettyiéad to severe problems in understanding thavilmthof the chip
column inside the digester. An intensified proogih a drastically shorter pulping time would gi&enore
manageable process and greater freedom in resesamd

The study was performed using a new experimeng@stiér giving a much greater control over tempeeatthan what
can be achieved with other types of digesters. &habled experiments that clarify the impact ofregmation, heat-up
time, cooking temperature and cooking time to agnedegree than what has been possible earlierrédearch on
actual intensification centered on understandiegitipact of impregnation and the impact of alcolfoisthanol) on
the overall rate of pulping.

This research supports earlier research that showshe cooking time can be shortened using alsoa®ladditives in
pulping. It also supports results showing thats feocess can be achieved by using impregnatignhigh
concentrations of cooking chemicals followed byaling stage performed with direct steam heatirige fhct that the
effects work in synergy so that the fastest pulgingress identified was one that employed high eptration
impregnation followed by heating using methancéstas a new finding. The decrease in cooking tiovagared to a
conventional liquid phase batch process withoupprampregnation is close to 70%.

The present research was aimed only at shortehengdoking time and does not address questiortgdeia actual
digester and process design and economical fasitiilthe process. Especially the regeneratioaaniking chemicals
and methanol are an area that will need furthetyshefore such question can be addressed.

Keywords Kraft pulping, Organosolv, AlcahBlethanol, Softwood, Vapor phase, Rapid deligaifion
ISBN (printed) 951-22-8406-5 ISSN (printed  1457-750X

ISBN (pdf) 951-22-8407-3 ISSN (pdf) 1457-750X

ISBN (others) Number of pages 139

Publisher Helsinki University of Technolod aboratory of Pulping Technology

Print distribution Helsinki University dfechnology, Laboratory of Pulping Technology

X The dissertation can be read at http:/lib.tkRifs/




TEKNISKA HOGSKOLAN SAMMANFATTNING (ABSTRAKT)
PB 1000, FI-02015 TKK AV DOKTORSAVHANDLING
http://www.tkK.fi

Forfattare Eric Enqvist

Titel

Impregnation, vapor phase and methanol as meanteosifying the softwood kraft pulping process

Inlamningsdatum fér manuscript 22 maj 2006 Datum for disputation 27 oktober 2006

X Monografi [] Sammanlaggningsavhandling (sammandrag + sepashtikationer)
Avdelning Traforadlingsteknik

Laboratorie Cellulosa- och itigknik

Forskningsomrade Kemisk massaframstallining

Opponent(er) Dr. Bruce Flemingpféssor Richard R. Gustafson

Overvakare Professor Panu Tikka

(Handledare)

Sammanfattning (Abstrakt)

Undersokningens mal var att finna metoder foréttdrta koktiden, m.a.o. intensifiera sulfatkokgakgrunden till
undersokningen star att finna i den langvarigadeenmot allt stérre kokare i cellulosaindustrin. é&®rma kokarna
som anvéands idag har lett till stora problem i fagan att forsta vad som egentligen sker i flisbaddeti kokaren. En
intensifierad process med dramatiskt kortare kektgkulle vara lattare att styra och samtidigt gganirihet i
processdesign.

Studien utférdes med hjélp av en ny typ av expemigiekokare, som gav betydligt stérre kontroll Hve
koktemperaturen an vad som varit mojligt med tidigeokare. Detta gjorde det mdgjligt att utféra ekpent som
klargjorde inverkan av impregnering, uppvarmnirdyskioktemperatur och koktid i en hogre grad argtde.
Forskningen gallande egentlig intensifiering konoemde sig pa att forstd inverkan av impregneoiciy alkohol
(metanol) pa den totala koktiden.

Forskningen stoder tidigare resultat vilka pekaapikoktiden kan forkortas genom att tillsattacdi&l i sulfatkoket.
Forskningen stoder aven resultat vilka visar akiglkdan utforas mycket snabbt om veden forst impeess med hdga
koncentrationer av kokkemikalier och sedan upphettad anga i ett kort koksteg. Ett nytt ron adatisa effekter kan
utnyttjas synergistiskt. Den snabbaste mojliga kokpssen som identifierades var en som anvandegnering vid
hog koncentration foljd av upphettning med hjalmaatanolanga. Forkortningen av koktiden jamfort ratd
konventionellt vatskefaskok utan ordentlig impregmg ar nara 70%.

Denna studie &mnade endast forkorta koktiden atudket av barrved, och avser inte svara pa frégor galler
egentlig kokar- och processdesign eller den ekoskaribarkraftigheten av denna typ av processer. fératt fragor
kring atervinningen av kok-kemikalier och metanobénrdden som maste studeras narmare innan fragietea slag
kan besvaras.

Amnesord (Nyckelord) Sulfatkok, Organosdikohol, Metanol, Barrtrad, Angfas, Snabb delfging
ISBN (tryckt) 951-22-8406-5 ISSN (tryckt)  1457-750X

ISBN (pdf) 951-22-8407-3 ISSN (pdf) 1457-750X

ISBN (6vriga) Sidantal 139

Utgivare Tekniska Hogskolan, Laboratof@gtcellulosateknik

Distribution av tryckt avhandling Tekniskégskolan, Laboratoriet for cellulosateknik

X Avhandlingen &r tillganglig pa natet http:/likktfi/Diss/




Acknowledgements

| wish to express my sincerest gratitude towardsthadlse who have helped in the

completion of this project. My biggest debt of grate is to my supervisor Professor

Panu Tikka without whom the project behind thiseesh would never have seen the
light of day. Another visionary without whom theess behind what has been done would
not have manifested themselves is Dr. Heinrich béhpa warm thank you to you both.

For the practical laboratory work | would like teank all the staff at SciTech Process
Research and Nab Labs Prosessianalytikka Oy inm@au would especially like to
thank Henri Pihala for all the cooking experimeatsl Jukka Kahelin, Olli Timonen and
Jussi Piira for overseeing the practical side @ éxperiments and their thoughts and
comments during the process.

Another group of people who have been instrumeantttie scientific side of the project
Is the wonderful staff at the Laboratory of Pulpihechnology at HUT. | especially want
to thank Marjo and Sampsa for the support durirgldimg process of writing this thesis
and everyone else for the great atmosphere durstast years.

Last but not least, | would like to thank the statffMetso Paper Pori Oy for having the
courage to fund this study. Matti Luhtanen is esdlgcthanked for his part in the work
and overseeing the process from the Metso sidei Rasitalo, Seppo Hiljanen, Lari
Lammi and the rest of the staff in Pori are thant@dheir interest and questions during
my attempts at explaining how we had spent themegyo

| also thank all of my friends and family who hawet up with my absent-mindedness
during the last years; your support has been megable. | especially want to thank my
parents for teaching us kids to be curious andwgadrothe world to figure things out as
best we can, my sister Kitty for her support ovex years and my dear Kristina for her
endless patience and understanding. Thank you all!

Otaniemi September, 2006



Authors Contribution

The work in this thesis is based on co-operatiawéen the Laboratory of Pulping and
Environmental Technology of the Helsinki Universif Technology and Metso Paper
Pori Oy. The laboratory work was mainly performetd Léinnen Laboratoriot (later
SciTech Process Research) in Rauma. The work wes\gsied by Professor Panu Tikka
and coordinated by a steering group consistingrofeBsor Tikka, Dr Heinrich Leopold,
MSc Matti Luhtanen, one representative from theotatory in Rauma and the author.
The main contributions of the thesis are:

- Confirmation of previous researchers’ findingstbe importance of impregnation

- Confirmation of previous researchers’ results @tewx steam-phase pulping

- Confirmation and further clarification of the effeof alcohols in kraft pulping

- Proof that alcohols need not be present in lamgeuats, enabling the use of
alcohol vapor as a heating medium

- A new process concept by deploying alcohol aspmwvphase in kraft pulping

- Information on the effect of impregnation on thredighification rate

The author planned the experiments and was activthe development of pulping
procedures at the laboratory in Rauma. As the pglpxperiments were performed with
a new type of digester, a great deal of work weid designing reliable experimental
protocols.

The author compiled the results for review by theesng group and made
recommendations for future research directionserAthe decision on future research
programs by the steering group, the author planihedpractical testing parameters
together with the representative of the laboratang oversaw the completion of the
research program.

The compilation and analysis of the results for ttesis was performed by the author.
The author also planned and wrote both the liteeateview and the actual thesis.



Symbols and abbreviations

AA Active alkali FKA Fiber Kappa Analysis

AHQ Anthrahydroquinone FL Free liquor

ASAM Alkali sulfite anthraquinone FT-IR Fourier Transform Infrared
methanol pulping L:W Liguor to wood ratio

AQ Anthraquinone MeOH Methanol

Ce Concentration in entrapped My weight of wood sample
liquor o.d. Oven dry

CeL Concentration in free liquor Pl Process intensification

Cimpr Concentration of PuPu Push-Pull
impregnation  liquor T Temperature

Clnr. Chlorine number AT Temperature difference

Cold pH pH measured at room R Gas constant
temperature WLI White Liquor Impregnation

DP Degree of polymerization pulping method

DMC Dry matter content Wit% weight percentage

DwWC Dissolved wood VP vapor phase
components WL White liquor

E. Activation energy K-nr. Kappa number

EA Effective alkali as NaOH Pw basic density of wood

EL Entrapped liquor Pw.solid density of wood cell wall

EtOH Ethanol

Terminology

Alkali charge Total amount of alkali added to gvecess

Alkali to cook Amount of alkali actually enteriniige cooking stage

Alkali uptake Alkali transferred to wood in inggnation

Cellulose Primary component of the cell wall inod

Chemical pulp Wood defibrated using chemicals dissolve lignin

Entrapped liquor
Hemicellulose

H-factor
Kraft pulping process

Lignin

Lignin yield
Mechanical pulp
Mercaptans

Penetrated liquor
Rejects

Screened yield

Total yield

Soda pulping

Total yield

Organosolv

Wood alkali consumption

Liquor inside wood after impretom

Heteropolymer present in cell wating with cellulose and
lignin
Variable capturing both time and tempamin pulping

Chemical pulping using sodiwdroxide and sodium
sulfide
Organic polymer that holds the cells (fibetggether in
wood
Percentage of original lignin lefiter pulping

Wood defibrated using mechanioakrgy

Organic compounds containing a functigreaup
composed of sulfur and hydrogen, the compound githe
kraft process its distinctive smell

Liquor that has entered wooaolutn penetration

Fiber bundles insufficiently delignifiedtive cook to yield
free fibers

Total yield less screening rejects
The amount of solid material left afteroking

Alkaline pulping without sulfur
Weight of pulp after pulping

Pulping using organic solvents

Actual amount of alkali samed in reactions during
impregnation
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1 Introduction

1.1 Background and research problem

With the exception of agriculture and fishing, theod products industry is a unique
industry in that it uses a completely renewable raaterial and, in chemical pulping,
produces a surplus of energy. Wood is also an éxecgtly abundant raw material. The
total production of roundwood (including wood faref) in the world in 2003 was 3.3
billion m®, about half of which was used for industrial pisgs This corresponds to
roughly 1.3 billion metric tons of wood. Consequgnthe amount of wood used in the
world is of the same order of magnitude as thel tptaduction of cereals, which
amounted to 2.0 billion metric tons in 2003/1/.

With rising energy prices and growing environmentancerns it is becoming
increasingly important to use the wood raw matagkfficiently as possible. The need
for efficiency also applies to the production ofppemaking pulp. The dominating
process for turning wood into chemical pulp for @apaking is the kraft pulping process.
Of the 131 million tons of chemical pulp produc&d2000 kraft pulping accounted for
117 million tons /2/. Kraft pulping is charactemzéy the use of aqueous solutions of
alkaline chemicals (NaOH and P8 together with high temperature (140-180°C) to
dissolve the lignin in the middle lamella that hetde fibers together in wood.

Kraft pulping has become the dominant way to predcitemical pulp because it yields
strong pulp, can be used to process any fibrousmaterial and generates an energy
surplus. Kraft pulping is a complex system of sitanéous mass transfer and reactions
/3/. The high temperatures, pressures and higkbliae conditions used in kraft pulping
make it very hard to accurately measure the diffieparameters affecting cooking, both
in industrial equipment and on laboratory scaleisThas led to a situation where the
process design relies heavily on experience, asjulehanges are made in small steps
rather than as step changes based on solid sci€hiereliance on small incremental
changes has in turn has led to a situation wheredihesters have become extremely
large and hard to control. As a result of this dretne capital cost of new digesters has
risen and the flexibility of the industry has besaverely restricted. The realization that
this is a problem is not new; in 1930 Aronovsky &uattner concluded that: “the cooking
process in the pulp industry is based more upowtiped experience than upon the
knowledge of the chemical reactions taking placéhéndigester’/4/.

The reason why wood pulping is so notoriously Hardescribe accurately is largely due
to the complex nature of the raw material. Wood esrto the pulp mill in the form of
logs with all the variation a natural raw-matetmings with it. To make it possible to
process the wood chemically it has to be turned ahtips. In order to avoid excessive
cutting of fibers, the chips can not be too smaltypical wood chip in pulping is around
25 mm long, 15 mm wide and 5 mm thick. As a typmaftwood fiber is just over 3 mm
long and 30um thick, a single chip may contain more than O.8ioni fibers /5/. This
constitutes a natural source of variation in woedsity and moisture content, which is
further increased by the tendency of wood to foartye and latewood with very different
characteristics. Also, because of the nature oftitwesport phenomenon involved, it is
impossible to avoid further unevenness when thedwgmis into contact with the pulping
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chemicals. On top of this, even on the level ofividihal fibers, there is huge

heterogeneity in chemical composition and physataracteristics due to the layered
structure of the wood fiber wall. The possibilitigsinfluencing this problem are limited.

In most chemical processes the raw material carrushed to minimize the variations in
the raw material. For wood, where fiber qualitycistical for paper properties, this of

course is not an option.

1.2 Concept of process intensification

With increasing understanding of reaction kinetiosl better process control equipment,
many industrial chemical engineering processes limmmme more compact and thus
more efficient. When reactors are made smallepratess inventory is reduced and thus
the risk of continuous production of sub-standaxtpcts is also significantly decreased.
The discipline in chemical engineering aimed atrél@sing reactor size and maximizing
the efficiency of industrial processes is oftereredd to as process intensification (PI). Pl
Is not a method as such, but rather a framework/doous methods striving to achieve
more intelligent processes.

Several slightly different definitions of Pl exiSome define it as the reduction in size of
process equipment by a factor of 100, others a®debitious, setting the aim at halving
the reactor volume for a given rate of producti®y7/. This thesis does not try to define
the concept of Pl in any definite way, but is moomcerned with viewing kraft pulping
through the lenses of the basic process intensditanentality. The basic goal of process
intensification is to measure the true kineticshaf chemical reactions and make sure that
mass- and heat transfer correspond to those kindiie idea is to ensure that the streams
of the purest reagents possible meet and are sdpplith adequate energy to react at the
point of contact. Ideally, in an intensified progeall molecules in the whole system get
the same treatment. This requires that the maasféraand kinetics of the process are
designed so that the reaction kinetics is the iimgifactor of the process. The leading
thought in intensified processes is to avoid largactors with back-mixing and slow
addition of chemicals that slowly diffuse and reagéth some other reagent. Process
intensification has its background in attempts éduce the capital cost of production
systems in the chemical industry. Pl has been ssbtdéy applied in some chemical
engineering applications, such as de-aeration dewand combined distillation and
reaction in esterification. Static mixers in pipels are another example of PI /8/.
However, there has not yet been a major commebredkthrough of the concept in
wider process design, with the exception of sonezigp applications. This has been due
both to technical and economical reasons but alsysen 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 str@ogtrast to any concept of

intensification. Despite research on Kkinetics, desce times in reactors have only
become longer over the years. This is due to dseceaooking temperatures and
chemical concentrations in pursuit of greater heffitiency and so-called modified

pulping aimed at reaching lower pulp lignin congeptior to bleaching. Also, increased
production capacities have led to bigger reactacsthe reactors are now reaching sizes
where the chip column non-uniformity is starting gresent a serious obstacle to the
production of uniform-quality kraft pulp. For instze, large temperature differences (5°C
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in the cooking zone, up to 70°C in the displacenmmte) and flow speed differences
have been measured for liquid removal screensftereht sides of a modern continuous
digester /9/. The striking thing about the evolntaf kraft pulping systems is that there
has never been a conscious decision to steer thelogenent onto a path of ever-
increasing reactor size and residence times —gtdblajust happened. All changes in
process technology have been gradual and based @arier small step, eventually
leading to the huge digesters of today. Nobodyrhade an effort, since the late 1960’s,
to systematically study the kraft process from anpof view that would resemble
intensification. Some more recent studies have lpggformed aimed at removing the
problems related to sulfur, but in these casesiimehas been to keep the overall process
efficiency at the same level as in kraft pulpingt to improve on it.

It can be envisioned that by gaining a better ustdeding of what the actual limiting

factors are for kraft pulping, processes could bsighed to operate at their maximum
efficiency. If current processes do not operatehiat“efficiency barrier”, it is clear that a

move towards that barrier would make it possibledduce the digester volume for a
given production rate. Again, the idea is not newt964 Theodore N. Kleinert wrote: “It

was felt that mere variation of factors in pulpingder conventional conditions as
practiced in the industry cannot lead to major iowements in the technology of pulping
and that better knowledge of the underlying badienmmena could lead to new
commercial processes”/10/.

1.2.2 Process intensification in kraft pulping

In order for any chemical reaction to take plaeactive chemicals and energy have to be
present. The rate of reactions as a function omited concentration and temperature is
given by the reaction kinetics. In chemical pulpiihg reactions take place inside the
wood matrix, meaning that the kinetics are dependerthe heat- and mass transfer into
the wood.

In pulping systems, heat transfer is achieved ellygoutting the wood in contact with a

hot liquid or by letting steam condense on the weodace. Heat transfer in wood is at
least one order of magnitude faster than massféaanbherefore, it is clear that heat

transfer is not a limiting factor for process spégtl. The actual absolute temperature
used industrially is then a question of optimizihg steam usage of the mill. Medium-
pressure steam from the steam turbines is geneuskyl, which sets the maximum

temperature at around 180°C. The steam pressgenerally 12 bar, corresponding to a
temperature of 188°C.

Compared to heat transfer, the transfer of chemiigatio the wood is much more
complicated, especially in view of the alkali-comsng reactions taking place in wood
and the vastly varying temperature dependenceenf kinetics. The purpose of pulping
is to break lignin bonds, dissolve the lignin irtlk@ cooking liquor and simultaneously
remove part of the hemicelluloses. This can onke tplace in an alkaline environment
with cold pH above 11 (pH measured for samplesezbtd room temperature). The real
difficulty in ensuring such conditions becomes appa by looking at the various
alkaline-consuming reactions when increasing tmeperature to the level needed for
delignification, i.e. above 140 °C. The actual ilghond 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/.

Approximate temperature of| Alkali consumption (kg

Reaction significant reaction speed (°Q) NaOH/t wood)
Hydrolysis of acetyl groups 20 15
Heml.cellulose degradation 100 45
reactions

Neutralization of peeling 130 50
products

l_\leqtrallzatlon of dissolved 140 40
lignin

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

In aiming for process intensification and fast regtthe crucial issue is to have enough
alkali in the molecular vicinity of the lignin-caahing fiber wall structure. It is easy to

hypothesize that this can only be achieved by igwaéon, using highly concentrated

cooking chemicals at low enough temperature. Fondle conditions to achieve this aim

is one of the starting hypotheses of the present.wo

Figure 1 is an attempt to schematically presenb#sgc relationships governing the speed
of delignification in kraft pulping. The figure uktrates how the mass transfer has to
overcome both the mass transfer resistance ancbtteimption of chemicals caused by
competing reactions. The speed of the competingtioges is dependent on absolute
temperature. Heat transfer depends on the temperdifierence and the heat transfer
resistance of the wood. Certain pulping additiveshsas methanol have an impact on
different aspects of the whole process leadings$tef overall pulping.
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Figure 1. Schematic presentation of factors affecti ng delignification reactions.
k. f(T)(OH") symbolizes the different alkali consuming reactio ns as functions of
temperature.

ki f(T)(HO") de-acetylation kinetics Starting temperature:
kz f(T)(HO") sapponification kinetics "ggc
k3 f(T)(HO") peeling kinetics ~100¢

ks f(T)(HO)(HS") delignification kinetics~135¢

1.3 Objectives

The objective of the investigation was to find waysntensify kraft softwood pulping. In
this investigation the term intensification was arsiood to mean a faster overall pulping
rate, i.e. a reduction of the overall process tifiteas means smaller reactors and smaller
in-process inventory. The benefits expected fronindéensified process would be more
flexible reactor design, less undesired side reastand easier process control. Further
possible benefits include lower consumption of pudpchemicals and higher pulp yield.
A minimum requirement for an intensified pulpingppess was to increase process speed
without impairing the raw material efficiency ofetlprocess, both in terms of pulp yield
and chemical consumption.

1.4 Starting hypotheses

The process time can be reduced by increasingfticeercy of heat- or mass transfer or
the rate of the reactions. The basic starting Hgsxs were:

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

(2) Mass transfer of cooking chemicals is the lingtfactor for pulping speed and the
obstacle to taking advantage of fast heat tranafemtensified kraft process must
have a high concentration of cooking chemicalieicinity of wood lignin at
the onset of reactions

(3) Methanol increases pulping speed

Based on earlier experience, two approaches togiiyng the kraft softwood pulping

process were seen as particularly promising atotteet of the project. These were
optimizing the front end of kraft pulping, i.e. ingving impregnation through the use of
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high concentrations of pulping chemicals in chigriegnation, and using short-chained
alcohols as pulping accelerants.

1.5 Research methods

The research was mainly conducted through labgratooks and basic pulping-related
analysis methods. A new type of experimental deyestis used in the project in order to
make it possible to vary the cooking parameters aveery broad range. Most of the
research presented in this thesis was performet ukis equipment. The idea of the
present investigation was to use fundamental labordests to chart the possibilities of
achieving faster and more uniform delignificatiosing different impregnation and heat-
up scenarios and by using organic solvents in knalfting.

Some basic impregnation tests were also perfornidtse were done with the
impregnation unit designed in the laboratory of ppudy technology at the Helsinki
University of Technology. The equipment can be usgdneasure how penetration
advances under different conditions.

Some pulp uniformity tests were also performed gidoth fiber kappa analysis and

Fourier Transform Infrared Spectroscopy (FT-IR) sweaments. Both methods measure
the uniformity of the lignin removal in cookingp@r kappa analysis one fiber at a time
and FT-IR measurements from the surface of a padp p

All methods used are presented in greater det#iarexperimental section of the thesis.

1.6 Scope of research

In the current project, small-scale laboratory puptests were used to investigate the
possibilities for intensifying the processes. Tasults of the trials were mainly evaluated
based on the rate of delignification, process yaid process uniformity (rejects). The
question of fiber quality was outside the scopéhefresearch. Also, questions regarding
actual plant design for intensified processes Wedteoutside the scope as was a deeper
analysis of the costs involved.

The methods of process intensification employedewarosen on the basis that they
should be reasonably simple to implement on ansmi@l scale. Therefore, the additives
used were cheap industrially available chemicads$ #ine not exceptionally hazardous or
poisonous in ppm concentrations. Also, any additiveed should be easy to regenerate
from the spent pulping liquor. As such, short-cledimlcohols were known to hold great
promise. The liquor to wood ratio (L:W) had to leettinically reasonable and the end-of-
cook alkalinity had to be reasonable in order toidva huge dead load to chemical
recovery. Medium-pressure steam was considereldealsdating medium. The reactor to
be minimized was the actual digester. Processangtglace at atmospheric pressure
were not considered essential to the overall psotiese, so impregnation was always
performed <100°C as this can be performed at atheygppressure.

The study was highly experimental and evolutionargature. The aim at this point was

to find possible ways of intensification. Where symmssibilities were found, no attempt
was made to optimize and completely explain theotdf at this point. Instead, the idea
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was to try to be technically innovative and to igfgrdifferent 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 tedues previously studied for the
intensification of kraft softwood pulping. Thereadarge body of literature available on
different forms of process improvements for kraftging. This literature can be roughly
grouped into the following categories:

=Descriptions of new digester designs, usually emittby representatives of
equipment manufacturers. Much of this literaturectides the step change of mills
going from old equipment run much over its desigoapacity to modern equipment
run at design capacity.

=Actual data on mill performance in daily operatidery little material of this type
exists.

=Research into modifications aimed at improving pufzosity and sometimes yield.
This literature generally either serves as thesbfasifuture digester design changes
or is aimed at understanding the actual implicatiah the changes made. The
guestion of overall process speed is rarely touched

=Research into strength characteristics of pulpgudifferent cooking and bleaching
set-ups. Very little information on cooking effinoiey can be derived from this
literature.

=Reports on laboratory-scale processes using moiessr realistic chemicals and
conditions. A lot of pulping research has beengrered without any consideration
of the cost of possible additives etc.

In this review only research that is seen to desemverall pulping time is considered as
improvements towards intensification, so researnfed at increasing e.g. pulp yield or

viscosity is not considered. Although the improvemef yield as such is not an aim, the
overall efficiency of the process may not be saad and in fact many process

improvements actually bring with them increaseddyi&@he question of pulp strength is

not addressed except when the deterioration ohgtineis so substantial as to make the
pulp unthinkable as a raw material for modern payading.

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

2.1 Kraft pulping

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

The basic idea in kraft pulping is to use alkalia@H) and sulfur (Ng&) at high

temperature (140-180°C) to break down and dissibledignin that holds fibers together
in wood. The wood is handled in the form of chipsth the chips submerged in an
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agueous solution containing the cooking chemichh& process can be broadly divided
into three steps, impregnation, heat-up and actalting, as seen in Figure 2. The aim of
impregnation is to transfer cooking chemicals itite wood, with heat transfer taking
place in the heat-up stage and the actual reactiotiee cooking stage. In reality, these
steps are not clearly separated and take placdtamaously.

———— Impregnation

Cooking —

A 4

Heat-up

A 4

Figure 2. Basic process steps in kraft cooking.

The basic process steps taking place during thkingastage are:
- transfer of chemicals to the liquid-wood interface
- transfer of chemicals inside the wood
- reactions between the chemicals and wood constgue
- removal of reaction products from the wood tophéing liquor

Kraft pulping is generally considered to be restdcby the speed of the reactions. In the
following review, all steps will be discussed atr@length to identify possible ways to
increase pulping speed.

On an industrial scale, kraft pulping is performasther as a continuous process in very
large vertical digesters or in displacement-hedi@dh digesters. In continuous pulping,
the chips are fed at the top of the digester tagathith the pulping chemicals to form the
chip bed inside the digester. The chip bed movewlgldownward inside the digester
and after a retention time of around 4-6 hours dbkgnified chips exit through the
digester bottom. Modern continuous digesters caarbend 60 meters high and up to 10
meters in diameter. The temperature and activena 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 consisté several, typically 6-8, individual
digesters that are used in a batchwise manner sorenmore or less continuous
production. The cooking cycle of an individual batligester is presented in Figure 4. As
can be seen, the total process time is around #dsheith both methods. In continuous
pulping the impregnation stage (stage A in Figurésdreceded 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 regenerationcbémicals requires such complex
equipment that mills have to be built for very Ipigpduction rates in order to be
profitable. This has led to huge investments amdetiore increased the financial
risks involved in building new pulp mills

dark pulp; this leads to a need for multistageatieng after the pulping stage,
which increases the waste water loads and causestihe@r investment needs in
water treatment equipment

odor problems; the sulfur used in the process $ommalodorous compounds that
the human nose detects at very low concentratiblss, there is a slight risk of

smelt-water explosions in the chemicals recovemyadenent. These two factors
have been cited as reasons why not to build pulis glose to densely populated
areas.

After the actual cooking stage, the delignifiedpshare washed and delignified further
using oxygen. The oxygen delignification is follavBy multistage bleaching to remove
the remaining lignin and ensure a sufficient fibaghtness. 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 ifiedent mills. At some mills as much
of the lignin as possible is removed in cookingevaas other mills leave a higher lignin
content in the chips after cooking and instead rammore lignin in the yield-saving
bleaching stages. Factors such as the cost of vaoddbleaching chemicals and the
chemical recovery capacity determine the optimatllat individual mills.

The extent of delignification achieved is generatigasured by letting the pulp react with
a known amount of some chemical for a given timierAthe reaction time the residual
chemical is measured, generally by titration. Thestrfrequently used method is kappa
number measurement, which is performed using pomasgermanganate. Another
method that used to be in widespread use is th@ichl number, using chlorine as the
active chemical. The relationship between the nahend 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- numbefIL - number/L)
Birch 0.991 6.064
Pine, Spruce 1.109 6.546

“Lignin content

There is one significant drawback with using kapp&hlorine numbers for determining
the extent of delignification. The measurement gigaly the ratio of lignin structures to
the weight of the pulp sample. This means thaatheunt of lignin left in the pulp is not
at all compared to the original lignin in the woolh other words, although the
delignification of the wood might have proceededyvdifferently in two cooks, the
kappa number can be the same, provided that ti®ltgdrate yield has changed in the
same way as the lignin removal.

A simple way to circumvent the problem is to use tbtal process yield and the relation
presented in Table 2 to calculate the lignin ymhdwood of the process. This can then be
readily compared to the original lignin contenttloé wood. An example of the impact of
varying process yields on the relationship betwkappa 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/. Thelustrially interesting lignin yield
range after cooking is 1.5-2.5% lignin on wood,responding to a total yield of 45-50%
on wood.

An often measured parameter for chemical pulp Ip piscosity. The viscosity gives an

idea of the degree of depolymerization of the ¢edle molecules of the pulp. There are
several other factors such as hemicellulose cothantlso affect viscosity. An excessive
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viscosity drop in bleaching is a sign of pulp delgtgon. As far as the viscosity of
brownstock pulp is concerned, it is not a good mesaef pulp quality /14/.

2.2 Intensification by improved heat transfer and h  igher
temperature

One of the basic factors determining process spedte availability of heat for the

reactions. The general theme of heat in pulpinghlmivided into two basic questions,
the question of heat transfer and the questionbgblate temperature in pulping. The
following is a discussion of their effects on oukparocess speed.

2.2.1 Heat transfer

On an industrial scale, heat transfer to wood issjile in two ways, either by
condensation of steam on the wood surface or byacomith a heating liquor. In both
cases the transfer of heat is dependent on theetamope difference between the heating
medium and the wood. As a general principle, it t@nassumed that the diffusion
coefficient for heat transfer in wood is up to taalers of magnitude larger than that of
mass transfer /11/. In other words, it is at |3 times easier to transport heat than
mass in wood. This means that, if they occur siamdbusly, mass transfer will be the
rate-determining step.

0.5 1---15-| » Simufation (sapwood)
0.4 4 f A Simufation (heartwood)
0.3 H2— . | |
0 30 60 90 120 150
Steaming time, s

Central point temperature

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

As can be seen in Figure 7, heating with condenstegm is very rapid. The same
principle is applied in some modern continuous sliges to reach the desired pulping
temperature by having a portion of the top of tigester 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 isrgerally agreed that heating to cooking
temperature should be slow, as fast heating istedi#® detrimental to pulp quality. This
Is an interesting claim as the heating of chipsteéam is quite rapid, as seen in Figure 7,
and also the heating to cooking temperature aftgoregnation is fast in modern
displacement heated batch and continuous digeStkesclaim that pulp quality suffers
from fast heating up is based on rather old rebeanach as the findings regarding the
relationship between heat-up time and pulp polynagion degree measured as pulp
viscosity, as presented in Figure 9.
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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-time is that it is very hard to accurately
conduct tests over a wide range in the laboratowyrent pulping research techniques do
not allow pulping tests with different types of iregnation and a very short heat-up time.
For instance the results in Figure 9 are basedomkscwithout proper impregnation.
Instead the wood was merely pre-evacuated at velatiow 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 hagegy significant impact on the overall
pulping speed. In its most basic form the tempeeatiependence of basic kraft cooking
can be seen in Figure 10. The figure also showsntipact of sulfidity, which will be
discussed later; normal industrial cooks have fidstyl 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 atigrdication can be modeled using
an Arrhenius-type activation energy model, the ated H-factor model. The basic form
of the Arrhenius equation for the temperature ddpene of the rate constakis seen
below.

E,
k=AeR Equation 1

where E;, is the activation energy for the reaction
T is the absolute temperature
Ris the general gas constant

This rate equation holds for the average degratelgnification observed in the process
when the starting parameters are held constanéxBgrimentally determining a value for
the activation energy and setting a reference valueaction speed at 100°C it has been
possible to construct a method of calculating thelained effect of time and temperature
as an expression called the H-factor. The H-fagtodel does not take into account the
effect of chemical concentration, but it is a gowmdl when comparing cooks with
different temperature profiles. The essential ailethumb that can be derived from the H-
factor is that the rate of reaction roughly doublegh every 10°C increase in
temperature.

The effect of describing the cooking time and terapee with the help of the H-factor
can be seen in Figure 11. Comparing this againggtr&il0, the usefulness of the H-factor
becomes apparent. It is also clear that the codl@ngperature does not have an impact
on the cooking yield, or the ratio of lignin to bahydrates in the pulp produced. This is
supported by research by Daleski who used tempesatup to 195°C /15/. High
temperature was, however, seen to have an effequgm viscosity. A similar study
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conducted at HUT that included trials at both laory and mill scale also showed that
viscosity goes down and rejects up when the cooténtperature is increased. No effect
on total yield was seen. So, non-uniformity incesadue to limits in mass-transfer, but
yield as such is not affected /16/.
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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 overydmrs. The most popular way to
model kraft pulping is by dividing the cook intoréle phases, the initial, bulk and the
residual phase. Time/temperature correlations arengfor each phase separately as a
function of liquor alkalinity. The effect of incre@g the temperature is still the same, a
faster cook. However, fast cooks have not beenaaitfyrin process development lately.
This is probably largely due to energy economyals also been stated that the activation
energy of delignification is lower than that of loahydrate cleavage. This means that
delignification is less temperature sensitive thlthe cleavage of carbohydrates. A
reduction in pulping temperature should thus leadnbre selective delignification, as
lignin cleavage stays more or less the same, whilbohydrate cleavage is reduced /17/.

As discussed above, increasing the temperatuesigated by the need for uniformity in
pulping. Laboratory trials have shown that thickpshare always unevenly delignified, so
that 10 mm thick chips can have a screened kappdweu(=average kappa number) of
24 and the chip center can still be at a kappa eundd 127 /13/. The effect is
accentuated with increased temperature. This phenomis illustrated in Figure 12. The
nonuniformity leads to overcooking of the chip sgd and a loss of yield and pulp
strength. In fact, it has been shown that thin €htpn be pulped to very low lignin
content without loss of yield, indicating that thgparent unselectivity of kraft pulping is
in fact unselectivity of the processing method aotl the delignification chemistry. All
this seems to imply that the transfer of chemicatdly is a bottleneck in kraft pulping
and that an improvement in diffusion based masssfeat in impregnation would be a
possible way to intensify the kraft process. Tha fhat non-uniformity in delignification
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Is due to uneven transfer of chemicals is furtheckled by research showing that the
lignin content of the rejects is basically unchahge cooks where the actual rejects
content on wood has changed from 2 to 12% on wa8d The fact that the rejects
always contain the same amount of lignin means thatrejects is due to lack of
chemicals and therefore reactions in the chip cefige modeling by Gustafson et al.
/19/ also shows that the reject content in pulgependent on the delignification profile
rather than the absolute lignin concentration.
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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 intensifica, the upper temperature limit is set
by energy consumption considerations and the foomatf rejects when pulping thicker
chips at higher temperature.

2.3 Intensification by improved mass transfer

If kraft pulping is constrained by mass transferjraensified process should be achieved
by making sure the pulping chemicals are at theti@a sites in sufficient quantities
when the reaction temperature is reached. Massfaanf pulping chemicals into the
wood takes places through two basic mechanismg@emetration and II. diffusion.
Penetration refers to the process where the almanvood chips is replaced by cooking
liquor and diffusion is the random movement of ncales leading to the removal of
concentration gradients. The behavior of these nvadhods of mass transfer has been
studied extensively in the past and some interggimilings have been made.

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

Penetrated wood, reactions Penetrated wood after diffusion,
Freshwood  anq diffusion disregarded reactions disregarded
: . - Penetrated - - -Cooking fiquor
Gas filled void | [+ 00! ed c=40 g/l Cooking iguar .40 gy
0.83 dm® s liguor- i 5 500 e A onwood | INSIE WEEd: | 7.3% EA onwood
083 dm® -l T T TR e
--------- chips:--o-
Water Water —entrapped
1,00 dm®=1kg 1.00 dm3=1kg oligquor
11:83 dm?=1:83Kg
Solid-wood Solidwood Solidwood
0:67-4m’=1kg 067 dm>1kg 067 din®21kg

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 *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 pulpiagtypically around 15% EA on

wood weight as NaOH. In a hypothetical situatiomgghe wood model above, where a
40 g/l EA cooking liquor is used, the chemical geatransferred by penetration would
thus be only 3.3% on wood. If alkali consumptiondisregarded and the volume of
impregnating liquor is considered infinite (no centration drop in the impregnating
liquor), the charge transferred after complete egpation and diffusion would be 7.3%
on wood. A similar calculation can be found in tegt by Nolan /20/. The result of the
calculation implies that around half of the chertsageeded for delignification have to be
transferred to the wood after the onset of theti@ag, either during heat-up or during the
actual cooking stage. The cooking stage is alsaoevtine bulk of the reactions take place.

2.3.1 Intensification through improved penetration

Fresh wood contains gas filled voids evenly sp@atdn the wood matrix. The filling of
these voids with cooking liquor is referred to angtration. There are two basic ways to
improve penetration in impregnation, either by meffécient air removal or by applying
higher pressure in impregnation. The basic priesiglave been known for a long time
and have been presented as process ideas, suuh da-Purge process etc., as far back
as the 1950's. The basic idea of the Va-purge waslternatively increase digester
pressure using steam and relieving the digestea fmyuple of cycles in order to remove
air entrapped in the chips. The benefits reportedewower rejects, shorter cooking
times, higher yields and lower alkali consumpti@i// However, it was not until the
work by Malkov /22/ that an accurate mathematicadet describing the effect of the
various parameters affecting penetration was ptedemhe research showed that the
most important parameters in penetration are teatyper, impregnation pressure, liquor
viscosity and liquor surface tension. The modelvas further refined by Kovasin et al.
123/ who were able to calculate the time neededHerlongitudinal diffusion of air out
from softwood chips at different chip lengths andial moisture contents. The diffusion
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of air from the chips is a pre-requisite for contplenpregnation. Figure 14 shows how
air is removed from chips with varying dry mattentent subjected to steaming.

Remaining air,
m*(NTP)/BDT of

1,2 — wood
1,0
0,8
0,6
0,4
Chip moisture:

s \ 40 w-%

60 w-%
0,0
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Figure 14. Effect of chip moisture content on resid ual air content of chips (chip length
25 mm) during steaming at 100C /23/.

The work by Malkov and Kovasin et al. gives a godela why there were no dramatic
improvements from the Va-purge treatments in thé&01® and why, as pulping

temperatures were lowered in pursuit of a modifietping process, the question of air
removal again became important. The reason is simptl is aptly illustrated by Figure
15 showing the floating tendency of chips undetiotes 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 19¢8Xk70°C), the pressure in pulping
was so high (>7.9 bar) that any residual air indhps was compressed to a very small
volume. This meant that the incremental benefgfGtient air removal was very limited.
The biggest benefit would have come from reduceduraformity in delignification, but
at the time the possibilities of measuring thigetffwould have been quite limited. It was
not until process temperatures were significanbhydred that the air content in chips
became a problem. When process temperatures (anebthpressures) were lowered in
digesters with insufficient air removal, the endulke was runnability problems, caused by
chips that would float in the digester. This ledth® introduction of more efficient
steaming vessels which eliminated the problem elmegal, the importance of steaming is
well understood today and current installationsvig® good enough steaming prior to
impregnation.

These effects have been studied by Kleinert & Manira /24/ who found that rejects and
lignin content were lowered when penetration wagrowed by applying high pressure in
impregnation. Adding surfactants had a slight negaéffect on impregnation (alkali
uptake and pulping results). Similar results weshieved by Malkov et al. /25/ when
they studied the uniformity of delignification inulping with varying front-end
treatments. Further work by Malkov et al. /26/ skdwthat optimizing the front-end
treatment of chips reduces rejects somewhat antbeaer the kappa number by 5-10% at
the level of kappa 30. No differences in papermgroperties were found. Basically, it
seems that poor air removal and impregnation waddlto non-uniformity in pulping, but
the lignin content cannot be reduced very much oyl pre-treatment. Or put more
bluntly, bad air removal will destroy digester raiility, 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 kraftlping is made complicated by the fact
that there is always some consumption of alkalirdudiffusion. The alkali-consuming
reactions become more pronounced with increasimgpéeature, as explained in section
1.2.2. To make the concepts somewhat more clearfpttowing discussion on diffusion
is divided into a discussion of diffusion at impnagjon temperatures (<120°C) and at
cooking temperature (>130°C).

Diffusion depends on the random movement of mo&scurhe particle flux in diffusion
is described by Fick’s law:

J= —Dﬁ Equation 2
dx

In other words, diffusion is proportional to thencentration gradientd¢/dx) and the
diffusion coefficient D).

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

D=— Equation 3

where the frictional force on the partic ¢an be described by Stoke’s law, thus giving
the Stokes-Einstein equation for diffusion:

KT

= Equation 4
67/ma

wherea is the effective particle size amdis the viscosity of the liquid that the particle
travels through. In other words, an increase icosgy makes ionic diffusion slower. An
increase in temperature on the other hand makastér.

Diffusion can be increased in three ways in krafpmg:

* by increasing the driving force (concentration geat),
* by increasing the speed of the molecules (temp&atu
* by decreasing the friction affecting the molecules

A source of complication for diffusion in kraft githg is that there are two species of
ions that are important and which behave rathderdiftly. The hydroxide ion diffuses
rapidly in alkaline environments as it can movetigh charge transfer. The consumption
of hydroxide is also great and very temperatureaddpnt in the kraft pulping system. On
the other hand, the hydrogen sulfide ion diffusesimslower and is not consumed to any
major extent in kraft pulping. The difference betwethe 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 , 9 Na,0/100g 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 gulads clear. The alkali concentration in
entrapped liquor pressed out from the wood aftgivan reaction time reaches its peak
level after only about 60 minutes. For hydrogeriidelit takes nearly three times as long.
This points to very different diffusion charactéids of the two ion species.

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

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

t=0

- ["Solidwddd i
A1

Solid woad
ny

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
- Ve XCrio =Ve XCey

Equation 5
m,
Wood alkali consumption = Alkali uptake — Entragpiguor alkali
= Ve XCrio Ve XCryy _ Ce XVe Equation 6
m, m,

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

2.3.2.1 Diffusion in impregnation

Unlike penetration, diffusion in impregnation inveks a lot of open questions. The
biggest question regards the amount of chemicalt gshould be transferred during the
impregnation stage. As a minimum, there shouldrimigh alkali to cover the reactions
that take place during the impregnation stage, thamtaining alkaline conditions in the
entrapped liquor. There are different views onithpregnation from there onwards, and
on the benefits of different ratios of OH/HS ioiiie present discussion will, however,
focus on the impact on overall pulping speed ofioter modes of impregnation. A
problem in this context is that impregnation gelers seen only as a way to avoid
uneven pulping (rejects). The impact of impregmatbm aspects such as pulping speed
and process yield is more rarely commented on.

Several researchers have examined the diffusiomoimd. The work by Hultholm et al.

/31/ gives the amount of alkali taken up by the v@s the difference between alkali
charged and alkali that can be leached out postegmation = wood alkali consumption.
Other researchers have tried to measure the caoatientof liquor inside the wood /3/

and also quantify the de-acetylation-consuminglatkaing impregnation /28/.

A very illustrative way of studying the advance iafpregnation has been used by
Zannutini et al. /29/ for eucalyptus. Their resutsicur with those of Hultholm et al. as
to the fact that the most important factor for thegress of impregnation is the
concentration of the impregnation liquor, not thgpregnation temperature. They also
show the impregnation profile as a clear S-shapgadecin the wood cross section,
indicating a clearly separated reaction layer tmatmoving into the chip. The
concentration of sodium in the reacted zone iseckosthat of the surrounding liquor,
whereas the concentration of hydroxide is signifigalower. The difference is thought
to be due to the competition between hydroxyl iand the anions created by the reaction
with wood. This can be seen in Figure 18 for eyualy wood.
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Figure 18. Profiles of alkali impregnation of fresh eucalyptus wood. (Alkali content as g
NaOH per kg of oven dry (0.d.) wood, acetyl group ¢ 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 cleatiosazone gets more support from
further work by Zanuttini et al. /30/. Their wonkdicates that wood behaves like a glassy
polymeric solid placed in contact with a solverttisSTmeans that at least the first wave of
alkali diffusing into the wood chips cannot be miedeby simple Fickean diffusion,
because the diffusion properties change as the ichkfront advances. In practice, this
does not change the behavior of wood in impregnatery much, but should be kept in
mind in any attempt to model the diffusion in thgregnation stage.

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

Increased temperature
An increase in temperature will make diffusion éasds the random movement of

lons becomes faster. However, this also increasessonsumption of alkali in

non-delignifying reactions, eventually leading tover yield. Several researchers
have investigated the impact of temperature on égupation results /31,10,/
Research is currently being undertaken at HUT tbagelearer picture of the

composition of the entrapped liquor inside the wadter impregnation. This

should help to clarify the extent to which increhsemperature 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 theod is calculated based on the
amount of alkali that can be leached out from irgpeted wood after an
impregnation stage. Therefore, no consumption kdlaturing the impregnation
stage is considered in this approach. As seen gur&i 19, increasing the
temperature is not the way to achieve a higher amoti“free” alkali (alkali that
can be leached back out) in the wood. The increasedumption attached to a
temperature increase in fact lowers the “free” emi@tion in the wood. On the
other hand, the same figure clearly shows the litevfdiigher concentration.

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

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

Temperature Alkali consumed | Alkali uptake kg| Total yield | Lignin dissolved
kg NaOH/ton wood NaOH/ton wood| (on wood) (of total)
80°C 60 120 90% 8%
120°C 100 140 <80% 25%

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

However, when the diffusion of hydrogen sulfidddaken into account, the picture
changes. The diffusivity of hydrogen sulfide is Bawthan that of hydroxide, and
hydrogen sulfide is not consumed during impregmaiio the same manner as
hydroxide. For this reason, an increase in temperaduring impregnation will in
fact increase the amount of hydrogen sulfide teensfl. Hultholm & Lonnberg
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report an increase from 0.3 mol HS-/kg wood to Omal during 40-minute
impregnation when increasing the temperature fr@mo8130°C /33/. These tests
were, however, performed in a solution without abldgdroxide ions.

In examining the effect of temperature in impre@raton intensification, a
problem is that there is not very much informatiom the effects of different
amounts of consumed alkali, free alkali and logtidjiafter impregnation on the
actual cooking parameters. However, it does segmdbthat extensive yield loss
and thus alkali consumption should be avoided dumnpregnation, as any yield
lost during impregnation cannot be recovered ierlptocess steps.

I ncreased concentration
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As seen in Figure 16 and Figure 19, there is a s&png correlation between the
concentration of impregnation liquor and the amafrdlkali moved into the wood
in impregnation, but the problem of knowing thesett of various levels of transfer
in impregnation on the actual cooking remains. 1&tgahase pulping is one
particular method that has been the subject ofneite research into the effects of
various impregnations. One of the first researchersreally understand the
importance of thorough impregnation as a meansctoeae fast pulping was
Kleinert in his work on “Rapid Alkaline Pulping” @L In this work, impregnation
was performed at a high liquor-to-wood ratio (1:40d 1:20) and a high
concentration (40-80 g/l EA as NaOH), followed Iagtf (20 minutes, 182°C=810
H-factor) steam phase pulping. The alkali transfio the wood and the degree of
delignification achieved were in clear correlatiovith the concentration in
impregnation, as illustrated in Figure 20 and Fegait .
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Kleinert's results show that it is possible to fidty defiberized pulp using short
cooking times, provided that the impregnation hasmbthorough enough. The
pulp yield of cooks with 1% rejects was around 50% wood. However, an
increase in excess alkali after pulping did leadattoss of pulp strength and
viscosity, as did an increase in temperature. I€ketinspeculated that the
mechanism of delignification in rapid cooks was afidree radicals. This claim
was backed up by an article in Nature /36/. An dddenefit of rapid alkaline
pulping was a very small amount of mercaptans,thod odor, in rapid pulping.
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Production of pulp with a strength matching thatagied in kraft liquid phase
pulping and with similar bleaching characteristiess claimed to be possible /35/.

The process was also tested with different woodispgeindicating that it worked
both with hardwoods and softwoods, but that woodstlg was a critical factor.
High-density hardwoods needed a higher concentratfoimpregnation liquor
because of the restricted volume of liquid thatwio®d can hold /37/.

Similar results have been seen in other reseatohpiocesses with high liquor
concentrations in impregnation. One study concermme-treatment of wood
using sodium sulfide showed that increasing thety@@&ment concentration from
15 to 30 g/l N&S reduced the H-factor needed to reach a givenakapmber by

about 30% /38/. Other researchers have achievethsimsults in studies with
strong impregnation prior to delignification. Onek method is the White Liquor
Impregnation process (WLI) /39/. Clearly, increasembncentration in

impregnation can be used as a means to intensfy/paulping.
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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 impregion can be seen in Figure 22.
It is clear that delignification is very fast inettvapor phase and stops abruptly
when the alkali impregnated into the wood has lwegrsumed.

The implications of high-concentration impregnat@md vapor phase and WLI
pulping are discussed in greater detail in se@i@m®2.3.

Decreased obstruction of diffusion
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A further way to promote diffusion would be by ergang the effective cross
sectional area inside the wood available to diféfasiln pulping terms this
amounts to a removal of substrate that can hinter ftee movement of
molecules. The barriers to diffusion can be botlysgtal and chemical, so a
greater effective cross sectional area can be gédwo¢h by removing physical



obstacles, such as pit membranes or hemicellulésekihg access to lignin
molecules, and by removing wood constituents tbhasame chemicals and thus
slow the effective transfer through diffusion. Bqthe-hydrolysis and different
forms of chip leaching prior to impregnation haveeb proposed. Hultholm et al.
/31/ suggest the use of two-stage impregnation.idée of pre-hydrolysis can be
criticized on the grounds that it probably incresaglkali consumption and reduces
total yield as carbohydrates are converted intdsathat need to be neutralized.
As such, these ideas do not constitute processsifitmations.

2.3.2.2 Diffusion in the cooking stage

It is generally stated that kraft pulping is notfusion-limited as long as the cooking
temperature, chip thickness etc. are kept withimad limits /40, 41/. This limit depends
on the wood species and cooking conditions, withnarease in temperature drastically
reducing the maximum chip thickness at which diffiasis not the limiting factor /42/.
The speed of diffusion for alkali is the same ihdatections during kraft pulping /20/.
Kraft pulping modeling gives some ideas of the ripli@y between mass transfer and
reactions in cooking.

Since the advent of the H-factor model describatieeamore detailed models for kraft
pulping kinetics have been constructed, which take account the effect of the
concentrations of both delignifying chemicals aglae the lignin and carbohydrates in
the wood. The most popular one is probably the &ssh model that divides the pulping
process into three distinct phases; initial, buikl @aesidual delignification /19 /. Another
possibility is to divide the reactive componenigriin and carbohydrates) into different
reactivity classes /43/. Combined with a model tfog diffusion of chemicals into the
chips, the Gustafson model is fairly accurate ewaenpredicting non-uniformity in
pulping. However, it still makes no attempt at exping the actual reactions in kraft
pulping but is instead based on a black-box appré@a¢he overall reactions. Also, there
seems to exist some uncertainty about the numeradaés of several of the parameters.
For instance the Gustafson model uses an activatiergy for diffusion in hardwood of
20.4 kJ/mol, whereas others have measured figsreswaas 1.24 kJ/mol /44/.

The same possibilities exist as in the impregnastep, i.e. increased temperature,
increased concentration and a shortened diffusidim {o increase diffusion.

Increased temperature
As discussed in the section on pulping tempera2e2, the range of movement
in temperature is limited due to formation of régedf the cooking temperature is
increased very much, there will be more rejectshasrate of reaction increases
faster than the rate of diffusion.

Increased concentration
Clearly the easiest way to increase pulping speei iuse a higher charge of
pulping chemicals. This, however, leads to lowercpss 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 &feulp viscosity, which has
been the main focus of research into so called fieodpulping. The results of
this research have emphasized the use of as logeshand as even concentration
profiles as possible. Also, on an industrial scélelearly is beneficial to use as
little chemicals as possible. Due basically to ¢hegasons, the common
understanding in modern kraft pulping is to usdittie chemicals as possible,
while maintaining a level where there still is somae of reactions. The
importance of brownstock pulp viscosity was touchpdn in section 2.1.

An interesting fact is that a high alkali chargdl wot only lead to a short cooking
time but also to a high amount ffO-4 structures in the unbleached pulp. In
bleaching sequences based on oxygen and peroxfdghaemaining amount of
B-O-4 structures has been shown to be advantageow® hydrogen peroxide
will oxidatively degrade such structures, resultingenhanced fragmentation of
the lignin /45/. The fact that the chemicals chargeoking time and lignin
structures are interdependent indicates that theadity of chemicals inside the
wood is non-uniform, implying that kraft pulping snandeed be mass transfer-
limited.

Shortening the diffusion path
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In kraft pulping, the diffusion speed is of abdue same order of magnitude in all
chip directions /20/. This means that, as chipkiméss is more than one order of
magnitude smaller than chip length, chip thicknissghe critical parameter for

mass transfer by diffusion. Thus, the diffusionhpat pulping chemicals can be

shortened by reducing chip thickness. Trials witimrter chips have shown

benefits in pulping speed and uniformity. The kreage that chip size is a

determining factor for the outcome of pulping isrmy means new. As early as in
the 1950's it was shown that chip shredding gavis 4@ster pulping and much

lower rejects levels /20/. Similar results have rbeegistered for thickness-

screened chips in industrial cooking. Thicknesgeawed chips gave lower kappa
numbers, higher total yield and lower rejects thkate-screened chips /18/.



In general, in mill installations thinner chips aret an option, as the thickness
and chip length produced by industrial chippersdependent on each other and
thinner chips lead to shorter chips and thus &gr§. Also, very thin chips can be
difficult to process in current digesters desigried a certain chip shape, in

addition to which chipper yield decreases when pecody small chips. Thus, the

potential for process intensification through tise of thinner chips is limited.

2.3.2.3 Pulping methods with superior impregnation

Based on the discussion of diffusion in impregmatamd cooking it is clear that any
significant increase in mass transfer has to tdkeepat lower temperatures to avoid
excessive yield loss. There are two processesutiigge this principle, namely steam
phase pulping and the WLI process. Some of thecésgearrounding these processes are
discussed in the following.

Mass transfer

A basic difference between the two processes isithateam phase pulping all
mass transfer has to happen in the impregnatign Bi@wvever, there can be some
mass transfer between the chips, as shown by Ahl§r®lausson /59/. They
studied the impact of uneven impregnation priowvépor phase pulping. They
impregnated part of the wood with all of the cheatgscneeded for the cook and
the rest was left completely unimpregnated. By wayythe ratio of impregnated
to unimpregnated chips and the impregnation conagon, the researchers were
able to have a constant alkali uptake but cookh wary different impregnation
characteristics. The result was that using slowt-bpa(1°C/min 70-170°C) the
whole load of chemicals could be packed into 50%hefchips without affecting
the overall delignification characteristics. Strédngharacteristics were, however,
affected by uneven impregnation. Based on thesdtsest seems that steam
heating actually forms a liquid film on the woodathmakes alkali transport
possible between chips. Also, in steam phase tiseaevery limited volume for
dissolved wood constituents to disappear into. This be an explanation for the
higher yield observed in these cooks. The dissohealicelluloses do not have
anywhere to go and are thereby to be re-graftethadibers, even if they may
have been dissolved to some extent earlier in tbeess.

In WLI pulping there is a normal liquor phase i ttigester. This might lead to a
situation where some of the chemicals presentenatbhod can actually leach out,
making the final cooking slower than what would é&epected based on the
impregnation.

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

Reects

Both steam phase and WLI pulping have low rejemtsafgiven lignin yield. This
is probably due to uniform cooking thanks to th@ioumpregnation.
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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 guréi 25 also highly resemble
the results for WLI pulping in Figure 24. The rdsulindicate uniform

delignification through the whole chip even at eathhigh lignin contents. A
curious thing is that the rejects at kappa 30 séegher for vapor phase than

liquid phase pulping. This may, however, merelydbe to natural variation in the
experimental procedure.
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Fig. 2. Screenings content of vapour phase and liquid phase
kraft cooks versus pulp kappa No.
Symbols: ¥ vapour phase, ¥ liquid phase.

Figure 25. Rejects vs. kappa number for vapor phase and liquid phase pulping of
20x20x3mm pine chips /60/.



Yield

To further study the origin of screen rejects ipaaphase pulping a study was
performed in which softwood earlywood and latewawere pulped separately
/46/. The results clearly showed that latewood ipgiplemands a much higher
alkali charge than earlywood. In liquor phase mupihis problem is solved by
using a long residence time and diffusion, in vaploase pulping there can only
be diffusion between the two types of wood, notveein the wood and the liquid
phase.

The total yield for WLI pulping is higher than fdhe reference batch kraft
pulping, as seen in Figure 26. This contradictsctaans that alkali concentration
should be kept low in the initial part of the comkorder to achieve high yield.
The benefits claimed for the WLI-Enerbatch procestude higher yield, lower
rejects and the possibility to use lower-value wasdraw material thanks to the
efficient impregnation. In addition, the fact thiwe digester content is cooled
down to under 100°C before blowing the digesterlasgmed to reduce emissions
of mercaptans and other odorous sulfur compoundse Goncentration in
impregnation is 65-70 g/l N® /47/. This leads to a short cooking stage, and
thanks to displacement heating using hot liquoosnfrprevious stages, steam
savings of up to 60% compared to conventional baiclping 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 pulpihg, results for vapor phase
pulping yield seen in Figure 27 are also quiteiclift to explain based on the so-
called rules of modification for kraft pulping. Trencentration profile of the
cooks is very steep and the concentration of dissbmaterial inside the chips
must be substantial towards the end of the codlk.tBe yield is very good.
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Fig. 1. Total pulp yield of vapour phase and liquid phase
kraft cooks versus kappa No.
Symbols: O vapour phase, W liquid phase.

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 shdwleat an intensified pulping process
could be achieved through the use of vapor phakengu Characteristic of vapor phase
pulping is that impregnation has to be performeadgiligh concentrations to ensure that
sufficient amounts of pulping chemicals are presanthe wood prior to the cooking
stage. This is obvious, as no bulk liquid is présenvork as a buffer of chemicals.

Kleinert /48/ took the whole idea of vapor phaskimg to the extreme, going as far as to
make trials where wood meal was first impregnateith \alkali and then dried before

being subjected to heating using superheated st€him.essentially constitutes heating
under completely dry conditions. The result wasyveapid lignin cleavage without any

signs of the different stages of delignificatioattiyenerally are described in kraft pulping
kinetics (initial, bulk and residual delignificatin The carbohydrates were naturally
severely damaged by the harsh treatment, but #te tdearly showed that the liquid

phase as such is not needed in alkaline deligtibica

2.3.2.4 Industrial history of steam phase pulping

The earliest trials using vapor phase pulping thaiek at least to experiments with Va-
Purge impregnation /49/. These mill-scale experisierere performed in batch digesters,
so the benefit in terms of process time was noy Wég (the filling and heat-up of the
digester took so much time that the benefit of s faaction stage remained small).
Savings in steam consumption where, however, ergidt Research into different aspects
of vapor phase pulping was quite active while titerest lasted. Much of the work was
performed in Canadian research institutes. The vaorkvapor phase kraft pulping in
Canada in the late 1950’s and early 1960’s culreshat a series of patents /50, 51, 52/
describing both the equipment and the high-sulfigiocess 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 wams by re-circulating the
impregnation liquor, leading to accumulation offgulin the system (Figure 28). The
process with 100% sulfidity was claimed to give edlant pulp strength and low alkali
demand and was dubbed the alkafide process. Thesaale system was a 150 ton/day
digester at Domtar Newsprint Ltd in Canada. Theatpl@as claimed to have a residence
time from steaming to bleachable grade pulp of jd46t minutes and an alkali
consumption of only 65-75% of that of batch pulpioaghe same lignin content /54/.
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Figure 28. Schematic layout of vapor phase digester and liquor circulations /53/.

Benefits
The following advantages were claimed for rapidpomgd in vapor phase /54/
Lower chemical and steam costs
Higher pulp quality
Smaller in-process inventory
Lower capital cost per ton
Reduction of odor due to virtual elimination oéroaptan formation

ogkrwbPRE

Also, the small in-process inventory made the cwdus digester very flexible.
Starting from an empty digester, good-quality pctpld be produced within an hour,
a performance unparalleled by modern cooking plé&i#s

At the same time with the work in Canada, Japamesearchers were working on the
concept of alkaline vapor-phase pulping /55/. Therk centered on hardwood pulping
and showed much of the same characteristics asothtte Canadians, namely high
sulfidity and high impregnation temperature. Thesesgchers realized that the
impregnation step is a combination of physical iegpration and chemical reactions.
Trials were also performed on pilot scale (0.5 dawy) /56/. The use of liquor circulation
during impregnation gave a clear advantage by ngakirpossible to use a very high
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effective liquor-to-wood ratio, ensuring high contration inside the wood without the
need for an excessive maximum concentration. Tiegslad to very high sulfidity, which
was seen as beneficial in cooking. The pilot plgate higher yields than the same
process performed in an autoclave system, possiblg to lower impregnation
concentration or because carbohydrates lost inegmation stayed in the system when
re-circulating the impregnation liquor in the pifdant system.

Problems:

As is evident when looking at the digester baseallesl today, vapor phase
pulping never caught on industrially. The 150 tay/digester installed at Domtar
Ltd. was intended as a demonstration unit for higgstallations in the future

(normal mill size was around 600 tons/day at timag} /57/. The benefits in terms
of chemical savings and yield benefits were nadbigaat industrial scale as was to
be expected from laboratory trials. Also, the antaoinrejects was higher than
expected, possibly in part due to bad chip quality.

Problems encountered in the industrial vapor pba$gng system included /57/:

* The high-sulfidity (alkafide) process was impraatjcsulfur disappeared
from the system in recovery.

e The mill used sawmill chips, which tended to be thack for good
impregnation, leading to high rejects.

* The digester design was not optimal; although thiagprked on small
scale the problems became too big with scale-up. digester problems
included:

0 wear on mechanical parts, the insides of the digesad to be
completely changed 3 times in 20 years

o the impregnation would have needed good liquor utaten,
which was not achieved due to extensive plugginthefscreens in
the impregnation stage

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

0 severe scaling of heat exchangers, both organicaletum scales
were worse than those observed in continuous Kalnggsters.

* The advantages of vapor phase pulping turned ouietesmaller than
expected, the advantage in chemicals consumptiannetias significant
as expected, the smaller energy input needed wa®tupy new
generations of continuous digesters having begat hecovery, the odor
problem was reduced (mercaptans down by 50%) butcampletely
eliminated

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

An important reason for the shortcomings was prbbalhe excessively high
impregnation temperature, which was not seen foatwh really was, i.e. a short
conventional liquid phase cooking step at high eom@tion. This would certainly
explain the accumulation of dissolved solids in itm@regnation step and the problems
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with calcium scales. There were perhaps hopes doces non-uniformity by more

efficient impregnation (higher temperature and Emgnpregnation), which in the end
did not work out. In addition, there was a comgkch recovery process with non-
combustive oxidation etc. An underlying reasontfoe choice of a high temperature in
the impregnation step may have been a desire tp Kee temperature and thereby
pressure difference between impregnation and cgoktages as small as possible in
continuous operation. This thinking may have ledptoblems with impregnation and

thereby cooking.

L ater developments

In the 1970’s, the idea of vapor-phase kraft pujdimed on in some installations

mainly designed for high-yield pulping /58/. A fawore scientific papers were

also presented on the subject /59, 60/ dealing thigheffect of impregnation on

kraft vapor phase pulping of softwood. This reskattowed a 1-percentage point
yield advantage thanks mainly to better xylan reden low rejects and lower

alkali consumption. On the whole, however, it sedhmt the interest in the

pulping world had shifted away from this experinargrocess, and continuous
liquid phase pulping, which had been introduced eghat earlier, went on to

become the dominating pulping method.

In modern pulping installations vapor phase tecbgwl lives on in some

continuous digesters with a short vapor phase siagike upper part of the

digester. In these digesters the vapor phase @ tasachieve fast heat-up of the
chips to cooking temperature. The heat-up stagiliswed by liquid phase

cooking. The impregnation before heat-up is insidfit to achieve considerable
delignification in the vapor phase, but heat trans$ very efficient. The vapor

phase part of the digester has to be kept reaspsatall, because a big difference
between the levels of the chip pile and the ligagel in the digester leads to
severe compaction in the digester and thus logzraduct quality and digester
runnability.

Some new research into vapor phase pulping wasucted in the 1990’s in
connection with the interest in modified pulpindi€Be studies /61/ showed that
dividing the alkali charge over an initial vaporgsle stage and a subsequent liquid
phase stage increases pulp viscosity but givesahe yield as when charging all
the alkali in the initial vapor phase stage. Insne@ the alkali charge in the liquid
phase stage was also found to lead to a cleartiedun yield and pulp viscosity.
The experimental setup differed from the industsiglam/liquor digesters in use
as the chemical charge ahead of the steam phgsevatemore than half of the
total chemical charge.

Bofeng also studied the effect of re-circulating timpregnation liquor in the

impregnation step of vapor-liquid phase pulping /&® impact on pulping speed
was detected when the same impregnation liquorrerased five times (air-dried

softwood, H 3000 kappa 25, 46,2% yield). Prelimynarass-balance calculations
show that an ordinary recovery system could suplpé/ chemicals needed to
maintain sufficient impregnation liquor strength.

Cooking with very low liquor-to-wood ratios has beeased commercially in
sulfite pulping. A good reference for both laborgtcand industrial-scale work is
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the licentiate’s thesis work of Pirkko Molketin-Matnen /63/. An advantage of
sulfite pulping is that the amount of chemicals&ferred in impregnation can be
more easily increased than in kraft pulping, whities recausticizing technology
sets the upper limit for the achievable conceraratif white liquor.

2.3.3 Improving the removal of reaction products

As the aim of kraft pulping is to remove the lignihis clear that increasing the rate of
removal of lignin fragments from inside the woodilcbbe expected to have an effect on
the overall cooking speed, i.e. resulting in intkcation of the process. In connection
with research into modified pulping this has beegspnted as a potential way to improve
the selectivity of delignification. There are sealevariations of modified pulping. The
one focusing on removal of dissolved solids frora tooking liquor is called the Lo-
Solids process. This process has been used ontriadigsale in several applications. As
such, the aim of Lo-Solids pulping is not to in@n&raft pulping, but published results
show that this aspect does exist. Maroccia & Jigdg for example reported a 5 to 10%
decrease in blowline kappa number when moving t&bbds pulping in digesters that
used modified continuous pulping.

It is also claimed that a high ionic strength makedping slower and decreases the
bleachability of the resulting pulp /45/. In praetj it can be hard to get a very low ionic
strength in industrial pulping, as liquors haveb® 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 tlvood fibers by breaking enough bonds
in the 3d structure of the lignin macromoleculeshe middle lamella holding the fibers
together. The reactions in kraft pulping seem tgjlée well understood and are basically
ionic reactions involving nucleophiles /65/. The imamechanisms of lignin
macromolecule cleavage is the break-up of and B-O-4 ether bonds. Other
interpretations have been raised, for instanceniékeipointed to the presence of free
radicals in alkaline delignification in wood /360thers have also studied this
phenomenon /66/, the problem is, however, thatedsliare very short lived and hard to
measure in-situ. The consensus is that the reactisndue to ionization.

A possible way to intensify the kraft process wob&lto find catalysts for the reactions
or alter the process conditions in some other Wway would speed up the reactions. This
study centers on the kraft process, so only adgtihat somehow influence the speed
and extent of these reactions will be consideree.h&lso, no attempt will be made at

explaining the complete chemical behavior of thditaces. The additives can be grouped
into chemicals that actively take part in the dafigng reactions and chemicals that

somehow change the process conditions and thusl sgeéhe process. Chemicals that
take part in the process are additives such asantimone and polysulfide. Chemicals

that do not take part in the chemical processedaarastance 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/arbohydrate reactions the cheapest
and most widely used accelerant is the one thaialgtdefines kraft pulping, namely
sulfur. The whole process of kraft pulping is ampmvement from the soda (NaOH)
pulping process. Any improvement provided by furthdditives has to come on top of
the speed-up and yield advantage achieved by thefusulfide in the cooking liquor. By
increasing sulfidity from 0% to 31% the delignifim time is reduced by half for
softwood pulping /5/. The effect is illustratedrigure 10. The most natural step forward
along this line of thought is the use of very hglifidity, as proposed for instance by
Munk et al. /53/. As noted earlier, this was impicad partly due to sulfur losses, but also
due to corrosion on the digester when cooking whigh sulfidity/57/. Also, the
incremental benefit of increasing sulfidity over983s minimal, at least in liquid phase

pulping.

The hydroxides of different metals also have dédferdelignification characteristics, as
shown by Laroque & Maas /75/. This could be duediferences in the hydration
behavior of the various chemicals. The use of sndhased chemicals is, however,
definitely preferred as these make-up chemical€laeap and easy to handle.

2.4.1.1 Polysulfide

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

If elemental sulfur is not used, the second opfammpolysulfide addition is to oxidize
white liquor to produce polysulfide. This meanstthi@® amount of polysulfide in the
cooking liquor will depend on white liquor sulfigit so the charge is limited to one
percent on wood at best. As some thiosulfate idyred as a side-reaction of oxidation,
this leads to an overall reduction in pulping spesdl the use of polysulfide will then
work as a process retardant rather than an intensif

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

The yield benefits of polysulfide and anthraquinceme additive and possible even
synergistic /69/.
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2.4.1.2 Anthraquinone

Another group of chemicals that has been widelyestigated are different forms of

quinones, mostly anthraquinone. Several relatetvateres have also been investigated.
Different forms of quinones have proven to be quféective in speeding up soda
pulping. The basic benefits of using anthraquinionalkaline pulping are: acceleration of
pulping and carbohydrate stabilization with yielaegervation /69/. The mechanism of
anthraquinone is to work in a chain of events.tHmsoluble AQ is electrochemically

reduced by dissolved carbohydrates in the pulgopgol. The polysaccharides that give
up an electron are hereby stabilized against pgakactions. The reduced form of
anthraquinone reacts with lignin by transferringedectron inducing the lignin to cleave.
This oxidizes the AHQ back to AQ and the proceagsbver.

However, in processes with a sulfidity close to 4@B& incremental benefit on pulping
speed on top of kraft pulping has not been very/®&@j. For instance, addition of 0.05%
anthraquinone on wood to a kraft cook reduced dypl& number by two points, if all
other cooking parameters were kept constant /76& @ason for the relatively small
change compared to a kraft cook might be massfaans can be speculated that the
large AQ molecules may be quite slow to diffusepdieo the wood structure where the
actual lignin reactions take place. For this puepdgdrogen sulfide may be more
efficient. An interesting discussion of mass trensjuestions 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 thatdti¢icm of low molecular weight
lignin fractions to a softwood kraft cook increasketignification speed and yield. Under
otherwise identical conditions, addition of 25%-wbldissolved wood components to the
cooking liquor caused the kappa number to drop fBb to 26, compared to a cook
without addition of such components. The cooks wendormed as flow-through cooks.
Subsequent tests indicated that it was the phenotigpounds in the dissolved wood that
induced this effect. Similar results have beeneaad in related work on birch /73/.

Kappa number at an H-factor=1070
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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) /73l.
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The dissolved wood component used in the studypsaduced by ultrafiltration of kraft
black liquor. A benefit of using a black liquor ledsadditive is that the cost of the
chemical at the mill site will be low. The cost hade calculated based on the fuel value
of the organic material removed and the pumpinggneeeded in filtration. At mills
that are constrained by recovery boiler capacibg teduced load to black liquor
combustion may actually be an advantage.

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

2.4.2 Organic solvents as accelerants in pulping

In wood, the organic polymer lignin holds the fibetiogether. Identifying a simple
organic solvent that would dissolve lignin but leaellulose intact would be valuable, as
in this case chemicals could be recovered simplgisyllation. This is the background to
work on acidic organosolv pulping by Tayenthal &eldert, first published in the 1930’s
/74/. The idea of this work was to use aqueoustisnisi of alcohols to delignify wood
without the addition of any other cooking chemicdlse high temperatures involved lead
to hydrolysis of the hemicellulose, releasing agibups. This principle is called
autocatalyzed alcohol pulping. However, the degkéelignification achievable with
this method was soon found to be insufficient fmmenercial pulping.

Subsequent research showed that different aidiegnidals can be used to significantly
improve the achievable level of delignification.tBalkaline and acidic chemicals were
tested. Several chemicals are known to speed ypngukinetics, though the way they
work is not completely understood. Laroque & Ma&s/ found that the replacement of
water in alkaline soda pulping by an organic salved to an increase in pulping speed.
They attributed the increase to lower solubilitytiog alkali in the solvent.

Work on the acidic side eventually led to the ALQKbrocess, which was tried on pilot
scale in Canada. The work on acidic pulping isidetthe scope of this investigation and
the reader is referred to one of many summariethisnsubject /76, 77, 78/. In general,
the pulp quality produced by such processes is, peading to limited commercial value,

unless byproducts can be sold at high profits. rAliigh expectations in the 1960s and
1970s that pulp could be produced on a large se#leacidic organosolv pulping, the

focus slowly shifted to finding ways to provide tamental capacity for existing

hardwood mills. It seems that not even this cowddabhieved in a commercially viable
manner. The main driver was to reduce the investraest for new installations by

simplifying the recovery of chemicals.

A further variation of alcohol aided pulping is tluse of alcohol in alkaline sulfite
pulping. The most advanced process based on tmsepb is the alkaline sulfite
anthraquinone methanol or ASAM process /79/. As finocess uses the sulfite ion as the
active lignin breaking chemical, it was left outsithe 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 anlexaeg effect on alkaline pulping

using various combinations of hydroxide and alceholtheir research during the 1940’s
[75/. Larogue & Maas assumed delignification toceex according to a first order
chemical reaction. This can be described by thaton:

—dL/dt =k(L, - L) Equation 7

from which follows that:
k =1/tlog, L,/L Equation 8

whereLy is the original lignin content in wood, is the lignin remaining aft@rhours and
k is the velocity constant. In a series of experiteharoque & Maas used various
combinations of hydroxides and solvent to study $ipeed of delignification under
different chemical conditions. In Figure 30, thensiant k is plotted against cooking
liquor concentration for various hydroxides in dint solutions.
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Figure 30. Velocity constant in delignifying reacti ons /75/.

Laroque and Maas attributed the faster pulping dpedhe presence of alcohols to the
difference in solubility of the inorganic chemicatswater and alcohol. Based on the fact
that the change in pulping speed was proportiantié¢ change in solubility at 25°C, they
developed the concept of escaping tendency, meahmgendency of the inorganic

chemical to “escape” into the wood from the solatio

NaOH + alcohal

The question of alcohols in alkaline pulping wad parsued very actively until the
1980’s, when environmental concerns sparked intenesulfur free processes. Several
researchers /80, 81, 82, 83/ studied the effecalobhols on NaOH pulping of both
hardwood and softwood. The process conditions uisetthese studies varied widely,
which makes it hard to compare the setups. Somergenonclusions can be drawn,
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however. The pulping speed in processes with alsolvas twice as fast as in water-
NaOH pulping and in some cases as fast as in kudfiing. The process yield was
reported to be up to 4% higher than in kraft puipin

The researchers gave slightly varying explanatitorsthe increased pulping speed.
Nakano et al. /80/ used tests on model compoundsrolude that cellulose peeling is
retarded and lignin condensation prevented by tieegmce of methanol. Nakano et al.
also found that the lignin in spent liquor from wlomeal pulping in the presence of
methanol had low molecular weight, supporting tbe-nondensation theory.

Green and Sanyer /81/, on the other hand, foundsthlgent addition causes wood to
adsorb higher concentrations of hydroxide, leading higher pulping rate. This is in line
with the theories of Laroque and Maas. Green amye&aalso speculated that the organic
solvent may lead to better wetting of the cell wadllymers, thus leading to faster
reactions. Marton and Granzow /82/ attributed tieraased delignification rate of soda
pulping in the presence of ethanol to lower liquacosity and thus better penetration
and diffusion of alkali in the chips. Abbot and Bett /83/ showed that the delignification
behavior of wood in the presence of solvents is-cmminuous with increasing solvent
concentration. This contradicts the theory of teeaping tendency, as the solubility of
the pulping chemicals decreases linearly with@asmmg solvent addition. Instead, the
explanation was assumed to be a combination of iaénneactions and physical
influence. At very high concentrations of alcohal the cooking liquor, lignin was
degraded but stayed in insoluble form on the filertd washed with water.

NaOH + AQ + alcohol

When the use of anthraquinone as a pulping addieame more widespread in the mid-
1980’s, research into the combined effect of alt®laod anthraquinone was undertaken
/84, 85/. The research in this field by Abbot anulk@r /84/ showed that anthraquinone
and ethanol work in synergy, leading to a biggéeatfthan the sum of the individual
effects. This was confirmed by the work of Jansod &uorisalo /85/ for methanol,
ethanol, propanol and butanol. Janson and Vuorreglorted a yield increase of 1-4% on
wood from the use of the additives, and pulp stienglose to those of kraft pulping.
Also, alkali consumption was significantly reducsaimpared to soda pulping. A yield
and speed advantage over soda and soda anthragutping of birch has also been
reported when using isobutyl alcohol-water and @ghinone as process media /86/.
Isobutyl is not completely miscible in water. Abbahd Bolker suggested that the
improved pulping speed is due to a change in ttlex@otential of the pulping liquor.

Further research into alcohol aided NaOH-anthraapenpulping led to the development
of the Organocell process in Germany and later IIhE process in Finland. The
Organocell process was developed all the way tasmil scale. Originally, the process
consisted of an alcohol aided pre-hydrolysis stafjewed by NaOH-AQ cooking /87/.
By the time when the process was implemented ousiniél scale (150,000 tons/year) it
had been simplified to one stage with NaOH, meathand anthraquinone /88/. Research
concerning the IDE process has been extensivebyrtexgb over the years /89, 90, 91, 92,
93, 94/. The process consists of three separatestan impregnation stage in which
wood is impregnated with NaOH, a depolmerizatiomgstin which the impregnated
wood is heated using ethanol and anthraquinone,aanextraction stage in which the
cooked wood is extracted with ethanol or water. €ffect on delignification in IDE
pulping is much the same as that seen earliernetl@d anthraquinone increase pulping
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speed and the process yield is 2% higher thanaft gulping of softwood and 4% higher
than in kraft pulping of birch /93/. The pulp stgém is reported to be comparable to that
of kraft pulp /89/.

Studies on model compounds by Brogdon and Dimnigl $Bowed that the addition of

alcohol to alkaline pulping reactions increased frenation of quinone methide only if

anthrahydroquinone was present. The formation afane methide is considered a rate-
determining step in lignin cleavage, which coulglaein the synergistic effect of alcohol

and anthraquinone.

Kraft + alcohal

The interest in alcohol aided pulping has not ardptered on sulfur free pulping. Some
researchers have also applied alcohols in krafpipgl A driving force behind the
research has been a desire to reduce the suléiddythus the formation of malodorous
gases in pulping. During the early 1990°s, resebychohansson et al. and Norman et al.
/96 ,97/ showed that the speed of kraft deligniftzais improved by around 30% by the
addition of methanol, whereas yield is improved % on wood for softwood. The
bleachability and strength properties of the pulese the same as for normal kraft
pulping. The 30% reduction in pulping time is comied by Yoon and Labosky /98/ for
both aspen and spruce wood. Montplaisir et al. $6@&ed that sulfidity can be reduced
by 50%, while keeping pulping speed unchanged, 158 methanol concentration is
used in the pulping liquor. The process gave 4%aédrigulp yield and a pulp with higher
tear index but reduced breaking length. The rekearas performed on white birch.
Leduc et al. /100/ verify the potential for redwugsulfidity in the pulping of softwood.

Norman et al. /97/ performed tests on cotton Imtersee if the increased reaction speed
was lignin-specific. They found that the attackaatlulose was also increased, but less
than the increased delignification, leading to arenselective cook. In later research
Norman et al. /101/ showed that the effect of organlvents was similar for soda, soda-
anthraquinone and kraft pulping. By using a wideietg of different solvents they
showed that the most promising solvents were fonranarrow polarity range.

2.4.4 Industrial applications of solvent aided pulp ing

All the research on solvent aided alkaline pulpshgws that the use of solvents in the
cooking stage has a clear impact on pulping speedraises the yield. Nevertheless,
Organosolv pulping has not achieved widespreadsimi@li success.

In much of the early research in this field thetafssolvent re-generation was estimated
to be too high to make solvent aided pulping ecanalhy viable /80, 85/. Growing
concerns over the environmental impacts of pulgetyto renewed interest in solvent
aided pulping in the late 1980°s. At this stage, @rganocell process was running in a
demonstration plant in Munich with a capacity ofobs/day /76/. At the same time, a
demonstration plant employing the acidic ALCELL pess was being built in Canada
/78/ and another employing the ASAM process atrélde in Germany /88/.

The Organocell process reached commercial scal®¥ when an old sulfite mill was
converted to run with the alkali-methanol-AQ praceBroduction at the mill started in
late 1992. Although the process did work more @slas intended, there were severe
problems with reliability and pulp quality. Much tife problems with pulp quality can be
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traced back to the raw material used and the ladkne for process optimization. For
example, there were rather wide fluctuations incpss parameters during operation,
leading to uneven pulp quality. There were planstst operations by producing fluff
grade pulp, while addressing the strength problemd,then move to paper grade pulps
/102/, but in the end the owners ran out of momeyl993 the company went bankrupt
and production at the mill was stopped /103/.

The other solvent pulping methods have suffered irailes fate. The ASAM
demonstration plant was closed after Stora bougbkt Feldmuihle plant /88/. The
ALCELL mill was closed after 10 years without argake-up to full production, and it
has now been dismantled /104/. Its profitabilityswkependent on the sale of by-product
chemicals, but a market for such chemicals nevargea /88/.

A lot of work has also been performed on non-woalpipg, examining the addition of
organic solvents. This is outside the scope ofpfesent research. For a list of recent
references, for instance /105/ can be used astangtpoint.

2.4.5 Effect of solvents on properties of cooking | iquor

When attempting to intensify kraft pulping by adglizn extra chemical to the system it is
very important to understand what the chemical do¢se properties of the solution. The
addition of an organic solvent to an aqueous swiubf inorganic chemicals such as
alkaline cooking liquor has some interesting effean the properties of the solution. The
addition can affect the physical properties oflthaor as well as the chemical activity of
the inorganic chemicals. The first question is tbasolubility of the solvent itself in
water. Generally, only organic compounds that aigcimle with water have been used,
but some research has also been performed with Soiioie compounds. The shorter
chain length alcohols such as methanol, ethanolpradanol are miscible with water,
whereas longer chain alcohols are not. This stuighters on miscible alcohols. Some
studies have been performed to compare the effettferent solvents. In one such study
on soda anthraquinone pulping, methanol, etharptopanol, i-propanol, n-butanol, s-
butanol, i-butanol, t-butanol and n-pentanol wdtréoand to have similar effects, except
pentanol, possibly due to low miscibility of penthim water /85/.

Many of the characteristics of pulping liquors apeorly known even at low
concentrations at room temperature. For alkali smivsystems the situation is even
worse. Most information is on pure solvents andy\ienited information is available on
water-solvent mixtures even at low temperaturesovidedge about how solvent-water
systems with inorganic chemicals behave at higlraperatures is non-existent.

What is known, however, is that liquid viscositgreases when alcohol is added to an
aqueous solution. The viscosity has a maxima ainald0% alcohol by weight, as can be
seen for ethanol in Figure 31. This leads to isswgtated both to penetration and

diffusion and indicates that diffusion in pulpinguors should be retarded by the addition
of alcohol to the liquor.

In the work of Malkov /22/ it was also shown that acrease in liquid viscosity
decreases the speed of penetration of cookingrlioio wood chips. This phenomenon
indicates that penetration of cooking liquors imtood 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 iahgents than in water. For instance, at
room temperature, the solubility of NaOH in waterlD80 g/l whereas in pure methanol
it is only 240 g/l /107/. This is the effect thadrboque and Maas used as the basis for their
assumption of an “escaping tendency” of the inoigahemicals towards the wood when
adding alcohols in cooking.

Another characteristic that is affected is the mstgaressure of the cooking liquor at
elevated temperatures. This is particularly strioxgower alcohols. The vapor pressure
of a 50 wt% methanol solution is 7.49 bar at 14G@npared to 3.55 bar for pure water
/106/. High pressure in the early part of the ctals been shown to have a positive
impact on pulping uniformity /25/ due to increasgehetration and this effect would

counteract the impact of higher liquid viscositysiame extent. Adding organic solvents
to an aqueous solution also has an impact on dev#trar physical properties such as
specific heat and thermal conductivity.
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Figure 32. Relationship between temperature and pre ssure for agueous methanol
solutions with various methanol concentrations /87/

Apart from the easily measurable physical changesoioking liquors, there are also
changes in the physico-chemical behavior of theidis, Figure 33 illustrates the basicity
scale for the reaction which results in additiorhgfiroxyl ions () as influenced by the
addition of ethanol. Clearly, the value ofidcreases with increasing concentrations of
ethanol. The increase is, however, not so biglerrange of NaOH concentrations used
in kraft pulping as for higher concentrations (cemications in kraft pulping rarely go
over 2 mol/l). At a constant NaOH concentrationldd M the change in. 3vhen going
from 1 to 50 vol % EtOH is from 14.28 to 14.48 &)y Other researchers /108/ have
shown that the proton availability (acidity) of hgdhloric acid in water decreases with
the addition of alcohols. This also indicates ttit addition of alcohols increases the
basic component of an aqueous solution. In additimaionic 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: ¢ 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 compdanhave shown that the acid-base
properties of lignin and reagents change with thditeon of organic solvents such as
methanol. They also claim that the reactivity oflitoxide anions increases, resulting in a
high rate of cleavage of all C-O-C bonds in woodhponents. Their research indicates
that a 1:1 volume ratio of water and methanol ésrttost efficient for lignin cleavage.

A possible way to interpret the effect of changawd-base properties can be seen in
Figure 34, showing the influence of temperaturepalping liquor pH. As can be seen,
the effective pH of kraft pulping liquors drops samterably when going to the high
temperatures used in pulping. If this effect issome way changed by the addition of
solvents, it is clear that it will have an impacat pulping speed. However, it would seem
logical that the same effect would also have anaichmn the yield of cellulose and
hemicellulose. Such an effect is not seen in theraiure that reports increased
carbohydrate yield for processes with solvents.
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A further interesting effect of small molecular wahts on other materials is that they
lower the glass transition temperaturg, ®f polymers that come in contact with the
solvent vapor /112, 113/. This effect is in prideiglue to the fact that the degree of
structural order of the glassy polymer is reducgdHhe solvent entering the structure.
This actually increases the speed of diffusiorhm polymer. Wood behaves like a glassy
polymer /30/, especially the hemicellulose partdmees very soft at elevated temperature.
This makes for an interesting dilemma: on the aa@dhorganic solvents lower the speed
of diffusion in the liquor phase and probably alsahe entrapped liquor in wood; on the

other hand, the same solvent might penetrate batwwese polymer chains in the wood

structures and swell it up, thus making diffusiastér. It is possible that this effect also
makes it possible for the hydrophobic lignin to eoimto contact with the hydroxide ions,

carried in this case by the organic solvent.

During the work on the experimental side, the bigmeff using alcohol in cooking were
also found to manifest themselves when the alc@hpresent only as a heating vapor.
Aspects of this observation have been studied byakio in calculations into heating
efficiency and mass transfer /114/. The calculatishow two very interesting aspects.
Firstly, the density of methanol vapor is much leigithan that of water steam at the
pressure of saturated steam at typical pulping &satpres. This in turn means that the
heat transfer capacity per unit volume of vapohigher for methanol. Secondly, if the
chips have first been impregnated with an aqueolugien and are subsequently heated
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with methanol steam, there will be diffusion of hnetol into the chip and water out. This
might have interesting effects on the chemicalvégtiof the inorganic ions in the
cooking liquor. Exactly what those effects coulddmel how big they are is not clear.

2.4.6 Conclusions from the literature survey

As the name implies, an intensified process shbaléast. Process speed has not received
very much attention in pulping research duringghst decades. Instead, the research has
focused on pulp quality and yield. The biggest eehiments in pulping research have
been in understanding the impacts of front end gbarmon the runnability of the pulping
process. However, the impacts of these parameteoverall pulping speed are not very
big and it clearly has not been a priority to séorthe pulping time on this basis.

In contemporary research on the actual cookingestddferent researchers have tended
to use radically different experimental set-ups,clwvhmakes it very hard to compare
results in an unbiased manner. Also, the reseaashrostly been concerned with minor
changes in parameters within the very restrictede@acurrently used in industrial plants.
This has not been a fruitful means for discoveniadically new ways of producing
chemical pulp. The problem with the incoherenceeskarch methods is especially acute
in the research into pulping additives such ashaitso

As far as real intensified processes are concethednost promising research concerns
steam phase pulping, high temperature pulping ded use of alcohols as process
accelerants. Processes with increased concentratiompregnation, such as the WLI
process, involve characteristics related to prodesmsification, such as attempts at
ensuring as uniform reaction circumstances as Ipiesgor all parts of the wood.
However, the benefits of these improvements hawebeen exploited in the form of
increased process speed, so these processes ¢anawrtsidered “intensified”.

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

1. Air removal prior to impregnation. Thorough steagn makes it possible to
achieve complete impregnation of the wood chipse €ffect of penetration on
pulping speed is not big, but insufficient penetratwill lead to formation of
rejects and non-uniform pulping. Sufficient air @ral is therefore a pre-
requisite.

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

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

4. High temperature increases the speed of delogniin. The pre-requisite of
providing sufficient chemicals at the reactionsibas to be filled first.

Intensification methods 2 and 4 go against conteargavisdom in pulping. The use of
strong impregnation is in strong disagreement wiakcalled alkali profiling. However,
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the results from steam phase pulping and WLI pgl@rperiments indicate that there is
no adverse impact on pulp yield from using a st&pli profile. The results from high
temperature pulping contradict the theory thatdliterences in activation energies for
delignification and carbohydrate cleavage indidht low temperature pulping ensures
improved carbohydrate yield. There is a clear @mhttion in the literature on these
points.

It is clear that there is a need for research th&oactual impact on kraft pulping speed
and yield of the intensification methods identifieere. It is equally clear that a process
taking advantage of the principles mentioned abmay perhaps not be viable due to
reasons of energy efficiency or the need for mgkehemicals. Still, the contradictions
in the literature must be clarified before a precesn be judged on these criteria.

2.5 A critical review of methods used in kraft pulp ing research

When attempting to study intensified methods offtkpalping it is important to assure

that the laboratory equipment used is flexible gmowo allow testing the methods
proposed. For example, if a short overall procase s aimed for, all sub-processes
should be as fast as possible. In standard labgraiguipment the heating up of the
digester vessel to reaction temperature often takedisproportionately long time,

something that is unacceptable when studying ifftedprocesses.

An important part of any research is the use obdatory experiments. In kraft pulping
the importance of good experiments is accentuayethé fact that the unit size of the
industrial equipment is so big that controlled expents in a mill setting are impractical.
Laboratory experiments are clearly needed, thetmuess merely how to perform the
experiments so that they accurately describe tlenying phenomenon taking place. In
an ideal situation, these trials should reflect theer workings of the industrial
equipment or the basic physico-chemical phenomém@nclear and unambiguous way.
This, however, is often far from the case, duehi flact that there are always several
things happening at once (simultaneous mass trarefe reactions). Especially
continuous digesters with their rapid heat-up aachmlicated chip bed properties are
notoriously hard to simulate in the laboratory. Wéttle information has been published
on the impact of laboratory pulping equipment oe tirocess result. The available
literature generally only describes the setup fgiven experiment; comparisons are very
seldom made with several types of equipment. Arifedince in results compared to
other research is then explained simply as a @iffeg in the raw material. Only one study
was found that compared a vertical stationary degeforced circulation), an oil bath
rotating autoclave and a digester with preheatpabli and reactor (a crude displacement
digester)/115/. The following is a short reviewtyical experimental equipment and the
kind of results obtainable with them.

Typical laboratory digesters are: air heated aatgecdigesters, oil bath autoclaves, forced
circulation digesters, flow-through digesters amgpldcement digesters

2.5.1 Air heated autoclave digesters

The most basic way to perform pulping experimestdy using air heated autoclave
digesters. In this type of reactor an autoclaveegaly made of steel, is filled with chips
and cooking liquor and heated in what is essegteabig oven. These reactors were quite
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good in mimicking the conditions inside early tumpgl batch digesters, but for today’s
processes they only give basic information abogt the suitability of a particular raw
material for pulp production.

The biggest drawback with this type of equipmenitdsslow heat-up, meaning that all
gradients disappear before reactions start. Alscetts no possibility for sampling during
the process. It is naturally possible to termiratgeries of autoclaves at varying times,
but the slow cooling down also makes this methodsarhpling unreliable. Also, the
temperatures in the autoclaves can vary if thél@w is uneven; this is especially serious
if only one autoclave is equipped with a tempemtensor /116/.

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

2.5.2 Oil bath autoclaves

By using pre-heated oil baths the heat-up of theocddaves can be hastened and
temperature variations within a batch of autoclavigsally eliminated. Some versions of
oil bath digesters even enable sampling of the iogoliquor during the pulping.

Even though the heat-up times are much shorter whigmnair heated digesters, the heat-
up is far from instantaneous. Also, the coolingssslow as for air bath digesters, leading
to unnecessary changes in liquor and pulp compasithutoclave pulping in general
does not reflect industrial operations other thassbly the rotating digesters used for
straw pulping in some very old mills. The heatimgl @ooling of autoclaves in oil baths is
in fact a lot slower than one might think. Calcidas /117/ taking into account the heat-
transfer coefficients of oil to autoclave and aldwe to liquor in the autoclave have
shown that even in the event of total mixing indide autoclave, a small autoclave (375
ml) reaches an internal temperature of 160°C oftgr 40 minutes, even if the oil is kept
at 190°C. This can be regarded as an absolute mmiheating time.

According to Thode et al. /115/ the removal of cémjmrates at a given level of
delignification is higher in tumbling oil heatedtadlaves than in forced circulation or
displacement digesters. This can probably be eaxpthiby stronger mixing in the
tumbling autoclaves.
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Figure 35. Temperature inside steel cooking autocla  ves when heated in 180€ 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 foundppexdix 1 of this thesis.

2.5.3 Forced circulation digesters

Forced circulation batch digesters were introduneatder to produce larger quantities of
pulp in a way that more closely mimics industripkaations. These are vertical reactors
with the chips in a basket through which the cogHliguor is led. The cooking liquor is
circulated outside the digester and heated in nefgdly) steam heated heat exchanger.
These reactors give more control over the heatin§le of the cook and also reflect the
way simple batch type commercial digesters workm&dasic information can be found
in work by Thode et al. /115/. Modern displacemegdited batch digesters typically can
not be simulated.

The heat up is still rather slow due to the largemant of steel that has to be heated, and
the liquor-to-wood ratio can rise quite high congmhrto industrial applications. The
speed of heat-up is set by the efficiency of that lexchangers that generally are not
designed to correspond to industrial processesusbef forced circulation digesters has
the advantage that it allows chip steaming priantpregnation.

2.5.4 Flow-through digesters

In order to understand the kinetics of chemicattieas, information is needed about the
speed of reactions at a certain concentration ajewts. In batch autoclave pulping the
concentration of both alkali in the solution angnin in wood decrease as long as the
cook is in progress. To avoid this, in so calleniMlthrough digesters a large reserve of
liquor is used in the digester and then circuldtedugh the chip bed. In this way, the
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concentration of the cooking liquor can be kept enor less constant throughout the
experiment, though the concentration of unreactateral will naturally decrease as the
experiment progresses. This method does a betiavfjgimulating continuous digesters
than conventional autoclave digesters, as it isiptesto perform some alkali profiling.

The problem with this type of setup is that it dowesd resemble any industrial process.
Therefore, care has to be taken not to misinteeetresults. For instance the washing
out of organic components from the wood will be muwore efficient in this system than

it would in an industrial digester, especially Ifet cooking solution is based on pure
water. When it comes to conclusions about kinaifcthe reactions, one must remember
that although the concentration of the surroundiepgor can be held constant, this does
not necessarily say anything about the concenitraidhe reaction sites. And in the end,
that concentration is what matters.

2.5.5 Displacement digesters

The introduction of displacement heated batch dégssin the early 1990’s brought a
need to simulate this new process in the laboraftoyachieve this, a new generation of
laboratory digesters was designed to make it plestbsimulate the many liquor changes
and displacements that take place in industris¢steys /118/.

Calculating alkali balances and other factors féadit also with this type of digester,
because displacement efficiency is not 100% ideaame liquor might flow along the
digester edges. The basic problem is that the wiges less than 1% of the size of a
commercial digester, but the size of the wood clgpsill more or less the same. This is a
problem shared by all laboratory digesters, whiak to be circumvented by acquiring a
deep understanding of the phenomenon involved. Mewegood repeatability and much
more realistic liquor-to-wood ratios and circulatispeeds 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 Iping 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/.

Liquor Charged Liquor
Front-end He_at-up A|k§l|l exchange liquor- movement Mixing d_urmg
treatment time profile to-wood . . operation
method - relativeto chips
ratio
Industrial
method
= Continuous Steaming <10 mih Adjustable Displacement  3:1 Co-& Very slight
countercurrent
* Displacement Packing 20 min. Adjustable Displacement| 5:1 Flow past Sligh
batch steam
Laboratory
method
= Air bath Roc_)m temp. 60 min. Decreasing Drain & fill 5:1 Turbulent mixjn High
autoclave impr.
* Oil bath Roqm temp. 10 min. Decreasing Drain & fill 5:1 Turbulent mixgn High
autoclave impr.
= Flow through Spfg?g{f <10 min Adjustable Displacement| 30:1 Flow past High
- F_orced_ Steammg 60 min. Decreasing Drain & fill 10:1 Flow past High
circulation possible
- _Dlsplaced Stea”.“'”g 15._20 Adjustable Displacement 5:1 Flow past Adjustable|
jacket heated possible min.

Table 4 is an attempt to group different industaiadl laboratory pulping methods
according to their performance characteristicshSucomparison can never be
completely accurate, as there are always variabenseen individual set-ups, but it is
meant as a guide for further discussion. The telelarly shows that displaced jacket
heaters can mimic industrial displacement batcpipglrather well, but no laboratory
equipment is able to simulate completely all aspettontinuous pulping. Typical heat-
up curves for different types of digester are pmesgtin 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€ by pre-
steaming of chips.

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

Due to the use of laboratory equipment with slowathe, the experiments will fail to
show the mass-transfer limitation and alkali depitethat can happen when using fast
heat-up. As a results, the results become unrigallata study into the fastest possible
way of producing kraft pulp, where all sub-procebsuld be as fast as possible, such
restrictions are unacceptable.
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3 Experimental

The findings of the literature review support thiggimal starting hypothesis, i.e. that there
iIs room for process intensification in kraft pulgiby improving mass-transfer, using
high temperatures and by applying organic solvedtsvever, as process speed has not
been a key issue in research conducted so fafitéhature is fragmented and gives few
absolute answers. This allows plenty of scope &w nesearch and new knowledge, but
only if fast heating processes can be carried blaksratory scale. Therefore, the first
step in the present experimental research wasrdegigouilding and commissioning of a
new kind of laboratory cooking equipment, which Wbsolve the obstacles of fast
heating. The new “PuPu” digester, nick-named adongrdo its push-pull working
principle, was the only type of cooking equipmentthe present study that made it
possible to apply a unique range of heating arukiog conditions, while avoiding the
fundamental difficulties arising from the use of ltiple equipment with individual heat
and mass transfer properties.

To obtain the data needed to test the startingthgses and to draw relevant conclusions
on process intensification, the following experir@@ntities were carried out:

- kraft cooking experiments in liquid phase withyag impregnation and heating-
up
- kraft cooking experiments in water steam phase
- kraft cooking in the presence of methanol
0 Vvarying impregnation and heating-up time
varying methanol allocation
minimizing methanol amount and applying methangorghase cooking
varying impregnation concentration and alkali-t@ko
varying cooking temperature
varying chip thickness

O O O0OO0Oo

In addition to the series of cooking experimentsumber of complementary experiments
were carried out. These included impregnation expErts measuring penetration, the
effect of pressure in cooking, and replacing mebhag other solvents.

3.1 Push-pull (“PuPu”) cooking equipment

As discussed in chapter 2.5, the development aistidhl kraft cooking equipment has
been quite rapid, resulting in various widely uéast heating operations, such as steam-
phase digester top and hot cooking liquor displasdgm In contrast, most laboratory
cooking research has been and still is being chroiet with unrealistic equipment,
resulting in a slow heating rate or an uncontrolled very non-linear heating rate in
autoclave-oil bath systems. In the present reseahnafenge, small size and very fast
heating were key requirements, which none of thstieg) techniques fulfilled.

3.1.1 Working principle

After investigating the heating dynamics of autwelg it became evident that mixing and
moving the liquor in an autoclave positioned ina Water jacket would improve heat

69



transfer a lot. It would also eliminate the slowaaioof the rate of temperature change at
lower AT, because of its stationary chip-liquid bed syst&s mixing of the chip-filled
autoclave is impossible at reasonable liquor-to-dvoatios, the only way to improve
mixing is to move the chip bed liquid in and outiat exchanger coils positioned within
the same hot water jacket as the autoclave. The-puls motion of the liquid is provided
by a piston in the cylinder outside of the hot @guent heart. The liquid movement is
propagated hydraulically and the movement spatieeadther end of the system is a gas
space working as a gas spring, pushing back thadlitpwards the autoclave and the
back-stroke of the piston in the cylinder.

The main parts of the PuPu cooking equipment éusstilited in Figure 37. The heart of
the system is a digester vessel surrounded by er yeaket. Both the inlets and outlets of
the digester vessel are in the form of coiled pip@s$ pass through the water jacket. This
ensures that heat transfer is very fast and tratigjuor entering the digester is at the
desired temperature. The temperature of the watdej can be changed very rapidly by
either bringing in hot water from the hot water@owlator or by using cold tap water.

Efficient heat transfer is generated by a moval¢op in a cylinder connected to the

liuor system. The piston can be used to movediduom the digester back and forth

through the system including the heat-exchanges,ccélusing very efficient heat transfer
into the vessel. The mixing within the digesterl g quite efficient as a consequence of
the moving liquid, something that has to be tak&o account when considering mass
transfer aspects in a possible scale-up of theegmoresults. A typical heat-up time from
80°C to 170°C is as short as 3 minutes, comparedde 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 samplaive with cooling that enables
liquor samples to be drawn during the cook. Howgtles method of sampling can not be
used in vapor phase pulping, as the liquid leveel®w the outlet of the sampling line.

The graph in Figure 38 shows typical process pamnmmdor a methanol vapor phase
cook using the push-pull digester. The jagged hiepicting the temperature of the
entering liquor is due to the action of the pistdine numbering of the lines is as
indicated in Figure 37.
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Figure 38. Typical temperature and curves for the e  nd of the impregnation stage, the
heat-up and cooking stages of a cooking experiment using the push-pull digester.
175€ cook to 400 H-factor, 7 minutes heat-up. Posi  tions of temperature indicators as in
Figure 37

3.1.2 Liquor-to-wood ratio

The short heat-up time achieved with the PuPu thges to a large extent achieved by
the rapid movement of the liquid as it is pumpedkband forth using the push-pull
cylinder. The moving liquid passes through the {s@hange coil at both ends of the
digester, leading to very efficient heating of tiguid. As the push-pull cylinder is
moved down, cooking liquor is withdrawn from theyester vessel to fill the pumping
cylinder. This means that the amount of liquorantact with wood, or in other words the
effective liquor-to-wood ratio in the digester, éghanging. In the text, two different
liquor-to-wood ratios will be used: the theoretieald the effective L:W. The theoretical
L:W is calculated based on the total amount ofitigcharged to the system and the
moisture present in the wood. This includes theidighat will end up filling pipes etc. in
the system. The effective L:W is the amount of iigin contact with the chips in the
digester. A maximum and a minimum value will beegivfor this, based on how much
liquid is flowing in and out of the digester (pipestside the digester vessel have an
actual volume of 157ml, the push-pull cylinder 642typical pumping frequency 1/min).
The reason why it is considered important to makkstnction between the amount of
liquor in the system and the amount in direct conwith the wood is that the mixing
behavior inside the digester is not known in detalso, the whole concept of vapor
phase pulping is slightly diffuse, as there wilvays be condensation of vapor on the
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chips leading to liquid being present. This underss the importance of knowing what is
inside the digester at all times so that the reattion conditions can be known.

3.2 Push-Pull (PuPu) cooking methods

In the course of the investigations, several temies with different setups were
performed. The variations included trials with diffnt chip dimensions, different
cooking chemicals and different liquor circulatisohemes. To explain every detail of
every variation in the setup would be impossibtethe following is a discussion of the
main pulping methods used, and how these compagadb other. Complete listings of
the experimental conditions and pulping resultstmafound in the appendixes.

In view of the possibility to change all pulpingrameters over a very wide range, the
question was how to ensure fair comparison betwbkencooking results. The method
employed in the current research was to lock tlteagrcook alkalinity at a realistic level
of 5-10 g/l EA as NaOH. In industrial systems aaclpositive alkalinity is needed to
make evaporation and firing of black liquor possidBy doing this it was ensured that
there was still some delignifying power left in tiguor, and still the amount of alkali in
the cooks was not completely unrealistic. In therse of the research, many experiments
led to cooks where the alkali was consumed betoeeend of the cook or where there
was a surplus of alkali (higher than 10 g/l). Swebults have been left out from the
current discussion, unless explicitly acknowledopethe text.

All push-pull reactor cooks, except those performedh geometrical chips, were
performed with fresh chips corresponding to 400.0.Qvood. Fresh wood was used in
order to ensure the greatest possible relevanteotsults to a real world situation.

The following general experimental setups wereqraréd:
» Conventional batch pulping
» Displacement heating
* Vapor phase cooking

The main part of the research was performed withkio at 175°C. This temperature

was chosen as one that can be easily reached m&digim-pressure steam (12 bar) in a
mill situation. The H-factor was used to descrile time-temperature sum in the

experiments, as is common practice in the industry.

3.2.1 Steaming

In all pulping experiments the chips were steamedr go pulping. The steaming was
performed by passing steam through the chip bethéndigester while maintaining
digester pressure at 1.2 bars. The steaming wdsged until there was steam coming
out from the digester system, i.e. the chips weadd so much that the steam no longer
condensed. The water jacket was held at 95°C dwtiegming. After steaming, a mild
flow of N, gas was briefly led through the system in orddiush out steam condensate
from the reactor and piping. Condensate was remtavetiminate 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 pulpiag performed using the same chips
and the same digester. All process variations wengpared to this reference, and for any
variation to be considered an intensification, thithe level of pulping speed that it must
surpass.

When performing conventional pulping experimenit® tlelignification chemicals were
introduced into the digester after the steamingtlsat the chips were completely
submerged and part of the liquor was in the expansessel above the digester. The
system was left like this for the duration of thmpregnation period. When heat-up
started, the push-pull piston was operated to enguick and uniform heat-up. The cook
was kept at temperature until the H-factor targat heen achieved. When the cook was
ready, the temperature of the water jacket wasteaveo 90°C and the cook was stopped.
Once cooled, the pulp was washed with 2 | of cleater before removal from the
digester. The same procedure was used in the n@tirapregnation cooks described
later in the text, the difference being in the cosipon of the impregnation liquor. In the
methanol impregnation cooks, 50% of the volumehef¢ooking liquor was replaced by
methanol.

Impregnation liquor: 2000 ml
L:W heoreticai 6.3:1

LW real (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

l 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 iegorating the wood with the cooking
chemicals and subsequently displacing the impregmdigquor with either water or an
organic solvent. Simultaneously with the displacingating was started. In this way, the
displacing medium becomes the heating agent. Tétersywas then agitated by means of
the push-pull piston for the duration of the cogkime.

When the cook was completed, the temperature oivtier jacket was lowered to 90°C

and the cook was stopped. Once cooled, the pulpweated with 2 | of clean water
before removal from the digester.
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Impregnation liquor: 1500 mi

L:W theor.in iImpregnation: 5:1
LWRealin 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 (3O or methanol)
L:Wheor.in pulping: 6:1
LWRealin pulping: 4:1-5.6:1
Reaction temperature: 175°C
Heat up-time: 5-7 min
lCooking liquor l Displacement heating liquor
Chips . Displacement .
—»| Impregnation > heating > Cooking —
l Displaced impregnation liquor

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 wdirst impregnated for 60 minutes.
Then the digester was emptied of excess liquorrbeiiotroducing a relatively small
amount of the heating medium, while simultaneotisining up the system temperature.
This leads to a situation where most of the chipshat submerged but only heated by the
atmosphere of hot vapor surrounding them. The chipghe bottom of the digester will,
however, come into contact with the heating liquiten the push-pull piston is in the top
position. After the cook, 700 ml of clean water wafded to the digester and left to
diffuse for 1h at 50°C. This liquor was then withdn and sampled for end-of-cook
alkalinity (the result is calculated based on tlume of liquid in the digester prior to
filling with wash water). The reason for this prdaee was quite simply that it would
otherwise be impossible to get a sample of thadiduside the digester, since the liquid
level is below the sampling valve outlet.
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Impregnation liquor: 1700 mi

L:Wheor. in iMmpregnation: 5.6:1
LWRealin 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 (D or methanol)
L:W Theor.in pulping: 3.3:11
LWRealin pulping: 1.3:1-2.9:1
Reaction temperature: 175°C
Heat up-time: 5-7 min

Cooking liquor
lHeating liquor for creation of vapor phase

Chips .
E— Impregnatlon

Cooking —

A

Liguor removal

A

lSpent impregnation liquor

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 fominutes in a laboratory disintegrator
using hot water and subsequently screened usialgoadtory screen with 0.25 mm slots.

3.3.2 Pulp analysis

Total yield, screened vyield, rejects, kappa numbascosity and brightness were
determined for all pulps. Kappa number, viscosiig arightness was determined for the
screened portion of the pulp.

In comparing the results, lignin yield was usede Tignin yield on wood was calculated
based on kappa number and total yield, as explainesection 2.1 of the literature
review.

3.4 Further testing methods

3.4.1 Impregnation tests

Some basic tests were also performed using theegnption apparatus described in
Malkov’s thesis /22/. Some of the handmade softwcln@s used in that study had been
kept refrigerated and were also used in the presady.
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In the experiments, handmade geometrical pine Wead chips were submerged in a
wire basket attached to a balance. This made #ilplesto measure the penetration of
liquor into the chips as a function of time. Testxe performed using chips with a size
of 35x15x4 mm. Separate tests were made usingvpater, a mixture of water and mill
white liquor and a mixture of water, mill white ligr and methanol as the impregnating
media. Tests with all liquors were performed using5- and 9-bar overpressure at 25
and 70°C.

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

3.4.2 Pulp uniformity testing

Selected pulps were tested for delignification amifity using single fiber kappa analysis
and FT-IR measurements. The procedures are dedcelsewhere /119, 120/. The
services were provided by the laboratories thatlaeveloped the processes. Their help
Is greatly appreciated.

3.5 Materials used

3.5.1 Chips

The softwood cooks were performed using softwodgscfrom the Botnia Rauma mill.
The chips were collected in three different batckesa slight variation in the spruce/pine
ratio does exist between the raw materials oveg.tim

The tests with commercial chips were performed qigii0g O.D. chips per cook. The
dry matter content of softwood chips was around 48%en packed into the digester
using a wooden club, this left 1310 ml free spacthe digester. In other words, the wet
wood had a packing degree of 0.2 kgldrhdigester volume.

3.5.2 Screening

The chips were thickness screened on a vibratiregesausing screens //8, /16, /14 and // 2
prior to pulping. The chips used were chosen to-#2 and <// 6. The reason to use a
rather narrow sample of thickness screened chigstw&nsure uniformity in the rather
small digester.

3.5.3 Geometrical chips

In order to gain a deeper understanding of the am@ss involved, a series of cooking
experiments was conducted using geometrical softvwatps. The chips were produced
by felling one pine tree in the Lohja area andiogtit into boards that were then cut into
long slabs that were subsequently cut into chigse Thips measured 8x15x25 mm
(thickness x width x length). Heartwood and sapwawere 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 pamed to the mill chips only 340 g as
0.d. could be fed to the digester for each cook.

Similar chips were also used in the impregnatiopeexnents and high pressure cooking.
Those chips originated from Malkov’s research amddescribed elsewhere /22/.

3.6 Chemicals

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

The alkalinity of the white liguor was determinedcarding to the SCAN-N 2:63
standard. Spent impregnation liquors, generallyifgpan EA of 40 g/l or over were
titrated to pH 9.5 with the same chemical additiaasn SCAN-N 2:63. This was done to
ensure that the uptake during impregnation is coftee EA in N2:63 is calculated based
on titration using indicators with the inflectioroipt at pH 9.5). For black liquors a
variation of the Wilson method of titrating to pH tvas used.
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4 Results

Characteristic of the present research was itexipye nature: how best to intensify and
speed up kraft cooking. The first part of the ressdkeals with the question what the limits
for kraft pulping are, and how much it can be isiéad using only minor changes on
parameters such as impregnation time and heat-itgr. #howing that heating-up can be
very fast, emphasis is put on the required masssfiea conditions. By this means the
kraft pulping barriers become understandable. Thesq for intensification is then

continued by various studies on the effect of mabhas an accelerator of kraft pulping.
Experiments to minimize the methanol amount led teew technique for intensification:

cooking by methanol vapor. The rest of the cookiegearch was then focused on
understanding the implications and uncovering ogkioconditions. In addition to these
main series of cooking experiments with the PuRuipenent, several completing results
are given. Figure 43 illustrates a “family tree"tbé research and results thereof.

The present work covers over 600 cooking experismamtd more than three years of
research work. The starting hypothesis took physitape as the research depicted above
and various experimental research lines evolveasest and continued. It was decided at
the beginning that exploring new kraft and methdamaft pulping schemes would be the
main target of the research, meaning, among oltiegg, that it was not possible to use
any single rigorous statistical design of experitaeinstead the main results and their
confidence limits were analyzed by suitable stad$tests.

79



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)

MAIN FINDING
Potential for use of vapor phase in
conjunction with solvent

Studies on solvent impact on

(penetration & digester pressure)

physical characteristics of cooking

Charting effects of

solvent pulping

Testing of cooking
methods using thick
geometric chips

\ Comparisson of different

/N solvents

.*" Process control parameters

/ Impact of impregnation in solvent
vapor phase

Relationship between transfered
\ alkali and delignification speed in

pulping

Testing of impact of
cooking methods on
pulping uniformity

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,rgveew finding brought with it a new
set of questions. As can be seen from Figure 43wib of research soon started growing
as the interesting findings started piling up. Toléowing sections present the results of
each group of experiments and the rationale bedhubdequent experimental directions.

4.1 Barriers of conventional batch pulping

To find ways to improve the kraft pulping processe basic correlations for the

conventional kraft process had to be found. Thet fiarameter to be studied was the
impact of heat-up time on the pulping result. Aieseiof cooks was performed with the
same alkali charge and same cooking time as detednby the H-factor. The only

parameter to be changed was the heat-up time that changed between 2 and 90
minutes as seen in Table 5. The results are showigure 44 and Figure 45.
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Table 5. Experimental parameters in experiments wit  h different heat-up times.

Impregnation Heat-up time H-factor Alkali charge (%
time (min.) (min.) EA on wood)
60 2-90 2300 25

2.0

1.8 S —==q7""

1.6 . *

1.4 .

1.2

1.0

0.8 A

0.6

Lignin yield (% on wood)

0.4

0.2

0.0

1 10 100
Heat-up time (min) (log scale)

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 95C cooking temperature 175C.
Linear regression trend with 95% confidence interva  Is shown.

Visual inspection of the data points fails to idigna clear trend. Linear regression gives
the relationship between heat-up time and lignieldyias lignin yield=0.001x(heat-up
time)+1.49. As the slope of the line is very cltseero it is clear that lignin yield cannot
be estimated based on the heat-up time. Adding @6%iidence intervals for the
regression further underscores the fact that déibgtion is independent of heat-up time.

The apparent curvature of the trends in Figuresdduie to the logarithmic scale used for
the x-axis.

The same observation can be made for the yieldtsefen the cooks as seen in Figure 45.
No clear trend can be seen in the results, theatiami is within the range of normal

experimental accuracy. Linear correlation betweeat{up time and total yield gives the
equation total yield=0.002x(heat-up time)+44.5. lgdhe 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  Is shown.

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

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

figures.

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

I mpregnation Heat-up time H-factor Alkali charge (%
time (min.) (min.) EA on wood)
1. 5 5
2. 5 90
3 60 5 1400-2200 19.0-21.3
4, 60 90

Four cooks were performed for both of the shorttdupacombinations, whereas three
were performed for the set-ups with longer heat-ihe impact on delignification speed
Is seen in Figure 46.
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Lignin yield (% on wood)

y = 2E-06x’ - 0.0116x + 16.949" ~ =~ _ __
R? = 0.9683

1

0 T T T T T T T
1000 1200 1400 1600 1800 2000 2200 2400 2600

H-factor

45 min impr, fast heat up <5 min impr, slow heat up =+ 60 min impr fast heat up X 60 min impr, slow heat up

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 Figu46, it is hard to recognize any clear
pattern based on impregnation and heat-up timesnalter how impregnation and heat-
up were performed, the end result was more ortlessame with regard to the degree of
delignification. As shown in the figure, all thestdts can be predicted by a single
regression model and all results fall within thé&®prediction band of this model.
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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-factortlre previous figure, no clear trend can
be seen for the total yield vs. delignification deg(lignin yield) presented in Figure 47.
This is particularly apparent when looking at tlwols with 60 minutes’ impregnation

and slow heat-up, the total yield is virtually uaoged over a band of almost 2
percentage points of lignin yield. The points fooks with short impregnation and fast
heat-up are all above the linear trend, but thieidihce 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 delignifara presented in Figure 48 it seems that
slow heat-up is preferable when aiming for low c&ge This is understandable as more
time is available for diffusion of chemicals withine chips. It is interesting to note that
60 minutes’ impregnation is not sufficient to matkechange the situation; a short heat-
up time always gives higher rejects at a high hgrontent than a long heat-up.

The cooks yielded quite clear limits in cooking egpp¢hat seem to be hard to surpass with
conventional pulping methods. The limit is basigaét by the alkali charge, as the end-
of-cook alkalinity is kept constant and the liquorwood ratio has to be around 5 to
submerge the chips. Together, the charge and ¢joerlito wood ratio constrain the
concentrations that can be used to a rather nabawd. From the point of view of
intensification, it is seen that impregnation aedthup can be kept short for well-steamed
chips, as long as rejects can be kept low by pglfora low enough lignin yield.

4.2 Benefit of using methanol in kraft pulping

As seen in the literature review, several reseaschave found addition of methanol to
have a positive impact on delignification. Earlierpublished work indicated that fast
heat-up enhances the effect of alcohol addition. sty this, the series of cooks
presented in Figure 44 was repeated with the eifilee 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 Heat-up H-factor Alkali charge | Methanol
time(min.) | time(min.) (% EA on in cooking
wood) 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 gtit-up times from 3 to 90 minutes.
A comparison between the two series is shown inréid9. The series without methanol
is marked A, the series with methanol B.
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1.4 *

1.2

1.0 = = -
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Lignin yield (% on wood)
|

0.4 -

0.2 A

0.0 ‘
1 10 100
log (Heat-up time (min))

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€, cooking H=2300 175€.

For the results, the following sample statistics ba calculated for the lignin yield:

Nwater = 8 Nmethanol = 8
X, .o =153 X oo =1.03
oater = 0.107 & thano = 0.073

Checking for equality of variances using a twoediF-test witha level of .2 indicates
that the variances probably are the saBigu§ / Smenano =2.18, the critical values are
fa(7, 7 df)=2.78 and {7, 7 df)=0.36) /121/.

The pooled variance can be calculated using theteupu
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? = (nl _1)312 + (nz _1)522
n+n,-2

D Equation 9

This yieldss?,=0.008

When the variance is equal the confidence intéivalhe difference between two means
IS given by:

(71 —Yz)ita,z\/si (1/n, +1/n,) Equation 10

using a 95% confidence interval this yields: (11533)t2.14\/0.008(1/8+l/8)=

0.5t0.1. In other words, the difference in mean liggield between a methanol and a
non-methanol process with this set-up is, with Z#ainty, between 0.4 and 0.6 lignin
yield percentage points. Clearly, using methanal lsa considered a significant method
of intensification, as the lignin yield drops bye80

In agreement with the findings of other researcherdear improvement in the attainable
degree of delignification can be seen with the taldiof alcohol. These first trials clearly
showed that the addition of methanol to a kraftkcepeeds up the process drastically,
just as predicted. As far as the rejects conterthefpulp is concerned, the low lignin
contents used in the first trials did not produng eejects in any case, so that question
went unanswered.

The total yields of the two cases can be seengargi50. Using the same procedure as
before, the following statistics are obtained:

Nyater = 8 Nmethanol = 8
iwaler =445 )_(nethanol =43.7
Swater = 0.560 Smethanol = 0.320

We now getSwae / Smanano =3.05. This indicates non-equal variances. Bheéth-
Satterthwaite procedure is used to calculate the degrees aldrador the data:

- [sf/nl+s§/n2]2
_sf/nl_z_ s’ /n,

n -1 n,-1

> Equation 11

This yields 13 degrees of freedom for the datauastjon. The equation for confidence
intervals for the difference in means for samplés wnequal variance is given by:

(Yl _yz)italz\jslzlnl +S§/nz Equation 12
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This gives (44.5-43.#P.161/0.313/8+0.107/8= 0.9:0.49. In other words, with 95%
certainty the difference in yield is between 0.4 & percentage points.

There is a slight tendency towards higher totaldyfer the non-methanol cooks, but as
the lignin yield is higher in these cooks, the canmgon is not completely without bias.
When comparing the pulp viscosities in Figure 5tan be seen that the methanol cooks
had lower viscosity, but the heat-up time had \igtlg 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€, cooking H=2300 175C.
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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€, cooking H=2300 175€.
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Using the same statistical procedures as aboweenrns probable that the viscosity for
both methods has the same variar&€gaf / Smethanol =0.40). The calculations yield that
with 95% certainty the difference in mean viscosdythe pulps is between 177 and 218
units. It has to be remembered that the pulpstese quite different lignin contents.

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

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

addition.
Impregnation Heat-up time H-factor Alkali charge (% Methanol in
time (min.) (min.) EA on wood) cooking liquor
A. > > 1400-2200 0%
3 c 19.0-25.3
- 0/4-
B. 60 c 500-1800 50 %-v

The impact of methanol addition on delignificati@peed seen in Figure 52 is
undisputable and covers the whole range of delgatibn studied. The H-factor needed
to reach a given kappa number is reduced by aré0f6 at high lignin content and by
around 30% at lower lignin contents. It seems thathanol works especially at the
beginning of the cook. The results show that metghaddition can clearly be classified
as a potential method for intensifying softwoodfkpaulping.
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Figure 52. Lignin yield vs. H-factor for liquid pha
impregnation with (B) and without (A) methanol addi
alkalinity. 95% confidence intervals for individual
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The total yield of the methanol-containing cooksswip to 3-4 percentage points higher
at delignification ranges typically used in the ustty than that of the conventional
process, as can be seen in Figure 53. The impaetases with rising lignin content.
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‘ 4 5 min impr, fast heat up, A X5 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 tivess an effect leading to earlier softening
of the lignin in the presence of an organic solyand if an impregnation set-up could be
found that would favor such a softening. This pleanon should be identified as low
rejects levels. The length of impregnation stagelccde expected to have the biggest
impact on rejects, as good impregnation is saigtiuce the non-uniformity of pulping.
The results in Figure 54 show that the effect gbregnation time on rejects is not very
big in this comparison. There is a tendency towdrdger rejects in the methanol-
containing cooks, but in these the pulping timshsrter due to the effect of methanol.
Consequently, the higher rejects contents mayadahlda explained by the shorter overall
pulping time, which allows less time for diffusiof chemicals. Should the same results
be presented as a function of cooking time, theharedl containing cooks would clearly
have a lower reject content. However, based orethesults, no evidence of softening at
higher lignin contents can be seen.
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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 yielthe@fmethanol-containing cooks is
higher than that of the non-methanol cooks up tgran yield of ~4% on wood. This

means that the slight increase in rejects is muma tompensated for by the increase in
total yield.
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4.3 Impact of the allocation of methanol addition

It was clear from the batch experiments that theetic benefit of adding methanol to
kraft pulping reported by other researchers is. l@abrder to understand the effect better,
the first priority was to figure out if the methdrghould be added in impregnation or
during heat-up. If methanol is added in impregmatiowill penetrate and diffuse deep
into the chip together with the cooking liquor. $hiesults in a situation where the
methanol is close to the reaction sites insidevtbed. In the following, cooks in which

methanol has been added during impregnation aeereef to as methanol impregnation
cooks. On the other hand, if the methanol is adaléel impregnation, as a heat-up
medium by displacement, there is less dilutiorhefrmnethanol, but it will not penetrate as
deep into the chip. This method is referred to @M cooking, the impregnation having
been performed with normal kraft chemicals.

Table 9. Experimental conditions for methanol impr

displacement cooks.

egnation and methanol

Impr. Heat-up | H-factor Alkali Methanol in Cooking
time time charge (% impr. liquor | liquor added
(min.) (min.) EA on wood)
Methanol | 560 | 590 | 290- 50 %-v No
Impregnation 1820 17.0-25.3
Methanol 5min-7 3-90 520 - ' ' 0% Methanol
cooking days 2030 displacement
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The experiments were performed using constant &wodak alkalinity, as explained

earlier. As part of the active chemicals chargeda idisplacement heated cook will be
present in the liquor that leaves the digester nduwdisplacement, somewhat higher
chemical charges had to be used in these casemthiam batch pulping experiments. All
experimental parameters can be found in the appesdi

10

Lignin yield (%0n wood)

0 500 1000 1500 200 2500
H-fattor

‘ @ Conventional kraft @ Methanol impregnation A Methanol cooking ‘

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 [) 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 setanbe virtually no difference
between the case where methanol is present in gnpt®n and that where it is brought
in as the heating liquor in the actual cooking staas is seen in Figure 56. The average
degree of delignification for the methanol displaest cooking method is for most of the
range within the 95% confidence bound of the mearthe methanol impregnation
method. This is in fact rather surprising, as ithighly unlikely that methanol could
penetrate very deeply into a chip that has alrebdgn impregnated with cooking
chemicals, as is the case in MeOH cooking. Thetfeatt there still is an effect supports
the theory that the effect is not dependent on amthtaking part in delignification
chemistry.
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Figure 57. Screened yield as a function of ligniny  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 poihtiew of yield optimization,
solvent displacement heating offers a clear beogét both conventional batch kraft and
methanol-containing batch kraft pulping. The immgd\screened yield seen in Figure 57
was due to a combination of low rejects and higialtgield. These results indicated
superior defibration, which is reflected as lowentg for the methanol displacement
process, as predicted earlier. Also, the benefinethanol addition does not seem to be

reaction chemistry based, as the methanol is resepit at the reaction sites in the chip
interior.
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Figure 58. Rejects vs. lignin yield in constant end
pulping methods.

-of-cook alkalinity cooks with different

4.4 Reducing the amount of methanol

Concluding that displacement heating (the methanoking method) was as fast as the
methanol impregnation method but gave higher seeateld, it was chosen for further
study. The question soon arose what the minimumuataf methanol would be to bring
about this positive effect. When looking for meémsnswer this question, the idea to use
only methanol vapor for heating was brought up.

A series of cooks was performed in which the impeggpn was performed much in the
same way as in the methanol displacement cooker Aftpregnation, the free liquor was
removed as effectively as possible by blowing giém gas through the system. Heating
was then stared by introducing an amount of methidwad was only sufficient to fill the
push-pull cylinder, and the jacket temperature vaésed as fast as possible. By pumping
the methanol back and forth through the heatingatmad of the digester, the heat was
transferred to the chips as methanol was vaporasil condensed on the chips, as
explained in the experimental section.

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

Impr.time | Heat-up | H-factor | Alkali charge | Impregnation
(min.) time (% EA on liquor c. (g
(min.) wood) NaOH/l asEA)
Water steam 600-1800 40-43 95-107
phase
Methanol 60 >
250-1650 38-45 90-120
vapor phase
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As the end-of-cook alkalinity was kept constant alldchemicals had to be transferred in
the impregnation stage, it was quickly realized wes the strength of the impregnating
liuor had to be increased to allow vapor phaseipgl Liquors up to EA 120 g NaOH/I
had to be used to give enough alkalinity to reaet lignin contents. If lower alkalinity
was used, the cooking slowed down towards the étldeccook and any possible benefit
was lost.

12
10 Liquid phase
\ methanol cook trend
8 from figure 56

Lignin yield (% on wood)
(o))

y = 4E-06% - 0.0117x + 9.3382 - 2
R%=0.8463 ==
o T T T T
0 500 1000 1500 2000 2500
H-factor
‘ O Methanolvapor O  Water steam & Kraftliquid —--—- Liquid phase

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 agbwith the different pulping methods
as a function of cooking time. If impregnation igfgient, methanol vapor phase pulping
is significantly faster than the other pulping noath. The difference is especially marked
for the high lignin content range. The same expenits were also performed using water
steam. Water steam phase pulping is clearly aksterfahan regular batch kraft pulping,
but not quite as fast as methanol steam phasengulipiteresting is also that a decrease in
the amount of methanol used increased the pulgpegd as is seen when comparing the
results for methanol vapor phase cooks with the diescribing the methanol liquid phase
(both impregnation and displacement) cooks. Thissasnewhat counterintuitive. If
methanol were an active chemical in the actual impkeactions then the opposite would
be expected as the charge and thus overall coatientrof methanol is smaller in the
vapor phase cooks.

The results shown in Figure 59 are quite remarkadehey clearly show that the solvent
effect is independent of the amount of solvent gbdr The results indicate that the action
of the methanol is only to transfer heat and mothig reaction environment, it is not

taking part in the actual reactions.

96



56

54

3 52

o

2

£ 50

8\0/

S 48

o

>
46

3 y= fo.7211x2 +B95x + 40.347 hS

S 44 RA<0:8776

3 ¢ e &
42

o A

0 1 2 3 4 5

Lignin yield (%on wood)

(o]
~

O Methanol vapor O Water steam @ Kraft liquid

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 functidigoin yield for the pulping methods
studied. There is a fair amount of scatter in tbsults, especially for the high lignin
content range, but with methanol vapor phase pglfhe yield is clearly quite good. Not
only was methanol vapor phase pulping fully possilii also gave an extra benefit in
process speed and vyield in the lignin yield ranfj2-4 % on wood. However, at higher
lignin yields the results become unreliable as gt hiard to ensure proper pulp
disintegration. In any case, the available poietsainly 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 mtgefor methanol vapor phase pulping
than for either liquid phase or steam phase krafpipg. With this in mind the high
screened yield seen for methanol vapor phase muipiaven more remarkable.

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

4.5 Impregnation in methanol vapor phase pulping

According to the experiments, displacement heat#pimy was faster than batch pulping
and steam phase pulping faster than displacemated@ulping, whereas methanol gave
an extra advantage in all cases. The biggest pehctlifference between batch,

displacement and vapor phase pulping lies in impeagn. As methanol vapor phase
pulping was the fastest method so far, further erpents were performed to clarify the

impact of impregnation on this process.

The parameters in impregnation are time, tempezatund concentration. Tests were
performed with different times, two different temgeires and several different
concentrations as seen in Table 11. The L:W-ratilmpregnation and cooking time were
kept constant. This naturally leads to varying efirdook alkalinity, in some cases zero,
in some cases quite high. The idea was merely udysthe effect of changing the
impregnation concentration on the end result.
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Table 11. Experimental conditions in studying the ef

vapor phase pulping.

fect of impregnation on methanol

Impr. Heat-up H-factor Alkali charge | Impregnation
time time (% EA on liquor c. (g
(min.) (min.) wood) NaOH/l asEA)
Methanol | 15, 40, 68, i i i
vapor phase| 94, 120 5-10 1000 17-51 40-120

The cooking result in terms of lignin yield is showas a function of impregnation time,
concentration and temperature in figure 62.
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Figure 62. Scatter plot of lignin yield vs. impregn

temperature for cooks with varying impregnation con

(H=1000, t=175€, methanol vapor phase)

ation time, concentration and

ditions but constant cooking

Looking at figure 62 it is clear that most of theriation in the cooks is explained by the
impregnation concentration. The correlation coéfit between the two is 0.956, so it is
clear that the concentration is very important. Hesvethere are some outliers that do
not quite fit the model. Also, as the liquor to wlo@tio was the same in all experiments

the results are somewhat misleading.

In an attempt to devise a model that explains tiieame even better it was felt that there

should be some parameter taking into account alsampact of temperature and time.
To describe the amount of alkali transferred towloed during impregnation the concept

of “alkali to cook” was introduced. Alkali to cookas defined as shown in figure 63. The

idea of the alkali to cook measurement is simplygitee an idea of the efficiency of

impregnation. The theory being that since no memsster happens during the reaction
stage in vapor phase pulping, all alkali has tdraesferred during the impregnation step
and some measure of the efficiency of this is neede

An important point is that alkali to cook includésat amount consumed in chemical

reactions during the impregnation step. This sigaithat the concept may not be so clear
cut for processes with significantly higher impragjon temperatures.
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Figure 63. The definition of alkali to cook

In Figure 64 the same data as in Figure 62 are deagea function of alkali to cook.
Clearly the new parameter has an even higher edigelwith achievable lignin yield.
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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=175C, m ethanol vapor phase)

Overall cooking speed (disregarding the fact tlwtkeng 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 afas$t as high yield as a slow one. In
contemporary pulping research, high alkali chamyesalways seen as unrealistic as they
lead to lower yield. Figure 65 shows a surprisiffga for methanol vapor phase pulping
using different amounts of alkali in the cookingg. The total yield of the process
decreases with increased delignification achiewedhigher alkali to cook, as expected.
However, the lignin free screened yield actuallgrse to be improving slightly. The
rationale behind the use of lignin free screeneddyis that this is the material that is
interesting from a papermaking point of view. Aignin that is left after pulping will be
removed in bleaching. Based on this result it setdras methanol vapor phase pulping

can be used to reach very low lignin contents itp puithout sacrificing brownstock
yield.
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Figure 65. Total yield, screened yield and ligninf  ree screened yield for cooks with

varying impregnation conditions but constant cookin g (H=1000, t=175€, 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 tmk; cooking time and degree of
delignification, additional tests were performed. these tests the cooking time was
varied while keeping all other parameters const@ated on the earlier experiments the
impregnation was expected to correspond to anidtkabok of ~15% on wood.
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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. Heat-up H-factor Alkali charge | Impregnation
time time (% EA on liquor c. (g
(min.) (min.) wood) NaOH/l asEA)
Methanol 600, 800,
vapor phase 68 > 1200, 1400 34 80

The results are shown in Figure 66. As can be dégdea longer cooking time leads to
more delignification and a shorter time to lesse Titeresting thing to note is how the
points relate to a hypothetical continuation of linear part of the delignification curve
for the 1000 H-factor cooks. The longer cooks éailo the same trend and again seem to
have become restricted by alkali to cook rathen t@oking time.
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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 expemtal setup. Although the procedure in
impregnation was exactly the same in all experimethe alkali to cook achieved varied
from 14.0 % to 15.0 % on wood. The variation is tluslight differences in the amount
and concentration of the liquor removed after ingpiion.

4.5.3 General impact of impregnation on pulping spe  ed

The amount of alkali transferred in impregnatiorinie key factor for process speed and
delignification in vapor phase pulping. This is @s as there is no transfer of chemicals
in the cooking stage. The experiments with liqudrage cooking indicated that
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impregnation also plays a role for process speethase methods, with displacement
heating being faster than batch cooking.

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

In making the calculations the following assumpsiovere made:
- 5 minutes’ impregnation gives mass-transport dylypenetration
- 60 minutes’ impregnation gives penetration and glete diffusion
- No consumption of chemicals during impregnation

These are seen as reasonable assumptions as pw vebie well steamed and the
impregnation temperature was >80°C. The assumpggarding the consumption of
chemicals is questionable, but as it is the samalfacases, it only affects the absolute
numbers, not the relative differences.

This gives the following equations for calculatitfte charge of alkali transferred in

impregnation:

XC

impr

Myo0d _ Myp0d _ rnHzO
Pacod  Pusdid  Ph,0

Transferred in penetration: Equation 13
mNOOd
Lrn/vood — rT‘l/vood JXC
,0 . impr
Transferred in penetration and diffusioped —w.old Equation 14
r-n\/vood

Where:

Mwood = Chip sample weight

pwood = Wood basic density (411 g/dror the softwood used)
pw.soiid = density of solid wood (1500 g/drased)

Mu2o0 = Weight of water in fresh wood

Cmpr =CONcentration of impregnation liquor
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Table 13. Cooks used in comparison of methanol free

175C, lignin yield 2.35+0.15

cooks, cooking temperature

. Heat-up .
Cook Impr: time time Impr. liquor Cooking method H- End of cook
no. (min.) . conc. factor | EA at pH 11
(min.)
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 16p4 5.2
274 60 5 180.4 | Drained afterimpr) g, 26.3
I-phase cooking

Table 14. Cooks used in comparison of methanol cook

lignin yield 2.2+0.2

s, cooking temperature 175C,

. Heat-up .

Cook Impr_. time time Impr. liquor Cooking method H- End of cook

no. (min.) ) conc. factor | EA at pH 11
(min.)

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 120y 6.4
126 5 5 54.2 MeOH displ 151% 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 | Drainedafterimpri ,-q n.a.

I-phase cooking

The result of using equations 11 and 12 on the idafable 13 and Table 14 is shown in
Figure 67. This graph illustrates the cooking tineeded to reach kappa number 30 with
various impregnations. The result is a graph wittoking time (H-factor) as as a

function of how much alkali is assumed to have beansferred to the wood prior to

heat-up. The rest of the alkali needed to reaclp&apimber 30 with positive end-of-cook
alkalinity is in the surrounding liquor. There aiso points for both water and methanol
vapor phase heating to give an idea of the implgsimg vapor phase pulping. The point
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with 180 g/l does not fall into the range of aceepénd-of cook alkalinity, but was added
to illustrate the linearity of the trend even ajher alkali amounts.
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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 | iquor phase cooks.

According to the figure, a similar pattern is sdmth for methanol and non-methanol
cooks. A 30% reduction in cooking time can be aatdeby having the chemicals close
to the reaction sites at the onset of the reactibhs benefit of using methanol in pulping
Is of the same magnitude. There is some uncertaintige figures due to experimental

variations as described earlier, but the lineaatythe correlations for both cooking

methods is striking. The vapor phase results fallttee same line as the results of the
liquid phase cooks, this indicates that vapor phesesuch does not increase pulping
speed but it is a way to make sure that enoughlidikees been transferred in the

impregnation step to ensure a fast cook.

4.5.4 Alkali consumption

The alkali transferred to the wood determines tleeed and extent of reactions. Figure 65
showed that the lignin free yield is unchanged fi@nin yield 2% to 4% when pulping
with different alkali to cook but constant cookitigie. This leaves the question of alkali
consumption in cooking.

In Figure 68 the alkali to cook and the alkali aamption for different degrees of
delignification are shown in the same graph. Is tiiaph the point where the series start
to move away from each other illustrates the painére the cooks go from being alkali-
deficient to being time-deficient. It can also ke how the alkali surplus needed to
reach lower lignin contents becomes ever biggezssihe 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 impossitol give a strict limit for how fast
methanol aided kraft pulping can be. As an exarman be mentioned that in trials with
180 g/l impregnation, giving an alkali to cook df%2, a lignin yield of 1.4 % on wood
was reached with 750 H-factors, while maintainingield of 49.3% on wood. This,
however, gives a very high EoC alkalinity and isréfore not interesting from more than
a scientific point of view. An even higher concatith seems possible to use from a
yield point of view, but is far from realistic witturrent recovery technology in which the
mill white liquor is rarely over 120 g/l. The usé lmgh concentration impregnation is
restricted by the need to evaporate some of theneaitering the system as fresh wood is
quite wet. The energy economy of such a procegsastionable.

The question of alkali consumption is interestimgrs, as seen in Figure 60, there was
evidence that the methanol vapor phase processhigher yield than the water-only
processes. If the extra yield was due to less tgdrate peeling, this should also be seen
as lower alkali consumption, as alkali is consunmedarbohydrate degrading reactions.
In Figure 69 the alkali consumption for methanopamaphase, water steam phase and
batch kraft pulping are presented as a functioligafn yield when using constant end of
cook alkalinity.

The wide variation in the results is due to the that the experimental procedure was not
very well suited to study alkali balances. The vilaglout of residual alkali from cooked
chips leads to a certain uncertainty which is palérly evident in vapor phase pulping.
Also, the amount of liquor in the pipes and valeéshe equipment can never be known
with 100% accuracy. Taking into account the addalouncertainty related to the
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procedures for titrating low concentrations of &lklsom liquors containing large
amounts of dissolved organic salts, it is cleat tha current research will only give an
estimate of consumption, while exact figures regjlarger 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 retagnto one more time. As the actual
purpose of kraft pulping is to produce as much pap&ing pulp as possible from a
given amount of wood using as little chemicals assjble, it is felt that any comparison
of different cooking methods should be made asation of the pulp produced. Such a
comparison is shown in Figure 70.
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Figure 70. Alkali consumption vs. lignin yield as a function of the amount of pulp
produced using the various pulping methods, 80C im pregnation, constant end-of-cook
alkalinity.

Based on Figure 70, it seems that the yield bepéfmethanol vapor phase pulping also
can be seen as a reduced need for alkali. As hdforee is quite high variability in the
experiments, so the consumption figures shoulddbiéied in larger-scale experiments.

455 Impact of cooking temperature in methanol vap or phase

pulping
175°C had been chosen as the main cooking temperatthe experiments, as explained
in section 3.2. After the cooking method had bestaldished, it was of interest to study
the effect of temperature on deligninfication.
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Figure 71. Achievable lignin yield vs. H-factor in methanol vapor phase pulping at 155,
165, 175 and 185C.

Figure 71 shows that the pattern of deligninficatio methanol vapor phase pulping is

much the same as in conventional kraft pulpingaaas the time-temperature behavior is
concerned. A 10°C increase in temperature doubkepulping speed, just as the H-factor

model predicts. This result can be seen as fughielence that methanol does not change
the actual pulping chemistry but merely works aisaoster” 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 185C.

The results in Figure 72 support the view that dbsolute temperature does not have

much impact on the way methanol vapor phase pulpiogresses. The screened yield is
not affected by the change in pulping temperature.
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Figure 73. Rejects vs. lignin yield in methanol vap  or phase pulping at 155, 165, 175 and
185C.
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The limited impact of cooking temperature on thé&come in pulping is further supported
by Figure 73, the rejects levels do not changeifsegntly 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 oftraetl on kraft pulping, the main path of
cooking experiments was abandoned in favor ofrigdiie impact of methanol on sub-
processes. The first sub-process to be testedheasmpact of alcohol on the penetration
of cooking liquor into the wood. It was argued tlathange in for instance surface
tension of the impregnating liquor due to alcohdtlifon could lead to more efficient
impregnation. To clarify the situation, a study wasducted using the impregnation
equipment at HUT. Studies were also performed #&oifgl the impact of the increased
digester pressure associated with the use of dlearpulping and also the impact of
using solvents other than methanol.

4.6.1 Methanol in penetration

The results in Figure 74 show how penetration eftieartwood chips proceeds at 25°C
with pure water, a mixture of water and mill whiiguor, and a mixture of water,
methanol and mill white liquor. The temperature @5has been depicted, as the
differences are clearest at low temperature. Theesanpact of methanol addition was
also seen at higher temperature and at all imptegn@ressures used. Tests with all
liquors were performed using 1-, 5- and 9-bar oresgure and at 25 and 70°C.

Penetration Degree (%)

30,0 ——5 bar 25C, WL+H20
—@— 5 bar 25C, WL+MeOH
20,0 ] —#— 5 bar 25C, H20
10,0
0,0 T T T T T T
0 10 20 30 40 50 60 70
time (min)

Figure 74. Degree of penetration vs. time for impreg nation liquors with and without
methanol addition.

The chip penetration with liquor containing methan@s clearly slower than of that
without methanol, showing that the benefit seemftbe use of methanol was not due to
improved penetration. This observation is in agresimvith the earlier results, i.e. that an
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addition of methanol does not reduce the rejectsertt in batch pulping without liquor
exchange.

4.6.2 Tests to chart the impact of increased digest
cooking

The addition of methanol also increases the diggstessure due to the high vapor
pressure of methanol compared to water. High pressarly in the cook is known to be
beneficial if impregnation is inadequate. The dffachigh pressure pulping was tested in
a series of experiments with high digester presappdied at the beginning of heat-up in
normal batch kraft pulping. The tests had to bégpered without methanol to be able to
isolate the effect of increased digester presduris. study was performed using the same
chips as in the impregnation study, i.e. chips frbtalkov’'s thesis study. The use of
geometrically regular chips ensured that the resuire comparable, as any irregularity
of the chips would influence the penetration bebtiawaf the chips. The chips had the
added benefit that heart- and sapwood had beerskpptate, so the effect on both types
of wood could be studied separately.

er pressure in

Two series of cooking with the push-pull digestests were performed, the first with
minimal impregnation as seen in Table 15. Heartwad sapwood chips were cooked
separately. All cooks were essentially identicatept that in the cooks indicated by p25
the digester pressure was increased to 25 bardggditrogen. The experimental set-up
was the same as in the liquid phase batch cooksribled earlier. The pressure in
methanol pulping at 175°C is around 13 bar, saghér digester pressure is beneficial,
the chosen conditions should give clear indicatibn.the first cooking series with
minimal impregnation, the impact of high pressumethe cooking stage on rejects is
rather big, especially for heartwood (Table 16).

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

Impregnation Heat-up time H-factor Cooking Alkali charge (%
time (min.) (min.) temperature 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 Kappa Yield (% on Rgects (% on
pressure no. wood) 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 55.0 115

In the second series of tests the impregnation pvakbnged before heat-up and the
application of high pressure as presented in Tablelhe effect of these experiments can
be seen in Table 18. A longer impregnation timeaekear impact on both kappa number
and rejects levels but the effect of pressure besdmard to identify. In fact, the impact of
impregnation seems to be more clear-cut than fleetedf the additional pressure applied.
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Table 17. Cooking conditions in long impregnation p

ressure test cooks

Impregnation Heat-up time H-factor Cooking Alkali charge (%
time (min.) (min.) temperature EA on wood)
60 5 1500 175°C 19.3

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

Wood type Digester Kappa Yield (% on Rgects (% on
pressure no. wood) wood)
Heartwood normal 58.2 52.4 2.6
Heartwood 25 bars 54.2 52.4 1.8
Sapwood normal 62.5 54.3 55
Sapwood 25 bars 64.8 54.8 8.0
14.0
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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 experimentsclvasen in order to make sure that
all cooks produced measurable rejects levels, asidba of the experiments was to
compare the level of rejects and the level of dafigation achieved. As can be seen from
Figure 75, the incremental benefit from high presspulping was not very big in the
cooks where impregnation was sufficient. Especitdlyeasily penetrated sapwood the
effect is within the limits of the experimental acacy. The arrows in Figure 75 showing
the move from low to high pressure would be expmktiepoint to the lower left corner of
the picture if the change in delignification belmwvould 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 vaporsehaulping is possible and quite

beneficial, it was of interest to study whether #fiects seen were methanol-specific. In
order to do this, several other solvents were @sted. The solvents tested included 1- &
2-Propanol, Ethanol, N- & T-Buthanol and AcetoneneTexperimental setup was

identical to that used for methanol vapor and wateam phase cooking, impregnation
followed by liquor withdrawal and heating using ammnal quantity of the solvent under

study. The results are shown in the following feegir
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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 benefitati solvents except acetone is similar
to that of methanol. This is quite an interestiegults when considering the range of
molar weights and other properties involved. laisost as if the important thing is to
remove the water from the system and not so mudkt adlvent is used. An interesting
guestion is what the effect of acetone is. Pulpgnglower than with the other solvents,
but clearly there is still delignification takindage. It is as if the level of delignification

achievable with acetone would be inferior to thdtieved with other solvents, even when
there is still some residual alkali left that shibalake 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 vyield of théouarsolvent vapor phase pulping

methods behaves much like that of methanol forcales except acetone. For some
reason, yield drops at low lignin yield when acetas used as the heating medium,
without the delignification going any further. Thiesulting pulp was also quite dark

compared to the other pulps. The behavior of aeet@por phase cooking was rather
surprising although acetone is known to be quiteeidint from the other solvents used.

No further testing was done to clarify the reasantliis odd behavior, but it is felt that it

probably could give some clues as to the natuthebenefit produced by the addition of

solvents to kraft pulping.

4.6.4 Thick chips

During the course of the investigation, severabtles about the reason for the benefit of
methanol addition have been discussed. Many ofthieeries have centered on the
solubility of alkali in different media. Inorganisodium salts dissolve more easily in
water than they do in organic solvents. This cdudda mechanism by which the alkali
would be “forced” to stay in the wood instead oft@ing part of the surrounding liquor.
The hypothesis was tested by the following expemtmé&hick softwood chips were
fabricated as explained earlier and pulped withttinee different pulping methods. The
idea was that with thicker chips the surface affeth® chips in contact with the heating
media would decrease. In case of a chemistry baggldnation, this should decrease the
effect of using methanol. Also, if the explanatiwes to do with the relative solubility of
alkali in the different media, the relative difface between heating with water steam and
methanol vapor could be expected to decrease easutfiace coming in contact with the
heating media decreases.

115



The results of the experiments with thick handmeltips are presented in the following

figures. The linear trends in the figures represeatresults 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 usirgthranol vapor as a heating medium is
still present also with thick chips. This is sesmaa indication that the benefit is based on
the solubility of alkali in organic solvents, theela being that the methanol is unable to
wash out the cooking chemicals from the wood duhiegt-up to the same extent as water
steam. This finding could also be used to enablpipy of thicker chips than currently
possible, something that could be used to incrpaseess yield.

Rather surprising is, however, the big differencelelignification speed between normal
and thick chips when using water steam. If theoefpeeding up kraft pulping when
solvent is present has to do with the solubilityatidali, the smaller surface area / volume
ratio of thick chips could be expected to be banfalso in water steam pulping.
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Figure 79 shows the total yield vs. lignin yieldr flne geometrical chips using the
different cooking methods. The yields seem quitailar to those achieved with thin

chips. All cooks, however, had high rejects, sodtreened yields are significantly lower.
The behavior of the rejects was quite similar fbcaoking methods as seen in Figure 80.
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Figure 80. Rejects vs. lignin yield for thick geomet
softwood chips (ref.) using different cooking metho

4.6.5 Uniformity of pulping

rical sapwood chips and ordinary
ds.

An early hypothesis regarding the effect of methaaldlition was that it would somehow
affect the uniformity of pulping, possibly by “farg” the delignifying chemicals deeper
into the wood due to decrease solubility. Testimg aniformity of pulp delignification
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was therefore of great interest. The uniformitypafping can be measured by fiber kappa
analysis (FKA) based on fluorescence of stainedidigor by IR measurements of pulp
pads. Both methods are relatively fast and sinmpléalso dependent on calibration using
samples with known kappa numbers. For the IR measemts calibration is performed
by measuring all samples in a series with knownpkapumbers and then applying
principal components analysis to determine the tsplecompositions corresponding to
different degrees of delignification. In the fideappa analyzer system the red/green ratio
of acridine orange fluorescence is calibrated uttieg<nown samples.

In order to get as much information as possibleuabwe delignification uniformity of the
methanol vapor phase pulping method, a seriesmpkes for both methanol vapor phase
and liquid kraft pulping was tested with both methanentioned above. The results for
two pulps at the kappa number level 33-34 are shiowkigure 81 and Figure 82. The
testing using IR spectroscopy was performed bygoersl at the Laboratory of Wood
Chemistry of HUT and the fiber kappa measuremegtshb staff at the University of
Washington.

Reference New Process
SCAN kappa=33 Stdev.=12 SCAN kappa=34 Stdev.=7

Frequency

wll HHHM M

TYTRA2ANRNRSIBILIBBBEIERRRR SN2 UL NREEIHOV9INBBRIIRRER
Kappa Kappa

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 distribubbrmethanol vapor phase (new
process) is much narrower than that of the referekaft. This result supports the
hypothesis that the low rejects is due to bettépipg uniformity. The limited correlation

between measured SCAN-kappa number and the kapphenipredicted 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 Unikgist Washington do not support the
IR-measurement results. According to these reghisuniformity of methanol vapor
phase cooking is inferior to that of kraft liquilgse pulping. An interesting feature in the
FKA results is the fact that the distribution didr kappa numbers is less symmetrical
than that of liquid phase cooking.

No simple reason could be found for the apparentradiction in the results between the
two measurement methods. The problem was deemedoioplex to be investigated
further in the present study but is clearly anreséing area for further research.

4.7 Fiber properties

The present investigation was only aimed at lookmg fundamental questions regarding
pulping speed under various conditions. The quesifgoulp quality was left outside the
scope of the research. It was felt that as theadelignifying chemicals are the same as
in conventional kraft pulping, the properties oé tiibers would be unlikely to change to
any major extent. Also, making a whole set of filpeoperty measurements for each
incremental change in process design would have fagebeyond the capabilities of the
current project.

Some basic features of the resulting pulps wereielier, 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 brightnedgantage for the methanol pulping
method compared to the two other ones.

Viscosity vs. delignification is shown in Figure.8Bhe current investigation did not see
the maximization of pulp viscosity as an aim, bsitse much literature centers around
pulp viscosity it was felt that this parameter resbtb be presented.
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Figure 84. Viscosity vs. lignin yield for the cooki

120

ng methods under study.




Clearly, the viscosity of methanol vapor phase imgps lower than that of the other
pulping methods. The fact that the viscosity of meabl vapor phase pulps is lower than
that of water steam phase pulps indicates tha itot only the high concentration in
impregnation that is responsible for the drop as d¢bncentrations are similar in both
pulping methods. A factor may be the high hemideia content that increases the
proportion of lower molecular mass molecules inghp.
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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 palpwere used in the delignification
uniformity studies. The results are more reliabidoaver lignin yields, as there was a
tendency of clogging in the equipment when meagulass delignified pulps. From
Figure 85 it can be seen that the superior yielthefmethanol vapor phase cooking can
be seen as a higher fiber coarseness when comfmihventional liquid phase kraft

pulping.

5 Discussion

The PuPu digester system enabled work in a parameige never studied before. The
equipment is unique in its ability to allow fastatieg up and gave new possibilities to
study the basic interactions in kraft pulping. Iscaallowed studying the impact of
organic solvents on these interactions. The stualylvased on short series of experiments
whose results were evaluated and used as a basithdonext experimental setup.
However, the central theme of the research wasntb rhethods to reduce the overall
process time as much as possible.
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As is illustrated by the review of laboratory equignt in section 2.5, the present
investigation would not have been possible witlthatnew digester.

5.1 Impregnation and heat-up

One of the key features of the PuPu digester systamthat it enabled the use of very
short heat-up times. This made it possible forfitlsé time to study the impact of heat-up
time on identical cooks over a range from 3 minabe30 minutes.

Figure 44 and Figure 45 show that the heat-up t@g no impact on the extent of
delignification or yield at this level of delignifation. In terms of intensification this
means that there is no lower limit for how fastthgacan be performed from the point of
view of delignification. According to the furtheesults in section 4.1, the only barrier to
reducing impregnation and heat-up times is the &bion of rejects, i.e. pulping non-
uniformity. A very short heat-up time lowers thedbhold for rejects formation. The
absolute level of this threshold is governed bypgtroperties and pre-treatment such as
steaming. It must be remembered, that in this iny&$on the chips were thin and well
steamed prior to the experiments.

The results are very significant as no publishegaech has been found where the heat-
up time has been varied over such a broad rangg tis¢ same chip supply and digester.
Modern industrial systems, such as hot liquor dispinent and steam phase top
digesters, use very rapid heating. According taesdrresults, this does not have any
negative impacts on the pulp. This fact has nohbmeeasured before. The data that exist
from earlier refer to cooks without steaming andstlproper impregnation as seen in
section 2.2.1. The results in Figure 51 clearlyti@aiict the results found in the literature
presented in Figure 9. The reason for the diffezeis that the results in the literature
refer to cooks without proper impregnation.

To further shorten the overall process time, ttiecefof the combination of impregnation
and heat-up time was studied. According to thelt®sa Figure 46 and Figure 47, the
impregnation time can be brought down to 5 minated heat-up can be performed as
fast as possible without any detrimental impactton pulping results seen as yield and
pulping speed when delignification is taken to amal industrial level. Possible changes
in fiber level delignification uniformity were natudied at this point. The lower limit for
impregnation and heat-up time is determined byuh#ormity of cooking as seen in
Figure 48. If a normal kraft cook is intensified msich as possible, there is a tendency
towards higher rejects at high lignin content lsvdh this context it is important to
remember that the chips used in the current stuehe whinner than normal mill chips,
meaning that the absolute lignin yield level givisignificant rejects probably is lower
with “normal” chips. Also, it has to be remembetédt laboratory screening is not the
same as mill screening with pressure screens. dttettiat there seems to be very little
difference in rejects between cooks with 5 and &utes’ impregnation is noteworthy. It
implies that impregnation at typical kraft pulpiatkali concentrations has a rather small
impact on rejects. It seems that low rejects ah hignin content can only ensured by
slow heat-up in this type of cook.

From the point of view of intensification this meathat it would be possible to use a

very short impregnation time as long as steaming haen performed well and
delignification is taken far enough. However, ire thresent work, the aim was not to
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shorten the impregnation time. This is because egmation can be performed below

100°C and therefore does not require the use abpre vessels. As the stated aim of the
present investigation was to decrease the sizénefptessure vessel, the question of
impregnation time was not investigated further. ldoer, the fact that the heat-up time

can be kept short is good news as far as processsification is concerned.

5.2 Impact of methanol addition

The second step in the experimental investigatias 1o test the effect of methanol
addition on kraft pulping. The results in Figureel®arly show the impact of adding 50%
methanol to the cooking liquor. The degree of aefigation as indicated by the lignin
yield dropped by 30% from 1.5 to 1, regardless e&tkup time. This result is in
agreement with earlier studies that also show ar devorable effect on delignification
from the addition of alcohol, as explained in s&tt?.4.3. Because experimental setups
used by different researchers vary significantlys ihard to compare absolute numbers,
but the levels seem similar. The fact that Figu@esbows a slight decrease in total yield
for the methanol-containing cooks is understandasehe delignification has progressed
further in these cooks.

Figure 51 shows that the viscosity of the pulpsnfrmethanol-containing cooks tends to
be lower than that of conventional kraft cooks. sTlian be due to the greater
delignification achieved in these cooks.

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

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

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

123



5.3 Impact of the allocation of methanol addition

To further study the effect of methanol on kraftgiog, additional cooking experiments
were performed. Figure 56 shows that the benefitptdping speed of the addition of
methanol is independent of whether the alcohotided during impregnation or used as a
displacement heating agent. This is a remarkakidtre

The result shows that methanol can not be an adilignifying chemical as it is clear

that the methanol can not have time to diffuse th® chip when it is added only as a
heating medium after impregnation. Compared fotamse to the HO- and HS- ions,
which are dependent on being impregnated into tadvwo be effective, the difference is
clear. It is also unlikely that the effect of matbhwould be to help dissolve the lignin

from the wood, as saturating the wood structurdar wwmiethanol should also show up as
faster cooking. This is an aspect of solvent pghat has not been reported earlier.

When comparing the screened yields of the two nastiod methanol enhanced cooking,
a clear advantage is seen for so called methamdirg (Figure 57). The high screened
yield in displacement pulping comes from a combaratof high total yield and low
rejects. The low rejects are probably in part duéhe fact that a stronger impregnation
liquor has to be employed in a cook with displacetrtesating, as the alkali otherwise
would be depleted in the cooking step. The usetrohg impregnation liquor brings a
clear improvement in impregnation, as seen in #wilts of Hultholm et al. shown in
Figure 19. The benefit for rejects is of the saymetas shown in Figure 24 for white
liquor impregnation pulping. The benefit in totaélg compared to conventional kraft
pulping is partly explained by the impregnation reteéeristics and thus more uniform
pulping, but also by the impact of methanol.

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

pulping.

The results for water steam phase pulping confivat there is a benefit for pulping speed

in adopting a lower liquor-to-wood ratio in the &owg stage. The cooking speed of water

steam phase pulping is very close to that of liquidise methanol pulping and clearly

faster than that of liquid phase kraft correspogdmthe steam phase pulping research by
other researchers.

Figure 60 shows that the yield benefit for methaaidied pulping is achieved also in
vapor phase pulping. A yield benefit for water stephase pulping over liquid phase
kraft can also be seen, as was shown by Kleinedt Amgren & Olausson /10, 59/.
Methanol vapor phase pulping has not been repartetier. The high yield of steam
phase pulping is in conflict with the rules of mioeli pulping that are supposed to
decrease carbohydrate degradation and therebyhgiher pulp yield. The high yield in
vapor phase pulping is, however, undisputable.
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The fact that vapor phase pulping is possible usieghanol as the heating medium is a
novel finding. It gives clear benefits over bothterasteam phase pulping and methanol
liquid phase pulping. This invention was patentEtP/.

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

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

In Figure 86 the results for methanol vapor phadpipg to H-factor 1000 are compared
to Kleinert's research. In this comparison the ragth cooks have a longer cooking time
(H=1000 vs. 810), but as was seen in Figure 66, tihe amount of alkali that plays the
biggest role for the extent of delignification aaét to around 17% alkali to cook. This is
illustrated by the linear trend followed by theuks up to that point in Figure 66. Also,

cook number 542, used to construct Figure 67, attalkali to cook of 20.6% reached a
lignin yield of 2.3 % on wood after only 700 H-facs. Clearly, cooking time is not the

only explanation for the difference, the use ofimebl 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 thafsleinert are very similar. A step
change in the level of delignification achievaldeclearly seen. Whether this is due to
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only to the presence of methanol in the presergstigation or if chip properties play a
role is impossible to say, but the difference rddesithat seen in Figure 67.

An unexpected result is that lignin free screeniettlydoes not decrease with decreasing
lignin yield in the range of 4-2% lignin on wood s&en in Figure 65. This is a further

contradiction of earlier claims that high alkaliacbes lead to yield loss. In vapor phase
pulping, this clearly is not the case.

The use of constant cooking time, as was donedmrrdkearch on alkali to cook, is not in
agreement with the constant end-of -cook alkalimigthodology employed in the rest of
the research. The use of constant cooking time,ekew illustrates the impact of
available alkali in a clear manner. In a mill sttaa, the amount of chemicals used will
be minimized to avoid putting a strain on the clehiecovery system.

5.5 Diffusion restriction in kraft pulping

Figure 67 shows the impact of impregnation on mggpeed. Clearly, having the needed
chemicals inside the wood matrix at the onset adkow reactions can decrease the
cooking time by over 20% in conventional kraft pafjy assuming a total alkali amount
of 20% EA as NaOH on wood. What makes this resritarkable is that as the same
amount of chemicals is used in all of the experimsetne difference must come from the
time needed to transfer the chemicals into the waooalrix. This indicates that
conventional kraft pulping is mass transfer limiitadhe sense that the same amount of
chemicals would give a faster cook if they only evan the right place at the onset of
reactions. This is true even when using thin chagswas the case in the present
investigation. The result also indicates that thiteroused assumption in studies on kraft
pulping kinetics that the concentration inside Waod chips is in straight correlation to
the concentration of the surrounding liquor is hygbuspect. If that was the case then the
cooks with minimal impregnation should be the fsstas the concentration in the
surrounding liquor is the highest in those (allroeals are in the surrounding liquor as
nothing has been impregnated). Clearly this isgim®tcase.

The use of methanol further reduces the cooking tity 30%. The similar behavior of
the two methods is striking; the lines are parailedr the whole range studied. It can also
be seen that liquid phase and vapor phase coolkwé&é the same manner; it is only the
impregnation that really determines the speed okicw.

5.6 Alkali consumption

The cooks with constant cooking time showed a linedationship between alkali

consumption and lignin yield as seen in Figure I68cooks with constant end-of-cook
alkalinity a trend is harder to identify (Figure)6This is partly due to the equipment
used and the inherent variation in results for lolaguor alkali titration. Also, the fact

that a rather broad band of end-of-cook alkalinitgs accepted (5-10 g/l at pH 11)
increases the variability.

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

5.7 Impact of cooking temperature

The basic H-factor relationship between time amdpierature in pulping can be used to
estimate the achievable level of delignificatiorekperiments with varying cooking time,
as seen in Figure 71. The cooking temperature dichave an impact on pulp yield or
rejects in the studied range. From the point ofwaé process intensification, this means
that high temperatures can be used to shortenrtioess time. What temperature actually
is used has to be decided based on the process atedlable and considerations of total
mill energy efficiency.

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

5.8 Tests aimed at explaining the effect of methano |

The aim of the current research was only to findysvéo intensify kraft pulping.
Scientific curiosity, however, drove the researohldok for clues to the reason for
superior pulping results in the presence of methano

5.8.1 Effect of methanol on pulping physics

Figure 74 disputes the hypothesis presented byd edwal. /70/, i.e. that the positive
impact of organic solvents on alkaline pulping wbbk due to improved penetration. As
far as penetration in impregnation goes, the pahetr speed is clearly decreased by the
addition of methanol. Based on the work by Malkitne high viscosity of the methanol-
containing liquors is likely to hinder penetratiorhe fact that the viscosities are higher
can be seen in Figure 31, showing the viscosity whter-alcohol mixture. The fact that
methanol decreases the rate of penetration alszrediss the claim by Marton &
Granzow that improved cooking in the presence oblabls would be due to better
impregnation thanks to the reduced surface terdidime liquor /82/. It can be questioned
how much of an impact increased penetration woaldehhad in their research, as the
heat-up time was fairly long at 30 minutes.

The effect of the increased liquor viscosity orfudifon is less clear. On the one hand, the
Stokes-Einstein equation implies that an increaskquid viscosity decreases diffusion
speed. On the other hand, the glass transitiort pbithe wood matrix may be decreased
by the addition of methanol, as seen for silicam¢hie work by Wu et al. and Khang &
Lee /112,113/, thus improving diffusion in the waodtrix.

The second hypothesis that could be ruled out wed the increased speed of

delignification would be due to improved penetratibhanks to the high pressure in the
digester during methanol enhanced pulping. As easden from Table 16 and Table 18,
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there was a slight positive impact on heartwoodatsjfrom pulping using high digester
pressure, but the impact on sapwood rejects wasahasive and the effect on the extent
of delignification was within the margins of expagntal error for both types of wood.

The fact that the benefit of methanol addition was due to increased penetration could
also be expected based on the results by Malkoad. 6/, as they showed that the
benefit for delignification of an optimized front@ treatment is only about 5-10%, not
the 30% seen from methanol addition. Based on theept experiments, the effect of
alcohols on kraft pulping is probably related te thulping chemistry or an alteration of

the physicochemical balance of the system. The thgses that the front end of the cook
would be positively changed in terms of liquid peagon could be rejected based on
these findings.

5.8.2 Effect of solvent used

The follow-up investigation into the effect of vaws types of solvent showed that the
effect of the alcohols used was very similar inmerof pulping speed (Figure 76). The
only exception was acetone which behaved quiténdit. Delignification using acetone
stopped at a rather high lignin content and cowldbe taken further without significant
loss of carbohydrates (Figure 77). The behaviaoaetone pulping may merely be due to
the fact that acetone is more aggressive towardasiwloan the other chemicals. The fact
that it behaves very much like the other solventkigh lignin content might be a sign
that there are two effects taking place at oncee @ould be an “organic solvent effect”
perhaps connected to solubility of alkali in theatireg media, working much like the
effect for the other solvents. The other effect ldobe an acetone specific effect that
kicks in at longer cooking times, when the acetaowially has diffused into the wood
matrix.

5.8.3 Experiments using thick chips

In further trials examining the nature of the meiblabenefit, thick chips were pulped as
described in the experimental section. In Figureh&degree of delignification achieved
with various H-factors is compared for thick andioary chips using different pulping
methods. The benefit of using methanol is moreess constant, whereas the water based
methods are quite poor at delignifying the thickpsh

Using thick chips has two immediate effects. Fgsthe diffusion path for the pulping

chemicals becomes longer. This means that diffusstricted pulping methods become
slower and that there is a greater risk of nonarmity in the form of rejects. Secondly,

the surface area in contact with the heating mbd@mes smaller for a given sample
weight. This means that any transfer of chemicahégthrough the chip surface during
the cooking stage is reduced and the direct effédhe heating media on the wood
becomes smaller.

The fact that heating with methanol vapor losdkelin the way of delignification speed
further supports the theory that methanol doestaila part in the actual delignification
but only alters the chemical environment in theedigr, thereby increasing the efficiency
of the delignifying chemicals. A possible explaoatilies in the solubility of the
delignifying chemicals in the heating media. Wheating with vapor the conditions in
the digester will be something of a trickling beatuation with the chips covered by a
liquid film. Differences in backwards diffusion frothe wood to the liquid film could
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explain the differences seen between the behavidelggnification in water steam and
methanol vapor when going from thin to thick chipbe crucial question then becomes
whether the increased volume of solvent that coseeion the surface is enough to wash
out more alkali, or if the solubility of alkali iso small as to keep the delignification
chemicals inside the wood. This could be investiddurther, for instance by varying the
chip geometry.

The difference between vapor and liquid phase hgas schematically presented in
Figure 87. The point being illustrated is how vapondenses on the chip surface creating
a liquid film. The chemicals impregnated into thead will diffuse out to this film as
long as the concentration in the chip is highetidaid 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 tfapidly using methanol vapor was an
unexpected result. The fact that the rejects leamdsthe same with all cooking methods
(thick chips give high rejects) is in line with whzan be expected, and implies that the
delignification profile through the chip is similar all cases.

5.9 Pulp uniformity and fiber properties

In an attempt to measure if the kinetic advantagg sn vapor phase pulping was due to
more even impregnation, and thus a more even didigton profile across the chips,
samples were tested for delignification uniformiging two different methods. The
methods were FT-IR spectroscopy and Fiber KappdyAisausing fluorescent probes
and a flow cell. As can be seen from a comparidofigure 81 and Figure 82, the two
methods gave conflicting results. This could be tmehe fact that the single fiber
analysis measures deeper into the cell wall tharFiIR method, indicating differences
in topochemical behavior of the pulping methodsARK believed to measure the whole
thickness of the fiber (4fim), whereas FT-IR only measures to a depth of O.2n2
This, combined with differences in cell wall lignatistribution for the two cooking
methods, could explain the results. The reason afsybe due to different lignin groups
being left in the wood after cooking. For instantee way in which the fluorescent
probes react with the residual lignin to give thearacteristic change in red/green
fluorescence ratio is not yet understood in detil. interesting feature of the FKA
distribution is an absence of a “low kappa tailhig'is seen as a very steep slope on the
left side of the curve. What it means is that vidtle pulp has been overcooked as the
cook has been very short (the degree of deligriiinas determined by the cooking time
and not by the availability of alkali as in conventl pulping).
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In the current investigation the properties of tasulting pulps were not studied further.
Instead, energies were focused on finding the petens affecting pulping speed. Also, it
was assumed that as the active chemicals arertie @sin conventional kraft pulping, so
the resulting pulp should be very similar. Someidbgmrameters for the pulps are,
however, known. The brightness at a given lignieldiis higher for softwood methanol
pulping than for conventional kraft pulping. Thésslightly surprising, as the washing out
of reaction products should be inferior in the alsgeof an agueous phase. Possible
reasons are that fever cromophores have time to @uring the short cooking time, or
that somehow, due to the presence of methanol,fadheation of cromophores is
altogether reduced. In any case, the formationrofmophores has to be seen as an
unwanted side reaction, and the fact that it isiced implies that the principle of process
intensification is working as expected.

As for other fiber properties, pulp viscosity ieatly lower for methanol vapor phase
pulping than for the other cooking methods, as saefigure 84. This seems to be a
combination of the fact that the high concentratioised in steam phase pulping bring
down the viscosity, as seen for water steam phadging, and also that methanol
enhanced pulping has lower viscosity than pureliembased pulping. The reason for the
lower viscosity may be that the higher yield in haatol vapor phase pulping leads to
better hemicellulose retention, with the short okdi hemicellulose in turn leading to
lower average pulp viscosity. The use of viscoagya meaningful measurement of the
quality of papermaking pulp is questionable at b&ke present results should also serve
as a word of caution to any researcher who wantsdw parallels between higher pulp
viscosity and higher process yield; the resultantyedo not provide support for such a

parity.

The high yield of methanol vapor phase pulpinglso &vident in the pulp coarseness
measurements, as shown in Figure 85. It is lodleatl higher yield leads to higher fiber
coarseness, as the retained hemicellulose hasdorveected to the fibers in order not to
be lost in washing. What is interesting, howeverthe potential impact of the better
hemicellulose retention on the papermaking propeif the pulp. If the yield advantage
can be maintained through a bleaching sequencenetbe for refining the fibers should
decrease, because higher hemicellulose conterd tealetter interfiber bonding. Other
researchers have claimed that pulps produced wigthanol+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 enogsearch. The current research
shows new aspects of the effect, but falls shotveshg able to explain it. The biggest
guestion is how the delignification can be fastéilevthe hemicellulose yield at the same
time is higher. If the alcohols affect the apparemicentration of the alkali, this should
have a negative impact on the hemicellulose yislth@micellulose is known to be very
sensitive to alkali. On the other hand, if the effef methanol is related to better
dissolution of reaction products, the step fronuiigphase methanol cooking to vapor
phase should have had a negative impact on thegspwhereas the effect seen was the
opposite. Also, if the methanol somehow alteredrdaetions of lignin and the cooking
chemicals, having the methanol impregnated as geaal the chips as possible could be
expected to produce a beneficial effect. Thatigisot the case is illustrated by both the
“methanol cooking” experiments and the cooks wiitikk chips.
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The present results support the hypothesis thaeffleet of solvents has to do with the
relative solubility of the delignifying chemicals the cooking liquor. This was, however,
at least in part disputed by Abbot & Bolker /83/wbuld thereby seem that the effect is
more refined than simply solubility. It is possiltheat the solvent effect is due to a change
in behavior of the free water and thereby the caffect of the water molecules
surrounding the cooking chemicals.

Another possible explanation has to do with that heansfer efficiency of the different
solvents. Methanol vapor is significantly densearthsteam at a given temperature,
because the pressure is so much higher. This asmgrthat methanol is a more efficient
heat transporter, if one considers a case wherstbam condenses on cold chips at the
saturation pressure of the vapor. This hypothesisawever, disputed by the fact that the
speeding up is also seen in liquid phase cookinbusmg a wide range of solvents with
varying vapor pressures.

Based on the results and literature sources, pessijpotheses for the impact of
methanol have been compiled into the followingeabl

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

Theory Supporting evidence Contradictions

Difference in solubility Reaction speed for lignin | Hemicellulose yield higher
“Escaping tendency” / increases as if concentrationvith methanol

increased activity was higher The change of solvent does
(~concentration) not drastically alter the

effect although the
solubility of NaOH is
different in different

solvents
Change in delignification | Reaction speed increases,| Effect is not dependent on
reactions brightness increases, methanol being inside the

possible radicals in pulping-wood
methanol known radical

scavenger
Change in the accessibility| Lignin is hydrophobic, Effect is not dependent on
of lignin methanol may work as a | methanol being inside the

contact media despite low | wood
solubility of inorganic

chemicals
Change in diffusion of Organic solvents may Water-methanol mixture
alkali / hydrosulphide “lower concentration” of has high viscosity, slows
wood constituents, diffusion

increasing diffusion in
wood cell wall

Based on the results at hand, it is impossibleetifyvthese hypotheses, so they have to
be regarded as a possible starting point for futesearch.
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5.111deas for future research

The present research leaves a lot of open quesfidres most interesting one from the
point of view of basic research must be the eftdéarganic solvents on pulping. There is
a clear need for investigations into the basic eriogs of alkaline cooks in the presence
of alcohols. At the moment, it is very hard everfitadl basic information on the behavior
of different ionic species in agueous solutionthattemperatures and concentrations used
in kraft pulping. How an addition of organic soltenmpact the behavior is far beyond
current knowledge.

A further area that clearly needs more resear¢heisdynamics of delignification inside

the wood chip. Current research methods only gisgages as wood is turned to fibers.
Fiber Kappa Analysis and FT-IR measurements arista dtep towards more reliable

information. The same information ought to be aidbie for chips before defibration.

One possibility would be to use UV spectroscopyluips sliced in thickness direction.

This should give an overall lignin concentrationfge as well as lignin concentration of

each fiber separately. The information could bedusemake a refined diffusion/reaction
model.

Almgren /59/ showed that extensive mass transk&stalace during vapor phase pulping
(at least with slow heat-up). An experimental getwith part of the chips being
impregnated and another part not could be usetlitty she difference between methanol
and water vapor phase pulping. A step in the saneettbn would be to just monitor the
concentration of leached liquor.

As far as methanol vapor phase pulping is concertiegte is also a lot of scope for
further research. A top priority is to study thealijly and bleachability of the pulp

produced with this pulping method. Should the fipewperties of the pulp be adequate,
then larger scale testing should be performed udysthe suitability of the process for
industrial applications.

6 Conclusions

In the present investigation the following methadigrocess 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 synergg.iibst promising way identified
taking advantage of the findings is a process wighregnation using high concentrations
followed by methanol vapor phase pulping. The useapor phase minimizes the use of
cooking chemicals in the cooking stage and the amaiumethanol needed.

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

Figure 88 is a schematic presentation of the reggilten in Figure 67, showing the
relative benefits in pulping speed from improvegbiegnation 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 relationdlepveen the amount of alkali

transferred to the wood in impregnation and cookimg needed to kappa number 30 for
kraft+methanol pulping, the solid line shows théatienship for water based kraft

pulping. The distance between the two lines isatheantage in cooking speed from the
use of methanol in the cooking stage. An intergstmoint is that the advantage is
independent of whether the cooking is conductedapor-phase or liquid phase. The
reason why vapor phase at first was seen as inthefaster than liquid phase pulping

was that the use of vapor phase pulping makes dessary to make impregnation
“complete” before heating up as no mass-transfemegppen during the cooking stage.

In Table 20 the intensification potential of usiogmplete impregnation and methanol
addition has been calculated for three differesesaThe first case without impregnation,
the second represents penetration only and thd penetration and diffusion using a
typical concentration of 40 g EA/l as NaOH.
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Table 20. Intensification potential by impregnation
cases without impregnation, with penetration only a
prior to heat-up. Calculations for transferred EA a

impregnation liquor and a total alkali need of 20% EA on wood.

and use of methanol in pulping for
nd with penetration and diffusion
re based on the use of 40 g/l

No Penetration Penetration +
impregnation only 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: 42 % 39 % 15 %
1400)

I : " 25 % (H 26 % (H 30 % (H
Intensification potential by methanol addition needed: 1800) needed: 1700) needed: 1400)
Intensification potential by 100% impregnation o o o
and methanol vapor phase (H needed: 800) 67 % 65 % 60 %

Further improvements in pulping speed can be aelidw impregnating a surplus of

alkali into the wood prior to heat-up, but as tleads to an increased strain on chemical
recovery, it does not meet the criteria of an istied process setup in the present
research.

It is also possible to decrease the cooking timegusigh cooking temperature:
increasing the cooking temperature from 165°C t6°C8would decrease the pulping
time to reach an H-factor of 800 from 78 minutesabfurther 70% to 23 minutes. The
total decrease in cooking time when going from ampregnated cook at 165°C to a
100% pre-impregnated cook using methanol at 1805i@gu5 minutes’ heat-up would
thus be from 4 hours to 23 minutes or >90%.

The use of high temperatures can be criticized hen grounds of increased heating
demand. However, the use of vapor phase technalegieases the volume of liquor that
has to be heated, so this aspect becomes lesicsighi

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

Based on the results of the present investigaiiors clear that the kraft process, as

currently employed, is highly inefficient. Theresignificant room for shortening reaction
times, and the failure to do so cannot be justifigith claims pertaining to process yield
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or chemicals consumption. A mill taking advantagéhe concepts presented would have
some of the following benefits:

« Justin time manufacturing
» Agile reaction to changes in raw-material propertie
* Increased possibilities to segregate raw-mateaiadsproduce tailored pulps

The present research also raises several questions several basic assumptions widely
used in kraft pulping research. For instance, thesent research shows that higher
chemical charges do not necessarily lead to extenseld loss and that yield and pulp
viscosity are not correlated over a wider rang@rocesses. Also, based on the present
research the widely used assumption that the ctratiem of cooking chemicals inside
wood chips in pulping are in a straight relatiopsho the concentration of the
surrounding liquor seems quite shaky. It is cleéirhe for pulping research to go back to
fundamental science and make a more focused attampixplaining 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" Ed. Eq. 10-44 /'/

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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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 /*/.

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.

! Perry, R.H., Chilton, C.H., Chemicla Engineers’ Handbook, 5t Ed., McGraw-Hill Publishing, New York,
1973
2] anna, W.S., Engineering Heat Transfer, PWS Engineering, Boston, 1986



Appendix 2: Cooking data Page: 1 of 10
Time to temperature experiments
Cooking chemicals: White liquor + water (batch cook)
S B3 5
< =3 ; ¢ = 9] X N c o <
ge gz ¢ g gE g 0L ¢ - A T -
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 9.5 235 1.6 45.4 0.0 1108 34.8
60 40 9 175 2335 95 25.0 9.6 219 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)
S B3 5
< d ; ¢ = 9] X N c i<y <
St ge g g 23 g o2 g 5 28 s g 3 g
fg P % 3 §3 2 58 g g £2 53 83 g 5o
EE ES 2 3 I8 SE <8 pH 11 g S5 e 8 [ S 50
5 34 5 175 1799 73 211 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 52.2 125 -- 25.6
5 34 5 175 2218 94 211 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 81 211 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 54 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)
o S 5
< g ; ¢ = @ X N c o <
g E@ E £ R °% 5 gE . iy £
60 40.8 4 175 2306 93 255 7.9 15.6 1.0 44.0 0.0 933 38.9
60 404 3 175 2315 95 25.3 7.2 155 1.0 43.7 0.0 878 39.4
60 404 10 175 2300 97 25.3 9.5 17.3 1.2 44.0 0.0 948 38.2
60 404 10 175 2308 95 25.3 7.3 15.0 1.0 438 0.0 863 40.4
60 404 20 175 2313 92 25.3 7.7 16.1 1.1 43.7 0.0 860 405
60 404 20 175 2309 9 25.3 7.3 15.1 1.0 435 0.0 825 41.1
60 404 88 175 2331 84 25.3 71 14.8 1.0 436 0.0 855 40.2
60 404 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)
o S 5
c < =% g < 53 9] X RS c 2 N
5E E® g g 28 g o5 g 5 28 s g - g
g 52 % 2 g3 =2 38 8 g £8 53 873 g 5o
EE EZ $ 3 i S & e pH 11 g 55 e e ge = 5 2
60 40.4 5 175 1809 75 25.3 76 215 15 45.1 0.1 979 38.0
60 404 5 175 1773 73 25.3 8.8 21.7 15 457 0.2 955 36.7
60 404 10 175 1759 76 25.3 7.9 21.9 15 452 0.2 936 37.2
60 40.8 22 175 1820 72 255 8.4 18.4 1.3 446 0.0 908 39.8
60 40.8 90 175 1763 59 255 9.7 17.7 1.2 4.7 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 48 38.4 2.9 49.1 1.6 1245 321
60 31.8 6 175 918 36 19.9 6.3 54.6 43 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 75 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 72 215 48 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 66 215 4.4 32.1 2.4 485 0.5 1184 33.9
5 32.0 4 175 906 37 20.0 5.2 53.6 44 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

Page: 3 of 10

0 S _ 5 .
< =% ; 5 = @ X S c S N
g B35 = 2 S3 2 62 G p >3 = g £ 2
Sy i & 2 g3 Z_ 58 2 g £8 =3 83 g 5o
EE Es £ S g S € ] PH 11 g 85 8 g g S 50
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 0.0 763 445
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 15 45.1 0.0 985 38.9
60 56.8 10 175 1598 64 21.3 7.2 21.7 15 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 55 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 57 46.2 3.5 48.9 0.0 - 32.9
1lday 54.2 5 175 1306 53 20.3 5.2 40.7 3.0 48.9 0.0 - 31.3
lday 45.6 5 175 806 33 17.1 2.8 68.0 55 53.1 14.3 - 25.7
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lday 54.2 5 175 1111 44 20.3 2.9 415 3.2 49.9 0.2 - 31.8
lday 54.2 5 175 1007 41 20.3 3.6 43.3 3.3 50.5 0.1 - 30.1
lday 54.2 5 175 802 32 20.3 2.8 53.5 45 54.4 0.9 - 28.2
lday 50.0 5 175 1006 41 18.8 18 52.0 4.1 52.1 0.7 - 28.1
lday 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 25 49.0 0.0 - 32.4
3day 45.6 5 175 805 29 17.1 12 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 34 51.2 0.0 - 30.6
4day 54.2 5 175 802 33 20.3 5.4 56.0 45 52.7 0.5 - 29.4
4day 45.6 5 175 804 33 17.1 14 69.4 5.8 54.3 7.9 - 24.1
7day 54.2 5 175 1300 54 20.3 3.6 34.2 25 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 24 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 13 - 32.6
5 45.6 5 175 803 31 17.1 35 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 25 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 45 51.0 15 - 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 - 253



Appendix 2: Cooking data

Vapor phase cooking (MeOH-vapor, water steam, kr
O
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aft liquid reference)

8 8 N . 5 °

< g ; ; : = I3 L o c o o

g st : g 2z ¥z 3 : 2 - S R

o= 3z g o g3 > 52 o2 e 2 <3 2 ¥ z g

5 E go 5 £ g8 £ o9 293 g © 8 > £ 2 s

o - o £ = T S = =a s o Q £ 2 =3 ST 8 kS
St gz g 8 43 8 < 2 < 2 < Iy g &c 53 T8 2 £83
== == I O I O E < < uw pH 11 N4 - O = = x = > o =

MeOH vapor
15 120.4 9 175 806 30 452% 14.9 % 41 40.3 3.4 54.6 2.31 30.30
68 89.6 5 175 1002 37 38.1% 16.0 % 48 335 26 51.4 0.55 1089 3211
68 94.8 5 175 1009 38 403% 18.7 % 35 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 3211
60 100.0 5 175 1002 39 425% 18.4% 6.0 30.2 2.4 51.07 0.97 1047 33.43
60 100.0 5 175 700 26 425% 18.8 % 6.0 39.4 3.2 52.65 121 1138 31.58
60 100.0 6 175 505 18 425% 19.0% 10.0 43.9 3.6 53.5 1.8 - 31.23
60 100.0 6 175 310 11 425% 17.7% 9.5 71.9 6.5 58.75 8.06 - 26.70
60 100.0 6 175 500 18 425% 16.9 % 8.1 48.8 3.9 52.66 2.22 - 30.79
60 100.0 5 175 1302 52 425% 18.0 % 6.4 27.0 2.1 51.15 0.49 1006 33.87
60 100.0 4 175 1650 67 425% 17.8% 55 22.3 1.7 49.61 0.41 923 34.66
60 95.0 9 175 405 13 40.4% 17.5% 8.7 55.6 438 56.01 1.53 - 29.16
60 100.0 7 175 702 26 425% 17.9% 75 36.9 3.0 52.97 0.74 - 33.00
60 96.8 8 175 550 20 411% 17.7% 7.0 455 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 39 425% 19.9 % 9.6 21.8 1.6 48.31 0.28 862 38.36
Water steam

68 95.2 7 175 1663 65 405% 182% 5.8 31.6 2.4 50.2 0.28 31.22
68 94.4 5 175 1664 68 40.1% 17.5% 43 28.9 2.2 49.4 0.21 1190 32.53
65 95.2 6 175 1651 69 405% 17.8% 5.3 44.2 35 51.9 0.62 - 29.34
68 100.0 6 175 1659 70 425% 18.3% 7.0 275 2.1 49.02 0.03 1077 34.36
68 100.0 6 175 1197 49 425% 17.7% 7.2 39.6 3.1 51.91 0.3 1211 30.53
60 100.0 5 175 803 34 425% 18.2% 9.6 49.1 4.0 52.96 0.44 - 30.25
60 100.0 5 175 1654 69 425% 18.4 % 5.2 32.6 25 50.54 0.24 1089 31.64
60 100.0 5 175 1206 40 425% 17.2% 7.2 42.8 3.2 49.42 1.59 - 30.99
60 100.0 5 175 601 27 425% 17.2% 9.6 72.3 5.9 53.27 10.48 - 28.86
60 100.0 5 175 1001 40 425% 18.6 % 75 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 % 6.4 225 1.7 48.65 0.06 1063 35.35
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Kraft reference (batch cook)
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60 44.0 5 175 2312 97 220% 6.2 25.2 1.8 47.8 0.01 1167 34.60
60 45.0 5 175 2300 96 225% 7.4 22.8 1.7 47.4 0.06 1115 35.50
60 43.0 6 175 2171 90 215% 5.9 27.9 21 48.1 0.04 1227 34.10
60 41.0 5 175 1998 83 203 % 5.7 33.2 25 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 41 52.3 1.79 27.68
60 44.0 62 175 2163 81 220% 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 88 215% 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 63 215% 8.8 423 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 20 215% 13.1 99.3 9.5 62.82 41.67 21.80
Study on impregantion, constant cooking time
Kraft impregnation, methanol vapor cooking
< ('Q): °\c. g» 5 X 5 c = g
] g 3 3 © R = 8 =
. 33 € 5, £ g5 8% % I 5 s = g Eo
g 2% s g 2 f ST 2% g 2 23 s 25
59 ST T S &3 S EP EP & 2 € 2 s 3 23 S S0 Qe
EE EZ £ 3 I8 SE Ed) 8 pH 11 g 55 e 2 g8 S 50 Eg
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 % 155% 4.5 42.7 35 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 - 333 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 17 50.5 0.2 859 36.5 25
15 80.0 9 175 1006 38 34.0 % 113 % 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
68 80.0 4 175
15 120.0 6 175
68 80.0 5 175
120 40.0 6 175
120 120.0 5 175
94 56.9 6 175
68 40.0 5 175
68 80.0 5 175
68 120.0 8 175
15 80.0 5 175
120 80.0 5 175
41 99.6 6 175
41 110.4 5 175
41 89.6 6 175
68 89.6 5 175
68 85.2 5 175
68 74.8 6 175
68 69.6 5 175
68 64.8 5 175
68 59.6 5 175
68 55.6 5 175
68 80.0 7 175
68 80.0 6 175
Impregnation temp 80C, varyig H-factor
68 80.0 5 175
68 80.0 5 175
68 80.0 7 175
68 80.0 5 175
68 80.0 5 175

1003
1001
997
1008
998
998
999
1061
1003
1003
1014
1002
1008
1001
1003
1002
999
1004
1000
1022
1001
1002
1003
996

610
801
1003
1200
1405

36

39
36

38
37

38
38

39
39

39
37

38
38

39
39

39

23

30

48
54

17.0%
34.0%
51.0%
34.0%
17.0%
51.0%
242 %
17.0%
34.0%
51.0 %
34.0%
34.0%
42.3 %
46.9 %
38.1%
38.1%
36.2 %
31.8%
29.6 %
27.5%
253 %
23.6 %
34.0%
34.0%

34.0%
34.0%
34.0%
34.0%
34.0%

7.6 %
153 %
18.8 %
14.0%
8.6 %
21.5%
10.1 %
8.0 %
15.0%
19.4%
13.5%
155 %
174 %
18.1%
159 %
16.0 %
15.0%
13.3%
12.7 %
12.8 %
11.1%
10.9%
14.8 %
149 %

14.6 %
15.0%
14.8 %
14.0%
144 %
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- 138.2
2.3 45.1
9.1 26.6
3.1 40.8
0.0 123.3
14.1 21.8
0.0 76.8
0.0 121.7
14 44.4
12.6 22.6
0.5 55.0
3.1 40.2
6.8 30.0
8.8 26.0
4.6 34.3
4.8 335
2.8 40.4
0.5 49.8
0.0 56.8
0.0 64.0
0.0 78.6
0.0 80.4
1.8 41.2
0.6 39.3
3.3 68.4
3.1 49.0
1.8 41.2
1.6 39.9
13 33.2

15.6
3.7
21
3.3

13.1
16
6.9

13.3
3.6
17
4.7
3.2
2.3
2.0
2.7
2.6
3.2
4.1
4.8
5.6
7.3
7.3
3.3
3.2

59
4.1
3.3
3.2
2.6

73.9
53.7
51.7
52.7
69.4
49.4
59.0
71.6
53.6
49.8
55.7
52.4
51.1
51.0
51.7
51.4
52.5
54.4
55.6
57.3
60.8
59.6
52.5
53.0

56.4
54.8
52.5
52.7
51.7

66.6

0.3
11
58.4
0.2
24.3
66.0
2.4
0.1

11
0.3

0.7
0.6

4.5
9.0

24.9
28.2

15
5.2
3.7

1.3
11

14.9
28.9
33.7
29.8
14.6
36.6
22.0

27.4
36.7
26.9
30.5
33.0
35.2
31.9
32.1
29.6
27.6
25.6
23.9
20.7
21.4
29.4
30.3

26.1
28.1
29.4
28.7
30.4

80

80
80

80
80

80
80

80
80

80
80

80
80

80
80

80

80

80

80
80
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Study on cooking temepreature
Kraft impregnation, methanol vapor cooking

Page: 8 of 10

0 8 8 . 5
5 .00 ¢ g g gz fz 3 2 : T 2
8 52 E 2 @ = 58 8% 5 § 3 = 8 = g
5E go g 2 S8 2 °3 23 g 3 >3 = g 2 £
gy g 5 ) g8 8 c £ B i g = 58 £38 g S0
EE E= 2 8 T8 SE g 2 pH 11 N 35 e 2 g 2 S 50
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 64 425 % 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 19 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 55.56 231 - 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 65 425 % 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 99 443 % 153 % 6.9 241 18 49.38 0.44 1013 32.34
185C
60 105.2 10 185 1050 15 44.7 % 19.0 % 7.6 245 1.9 50.22 0.55 883 36.32
60 100.0 10 185 709 9 425 % 17.6 % 8.1 345 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% 9.4 114.3 115 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
o 8 8 N . 5 -
€< P g o g3 = 52 o2 e 2 <3 2 ¥ z o
g E, £ |£_ z _% g2 _% g 2 =9 % g £ s z =] % =] 8 é
59 g T ® S g3 S EB EB i I € 3 89 JS] 3 =Xe)
EE E= 2 S T8 SE g 2 pH 11 N 35 e 2 g 2 S 50
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% 115 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 51 782 % 19.3% 8.9 30.0 2.2 48.875 9.67 751 34.54
60 119.6 11 175 1100 43 747 % 15.9 % 5.9 405 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% 185% 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% 17.9 285 2.0 46.73 4.66 1033 33.99
60 36.4 10 175 3015 124 26.0% ? 21.2 1.4 44535 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 % 127 % 3.0 48.8 4.2 56.5 22.57 - 24.23
60 120.0 8 175 1999 87 75.2% 17.0% 7.3 355 2.7 49.81 8.28 925 30.63
60 130.0 8 175 2208 92 815 % 209 % 10.4 305 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



Appendix 2: Cooking data

Solvents other than methanol
Kraft impregnation, solvent vapor cooking
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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 15 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 75 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 21 51.05 0.38 929 35.10 2-propanol
60 100.0 6 175 1650 67 42.5% 18.0 % 4.1 225 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 % 149 % 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 % 53 20.3 15 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 25 51.05 0.49 964 33.30 T-buthanol



