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Preface

Pulp is a fibrous material resulting from complex manufacturing processes that
involve the chemical and/or mechanical treatment of various types of plant mate-
rial. Today, wood provides the basis for approximately 90% of global pulp produc-
tion, while the remaining 10% originates from annual plants. Pulp is one of the
most abundant raw materials worldwide which is used predominantly as a major
component in the manufacture of paper and paperboard, and with increasing
importance also in the form of a wide variety of cellulose products in the textile,
food, and pharmaceutical industries.

The pulp industry is globally competitive and attractive from the standpoint of
sustainability and environmental compatibility. In many ways, this industry is an
ideal example of a desirable, self-sustaining industry which contributes favorably
to many areas of our daily lives. Moreover, there is no doubt that it will continue
to play an important role in the future.

Although the existing pulp technology has its origins in the 19th century, it has
still a very high potential of further innovations covering many areas of science.
Knowledge of the pulping processes has been greatly extended since Pulping Pro-
cesses — the unsurpassed book of Sven A. Rydholm — was first published in 1965.
Not only has the technology advanced and new technology emerged, but our
knowledge on structure—property relationships has also deepened considerably. It
is self-evident that the competitiveness of pulp and its products produced thereof
can only be maintained through continuous innovations at the highest possible
level.

A recent publication which comprised a series of 19 books on Papermaking
Science and Technology, and was edited by Johan Gullichsen and Hannu Paulapuro,
provided a comprehensive account of progress and current knowledge in pulping
and papermaking. The aim of the present book, however, is initially to provide a
short, general survey on pulping processes, followed by a comprehensive review
in certain specialized areas of pulping chemistry and technology. Consequently,
the book is divided into four part: Part I, Chemical Pulp; Part II, Mechanical Pulp;
Part III, Recovered Paper and Recycled Fibers; and Part IV, the Analytical Charac-
terization of Pulps.

In Part I, Chapter 2 and 3 describe the fundamentals of wood structure and
woodyard operations, whilst in Chapter 4 emphasis is placed on the chemistry
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Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30999-3

XX



XXIV

Preface

and technology of both kraft and sulfite pulping, the mass transfer of cooking
liquor into wood structure and chemical kinetics in alkaline pulping operations.
The current technologies of dissolving pulp manufacture are also reviewed, cover-
ing both multi-stage alkaline and acid sulfite pulping. Considerable effort was
devoted in the subsequent chapters to present the fundamentals of pulp washing,
screening, cleaning, and fractionation. These important mechanical pulping
operations are followed by a comprehensive review of the state-of-the-art bleach-
ing chemistry and technology. High-purity pulps are important raw materials for
the production of high added-value cellulose products, and the necessary purifica-
tion processes are introduced in a separate chapter. A short overview on chemical
recovery processes and pulp properties concludes Part I.

Parts II and III provide a survey of the latest technologies on mechanical pulp
and recovered paper and recycled fibers.

Finally, Part IV deals with the analytical characterization of pulps. Since the
wood and pulp components are closely associated within the cell wall, the analyti-
cal characterization covers not only molecular but also supramolecular structures.

A project such as this could never have succeeded without input from contributors
of the very highest standard. I would like to express my sincere appreciation to the
contributors, for the high quality of their work and for their enthusiasm and com-
mitment.

Individual sections of the manuscripts have been reviewed in detail by several
friends and colleagues, and in this respect the suggestions and critical comments
of Josef Bauch of the University of Hamburg, Germany (Part I, Chapter 2), Hans-
Georg Richter of the BFH, Germany (Part I, Chapter 2), Rudolf Patt of the Univer-
sity of Hamburg, Germany (Part I, Chapters 3, 4 and 7), Othar Kordsachia of the
BFH, Germany (Part I, Chapters 4, 7, 8 and 11), Richard Berry of Paprican, Point
Claire, Canada (chlorine dioxide bleaching peracetic acid in pulp bleaching, hot
acid hydrolysis and Chapter 10 in Part I, hydrogen peroxide bleaching in Part I
and II), Chen-Loung Chen and Michail Yu. Balakshin of NC State University,
USA (chemistry of kraft and sulfite pulping), John F. Kadla of the University of
British Columbia, Vancouver, Canada (chemistry of oxygen-, ozone and hydrogen
peroxide bleaching), Adriaan R.P. van Heiningen of the University of Maine, USA
(oxygen delignification, ozone bleaching), James A. Olson of the University of
British Columbia, Vancouver, Canada (Part I, chapter 6), Andrea Borgards, R&D
Lenzing AG, Austria (Part I, Chapter 8), Hans Gr-stlinger of Lenzing Technik,
Austria (bleaching technology), Wojciech Juljanski of Lenzing Technik, Austria
(pulping technology) and Mikael Lucander, Ilkka Nurminen and Christoffer Wes-
tin of the Oy Keskuslaboratorio, Espoo, Finland (Part II, Mechanical Pulping) are
gratefully acknowledged. Moreover, I am very indebted to Alois Ecker of Lenzing
Technik for his valuable support for the mathematical computations of kraft cook-
ing and oxygen delignification kinetics. I also owe sincere thanks to the manage-
ment of Lenzing AG for the assistance granted to me by their library services.
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In addition to my gratitude to all of these people, I also thank my family for
their great patience, understanding, and inspiring support.

Last, but not least, I would like to thank the publishers for the attractive presen-
tation of this book, and the personnel at Wiley-VCH for their cooperation and skil-
ful editorial work.

Lenzing, H. Sixta
December 2005
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1
Introduction
Herbert Sixta

1.1
Introduction

Industrial pulping involves the large-scale liberation of fibers from lignocellulosic
plant material, by either mechanical or chemical processes. Chemical pulping
relies mainly on chemical reactants and heat energy to soften and dissolve lignin
in the plant material, partially followed by mechanical refining to separate fibers.
Mechanical pulping involves the pretreatment of wood with steam (and some-
times also with aqueous sulfite solution) prior to the separation into fibrous mate-
rial by abrasive refining or grinding. Depending on its end-use, the material recov-
ered from such processes — the unbleached pulp — may be further treated by
screening, washing, bleaching and purification (removal of low molecular-weight
hemicelluloses) operations.

For any given type of production, the properties of the unbleached pulp are de-
termined by the structural and chemical composition of the raw material. The
variation in fiber dimension and chemical composition of some selected fibers is
detailed in Tab. 1.1.

By far, the predominant use of the fiber material is the manufacture of paper,
where it is re-assembled as a structured network from an aqueous solution. Fiber
morphology such as fiber length and fiber geometry have a decisive influence on
the papermaking process. A high fiber wall thickness to fiber diameter ratio
means that the fibers will be strong, but that they may not be able to bond as effec-
tively with each other in the sheet-forming process. Another property which is
important to fiber strength is the spiral angle of the longitudinal cellulose micelle
chains which constitute the bulk of the fiber walls. Moreover, certain chemical
properties of the fibers and the matrix material in which they are embedded must
also be taken into account.
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Tab. 1.1 Fiber dimensions and chemical composition of some selected
agricultural and wood fibers (adopted from [1-6]).

Cell dimensions Chemical Composition
Fiber type Length Diameter  Cellulose Pentosan Lignin Ash SiO,
[mm] [nm] % % % % %

average range average range

Stalk fibers (grass fibers)

Cereal straw 1.4 0.4-34 15  5-30 29-35* 26-32* 16-21* 4-9° 3-7°
(wheat, corn, rice)
Bamboo 2.7 1544 14  7-27 26-43 15-26° 21-31* 1.7-5* 1.5-3°
Sugarcane bagasse 1.7 08-28 34 32-44*  27-32% 19-24*° 1.5-5* 0.7-3%
Bast fibers (single fibers)
Flax 330 970 19  5-38  641¢  16.7¢ 24 2-5°
Hemp 250 5-55 25 10-50 78.3¢ 5.54 2.9¢ 054
Jute 2-5 20 10-25  59.4¢ 1894  129¢ 06¢ <12
Kenaf 344 15-11¢ 244 12364 31-39°  21-23* 15-18 2-5°
Leaf Fibers
Abaca (long) 3-12¢ 109 646¢ 610 172 9 <1* <1?
Sisal (long) 339 08-8 214 7474 4356 2124 89 0.6-1.0° <1°
Seed and fruit fibers
Cotton lint (raw) 20-50° 8-19°  88-96° 0.7-1.6° <1°
Cotton linters 2-3¢ 17-27¢ 80° 2¢ <1?

(second cut, raw)

Wood fibers
Softwood 33 1.0-90 33  15-60 40-44> (25-29)® 25-31°
Hardwood 1.0 0.3-25 20 1045 4347 25-35" 16-24°

Adopted from Refs. [1?, 2P 3, 4¢ 59and 6°).
Values in parentheses indicate total hemicellulase.

1.2
The History of Papermaking

The history of papermaking can be traced back to about ap 105, when Ts’ai-Loun
created a sheet of paper using old rags and plant tissues. In its slow travel west-
wards, the art of papermaking reached Arabia in the middle of the eighth century,
from where it entered Europe via Spain in the 11th century. By the 14th century, a
number of paper mills existed in Europe, particularly in Spain, France, and Ger-
many. For centuries, paper had been made from linen, hemp and cotton rags.
After cleaning, sorting and cutting, these were boiled with potash or soda ash to
remove the remaining dirt and color. The operation was continued in a “breaking
engine” by adding fresh water until the cloth was separated into single fibers.
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Until the paper machine was constructed in 1799 by Louis-Nicholas Robert, the
final sheet-formation process was carried out manually.

Throughout the 18th century the papermaking process remained essentially
unchanged, with linen and cotton rags furnishing the basic fiber source. However,
the increasing demand for paper during the first half of the 19th century could no
longer be satisfied by the waste from the textile industry. Thus, it was evident that
a process for utilizing a more abundant material was needed. Consequently,
major efforts were undertaken to find alternative supplies for making pulp. As a
result, both mechanical and chemical methods were developed for the efficient
production of paper from wood. Mechanical wood pulping was initiated in 1840
by the German Friedrich Gottlob Keller. The wood-pulp grinding machine was
first commercialized in Germany in 1852 (Heidenheim) on the basis of an
improved technology developed by Voelter and Voith. However, mechanical pulp-
ing did not come into extensive use until about 1870 when the process was mod-
ified by a steam pretreatment which softens the inter-fiber lignin. Paper made
from mechanical wood pulp contains all the components of wood and thus is not
suitable for papers in which high brightness, strength, and permanence are re-
quired.

The clear deficiencies compared to paper made from cotton rags made it neces-
sary to strengthen the development of chemical wood pulping processes, focusing
on the removal of accessorial wood components such as lignin and extractives.

The first chemical pulping process was the soda process, so-named because it
uses caustic soda as the cooking agent. This process was developed in 1851 by
Hugh Burgess and Charles Watt in England, who secured an American patent in
1854. A year later, the first commercial soda mill using poplar as raw material was
built on the Schuylkill River near Philadelphia under the direction of Burgess,
who served as manager of the mill for almost 40 years. Because this process con-
sumed relatively large quantities of soda, papermakers devised methods for reco-
vering soda from the spent cooking liquor through evaporation and combustion
of the waste liquor and recausticizing of the sodium carbonate formed. To com-
pensate for the losses, sodium carbonate had to be added to the causticizing unit.
Since the preparation of sodium carbonate from sodium sulfate was rather expen-
sive by using the Leblanc process, Carl Dahl in Danzig tried to introduce sodium
sulfate directly in place of soda ash in a soda pulping recovery system. This substi-
tution produced a cooking liquor that contained sodium sulfide along with caustic
soda. Fortunately, the pulp so produced was stronger than soda pulp and was
called “kraft” pulp, so named from the Swedish word for “strong”. The process,
which was patented in 1884 by Dahl, has also been termed the sulfate process
because of the use of sodium sulfate (salt cake) in the chemical make-up. As a
consequence, many soda mills were converted to kraft mills because of the greater
strength of the pulp. Kraft pulp, however, was dark in color and difficult to bleach
compared to the competing sulfite pulp. Thus, for many years the growth of the
process was slow because of its limitation to papers for which color and brightness
were unimportant. With the development of the Tomlinson [7,8] combustion fur-
nace in the early 1930s, and with the discovery of new bleaching techniques, par-
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ticularly using sodium chlorite (1930) and later chlorine dioxide (1946), bleached
kraft became commercially important. The availability of pulp of high brightness
and high strength and the expanding demand for unbleached kraft in packaging
resulted in rapid growth of the process, making kraft the predominant wood-pulp-
ing method.

In 1857, shortly after the discovery of the soda pulping process, Benjamin
Tilghman, a US chemist, invented acid sulfite pulping. In 1867, the US patent
was granted to Tilghman on the acid sulfite cooking process, using solutions of sulfur
dioxide and hydrogen sulfite ions at elevated temperature and pressure. Tilghman
observed that the presence of a base such as calcium (to form hydrogen sulfite
ions) was important in preventing the formation of burned or discolored pulp.
His invention, however, did not result in commercial use due to severe technical
difficulties (leakages, etc.), although the product he obtained was satisfactory.

In 1870, Fry and Ekman in Sweden carried these studies further and their
improved process, which came into use in 1874, used rotary digesters and indirect
heating to produce magnesium-based sulfite pulp. This process was applied in
the first American mill, the Richmond Paper Co., built in 1882 at East Providence,
Rhode Island, with a capacity of about 15 tons of book and newsprint per day.

Immediately after the German/French war of 1870/1871, Alexander Mitscher-
lich began to work on the development of calcium hydrogen sulfite cooking with
an excess of dissolved sulfur dioxide. The process was characterized by its low
temperature (ca. 110°C), low pressure and long retention time, thus producing
rather strong fibers. Heating was carried out indirectly by means of steam in cop-
per coils within the digester. The German sulfite pulping industry was built 1880
on the basis of the Mitscherlich process. In 1887, the first commercially successful
sulfite mill in America was built by G. N. Fletcher in Alpena, Michigan. This mill
continued in active production until 1940.

Between 1878 and 1882, the Austrians Ritter and Kellner developed an acid cal-
cium-based hydrogen sulfite process using upright digesters with direct steaming.
The time of cooking was considerably reduced by applying high temperature and
high pressure (“quick cook” process). The patent rights for the Ritter—Kellner pro-
cess which covered the digester, the method of making the acid cooking liquor,
and all features of the system were acquired about 1886 by the American Sulfite
Pulp Co.

Following the introduction of the upright digesters, progress was rapid and sul-
fite pulping became the leading cooking process using spruce and fir as the pre-
ferred species. The good bleachability and low costs of the applied chemicals were
the main reasons for the advantage over the soda and kraft processes. In 1925, the
total production of chemical wood pulp showed a distribution of 20% soda, 20%
kraft and 60% unbleached and bleached sulfite pulps. While for sulfite pulp man-
ufacture, a single-stage treatment of pulp at low consistency, using calcium hypo-
chlorite satisfied most requirements, this simple bleaching treatment was not
practical for kraft that is difficult to bleach, nor can it retain maximum strength.

Since 1937 the sulfite cooking technology lost ground to the kraft process
despite the introduction of soluble sodium and ammonium bases and the recov-
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ery of cooking chemicals in case of magnesium (e.g., the Lenzing [9], the Babcock
& Wilcox [10], and the Flakt [11] Mg base systems) and sodium (e.g., the Stora
[12], the Rauma [13-15] and the Tampella [16] systems) bases. As previously men-
tioned, advances in kraft pulping technology comprising the introduction of the
modern combustion furnaces by Tomlinson, the improvement of the white liquor
recovery system and the development of continuous multi-stage bleaching using
chlorination (C), alkali extraction (E) and hypochlorite (H) bleaching and later
chlorine dioxide (D) were the key elements of achieving the predominant position
in chemical wood pulping. Kraft pulping enables the use of practically all species
of wood to produce pulps with high degrees of purification and brightness while
maintaining high strength.

Until the end of the 19th century, the exclusive role of pulp production was to
supply the paper industry with raw materials. At that time, the first patents were
applied for the production of cellulosic products involving chemical conversion
processes. The most important technology for the production of regenerated cellu-
lose fibers, the viscose process, was developed by Charles F. Cross and Edward J.
Bevan who, with C. Beadle, received a patent on the process in 1892 [17]. The dis-
covery of cellulose diacetate by Miles [18] in 1904 and Eichengriin [19] in 1905
marked the breakthrough of cellulose acetate production, which subsequently de-
veloped as the second highest consumer of dissolving pulp until the present time.

Dissolving pulp refers to pulp of high cellulose content which was produced
until World War II solely from purified cotton linters or, in case of lower demands
on purity (as for viscose), according to the acid sulfite process using somewhat
higher temperature and acidity together with prolonged cooking to remove the
greater part of the hemicelluloses. The regular kraft pulping process is not capable
of removing hemicelluloses completely; in particular, residual pentosans interfere
with the chemical conversion of cellulose to either viscose, cellulose ethers or acet-
ates. The hemicelluloses can only be effectively solubilized when exposing wood
chips to acid hydrolysis prior to alkaline pulping. The prehydrolysis-kraft (PHK)
process was finally developed during World War II in Germany, with the first mill
operating in Konigsberg (Kaliningrad). In the prehydrolysis step, the wood chips
are treated either at temperatures between 160 and 180°C for between 30 min
and 3 h with direct steaming, or in dilute mineral acid (0.3-0.5% H,SO,) at tem-
peratures between 120 and 140 °C. This pretreatment liberates organic acids (e.g.,
acetic, formic) from the wood, and these hydrolyze the hemicelluloses selectively
to produce water-soluble carbohydrates. Since the 1950s, the PHK process, with
its various modifications, has been installed, particularly in the United States and
South America. One of the advantages of this process is its applicability to most
wood species; in contrast, sulfite pulping has been restricted to spruces, hemlock,
fir, and a few hardwoods. The latest development of the PHK — the Visbatch®
and VisCBC processes — combine the advantages of both steam hydrolysis and
displacement technology [20].
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Technology, End-uses, and the Market Situation

Today’s pulping processes have advanced significantly since their emergence dur-
ing the second half of the 19th century, and have progressed towards more capi-
tal-intensive and increasingly large-scale automated production processes, with
continuous emphasis on improvements in product quality, production efficiency
and environmental conservation. Thus, the pulp and paper industry has become a
very important sector of the economy.

At present, more than 90% of the pulp (virgin pulp fiber) produced worldwide
is wood pulp. The first species of trees to be used in great quantities for paper-
making were pine and spruce from the temperate coniferous forests located in
the cool northern climates of Europe and North America. However, during the
past few decades a gradual shift to hardwood species has occurred, mainly driven
by lower costs, better availability and advances in pulping and papermaking pro-
cesses. Today the main species comprise birch, beech, aspen and maple, in the
United States and central and western Europe, pine in Chile, New Zealand and
United States, eucalyptus in Brazil, Spain, Portugal, Chile and South Africa. Euca-
lyptus pulp was first introduced as a market pulp during the early 1960s. Brazilian
eucalyptus shows a seven-year growth cycle; this is the shortest of all trees world-
wide, and translates into very high forest productivity. Eucalyptus plantations yield
an average of 45 m’ ha™ year™' of wood, whereas the average for North American
forests is 2—4 m’ ha™ year . A shorter growth cycle means lower investments and
wood production costs, and thus a more rational utilization of natural resources
and more available space for other equally important land uses.

Worldwide, the largest stock of hardwood undoubtedly exists in South America,
and that of softwood in Russia, Canada and in the South of the United States,
respectively. It may be expected that, in the long run, South America and Russia
are promoted to the dominating pulp producers. A gradual shift from today’s
dominating bleached softwood kraft pulp to cheaper bleached hardwood kraft
pulp will take place for the years to come, due mainly to the higher growth rate
and the better delignifying properties of the latter.

Wood pulps are categorized by the pulping process as either chemical or me-
chanical pulps, reflecting the different ways of fiberizing. Chemical pulping dis-
solves the lignin and other materials of the inter-fiber matrix material, and also
most of the lignin which is in the fiber walls. This enables the fibers to bond to-
gether in the papermaking process by hydrogen bond formation between their cel-
lulosic surfaces. As noted previously, kraft pulping has developed as the dominat-
ing cooking process, and today the kraft pulps account for 89% of the chemical
pulps and for over 62% of all virgin fiber material (Tab. 1.2). In 2000, the annual
global virgin pulp fiber production totaled 187 million tonnes, while only about 50
million tonnes or 27% accounted for market pulp [21]. The remaining 73% stems
from integrated paper and cellulose converting mills (captive use).

Due to distinct disadvantages of the sulfite cooking process (including all its
modifications) over the kraft pulping technology (see above), the share of sulfite
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Tab. 1.2 Global pulp production by category, 2000 [21].

Pulp category Pulp production [Mio t]
Chemical 131.2

Kraft 117.0

Sulfite 7.0

Semichemical 7.2
Mechanical 37.8
Nonwood 18.0
Total virgin fiber 187.0
Recovered fiber 147.0
Total fibers 334.0

pulps in total fiber production steadily decreased from 60% in 1925 [22] to 20% in
1967 [22], to 9.2% in 1979 [23], and finally to only 3.7% in 2000 [21] (see Tab. 1.2).

The superiority of kraft pulping has further extended since the introduction of
modified cooking technology in the early 1980s [24]. In the meantime, three gen-
erations of modified kraft pulping processes (MCC, ITC and Compact Cooking as
examples for continuous cooking and Cold-blow, Superbatch/RDH and Continu-
ous Batch Cooking, CBC, for batch cooking technology) have emerged through
continuous research and development [25]. The third generation includes black
liquor impregnation, partial liquor exchange, increased and profiled hydroxide
ion concentration and low cooking temperature (elements of Compact Cooking),
as well as the controlled adjustment of all relevant cooking conditions in that all
process-related liquors are prepared outside the digester in the tank farm (as real-
ized in CBC). However, the potential of kraft cooking is not exhausted by far. New
generations of kraft cooking processes will likely be introduced, focusing on
improving pulp quality, lowering production costs by more efficient energy utili-
zation, further decreasing the impacts on the receiving water, and recovering high
added-value wood byproducts [25].

During the 1980s and 1990s, many of the developments in chemical pulp pro-
duction of both sulfite and kraft processes were driven by severe environmental
concerns, especially in Central Europe and Scandinavia [26]. Increasing pulp pro-
duction resulted in increasing effluent loads. The need to reduce the amount of
organic material originating mainly from bleach plant effluents was most pro-
nounced in highly populated countries, where filtered river water was used as a
source of drinking water. The biodegradability of the bleach plant effluents, partic-
ularly from the chlorination (C) and extraction stages (E), turned out to be very
poor due to the toxicity of halogenated compounds. Finally, the detection of poly-
chlorinated dioxins and furans in chlorination effluents and even in final paper
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Fig. 1.1 World bleached chemical pulp production: 1990-2002 [29].

products during the 1980s caused a rapid development of alternative, environ-
mentally benign bleaching processes [27]. The initial intention was the complete
replacement of all chlorine-containing compounds, resulting in Totally Chlorine
Free (TCF) bleaching sequences. This could be easily accomplished with sulfite
pulps due to their good bleachability. Kraft pulp mills have been converted domi-
nantly to Elemental Chlorine Free (ECF) bleaching rather than to TCF bleaching,
because the latter, by using ozone or peracids to yield high brightness, deteriorates
pulp quality. ECF bleaching, comprising chlorine dioxide (D) -containing bleach-
ing sequences, such as DEOpDEpD, is acknowledged as a core component of the
best Available Technology (BAT), since numerous field studies have shown that
ECF bleaching is virtually free of dioxin and persistent bioaccumulative toxic sub-
stances [28]. ECF pulp, bleached with chlorine dioxide, continues to dominate the
world bleached chemical pulp market. In 2002, ECF production reached more
than 64 million tonnes (Fig. 1.1) [29]. Market data show that ECF production grew
by 17% in 2001, whereas TCF pulp production remained constant, maintaining a
small niche market at just over 5% of world bleached chemical pulp production.
The transition to ECF is essentially complete in Europe, the United States and
Canada, with ECF production now representing more than 96% of the whole
bleached chemical pulp production.

Dissolving pulps represent specialty pulps within the chemical pulp segment.
They are chemically refined bleached pulps composed of more than 90% pure cel-
lulose (a-cellulose). As mentioned above, two basic processes are used to produce
dissolving pulp. The sulfite process produces pulp with an a-cellulose content of
90-92%, whereas the PHK process typically produces pulp with an a-cellulose
content of 94-96%. Special alkaline purification treatments can yield even higher
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cellulose levels of up to 96% for the sulfite and up to 98% for the PHK processes.
The low-level o-cellulose pulps are predominantly used to manufacture viscose
staple fibers, whereas the high-level o-cellulose pulps are converted to viscose
yarn for industrial products such as tire cord, high-purity cellulose ethers, various
cellulose acetates and other specialty products.

Although world production of dissolving pulp has been reduced constantly
since the mid-1970s, the developments of the past two years have signaled a slight
change in this trend. With an annual global production averaging 3.65 million
tonnes in 2003, dissolving pulp accounted for only 2.8% of the total wood pulp
production. However, the high demands for cellulose purity and reactivity, as well
as its manifold routes of utilization, are the main reasons for the advanced state of
technology within the pulp industry.

Viscose staple fibers and viscose filaments (both textile and technical) had the
lion’s share of the total production, at 2.2 million tonnes (60%), while 0.53 million
tonnes (15%) stemmed from the manufacture of a variety of cellulose acetate
products (cigarette filters, filaments, plastics, etc.). The remaining 25% were
accounted for by the production of cellulose ethers, cellophane, microcrystalline
cellulose (MCC), specialty papers and nitrocellulose (Tab. 1.3).

Tab. 1.3 World production of dissolving pulp by end-use in 2003 [30].

Cellulose product End-use Mio t
Regenerated fibers Staple, filaments 2.20
Cellophane Incl. sponges, casings 0.10
Cellulose acetate Tow, filament, plastic 0.53
Cellulose ether Non-ionic, ionic (CMC) 0.47
MCC Incl. moulding powder 0.09
Others Nitrocellulose, speciality papers 0.26
Total 3.65

Unlike paper-grade pulping the acid sulfite process is the dominant process for
the production of dissolving pulps, and accounted for 60—-63% of the total produc-
tion, while 22-25% originated from PHK process in 2003. The remaining 12-16%
was produced from cotton linters which, for purification and viscosity control, is
treated by alkaline cooking and subsequent hypochlorite bleaching. Purified cot-
ton linters represents the dissolving pulp of highest cellulose purity particularly
used for manufacturing acetate plastics and high-viscosity cellulose ethers. How-
ever, in China cotton linters is used as a raw material for the manufacture of vis-
cose fibers, both staple and filaments.

n
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Similar to paper-grade pulps, a gradual shift from softwood to hardwood can be
observed. This development is mainly driven by better availability and lower costs.
The slight increase in the world’s dissolving pulp production predicted for the
next five years is mainly attributed to new installations of viscose fiber plants in
Asia and to the continuous growth of the cellulose ether and acetate tow markets.

Semichemical pulping processes are characterized by a mild chemical treat-
ment preceded by a mechanical refining step. Semichemical pulps, which apply
to the category of chemical pulps, are obtained predominantly from hardwoods in
yields of between 65 and 85% (average ca. 75%). The most important semichemi-
cal process is the neutral sulfite semichemical process (NSSC), in which chips
undergo partial chemical pulping using a buffered sodium sulfite solution, and
are then treated in disc refiners to complete the fiber separation. The sulfonation
of mainly middle lamella lignin causes a partial dissolution so that the fibers are
weakened for the subsequent mechanical defibration. NSSC pulp is used for
unbleached products where good strength and stiffness are particularly important;
examples include corrugating medium, as well as grease-proof papers and bond
papers. NSSC pulping is often integrated into a kraft mill to facilitate chemical
recovery by a so-called cross-recovery, where the sulfite spent liquor is processed
together with the kraft liquor. The sulfite spent liquor then provides the necessary
make-up (Na, S) for the kraft process. However, with the greatly improving recov-
ery efficiency of modern kraft mills, the NSCC make-up is no longer needed so
that high-yield kraft pulping develops as a serious alternative to NSCC cooking.
Semichemical pulps is still an important product category, however, and account
for 3.9% of all virgin fiber material (see Tab. 1.2).

The second category of pulping procedures — mechanical pulping processes —
can be classified as stone grinding (groundwood pulping: stone groundwood,
SGW, and pressure groundwood, PGW) and refiner pulping processes (refiner
mechanical pulp, RMP, pressurized refiner mechanical pulp, PRMP, thermome-
chanical pulp, TMP, chemigroundwood, CGW, chemi-refiner mechanical pulp,
CRMP, and the chemi-thermomechanical pulp, CTMP).

Groundwood pulp shows favorable properties with respect to brightness (=85%
ISO after bleaching), light scattering and bulk, which allows the production of
papers with low grammages. Moreover, the groundwood process also offers the
possibility of using hardwood (e.g., aspen) to achieve even higher levels of bright-
ness and smoothness [31]. Groundwood pulp has been the quality leader in maga-
zine papers, and it is predicted that this situation will remain [31].

The most important refiner mechanical pulping process today is thermomecha-
nical pulping (TMP). This involves high-temperature steaming before refining;
this softens the inter-fiber lignin and causes partial removal of the outer layers of
the fibers, thereby baring cellulosic surfaces for inter-fiber bonding. TMP pulps
are generally stronger than groundwood pulps, thus enabling a lower furnish of
reinforcing chemical pulp for newsprint and magazine papers. TMP is also used
as a furnish in printing papers, paperboard and tissue paper. Softwoods are the
main raw material used for TMP, because hardwoods give rather poor pulp
strength properties. This can be explained by the fact that hardwood fibers do not
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form fibrils during refining but separate into short rigid debris. Thus, hardwood
TMP pulps, characterized by a high-cleanness, high-scattering coefficient, are
mainly used as filler-grade pulp. The application of chemicals such as hydrogen
sulfite prior to refining causes partial sulfonation of middle lamella lignin. The
better swelling properties and the lower glass transition temperature of lignin
results in easier liberation of the fibers in subsequent refining. The CTMP pulps
show good strength properties, even when using hardwood as a fiber source, and
provided that the reaction conditions are appropriate to result in high degrees of
sulfonation. Mechanical pulps are weaker than chemical pulps, but cheaper to
produce (about 50% of the costs of chemical pulp [31]) and are generally obtained
in the yield range of 85-95%. Currently, mechanical pulps account for 20% of all
virgin fiber material (see Tab. 1.2). It is foreseen that mechanical paper will conso-
lidate its position as one major fiber supply for high-end graphic papers. The
growing demand on pulp quality in the future can only be achieved by the parallel
use of softwood and hardwood as a raw material.

The largest threat to the future of mechanical pulp is its high specific energy
consumption. In this respect, TMP processes are most affected due to their con-
siderably higher energy demand than groundwood processes. Moreover, the
increasing use of recovered fiber will put pressure on the growth in mechanical
pulp volumes.

Almost 10% of the total pulp production is made from nonwood plant fibers,
including stalk, bast, leaf and seed fibers (see Tab. 1.1). In view of the enormous
annual capacity of nonwood fiber material (mostly as agricultural waste) as a
potential source for pulp production of 2.5 billions tons, the current nonwood
pulp annual production of only 18 million tons is rather low [32,33]. Assuming an
average pulp yield of 50%, the utilization of nonfiber material as a source for pulp
production accounts only for 1.4%. In 1998, the major raw material sources for
nonwood pulp were straw, sugar cane bagasse and bamboo, with shares of 43%,
16%, and 8% of the total nonwood pulp capacity, respectively [32]. With regard to
the fiber length, the nonwood pulps can be divided into three groups: (a) those
with fiber length >4 mm, represented by cotton lint, abaca, flax and hemp; (b)
those with fiber lengths of 1.5-4 mm, represented by bamboo, bagasse, kenaf and
reed; and (c) those with a fiber length <1.5 mm, represented by all kinds of straw
pulps [34]. Technically, the nonwood pulps belong to the group of chemical pulps,
and are predominantly produced according to the soda cooking process. Kraft
cooking processes are applied using selected substrates such as bamboo, kenaf,
sisal, or others.

The complex logistics of harvesting, transporting and storing a bulky seasonal
commodity, particularly in regions of the world where wood supplies are ade-
quate, has prevented the emergence of nonwood plant fibers as a source of cost-
competitive pulp for both printing/writing and cellulose products. The use of non-
wood fibers, however, is common in wood-limited countries, such as China and
India, which are the two largest producers of nonwood pulp. In China, the non-
wood pulping capacity amounts to approximately 80% of the country’s total pulp-
ing capacity, while in India it is 55% [21]. In Western countries, nonwood pulp
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has established niches in specialty paper production. Flax, hemp and abaca have
confirmed good results as reinforcing pulps for thin applications such as cigarette
paper, bank notes, and bibles. Cotton papers are known to be superior in both
strength and durability to wood-based papers, and this favors their use as acid-
free, high-end fine papers. In general, the higher costs of nonwood pulps limit
their use to high-end products often marketed as “eco-friendly” papers. Even big-
ger players are now beginning to enter the market for eco-papers more seriously,
and are positioning themselves in the as yet tiny niche of eco-friendly nonwood
printing/writing grades. Small (but growing) niches have been developed for
“tree-free” papers. The most popular fiber sources for these papers are kenaf,
hemp, flax, bamboo, wheat straw and other grasses. The emerging use of blends
from nonwood and deinked fibers increasingly blurs the border between tree-free
and other eco-friendly papers. In order to expand the use of nonwood pulps in
applications beyond the current niche markets, it will be necessary to develop
cost-effective pulping processes, and particularly innovative recovery methods to
handle the high silica content.

Mastering the technological and logistical requirements of harvesting, storing
and processing large quantities of bulky fibers will continue to be a major chal-
lenge.

1.4
Recovered Paper and Recycled Fibers

After wood, the second largest share of pulp produced worldwide is pulp made
from recovered paper (see Tab. 1.2). Apart from good economic reasons, a major
force in this drive to recycling is derived from public pressure to reduce the
amount of used paper that is landfilled as waste. In the recycling process, recov-
ered paper is reduced to pulp principally by mechanical means, followed by sepa-
ration and removal of inks (de-inked paper, DIP), adhesives, and other contami-
nants, through both chemical and mechanical processes. Recovered fibers gener-
ally differ from virgin wood fibers in terms of their fiber morphology and physical
properties. Strength, as well as swelling and optical properties, tend to deteriorate
due to the recycling process. To a large extent, modern processing technology can
compensate for the inherent disadvantages of recovered fibers which, however,
contribute to higher costs. Modern mechanical refining is used, for example, to
resurrect surface fibrils, and modern papermaking machines and coatings can
enhance sheet strength and surface properties, while the efficiency of contami-
nant removal has been improved by modern deinking systems.

The proportion of recovered fiber has grown substantially during the past few
years, and continues to expand. Its share of the global fiber flow increased from
22.5% in 1978 to 33.5% in 1992, and to 44% in 2000. The extent to which recov-
ered paper is used varies greatly from country to country. In Central Europe,
where there is a fiber deficiency, it accounts about half of the total fiber raw mate-
rial (utilization rate 47%, collection rate 57.3% in 2003 [35]), whereas in countries
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Fig. 1.2 Global annual flow of virgin and recovered fibers
by region in 2000 [21].

such as Scandinavia and Canada, recycling levels are much lower. The share of
virgin and recovered fiber by region is illustrated in Fig. 1.2.

On a European level, about 50% of the collected volumes are derived from trade and
industrial sources, 40% from households, and the remaining 10% from offices. These
proportions differ greatly between countries as well as collection systems. The future
potential clearly lies in households, but as these consist of numerous small
sources, the costs and quality of recovered paper are placed under pressure.

Among users of recovered paper, packaging grades are the major user at almost
two-thirds of the total recovered paper. In Europe, case materials represent 23% of
total paper and board production, have a utilization rate of 90%, and use 45% of
the total recovered paper consumption [35]. The utilization rate of newsprint, rep-
resenting about 12% of total paper and board production, has increased steadily
over the years and reached 74% in 2003. The challenge for the future is certainly
the use of recycled fiber for the manufacture of printing and writing papers. Cur-
rently, the utilization rate of these grades is slightly below 9% [35].

1.5
Outlook

Recoverable raw materials undoubtedly will play a decisive role in the future. Na-
ture is producing an enormous amount of plant biomass, approximately 170 bil-
lion tons per year [36]. Although renewable raw materials offer many opportu-
nities for use, they have been only rarely applied so far. In particular, the increased
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use of renewable raw materials for the production of chemical products would
promote future developments towards a lasting supply of resources. Renewable
raw materials are advantageous because they are part of the closed cycle of the bio-
sphere. Therefore, using renewable raw materials is an opportunity to supply all
substances needed without polluting the biosphere with foreign and hazardous
substances.

With an estimated average annual growth rate of 2.2%, the world’s consump-
tion of pulp fibers is expected to rise from 334 million tons in 2000 to over 400
million tons in 2010 [37]. New pulp and paper capacities are now shifting to Asia
and South America, where many new mill are currently under construction. By
comparison, very few mills have been built in North America and Europe over the
past few years.

Within the past three decades, enormous efforts have been devoted to the devel-
opment of new pulping processes in an attempt to overcome the shortcomings of
alkaline cooking, which mainly comprise air and water pollution as well as high
investment costs. A serious alternative to kraft pulping could be possible, if a new
process were available that had the following characteristics [38]:
¢ Selective delignification to increase pulp yield and preserve pulp

strength properties.

e Pulp quality at least equal to that of kraft pulps.

» Low energy input and even temperature profile throughout whole
fiber line processes in order to minimize energy demand.

» Low chemical consumption to enable an efficient and simple
chemical recovery system.

* The possibility of closing the chemical cycle of the process
(closed-loop operations) without impairing processability and
pulp quality.

* Selective bleaching without chlorine-containing compounds.

¢ Minimum restriction in the use of raw material sources.

¢ Minimum air and water pollution; to avoid any malodorous emis-

sions, the process should be totally sulfur-free.
 Recovery of valuable byproducts with competitive costs.

* Profitable smaller production units requiring lower set-up costs.

Organosolv pulping — that is, the process of using organic solvents to aid in the
removal of lignin from wood — has been suggested as an alternative pulping route
[39]. The pioneering studies on organosolv pulping began with the discovery in
1931 by Kleinert and Tayanthal that wood can be delignified using a mixture of
water and ethanol at elevated temperature and pressure [40,41]. During the follow-
ing years, a rather wide variety of organic solvents have been found to be suitable
for pulp production. The intrinsic advantage of organosolv over kraft pulping pro-
cesses seems to be the straightforward concept of recovering the solvents by using
simple distillation. Furthermore, organosolv processes are predicated on the bior-
efining principle — that is, the production of high amounts of valuable byproducts.
The advantage of small and efficient recovery units which could fulfill the demand
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for profitable smaller production units is, however, limited to very simple solvent
systems such as ethanol-water derived from the Kleinert process. For example, the
use of acid-catalyzed organosolv pulping processes such as the Formacell and
Milox processes clearly complicates an efficient recovery of the solvents, and this
in turn diminishes the advantage over existing pulping technologies [42]. The rea-
son for this is the nature of the solvent system. The spent pulping liquor contains
water, formic acid, and acetic acid which form a ternary azeotrope. The complexity
of efficient solvent recovery, together with the limitation to hardwood species as a
raw material and, moreover, the clearly inferior strength properties of organosolv
pulps compared to kraft pulps, indicates that organosolv pulping processes are
not ready to compete with the kraft process at this stage of development. [42]. The
challenge of organosolv pulping for the future is to identify solvents with better
selectivity towards lignin compared to those available today which simultaneously
allow simple, but efficient, recovery.

Parallel to the research on alternative pulping processes, the kraft process has
undergone significant improvements since the discovery of the principles of mod-
ified cooking during the late 1970s and early 1980s at the department of Cellulose
Technology of the Royal Institute of Technology and STFI, the Swedish Pulp and
Paper Research [43,44]. In the meantime, the third generation of modified cook-
ing technology has been established in industry and, together with an efficient
two-stage oxygen delignification stage prior “ECF-light” bleaching, the impact on
the environment has been reduced dramatically within the past two decades. The
specific effluent COD and AOX emissions after the biological treatment plant of
today’s state-of-the-art kraft pulping technology are at a level of about 7 kg adt™
and <0.1 kg adt™, respectively [25]. Simultaneously, continuous effort on closing
the loops led to a significant decrease in the total effluent flow from values higher
than 100 m’ adt™ in the 1970s to about 16 m” adt " today. The successful techno-
logical improvements in the past, as well as the current developments focusing on
new generations of alkaline cooking, clearly signal that kraft pulping will remain
the dominant cooking process in the future.

It is commonly agreed [25,45] that the only serious alternative to kraft pulping
is ASAM pulping (alkaline sulfite with anthraquinone and methanol) developed
by Patt and Kordsachia [46,47]. In order to overcome the problem with the addi-
tional recovery of methanol, a new attempt was made to improve the efficiency of
alkaline sulfite pulping, AS/AQ, in the absence of methanol [48]. The AS/AQ pro-
cess, by using a split addition of alkali charge to ensure a rather even alkali profile
throughout the cook, produces pulp with strength properties that are equal or
even slightly superior to those of kraft pulp whilst revealing a distinct yield advan-
tage, even at low kappa number [49,50]. Even though odor abatement is quite
powerful in modern kraft mills, pulping processes based on AS/AQ are clearly
advantageous in this respect. The principal stumbling block to implementing
AS/AQ pulping has been the inability to regenerate sodium sulfite with the Tom-
linson recovery cycle. An important prerequisite for the successful introduction of
AS cooking is that a new chemical recovery technique based on black liquor gasifi-
cation can be implemented.
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It is most likely that, similar to the situation before 1930 when kraft pulping
became the dominant cooking process through the development of the Tomlinson
recovery boiler, a new generation of black liquor incineration combined with effi-
cient energy and chemical recovery — namely black liquor gasification/combined
cycle (BLGCC) — will mark a further breakthrough of alkaline pulping. BLGCC is
certainly the key element to entering into a new era of pulping technology. Black
liquor gasification technology is classified by operating temperature into high-
temperature (~1000 °C) and low-temperature gasification (below 700 °C). The tem-
perature level of the former is sufficient to convert the inorganic components into
a smelt, whereas operating below 700 °C ensures that the inorganics leave as dry
solids. If the gas is combusted in a combined cycle (as is the case in a BLGCC
installation), there is the potential to produce at least twice more electric power
from the same amount of black liquor than with a Tomlinson furnace — and this
is the most compelling reason for pursuing this new technology [45]. Moreover,
gasification also provides a significant separation of sulfur from sodium in that
the reduced sulfur accumulates in the product gas in the form of hydrogen sul-
fide. The separation of sulfur from sodium is an important prerequisite for the
application of modified alkaline cooking technologies including split sulfidity
pulping, polysulfide pulping and AS/AQ pulping [51]. The prospects for commer-
cializing BLGCC appear quite promising, and although a number of open techni-
cal issues have still to be solved, commercialization is expected within the next
five to ten years [25].
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2
Raw Material for Pulp
Gerald Koch

2.1
Wood

In order to understand the behavior of wood during pulping, as well as the result-
ing pulp quality, it is indispensable to have a basic knowledge on the chemical
composition and structure of this natural raw material. The final cellulose and lig-
nin content and its variation, as well as fiber strength properties are typical essen-
tial characteristics of the pulp which depend significantly on the chemical compo-
sition as well as the structure of the various components of wood.

In the literature, five structural levels of observation have been distinguished
for the characterization of wood [1]:
e Integral level (stem structure)
e Macroscopic level (tissue structure)
e Microscopic level (cell structure)
e Ultrastructural level (cell wall structure)
 Biochemical level (biochemical composition of the cell wall)

On each level, structural variations influence the chemical and mechanical proper-
ties of wood, and these differences are extremely important for the different appli-
cations of the material.

This chapter begins by detailing the chemical composition of wood, followed by
the submicroscopic structure of the cell wall, the microscopic structure of wood,
and finally considers aspects of the macroscopic structure of both softwoods and
hardwoods. The structure of phloem or bark is not described; neither are the pri-
mary and secondary growth due to meristem (cambium) activities (e.g., cell divi-
sion in the cambial region, cell differentiation and cell growth) considered in
detail in this chapter. Nevertheless, these are characteristic features which must
be taken into account in order to explain certain chemical properties of wood. For
such information, the reader is referred to special literature.

Handbook of Pulp. Edited by Herbert Sixta
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.1.1
Chemical Composition of Wood

Wood is an organic material — that is, it contains carbon. With very little variation
between different species, woody matter is composed of the three main elements
carbon, oxygen, and hydrogen (Tab. 2.1). Nitrogen as well as some inorganic ele-
ments, such as sodium, potassium, calcium, magnesium, and silicon [2], are also
essential material compounds that are mostly involved in the metabolism of the
living cells during wood formation and growth [3,4].

Tab. 2.1 Elementary composition of wood [5].

Element(s) Content [%]
Carbon C 49
Hydrogen H, 6
Oxygen 0, 44
Nitrogen N, <1

Inorganic elements  Na, K, Ca, Mg, Si <<1

At a higher level, these elements form macromolecules — that is, polymers — which
represent the main cell wall compounds of cellulose, hemicelluloses, and lignin. These
are the main constituents of all wood species (Tab. 2.2). To a lesser extent, low
molecular-weight substances (e.g., extractives and inorganic substances (ash)) can
also be found, and these are representative of individual plant taxa.

The proportions and chemical composition of lignin and hemicelluloses differ
in softwoods and hardwoods, while cellulose is a relatively uniform component of
all woods (Tab. 2.3). In wood from temperate zones, the portions of the high-poly-
meric compounds which constitute the cell wall account for 97-99% of the woody
material. For tropical woods, this value may decrease to an average of 90%, with
65-75% of the woody material consisting of polysaccharides [6].

Tab. 2.2 Macromolecular substances of the wood cell wall [5].

Content [%)] Compound

Softwoods Hardwoods
Cellulose 40...44 40...44
Hemicelluloses 30...32 15...35

Lignin 25...32 18...25
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Tab. 2.3 Chemical comparison of various wood species (% of dry wood weight; adopted from [7]).
Species Commonname  Extrac-  Lignin  Cellulose Gluco-  Glucuro- Other
tives® mannan noxylan polysac-
charides
Softwoods
Abies balsamea Balsam fir 2.7 29.1 38.8 17.4 8.4 2.7
Pseudotsuga menziesii  Douglas fir 5.3 29.3 38.8 17.5 5.4 3.4
Tsuga canadensis Eastern hemlock 3.4 30.5 37.7 18.5 6.5 2.9
Juniperus communis ~ Common juniper 3.2 321 33.0 16.4 10.7 3.2
Pinus radiata Monterey pine 1.8 27.2 37.4 20.4 8.5 4.3
Pinus sylvestris Scots pine 3.5 27.7 40.0 16.0 8.9 3.6
Picea abies Norway spruce 1.7 27.4 41.7 16.3 8.6 3.4
Picea glauca White spruce 2.1 27.5 39.5 17.2 10.4 3.0
Larix sibirica Siberian larch 1.8 26.8 41.4 14.1 6.8 8.7
Hardwoods
Acer rubrum Red maple 3.2 25.4 42.0 3.1 22.1 3.7
Acer saccharum Sugar maple 2.5 25.2 40.7 3.7 23.6 3.5
Fagus sylvatica Common beech 1.2 24.8 39.4 1.3 27.8 4.2
Betula verrucosa Silver birch 3.2 22.0 41.0 23 27.5 2.6
Betula papyrifera Paper birch 2.6 21.4 39.4 1.4 29.7 3.4
Alnus incana Gray alder 4.6 24.8 38.3 2.8 25.8 23
Eucalyptus globulus ~ Blue gum 1.3 219 51.3 1.4 19.9 3.9
Acacia mollissima Black wattle 1.8 20.8 42.9 2.6 28.2 2.8

a. Extraction with CH,Cl,, followed by C,HsOH.

2.1.1.1  Cellulose

2.1.1.1.1  Significance and Occurrence

In terms of quantity, cellulose is the most abundant renewable polymer resource
available worldwide. It has been estimated that, by photosynthesis, 10" to 10"
tons are synthesized annually in a rather pure form (e.g., in seed hairs of the cot-
ton plant), but mostly are combined with lignin and other polysaccharides (hemi-
celluloses) in the cell wall of woody plants [8]. Further cellulose-containing materi-
als include agriculture residues, water plants, grasses, and other plant substances.
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Commercial cellulose production concentrates on harvested source such as wood
or on naturally highly pure sources as cotton (Tab. 2.4).

A rather new approach to synthesize pure cellulose is the laboratory-scale pro-
duction of the polymer by acetic acid-producing bacteria, such as Gluconacetobac-
ter xylinum and Acanthamoeba castellani. Algae constitute another source for cellu-
lose (e.g., Valonia ventricosa and Chaetamorpha melagonicum). The cellulose
obtained is highly crystalline and is useful for studying polymorphs of the poly-
mer [9]. In addition, there are several celluloses of animal origin, one of which is
tunicin, a cell wall component of ascidians that has been extensively studied by
Klemm et al. [8].

Tab. 2.4 Chemical composition of some typical cellulose-containing materials (adopted from [8]).

Source Composition [%)]

Cellulose Hemicelluloses Lignin Extract
Hardwood 43-47 25-35 16-24 2-8
Softwood 40-44 25-29 25-31 1-5
Bagasse 40 30 20 10
Coir 32-43 10-20 43-49 4
Corn cobs 45 35 15 5
Corn stalks 35 25 35 5
Cotton 95 2 1 0.4
Flax (retted) 71 21 2 6
Flax (unretted) 63 12 3 13
Hemp 70 22 6 2
Jute 71 14 13 2
Sisal 73 14 11 2
Wheat straw 30 50 15 5

2.1.1.1.2  Structure of Cellulose

Cellulose is a strictly linear homopolymer consisting of p-1,4-glycosidic linked p-
glucopyranose units (anhydroglucose units, AGU) (Fig. 2.1). With cellobiose as
the basic unit, cellulose can be considered as an isotactic polymer of cellobiose.
Every anhydroglucose unit carries hydroxy groups at positions C2, C3 and C6,
able to undergo all the typical reactions of primary and secondary alcohols. While
the terminal hydroxyl group at C4 behaves also like a typical aliphatic hydroxyl,
the reducing OH at C1 shows a totally different behavior. The C1 end, being pres-
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non-reducing end repeating unit

25

reducmg end

Fig. 2.1 The molecular structure of cellulose.

ent in the form of a semiacetal, has a reducing character, and the C4 hydroxy
group is nonreducing. The conformation of the AGU in the cellulose chain is
assumed to be a chair of the ‘C; type. In this conformation the free hydroxy
groups are positioned equatorially, while the hydrogen atoms are placed in axial
positions.

Cello-oligomers up to a degree of polymerization (DP) of 7-8 are (partly) water-
soluble, and the solubility decreases strongly with increasing DP. Higher oligo-
mers (DP >30) already behave in polymer-like fashion, especially with regard to
their spectroscopic properties.

Celluloses from industrial sources show deviations from the “ideal” molecular
structure. This is mainly caused by the isolation procedure (pulping and bleach-
ing), since cellulose in higher plants is always incorporated into a matrix of hemi-
celluloses, lignin and low molecular-weight substances. During pulping and
bleaching a number of other functionalities, such as carboxyl and carbonyl
groups, or lactones, are introduced (for a more detailed description of oxidized
structure anomalies in cellulose, see Section 2.4).

Although the molecular structure of cellulose appears to be rather simple, the
supramolecular organization makes cellulose an extremely complex substance
and complicated material, with an inherent ability to form different types of
hydrogen bonds, either within the same cellulose chain (intramolecular) or be-
tween different chains (intermolecular). The presence of intramolecular hydrogen
bonds is of great relevance with regard to chain stiffness and conformation [8,10].
Intermolecular bonds are responsible for the formation of supramolecular aggre-
gates, such as crystalline domains or fibrils (Fig. 2.2).

2.1.1.1.3  Supramolecular Structure

The various types of intermolecular hydrogen bonds in cellulose result in a very
complex organization which in turn is responsible for a majority of its properties.
The supramolecular cellulose structure can be described best on the basis of hier-
archical categories, starting at the lowest level with the homoglucan chains with
intermolecular hydrogen bonds, which cause their high tendency to organize into
arrangements of crystallites, the basic elements of supramolecular structure in
cellulose [12]. Such highly ordered domains are referred to as “crystalline”, since
they exhibit a distinct X-ray pattern; less-ordered regions are described as “amor-
phous”, sometimes also as noncrystalline, but having a certain degree of order as
in associated glucan chains (nematic ordered cellulose) [13]. Fundamental studies
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Fig. 2.2 Intra- and intermolecular hydrogen bonds in
cellulose | (left) and cellulose Il (right) (according to [11]).

on the cellulose crystal structure were carried out during the 1930s [14] and again
later during the 1970s [15].

Native crystalline cellulose occurs in a metastable form, known as cellulose I,
consisting of rod-like crystalline microfibrils containing parallel chains with a two-
fold screw symmetry along the chain axes, which is due to the p-1,4-linkage of
the p-glucose subunits. First discovered in 1984 [16] through an analysis of line
splitting in *C-CPMAS NMR spectra, two phases coexist within native cellulose I,
known as I, and I [17]. The ratio of I,/I; in the native state is unique to the species
producing them. The I; phase predominates in cotton and wood, and may be
transformed by a hydrothermal treatment to cellulose I, which is the prevailing
allomorph in bacteria and algae. Also, during kraft pulping of spruce, distorted
wood cellulose as well as small initial amounts of cellulose I, have been converted
to the I form, and this has resulted in a higher degree of order in the final kraft
pulp [18].

Cellulose I can be modeled by a monoclinic space group P2, containing two
parallel, but conformationally distinct chains [19]. The cellulose I, form is thought
to possess a triclinic unit cell. The hydroxymethyl groups are arranged trans-
gauche (tg), leading to intramolecular hydrogen bonds between O-2(H) and O-6’
within two glucose units. Other H-bonds are situated between O-3(H) and O-5" as
well as between O-6(H) and O-3. The cellulose polymorph (i.e., the crystal struc-
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ture and unit cell type) is the second category in the hierarchical order of the cellu-
lose structure. Recently, the crystal structure of cellulose I as well as the hydrogen
bond patterns have been extensively investigated [20,21].

Cellulose II, as the more stable allomorph, can be obtained by two different pro-
cesses: mercerization and regeneration from solution. Regeneration involves
either the dissolution of cellulose in an appropriate solvent or the formation of a
soluble metastable derivative, both of which afford cellulose II upon regeneration
at room or slightly elevated temperature. Mercerization of cellulose I — that is,
treatment with aqueous sodium hydroxide — forms sodium cellulose I as an inter-
mediate, which is subsequently converted to cellulose IT upon neutralization. Mer-
cerization involves intracrystalline swelling in concentrated aqueous sodium hy-
droxide, followed by washing and recrystallization [21]. Based on high-resolution
synchrotron X-ray results, Langan et al. [21] suggested for mercerized cellulose an
anti-parallel chain arrangement in a monoclinic unit cell with different conforma-
tions of the chains, but with the hydroxymethyl groups of both chains predomi-
nantly near the gt conformation. Due to the mechanistic problems of converting
the parallel chains in cellulose I into the antiparallel chain assortment in cellulose
II merely by mercerization, it was also proposed that cellulose II has a parallel
structure [22,23]. Even though the antiparallel model finds increasing acceptance,
there is — as yet — no final answer to this issue.

The hydrogen bond network of cellulose II is more complex as compared to that
of cellulose I (see also Fig. 2.2): From neutron diffraction analysis, an intramole-
cular three-center hydrogen bond is observed in both chains involving O3 as the
donor and OS5 and O6 as the acceptors. Intermolecular hydrogen bonds are ob-
served between O2 and O6. Four-center H-bonds between the center and origin
chain are also proposed [24].

The other cellulose polymorphs (III;, III;;, IV,, and V) are obtained by special
treatments of cellulose I, and are of only minor importance. The structure of cel-
lulose and its polymorphs has been comprehensively reviewed [25]. Figure 2.3
shows a comparison of the packing in the crystalline lattice in cellulose I, and I
with a dimeric cellulose model compound.
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Fig. 2.3 Packing in the crystalline lattice of (a): Model com-
pound 4-O-Me-f3-D-Glcp— (1—4)-f-p-GlcpOMe (phase 1);
(b) cellulose I,; and (c) cellulose 1;[26].
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2.1.1.2 Hemicelluloses

Hemicelluloses are heteropolysaccharides, and differ from cellulose in that they
consist of several sugar moieties, are mostly branched, and have lower molecular
masses with a DP of 50...200. The sugar units (anhydro-sugars) making up the
supramolecular structures of hemicelluloses (within the biosynthetic pathways)
can be subdivided into groups such as pentoses (— xylose and arabinose units),
hexoses (— glucose and mannose units), hexuronic acids (— glucuronic acid) and
deoxy-hexoses (— rhamnose units). The main chain of the hemicelluloses can
consist of only one unit (homopolymer; e.g., xylans), or of two or more units (het-
eropolymer; e.g., glucomannans) (Fig. 2.4). Some of the units are always (or some-
times) side groups of a main chain (backbone), for example 4-O-methlyglucuronic

acid, galactose.

0 0 0 R
HO o~ Ho o HO OH OH

HO

MeO O
COOH

Hardwood xylan
o B o o

e

COOH
Softwood xylan

o o} O,
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OH
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Softwood glucomannan

Fig. 2.4 Molecular structure of xylans and glucomannans in
hard- and softwoods. (a) Hardwood xylan; (b) softwood xylan;
(c) hardwood glucomannan; (d) softwood glucomannan.
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There are also significant differences between softwoods and hardwoods in rela-
tion to the type and content of the various hemicelluloses in the wood cell walls.
With regard to the nonglucosic sugar units present in wood, it is apparent that
softwoods have a high proportion of mannose units and more galactose units
than hardwoods, whilst hardwoods have a high proportion of xylose units and
more acetyl groups than softwoods (Tab. 2.5).

Tab. 2.5 Nonglucosic units of the hemicelluloses in various woods (adopted from [6]).

Species Man Xyl Gal Ara Uronicacid Rha  Acetylated
[%] [%] [%] [%] [%] el [
Softwoods
Abies balsamea 10 5.2 1.0 1.1 4.8 - 1.4
Larix decidua 11.5 5.1 6.1 2.0 2.2% - -
Picea abies 13.6 5.6 2.8 1.2 1.8% 0.3 -
Picea mariana 9.4 6.0 2.0 1.5 5.1 - 1.3
Pinus strobus 8.1 7.0 3.8 1.7 5.2 1.2
Pinus sylvestris 12.4 7.6 1.9 1.5 5.0 - 1.6
Tsuga canadensis 10.6 3.3 1.8 1.0 4.7 - 1.4
Hardwoods
Acer rubrum 33 18.1 1.0 1.0 4.9 3.6
Betula verrucosa 3.2 249 0.7 0.4 3.6 0.6 -
Fagus sylvatica 0.9 19.0 1.4 0.7 4.8 0.5 -
Fraxinus excelsior 3.8 18.3 0.9 0.6 6.0 0.5 -
Populus tremuloides 3.5 21.2 1.1 0.9 3.7 - 3.9
Ulmus americana 3.4 15.1 0.9 0.4 4.7 - 3.0

a. 4-O-Methylglucuronic acid.

In hardwoods, the xylan chains are laced at irregular intervals with groups of
4-O-methylglucuronic acid with an a-(1,2)-glycosidic linkage at the xylose units
(Fig. 2.4a) [27]. Furthermore, many of the OH-groups at C2 and C3 of the xylose
units are substituted by O-acetyl groups producing O-acetyl-4-O-methylglucuro-
noxylan, the main hemicellulose component in hardwoods (10-35%). Besides the
main units, hardwood xylans contain small amounts of rhamnose and galacturo-
nic acid. Further studies showed that the reducing end of xylans consists of a com-
bination of xylose, rhamnose and galacturonic acid units which is seen to be

29
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responsible for the alkali resistance of the xylan molecule, as the galacturonic acid
makes it stable after the removal of the reducing xylose unit [28]. In general, soft-
wood xylans differ from hardwood xylans by the lack of acetyl groups and by the
presence of arabinose units linked by a-(1,3)-glycosidic bonds to the xylan back-
bone (Fig. 2.4b). Thus, the softwood xylans are arabino-4-O-methylglucuronoxy-
lans in an amount varying from 10 to 15%.

Mannans from wood are characterized by a heteropolymer backbone consisting
of mannose and glucose units (so-called glucomannans). The simplest structure
is shown in hardwood glucomannans, as they consist only of glucose and man-
nose units linked by (B-(1,4) glucosidic bonds forming slightly branched chains
(Fig. 2.4c). Softwoods contain about 15-20% (25%) mannans that consist of a glu-
comannan backbone to which acetyl groups and galactose residues are attached,
forming O-acetylgalactoglucomannans (Fig. 2.4d) [6].

In addition to cellulose and hemicelluloses, wood contains other polysaccha-
rides, chief among them being starch and pectin.

Starch, the main reserve polysaccharide of a tree, consists of two components:
(a) the linear amylose; and (b) the branched amylopectin, both of very high molec-
ular weight, in the case of amylopectin considerably higher than that of cellulose.
The glucose units of amylose are linked by o-(1,4)-glycosidic bonds; in amylopec-
tin a-(1,6)-glycosidic linkages are also present. The a-glycosidic linkages can easily
be split, a fact which is important for mobilization during metabolic processes.
Due to this linkage the pyranose rings are tilted at an angle of about 120° or less,
and this results in a helical structure of the starch molecules with six glucose
units per turn. Starch therefore exists only in form of granules and not as fibrils
[6]. Nevertheless, the various amyloses are able to crystallize [29].

Pectin is more abundant in bark than in wood, where it is formed only during
the earlier stages of cell development. On hydrolysis, pectin usually gives galac-
turonic acid and minor quantities of arabinose and galactose. The general struc-
ture of the pectic polymers consists of homogalacturonan linear chains inter-
spersed with highly branched galacturonic chains, the backbone of which is com-
posed of repeats of arabinans, galactans and arabinogalactans being attached to
O-4 of rhamnosyl residues. Pectins are more of special interest as these polymers
are known to modulate cell wall porosity and electrostatic potential [30]. Moreover,
they are deposited very early in the apoplasm, which suggests that they may also
intervene in the first steps of cell differentiation [31,32].

2.1.1.3  Lignin

2.1.1.3.1 Significance and Occurrence

The third major cell wall polymer is lignin. Next to cellulose, lignin is the most
abundant and important polymeric organic substance in plants. It is a characteris-
tic chemical and morphological component of the tissue of higher plants such as
pteridophytes and spermatophytes (gymnosperms and angiosperms), where it
typically occurs in the vascular tissue, specialized for liquid transport and mechan-
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ical strength [6]. The amounts of lignin present in different plants is quite vari-
able. Whilst in wood species the lignin content ranges from 20 to 40%, aquatic
and herbaceous angiosperms as well as many monocotyledons are less lignified
[33]. Additionally, the distribution of lignin within the cell wall and the lignin con-
tents of different parts of a tree are not uniform. For example, large amounts of
lignin are characteristic for softwood branches and compression wood [34].

In most cases of wood utilization, lignin is used as an integrated part of wood
cell walls. Only in the case of pulping and bleaching is lignin more or less
released from wood in degraded and altered forms, representing a large potential
carbon source for chemical and energy purposes.

2.1.1.3.2  Structure of Lignin

Lignin is a complex phenolic polymer formed by radical coupling reactions of
mainly three hydroxycinnamyl alcohols or monolignols (Fig. 2.5a): p-coumaryl
(4-hydroxy-cinnamyl), coniferyl (3-methoxy-4-hydroxy-cinnamyl), and sinapyl (3,5-
dimethoxy-4-hydroxy-cinnamyl) alcohol, which are synthesized via the phenylpro-
panoid pathway [35,36]. The complex structure of lignin arises from its biosynth-
esis, in which the last step is a nonenzymatic, random recombination of phenoxy
radicals of coniferyl, sinapinyl, and p-coumaryl alcohols. The synthesis of the
monolignols (precursors) and the formation of lignin macromolecules comprise
complicated biochemical and chemical reactions which have been extensively
studied and repeatedly reviewed [33,36-38]. According to Terashima [39], the poly-
merization of the monolignols is considered to proceed primarily via the following
steps: (a) the formation of monolignol radicals by hydrogen peroxide and peroxi-
dase or laccase and oxygen [40]; (b) the production of dilignols and dilignol qui-
none methides by coupling of the radicals; (c) addition of water, lignol or carbohy-
drates to the quinone methides [33,41]; and (d) formation of phenol radicals on
oligo- and polylignols and coupling with monolignol radicals to synthesize the
polylignol. The mode of polymerization can be affected by relative amounts of rad-
ical types participating in the reaction. The first products of the coupling of mono-
lignol radicals are B-O-4, -5, and B-B dimers (Fig. 2.5b), whereas in the next
stages of polymerization bulk-type oligomers and endwise polymers are formed.
As a result, a globular macromolecule is formed which is composed of bulk poly-
mers inside and endwise polymers in the outer part [42].

Variations in the chemical reactivity of lignin are based on the proportions of
the three monolignol structural units [quaiacly (G), syringyl (S) and p-hydroxyphe-
nyl (H) units] (Fig. 2.5a), in different wood species as well as in different tissues
and even cell wall layers. Whereas coniferous lignin consists mainly of guaiacyl-
propane (4-hydroxy-3-methoxyphenylpropane) units (G), hardwood lignins also
contain up to 50% syringyl (3,5-dimethoxy-4-hydroxyphenyl) groups (S). Guaiacyl lig-
nins (G-lignins) are predominantly polymerizates of coniferyl alcohol, while quaiacyl-
syringyl-lignins (GS-lignins) are composed of varying parts of the aromatic nuclei
quaiacyl and syringyl in addition to small amounts of p-hydroxyphenyl units.
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Based on extensive "C-NMR spectroscopic investigations, the lignins of monocoty-
ledons and grasses contain up to 30% p-hydroxyphenylpropane (H) units, and are dis-
tinguished as GSH lignins from the lignins of dicotyledons (GS-lignins) [35].

i i OMe MeO i OMe
OH OH OH

p-hydroxyphenyl-  guaiacylpropane sy::ingylpropane
propane unit unit unit

(a)

OH

HO
OMe (b)

Fig. 2.5 (a) Molecular structure of the basic phenylpropane
building blocks of lignin. (b) Model of important lignin
linkages (modified model adopted from [43]).
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Although softwood (coniferous) lignins are generally described as rather uni-
form, no general G:S:H ratio can be given for different softwood species. Distinct
ratios were only reported for spruce (Picea abies) (G:S:H = 95:1:5) and for pine
(Pinus taeda) lignin (G:S:H = 86:2:13) [44]. The reaction wood of softwoods (com-
pression wood) has not only a higher lignin content than normal wood but also a
considerably higher percentage of H units (up to 70%) than normal softwood
G-lignins, and may therefore be classified as a GH-lignin [6,34].

Hardwoods are characterized by a higher variability of lignin composition than
softwoods. The syringyl content of the typical hardwood GS-lignins varies between
20 and 60%, and the range is even wider if herbaceous plants are included
(10-65%). A distinct ratio for beech (Fagus sylvatica) lignin was given by Nimz [45]
(G:S:H = 56:40:4). Other examples of lignin heterogeneity are the higher syringyl
content found in the heartwood of hardwoods as compared to the corresponding
sapwood [46] and the higher quaiacyl content of root lignin in comparison with
the corresponding stem lignin of beech. The composition of lignin is also influ-
enced by its age, as shown in the case of poplar wood (Populus nigra) [47]. The
ratio of syringaldehyde to vanillin obtained by nitrobenzene oxidation was high in
the mature xylem and decreased in the younger xylem and in the phloem. The
primary xylem yielded only vanillin.

Investigations on bark lignins from several softwoods and hardwoods showed
that the softwood bark lignins are typical G-lignins with increased amounts of
H-units as compared to the corresponding wood lignins. The hardwood bark lig-
nins are GS-lignins with higher portions of G-units than the wood lignins [6].

A very important aspect of lignin heterogeneity was elaborated by Fergus and
Goring [48], who were the first to show that the composition of birch lignin differs
depending on its location. Ultraviolet microscopy applied to ultrathin sections
revealed that the lignin in the secondary wall of the vessels and in the middle
lamellae is predominantly a G-lignin. The secondary wall lignin of fibers and ray
parenchyma, however, is mainly composed of syringyl units. Lignin from the mid-
dle lamellae and cell corners of the fiber and ray cell tissue is a typical mixed GS-
lignin. Musha and Goring [49] extended these results by correlating the distribu-
tion of S- and G-residues in hardwood lignins from different morphological
regions with the ratio of methoxyl groups per C, unit (OCH,/C,) of the overall
wood lignin. The principal findings were confirmed by results obtained by isola-
tion and characterization of lignin fractions assigned to certain cell wall regions
[50], and support the idea of an intracellular biosynthesis of lignin [39].

2.1.1.4 Extractives

In addition to its major structural components, cellulose, hemicelluloses and lig-
nin, wood contains also an exceedingly large number of other low- and high-mo-
lecular weight (organic) compounds, the so-called accessory compounds or extrac-
tives (Tab. 2.6). These compounds can be extracted from wood with organic sol-
vents (terpenes, fats, waxes, and phenols) or hot water (tannins and inorganic
salts). In some cases, they are also classified as secondary metabolites — that is,
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waste products of the plant metabolism, playing a nonintrinsic role in physiologi-
cal processes. Depending on the quantity and the class of compound, which are
specific to the tree type and genus to some extent, the extractives affect the chemi-
cal, biological, physical, and optical properties of the wood to varying degrees. As
the swelling and biodegradability may be significantly reduced by lipophilic resins
they improve the dimensional stability and durability of wood, while other chemi-
cal and physical properties — for example, during mechanical and chemical pulp-
ing — are negatively affected [51].

Tab. 2.6 Major classes of wood extractives (adopted from [52]).

Volatile oils Wood resins Fats and waxes
Mainly softwoods Mainly softwoods Minor, less than 0.5%
Terpentines, monoterpenes, Acidic diterpenes; resins of Suberin

turpentine, tropolens softwoods, basis of tall oil

Tannins Lignans Carbohydrates
Hardwoods and softwoods Hardwoods and softwoods Typically food reserves

Hydrolyzable tannins built upon  Optically active lignin dimers
glucose and gallic acid; Condensed (controlled free radical coupling
tannins, flavonoid-based process)

The content of accessory compounds in the wood of trees from temperate zones
amounts approximately from 2 to 5%, but the concentration can be much higher
in certain parts of a tree, for example, the branch bases, heartwood, roots, and
areas of sore irritation. Relatively high amounts (up to 20% of dry matter) of
extractives are found in certain tropical and subtropical woods.

Although the content and composition of extractives vary among the wood spe-
cies (Tab. 2.7), there are also variations depending on the geographical site and
season [51]. In particular, unsaturated compounds such as fats and fatty acids are
degraded during the growing season. This fact is important for the production of
pulp as certain extractives in fresh wood may cause yellow discolorations (pitch
troubles) or a yellowing of the pulp. Extractives may also influence the strength of
refiner pulp, the gluing and finishing of wood as well as the drying behavior.
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Tab. 2.7 Percentage of the extractives in the sap- and heartwood
of Pinus sylvestris and Quercus robur (based on dry wood)
(adopted from [53)).

Pinus sylvestris Quercus robur Extractives

Sapwood Heartwood Sapwood Heartwood

Petroleum ether 2.20 8.60 0.15 0.15 Free fatty acids, triglycerides,
neutral diterpenes, phenolic
compounds, fats and waxes

Ether 0.06 0.80 0.35 0.15 Free fatty acids, sterine,
resin acids, phenolic
compounds
Acetone/water  0.30 0.70 5.80 3.60 Monomer carbohydrates,
(9/1) phenolic compounds,
hydrolyzable tannins
Ethanol/water  0.40 0.40 1.80 0.90 Cyclite, hydrolyzable tannins,
(8/2) low molecular-weight lignin
Waterl?! - - 0.65 0.40 Soluble hemicelluloses

a. Two hot-water extractions (temperature 60 °C).

2.1.1.41 Accessory Compounds of Softwoods

Coniferous woods contain mainly terpenes, which can be obtained from pines by
resinification of the living tree or as turpentine (monoterpenes) and tall oil (diter-
genes, resin acids) from kraft (sulfate) pulping effluents. The common chemical
characteristic of terpenes is their composition of isoprene (2-methyl butadiene)
units [54]. According to the number of isoprene units linked in a terpene, the ter-
penes are subdivided into several classes: (a) monoterpenes (2 units); (b) sesqui-
terpenes (3 units); (c) diterpenes (4 units); (d) sesterterpenes (5 units); and (e) tri-
terpenes (6 units). The monoterpenes can be subdivided into acyclic, monocyclic,
and bicyclic compounds. The most important ones are a— and B-pinene and limo-
nene, which are apparently present in all softwoods. Further components of the
volatile softwood oils are those belonging to the sesquiterpenes. Among these are
the acyclic nerolidol, the monocyclic germacrene, the bicyclic cadinene and cadi-
nol, and the more complex longifolene and longipinene. These compounds are
present in pine and spruce species [6]. Sesquiterpenic tropolone derivates called
nootkatin and hydronootkatinol were isolated from extractives of Cupressus, Cha-
maecyparis and Juniperus species [55]. Furthermore, the oleoresin of softwood spe-
cies contains a relatively high percentage of diterpenes and diterpenoidic acids
apart from fats, fatty acids, and alcohols. The neutral diterpenes consist of hydro-
carbons (thunbergene), oxides (manoyl-oxide), alcohols (abienol, pimarinol), and
aldehydes (levopimaral). The resin acids are mostly tricyclic compounds [6]; their
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total amount is in the range of 0.2-0.8% (based on dry wood) as determined for
various pine species and spruce. The composition of the resin acid fraction of var-
ious softwoods is summarized in Table 2.8. It is clear that there are also variations
in the composition of the resin acids of sapwood and heartwood.

Tab. 2.8 Composition of the resin acid fraction of various softwoods (adopted from [6]).

)
i=4
o <
o ] < <
e ¢ 5 5 § § § ¢ 2 ¢ 5
¢ ¢ S & 5§ E £ § £ g 3
5 £ S E £ g % £ % 3 £
5 & 1 § 3 a & F £ & &
Wood species I I I P I 2 I 2 I 2 I 2 R 2 R 2 I
Abies alba 39.0 3.0 45 trace 535 - - - trace - trace
Abies grandis 13.0 185 0.5 345 5.0 - - - 0.5 - 26.0
Picea abies 580 240 21 3.0 45 05 - 04 - - -
Pinus eliottii 62.6 206 - 14 1.7 - - 0.4 1.7 - 8.1
Pinus monophylla
— sapwood 46.0 2.0 3.0 1.0 7.0 - 5.0 4.0 220 - 8.0
— heartwood 67.0 20 - 1.0 3.0 - 1.0 1.0 200 - 3.0
Pinus strobus 67.0 18.0 - 29 09 - - 0.5 09 - 0.5
Pinus taeda 64.0 28.0 - 1.3 1.5 - - - 20 - 0.5
Pseudotsuga menziesii 31.0 36.0 100 05 50 - . 5.5 1.0 95 15

After sulfate pulping, the resin acids are recovered in tall oil which is separated
from black liquor.

Long-chain fatty acids are also present in tall oil, and arise from fats and waxes
in the wood. Fats are defined as esters of higher carbonic acids (fatty acids) with
glycerol, whereas waxes are esters of fatty acids with higher alcohols. Fats and
waxes are extractable from wood with organic solvents (diethyl ether, petroleum
ether, acetone). The content of fats is about 0.3-0.4%, that of waxes about
0.08-0.09% (based on dry wood), as determined for Picea abies and Pinus sylvestris
[6]. Apart from fats and waxes, free fatty acids and alcohols are also components of
the wood extractives. In softwoods more than 20 different fatty acids have been
identified. In general they are saturated, monomeric, dienic and trienic acids with
16-22 carbon atoms, but lower acids (C,,—C,), higher ones (C,,—C;,) and tetraenic
ones were also reported.

The extractives of softwoods also contain a large number of various phenolic
compounds which are believed to be residues and byproducts of lignin biosynth-
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esis. Among the simple phenols which can be isolated from spruce extractives are
vanillin, p-hydroxybenzaldehyde, coniferyl aldehyde, quaiacylglycerol and p-ethyl-
phenol, as well as coniferin and syringin [56]. By fractionating the extractives
obtained by a supercritical gas extraction of spruce wood, guiacol, eugenol, isoeu-
genol, cresols and further phenols were also identified. However, because of the
high temperatures applied in this process these compounds probably derive from
early stages of lignin degradation [6].

A second group are the lignans; these are compounds consisting of two phenly-
propane units linked in a different manner. Some of these compounds represent
dimeric structures which are also present in the lignin molecule (see p. 32). Many
lignans, as identified in the extracts of Picea, Pinus, Larix, Abies, and Tsuga species,
contain a tetrahydrofuran ring, such as pinoresinol, lariciresinol, and conidendrin
[56]. The location and nature of the lignan deposits indicate that their biosynthesis
probably takes place at the sapwood-heartwood boundary during heartwood for-
mation.

A further group of the aromatic compounds in softwoods are the stilbenes,
which are particularly present in the heartwood of pines. These compounds —
mainly 4-hydroxystilbene, 4-methoxystilbene, pinosylvin, and pinosylvin mono-
and diether — are responsible for the light-induced darkening of the wood as well
as for difficulties during acidic pulping [6].

A large group of various vegetable extractives are summarized as flavonoids,
which comprise subgroups such as flavones, flavanes, flavanones, and isoflavones.
In softwoods, several flavonoids have been identified such as chrysin and taxifolin
[51]. Catechin is also a structural unit of condensed tannins or phlobaphenes
which can be extracted from the heartwood of various conifers in yields of 0.2 to
6%. These extractives, however, show a high content of methoxyl, which can be
explained by the presence of a considerable amount of lignin. The presence of
catechin in the wooden tissue is seen to be responsible for discolorations, as this
compound is able to form chromophoric polymers with quinone structures [57].

2.1.1.4.2 Accessory Compounds of Hardwoods

The hardwoods contain a lower content of terpenes in comparison to the soft-
woods. Mostly, triterpenes (e.g., squalene) and acetylated methyl betulinate in
birch wood (Betula spp.) or betulin and taraxerol in oak species (Quercus spp.)
have been identified [6]. Moreover, in tropical woods some mono-, sesqui- and
dipertenes can be detected. One of the most prominent monoterpenes is camphor
from the true camphorwood (Cinnamomum camphora). Examples of sesquiter-
penes are o— and B-santalol, which comprise more than 90% of the oil from san-
dalwood (Santalum album), and the tropolone derivate apitonene which is found
in Dipterocarpus species [51]. Like softwoods, hardwoods also contain steroids. In
species of Betula, Populus, Quercus and Ulmus, steroids — mainly f-sitosterol —
were found. Some of the steroids present in wood are esterified with fatty acids.
The triterpenes and steroids may survive the pulping process and are degraded
during bleaching. The resulting products are seen to be jointly responsible for the
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yellowing of pulps. Furthermore, polyterpenes (compounds containing more than
six isoprene units) are present in some tropical hardwoods, for example, in the
form of gutta and caoutchouc (Tectona grandis, Guaiacum officinale), both being
polymers that differ in their chain conformation. While the isoprene units in
gutta are arranged in the “trans” form, those in caoutchouc are arranged in “cis”
form. In both compounds the isoprene units are linked mainly by 1,4-bonds; only
a small percentage is linked by 3,4 bonds. Hardwoods contain fats, waxes, fatty
acids and alcohols similar to those found in softwoods. Most of the fatty acids iso-
lated from Betula, Populus and Quercus were bound as triglycerides, mainly con-
sisting of linoleic and lignoceric acid [6].

The extracts of hardwoods also contain low molecular-weight phenols, some of
them probably degradation products of compounds which can easily be hydro-
lyzed during extraction or steam distillation. Among these are p-hydroxybenzoic,
vanillic, syringic, ferulic acid, vanillin and syringaldehyde in Populus and Salix
species, or sinapinaldehyde, coniferylaldehyde syringaldehyde and p-hydroxyben-
zaldehyde in the extracts of Quercus species. A further group always mentioned
with the softwood extractives are lignans. From hardwoods — particularly Alnus,
Quercus and Ulmus species — lignans such as syringaresinol and lyoniresinol have
been isolated [6]. Some of them are linked with thamnose or xylose as glucosides.
Earlier studies also revealed the presence of lignans in Populus species as well as
in a number of subtropical and tropical woods [58].

A major group of extractives (phenolic compounds) in hardwoods are the tan-
nins and flavonoids, ranging from simple phenols to condensed flavonoids sys-
tems. The tannins are subdivided into hydrolyzable tannins and nonhydrolyzable
or condensed tannins (phlobaphenes). The hydrolyzable tannins are esters of gal-
lic acid and its dimers (digallic, ellagic acid) with monosaccharides, mainly glu-
cose. They are often subdivided into gallotannins yielding gallic acid after hydroly-
sis, and ellagitannins yielding ellagic acid after hydrolysis [6]. The study of the be-
havior of ellagitannins with alkali showed that, under the conditions of cold soda
and alkaline groundwood pulping, the tannins are notably resistant [55]. Under
conditions comparable to kraft and soda pulping, the decarboxylation of gallic and
egallic acid is the major reaction. The main components of the condensed tannins
are the catechins (flavan-3-ols) and the leucoanthocyanidins (flavan-3,4-diols).
These compounds belong to the group of flavonoids. The flavonoids can be de-
rived from flavone which itself is interpreted as a 2-phenyl benzopyrone. Its deri-
vates containing a hydrated pyrane ring are called flavanes. Other derivates of the
basic flavone structure are the flavanones and the isoflavones. Structures contain-
ing an open pyrone ring are called chalcones, and those with a furanone ring aur-
ones [6]. Some of the flavonoids and related compounds determine the color of
the respective wood (e.g., fisetin, morin, santal), while others (e.g., butein, sulfur-
etin, rengasin) are responsible for colored specks in pulps from tropical woods.
They are often present in wood as colorless leuco-compounds, and the color must
be developed by biochemical and chemical reactions [57]. The color and its grada-
tion can be influenced by further treatments with acids, alkali, or metal salts. Var-
ious studies are concerned with the utilization of condensed tannins [6]. Experi-
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ments have been performed yielding simple phenols by fusion processes, and
adhesives for plywood and particleboard by autocondensation, condensation with
formaldehyde, or sulfitation.

On the cellular level, the extractives are concentrated in the parenchymal cells
and the resin canals; smaller quantities are also found in the middle lamellae,
intercellular and cell walls of tracheids and libriform fibers [57,59].

2.1.1.5 Inorganic Components

The inorganic constituents of wood are entirely contained in the ash, the residue
remaining after burning the organic matter. The content of the inorganic compo-
nents is low, and amounts in wood of temperate zones comprise 0.1 to 1.0% of
the ash [2]; by comparison, in woods of tropical and subtropical zones the inor-
ganic components comprise up to 5% of the ash [6]. There is a certain dependence
of the mineral content and composition on environmental conditions (site, cli-
mate, soil) and on the location within the tree [4,60]. With regard to the whole
tree, the highest content of inorganic components is found in the leaves or nee-
dles, respectively. The sequence of decreasing ash content is, subsequently: bark,
roots, branches, and stem. Analyses of the elemental distribution across a stem of
beech (Fagus sylvatica) showed an increase of the mineral content from the outer
part of the sapwood towards the heartwood (red heart) (Fig. 2.6). The mineral
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Fig. 2.6 Qualitative and quantitative distribution of mineral
components (Ca, K, Mg, P, S) in sapwood and heartwood
tissue of beechwood (Fagus sylvatica) determined by ICP-OES
analyses [62].
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components of wood are mainly oxalates, carbonates or glucuronates of calcium
(40-70%), potassium (10-30%), magnesium (5-10%), iron (up to 10%), and
sodium (Tab. 2.9). Cytological investigations indicated the importance of potas-
sium for the cell enlargement (osmoregulation) during primary wall formation of
differentiating xylem cells [4,61]. Calcium is involved in the synthesis of cellulose
and hemicelluloses, and also in the lignification of the cell wall. Many other ele-
ments such as Al, Zn, Cu, and Ni are also cations present in concentrations of
less than 50 ppm. These must be defined as trace elements, and are important for
several biochemical syntheses. By using electron microscopy combined with ener-
gy dispersive X-ray spectroscopy (SEM/TEM-EDXA), it can be shown that the
minerals are not only incorporated into the cell walls but are also deposited in the
lumina of parenchymal cells, and consist mostly of calcium oxalate, calcium car-
bonate (in the form of prismatic or polyhedric crystals), or noncrystalline silicate.

Tab. 2.9 Inorganic composition of several softwoods and
hardwoods (modified and adopted from [6]).

Species Ca K Mg Mn Na P Al Fe Zn
o] el el el el [l (%] [%] (%]

Softwoods

Abies balsamea 830 770 270 127 - - - 13 11
Picea abies 1800 250 160 440 100 50 - 14 20
Pinus strobus 210 290 70 28 - - - 10 11
Pinus spp. 764 39 110 97 28 - 6 - -
Pseudotsuga menziesii 295 — 41 25 44 - 13 - -
Tsuga spp. 750 400 110 145 - - - 6 2
Hardwoods

Acer rubrum 820 690 120 72 29 30 2 11 29
Betula papyrifera 740 270 180 34 150 23 10 28
Fagus sylvatica 1150 880 320 250 120 - - 10
Populus spp. 1130 1230 270 29 - 100 - 12 17
Quercus alba 674 780 11 2 3 8 6 - -

Tilia americana 1125 543 117 11 74 - 15 - -
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2.1.2
Wood Structure and Morphology

2.1.2.1  Ultrastructure and Distribution of Cell Wall Components

The wood cell walls are composed of the above-described three groups of struc-
tural substances cellulose, hemicelluloses, and lignin which are classified respectively
as framework, matrix, and encrusting materials. The framework substance is cel-
lulose, which occurs in the form of microfibrils. Hemicelluloses and other carbo-
hydrate materials (excluding cellulose) are incorporated into the cell wall as the
matrix substances, whereas lignin is incrusted in the microcapillary regions of the
cell walls.

2.1.2.1.1  Fibrillar Structure of Cellulose

Of the three cell wall components, cellulose has a partially ordered crystalline
structure, whereas the hemicelluloses and lignin are amorphous. Because of regu-
lar hydrogen bonds, the cellulose chains are ordered to form elementary fibrils with
a diameter of about 3.5 nm and alternating crystalline (micelles) and amorphous
regions [6,63]. Recent electron microscopic and WAXS (wide-angle X-ray scatter-
ing) data indicate that the diameter of elementary fibrils may differ in the range of
3 to 35 nm depending on the source of cellulose. As the next larger morphological
unit, microfibrils are composed of aggregates of elementary fibrils shrouded by
shorter hemicelluloses chains. The diameters of microfibrils are approximately 10
to 30 nm. The microfibrils form so-called macrofibrils between which the lignin
and the hemicelluloses are deposited. Chemical bonds are formed between the

Cell wall layers Fibrillar structure

Hemicelluloses

Cellulose

Glucose-
unit

(a) (b)

Fig. 2.7 (a) Schematic illustration of the individual cell wall layers

and their chemical composition (illustrated by Per Hoffmann).

(b) Cell wall model with the fibrillar structure of the cell wall layers.
ML= Middle lamella; P = Primary wall; S = Secondary wall (S1, S2, S3);
W = Warty layer. (Adopted from [64].)
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a-C atoms of lignin and the hydroxyl groups of the hemicelluloses (benzyl ethers),
which prevent the leaching of lignin from the wood by neutral organic solvents.
Irregular hydrogen bonds also exist between the hydroxyl groups of lignin, the
hemicelluloses, and the cellulose through which a close, but irregular network of
the three components is formed.

2.1.21.2  Ultrastructure of the Cell Wall

The micro- and macrofibrils represent the construction units of the cellulose fiber
cell wall architecture, which consists of several layers (Figs. 2.7 and 2.8). The con-
centric arrangement of the individual cell wall layers is caused by differences in
the chemical composition and by different orientations of the structural elements,
which are synthesized during cell division and cell differentiation [65]. The cell
wall formation starts with the division of a cambial initial. A daughter cell
becomes separated first at the equatorial plane by a thin, tangential wall which
consists mainly of pectic material. This initial layer, which is common to both
adjacent cells, is termed the middle lamella (ML) and functions as a “cementing”
substance between the cells.

At this early developmental stage the wood cell begins to deposit new wall mate-
rial against the ML. Contrary to the ML, this new layer contains cellulosic material
embedded in a pectin and hemicelluloses containing matrix. This layer represents
the first formed cell wall layer and is called the primary wall (P). The thin primary
wall (thickness 0.1 pm) consists of a loose aggregation of microfibrils arranged
randomly on the outer surface and oriented more or less transverse to the cell axis
on the inner surface. The cellulose molecules have DPs between 2000 and 15 000
anhydroglucose units in long, nonbranched chains. These cellulose chains are
twisted along the axis of the glucan chains (180°) and stabilized by hydrogen
bonds between the chains [8]. At the cell corners, the primary wall is often thick-
ened into a rib-like structure that extends along the length of the cell. Both the
middle lamella and primary wall are extensible to allow cell expansion during dif-
ferentiation. Cellulose fibrils and matrix material are continuously incorporated
into the growing wall, accompanied by some wall protein.

As the developing wood cell wall approaches final thickness, deposition of the
stiff secondary wall occurs (Fig. 2.8). Secondary walls in most cases show a subdivi-
sion into three layers (S1, S2, S3), with the narrow S1 (0.12-0.35 pum) as the first-
formed layer next to the primary wall, the S2 layer generally representing the
thickest portion (2-5 pm) (Tab. 2.10), and the sometimes barely discernible, thin
S3 layer (0.1-0.14 um) constituting the interface with the cytoplasm in living cells
or the cell lumen in dead cells. The S2 layer of the secondary wall contributes
most to the bulk of cell wall material, as well to its physical and mechanical prop-
erties. It is a compact region with a high degree of parallelism of the microfibrils.
The number of lamellae composing the S2 may vary from the 30 or 40 in thin-
walled or earlywood cells to 150 or more in thick-walled latewood elements. The
S3, when present, is a thin layer of helically arranged microfibrils similar to the
S1, probably not exceeding five or six lamellae in thickness.
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Fig. 2.8 Transmission electron micrographs of ultrathin sec-
tions of the cell wall layers of (a) softwood tracheids
(Picea abies) and of (b) hardwood fiber and parenchymal cells
(Betula spp.) which show the various wall layers: CML= com-

pound middle lamella; P = primary wall; S = secondary wall
(S1, 52, $3) [68].

Tab. 2.10 Average thickness and percentage of the wall layers in
spruce tracheids (Picea abies) (adapted from [66]).

Wall layer Earlywood Latewood

[rm] [%] [m] [%]
ML/P 1.00 33.1 1.00 19.1
S1 0.26 8.6 0.38 7.3
S2 1.66 55.0 3.69 70.8
S3 0.10 3.3 0.14 2.8
Total wall 3.02 - 5.21 -

These three layers of the secondary wall are organized in a plywood-type of
structure. Electron- and polarized light microscopy indicate that the microfibrils
of the inner and outer layers are oriented more or less perpendicular to those of
the middle layer (S2). In the S1 there occurs a crossed fibrillar texture. The micro-
fibril orientation generally ranges from 50° to 70° relative to the cell axis. In the
S2, the angle of microfibril orientation varies between 10° and 30° depending on
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the type of cell, earlywood or latewood, and in the S3 the microfibrils are oriented
at an angle of between 60° and 90° relative to the cell axis (see Fig. 2.7b). These
varying fibril orientations in the particular layers produce a mechanical locking
effect, leading to very high stiffness of the overall cell [67]. In some wood species,
helically oriented thickenings or spiral thickenings (spirally arranged ridges of
microfibril bundles) on the inside of the cell wall are formed with the develop-
ment of the S3 layer. They are distinctly separated from the S3 layer and only
rarely parallel to the microfibril orientation of this wall layer. Spiral thickenings
are a characteristic feature of few softwood species, for example in Douglas fir
(Pseudotsuga menziesii) and Himalaya spruce (Picea smithii), and more common in
hardwood species, for example in maple, some birches, and cherry [5].

2.1.2.2 Lignification of the Cell Walls

The incorporation of lignin within the polysaccharide cell wall framework is gener-
ally seen as the final phase of the differentiating process of the typical secondary
xylem cell wall. Results from ultraviolet, fluorescence and light autoradiographic
microscopic studies, as well as from electron microscopic studies, have confirmed
that lignin is most probably deposited initially in the cell corners (Fig. 2.9) when
the surface enlargement of the cell is finished, and just before the S1 starts to
thicken. The lignification proceeds in the intercellular layer (middle lamella, ML)
and the primary wall (P), starting at the tangential walls and spreading centripe-
tally [69]. The lignification of the compound middle lamella (ML and adjacent pri-
mary wall) continues during differentiation of the S1 and S2 layers, and even until
the formation of the secondary wall 3 (S3). Lignification of the secondary wall
layers proceeds slowly in a first stage, but becomes more rapid after thickening of
the S3 wall has been completed [69]. These findings indicate a permanent lignifica-
tion process throughout the entire period of cell wall differentiation, with a consider-
able delay as regards the synthesis of cellulose and hemicelluloses.

According to data obtained from cellular UV spectroscopy and chemical analy-
sis, almost 60% of the substance of the compound ML consists of lignin, while
only 20% is found in the secondary wall. However, the bulk of the lignin (63—
74%) is concentrated in S2, as this layer is the thickest one since it also contains
90% of the cellulose and 70-80% of the hemicelluloses.

The image profiles of spruce tracheids (Figure 9a) are characterised by a high
UV absorbance at the cell corners and compound middle lamellae as compared to
the adjacent S2 layers with a lower, slightly varying lignin distribution. As found
by Fergus et al. (1969) [71] the average lignin content in the compound middle
lamella is about twice that in the S2 of the tracheids. The scanned beech fibre (Fig-
ure 9b) shows a different absorbance level as compared to the softwood tracheids.
In particular, the broad S2 layer reveals a lower absorbance. The uniform level of
absorbance in this wall layer corresponds to earlier results reported by Saka and
Goring (1988) [72], who predicted lignin distribution across the width of the whole
S2 should be homogeneous. The compound middle lamella is distinuished by
higher absorbance values as compared to those of the spruce tracheid.
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Fig. 2.9 UV microscopic image profiles of an individual (a) tracheid of Picea abies and (b) fibre
of Fagus sylvatica scanned with a geometrical resolution of 0.25 um?. The color scales indicate
the different UV-absorbance values at a wavelength of 278 nm (absorbance maximum of soft-
wood lignin) and 278 nm (absorbance maximum of hardwood lignin) [70].[70].
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2.1.2.3 Functional Elements of the Conducting System
In all cell types, the secondary wall layers show specific openings or gaps, the so-
called pits (Figs. 2.10 and 2.11). These pits serve as valve-like canals, allowing lig-
uids to flow between adjoining cells (e.g., water flow to the top of the tree, con-
trolled by the suction force emanating from evaporation from leaves or needles).
Pit structure and shape varies with the type of the cells that they are connecting,
and also with the wood species concerned. Three different types of pits must be
distinguished:
* simple pits connecting two parenchymal cells;
e bordered pits connecting vascular cells (vessels, fibers, tracheids);

and
e half-bordered pits connecting parenchymal cells to vascular cells

Simple pits are holes in adjacent cell walls, interrupted by a membrane in the re-
gion of the compound middle lamella. Simple pits appear only in and between
parenchymal cells. For the exchange of plasmatic material, the pit membranes are
interlaced with plasmatic threads, the so-called plasmodesmata.

The bordered pits belonging to the vascular cells (vessels, fibers, tracheids) have a
somewhat different structure. The openings (apertures) in both cell walls enlarge
towards the pit membrane forming a cavity. The shape of the aperture of the

5 pm
Fig. 2.10 The various types of pits in hard- a fiber (F) in birch (Betula pendula). At the
woods and softwoods. Ultrathin sections, parenchymal side, the pit membrane is cov-
transmission electron micrographs. ered with a protective layer. (c) Bordered pit
(a) Simple pits between parenchymal cells in between two tracheids in spruce (Picea abies)
oak (Quercus robur). The membranes are in open conditions. The disk-like torus lies in

interlaced with plasmodesmata. (b) Half-bor- the center of the porus. (Adopted from [68].)
dered pit between a parenchymal cell (P) and
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(a)

Fig. 2.11 Cross-section of bordered pits in (a) earlywood and
(b) latewood of Picea abies. The pit membrane in earlywood
shows relatively wide interspaces in the margo. The pit mem-
brane in the corresponding latewood shows an extremely
dense margo (scanning electron micrographs) [75].

bordered pits can be very different depending on the species, the cell type, early-
wood and latewood, etc. The pit membrane is formed by the primary cell walls of
both adjoining cells and the sandwiched middle lamella. It is rich in pectins and
reinforced by cellulose microfibrils. During cell wall growth in softwoods, the cen-
tral portion of the membrane is altered through accumulation of densely packed
microfibrils which form the so-called torus, held in place by radially arranged
microfibrils (the margo) which is formed over the existing primary wall (Fig. 2.11).
Subsequently, the pectine matrix of the margo is decomposed enzymatically, pro-
viding enough open voids for water flow between the adjoining cells. With further
growth of the cell wall the secondary wall overarches the margo and torus, form-
ing the pit chamber. The principal structure of hardwood bordered pits is similar,
but the membrane is quite different: no torus is developed and no dissolution of
primary wall components is visible.

The half-bordered pits connect parenchymal cells to vascular cells. On the par-
enchyma side, they consist of a simple pit, whereas on the vascular side one half
of a bordered pit is formed. In softwoods, half-bordered pits have a central thick-
ening (torus) at the tracheid side. Special forms of half-bordered pit are the
“window-like” and “pinoid” cross-field pits between ray parenchymal cells and
longitudinal tracheids with large membranes, large apertures and small borders
[73,74].

Closing (aspiration) of the pits is caused by injuring the tree, or during the
course of natural heartwood formation. The pits with a torus in their membranes
can be very effectively closed by pressure differences between adjacent cells. By
pressing the torus against the aperture, the pit is closed irreversibly. During this
process the outer part of the margo is stretched by some reorganization of the
fibrils which are aggregated to strands. During heartwood formation, the margo

47



48 | 2 Raw Material for Pulp

Fig. 2.12 Formation of tyloses in hardwoods of (a) Robinia
pseudoacacia and (b) Fagus sylvatica (red heart). The tyloses
growths out from an adjacent ray or axial parenchymal cell
through a pit in a vessel wall, partially or completely blocking
the vessel lumen.

can be encrusted with amorphous material (phenolic extractives) so that move-
ment towards the aperture is no longer possible [76].

The movement of water within the vessels of several hardwoods may be blocked
by the formation of tyloses, the formation of which is a natural physiological pro-
cess linked to heartwood formation and to the death of living sapwood cells,
respectively. It may also be initiated by mechanical damages or fungus and virus
infection [77]. Tyloses (protective layer) are thin membranes, the growth of which
starts at the pits bordering the associated parenchymal cells, and then extends like
balloons into the vessels (Fig. 2.12). The tylosis wall consists of two or more layers,
containing cellulose, hemicelluloses and lignin, and in areas where two tylosis
walls are in contact a middle lamella-like layer as well as simple pits are developed
between them.

213
The Microscopic Structure of Wood

2.1.3.1  Cell Types

The wooden tissue consists of various cell types which can be readily observed at
both the light and electron microscopic level (Fig. 2.13). During growth and
maturation, from the fusiform initials they change in size, shape and structure to
fulfill specific requirements of their genetically predetermined function in the liv-
ing tree (Fig. 2.14). According to their individual morphology and function, four
groups of cell types can be distinguished:



Fig. 2.13 Transverse sections of a (a) softwood (Picea abies)
and a (b) hardwood (Fagus sylvatica) showing the transition
between earlywood and latewood within the annual ring.
Scanning electron micrographs.

e parenchymal cells
e tracheids

o fibers

e vessels.

Parenchymal cells in living wood contain cytoplasm and are involved in various pro-
cesses such as metabolic pathways, short-distance transport, and storage; they
form horizontal bands (rays) as well as axially oriented strands. Axial parenchyma
is much more frequent in hardwoods, where it tends to form distinctive patterns,
particularly in tropical timber species. These cells usually have thin secondary
walls.

Tracheids are the predominant axial cell elements in softwoods; they provide
both water conduction and mechanical support. Tracheids also occur in some
hardwoods. They are located adjacent to the vessels (vasicentric tracheids), or they
resemble vessels (vascular tracheids) with the sole function of water transport. In
softwoods, these cells serve as conduction paths (thin-walled earlywood tracheids)
and provide the necessary mechanical stiffness (thick-walled latewood tracheids).

Fibers occur exclusively in hardwoods, and represent specialized elements for
mechanical support. Slight differences in morphology have given rise to a differ-
entiation between “libriform-fibers” and “fiber-tracheids”. However, since continu-
ous intergrading exists between them, the general term fiber is commonly
employed [78].
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Fig. 2.14 (a) Transverse section of a diffuse (b) Microscopic structure (transverse section)
porus hardwood (Fagus sylvatica). The basic of monocotyledons (rattan) with the basic cell
tissue contains spacious earlywood vessels types: vessels (V), parenchymal cells (P) and
(V), parenchymal cells (P) and fibers (F). fibers (F).

Vessels are specialized elements for the long-distance transport of water and
mineral solutes in hardwoods; they are composed of individual vessel members
that are associated to form a continuous duct with a length of 50-60 cm in some
genera (Populus, Fagus) or even longer, as in oaks (Quercus spp.). During matura-
tion of the vessels the end walls of the individual members abutting on other
members above and below are removed partly or entirely by enzymatic action; this
process results in a rather different appearance of the so-called vessel perforation
plates.

Tracheids and vessels reach functionality only after the death of their cytoplasm.
Fibers have also commonly been considered to be dead cells, but in some species
a few cells retain their cytoplasm over a long period after completion of wall thick-
ening; in the extreme case until heartwood formation. These fibers are termed liv-
ing fibers, and may store starch.

2.1.3.2  Softwood and Hardwood Structure
The major anatomical distinction between softwoods and hardwoods is based on
the structure of their wood and cell elements.

Softwoods (coniferous woods) exhibit a simpler structure than the more ad-
vanced hardwoods (deciduous woods). They are basically composed of tracheids
as the principal cell type (ca. 90-95% of total volume) (Figs. 2.13a and 2.15). Trac-
heids of softwoods are mainly oriented in the longitudinal direction, with only a
small amount being radially oriented within the rays. The length to width ratio of
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Fig. 2.15 Microscopic structure of softwood (Picea abies) in
(a) transverse and (b) radial directions.

the longitudinal tracheids is about 100:1 or even greater (length ca. 34 mm, di-
ameter ca. 25-45 um) (Tab. 2.11). Cell size, wall thickness and lumen diameter
vary greatly, with thin walls and wide lumina in earlywood tracheids and extreme
wall thickening and narrow lumina in the latewood tracheids. The latter contrib-
ute mainly to mechanical strength, whereas the earlywood tracheids are conduc-
tive rather than supporting elements.

Tracheids may also be horizontally oriented, forming lower and upper margins
of the rays in some genera of Pinaceae. The rays consist entirely either of parench-
ymal cells (homocellular ray), or both ray parenchyma and ray tracheids (hetero-
cellular ray). On tangential surfaces, the shape of the rays resembles tiny spindles
that are just one or two cell(s) in width (uniserate — biserate rays) and from few to
many cells in height [79].

In some softwoods, axial parenchyma is either absent (e.g., Picea, Pseudotsuga)
or sparse (e.g., Larix); in others, it is of regular occurrence (e.g., Podocarpus, Juni-
perus). Only a few softwood species have thin-walled longitudinal parenchymal
cells to a smaller extent (ca. 1-2% of the overall volume), for example redwood
(Sequoia sempervirens) and some cedars (Thuja spp.).

Axial and radial resin ducts are characteristic features of some genera of Pina-
ceae (e.g., Picea, Larix, Pinus, Pseudotsuga), and are lined by parenchymatous
epithelial cells responsible for the production and posterior secretion of resin into
the duct system, often in response to injury or harmful and traumatic events.
These canals form a three-dimensional network in longitudinal and radial direc-
tion in the tree (Fig. 2.16). In the radial direction, these canals are embedded in
(fusiform) rays.

The margin of a growing period or annual ring is marked by an abrupt change
in cell wall thickness. The transition between earlywood and latewood regions
within one annual ring varies from gradual (e.g., in soft pines; Pinus spp.)
to abrupt (e.g., in Douglas fir; Pseudotsuga menziesii and hard pines, Pinus spp.)
[79].
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Fig. 2.16 Transverse sections of softwood (Picea abies) with
resin canals which are surrounded by epithelial cells (a) Light
microscopy; (b) scanning electron microscopy.

Tab. 2.11 Average cell dimensions and percentages of some
wood species (adapted from [66]).

(b)

Softwoods Hardwoods
Abies alba  Picea abies Pinus Fagus Quercus  Populus
sylvestris  sylvatica  robur spp-

Cell dimensions
Tracheids/fibers
Length [mm] 3.4-4.3-4.6 1.7-2.9-3.7 1.4-3.1-4.4 0.6-1.3 0.6-1.6 0.7-1.6
Diameter [um] 25-50-65 20-30-40 10-30-50 15-20 10-30 20-40
Vessels
Length [mm] 300-700  100-400 500
Diameter [um] 5-100 10-400 20-150
Cell percentages
Tracheids/fibers [%)] 90.4 95.3 93.1 37.4 51.2 61.8
Vessels [%)] 31.0 39.6 26.9
Axial parenchyma [%)] scarce 1.4-5.8 1.4-5.8 4.6 4.9
Rays [%] 9.6 47 5.5 27.0 2238 113

The evolutionary advanced hardwoods possess a functionally and morphological-

ly more diversified structure. The most distinctive feature is the occurrence of ves-
sels, alternatively called “pores” when observed on transverse surfaces.

Vessels vary in size and distribution, especially within a discernible growth incre-
ment. This diversity is termed “porosity”, and its various patterns represent a very
important feature for the identification of hardwoods attributed to three groups:
ring-porous; semi-ring-porous; and diffuse-porous (Fig. 2.17):
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 Ring-porous woods show distinct differences in the size of vessels
within one growth increment; earlywood vessels being larger in
diameter than latewood vessels, with an abrupt transition be-
tween both. Hence, in some cases the earlywood portion becomes
clearly visible as a pore-ring, even with the unaided eye.
Semi-ring-porous woods are characterized by a gradual change
from large-diameter earlywood vessels to small latewood vessels.
Diffuse-porous woods display vessels of nearly the same diameter
throughout on growth increment.

The variation within a species, however, may range sometimes from ring-porous
to semi-ring-porous, or from semi-ring-porous to diffuse porous.

N ——

(b) (c)

Fig. 2.17 Distinction between (a) ring-porous (Fraxinus
excelsior), (b) semi-ring-porous (Prunus spp.), and (c) diffuse
porous hardwoods (Aucoumea klaineana = Okoumé)

(Light microscopy).

The vessels may be arranged in tangential bands, may exhibit a diagonal or
radial pattern, or may reveal a branched appearance to form a dendritic pattern.
Vessel may also occur in solitary fashion, as groups in radial multiples of four or
more, or as irregular clusters. As vessels are specialized in water conduction, the
end walls of the single elements are typically perforated by unrestricted openings
during the cell maturation process. The pattern of these perforation plates is
either simple, scalariform or foraminate. The lateral connection between adjoining
vessels is provided by numerous closely packed bordered pit pairs. The pattern
type of the perforation plates, as well as the pitting arrangement, do not change
within a given species; both patterns are very useful for microscopic wood identifi-
cation. Connections to fibers, longitudinal and ray parenchyma and other cell
types also occur through pits.

53



54

2 Raw Material for Pulp

Rays in hardwoods are generally much larger in height and width (up to about
30 cells in a tangential direction) compared to softwoods; they can constitute up to
30% or more of the total xylem volume, with an average of about 17%. The rays
consist only of parenchymal cells (homocellular rays), but are different in shape
and configuration (Fig. 2.18). Most of these brick-like parenchymal cells have their
long axis oriented radially, and they appear to be lying down. In some species, ray
cells on the upper and lower margins of the ray stand upright on end, with their
long axis vertically or parallel to the grain. These two types of ray configurations
are termed homogeneous and heterogeneous rays, respectively. On tangential sur-
faces, rays are either arranged in a diffuse pattern or in definite, tangential tiers —
that is, in a storied arrangement. In the latter case, rays show roughly the same
size in height and width and they all begin at about the same level along the grain.
A storied arrangement of rays constitutes a very useful tool in wood identification.

(b)

Fig. 2.18 Microscopic structure of hardwood (Fagus sylvatica)
in the (a) tangential and (b) radial anatomical directions,
showing the rays.

Axial parenchymal cells are much more abundant in hardwoods than in soft-
woods. On a transverse section, axial parenchyma (storage elements) are recog-
nized by their thin cell walls. These cells are either elongated and tapered or brick-
shaped, or form an epithelium around resin canals. Often, crosswalls subdivide
these longitudinal cells into smaller compartments. The position of axial parench-
ymal cells in relation to vessels is used for a general subdivision into two types of
parenchyma. The term “apotracheal parenchyma” reflects the isolation of vessels
against axial parenchyma by other cells, whereas “paratracheal parenchyma”
describes the association of axial parenchymal strands with vessels. The amount
and various distributional patterns display a marked diversity.

2.1.3.3 Reaction Wood
The shape of the cells, particularly of tracheids and fibers, is influenced not only
by seasonal changes but also by mechanical forces [80]. Trees react to strain forces
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acting on stems and branches (e.g., by high wind or geotropic erection) by form-
ing reaction wood in the zones of compression or tension. Softwoods (coniferous
trees) develop compression wood in the compressed ranges, and hardwoods
(deciduous trees) develop tension wood in the tensive ranges. Compression and
tension tissues differ in anatomical, chemical and physical properties from each
other, as well as from the normal wood tissue.

2.1.3.3.1 Compression Wood
The main characteristics of compression wood are its dark color, which is caused
by a relatively high lignin content, rounded tracheids with intercellular spaces, an
absence of the S3 wall, and a secondary wall with helical cavities [34] (Fig. 2.19).
The angle of the fibrils in the S2 of compression tracheids is about 45° in rela-
tion to the fiber axis. Compared to normal tracheids, compression wood tracheids
are shorter (about 30%), possess a higher lignin and hemicelluloses content (ca.
8-9% higher) and a lower cellulose content (ca. 10% less) [81]. This different prop-
erty profile leads to some undesired disadvantages when using wood containing
compression wood zones. For example, local density is increased, some strength
properties are significantly reduced (compared to normal wood of a similar den-
sity), and the longitudinal shrinkage is increased to 1-2% (compared to 0.1-0.2%
for normal wood).

5cm
(a) (b)
Fig. 2.19 (a) Stem section of spruce (b) The tracheids of compression wood are
(Picea abies) with compression wood charac- rounded with intercellular space, and show
terized by an eccentric growth and darker higher UV absorbance (UV micrograph
color in the region of the reaction wood. recorded at 280 nm wavelength).

2.1.3.3.2 Tension Wood

Tension wood contains fewer and smaller vessels than normal wood, and the
fibers are provided with a special wall layer, the so-called gelatinous layer or G-layer.
Depending on the species, the G-layer may be present instead of the S2, the S3
wall or deposited in addition to the normal wall layers [82]. The G-layer consists of
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concentric lamellae of cellulose microfibrils aligned in the direction of the fiber
axis. The microfibrils are almost parallel to the grain at an angle of only 5°. The
cellulose is highly crystalline, and the content of hemicelluloses and lignin
amounts only to a few percent. The thickness of the G-layer varies along the axis
of a tension wood fiber, and is thicker in the central region.

Due to these particular features the strength properties of tension wood are
reduced (compared to normal wood of similar density), and the longitudinal
shrinkage is increased up to 1%. The reason for high tension wood shrinkage is
the loose contact between the G-layer and the remaining cell wall which does not
prevent the outer cell region (i.e., the P and S1 layers) from contracting during

drying [5].

2.1.3.4  Juvenile Wood

During the early years of their life span all trees produce juvenile wood, which occu-
pies the inner core of xylem surrounding the pith. The time during which juvenile
wood is formed is termed the juvenile period. This period varies among individuals,
with species, and with environmental conditions. The transition from juvenile to
mature wood is rather gradual, with a progressively decreasing proportion of cells ex-
hibiting juvenile wood characteristics with increasing distance from the pith.

The microfibril angle in the S1 layer is almost perpendicular to the grain, so
this layer tends to shrink longitudinally when water is removed. A firmly attached
S2 layer to the adjoining S1 layer — as in normal wood — will provide shrinkage
restraint and overall longitudinal shrinkage will be reduced significantly.

In juvenile wood the cells are smaller and structurally less developed than those
of the outer, mature xylem. Particular differences exist in the length of the cells as
well as in the structure of the layered cell wall. The proportion of latewood in juve-
nile wood is very small, leading to a relative low density and thus low strength
properties. Another disadvantage of juvenile wood is the spiral grain — that is, the
fiber orientation deviates significantly from the stem axis. This is the reason for
extensive twisting of dried timber containing juvenile wood. At the ultrastructural
level, the microfibril angle in the S2 layer is greater than in cells of the mature
tissue. Analogous to compression wood, this causes a higher degree of longitudi-
nal shrinkage as well as a reduced tensile strength. In practice, juvenile wood is
very difficult to identify because there is no clear demarcation between the former
and adult wood [5,83,84].

2.1.3.5 Secondary Changes

With increasing age and secondary thickening of a woody plant, the more cen-
trally located xylem of many species undergoes natural changes. Consequently,
the xylem must be subdivided into two parts. In a living tree, the xylem portion
close to the cambium serves as a pathway mainly for water and mineral solutes,
but it also has a storage function; its parenchymal cells are physiologically active
and involved in various metabolic processes.
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15 cm

(a)

Fig. 2.20 Obligate heartwood formation in (a) Quercus robur
and (b) facultative heartwood formation in Fagus sylvatica.

The more centrally located wood portion in mature trees, however, does not con-
tain living parenchyma [85]. In general, the terms sapwood for the outer, and
heartwood for the central portions are used. Transition from sapwood to heart-
wood usually occurs within a narrow zone of few cell rows, resulting in a slightly
undulating sapwood—heartwood boundary. In many species, the heartwood has a
significantly darker color than the surrounding sapwood, with certain variation of
sapwood width between and within species (Fig. 2.20). Besides the obligatory for-
mation of such a distinctly colored heartwood, some tree species develop less-col-
ored or almost colorless heartwood; all of those species are therefore considered to
form a regular heartwood [86].

Other trees species such as Betula or Fraxinus do not form heartwood under
normal growth conditions. However, all woody plants develop discolored wood as
a result of environmental influences (e.g., injury, attack by microorganisms,
severe frost). The boundary between unaffected and discolored wood often
extends across a larger number of growth increments with an irregular periphery.
Discolorations may also be induced in regular heartwood as a secondary process.
The misleading terms “false heartwood”, “pathological heartwood”, and “frost
heartwood” are often used for these environmentally initiated changes.

The main criteria for the differentiation between regular heartwood and disco-
lored wood are as follows: regular heartwood is characterized by increased natural
durability and lower moisture content in comparison to sapwood; in discolored
wood, however, the durability does not considerably increase, and the moisture
content may rise even above the sapwood level. The change from sapwood to
heartwood during natural heartwood formation in hardwoods is frequently
accompanied by the occlusion of vessels. The lumina of some species are more or
less filled with dark-colored organic material secreted from adjacent parenchymal
cells (Fig. 2.21). Other species develop tyloses — that is, balloon-like protrusions
from parenchymal cells through the pits into adjacent vessels.
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Fig. 2.21 Representative UV absorbance spec-  phenolic compound in the lumen of a ray-
tra of deposited phenolic compounds in the parenchymal cell [RP]; compound middle
woody tissue of beechwood with red heart lamella [CML] and secondary wall [52] of a
(high condensed phenolic compound in the fibre).

lumen of a vessel [V], low molecular-weight

5cm

(a)

Fig. 2.22 (a) Stem section and (b) transverse light micro-
graph of Bongossi (Lophira alata), with increasing deposition
of extractives from sapwood to heart/wood.
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The conversion of sapwood to heartwood is commonly associated with a color
change caused by the deposition of chemical compounds or extractives (Figs. 2.21
and 2.22). The extractives also impart the durability to the wood against fungal
decay and insect attack. The degree of durability varies widely among different
species [87].

2.2
Outlook

2.2.1
Nano-structure of Fibers

The nano-structure and physico-chemistry of pulp fibers has been of considerable
interest to paper research in recent years, as it is realized that the improvement
and development of new fiber products can only be achieved by a better knowl-
edge of the fundamental structure of fibers. For example, the fiber surface — and
particularly fiber fibrillation — is considered to play a major role as regards inter-
fiber bonding in paper products, while the nano-structure of the fiber cell wall as
a whole (including the surface layers) are considered to govern the properties
related to paper strength (Fig. 2.23). Furthermore, the hierarchical architecture of
wood and the tilt angle of the cellulose fibrils against the longitudinal cell axis
(microfibril angle; MFA) are believed to play a decisive role in determining the
mechanical properties of wood [88].

A better understanding of these aspects should provide important clues as to
how improvements in paper products can be achieved. The revived interest has
primarily been prompted by the availability of more refined microscopy tech-
niques and preparation methods that allow scientists to come closer to visualizing
the “true” pulp fiber structure. This, in turn, provides a means for allowing

Fig. 2.23 (a) Scanning electron micrographs of spruce wood
during the ASAM pulping process and (b) the surface of
ungrounded paper [90].
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Fig. 2.24 Three-dimensional reconstruction (40 um thick) of
transverse sections of embedded Kraft cooked fiber bundle.
The horizontal rows are numbered 1 to 5 from top to bottom
[91].

comparisons of the effects of different pulping processes on fiber structure
(Fig. 2.24).
Techniques currently being adapted to study the nano-morphology or surface
chemistry of wood and pulp fibers include:
e scanning electron microscopy (SEM);
e transmission electron microscopy (TEM);
e atomic force microscopy (AFM);
e spectroscopic techniques (e.g., X-ray photoelectron spectroscopy;
XPS);
* time-of-flight secondary ion mass spectroscopy (ToF-SIMS);
¢ wide-angle and small-angle X-ray scattering methods (WAXS);
and
e scanning UV microspectrophotometry (UMSP).

Scanning electron microscopy, and in particular FE-SEM (Field Emission-SEM)
and environmental-SEM, have now been used widely to reveal new aspects of fiber
wall structure ranging from the micro- to the nano-structural level. More recently,
the use of TEM metal replicas to study pulp fiber surface and intracellular nano-
structure has shown a revival of the earlier applications developed by Coté et al.
[64] to study fiber cell wall structure [89].

Atomic force microscopy has also been applied very successfully to study fiber
surfaces under both wet and dry conditions [92], and also sections of resin-
embedded pulp fibers [93,94]. Although XPS was not considered previously as a
nano-technique, and was originally applied to study paper surfaces [95,96], it has
been used recently to study individual fibers and fiber bundles. Within conjunc-
tion with FE-SEM, this technique allows comparative chemical and morphological
studies on the same fiber region [89].

The application of ToF-SIMS is also being used for studies of the chemistry of
pulp fiber surfaces, and is recognized as having great potential. With some care,
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this technique should also be useful for studying fiber surfaces/bundles, as shown
with XPS-FE-SEM. Wide-angle and small-angle X-ray scattering methods were
found to be powerful, nondestructive tools to characterize MFA in wood tissues
without extensive sample preparation [97,98].

222
Topochemical Distribution of Lignin and Phenolic Extractives

Scanning UV microspectrophotometry (UMSP) has been established as a useful
technique for the topochemical detection (analysis) of lignin and phenolic extrac-
tives on a cellular and subcellular level. This improved analytical approach enables
direct imaging of the lignin distribution within individual cell wall layers (resolu-
tion of 0.25 um?), and offers a variety of graphical and statistical analyses [99].

In a comparative study, the delignification of spruce tracheids during bisulfite
pulping was analyzed on a subcellular level using scanning UMSP [100]. The
results of the study revealed that delignification starts in the region of the pit
canals and proceeds homogeneously across the entire S2 (Fig. 2.25) [101-104].
The start of delignification becomes evident as localized areas of the S2 with sig-
nificantly reduced absorbance values (abs,gnm 0.1-0.2). As a specific feature, a par-
tial delignification of the radial compound middle lamella can be detected at this
cooking stage. Jayme and Torgersen [105] assumed that the cooking liquor pene-
trated the radial middle lamella from the pit system, whereas the tangential mid-
dle lamella was not yet penetrated at this early cooking stage. On completion of
the pulping process, the tissue revealed a homogeneous delignification through-
out the cell wall. Only parts of the cell corners could be distinguished by the UV
scanning technique, showing low absorbance values in the range of log Abs,g
0.3. Due to the shape of the tracheids, the radial cell walls were characterized by
higher absorbance values caused by the shorter distance between the cell corners
in a radial direction.

Scanning UMSP can also be used to detect and quantify aromatic compounds
associated with the woody tissue [57]. The presence of extractives can easily be vi-
sualized as spherical conglomerations of high absorbance as compared with the
surrounding tissue. In Fig. 2.26, the local deposition of extractives in the lumina
of ray parenchymal cells of beech heartwood is emphasized by a significantly
higher absorbance (abs,g) nm 0.68-1.00) as compared to the cell wall-associated lig-
nins. The phenolic compounds are generally synthesized by parenchymal cells in
situ, and are highly condensed, making it impossible for them to penetrate into
the interfibrillar spaces of the cell walls [51]. The adjacent fibers do not seem to be
impregnated, as evidenced by lower absorbance levels in these cells. The scanned
fibers and parenchymal cells show the typical absorbance profile originating from
lignification of the different cell wall layers. In contrast to wood species with an
obligatory heartwood formation, the cell walls of beech fibers are not impreg-
nated, and the deposited phenolic extractives in the cell lumina do not contribute
to decay resistance (cf. [106]).
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3
Wood Yard Operations
Jérg B. Ressel

The characteristic purposes of a w3ood yard are to receive logs, wood residues and
chips, to debark logs, to chip logs and residues, and to store bark and chips for
further processing. The raw materials are delivered by truck or rail and stored in
stacks or piles to ensure continuous production. Logs are handled either by rail-
mounted cranes or large wheeled vehicles. The storage of logs and chips follows
an inventory management procedure that reduces weathering and spoiling. An
example of the material flow and processing steps at a pulp mill wood yard is il-
lustrated in Fig. 3.1.

Small-diameter logs (e.g., from thinnings) and sawmill residues are the most
important fresh raw material sources for fiber production. Additionally, planta-
tion-grown species are a common, less expensive source. Traditionally used soft-
woods include spruce and pine, which offer an excellent fiber morphology. Hard-
wood species (e.g., birch, beech, poplar and, in particular eucalyptus) are also
important raw material resources.

Individual wood species require particularly adapted process parameters in
pulping, and thus should be separately processed in order to obtain optimal pulps.
The mixing of wood species — for example, softwood and hardwood or tropical
hardwood species — should be avoided.

3.1
Raw Material Storage

Accordingly, the raw materials delivered (stems, logs, sawmill chips and other
sawmill residues) must be stored separately. Particular measures are required dur-
ing the storage period to reduce losses caused by biodeterioration. Wood decay
mainly depends on storage duration, climatic and storage conditions. Microbiolo-
gical deterioration causes wood substance losses and wood quality losses — that is,
decreasing strength properties of the fibers, and discoloration, leading to draw-
backs in further processing and economical losses. This occurs especially when
the wood moisture content is in the range of 25-55%. Regularly piled up logs
undergo mass losses of approximately 2-3% during the first year of open-air
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Fig. 3.1 Raw material processing and schematic material flow
in a pulp mill wood yard.

storage, but <0.1% when stored in or under water. Nevertheless, a decrease of
wood moisture and resin content is advantageous in open-air storage, apart from
providing an even raw material flow to the mill. Today, after harvesting, logs are
mostly piled up and stored in the forests for several weeks up to months. Trans-
port to the mill is on call, and the average storage in a pulp mills” wood yard may
vary from only a few days up to weeks.

Log storage conditions affect the processability of the wood materials in pulping
and bleaching. In recent investigations with beech (Fagus sylvatica L.) by Sixta et
al. [1], logs were stored for approximately 15 months under dry and wet condi-
tions. Significant differences have been reported related to the demand of bleach-
ing chemicals. For pulp made from dry-stored logs, between 60 and 300% more
bleaching chemicals — expressed as OXE — were necessary to achieve a comparable
target brightness to pulp made from fresh chipped or wet-stored logs. During
wood drying, chromophore compounds were developed from polyphenolic com-
pounds which negatively affect acid bisulfite pulping and thus final pulp quality.
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Wet storage of beech logs effectively prevents the formation of these compounds
and leads to a chip quality as made from fresh-cut logs.

Investigations published by Liukko [2] and Elowsson and Liukko [3] are related
to the water management of wet-stored pine log piles (Pinus sylvestris L.) and wood
moisture content development. To maintain the quality of fresh logs, the period
between felling and starting wet-storage (e.g., water sprinkling) must be as short
as possible. Additionally, climate-controlled water sprinkling — that is, sprinkling
adapted to the local evaporation rate — prevents negative impact on groundwater
and the environment and results in the same wood moisture content development
as intensive sprinkling. The moisture content development of logs during wet
storage is to a great extent dependent on the wood handling prior to sprinkling.
According to the authors, the (water) buffering capacity in a log pile is low. How-
ever, sprinkling of pulp wood is not a standard treatment in wood yards; it may be
a recommended treatment in emergency cases. It leads to additional costs and
may cause some problems in further processing, for example, the leaching of
bark components into the wood. A more general report of von Aufsefd [4] provides
further information on wood quality changes during log storage; these data are
less related to pulping, rather, this author mostly describes differences between
sound and decayed trees.

Logs should be carefully piled up on a well-prepared log yard, ensuring suffi-
cient water drainage and air circulation. Adequate measures are also required for
the drained water to prevent against ground water pollution by soluble wood and
bark substances. In this respect, local regulations related to ground water protec-
tion must also be considered [5]. (Chip storage is described in detail in Section
3.6.3.1)

3.2
Debarking

The debarking of wood subjected to pulping processes is a very important subject;
a too-high bark content of the chips reduces the brightness, leads to yield reduc-
tion and extended cooking times, to increased bleaching chemicals consumption,
and finally results in bad pulp properties.

The lowest acceptable bark content is required for groundwood logs. In particu-
lar, phenolic substances in the outer bark lead to problems in sulfite pulping due
to reactions with lignin. The yield of fiber material decreases and the process
requires additional chemicals to achieve a sufficiently low final lignin content.
Sulfate pulping is least susceptible to bark contamination, but a too-high bark con-
tent requires more chemicals, results in a longer cooking time, poor bleaching
ability and yield and fiber strength reduction. Insufficient bark removal carries
sand and dust particles into the pulping process, requiring extended subsequent
cleaning steps. Finally, the ash content of the bark interferes strongly with the
recovery of process chemicals.
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Adhesion between wood and bark as well as log shape affect the debarking suc-
cess. Bark adhesion varies with wood species, harvesting time, storage duration
and conditions. During the winter period, frozen bark is extremely difficult to
remove, and requires a suitable de-icing pre-treatment, for example, by using hot
water or steam. A washing station is recommended at the debarker infeed. Log
washing and hot water pre-treatment contributes to effluent treatment costs due
to an increased biochemical oxygen demand (BOD), and requires suitable exten-
sive wastewater treatment facilities. Depending on the debarking equipment and
the chipping technology applied, the logs may be cut to length by passing a so-
called “slasher deck” prior to debarking.

3.2
Debarking Methods

The state-of-the-art debarking technology is summarized by Goldie [6]. The overall
intention is to remove the bark completely at the cambium with no fiber losses or
damage to wood, little log end damage due to excessive tool pressure, and high
throughput. The most common debarking technologies in forest products indus-
tries include:

¢ Drum debarker Simultaneously continuous or batch-wise

 Rotary or cradle debarker  debarking of a bundle of logs

 Ring debarker

e Flail debarker

* Rosserhead debarker Subsequent debarking of individual logs

e Mobile debarker

Debarking based on water jets or radiofrequency, or formerly used pocket debar-
kers, are no longer of interest in forest products industries due to their low capac-
ity and high costs (high energy consumption, wastewater treatment, substantial
fiber losses).

In pulp mills, the use of rotating drum debarkers and rotary debarkers is wide-
spread, whilst ring debarkers are less often utilized. Other debarker types are
found only occasionally, and will not be described in detail at this point.

3.2.1.1 Drum Debarker

In rotating-drum debarkers, the logs are tumbled or rolled by the drums’ rotation,
and this causes the bark to be removed from the logs as they are abraded against each
other and against either the corrugated interior of the drum or alternatively built-in
steel staves which act as “lifters”. As the logs pass the rotating drum, bark removal is
started with breakage of the bark-to-wood bond, and subsequently edge bond failure
between the loosened patch and the still-intact area. The logs move ahead slowly
through the length of the drum because the drum slopes down towards the discharge
opening. More recently, the batch drum debarking procedure has developed into
continuous debarking, with less wood losses and improved log cleanliness.
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Fig. 3.2 The drum debarker [7].

The drum size ranges in length from 6 to 60 m (mainly 16-40 m), while the
diameter ranges from 2 to 5.5 m (mainly 4-5.5 m), depending on the capacity and
production conditions required by the respective mill (Fig. 3.2). The attainable sur-
face speed on the interior drum shell ranges between 50 and 200 m min~" (equiva-
lent to 7 to 30 r.p.m.), depending on the drum diameter. The debarking capacity
ranges from 50 to 350 m’ solid wood over bark per hour.

The drums’ shell is constructed from thick, solid steel plates, which contain
slots for bark removal. The open slot area can be up to 8% of the total shell area,
depending on the drum size. Steel lifters are fitted along the total length of the
drum interior, or optionally, cast steel lifters or rubber staves contribute to the
debarking procedure. Rigid support rings are fixed to the outside of the shell.

The drum is carried on cast steel wheels, either as single or as bogie wheel
assembly (Fig. 3.3). Alternatively, a flexible rubber tire support is available, which
reduces vibration transfer to the concrete foundations. The support wheel system
is assembled to the prefabricated base beam for smooth erection procedure and
trouble-free operation. Girth sprockets, gearing, or friction drives ensure drum
rotation to achieve the optimal surface speed on the drum surface. The power for
drum rotation is transmitted from electric motors via V-belts to gear-reducers.
Close tooth contact between the drive pinion and the master gear is ensured by
fixing the master gear to the rigid support ring, and by compact design of the
motor/reducer system. Depending on the debarking capacity and wood species,
one or two electric motors are required to rotate the drum (power 250-450 kW
each). A multi-motor drive ensures a high availability of the plant, because debark-
ing can be continued even if one motor drive is out of service [8].
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Fig. 3.3 Drum support and driving unit. Left: axle supported
system by each drive, drum is driven from one side only.
Right: bogie supported drum, two motors by each gear redu-
cer, all tires are driven [7].

With modern drum debarking technology, the logs are fed into the drum and
discharged continuously. The latter is achieved by adjusting the discharge gate
position to maintain an even discharge rate from the drum. The retention time in
the drum is directly related to drum length; thus, with increasing drum diameter
and rotation speed, the passage time decreases. Drum diameter, bark removal effi-
ciency and retention time influence each other; hence, the ratio of drum diameter
to length is important. Wood depth and the wood filling gradient over the drum
length are controlled by the discharge gate position.

Although a greater cleanliness is achieved with wet debarking, dry debarking is
more common in industry due to its lower costs per cubic meter debarked. Wet
debarking requires longer drums, larger drum diameters and additional equip-
ment as for effluent treatment, as well as hot water or steam generation. Dry
debarking avoids the pollution problems that are inherent in the wet system. Even
in cold northern regions, the dry debarking is applied, aided mostly by steam pre-
treatment or hot-water de-icing on the infeed conveyor [9,10].

With modern drum debarkers the log length/drum diameter ratio is <0.7,
ensuring effective debarking for short logs and degrees of cleanliness, with the
final bark content being <1%.

For the debarking of long, straight logs (log length > drum diameter), “parallel
debarking” (as drum speed increases, short logs become oriented parallel to the
drum axis, and debarking occurs in parallel mode) offers certain clear advantages
9,11]:

e Increased plant capacity;

 High yield of acceptable chips (less log ends);

e Less wood losses (reduced log breakage and “brooming” of log
ends);

e Higher chip quality (less log ends); and

e Less re-chipping compared to tumbling short wood debarking
systems.

Recent developments from Metso Paper Oy — that is, the GentleFeed™ and the
GentleBarking™ systems — offer further process improvements [10]. With the
GentleFeed system the logs are fed into the drum not randomly via a conventional
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chute, but in bundles on a specially designed conveyor system. This simple charg-
ing system reduces wood losses (less end breakage) and maintenance costs, and
enhances uptime. The system may be extended by additional washing and de-
icing equipment. The objectives of GentleBarking™ are particularly related to
bark separation, not via slots in the drum shell but exclusively from the chipper
feed line attached to the debarking drum and discharge gate, respectively. The sig-
nificant feature of this system is a shorter debarking drum, which allows less
retention time and results in fewer wood losses and less wood breakage.

The discharge gate operating mode has also been changed by Metso Paper Oy
whereupon the discharge gate, instead of operating like a sluice-gate, functions as
a regulating device, causing minimal interference to the uniformity of the log
flow. Setting of the discharge gate depends on the prevailing debarking condi-
tions, and is not used to control throughput of the line. The line capacity is con-
trolled by the amount of logs fed into the drum - that is, the log receiving deck
and the feeding conveyor. When interruptions occur in the line the outlet is not
closed as usual; rather, the whole line is stopped and restarted after the hold-up
has been cleared [8].

The bark morphology of individual wood species leads to requirements for sepa-
rate debarking treatment by flexible adjustment of infeed speed (e.g., with the
Andritz PowerFeed™; [12]) and drum speed. Depending on log length, the drum
is either run in tumble debarking mode for short log length, or in parallel debark-
ing mode for long log length (up to 6 m and more). Rotational speed is also
adjusted according to the wood quality and species. For debarking eucalyptus in
particular (Fig. 3.4), the equipment has been developed by Andritz. Between
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Fig. 3.4 Log cleanliness investigations. Field test results from

debarking green eucalyptus in Spain, according to Tohkala [8].
The symbols refer to two different test series.
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20-30% of the eucalyptus bark is removed in the debarking drum, whilst the
remaining bark, which leaves the drum together with the logs, is extracted by the
so-called EucaRoller™. This particularly designed outfeed conveyor removes the
remaining bark via engineered gaps between the rollers. The debarked logs are
moved sideways by reverse and shaking rollers, enabling the loose eucalyptus
bark to fall through the gaps [12].

3.2.1.2 Rotary Debarker

Rotary debarkers, as designed by Fuji Kogyo Co. Ltd., Japan, and built under
license by CAE Machinery Ltd., US, consist of a fixed trough assembly containing
pair-wise openings in the bottom. Rotors driven by electric motors (each up to
about 100 kW) via chain transmission are located in each opening, mounted at
the ends on roller bearings. Debarking plates are fixed on the surface of the rotors.
The debarker comprises three sections, each of approximately 9 m length. Each
minute, between 15 and 30 logs (length ca. 2.5 m) are fed continuously into the
debarker, whereupon spinning plates hit the logs and begin bark removal by
breaking the fiber bonds at the cambium layer (Fig. 3.5). These plates also cause
the logs to spin and to hit each other. The machinery is installed at a declined
angle, thereby ensuring continuous log motion towards the discharge end as they
are being debarked [14].

Fig. 3.5 Rotary debarker: the rotating plates spin the logs in
the casing [14].

Dingwell’s North America Ltd. also manufactures rotary debarkers for forest
product industries. These have interchangeable, especially designed abrasion tools
which produce superior performance in loose reclaimed material (sawmill resi-
dues) and extremely stringy, fibrous bark species, for example, eucalyptus, cedar,
basswood and tropical acacia. In order to suit any need and flexibility, different
modules are available with rotor options that include variable body sizes to accom-
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modate various stem diets. The debarkers are equipped with heavy-duty, operator-
managed hydraulic or mechanical electrically driven systems in permanent, semi-
portable or mobile portable configurations [6].

3.2.1.3 Ring Debarkers

Ring debarkers are used for the subsequent debarking of individual logs. Com-
pared to drum debarkers, the use of ring debarkers leads to significantly lower
investment costs in addition to a power consumption of only about one-sixth of
that required by drum or rotary debarkers.

With ring debarkers, debarking is carried out by curved, scraping-tipped tools
mounted on a rotating ring. Up to six of these tools are pivoted at the ring and
pressed against the log by springs or rubber bands, or by hydraulic or air pressure.
The applied radial and tangential forces shear the bark off at the cambium layer as
the log passes the ring. The rotational speed of the tool-carrying ring varies be-
tween 90 and 450 r.p.m., depending on the log diameter. Rotational speed, the
number of tools mounted on the ring and the overlap of successive tools on their
helical path over the log surface (up to 50%, depending on the required debarking
quality) determine the feeding speed, which ranges from approximately 20 to
65 m min~". The shape of the tools, and also their scraping tips, must be adapted
to the processed wood in order to minimize wood losses. Any feedworks should
be as close as possible to the debarking ring to achieve the best centering of
crooked logs (for further details, see Ref. [9], p. 1657).

Ring debarkers are equipped with either one single debarking ring or as a tan-
dem debarker carrying two successive rings. Debarking and processing rings with
different pressure systems are shown in Fig. 3.6. Tandem ring debarkers are used
for extra clean debarking or better bark removal with higher feed speeds. The first
ring removes the majority of the bark, while the second ring gently cleans up any
remaining bark.

Most ring debarkers are composed of individual modules with their own feed-
work, either at the infeed or the outfeed side depending on where the module is
arranged in the machinery. Debarking modules are provided with pullout rings
for easy and safe maintenance.

For wood species with fibrous bark (e.g., eucalyptus, cedar and redwood), a par-
ticular stringy bark slitter ring is recommended. Three to six special knifes
mounted on a rotating ring cut the bark in a helical pattern, so that a second stan-
dard debarking ring can remove the resulting short bark segments without jam-
ming. The slitter ring is generally used as the first ring in a tandem ring debarker.
Special add-on debarking modules, either stand-alone or post-processing modules
(e.g., a four roll module), a centering infeed conveyor module or a flared butt
reducer ring allow adaptation of ring debarkers to individual debarking tasks [15].

According to Goldie [6], Nicholson Manufacturing Co. (Figs. 3.7 and 3.8), For-
Min Inc., USNR [delivering the Cambio debarker series made by Kockums Cancar
and Forano (all US)] and Valon Kone Brunett Ltd. (CAN), are well-known suppli-
ers of ring debarkers.
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Variable pressure air seal debarking Variable pressure bellow air seal ring
ring (9 31...183 cm) (9 31...56 cm)

Variable pressure air cell debarking ring ~ Stringy bark slitter ring for difficult spe-
(9 31...112 cm) cies (@ 56...89 cm)

Fig. 3.6 Debarking and processing rings [15].

Fig 3.7 Nicholson A2 Debarker with powered chain feedworks
and air cylinders on hold-down rolls to clamp the logs [15].
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Fig. 3.8 Nicholson A8 Debarker with tandem debarking rings [15].

3.3
Chipping and Screening

Wood chips used for chemical pulp must be of relatively uniform size, though
optimum size may vary depending on the wood species. Penetration of the pulp-
ing chemicals and thus the cooking time is considerably determined by chip
length; doubling the chip length requires a fourfold impregnation and cooking
time! In batches of mixed chip sizes, excessive absorption and side reactions in
smaller chips could slow the delignification of larger chips by depleting chemicals
in the liquor penetrating the chips. When cutting chips, wood and fiber damage
respectively should be as low as possible; chip length must also be adapted to the
fiber length of individual species in order to achieve good paper strength proper-
ties. Chip size will always be a compromise between mechanical fiber damage
caused by the cutting process and liquor impregnation. Standard average chip di-
mensions are shown in Fig. 3.9 (according to [9], p. 2195).

Chips can be generated in different modes with specially designed machinery,
the power consumption of which depends mainly on the selected cutting direc-
tion, knife geometry (notably the rake angle), knife sharpness and wood proper-
ties such as specific gravity, moisture content and temperature.

Chipping inevitably leads to mechanical damage of the wood fibers. High-qual-
ity chips have a clearly cut surface without any ripped-out or sheared-off fibers.
Rough surfaces and fractures are caused by shear forces, compression forces,
buckling, etc., and may occur in the middle lamella between adjacent fibers as
well as inside the cell wall between particular wall layers (e.g., between the S1-
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Fig. 3.9 Recommended chip dimensions and shape.

and S2-layers). These failures open additional penetration paths for chemical lig-
uids during pulping, and this results in increased cell wall swelling, substantial
hydrolysis (especially of the crystalline cellulose regions) and finally leads to
reduced fiber strength. Earlywood is more susceptible to such damages than
thick-walled latewood. Especially in sulfite pulping, these strength properties are
unfavorably affected by such damages; according to Patt [5], the observed strength
losses are up to 10-20%, and are accompanied by yield losses. These effects are
less pronounced in kraft pulping.

In order to optimize results, the chipping process must be carefully controlled,
any blunted chipper knives must be exchanged regularly, and all of the machinery
must be kept in good repair.

Disc chippers are used most frequently in pulp mills for chipping whole logs.
In modern softwood sawmills equipped with chipper canter or profiling lines side
cuts, slabs and edgings are directly converted into chips by twin-disc chippers and
edge cutter heads. Other sawmill residues may be converted into chips by hori-
zontally fed drum chippers; occasionally, these chippers are also used for chipping
whole logs, either end-feed or side-feed.

3.3.1
Disc Chipper

The cutting direction in conventional disc chippers is between 90-90 and 90-0
plane (corresponding to a plane which is slightly tilted to the transverse section).
Several straight knives are mounted on a heavy, rigid disc in more or less radial
arrangement, and the disc revolves in either a vertical or in a slanted plane. The
generated chips pass through slots in the disc and may be discharged from the
top, bottom or sides of the disc housing. The supply of logs or sawmill residues is
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maintained via an infeed spout at an angle between the face of the disc and the
spout axis which is usually 30-40°.

When the knife edge cuts the wood, the fibers are more or less compressed in a
longitudinal direction; depending on the cutting geometry, either splitting and
cleavage or shearing occurs. Figure 3.10 shows the cutting action of a knife in a
disc chipper in detail:

e o= 1-7° Clearance angle or pull-in angle; decreasing a reduces
the pull-in rate of logs.

e B =30-40° Sharpness angle or wedge angle of knife; with
increasing B, splitting of the chips turns into shearing. The knife
life decreases with decreasing sharpness angle.

e v Rake angle

e £¢=30-40° Feed-in angle; the chip length is increased as ¢ is

decreased
e A =90°— (o + B + ¢) Complementary angle, responsible for either

split or sheared chips; specific power consumption decreases

with decreasing A.

Pull-in angle
Clearance angle « = 2°..8°

¢ = 30°..40°

Sharpness angle
(Wedge angel of knife)
B = 32°..38°.45°

Log

A=090°-

(xtpte)

Compression zone

Rake angle Forces
¥ = 50°

Spout Trout

Width

Bed Knife
or Anvil

i
: Chipper Disc
——’ﬂ !4—
! I<—>|
Plane of Disc Rotation A  Knife Height

Fig 3.10 The cutting action of a wedge-shaped knife in a disc
chipper: cross-section through the disc and knife (wedge
angle B = 32° leads to splitting or cleavage; B = 45° leads pre-
dominantly to chip shearing).
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The thickness of chips depends to a great extent on the force F caused by the
wedge-shaped knife. The force which is effected parallel to the grain, F, increases
with increasing depth of the cutting edge; only a small part F, of the penetrating
force acts perpendicularly to the grain. Chip thickness decreases with increasing
F|. Wood strength perpendicular to the grain, moisture content, temperature, cut-
ting speed and cutting direction each determine chip width. Chip width does not
have a large effect on the pulping process in the digester. Chip length is adjusted
by the cutting edge position of the knife above the disc surface (knife height) as
well as the feed-in angle. Initially, the chips produced first resemble the parts of
pre-broken wooden discs, still adhering to each other to some extent. The final
chip width and breakage respectively are achieved by additional fingers mounted
peripherally on the chipper disc.

The wood moisture content (mc) is of major importance for chip quality; at high
mg, the chips are more fragile (especially perpendicular to grain) and become
thinner. At low mc, the wood tends to split and the amount of fines and pins
increases. Frozen wood behaves similarly to very dry wood. Fungi-attacked wood
has considerably reduced strength properties, and this results in fractures rather
than in clear cuts; hence, the fines content increases.

Sawmill residues (e.g., slabs, timber trims and edgings) are of low value for
chip production. Pre-damage and wide dimensional variations lead to a broad
range of chip size distribution. In addition, feeding these raw materials into the
chipper requires particular aligning measures.

According to disc alignment and feeding system, two types of disc chippers
must be distinguished: (a) primarily gravity-fed chippers with a vertical spout
angle and vertically rotating disc; and (b) horizontally fed chippers, with wood

Conventional HHQ-Chipper™
horizontally fed chipper

Fig 3.11 Single log layer chipping by a horizontal chain or
belt conveyor ensures a controlled feeding rate and optimum
log orientation [7].
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delivery by a powered conveyor and disc rotation in a plane tilted towards the feed-
ing direction (Fig. 3.11) ([9], p. 2197).

Orientation of the infeed spout in relation to the disc surface ensures a particu-
lar feed-in angle, which primarily determines chip length. Monitored log infeed
via a horizontal band conveyor guarantees high chip quality due to controlled
infeed rate and correct log alignment. A stable position of the logs during chip-
ping contributes to uniform chip size distribution and a high level of accepts. The
gentle side discharge minimizes the production of pins and fines.

The modular design of modern disc chippers (e.g., the Andritz HQ™ and
HHQ™*) (Figs. 3.12 and 3.13) offers optimal adaptation to individual production
requirements of the pulping process [16,17]:

e Chipping geometry

— Fast chip length adjustment
o Different disc speed—chipper knife combinations for various pro-

cess requirements

— Knife system

— Particular HQ-Plus™ knife system with service agreement

(regrindable knives, clamping system, spare parts and continuous
service)

— Face-mounted knives (QuickClamp™ system)

— Insert knives

/ iR 2. & Va/ (.’7\“ iy o 4
Fig 3.12 The Andritz HHQ™ chipper in a log yard setting [17].
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Fig 3.13 Schematic diagram (side and elevation views) of the
Andritz HHQ™ chipper [17].

e Drive alternatives
— Four motors with one gear reducer
— One synchronous motor
— One or two squirrel cage motors with gear reducer

Depending on size, the capacity of modern disc chippers varies between 50 and
350 m’ per hour. The disc diameter is 1200 mm to 4500 mm (in most cases 2000~
3500 mm), disc thickness is 100-250 mm, and its weight is up to 30 tons and
more (high moment of inertial). Between four and 16 knives are bolted to the
disc, which rotates between 220 and 900 rpm. The rated driving power ranges
from 400 kW to more than 2 MW; the disc is either belt-driven or directly driven
via an inserted gear reducer.

Andritz AG has developed a so-called TwinChipper™, which corresponds to a
vertical disc chipper with horizontal infeed for long logs and an additional, second
infeed, designed as drop feed spout. To avoid interruptions of the chipping pro-
cess by jammed short, broken logs fed into the chipper horizontally together with
long logs and to ensure constant high chip qualities, the log fragments are sepa-
rated from the main feed by a breakage dropout. These parts are collected by a
particular conveyor and fed into the chipper via an additional breakage spout just
above the main horizontal spout. The large disc diameter allows a sufficient large
spout opening which is also capable of swallowing crooked wood pieces. In order
to reduce pins and fines fraction to minimum, the cutting speed is decreased and
chips are discharged laterally [17].

3.3.2
Drum Chipper

Drum chippers operate in a different mode to that of disc chippers. They are most
suitable for processing waste wood and wood residues, and therefore they are
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more common in sawmills and wood-based panel industry than in pulp mills.
With this machinery, logs or wood residues are either fed by gravity or horizon-
tally by mechanical infeed rollers. Two to four straight knives are mounted on the
periphery of a rotating drum and aligned either parallel or slightly slanted to the
drum axis. The wood is cut between the knife edge and an anvil which is fixed at
the bottom end of the infeed spout. The cut chips are caught in pockets, while
larger pieces are further broken down by specially designed bridges. Additional
breakage of oversized chips occurs when the chips pass the rigid screen which
partially surrounds the drum. Chips are fed out either by bottom discharge or by
momentum discharge from the rear of the chipper. The drum chipper often has a
wider infeed opening, and this eliminates most hang-ups in the chipper spout.

During the cutting action the knife follows an arched path through the wood;
when chipping larger logs, the initial knife penetration begins at an angle of about
40° perpendicular to the supplied material. The cutting geometry and conditions
respectively vary steadily according to the cutting circle. This leads to a wider
spread of chip dimensions, with even compressed cut ends of the chips and an
increasing fines content. Chip shape varies from cuboid to a more or less slim
prism. Those chips that are too large to pass the screen immediately are carried
around to the chipping area to be chipped a second time to their final size. Essen-
tially, the feed speed, rotation speed and number of knives determine average
chip dimensions.

Drum chippers (Fig. 3.14) are available in many different sizes, with production
capacities ranging from 20 m’ to 300 m’ round wood per hour (5 to 150 metric
tons dry substance per hour). The rotor diameters range from approximately
600 mm to 2800 mm, and the spout dimensions (width x height) extend from
400 x 250 mm” to about 1600 x 1000 mm’".

Fig 3.14 Drum chipper [18].
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Chip discharge

Fig 3.15 Drum chipper PHT: side elevation [19].

Fig 3.16 Layout of drum chipper including feeding conveyor
(belt or vibration conveyor) and gravity discharge onto a belt
conveyor [19].

The drum is belt driven by an electric motor (150 kW to >1500 kW) which
ensures rotation speeds between approximately 400 rpm and 900 rpm. Additional
features, including a swing-away safety anvil, large anvil access doors on both
sides of the casing (for anvil replacement and knife-to-anvil adjustment), entire
hydraulic top casing opening for full knife access, fast knife clamping and adjust-
ing device, replaceable and adjustable screen, etc., reduce downtime and improve
maintenance (Figs. 3.15 and 3.16) [19].

3.33
The Andritz HQ™-Sizer and Rechipper

The origin of “overs” during log chipping is caused by log ends, breakage and log
faults (e.g., knots). In order to convert oversized and thicker chips after screening
into “accepts”, special rechippers have been developed, the demands of which are:
e To convert as much as possible of the overs into accepts.

« To generate as little as possible fines and dust.

¢ To cause minimal mechanical damages to the fibers.

* To have low operational and maintenance costs.

The Andritz HQ™-Sizer is a conventional disc chipper with horizontally rotating
disk driven by a vertical shaft. Oversized chips are gravity-fed from above into the
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chipper via a V-shaped chute and a centrally arranged vertical infeed spout. The
supplied chips lay flat on top of the rotating disc, and the cut occurs according to
their thickness. The multiple anvil arrangement and specially designed knives
allow a 4- to 8-mm gap adjustment (between knife and bed knife) corresponding
to the required final chip thickness. The sealed anvil to knife design forces the
carefully aligned accepts to pass the cutting knife without any fiber damage, while
overs cannot pass the thickness adjustment. Chip discharge occurs tangentially to
the disc. The Andritz rechipper is used to upgrade the oversize chip fraction,
mainly knots and splinters, into accepts. Compared to drum chipper-based rechip-
pers or shredders, this machine offers significant advantages, mainly with regard
to fines generation and low fiber damage [12].

334
Chip Conditioner

Chip conditioners are used to fissure overthick chips to insure proper pulping
liquor penetration for better digestion and higher yield. The conditioner consists
of two parallel rollers, which move in opposite directions, and have specially de-
signed textured stainless steel segments mounted on their surfaces. The chips are
fed between the rollers and fissured as they pass through the interlaced pattern of
the segments, depending on the adjusted gap between the rollers (Fig. 3.17). One
roller is stationary, while the other is dynamic, being held in place by two indepen-
dent hydraulic cylinders. This maintains the required pressure for desired chip
fissuring and protects the unit by retracting when over-pressure is sensed in the
hydraulic system. Oversized contaminants can pass the gap with minimum dam-
age to the replaceable segments. The rollers are driven by a self-contained hydrau-
lic power unit. Efficient operation requires an even distribution of the infeed
material over the entire roller length; this is achieved by a specially designed dis-
tribution chute, equipped with adjustable and removable deflector plates [20].

AAADDADAABDRDED D P

Fig 3.17 The textured stainless steel segments of a Dyna
Yield chip conditioner [20].
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335
Chipper Canter Line: Profiling Line in Softwood Sawmills

Chipper canter lines and so-called profiling lines are notably installed in large
softwood sawmills. Slabs and timber trims of waney-edge boards are directly con-
verted into chips when the logs pass the chipper canter and profiling router, with
feeding speeds of up to 130 m min™". Two pairs of two parallel chipper canter discs
remove the slabs, while two groups of four or eight symmetrically arranged profil-
ing routers convert the wane of sidings directly into chips already before cutting
the sidings off from the remaining two-sided or four-sided cant. The final sawmill
products are straight-edge boards, resawn cants, and wood residues as sawdust
and chips. According to the steadily changing cutting conditions, chipper canter
knives generate chips of various shape and size. Knife orientation and arrange-
ment on the surface of the chipper disc (which is shaped like a truncated cone),
the number of knives, rotation speed and feeding speed determine chip dimen-
sions (Figs. 3.18 and 3.19). Considerable efforts have been made to improve chip
quality and to achieve uniform chip dimensions; however, screening is absolutely
necessary to obtain chips suitable for pulping.

For further details on the chipping process and additional chipper types, the
reader is referred to Koch [9].

Chipper canter Profiling router

Fig 3.18 Tool arrangement in chipper canter (plan view, left)
and profiling router (front view, right) in softwood sawmills.

Fig 3.19 Chipper canter disc types. Knife arrangement: left to
right: chopper disc (four long straight knives) to produce
cross-cut, large chips; spiral disc (up to 114 small knives) to
produce cuts in a tangential plane; stepped disc (up to 30 kni-
ves) to produce cross-cut, small chips [13].
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3.4
Chip screening

In order to obtain desired pulp properties, to maximize yield, to minimize chemi-
cal and liquor consumption — and thus to ensure a most economical production —
almost uniform chips are required as raw material to supply the digester. How-
ever, due to log dimensions, wood imperfections and process-related variations,
the generated chips will vary in size and shape; hence, chip classification by size
and dimension is essentially. Accepts must be separated from rejects, oversized
rejects must be re-chipped to increase the yield of the available raw material, and
fines and dust must be excluded from subsequent processes. For example, chips
purchased from sawmills must meet delivery specifications agreed in advance. In
addition to chip dimensions, these cover wood species, moisture content, maxi-
mum storage duration, contaminations, maximum bark content, quality control
procedures and random sampling, analysis methods, volume or weight determi-
nation on delivery, change of ownership, payment, etc. Comprehensive guidelines
are available, for instance, from Papierholz Austria Ges. m.b.H.: Ubernahmerich-
tlinien, Revision 5a. (0.].) [38]; the LWF-Report 21 (2000) [39] also contains useful
hints to determine quality criteria for chips.

The equipment for screening chips must comply with the following requirements:
e Reliability and high fractioning capacity.
o Effective separation of chips into up to five different fractions.
e Maximum screening yield, selective fines separation and pinchip

recovery.
e Low downtime for continuous supply of subsequent processes.
e Low maintenance and repair.
¢ Self-cleaning features.

Basically, two different screening methods can be distinguished:
¢ Mechanical screening

— Vibrating screening machines

— Gyratory screening machines

— Vibrating tumbler screening machines

— Disc or roller screening machines

— Diamond roll screening machines
e Wind screening (air screening)

— JetScreen™ [12]

— Air density separator [40]

3.4.1
Mechanical Screening

Vibrating, rotating and gyratory chip screens are of a round, six-or eight-sided or
rectangular shape, either suspended by cables fixed to an outer frame or support-
ed from below by stiff legs mounted on pivots. The casing of rectangular gyratory
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Fig 3.21 CS Chip screen: side elevation and plan view [21].
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screens is slightly tilted, while the others swing in a horizontal plane. A swinging
circular motion is achieved by electrically driven rotating counterweights spread-
ing infeed chips from the top of the machine evenly over the screen plates. Frac-
tioning is achieved by a multi-layered arrangement of screen plates, containing
round holes or slits (decreasing diameter or width from top to bottom, e.g.,
45 mm, 8 mm, 7 mm, 3 mm). Oversized chips and slivers slide over the top deck
to the rejects chute. Passed chips collected on the following deck(s) as accepted
fraction are discharged via the accept chute. Fines pass through all decks and are
collected at the bottom of the screen and discharged via an appropriate opening
(Figs. 3.20 and 3.21).

Depending on the desired fractioning capacity, these screens are provided with
up to six decks; standard screens contain three to four decks. The capacity of chip
screens ranges between approximately 150 to 650 to 1000 m® h™'. The chip load
per deck can be reduced by additional screen plates. Standard decks are made of
mild steel; for abrasive conditions (e.g., chips contaminated with sand), more
resistant stainless steel decks are also available. The top of the screen is either
more or less open or is totally covered by a dust protection with an infeed open-
ing.

Another mechanical chip separation method is based on a particular arrange-
ment of rotating dentated discs. Fixed on up to 30 parallel aligned shafts, these
discs (thickness 6 mm) mesh with each other, forming a particular disc arrange-
ment through which the traveling chips must pass. The synchronously driven
shafts are either aligned on one level, (e.g., with the Winbergs™ Thickness, Scalp-
ing or Fines Screen; [12]), or alternately elevated resulting in an undulating path
to break the infeed chip mat (e.g., the RaisedRollDisc Thickness Screen; [40])
(Figs. 3.22 and 3.23).

H h H h H H
i i i il i i

)

Fig 3.22 Raised Roll Disc Thickness Screen: plan view (top)
and side elevation view (bottom) [40].
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Fig 3.23 Dentated discs in a RaisedRollDisc
Thickness Screen [40].

Depending on the interfacial opening of the accurately placed discs — that is,
the gap between adjoining discs (1-3 mm up to 10 to 80 mm) — the chips are
selectively separated into fractions while traveling in the rotating direction of the
shafts. This very gentle and efficient method maximizes chip yield, chip quality
and uniformity. Screen widths are between 600 mm and 3500 mm, and screen
lengths reach up to approximately 10 m. The screening capacity is up to about
2000 m*h™.

A similar recent development of thickness screening is based on parallel
aligned solid rolls with textured knurl pattern surfaces, so-called “diamond rolls”.
These rolls rotate and agitate the chips as they are fed from the infeed of the
screen, allowing the smaller chips to pass between the rolls. Gradually the larger
chips accumulate above the rolls and are finally outfed at the end of the screen.
The pre-adjusted space between adjoining rolls — variable inter-roll openings —
and the size of the diamond roll pattern changes over the length of the screen
(Fig. 3.24). Fines and acceptable chips pass these gaps at different traveling dis-
tances and are discharged from below the roll carpet by a conveyor system. The
thickness screen section can be extended by an additional scalping screen section.

With a scalping screen, the surface of the rolls is cut with a deeper knurl pat-
tern, and the gaps are set to 20-30 mm. Knots, large strings and cards still present
in the oversize chip flow are rejected in this section to protect the following over-
thick chip processing equipment. Diamond roll thickness screens are available in
different sizes with up to 100 diamond rolls in series; the width is up to 4 m, and
length up to 8 m [40].
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Fig 3.24 Textured surface of Diamond Roll
Thickness Screen [40].

3.42
Wind Screening

Wind screening is based on the impact effect of an air stream on falling particles
(Fig. 3.25). Depending on chip size (shape) and weight (density), the air impact
causes variable trajectories. Fed-in chips are evenly distributed on a sloped slide
plane over the entire width of the screen. When sliding down, the chips pass a
longitudinal air nozzle and are scattered by the air stream. Depending on the trap
arrangement, the overall chip flow is separated into different fractions.

Distribution and Feeder Screw

Dust

Overs Accepts  Fines Fig 3.2.5 The? prmaple{ ofw.md
(Scrap trap) screening (side elevation view).
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The heavier particles are caught in a scrap trap. Guided by an adjustable gate,
the oversize reject fraction is forwarded to the reject screw. Separation of fines —
the particles with the furthest trajectory — is adjusted by setting the air flow.
Accepts are carried across the overs gate to the accept screw and the accepts con-
veyor respectively for further processing. The oversize screw is equipped with a
by-pass gate to the accepts conveyor. Dust particles are suctioned from the upper
part of the screen into a cyclone and removed via an airlock feeder to the fines
conveyor. The air stream partially circulates from the cyclone by means of a suc-
tion fan; a small amount is replaced by fresh air from the environment (see Jet-
Screen™; [12]).

3.43
Air Density Separator (ADS)

The air density separator (ADS) (Fig. 3.26) is used to remove metal, stones and
knots from the oversized chip fraction. The ADS infeed airlock distributes the
overthick chips into a precisely controlled vertical air stream. Separation is
achieved by the different floating velocities of contaminants versus chips; the
cleaned chip fraction is separated in a specially designed cyclone, while the rejects
drop out of the air stream. Material as small as 3 mm in diameter is efficiently
removed. Large nuts and bolts, and broken stones as small as a match head, will
fall out consistently. The system includes a centrifugal fan, silencers and a control
system, which self-adjusts the air volume for various feed rates [20,40].

Cleaned overs Contaminated
»»» Cyclone ‘Oversized
¢
- -
o >

Fig 3.26 Air density separator
ADS [40].

Controled
airflow

Metal, Rocks, Knots
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3.5
Process Control and Automation

In order to achieve target production capacity and desired chip quality (cleanli-
ness, chip size, etc.) suppliers such as Metso Paper Oy and Andritz AG have devel-
oped advanced control and automation systems for overall wood yard operations.

The GentleMatic™ system from Metso Paper Oy [10] optimizes both debarking
and chipping process; the extension by the VisiBark™ measurement system
promises reduced wood losses and improved chip cleanliness. The similar Drum-
Matic™ system by Andritz AG (Fig. 3.27) [22] controls the debarking process to
achieve both highest possible production and optimum economy.

Compared to earlier control systems, the advantages of the latest generation of
process control system are summarized by the manufacturers as follows:

e Reduced wood losses by 0.5-3% (optimized filling degree and

retention time in the drum debarker).

Increased production (shorter retention time in the drum debar-

ker, higher capacity).

Better chip quality (uniform discharge rate, improved operation

of stone and short end trap).

e Minimized down-time (uniform discharge rate, correct adjust-
ment to irregularities).

e Minimized energy consumption (reduced de-icing and debarking

energy consumption).

The DrumMatic™ system operates in a supervisory mode on a control level
above the controlling systems of the individual processing units. Distinguishing
features comprise an optimization program including hardware and software, a
data logging program and field devices. The status of the parameters and the total
process is based on the transmitted data. Based on the Fuzzy Control technology,
this information is compared to calculated and stored optimum data, and the pro-
cess is guided to the desired direction. The operator mainly determines target ca-
pacity and log cleanliness [22].

3.6
Transport and Handling Systems

Wood yard operations require transportation and handling systems for unloading
delivered raw materials, as logs, sawmill residues and chips, for intermediate stor-
age of these materials and for feeding (i.e., infeed and outfeed of the machinery
concerned). Transportation systems must meet particular demands related to the
size, volume and weight of the material being handled. Additional demands con-
cern careful handling of the material, optimal use of available storage area, versa-
tile applicability, high mobility, high availability and performance, but also in
some specific cases alignment of the conveyed material and separation tasks. Eco-
nomical demands are related, for example, to low operation costs, low energy con-
sumption and low maintenance and repair.
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3.6 Transport and Handling Systems

3.6.1
Log Handling

At log yards, the unloading of delivered logs is carried out either by rail-based
crane systems (e.g., a portal crane) or by wheel-based vehicles such as wheel loa-
ders or wheeled excavators.

Electrically powered portal cranes require less space and are environmentally
friendly compared to wheel-based systems. Ground compression and soil contam-
ination by fuel, oil and wood fibers are very low. Less wood yard preparation is
required, and the network of stabilized roads by gravel, asphalt or concrete can be
reduced considerably. Versatility is achieved by grasping tools (wood tongs) adap-
table to individual handling tasks. More advantages accrue from the considerable
stacking heights between 15 and 25 m, the selective access to stored logs, and lift-
ing the load over the storage pile. Only one operator can manage the discharge
activities as well as feeding the wood yard machinery. If the crane is the only avail-
able handling system, it might be the bottleneck of the wood yard operations. An
inability to handle bulk materials such as bark, chips or other particles is another
disadvantage of porter crane systems.

The versatile availability of wheel loaders or wheeled excavators is based on their
flexibility and frequency of working cycles, even if the handled load per cycle is
less compared to crane systems. Per vehicle, one operator is required as well as a
sufficiently paved road network. Different grasping tools, tongs and buckets are
available, and can be employed according to the material to be handled. Some dis-
advantages arise from environmental impacts, caused by fuel, oil, emissions and
soil compression, respectively.

The decision to use either of these principally different systems, or for com-
bined handling systems, depends on a careful analysis of the individual site condi-
tions at the mill.

3.6.2
Stationary Conveyor Systems

Stationary, fixed conveyor systems handle the material before and after process-
ing. Depending on the size, volume and weight of the materials being handled,
various conveyor systems are in use, partially completed by special equipment
(e.g., washing station, de-icing station, metal detector). The most common me-
chanical conveyor systems utilized are listed in Table 3.1 (Pneumatic systems are
not included in this table as they are rarely used in wood yard operations due to
their limited capacity; other disadvantages include damage to conveyed particles
while passing a fan, high energy demand, dust emission rate, and drying effects
on the material being transported.)

Transport capacity, reliability (under different environmental conditions), up-
time, maintenance and repair, required space, energy consumption, break-up of
material jams, investment costs, etc. are additional decisive characteristics of con-
veyor systems.
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Tab. 3.1 Stationary conveyor systems and materials to be

handled.

System Conveyed materials ~ Remarks

Chain conveyor Long and short logs, Heavy-duty conveyor systems, used as receiving

sawmill residues decks, e.g., for drum debarkers; optionally equipped

Roller conveyor (slabs, timber trims) ~ with swinging plates on dampers for infeed zones

Steel plate conveyor Chipper infeed, additionally preceding roller
conveyor (stone trap, bark separation, short end
trap), metal detector and washing station

Vibrating conveyor Logs, slabs, Swinging metal trough, system capable of orientat-

bulk materials ing slender parts in grain direction, to separate and
screen particles according to size

Belt conveyor Bulk materials Rubber belt, sliding in a plate trough or on idler

(particles, chips, rollers
bark, sawdust)

Bucket elevator Buckets mounted on cord-reinforced rubber belt
running in a vertical steel housing, less space
required, high capacity

Scraper conveyor Metal plates fixed between two parallel conveyor
chains moving in a housing, either acting from
above or from below the trough bottom, optional
discharge openings along conveyor path

Screw conveyor Rotating steel screw running in a round or
U-shaped trough, dust-proofed conveyor, little space
required

Depending upon the storage mode of particles, mostly chips (but also bark) spe-
cialised reclaiming systems have been developed, and these are described below.

3.63
Chip Storage

Chip storage at the end of all log yard operations is required to ensure a continu-
ous supply of the subsequent pulping process, and to compensate for seasonal
fluctuations in raw material supply. Compared to logs, chip handling and storage
is more advantageous; in relation to the required equipment, storage area and
quality losses, it offers more economical benefits. However, chip storage requires
well-suited storage conditions to avoid chip deterioration and resultant substance
losses, reduced fiber yield and discolorations [23,24]. Sap stain and decay fungi
are responsible for chip deterioration. Several investigations on factors affecting
chip quality — most of which relate to the development of internal micro-climate
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and micro-organism growth in the chip pile and the interaction between both —
have emphasized the need for an adequate chip pile inventory [23,25-27].

According to Hulme and Hatton [28,29], the respiration of wood cells, chemical
oxidation and micro-organism activity cause changes in the chip pile. With
respiration of still-living parenchymal cells in fresh-cut, “green” chips, the temper-
ature within the chip pile increases rapidly, as does the carbon dioxide concentra-
tion [30-32] during the beginning of storage. In the investigations of fresh built-
up softwood chip piles by Wolthaardt and Rabie [27], a maximum temperature of
55 °C was achieved within the initial two weeks, followed by a clearly pronounced
temperature drop during the following week. Temperature zones and measure-
ment points in the pile are presented in Fig. 3.28; significant daily temperature
differences were also detected. The temperature gradient between internal and
ambient temperature drives aeration of the chip pile. The temperature in the cen-
ter part of the pile did not show significant fluctuations, and thus was indepen-
dent of ambient temperature fluctuations.

Increasing temperature in the inner part of the pile initiates a convective air
movement; fresh air is drawn into the pile through its flanges, humidified by
passing fresh chips, and finally leaves the pile at the top. The air flow through the
pile also causes heat redistribution by evaporation and condensation processes. At
about 40°C, autoxidation (an initially temperature-driven reaction of chemical
wood components with oxygen; further reaction is catalyzed by the product of the
initial reaction) and hydrolysis of carbohydrates occurs; these chemical reactions
become more important with rising temperature. When heat losses to the envi-
ronment are equal to heat generation by microbial activities, a stable temperature
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Fig 3.28 Softwood chip pile dimensions the pile and extent of temperature zones
(Pinus patula (40%), P. elliottii (40%) and developed in the pile after three weeks of out-
P. taeda (20%), approximately 3000 tons of side storage. Dots represent sampling posi-

chips, oven dry), monitoring positions within tions. (Based on Fig. 2 of [27].)
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level is achieved finally. After only one week, the CO, level was maximal (12.7%)
at the bottom center of the pile, but decreased during the following weeks. Signifi-
cant differences in CO, levels were identified between day and night.

During storage, a redistribution of chip moisture content occurs; a significant
reduction in mc (up to 28% on dry-mass basis) has been detected in the center
bottom region of the pile. Subsequently, a mc-migration into the top region of the
pile occurs parallel to the air flow. Similar findings have been reported previously
by Hulme and Hatton [28], who developed a so-called “chimney-model” for large
chip piles.

Investigations on the storage of maple chips (Acer saccharum) have been
reported by Hulme [29]. The central area of a chip pile was simulated in two silos,
filled either with fresh chips or chips previously dipped into a borax solution. Dur-
ing the first 100 days of storage, weight loss, temperature, fungal growth and
screened yield of kraft pulp were observed. In the untreated chip pile, higher tem-
peratures developed, pulp losses were stated to be negligible during 100 days” stor-
age, and no protective treatment was required.

The behavior of the silo-stored hardwood chips (Acer saccharum) treated with
sodium carbonate, kraft pulp yields and pulping characteristics were simulated
for 100 days’ storage in an insulated 8.1 m’ cylinder [28]. For the first 50 days, the
temperature equilibrated close to 60 °C but then slowly fell to 40°C by 100 days.
The sodium carbonate-treated chips generated more heat due to microbial oxida-
tion of the NaAc formed from sodium carbonate by deacetylation of the wood.
The temperature was 55 °C at 100 days. Chip losses for both treated and untreated
chips were 3.6% of their oven dry weight during storage, but yields of kraft pulp
were 5.6-6.2 % more than those from fresh chips. The treated chips required only
half of the cooking time (at maximum temperature) needed by untreated chips,
and alkali consumption was reduced by over 10%. The pulp strength appeared
unaffected by the treatment.

Feist et al. [32] determined the loss of wood substance in outside chip storage,
using both a tower to simulate a chip pile and an experimental chip pile. The
change in green volume after 6 months’ storage was negligible up to a weight loss
of 6.5%. No differences were found between determinations of loss in weight and
loss in specific gravity.

Brightness losses are an additional concomitant problem of chip storage. The
reasons are manifold, but include the oxidation of lignin and extractives, diffusion
of phenolic substances from bark into wood fibers, increased lignin content and
changed lignin structures due to the breakdown of carbohydrates by fungal attack,
stained mycelium and bacterial metabolic products. According to Patt [5], bright-
ness losses range from 10 to 18 points during 3 to 10 months’ chip storage. The
condensation of lignin and changed lignin structures respectively require increas-
ing use of pulping chemicals. More severe pulping conditions also result in high-
er carbohydrate breakdown and finally yield losses. Furthermore, losses of resin
and fatty acids occur due to oxidation reactions during storage.

Average wood substance losses during chip storage are at least 1% per month.
These losses are significantly higher with hardwood chips than with softwood
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chips; chips made from sapwood are also more prone to microbiological decay
than those from heartwood.

Chips should be stored on a well-prepared and drained wood yard area. To mini-
mize storage losses, the most preferential conditions for fungal growth between
25°C and 50 °C must be avoided. This requires small piles to be prepared during
the cold winter period, and larger piles during summer time. However, the subse-
quent production process must also be considered with chip storage; the break-
down of resins is preferred for sulfite pulp production, whereas a high yield of
resin increases the economy of sulfate pulping. To summarize, storage duration
should not exceed 2-3 months, and chip accumulation to piles must match a pre-
determined management schedule. Fresh-cut chips should never be accumulated
on top of existing piles as rapid fungal infection will occur. Likewise, the content
of fines influences the microclimate within the pile and thus wood decay by
enhanced fungal growth. Thus, chip screening before storage is recommended.
Preventive measures against microbial deterioration include complete pile cover-
age or the injection of nitrogen to reduce the aerobic activities of micro-organ-
isms. Water storage, chemical or radiation treatment may also protect the chips
from deterioration, but these procedures are less economical in application and
conflict to a great extent with strict regulations for environmental protection [5].

3.6.3.1 Chip Storage Systems

Guidelines to improve chip storage and inventory, related to volume, location and
methods of chip storage, are provided by Maron [33]. These factors influence pro-
duction costs, and must be considered in the design of a suitable storage system.

The storage of chips, either generated on the spot, or received from other mills
(e.g., sawmills) is carried out in open piles or closed silos; open storing of air-
worthy particles is not recommended or even inadmissible in some countries.
The purchase of chips requires suitable receiving stations for trucks or railroad
wagons. The chips are poured into large hoppers, equipped with sliding gates and
grizzly, a particular screen and scraper system, and discharged by a screw feeder
or linear stoker. Optionally, a disc screen could be interposed between hopper and
silo [34].

In order to overcome previously mentioned disadvantages of open-air chip stor-
age, silo storage systems become more significant. Common chip storage bins
(Fig. 3.29) or silos are either round (diameter up to more than 40 m, capacity up
to 30 000 m’) or rectangular enclosing volumes up to 50 000 m’. Closed systems
are either steel or concrete constructions, and may be insulated on demand. No
snow problems, less or even no dust emission and environmental friendliness are
important features of closed storage systems. Open-air chip storage can be done
between side walls, mostly made of concrete, for pile control. The discharge sys-
tem should follow the first-in/first-out mode, based on rugged and proven screw
reclaimers, and ensure reliable and even outfeed.
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Fig 3.29 Modern chip storage bin (surge bin) RotaRecAll™ [10].

Optimum material reclaiming conditions are ensured by special constructions
of screw reclaimers, depending on stacking height, particle shape and material
properties. Cantilever screw reclaimers either slew through the stored material
around the central point at the bottom of a round silo, or travel forth and back at
the bottom of a linear pile. The material is reclaimed through a central discharge
chute onto a belt conveyor below. Tapered flights with variable pitch are welded on
the thick-walled steel screw pipe, which is either of tubular or conical shape.
Flight diameter and pitch increase in the direction of material flow to ensure even
reclaiming across the silo area. According to the material reclaimed, stainless steel
cladding and stainless steel flights with special shredder teeth are available. Screw
reclaimers for larger silos, either round or rectangular, are supported at both ends
— that is, at the discharge end within the central housing as well as at the opposite
end via a peripheral ring or a parallel rail. Slewing drives and screw drives must
be sized for a high starting torque to ensure a reliable start even under high piles
and different materials (Figs. 3.30 and 3.31) [12].

The TubeFeeder™ silo reclaimer travels as a radial reclaimer under the storage
pile. Both the tube equipped with reclaim slots as well as the central screw inside
the tube, rotate and reclaim material to a collection conveyor below the central
housing. The tube is moved by a variable speed drive controlling the rotation
speed and the outfeed rate. The discharge screw inside the tube transports the
chips equally off the reclaimer tube at a fixed speed. Advantages of this system are
less chip damage, considerably lower power consumption (up to 75% compared
to conventional screw reclaimers), even and homogenized material flow, and less
wear of the conveying equipment [20,34].
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Fig 3.30 Slewing screw reclaimer; the CenterScrew™ [41].

Fig 3.31 Traveling screw reclaimer: the ParaScrew™ [42].

The boom-type stacker reclaimer is an integrated system developed for open
storing and reclaiming large volumes of bulk materials. A luffing and slewing
Dbelt-type stacker and an equally moved rake-type chain reclaimer are positioned in
the center of a semicircular storage pile. The stacker and reclaimer are mounted
separately on the same heavy central column with large-diameter slewing bear-
ings. Stacking and reclaiming is carried out independently of each other, moni-
tored and either remotely or locally controlled via PLC and PC. First-in/first-out
reclaiming is gained by reclaiming the oldest storing zones first. Infeed and out-
feed of the stacker reclaimer takes place via long belt conveyor systems [37].
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Stoker dischargers are hydraulic driven feeding modules, arranged parallel to
each other at the bottom of a bunker, and alternately traveling back and forth. Sup-
plied by wheel loaders, specially designed cross-members between the rail mod-
ules convey the bulk material into a transversely attached screw feeder at the bot-
tom end. This “life bottom” can either be installed horizontally or inclined.

Blair [35] reported on investigations of a computer simulation to predict economic
viability of adding a chip storage bin to an in-woods chipping operation. A chip storage
bin such as this improves chipper and chip van utilization significantly. The simu-
lation program developed by the Forest Engineering Research Institute of Canada
(FERIC) is used to evaluate the economics of using a chip storage bin (referred to
as a “surge bin”) under a variety of in-woods chipping scenarios, and to develop
chip van schedules for operations with and without such a surge bin.

364
Wood Yard Losses and Waste Reduction

Depending upon the technology used, overall wood yard losses range from 3 to
7% of the total log volume input (conventional processing technology). However,
by thorough utilization of modern equipment, these losses may be reduced signif-
icantly from 1.6-2.2% in total (data from Metso Paper Oy [10]; see also Fig. 3.32).

= [Wood Losses % |
'_§ [ Generation of Fines % |
% % Conventional 0,5-1,0
= g a Modern 0,2-04
£\
g ‘g. Conventional 1,5 - 3,0
S Modern 1,0
2
5 Conventional 0,5-2,0

Modern 0,5

Conventional 1,0-3,0

Modern 0,4-0,8
Conventional 1,0-3,0
Modern 0,2-0,5

| Log Yield % | [ Total Wood Losses |
Conventional 93,0 - 97,0 Conventional 3,0-7,0
Modern 97,8 -98,4 Modern 1,6-2,2

Fig 3.32 Common wood yard losses and achievable reduction
of losses by improvements of processing technology (accord-
ing to [10]).



3.6 Transport and Handling Systems

Not all of the material delivered to the wood yard is usable for pulping. Bark,
soil-contaminated chips, small limbs, oversized logs, metal-containing logs and
mold-damaged chips are waste materials and must be used for other purposes
such as fuel, as raw material for horticulture, or as landfill cover. Fuel for log-
handling vehicles and their exhaust gases, grease and lubrication oils used for all
movable machinery generate additional wastes.

3.6.4.1 Specific Causes of Waste Generation

Crumpler [36] provides a very useful summary on pollution prevention on pulp
mill wood yards. His report contains many hints how to improve wood yard opera-
tions with regard to environmental pressure reduction.

Tab. 3.2 Wood yard waste: causes and countermeasures (according to [36]).

Waste Causes and countermeasures
Soil-contaminated Materials not usable as fuel or for pulping; avoidable/reducible by par-
bark and chips tially/completely paved wood yard; log washing station in front of the

debarking equipment.

Oversized logs Materials too large for processing by mill equipment; inadequate deliv-
ery specifications or poor control of incoming material; improved
inspection, reselling logs to sawmill.

Wooden debris Limbs and other debris (e.g., soil, stones, sand) attached to logs or
delivered with bark and chips manufactured offsite (mobile chipper);
screening of incoming material (e.g., by vibratory screen systems),
washing station in front of debarker infeed.

Metal-containing logs ~ Wire, nails, bullet and grenade fragments only detectable by metal
detector, installed ahead the chipper feeding line.

Decayed wood Microbiological decay caused by fungi and bacteria; reduced storage
time, depending on weather conditions, suitable inventory manage-
ment program, storage in or under water.

3.6.4.2 Pollution Prevention Options

Depending on the amount of limbs, wood debris and undersized logs, additional
debarking and chipping equipment can be used for these raw materials (e.g.,
mobile chippers). Metal-containing wood, identified by metal detectors, can either
be cut off or used as fuel or landfill cover.

Specialized vibratory screens, and to some extent washing stations, are very effi-
cient in separating soil and stones from contaminated chips and bark. The
cleaned material could be further processed or used as fuel or for horticulture.
Soil and fines can be used as landfill cover or other soil use.
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A paved log yard (bearing in mind the weight of the load-carrying trucks) and
the use of wheel-based transportation vehicles significantly reduces the contami-
nation of logs, chips and bark. Chips and bark can be collected directly from the
paved areas. Maintenance costs for handling systems, debarkers, chipping and

screening equipment decline remarkably.

The log yard layout and the applied handling systems are of major importance
for the energy consumption of all necessary transportation tasks. In particular,
fuel consumption and maintenance costs can be significantly reduced by mini-
mizing traveling distances by an improved wood yard layout, based on time and
material flow studies as for instance conducted in manufacturing plants [36].
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4
Chemical Pulping Processes
Herbert Sixta, Antje Potthast, Andreas W. Krotschek

4.1
Introduction

Pulping represents the process by which wood or other lignocellulosic material is
reduced to a fibrous mass, denoted as pulp. The process of defibration can be
accomplished mechanically, chemically, or by a combination of both treatments.
The corresponding commercial processes are then classified as mechanical, chem-
ical and semi-chemical. Pulps produced in different ways have different properties
that make them suited to particular products. Figure 4.1 illustrates the effects
of different pulping processes on the strength properties of unbleached spruce

pulps [1].

120 4 1 20

7

4

Tensile Index [Nm/g]
3
>
[6/ wNw] xapu| Jes |

Groundwood' Acid Sulfite' Bisulfite ' Kraft
Unbleached Spruce Pulps

[ Tensile Index V227 Tear Index

Fig. 4.1 Paper properties of unbleached spruce pulps at 45°
SR, showing the effect of different pulp processes (according
to Annergren and Rydholm [1]).
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Tab. 4.1 Yiel

4 Chemical Pulping Processes

On a global scale, pulps are predominantly produced by chemical pulping pro-
cesses. In 2000, the chemical pulps accounted for more than 77% of all wood-
based fiber material worldwide (see Tab. 2 in Chapter 1, Introduction) [2]. In
chemical pulping, lignin is degraded and dissolved through chemical reactions at
elevated temperatures (130-170 °C). The fibers can be separated without further
mechanical defibration only after about 90% of the lignin has been removed. Un-
fortunately, delignification is not a selective process. Parallel to the lignin removal,
significant parts of the hemicelluloses and some cellulose are also degraded. The
total fiber yield ranges from 45 to 55% (at a given extent of delignification of about
90%), depending on the wood source and the pulping process applied. Continu-
ing cooking beyond a certain extent of delignification inevitably results in dispro-
portionately large yield losses due to preferred carbohydrate degradation. Hence,
the chemical reactions must be stopped at a point when the lignin content is low
enough for fiber separation, and where acceptable yield can be still attained. In a
complete fiber line, further delignification is achieved by bleaching processes
downstream of the digester.

The main commercial chemical pulping techniques comprise the sulfate or
kraft, the acid sulfite, and the soda processes. The dissolution of wood compo-
nents during pulping is characteristic for each pulping process which, at a given
residual lignin content, is reflected in the carbohydrate yield and composition.
Cellulose is largely preserved in sulfite pulps, whereas xylan is most stabilized in
kraft pulps. The high resistance of xylan towards alkali is the main reason for the

ds of main pulp components after acid Mg sulfite [4,5] and kraft

pulping [4,6] of beech and spruce wood.

Spruce Beech
Sulfite pulp  Kraft pulp Sulfite pulp  Kraft pulp
Constituents Acid Mg-Sulfite  CBC Acid Mg-Sulfite Conventional
Wood Wood

Carbohydrates (CH) 70.6 50.9 47,2 73.3 46.6 48.6

Cellulose 42.2 42.0 39.1 42.0 40.4 36.2

Galactoglucomannan 19.0 5.3 3.2

(GGM)

Glucomannan (GM) 2.0 0.4 0.1

Arabinglucuronoxylan (AX) 9.4 3.6 4.9

Glucuronoxylan (X) 27.8 5.8 12.3

Other carbohydrates 1.5
Lignin (L) 27.2 1.7 1.6 245 1.2 1.3
Extractives, Ash 2.2 0.4 0.2 2.2 0.2 0.1
Sum of components 100.0 53.0 49.0 100.0 48.0 50.0

(Total Yield)
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yield advantage of kraft over sulfite pulps in case of hardwoods (Tab. 4.1). On the
other hand, galactoglucomannan (GGM) is less degraded during sulfite pulping,
which in turn contributes to the higher yield of softwood sulfite pulps as com-
pared to kraft pulps. The yield advantage even increases when the pH is shifted to
neutral conditions in the first stage of a two-stage sulfite process due to an
increased retention of glucomannan [3]. It has been shown that neutral conditions
at elevated temperature are sufficient to account for almost complete deacetylation
of glucomannan. In this state, glucomannan may bind more closely via hydrogen
bonds to the cellulose microfibrils, thus being more resistant toward acid hydroly-
sis.

Kraft pulping has developed as the principal cooking process, accounting for
89% of the chemical pulps and for over 62% of all virgin fiber material. In com-
parison, only 5.3% of the world chemical pulp production is obtained by the sul-
fite process [2]. The soda process, using aqueous sodium hydroxide solution as
cooking liquor, is used primarily for the pulping of annual plants and, in combi-
nation with small amounts of anthrachinone (ca. 0.05% on wood), also for the
pulping of hardwoods.

4.2
Kraft Pulping Processes

4.2.1
General Description

The main active chemical agents in the kraft process are hydroxide and hydrosul-
fide anions which are present in the kraft cooking liquor, an aqueous solution of
caustic sodium hydroxide and sodium sulfide, denoted as white liquor. The hydro-
sulfide ion plays an important role in kraft pulping by accelerating delignification
and rendering nonselective soda cooking into a selective delignifying process.
Delignification can be divided into three phases, namely the initial, bulk, and re-
sidual or final phases. In the initial phase, delignification is caused by the cleavage
of a-aryl and B-aryl ether bonds in the phenolic units of lignin which accounts for
approximately 15-25% of native lignin. In this stage, the predominant part of the
total carbohydrate losses can be observed. In the bulk delignification phase the
main part of the lignin is removed while at the same time only minor carbohy-
drate losses occur. The cleavage of B-aryl bonds in nonphenolic units of lignin is
assumed to be the main delignification reaction. In the residual delignification
phase, only approximately 10-15% of the native lignin is removed. However, with
continuous delignification, the dissolution of carbohydrates extensively increases.
In order to maintain high yields and to preserve a sufficiently high quality of the
pulp, delignification is limited to a certain degree of delignification, targeting
kappa numbers of about 25-30 for softwood and 15-20 for hardwood kraft pulps.
After cooking, the pulp and the black liquor (which is white liquor enriched
with degraded wood components with a residual hydroxide ion concentration of
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ca. 0.25 mol L") are discharged at reduced pressure into a blow tank. After remov-
ing the knots through screening on knotter screens, the black liquor is removed
after countercurrent washing of the pulp and further processed within the recov-
ery line. The washed pulp is mechanically purified by pressurized screens prior
entering the bleach plant.

The volatile fraction of the wood extractives — the crude turpentine — is removed dur-
ing presteaming and condenses from the relief condensates (the average yield of
crude turpentine of pine is 5-10 kg t pulp, with monoterpene compounds as the
main fraction). The tall oil soap, which originates from the nonvolatile fraction of the
wood extractives, is removed during evaporation of the black liquor by skimming.
Through the addition of sulfuric acid, the resin and fatty acids are liberated to yield
crude tall il (CTO) in an amount of approximately 30-50 kg t* of pulp. Further pur-
ification of the main fractions of the CTO is achieved by vacuum distillation.

During kraft pulping, malodorous and toxic compounds such as methyl mer-
captan (CH;SH), dimethylsulfide (CH;SCHj;), dimethyldisulfide (CH;SSCHj;) and
other reduced sulfur compounds, referred to as “total reduced sulfur” (TRS), are
formed during the course of nucleophilic substitution reactions with predomi-
nantly lignin moieties. Great efforts must be made to collect TRS containing gases
(relief gases from cooking, blowing, evaporation of black liquor, etc.) to convert
them to harmless compounds by oxidation, mainly through incineration.

The regeneration of the black liquor to fresh white liquor comprises the follow-
ing principal steps of the recovery line:

e Evaporation of the black liquor

* Incineration of thick liquor

* Causticizing of smelt from recovery boiler
¢ Calcination of the lime

The weak black liquor, including the filtrates from oxygen delignification, must be
evaporated to a solid content of up to 80% by multiple-effect evaporators; this
includes a concentrator prior to entering the Tomlinson-type recovery furnace.
Make-up sodium sulfate is added to the concentrated black liquor to compensate
for the losses of sodium and sulfur. Combustion of the dissolved organic com-
pounds generates heat, which is transformed to process steam and electric power.
A modern kraft pulp mill is designed such that it is self-sufficient with respect to
both power and heat. In fact, it even has the potential to generate surplus energy.
The inorganic smelt, which contains mainly sodium carbonate and sodium sul-
fide, is dissolved in water to yield the so-called green liquor which, after clarifica-
tion, is subjected to the causticizing reaction where sodium carbonate is converted
to sodium hydroxide by treatment with calcium hydroxide (slaked lime) according
to the Eq. (1):

Ca(OH) + Na,CO, = 2NaOH + CaCO, (1)

After calcium carbonate is precipitated and separated from the liquor, the resul-
tant white liquor is ready for re-use for cooking. To close the cycle, the lime is
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reburned in a rotary kiln (lime kiln) to produce calcium oxide, which in turn is

slaked to form calcium hydroxide [Eq. (2)]:
CaCo, ™% Ca0 + CO, o
CaO + H,0 — Ca(OH),

Make-up calcium carbonate is added to the lime kiln to compensate for the losses

of calcium hydroxide.

422
Kraft Cooking Liquors

The active chemicals in kraft or sulfate pulping are the hydroxide and hydrogen
sulfide ions, OH™ and HS". In commercial kraft cooking, the active agents are sup-
plied as an aqueous solution consisting of sodium hydroxide and sodium sulfide,
denoted as white liquor. The white liquor preparation includes the conversion of
sodium carbonate (Na,CO;) in the smelt to sodium hydroxide (NaOH) in a recaus-
ticizing plant. Thereby, a certain amount of inert salts and nonprocess elements
are accumulated in the white liquor, according to equilibrium conditions. The
composition of the main components of a typical white liquor is given in Tab. 4.2.

Tab. 4.2 Composition of a typical white liquor [7].

Compounds Concentration [g/l]

as NaOH as compound

NaOH 90.0 90.0
Na,$ 40.0 39.0
Na,CO, 19.8 26.2
Na,SO, 45 8.0
Na,S,0, 2.0 4.0
Na,SO0, 0.6 0.9
Other compounds 2.5
Total alkali (TA) 156.9 170.6
Total Sulfur (TS) 47.1 19.7
Effective alkali (EA) 110.0

Active alkali (AA) 130.0
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In kraft cooking technology, the concentration of active chemicals are expressed
according to the following terminology:

« Total alkali (TA) comprises the sum of all sodium salts, the
amount of total titratable alkali (TTA), the sum of sodium hydrox-
ide, sodium sulfide and sodium carbonate. Most important for
the characterization of the cooking liquor are the expressions
effective alkali (EA), active alkali (AA) and sulfidity (S), which are
defined according to Egs. (3-5).

» The EA-concentration (eq. 3) is equivalent with the concentration
of hydroxide ions because the sulfide ions are completely disso-
ciated to hydrogen sulfide ions and hydroxide ions under the con-
ditions occurring throughout kraft pulping (see Fig. 4.2).

EA= NaOH + 0.5 Na,S (3)

¢ The AA-concentration (eq. 4) includes the whole sodium sulfide
concentration and can be used to express the sulfidity of the aque-
ous solution according to Eq. (5):

AA=NaOH + Na,S 4)
Na,S
S = :2 -100% (5)

For simplicity, all the chemicals are calculated as sodium equivalents and
expressed as weight of NaOH or Na,O (see Tab. 4.2).
* The inter-relationship between EA- and AA-concentrations can be

displayed by Eq. (6):

EA=AA(1-05-5)
EA

M= ©)

where S is expressed as a fraction.

In pulping chemistry, molar units are preferred over weight units. As men-
tioned previously, the OH™ ion concentration is equivalent to the effective alkali
concentration. The HS™ ion concentration, however, corresponds to only half of
the sodium sulfide concentration. The OH ion and the sulfide ion concentrations
in molar units of the white liquor introduced in Tab. 4.2 are depicted in Tab. 4.3.

Based on molar units, the sulfidity of the white liquor can be calculated by
using Eq. (7):

2-[HS]

S = EsT 1 o 100% )
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Tab. 4.3 Molar concentrations of hydroxide ions, hydrogen
sulfide ions and carbonate ions in the white liquor presented in

Tab. 4.2.

Species mol/Il
OH~ 2.75
HS- 0.50
Co,> 0.25

Reversed, the molar concentration of H,S may be derived from sulfidity (fraction)
and [OH ] according to Eq. (8):
_ S-[OH"]

[HS™] = SRR (8)

Residual amounts of sodium carbonate in the white liquor are determined by the
extent of the causticizing reaction, which is an equilibrium reaction. The effi-
ciency of this reaction is characterized by the causticity (C) or causticizing effi-
ciency, and thus the concentration of sodium carbonate according to Eq. (9):

NaOH

- L 100% 9
NaOH + Na,CO, 0 ®)

expressed as sodium hydroxide equivalents.

The causticity is a function of reaction time and the total salt concentration
(e.g., TTA). In dilute aqueous solutions and with longer retention times, the equi-
librium is shifted to the sodium hydroxide side, which in fact corresponds to a
higher causticizing efficiency. Table 4.2 shows also oxidized sulfur compounds,
such as sodium sulfate, sodium sulfite or sodium thiosulfate, which can be con-
sidered inert with respect to the pulping reactions. From a process point of view,
the amount of oxidized sulfur compounds must be kept at the minimum achiev-
able level. The ratio between the reduced sulfur compounds (sodium sulfide) and
the total sulfur is designated as degree of reduction (DR). Actually, DR can be
related to both the total sulfur or the sulfate sulfur only, respectively [Eq. (10)]:

Na, S
DR, = -100 10
" Na,S + Na,SO, + Na, SO, + Na, S, 0, % (10)
Na, S
DRy = ———2 . 100% 10
%7 7 Na,S + Na,SO, 0 (10)

Table 4.4 lists the characteristics of the white liquor given in Tab. 4.2 by using the
expressions of Egs. (5), (9) and (10).
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Tab. 4.4 Sulfidity and efficiency of transformation to active
cooking chemicals based on the white liquor composition
given in Tab. 4.2.

Combined parameters Unit Value
Sulfidity (S) % 30.8
Causticity (C) % 82.0
Degree of reduction (DR) %ontotal S  81.5

% on SO4 89.9

The density of the white liquor is an important property for mass balance con-
siderations of white liquor management, and correlates with the effective alkali
concentration and sulfidity according to the following relationships [Eq. (11)]:

Py = 0.692 - EA"®2 . 50017 (11)
puy = 1.051- [OH,}O.WS . [HS,]O.OM

Using Eq. (11), the density of the white liquor characterized in Tabs. 4.2-4.4 corre-
sponds to a value of 1.126 g mL™".

The following equilibria occur in the aqueous solution of white liquor, compris-
ing the active compounds sodium hydroxide, sodium sulfide, and sodium.
Sodium hydroxide is a strong base and is therefore completely dissociated accord-
ing to Eq. (12):

NaOH + H,0—Na;, + OH,, (12)

An aqueous sodium sulfide solution dissociates into sulfide, S*, hydrogen sulfide,
HS’, and dissolved hydrogen sulfide, H,S,, according to the equilibrium condi-
tions. Their relative proportions are determined by the OH™ ion concentration and
the equilibrium constants, which are particularly dependent on temperature and
ionic strength. Since the pK, of the protolysis of hydrogen sulfide has been agreed
as ca. 17.1, the equilibrium in Eq. (13) strongly favors the presence of HS™ ions;
this concludes that, under conditions prevailing in the white liquor, sulfide ions
can be considered to be absent [8,9]:

S:. + H,0= HS, + OH,, (13)

where the pK, s and pKys* equal 17.1 and -3.1, respectively.

Most older publications deal with a pK, value of HS™ ions lower than the pK,
value, which in turn provides a wrong picture of the electrolyte equilibria, espe-
cially at initial cooking conditions. Stephens selected a value of pK, = 13.78 based
on calorimetric and thermodynamic consideration, whereas Giggenbach derived a
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value of pK, = 17.1 from an ultra-violet study that involved reassigned absorption
bands [8]. This value was confirmed by Meyer based on Raman spectra for in-situ
measurement of the H-S stretch in high-pH solutions [9]. It has been agreed that
pK, values below 15, which were published previously, were due to oxygen con-
tamination.

Aqueous HS  ions dissociate according to Eq. (14):

HS,, + H,0 = H,S,, + OH,, (14)
where the pK, y,s and pK, s equal 7.05 and 6.95, respectively.

The formation of H,S becomes significant when the pH approaches values of
about 8. The dissolved H,S is involved in an equilibrium with hydrogen sulfide in
the gas phase, which only has to be considered in the sodium sulfite recovery sys-
tems where H,S is expelled from the green liquor by carbonation processes (e.g.,
Stora and Sivola processes) [10,11]:

stuq = HZSg (15)
where
— [HZSg}
£ [staq}

Sodium carbonate is also involved in the acid-base equilibria of white liquor
according to Egs. (16) and (17):
CO%

3,aq

HCO;

3.aq

+ H,0 = HCO;,, + OH,, (16)

+ H,0 = CO,,, + H,0 + OH,, (17)

where the PK, co; and PKp co?- are 10.33 and 3.67 and the pK, co, and pK, yco; are
6.35 and 7.65, respectively. The acid dissociation constants of the involved equili-
bria in white liquor are summarized in Tab. 4.5.

Tab. 4.5 Acid dissociation constants of important acid—base
equilibria in the white liquor.

Compound Acid Conjugated Base pK,

Sodium sulfide HS- S 17.10
H,S HS 7.05

Sodium carbonate HCO,~ CO,* 10.33

CO,-H,0 HCO; 6.35

17z



118

4 Chemical Pulping Processes

10" -
>
£
[
S 10°F
©
<
(0]
(&)
[
8 1x10° |
S
@]
|_
107

pH value

Fig. 4.2 Bjerrum diagram of the electrolyte system prevailing
at the beginning of a conventional kraft cook, assuming a
hydroxide concentration of 1.15 mol L™, a hydrogen sulfide
ion concentration of 0.20 mol L™, and a carbonate concentra-
tion of 0.11 mol L™

The initial concentrations of the active cooking chemicals in a conventional
kraft cook, assuming an EA charge of 18.4% NaOH on wood and a liquor-to-wood
ratio of 4:1, are shown by the Bjerrum diagram over the whole pH range (Fig. 4.2).

The shaded area in Fig. 4.2 represents the pH range typical for a kraft cook. The
results depicted in the figure confirm that, during the whole kraft cook, the equili-
bria strongly favor the presence of HS™ ions and carbonate ions. The sulfide ion
and the hydrogen carbonate ion concentrations are below 0.1 mmol L™ and thus
of no importance in the electrolyte equilibria of the cooking liquor.

A titration curve of the white liquor at room temperature illustrates the pres-
ence of three equivalence points characterizing the acid—base equilibria shown in
Egs. (14), (16) and (17). The equilibrium conditions for the titration of salts of
weak acids and strong bases with a strong acid can be expressed according to
Eq. (18):

> [AH]+[H]=[A"]+[OH] (18)

where [AH] corresponds to the concentration of the conjugated acid of the titrated
weak base (e.g., the carbonate ions). Assuming the total concentration of the sum
of the conjugated base [A”] and the acid [AH] to be C (in mol L"), and k; the equi-
librium constant of the conjugated base, the concentration of the acid [AH] is cal-
culated according to Eq. (19):
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ky- C

(& + [OH]) 19)

[AH] =

The concentration of A” can be expressed as the difference between the molar
amount of the titrator acid, C*, and the molar concentration of the strong bases
available in the white liquor sample, equivalent to the EA concentration. The titra-
tion curve can be calculated on the basis of Eq. (18) and by considering the acid-
base equilibria present in the white liquor [Eqs. (14), (16) and (17)]. The pK, values
are used from Tab. 4.5:

. . 14
kB.CO%’ Ceor kB‘HCO—; Chico; kg ps - - Cus- 10

(Kocor +[OH])  (Hppeo, + [OH]) | (Kpps + [OH]) | [OH]

- (C" —[EA))

~ [oH]

The course of pH (or the [OH"]) can be calculated as a function of the molar addi-
tion of titrator acid by solving an equation of the fifth order. A synthetic white
liquor comprising an effective alkali concentration of 110 g L', [OH] = 2.75 mol L™,
a sulfidity of 30.4%, [HS ] = 0.485 mol L™, and a sodium carbonate concentration
of 20 g L' (as NaOH), [CO;*] = 0.25 mol L™, was titrated with hydrochloric acid of
0.5 mol L. A comparison between the experimental and theoretical neutraliza-
tion curves shows quite acceptable correspondence (Fig. 4.3). In the high-pH re-
gion, some deviation occurs mainly due to the disregarded high ionic strength
which affects the activity factor of the hydroxide ions.

14 -

12 4

pH-value

2 T T T T T T T
2,0 2,5 3,0 35 4,0
+
[H'], mol/l

experimental ----- calculated

Fig. 4.3 Neutralization curve of white liquor ~ curve compared to theoretical curve using

at room temperature ([OH] = 2.75 mol L, Eq. (20) (Mathematica 4.1.). Equivalence
[HS™]=0.485 mol L, [CO,*]=0.25 mol L") points: EPT at pH 11.7, EP2 at pH 8.7, EP3 at
using 0.5 mol L™ hydrochloric acid as titrator ~ pH 4.1 [7].

acid at room temperature. Experimental

(20)
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During the course of cooking, the white liquor gradually enriches with an ex-
tremely complex mixture of degraded lignin and carbohydrate substances, and
finally converts to black liquor. The lignin part of the wood is degraded into low
molecular-weight compounds which contain hydrophilic groups such as pheno-
late, catecholate and partly also carboxylate groups [12]. The main part of the car-
boxylic acids originate from carbohydrate degradation products, for example,
hydroxyacids such as gluco-, xyloisosaccharinic acid, lactic acid and gluconic acid
[13]. In addition, rather large amounts of formic acid, glycolic acid and acetic acid
are formed through fragmentation reactions. In addition to the various organic
acids, which are ionized in the cooking liquor, a significant amount of inorganic
substances are mostly present as dissolved species, including Na‘, K, CO,”,
S0,”, SO, S,0,”, S,8*, HS ions and nonprocess-elements (NPEs), comprising,
for example, Mg, Al, Si, Mn, Cl, P, and transition metal ions. The alkalinity of the
black liquor depends on the acid—base properties of all the dissolved and ionized
compounds. The residual effective alkali concentration is a key parameter for the
processability and the control of the kraft cooking process. Thus, knowledge of
the hydroxide ion concentration in black liquor is of great importance, although
most methods provide only approximate values [14]. Following the black liquor
model from Ulmgren et al., the acid-base equilibria of four organic and three
inorganic substances have been considered (Tab. 4.6).

Tab. 4.6 Black liquor composition following the suggestion of
Ulmgren et al. [14] and additional measurements [6].

Compounds Species Concentration pK,
Base Acid mol/I
Hydroxide OH~ H,0 0.347 >14
Hydrogen sulfide HS- H,S 0.217 7.05
Carbonate CO,>" HCO;~ 0.180 10.33
Hydrogen carbonate HCO;~ (H,CO3) 0.180 6.35
Formic acid HCOO~ HCOOH 0.300 3.45
Acetic acid CH,;COO” CH,;COOH 0.200 4.75
Phenolate PhO~ PhOH 0.350 10.18
Catecholate PhO,* PhO,H"~ 0.005 12.82
PhO,H-  Ph(OH), 0.005 8.42

In strongly alkaline solutions only catecholic structures play a role in the acid-
base reactions. Since the concentration of these compounds is very low in black
liquor (Tab. 4.6), their influence on determination of the OH™ ion content is
almost negligible. The (calculated) neutralization curve reveals three equivalence
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2 T T T T T T T T T T T T 1
0,2 0,4 0,6 0,8 1,0 1,2 1,4
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experimental ----- calculated

Fig. 4.4 Neutralization curve of black liquor at room tempera-
ture ([OH"] = 0.347 mol L™, [HS"] = 0.217 mol L™, [CO,*] =
0.18 mol L™) using 0.5 mol L™ hydrochloric acid as titrator
acid at room temperature. Experimental curve compared to
theoretical curve using Eq. (20) (Mathematica 4.1.) [6].

points at about pH 11.7, 8.8 and 5.0 which can be ascribed to the presence of OH™
+ PhO,”, PhO™ + CO,* and HSO, + HCO, + OAc". A fourth equivalence point at
about pH 2.2 can be detected; this is probably due to carbonic acid and formic
acid. Based on the shown equilibria, a neutralization curve can be calculated by
using the algorithm shown in Eq. (20). The correspondence between experimental
and theoretical neutralization curves is surprisingly good, although the experi-
mental curve contains many more inflection points which are less resolved due to
the many compounds present in black liquor (Fig. 4.4). Differentiation of the
experimental curve reveals eight inflections points only in the pH range 13 to 4.5
(pH of 12.6, 11.9, 10.6, 9.5, 8.3, 6.4, 5.8, and 5.2).

In most cases, the hydroxide ion concentration is determined from the first
inflection point or by direct titration with acid to a predetermined pH of 11.3
[15,18]. Temperature and dilution of the sample affect the acid-base properties of
the inorganic and organic compounds present in the liquor [16]. For a more pre-
cise determination of the hydroxide content of black liquors, a potentiometric
titration of the sample using Gran’s method can be recommended [14,17].
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423
Mass Transfer in Kraft Cooking

4.2.3.1 Purpose of Impregnation

In any chemical pulping process, it is essential to achieve adequate penetration of
liquids into the wood. The uniform distribution of the active cooking chemicals
within the chip void system is an important prerequisite for the production of
high-quality pulps, leaving no unreacted zones. Ideally, each fiber in a wood chip
that is being pulped should receive the same chemical treatment which involves
immersion in a pulping liquor of the same concentration, at the same tempera-
ture, and for the same time.

Alkaline pulping is carried out at temperatures in the range between 140 and
175°C. Under these conditions, the degradation reactions of wood components
are clearly diffusion-controlled. This includes the diffusion of reactants into the
fiber wall and the reaction products out of the chips into the bulk liquor. With a
homogeneous distribution of reagents, the kinetics of the pulping reactions will
also be uniform throughout the system. At low temperatures, the process is no
longer diffusion-controlled, and a reaction gradient is established inside the chip,
so that reaction occurs in all parts of the chip assuring the homogeneous degrada-
tion of wood components. The key procedure to achieve an even distribution of
cooking chemicals prior to pulping reactions is denoted as the “impregnation pro-
cess”. The impregnation of wood corresponds to the liquid and chemical transport
into the porous structure of the wood which is characterized by two main mecha-
nisms, namely: (a) penetration into the capillaries; and (b) diffusion through cell
walls, pit membranes and interfaces. Impregnation of wood is influenced by both
wood properties such as wood species, chip dimensions, moisture content, air
content and the capillary structure as well as the liquid properties such as pH and
chemical concentration, surface tension, viscosity, temperature, and pressure [1].
The quality of impregnation relies on the homogeneity of the chemical treatment
which, in turn, has an impact on the rejects content of the pulp and on the final
product quality.

Penetration refers to the flow of liquid and associated chemicals into the air-
filled voids of the wood chips under the influence of hydrostatic pressure. Penetra-
tion is the process where liquid transfers into the gas- or steam-filled cavities of
the chips. Distinction can be made between forced penetration, including gas and
liquid flow by an externally applied pressure differential, and natural penetration
consisting of capillary rise. Mass transfer stops as the liquid approaches the wood
capillaries that are at the fiber saturation point or that contain liquid-air inter-
faces. Hydrostatic pressurization of the system reduces the size of the air bubbles
somewhat, but the effect is small, since extremely high system pressures would
be required to overcome the resistance of the surface-tension forces of multiple
liquid—air interfaces in the narrow capillaries. Under these conditions, entrapped
air dissolves into water to some extent and also can gradually diffuse out of the
pores, while the liquid diffuses into the pores countercurrently.
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The second mechanism, diffusion, is a comparatively slow process and refers to
the diffusion of ions or other soluble matter through the water layer of the cell
wall and pit membrane structure under the influence of a concentration gradient.
Molecular diffusion replaces the reactant chemicals as they are consumed by the
chemical reactions within the chip. All transfer of new chemicals into chips and dis-
solved matter from the chips will occur through diffusion only after complete penetra-
tion. Thus, molecular diffusion is a very important step in chemical pulping.
Industrial chips are not homogeneous in dimensions and void structure. More-
over, wood chips — even from fresh wood — contain air in the void system which must
be displaced as far as possible prior to impregnation to ensure that all parts of the
wood chips can be filled with liquid during penetration. Air removal can be accom-
plished by presteaming the chips. Part of the air inside the chips is removed due to
direct expansion by heating, whereas a more complete air removal requires a succes-
sive steam condensation and evaporation in the capillary system of the chips.

In the following sections, the most decisive parameters determining the effi-
ciency of the impregnation step, such as the heterogeneity of wood structure, pre-
steaming, penetration and diffusion, will be introduced and discussed.

4.2.3.2 Heterogeneity of Wood Structure

Wood is a very porous material. The high porosity is essential for the transport of
water in the sapwood of a living tree, where water flows from the roots to the top
through the cell lumina and is further distributed through the pits. Wood is, how-
ever not very permeable for gases and liquids, because flow into or through it
must occur through a coarse system of capillaries. The void system of wood is dif-
ferent in softwoods and hardwoods, sapwood and heartwood, springwood and
summerwood and additionally is also dependent on the individual wood species.

Softwoods consist mainly of longitudinal fibers, tracheids, with a tubular struc-
ture of an average length of approximately 3.5 mm and a diameter of 30-35 pm.
The tapered ends overlap longitudinally by about one-fourth of their length. Pene-
tration occurs through their lumina and pits, which are covered by a membrane.
There are two types of pits, namely the simple pit and the bordered pit, but all are
characterized by the presence of a pit cavity and a pit membrane. In the simple pit
the cavity is almost constant in width, whereas in the bordered pit the cavity nar-
rows more or less abruptly toward the cell lumen. The pit membrane, which con-
sists of primary wall and middle lamella, contains pores with dimensions in the
range below of approximately 4 nm [2]. Within the heartwood of softwoods, mass
transport is very limited because the pores in the pit membrane are often sealed
by lignification or resinification.

Hardwood fibers are made up of several cell types, differentiated according to
their special functions (see Chapter 1-2). Mass transfer occurs predominantly
through the lumina of the vessel elements, which are connected vertically to form
long tubes. The channels thus formed contribute very efficiently to the water
transport. If the vessels are plugged by tyloses, which frequently occurs during
the development of heartwood, the penetration rate almost ceases (as is the case
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in white oak; see Tab. 4.9). The fibers of hardwoods are interconnected by pit
pairs, but they are smaller and fewer in number as compared to the softwood trac-
heids. They are less effective for liquid transport. Electron microscopic studies
have not provided any evidence of pores through the membranes of hardwoods,
thus indicating that hardwood fibers are ineffective for liquor flow [3]. Springwood
is more easily penetrated than summerwood due to its wider lumina and its thin-
ner and more fissured cell walls. Reaction wood and wood knots are very dense
and thus more difficult to penetrate.

The water content of the wood determines not only the mechanical properties
but also the efficiency of impregnation prior to chemical pulping. The moisture
content in wood, MCy, is defined as the water in wood expressed as a fraction of
the weight of oven-dry wood [see Eq. (21)]:

M

MC, = Twe — Mac

e (21)

where m, equals the mass of dry chips, and m,, the mass of wet chips.

The moisture content can be related to the dry solid content, DS, expressed as a
weight fraction using Eqs. (22) and (23):
_ My 1

DS = =— 22
my,. 1 + MCd ( )

1- DS
MC, =
d DS

(23)

And thus the mass of the wet chips, myc, can be calculated according to equation (24):

m C
Mwc = D_g (24)

On occasion, the moisture content is based on the total weight of wet wood, MC,,
which then can be expressed as:

My, — My, M Cd

MC, = =
v my,. MCd-i-l

(25)

The amount of moisture content, MC,, in freshly cut green wood can vary consid-
erably within species, and can range from about 30% to more than 200%. In soft-
woods, the moisture content of sapwood is usually greater than in heartwood. In
hardwoods, the difference in moisture content between heartwood and sapwood
depends on the species. Variability of moisture content exists even within individ-
ual pieces cut from the same tree. The average moisture contents of a selection of
hardwoods and softwoods are listed in Tab. 4.7.

At the cellular level, moisture can exist as free water or water vapor in the cell
lumens and cavities, and as chemically bound water within the cell walls. Early-
wood tracheid lumens can hold more water because they are much larger than
the latewood tracheid lumens. The cell walls are denser in the latewood tracheids
and so contain more of the bound water. The bound water is held between micro-
fibrils in the cell wall and is closely associated with the polysaccharides by means
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Tab. 4.7 Average moisture content of green wood, by species according to [4].

Wood species Moisture content [MCj]

Heartwood Sapwood

(%] [9%]
Ash, white 46 44
Aspen 95 113
Beech, American 55 72
Birch, paper 89 72
Birch, yellow 74 72
Cottonwood 162 146
Elm, American 95 92
Hickery, bitternut 80 54
Hickory, red 69 52
Magnolia 80 104
Maple, silver 58 97
Oak, norther red 80 69
Oak, southern red 83 75
Oak, white 64 78
Sweetgum 79 137
Yellow-poplar 83 106
Baldcypress 121 171
Cedar, western red 58 249
Douglas fir 37 115
Fir, white 98 160
Hemlock, eastern 97 119
Hemlock, western 85 170
Pine, lobolly 33 110
Pine, ponderosa 40 148
Redwood, old growth 86 210
Spruce, black 52 113

Spruce, Sitka 41 142
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of hydrogen bonds. It is further assumed that the density of bound water is 1-2%
higher as compared to the density of free water [5]. According to Tab. 4.7, even
green wood is never completely filled with water. Consequently, wood cavities con-
tain considerable amounts of air. Conceptually, the moisture content at which the
cell wall is fully saturated with bound water and no water exists in the cell lumens
is called the fiber saturation point (FSP). The FSP also is often considered as the
moisture content below which the physical and mechanical properties of the
wood begin to change as a function of moisture content. Although dependent on
the species, for practical purposes, the FSP is generally considered to be 30%.
Above the FSP, the larger capillaries contain free water which is held within the
structure of wood membranes, pores and capillaries as hydrates, surface-bound
water with a high apparent density, as adsorbed in multimolecular layers, and
finally as capillary condensed water [6].

With an increase in pH, the wood structure swells due to an increased accumu-
lation of water molecules as a bound layer. This enhancement of water layer
adsorption also takes place on the capillary walls, with the consequence that the
capillary pore diameters become much narrower, and the mass transfer is
reduced. Furthermore, each capillary pore is blinded by the pit membranes which
are made of primary wall and middle lamella covered with a multimolecular layer
of water molecules, leaving no void micropores. Any passage of chemical through
these membranes is thus controlled by diffusion [7]. The overall transportation
mechanism can be considered as a diffusion mechanism which is controlled by
the mass transport through the hydrated membrane pores.

To achieve pulping uniformity, the composition of the cooking liquor must be
equally distributed inside the wood chips. It is apparent that the dimensions of
the chips will have a considerable effect on the efficiency of chemical impregna-
tion. Chips of different thickness are delignified very nonuniformly; wood is over-
delignified at the surface, while the chip centers still show very high lignin con-
centrations. Only sufficiently thin chips can be uniformly delignified down to
kappa numbers below 15 without a loss of yield and strength properties [8]. Exten-
sive studies have shown clearly that chip thickness is the most critical dimension
in kraft pulping [9-12]. At a given chip thickness, chip width and chip length have
an insignificant influence on delignification rate and reject formation [13]. Chips
produced by industrial chippers have cracks and other faults, and are thus more
permeable as compared to laboratory-made chips. Kraft cooking of technical chips
from Pinus silvestris with a thickness of 10 mm resulted in the same amount of
rejects as compared to 4.8 mm hand-made chips [14]. Electron microscopy studies
by using staining material confirmed that penetration of the cell wall is favored by
fissures in the wood tissue produced by mechanical treatment of the samples [15].

Wood chips for chemical pulping should be uniform in size and shape. Typical
wood chips are 15-25 mm long and wide and 2-5 mm thick (softwood,
25 mm x 25 mm x 4 mm; hardwood, 20 mm x 20 mm x 3 mm; denser hardwoods
often tend to give thicker chips at identical chip length compared with softwoods).
The three-dimensional structure of a wood chip is shown in Fig. 4.5.
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Fig. 4.5 Wood chip dimensions.

Industrial chips are formed after an initial cutting by applying a shearing force
in the longitudinal direction of the wood. Longitudinal is defined as parallel to the
wood capillaries, and transverse as perpendicular to them. The resulting chip ge-
ometry is characterized by chip thickness in a radial direction, chip length in a
longitudinal direction, and chip width in a tangential direction. The void spaces of
the wood chips consist mainly of the lumina of the cells, the vessels in the case of
hardwoods, the resin ducts and other intercellular cavities which are also formed
by mechanical cracks in the structure. Fresh wood contains solid material (cell
walls), gas and water in cavities. The density of the solid fraction is rather con-
stant, and can be calculated from the densities of the two main wood components,
lignin and carbohydrates. Assuming an average wood composition of 28% lignin
and 72% carbohydrates, the average density of the solid wood fraction can be cal-
culated as follows:

Pus =028 p, +0.72 - peyy = 0.28 - 1400 + 0.72 - 1580 = 1530 kg m > (26)

where p,, is the density of wood solids, p; is the true density of lignin, and pcy is
the true density of carbohydrates. The density of the wood solids, p,,, can be kept
constant for all practical purposes.

The proportion of the void spaces or the void volume fraction, f,,q4, in a wood
chip can be calculated by simply knowing the density of the dry wood chip, pq.:

1 1 Pa
=0, =) =p, V=1L 2
ﬁoui Pac (pdc pws) Pac v 1.53 ( 7)

where V, is the void volume in m’/t or cm’ - p™.
The void volume fraction of typical pulpwoods lies between 0.5 and 0.75, and

depends strongly on a variety of factors such as wood species, location, climate,
and season (Tab. 4.8).
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Tab. 4.8 Density and void volume fraction of a selection of wood types.

Wood species Dry density Void volume  Void volume fraction
Pac Vy fooia
[g cm™] [em® g7]
Aspen, Populus tremula 0.37 2.05 0.76
Spruce, Picea abies 0.43 1.67 0.72
Pine, Pinus silvestris 0.47 1.47 0.69
Beech, Fagus silvatica 0.68 0.82 0.56
Esh, Fraxinus excelsior 0.65 0.88 0.58
Maple, Acer pseudoplatanus 0.59 1.04 0.61

The density (p,,. and the volume (V,,.) of wet chips can be calculated according
to equation (28) and (30):

My _ Pc

= 28
= = B (28)
Pc
-DS
Vwc = e = L (29)
ch Pdc

The volume of the wood solids can be calculated by knowing the mass of the wet
wood, the dry solids content and the density of the wood solids:

sz = 7 (3 0)
Thus, the void volume is just the difference between the volumes of the wet wood

and the wood solids:

Vv = Ve — Vi (31)

Knowing the density of the initially present water, p;; o, the volume of this water,
V1,0 in the chip can be easily computed:

My, - (1 — DS
Vi,oi = M (1= DS) (32)

PH,0,

The change in the water volume can be estimated by considering the density of
the water at the temperature T, p H,0,T"

PH,0,

(33)

VHzo_T = VHzo,i :
H,0,T
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During penetration, additional water or aqueous solution is introduced into the
void system of the chips. The volume of the penetrated water, V. p, is then calcu-
lated by:

VHZO,P = M (34)

where my, ., p is the weight of the water penetrated into the chips.
The degree of penetration prior to impregnation, P, is estimated according to:

Vi,o0i
Py = % -100 (35)

\4
After impregnation with e.g., water, the degree of penetration, P, changes to:

VHzo,T + VHZO‘P)

pP= ( 100 (36)

\4

Example: A simple example illustrates the way of calculatory the degree of pene-
tration.

What is the degree of penetration and the density prior (300 °K) and after
impregnation (373 °K) of aspen chips with 55% dry solids content (DS) and 0.37 t/
m’ dry density (pq)?

Impregnation takes place at 373 °K and increases the moisture content, MC,, to
0.65. The densities of water at 300 °K are 0.997 t/m’ and 0.959 t/m’, respectively.
(a) Prior impregnation:

037

- = 3
Pue =055 0.67t/m

1 .
Mo = 555 = 1.82t/t dry solids

One ton of dry chips contains 0.82 ton of water at 55% dry solids content.
The void volume, V,, is calculated according to equation:

1.82 1
V=V —Vy=r———=206m’/td lid
v we ws 0_67 1.53 m / rySOI S
The degree of penetration prior impregnation, P, at 300 K can be estimated using
the following equations:

1.82- (1 - 0.55)
0.997
Py = e 100 =39.9%
This simple calculation shows that only 39.9% of the void volume of aspen chips
contains liquid at a DS of 0.55.
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(b) After impregnation:
During penetration the moisture content, MC,, increases to 0.65 which equals a
DS of 0.35. The mass of the wet chip, m,,, calculates to:

1 .
Mo = 535 = 2.861t/t dry solids

Assuming an even temperature rise to 373 K, the total volume of the penetrated
watet, Vi, o p, is the calculated by:

2.86- (1 —0.35)

Vi,op = 0.959 = 1.938 m’/t dry solids

After impregnation, the degree of penetration, P, changes to:

1.938
P=—+--100=94.1
2.06 0 1%

4.2.3.3 Steaming

As mentioned above, rapid and uniform impregnation prior to any chemical pulp-
ing treatment is a necessary prerequisite. The importance of a thorough penetra-
tion of liquor into wood was emphasized as early as 1922 by Miller and Swanson
[16]. It is generally agreed that an efficient air removal is the key for a successful
penetration. In the course of the technical development of the impregnation step,
three different pretreatment techniques have been investigated, though only one
has gained practical acceptance.

The first pretreatment is evacuation of the digester, but this has proved to be not
practical with commercial digesters. Numerous investigations at the laboratory
scale have shown, however, that evacuation is the most efficient process for
removing air from inside the chips.

An improved penetration can also be achieved by the replacement of air by con-
densable gases. The air inside the cavities of the chips can be replaced by repeated
introduction of a gas which is soluble in the cooking liquor at elevated pressure,
alternating with relief. A pretreatment procedure, where air is replaced by gaseous
SO, prior to introducing the cooking liquor, was developed by Montigny and
Maass [17]. Although the penetration results were comparable to those of pre-eva-
cuation, this process was not put into practice, mainly because it is more or less
limited to the sulfite process and the composition of the cooking liquor cannot be
determined precisely since the amount of SO, inside the wood chips is essentially
unknown.

Finally, the steaming process at atmospheric or superatmospheric pressure to
remove interstitial air from the wood has achieved broad practical application.
Steaming is intended to ensure uniformity of moisture distribution in the chips
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Fig. 4.6 Effect of steam pressure during the pre-steaming of
chips from black spruce (Picea marina) on the rate of penetra-
tion using distilled water at 60 °C; the steaming time was kept
constant at 10 min (according to Woods [18]).

and purge air from the inside of the chips. In numerous studies it has been
proved that pre-steaming of chips accelerates the rate of subsequent penetration
considerably. The degree of penetration is determined by both steam pressure and
steaming time. The effect of pre-steaming on the rate of penetration using dis-
tilled water at 60 °C was studied by Woods for several steam pressures [18]. The
results of the trials with a steaming time of 10 min are shown in Fig. 4.6.

Steaming time can be reduced without impairing the efficiency of impregnation
by increasing the steam pressure. The higher degree of penetration of pre-
steamed chips can be traced back by a more extensive filling of the cooking liquor
(15-30% more than for non-pre-steamed chips) due to the additional space of the
air removed, and also to an enhanced outward diffusion of the air. Moreover, it
was shown that the cell wall becomes more accessible to water after pre-steaming.
Purging according to the Va-Purge process, which includes pre-steaming with
intermittent relief, has an even more pronounced effect on fiber structure [19].
When applied at equal pressures and total time, Va-purge steaming is slightly
more efficient as compared to continuous steaming only if longer intermittent
steaming phases are allowed.

Today, the pre-steaming of chips forms an integral part of the continuous kraft
cooking process [20]. Modern batch cooking technology, however, only uses slight
pre-steaming of the chips during the chip packing stage. The main objectives of
pre-steaming are to preheat the wood chips from ambient temperature to 100-
120°C and to remove noncondensable gases (e.g., air) which are present in the
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void volume of the chips. The heating of the wood chips is influenced by the wood
properties, the chip dimensions, the initial chip temperature, the steam tempera-
ture and pressure, and the venting of the steam. Heating of the chip with saturat-
ed steam takes place from all three wood dimensions. Most of the heat released
from the condensation of steam is consumed in the heating process. According to
the simulations, the heating efficiency for sapwood and heartwood pine chips is
almost the same [20]. From the results obtained, it can be concluded that the heat-
ing of wood chips of typical dimensions with saturated steam is a rapid process,
and lasts for only a few minutes. Under industrial conditions, however, a longer
heating period may be expected because of the limited heat transfer within the
chip layer. When heating chips with saturated steam, only a small part of the
water present within the wood voids will vaporize at the moment when the whole
chip has been heated to the ultimate temperature. It has been shown that pre-
steaming with saturated steam results only in a slight increase in the moisture
content of both heartwood and sapwood. If the moisture content exceeds the fiber
saturation point, then pre-steaming can even lead to a reduction of the water con-
tent [21].

The extent of air removal as a function of steaming time at atmospheric pres-
sure can be described by a simple exponential dependency according to Eq. (37):

N = N, - Exp(—k - t) (37)

where N is the amount of entrapped air.
The amount of remaining air as a function of steaming time for heartwood and
sapwood from pine is illustrated graphically in Fig. 4.7.
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Fig. 4.7 Effect of steaming at 105 °C on air removal from

sapwood and heartwood chips from pine (Pinus silvestris)
(according to [20]).
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In order to achieve a degree of 90% air removal from heartwood, 30 min of
steaming is required, while for sapwood only 5-6 min is required.

By increasing the steaming temperature — for example, from 100 °C to 120°C —
the efficiency of penetration increases further, most likely due to a better perme-
ability of the cell wall layers to gases. Hence, a higher temperature can accelerate
the dissolution of wood substances at the pit membranes [22].

In practice, complete removal of air may be difficult to achieve, even by applying
optimal steaming conditions. Some air cannot be removed because the pressure
gradient at the end of pre-steaming is insufficient to overcome the surface tension
forces at the liquid-air interface. Moreover, some air can be trapped within capil-
laries, which are sealed by extractives.

Hardwood species such as poplar, elder and beech wood are more easily pene-
trated after steaming as compared to spruce [21]. Spruce requires longer steaming
time to achieve acceptable degrees of penetration.

Quite recently, the longitudinal permeability and diffusivity of steam in beech
wood were estimated simultaneously by using a Wicke-Kallenbach-cell [23]. Both
parameters increase slightly with the moisture content of wood. The average val-
ues obtained at ambient temperature (20°C) were 8.1 x 10° m” s for the axial
diffusivity and 2.2 x 10™" m” for the axial permeability (according to Darcy’s rela-
tionship: V=K,-AP-n"-L" v=[m-s"] K,= [m’] AP = [Nm ] n = [Ns-m] L= [m]).

4.2.3.4 Penetration

Penetration describes the flow of liquor into wood under the influence of a hydro-
static pressure gradient which is the sum of external pressure, pg, and capillary
pressure, pc.

Drot = Pr + Pc (38)

The capillary pressure can be expressed by the Young—Laplace equation [Eq. (39)]:

_2-7-CosH

. (39)

bc
where 7 is the surface tension of the impregnation liquor [Nm ], 0 is the contact
angle between the liquid and the solid phases, and r is the capillary radius [m].

From Eq. (39) it is clear that the penetration rate is sensitive to the diameter of
the individual capillaries. The total pressure, p,,, is opposed by the pressure drop
due to the liquid flow in the capillaries, pg, according to the Hagen—Poiseuille’s
law of laminar flow [Eq. (40)]:

7‘./~8~n-l

Apr = [Pa] (40)

rtem

where 1 is the viscosity of the liquid (in Pa.s), V is the rate of volume flow (in
m’s™), and 1 is the capillary length or penetration distance (m).
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Liquid flow through the capillaries occurs as near-perfect laminar flow. When N
identical capillary tubes of equal length are connected in parallel, the total flow
through them equals N times that of one single tube. For the penetration of a
liquid through a porous material with N parallel capillaries per unit surface area
A, the flow rate of volume flow can be expressed by Eq. (41), derived from
Egs. (38-40):

V=

Nrr?-(2-r-v- Cosd + Py - r?) [m?
: 8-1-m E {T} )

Thus, the penetration rate will increase with any increase in applied external pres-
sure, increase in the capillary radius, with the surface tension of the impregnation
liquor, with reduction in liquor viscosity and with the contact angle between the
liquid and the solid phases. Since flow varies inversely as the fourth power of the
radius of the capillaries, the size of the pit-membrane openings will control the
rate of flow.

Acidic liquors penetrate faster than liquors which are sufficiently alkaline to
swell the cell walls beyond their water-swollen dimensions, as in the case of soda
and kraft liquors.

The ease of penetration of wood depends on the species and whether it is sap-
wood or heartwood [24]. In contrast to diffusion, penetration is strongly affected
by the wood structure, and consequently structural differences between softwood
and hardwood must be clearly distinguished. The differences are due to the pres-
ence of vessels in hardwoods, which run in the longitudinal direction and which,
when unplugged by tyloses, permit rapid penetration into the interior of the
wood. The number, diameter and distribution of vessels is highly dependent on
the hardwood species. In ring porous woods (e.g., oak) the vessels are concen-
trated in the early wood, whereas in diffuse porous woods (e.g., beech) they are
more uniformly distributed over the annual ring. If the vessels are plugged by
tyloses (which frequently occurs), the penetration rate is exceedingly small in all
directions. Softwoods are not provided with vessels. There, the tracheids and their
interconnecting pit system take over the function of liquid transfer. Compared to
easily penetrated hardwoods, penetration through softwoods in a longitudinal
direction is less efficient, whereas transverse penetration is more rapid. This can
be explained by the fact that the pits in softwood tracheids are much larger and
more numerous than in hardwood fibers. The longitudinal flow of liquids is 50-
to 200-fold faster than flow in the other directions. Tangential flow in softwoods is
controlled by the bordered pits situated on the radial walls of tracheids, while the
flow in the radial direction is controlled by ray cells [25]. The permeability of soft-
woods in the radial direction is considered to be more efficient than in the tangen-
tial direction [26]. Thus, it can be concluded that water penetration into softwood
chips occurs through the longitudinal direction. Radial flow may contribute a
small part of the total penetration, whilst flow in a tangential direction can be
neglected. In hardwoods, no liquid flows in the transverse fiber direction [27]. It is
assumed that the hardwood fibers are totally enclosed cells, where no liquid trans-
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fer occurs. In summarizing these observations, it can be concluded that the opti-
mum conditions for the impregnation of hardwoods is given when the fibers are
water-saturated (which is the case at the fiber saturation point) and the vessels are
empty, assuming that they are not plugged by tyloses. Liquor could then flow into
the interior of the wood via the vessels, and the pulping chemicals could diffuse
radially from the vessels into the surrounding fibers through the water present in
the cell walls. In case the vessels are plugged by tyloses, which prevents penetra-
tion, the wood should be water-saturated in order to provide optimum conditions
for diffusion.

A semiquantitative method to determine the penetrability of a wood has been
proposed by Stone [24]. The rate of air permeability is measured using an appara-
tus consisting of two flowmeters in series, the restrictions in one being a glass
capillary of known dimensions and the restrictions in the other being a dowel of
known dimensions of the wood being tested. By applying the Poiseuille equation,
the following relationship is obtained:

4
r }
. y Dy d Pg
Penetration Factor = r* = E5 288 W% _ copst =2 (42)

wood
N-A Pwood lglass pwuod

where r is the radius of capillary, p the pressure drops, 1 the length of capillary, N
the number of capillaries and A the cross-sectional area of wood.

The porosity of the wood is then defined as the fourth power of the radius of a
glass capillary, which would permit the same flow of air as 1 cm’ of the wood in
question. At this stage, neither r,,,4 nor N — the number of capillaries per unit
cross-section — is known. To overcome this problem, all the capillaries in 1 cm” of
wood are considered to be gathered together into a single capillary which gives the
same rate of flow. For any given glass capillary and length of wood dowel, the
penetration factor = r*,,4 = const. Pgiass/Pwooa- Many different wood species have
been characterized according to this penetration factor, and average values for a
number of wood species are summarized in Tab. 4.9 [24].

Typically, the ratio of the penetration factor in sapwood to heartwood lies be-
tween 10 and greater than 1000. Aspen, beech, Douglas-fir and white oak show
poor penetrability. The reason for poor penetrability is the occurrence of tyloses in
the vessels which cause blockade of these passages.

Penetration of water into the chips of three selected softwood species, Picea
abies, Larix sibrica and Pinus silvestris, was studied using a specially designed
impregnator [28]. In agreement with the data listed in Tab. 4.9, penetration into
heartwood chips proved to be less efficient than into sapwood chips. In the case of
spruce, the degrees of penetration were 65% and 92% into heartwood and sap-
wood, respectively. The results were similar for the other wood species. Thickness
(between 4 and 8 mm) and width do not influence the efficiency of impregnation
significantly. The chip length, however, has a much more pronounced effect on
the efficiency of penetration, since the longitudinal flow in softwoods is 50- to
200-fold faster than the tangential or radial flows. Impregnation of water can be
controlled by adjusting the process conditions. An increase in temperature (e.g.,
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Tab. 4.9 Penetrability of a selection of wood species by means of
a semiquantitative method [24].

Wood type Species Penetration factor x 10"

Sapwood  Heartwood

Softwood Piceas engelmanii, Engelmann spruce 5
Picea mariana, black spruce n.d. 2
Pinus contoria, lodgepole pine 300 n.d.
Pinus echinata, shortleaf pine 120 5
Pinus elliottii, slash pine 6000 10
Pinus monticola, white pine 100 10
Pinus palustris, longleaf pine 4000 2
Pseudotsuga taxifolia, Douglas fir 70 5
Hardwood Acer negundo, box elder 1300 400
Acer rubrum, maple 400 120
Betula papyrifera, white birch 1300 450
Caryax spp., hickory 4000 400
Fagus grandifolia, American beech 1000 0.5
Fraxinus nigra, American ash 80 n.d.
Liquidambar styraciflua, sweet gum 1200 850
Platanus occidentalis, sycamore 4000 4000
Populus deltoides, cottonwood 4000 500
Populus tremula, European aspen 5000 4
Populus tremuloides, American aspen 2500 1
Quercus alba, white oak 0.7 n.d.
Quercus coccinea, scarlet oak 1000 400
Quercus falcata, red oak 4000 5
Ulmus americana, elm 400 70

n.d. = not determined

from 20 to 80 °C) accelerates the degree of penetration, whereas the final value for
water uptake is not influenced. Increasing the pressure results in a higher compres-
sion of air within the chip voids, thus facilitating water flow into the wood capillaries
(from 2 to 9 bar: the final value increased from 76% to 92%). The degree of penetra-
tion, P, can be improved from 75% to almost 94% as a result of pre-steaming the
chips.

Quite recently, a mathematical model describing the process of water penetra-
tion into softwood chips was developed [29]. The model considers the important
physico-chemical phenomena, including capillary rise, air dissolution and out-
ward diffusion as well as the decrease in the permeability coefficient of wood as a
function of the degree of penetration. A simulation program based on the model
was able to predict the process of water penetration accurately. It was found that
for simulating the process of water penetration at different temperatures, the
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empirical dependence of the permeability coefficient on the temperature must be
inserted into the model. The prediction of white liquor penetration into softwood
chips was possible considering the dependence of chemical interactions between
the constituents of white liquor and wood components on the permeability of
wood chips. Black liquor penetration into softwood chips, however, cannot be sim-
ulated with sufficient precision by using the proposed model, possibly due to
unknown interactions between organic molecules and wood components or to a
non-Newtonian behavior of the black liquor at the beginning of the penetration
process.

It was shown that pretreatment of Aspen chips (Populus tremuloides) with alkali
increased the permeability of the individual fiber walls and thus increased the rate
of diffusion of water-soluble substances [30]. The mechanism of improved pene-
tration of pulping chemicals was attributed to the saponification of uronic acid
esters of the 4-O-methylglucuronoxylans, which are assumed to be cross-linked
with other wood components. As soon as these cross-links are broken, the wood
structure is allowed to swell beyond the water-swollen state. There was also clear
experimental evidence that opening of the wood structure also occurs in the mid-
dle lamella, possibly due to the cleavage of cross-link structures between galac-
turonic acid esters of pectic polysaccharides and lignin structures [31]. Conse-
quently, penetration into the wood structure is improved.

Under industrial pulping conditions, the chips are impregnated with hot black
liquor (HBL) [32]. Compared to water, the following physical properties from black
liquor have been determined (Tab. 4.10).

Tab. 4.10 Surface properties of black liquor and water.

Liquid Unit Black liquor Water
Temperature °C 20 80 20 80
Dynamic viscosity mPas 2.60 0.81 0.99 0.36
Surface tension mN m! 32.6 27.7 67.3 63.0

Industrial pine (Pinus silvestris) was used for the impregnation tests and subse-
quent Superbatch® cooking. The results showed that pre-steaming of chips and
increased pressure (from 2 to 9 bar) had a favorable effect on the efficiency of
black liquor impregnation into heartwood and sapwood. The effect of penetration
pressure was more pronounced for heartwood chips due to the high amount of air
initially present within the chips. By applying 9 bar overpressure during penetra-
tion into sapwood chips, it was possible to reach a degree of penetration of 99.6%.
When pre-steaming is finished and the chip temperature is reduced, condensation
of water within the chip voids occurs. The vacuum thus formed facilitates the
uptake of condensate from chip surface into voids. The effect of pre-steaming can
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be explained primarily by the removal of air from the chip voids. In addition, de-
aspiration of heartwood pits during steaming could also be considered as a cause
of improved penetration. The results of the Superbatch® cooking experiments
confirmed that efficient liquor penetration has a favorable influence on cooking.
The application of chip pre-steaming and high pressure during the initial cooking
stages (warm black liquor impregnation) resulted in a lower amount of rejects
and kappa number, whereas the screened yield remained unaffected. In the case
of heartwood, the presence of entrapped air can be considered as the primary
cause of possible heterogeneity in delignification, whereas in the case of sapwood
there are diffusion limitations. With heartwood chips, the effect of liquor temper-
ature is significant. In addition to a lower viscosity, the softening by the warm
liquor of resin compounds present in the pine heartwood capillaries is likely to
cause faster penetration under higher temperatures. The unbleached pulps pro-
duced with different modes of impregnation were subjected to ECF bleaching
using an O-DyED,ED, sequence [33]. To reach the full brightness of 88% ISO,
20 kg more of active chlorine (ClO,) must be used for pulp produced using no
pre-steaming and low-pressure impregnation during the HBL stage, as compared
to pulp which was pre-steamed and treated at higher pressure during the HBL
stage. The differences in chemical consumption are caused solely by differences
in the incoming kappa number of the pulps, and not by their bleachability. The
equivalent chlorine multiple remains 0.35 to achieve 88% ISO in all cases.

4.2.3.5 Diffusion

All transfer of cooking chemicals into chips, and dissolved matter from the chips,
will occur through diffusion only after complete penetration. Consequently, mo-
lecular diffusion is a very important step in chemical pulping.

To understand the process of impregnation, much effort has been made to fol-
low the distribution of the active cooking chemicals within the void structure of
the wood by both experimental studies and theoretical considerations. McKibbins
contributed the first rather complete description of the diffusion of sodium ions
in kraft-cooked chips [34]. He measured the diffusivity of sodium ions by immers-
ing the cooked chips in distilled water, and compared the measured chip sodium
concentration as a function of time to those predicted by unsteady-state diffusion
theory.

Data were obtained for extraction in the transverse and longitudinal directions of
the wood for several temperatures and sample thicknesses.

Unsteady-state and unidirectional and isothermal diffusion in one dimension
may be described by Fick’s second law of diffusion according to Eq. (43):

dc d’c
Z—p— 43

ot ox? (43)
It is assumed that diffusion occurs through a homogeneous material of constant
width or thickness, L, with an initial concentration c;, and that the solute leaves at
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both faces which are maintained at a constant concentration, ¢,. There is no single
integral solution to this differential equation, but a variety of solutions have been
derived depending on the boundary and other conditions [35].

Equation (43) may be solved by applying the following initial and boundary con-
ditions:

¢ Initial conditions: t=0,c=c¢forall x

e Boundary conditions: x=0, L, c=c,fort>0

* ¢ concentration of sodium ions outside the chips

e G concentration of sodium ions inside the cooked chips

Considering these initial and boundary conditions yields Eq. (44):

- = 1 —(2n—1)’n*D-
_c—¢ 8 ZExp[(n Lz)n t (44)

Y = - °
G—0C T 4= (2n-1)

where Y equals the average fraction of unextracted sodium ions.

The solution of this infinite series reduces to a single term for values of
(D -t- L7 > 0.03, which is accomplished when Y < 0.6. In this very likely case,
Eq. (44) reduces to Eq. (45):

_ 2p.
y_© 6 8 Ex[_nDt} (45)

Ta-c¢ m 12
According to Eq. (45), the diffusion coefficient can be determined from the slope
k of the linear correlation obtained by plotting the natural logarithm of Y against
time. The diffusion coefficient D can thus be calculated using Eq. (46):

(46)

In case diffusion occurs in more than one direction, Eq. (43) must be expanded to
include the new coordinates. It has been shown that for certain geometries and
sets of boundary conditions, the solution for multidirectional diffusion is the
product of the solution for unidirectional diffusion for each of the coordinates
involved. Considering diffusion in the x, y, and z directions, the average concen-
tration of a rectangular parallelepiped will be equal to the product of the concen-
trations obtained for each of these directions according to Eq. (47):

Y,=Y,-Y,-Y, (47)

The diffusion coefficient, D, is determined by plotting the logarithm of the frac-
tional residual sodium content against the diffusion time. The values of the diffu-
sion coefficients are determined from the slope of the straight-line portion of
these curves (Fig. 4.8).
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Fig. 4.8 Residual sodium fractions versus extraction or
diffusion time for unidirectional longitudinal diffusion from
0.3175 cm-thick wood chips (according to McKibbins [34]).

The diffusion coefficients in longitudinal directions at 38°C and 71°C can be
determined by putting the calculated slopes determined from the natural loga-
rithm of Y against extraction or diffusion time in Fig. 4.8 into Eq. (46) according
to Eq. (48):

4 —3)\2
6951075 - (3.175-107)"m? _ g s

™ (48)
1.86 % 107357 - (3.175 - 1073)*-m?
D712 ¢ ongitudinal = : : 7(t2 7 )om =19.0-10"m?.s!

Dsg. C longitudinal —

Since the diffusion process is a rate phenomenon, D may be related to the temper-
ature by an Arrhenius-like relation. An associated activated energy, E,, is required
according to Glasstone, Laidler and Eyring to elevate the diffusing molecules to
that energy level sufficient to initiate molecular transport [36]. The diffusion coef-
ficient may thus be related to the temperature in the following manner [Eq. (49)]:

D=A-VT- Exp(— RE.AT) (49)

A plot of the natural logarithm of the ratio D to the square root of the absolute
temperature against the reciprocal of the absolute temperature results in a
straight line with a slope dependent on the activation energy, E,. The experimen-
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tal results obtained for the diffusion coefficients and activation energies for both
longitudinal and transverse direction are summarized in Tab. 4.11.

Tab. 4.11 Diffusion coefficients as a function of temperature and
activation energies according to [34] (recalculated).

Direction Diffusion Diffusion Frequency Activation
of diffusion  length L [mm] coefficient D*10"°[m? s™] atT [°C] factor energy
A*10" [m*s™]  E, [k] molT]
38 52 66
Longitudinal 3.2 7.1 12.0 18.0 8.0 255
6.4 8.4 14.0 21.0 18.9 27.3
Transverse 3.2 3.6 5.8 6.8
6.4 3.6 6.0 7.5 0.5 20.2

The rate of diffusion in the longitudinal direction is higher as compared to the
transverse direction due to the hindrance offered by the tracheid walls. The ratio
is, however, rather low for cooked chips as, with the solubilization of the middle
lamella, the resistance to mass movement especially in the transversal directions
has been considerably reduced. A significantly higher ratio has been determined
in untreated wood. Behr, Briggs and Kaufert [37] found that the ratio of coeffi-
cients for longitudinal to tangential diffusion was approximately 40 for uncooked
spruce. Christensen also reported a ratio of about 40 for the diffusion of sodium
chloride in uncooked pine samples [38]. Diffusion in the radial direction, however,
was less restricted and the ratio between longitudinal to radial diffusion was only
approximately 11 in the temperature range between 20 and 50°C. The corre-
sponding diffusion coefficients in longitudinal, tangential and radial directions at
20°C were measured as 5 x 10 m’s™, 0.12 x 10 m* s™ and 0.46 x 10" m’s™,
respectively (see also Tab. 4.13) [38].

McKibbins worked under neutral conditions and used cooked chips as a model
substrate. Thus, the results of his investigations were primarily applicable to the
washing of unbleached kraft pulps.

Talton and Cornell also studied the temperature-dependence of the diffusivity of
sodium hydroxide at a pH greater than 12.9 out of uncooked chips into a water
bath [39,40]. Chips from plantation-grown loblolly pine were handcut to dimen-
sions of 25 mm (longitudinal) by 25 mm (tangential) by 3—6 mm (radial). To elim-
inate diffusion in the longitudinal and tangential directions, the sides of the chips
were coated with an impermeable barrier, as shown in Fig. 4.9.
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Fig. 4.9 Definition of chip parameters according to Talton
and Cornell [40].

The data were correlated to temperature using Eq. (49). The results obtained for
the frequency factor, A, and the activation energy, E,, were 1.36 x 10’ m” s and
22.3 kJ mol ™, respectively. Thus, a diffusion coefficient at 38 °C in the radial direc-
tion calculates to 4.2 x 10™"° m” s™', which is close to the value determined by
McKibbins, though for cooked chips (see Tab. 4.11). Talon and Cornell also mea-
sured the influence of the diffusion coefficient on the extent of kraft pulping in
the yield range between 67% and 99% at 30 °C. They found a linear relationship
between the diffusion coefficient and the yield percentage. By combining the tem-
perature and the yield dependency of the diffusion coefficient, the following
expression can be obtained:

2688
D=VT-[124-10°~1.12-10"*Y,,] - Exp- (_T) (50)

where Y, represents the pulp yield after kraft pulping.

Assuming a pulp yield of 67%, the diffusion coefficient D increases to
15.3 x 10 m® s™ at 38°C, which is more than four-fold the value found by
McKibbins.

Both McKibbins and Talton and Cornell measured the diffusion coefficients in
the reverse direction, for example, from saturated uncooked or cooked wood to

dilute solution, neglecting eventual hysteresis effects [41].

stirrer  — —  stirrer
«¢——conductivity electrodes——p>

v

= — X

concentrated solution, ¢, dilute solution, cg

Fig. 4.10 Apparatus for determining the diffusion coefficient
through wood chips.
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Robertsen and Lonnberg determined the diffusion of NaOH in the radial direc-
tion of spruce (Picea abies) using a diffusion cell consisting of two chambers
which are connected by a square opening into which a wood chip fits [1,42]. The
only diffusion contact between the two chambers was through the mounted wood
chip. A scheme of the diffusion cell is shown in Fig. 4.10.

Both sides are provided with stirrers, the intention being to avoid concentration
gradients. The chambers are equipped with conductivity measurement cells and
temperature compensation probes. The concentration ¢z in the dilute solution is
calculated with the Debeye—Hiickel-Onsager equation when

Ky

5 =A (51)
B

where 1, is the conductivity and Ay is the molar conductivity of c;.
The molar conductivity can be calculated using the Debeye—Hiickel-Onsager
equation:

Ap=AL— (A+B-AL) /G (52)

with Aj, the limiting molar conductivity at infinite dilution. A and B are known
functions of the Debeye-Hiickel-Onsager coefficients of water (A = 60.2;
B =0.229).

Provided that D is independent of the concentration of the impregnation liquor,
the diffusion can be assumed to follow Fick’s first law of diffusion:

J=-D- (53)

dL

where | is the alkali molar diffusive flow velocity [mol m* s™'], D is the diffusion
coefficient in the wood [m” s™'], and L is the chip thickness [m].

In case steady-state conditions are attained, the diffusion rate through the plate
is constant and thus J can be expressed by Eq. (54):

(o — c5)

J=D-A- :

(54)

where A is the effective area of the plate, ¢, and ¢; are the concentrations of the
two liquids, and cy>c;. The diffusion coefficient, D, can be computed by applica-
tion of Eq. (54). The electrical conductivity of the dilute solution, ¢, is plotted
against diffusion time. The slope of the resulting curve and the relationship be-
tween the solute concentration (e.g., NaOH) and conductivity, the chemical trans-
port by diffusion can be calculated as mol time™.

The intimate contact of hydroxide ions with wood components immediately
leads to deacetylation reactions [41]. Molecular diffusion can be determined alone
only after completing deacetylation reactions prior diffusion experiments. Further-
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more, if convective flow can be neglected, it can be assumed that for each value of
time t, Fick’s first law of diffusion applies according to Eq. (53).
Since J can be defined as

V  dcg
J= Ad (55)
where V is the diffusion cell volume which is constant over time, A; the interface
area of the wood chip in the experimental diffusion cell and combining Egs. (53)
and (55), and when assuming that the chip is very thin, then the derivative can be
approximated by the incremental ratio Ac/AL= (¢, — ¢5)/L and the relationship can
be expressed in Eq. (56):
V‘dCBi D (cs — )

A dt L

(56)

When ¢, >> ¢z, which can be assumed as the bulk concentration ¢, is kept con-
stant, then
Eq. (56) yields to the following expression:

L.V (dc B/alt)
—e

D= (57)

where (dcg/dt) is the slope of the experimental results. It must be ensured that the
slope remains constant, and this can be achieved by successive experiments con-
ducted at moderate temperatures (so that only deacetylation occurs).

The procedure to calculate D can be explained on the basis of a simple experi-
ment described by Constanza and Constanza [43]:

As wood sample radial poplar wood chips were used:

e Temperature 298 K

o C, (NaOH) Tmol L
¢ L (chip thickness) 0.15cm

Y 1000 cm’
o A 8.41 cm’

Three consecutive experiments were conducted to ensure that the deacetylation
reactions were complete. In the third experiment, the assumption that only diffu-
sion occurred appeared to be correct. The slope of the diffusion experiment was
determined as 5.50 x 10° S cm™-min”". Considering a molar conductivity of
NaOH of 232 x S cm” mol ™, the experimental diffusion coefficient was obtained:

D_L'V'(dCB/dt)_0.15.1000- om0 e 1oos[ Mol
B A; - C, - 841-1 ! ' I min

2 2
—431-10"* {ﬂ} =7.18-10°1 {ﬂ} (58)
min N
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This value was quite comparable to data reported previously (see Tab. 4.13).

Robertsen and Lonnberg studied the influence of NaOH concentration in the
range between 0.5 and 2 mol L™ and the temperature dependence in the range of
300 to 400 K. They experienced a slight increase in diffusion with time, probably
due to the progressive dissolution of wood components. Not surprisingly, due to
the high level of caustic concentration, no dependency of D on the NaOH concen-
tration was observed. The temperature dependency was evaluated according to
Eq. (49). The results obtained for the frequency factor, A, and the activation ener-
gy, E,, were 3.02 x 107 m’ s™ and E, = 23.7 k] mol ™, which were close to the val-
ues found by Talton and Cornell for NaOH diffusion in uncooked loblolly pine
wood.

In a recent study, Constanza et al. determined the diffusion coefficient in the
radial direction of poplar wood (Populus deltoides carolinensis) [41,43]. A significant
sigmoid dependency of D on the alkali concentration, especially in the range be-
tween 0.05 and 0.2 mol L', was found (Fig. 4.11).

The relationship between the pH of an aqueous solution and the diffusion was
reported previously using the concept of effective capillary cross-sectional area
(ECCSA) [44—46]. ECCSA describes the area of the paths available for the chemical
transport which may be proportional to the diffusion coefficient. ECCSA was orig-
inally determined as the ratio of the resistance R of bulk solution to the resistance
R’ through the wood of the same thickness. It is a measure for the total cross-sec-
tional area of all the capillaries available for diffusion. It is defined as the ratio of
the area available for diffusion to the area which would be available if no wood at
all were present. Stone [44] used aspen (Populus tremuloides) as a wood source for
the first trials. In the longitudinal direction, ECCSA is independent of pH and
time and showed a value of about 0.5, which meant that 50% of the gross external
cross-sectional area would be available for diffusion. In the tangential and radial
directions, however, the area available for diffusion was very limited until a pH of
approximately 12.5 was reached (Fig. 4.12).

By further increasing the pH, the ECCSA in the transverse direction approaches
almost 80% of the permeability in the longitudinal direction. The pH dependency
may be related to the swelling effect. The increased porosity of the cell walls at pH
levels higher than 12.5 can be led back to the high swelling of the hydrophilic part
of the wood components, mainly the carbohydrate fraction. The interaction be-
tween the solute ions and the carbohydrate fraction reaches a maximum at a pH
of 13.7, which corresponds to the pK, of the hydroxy groups. From the results
obtained with uncooked chips (Stone with aspen [44], Higglund with spruce [45]),
it can be concluded that strongly alkaline aqueous solutions (>0.5 mol L) can be
considered capable of diffusing into wood at almost the same rates in all three
structural directions. Bickstrém investigated the influence of ECCSA on the pulp-
ing yield using pine as a raw material. The experiments were made at a constant
pH of 13.2, and the results confirmed the assumption that with progressive pulp-
ing the accessibility increases in the transverse directions (Fig. 4.13).
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Fig. 4.13 ECCSA at a pH of 13.2 as a function of pulp yield
after kraft cooking of pine (according to [46]).

ECCSA can also be related to D according to the following expression:

D= DNu‘—wuteY(T) - ECCSA (59)

where Dy, ue (T) is the diffusion coefficient for sodium ions in a solution of
highly diluted NaOH. ECCSA compensates for the pH and the pulp yield in the
diffusion of sodium ions in the uncooked or cooked wood chips [47]. Equation
(59) demonstrates that the diffusion rate is controlled by the total cross-sectional
area of all the capillaries, rather than their individual diameters.

Quite recently, another approach has been undertaken to determine the active
cross-sectional area [48]. It is assumed that all the pores in the different directions
investigated can be approximated as a bundle of linear capillaries. In the longitu-
dinal direction, the flux of water through a wood chip is calculated by using
Darcy’s law:

av
jo g k(4P k- Ap (60)
A, n \dl n-l

where dV is the volume of the water that passes the wood chip in time dt, dP/dl is
the pressure gradient, k, is the longitudinal permeability, and m is the viscosity of
water. Rearranging Eq. (60) gives the equation for the determination of the active
cross-sectional area in longitudinal direction A,

avy .
A¢:7( ‘f:}_ A: : (61)
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The flow of water through the wood chips is measured in the longitudinal direc-
tion by applying a small pressure (p) according to the descriptions in ASTM 317
[49]. Several different pressures are used, and (k™ - 17') is measured as the slope
of the assumed linear water flux.

Due to a very small flow, the active cross-sectional area in tangential direction
cannot be measured accurately using the equipment described in ASTM 316 [49].
Alternatively, the active cross-sectional area in tangential direction is calculated by
using the Stokes—Einstein model for diffusion:

k-T
= — (62)
671N Anaci
where a is the mean radius of the sodium ions and 1 is the kinematic viscosity.
Assuming that NaCl does not interact with the wood, the active cross-sectional
area in tangential direction can be calculated by combining Eqs. (62) and (57).
Rearranging for an explicit expression of the active cross-sectional area A, in tan-
gential direction gives
Ac
52)-VLom-oug
k-T-c

Ay =67 < (63)

The results for the active cross-sectional area for the three wood species pine,
birch and spruce, as calculated with Egs. (61) and (63) are presented in Tab. 4.12.

Tab. 4.12 The active cross-sectional area determined for the
wood species pine, birch and spruce.

Directions Pine Birch Spruce
[m’] [m’] [m]

Tangential 0.042 0.023 0.032

Longitudinal 0.736 0.532 0.787

The values presented in Tab. 4.12 are slightly higher in the longitudinal and
lower in the tangential directions as compared to the ECCSA values published by
Hartler for spruce [50] and Stone for aspen [44]. In relation to the values for spruce
and pine, the calculated value for A, for birch is obviously too low considering the
very high diffusion coefficient (see Chapter 4.2.3.5.1).

An overall diffusion coefficient for white liquor Dy, (T) has been developed by
using the Stones-Einstein relationship [see Eq. (62)] to the following expression
[51]:

1.083 T

Dy (T)=16-107° ———— —
w(T) 2.0-1,(T) 290

(64)
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where the coefficients are related to the value of Dy, (T) at 17°C as a reference.
The kinematic viscosity of the white liquor is approximated by doubling the value
for water, 1, which is 1.0 m” s at 20°C and 0.28 m’ s™ at 100°C.

The combined dependence of the diffusivity of sodium ions on temperature, hy-
droxide ion concentration and the residual lignin fraction was taken into account
by one single expression [52]:

2452.4
D=95%10"- VT Exp (- T) (~2.0-0;, +0.13- [OH**40.58)  (65)

where q, is the mass fraction of lignin.

This expression for the diffusion coefficient of sodium ions is integral part of
the kinetic model for kraft pulping introduced in Chapter 4.2.5 (Reaction
kinetics).

4.2.3.5.1 Dependency of D on Wood Species

The diffusion of Na,S and NaOH into birch (Betula verrucosa), pine (Pinus sylves-
tris) and spruce (Picea abies) was studied separately in longitudinal and tangential
directions at 25 °C [48]. The apparatus used in the diffusion experiments was sim-
ilar to that described by Robertsen (see Fig. 4.10) [1]. The major objective of this
investigation was to measure the concentration dependence of D for the three dif-
ferent wood species. The results confirmed the high dependence of D on the con-
centration of both HS™ and OH' ions. Tangential diffusion in birch is significantly
higher for both ions as compared to the softwood species. In addition, the diffu-
sion coefficient for NaOH in birch was more than 10-fold that in the longitudinal
direction (Dypgos-c = 192 x 107" m® s versus Digngas-c = 14 x 10 m’s" ata
NaOH concentration of 1 mol L™"). The exceptionally high diffusion in the tangen-
tial direction has been attributed to the presence of transversal wood ray in birch,
which offers channels with a more open structure than the pores that connect the
fibers to each other. Moreover, an extremely value of D (~300 x 10’ m”s™) of HS™
in pine in the longitudinal direction with a sharp maximum at 0.7 mol L is
reported. It was speculated that both the activity of the solutions and a change in
capillary effects may partly explain the large value of D. In summarizing the
results, it can be concluded that the diffusion characteristics of NaOH were found
to be quite similar for pine and birch. For spruce, the diffusion of NaOH proceeds
very slowly, especially at low concentrations. The poor diffusion characteristics of
spruce can be related to the reported difficulties in the impregnation of spruce
wood under industrial conditions which results in high reject contents.

4.2.3.5.2 Diffusion Rate of Lignin Macromolecules [53]

The intrinsic diffusion rate of kraft lignin within the fiber walls of a black spruce
kraft pulp can be determined under alkaline conditions using a displacement cell.
A very wide distribution of D-values ranging from 10 to 107° m’ s was
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obtained by analyzing the diffusion rate with a computer model based on the
mathematical solution for diffusion in a hollow cylinder. The diffusion rate
increased with increasing pH (12-14). A large portion of the D-values of kraft lig-
nin determined at pH 13 was about 10" m’ s”. Furthermore, it was found that
the diffusion rate was affected not only by the size of lignin molecules and pores,
but also by electrostatic interactions between pore walls and lignin. With increas-
ing electrolyte concentration, the thickness of the electrostatic double layer
decreases. At higher ionic strength, the repulsive forces on the diffusion of mole-
cules with higher charge density will be reduced.

4.2.3.5.3 Effect of Pressure Steaming on lon Diffusion [48,54]

The pretreatment of pine (Pinus sylvestris), birch (Betula verrucosa) and spruce
(Picea abies) chips with hydrothermal steaming at a temperature of 160°C and a
pressure of 6 bar affects the diffusivity of sodium salts in different ways. The
water content in the voids reached approximately 100% with steaming, but only
80% after immersion in de-ionized water for 24 h. Pre-steaming affects the tan-
gential flux less than the longitudinal, and this can be attributed to the combined
effects of opening pores and swelling. In the longitudinal direction, the steaming
increases both the active area of diffusion and the length of flow. The tangential
diffusivity of the OH™ and HS" ions is, however, only improved in spruce — which
indicates that steaming is a very efficient pretreatment for this wood species.
Nonetheless, in the transverse direction pre-steaming is an efficient way to

increase the water content in the void structure of the other wood species pine
and birch.

4.2.3.5.4 Comparative Evaluation of Diffusion Coefficients

Table 4.13 provides a selected overview of published D-values for sodium ions
from both NaOH and NaCl in radial and tangential directions of a variety of wood
species. For reasons of comparison, the D-values were calculated or directly deter-
mined at 25 °C.

The measured diffusion coefficients for the important radial direction were in
rather good agreement. This was very surprising, because quite different experi-
mental set-ups (from saturated wood to dilute solution versus from high concen-
tration in the bulk liquid to low concentration in the wood void system), analytical
methods to determine the sodium ions, wood species and modes of calculation
(Fick’s first versus second laws of diffusion) were applied. The diffusion coeffi-
cient in the radial direction out of cooked chips, as determined by McKibbins,
appeared to be comparatively low, though this may have been caused by diffusion
combined with chemical reaction (deacetylation), as was noted by Constanza et al.
[41]. On the other hand, their objection was quite doubtful because cooked chips
no longer contain acetyl groups. Very remarkable, however, was the very low acti-
vation energy determined by Kazi and colleagues [55,56] which was almost one
magnitude lower as compared to values obtained by others (see Tab. 4.13). Two
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Tab. 4.13 Comparison of published diffusion coefficients (D)
of sodium ions at various conditions and wood substrates,
T =25 °C=const.

Publication Species Yield Cyou Dy, ¥10° D ¥10° A, *10" E,\,, A,L*10 E,
[%0.d] [molL"] [m*s™] [m?*sT] [m%s7-K*] [k] mol™] [m?*s™'- K] [k] mol]

McKibbins, 1960 Spruce  *50  neutral 4.7 2.6 7.97 25.5 0.53 20.2
Christensen, Pine 100  neutral 5.7 0.5 0.57 18.5 0.02 16.6
1951

Talon & Cornell, Lobolly 99 pH>12.9 2.9 1.36 22.3
1987 pine

Talon & Cornell, Lobolly 67 pH>12.9 10.5 4.90 22.3
1987 pine

Robertsen & Spruce  °99 >0.5 3.7 3.02 23.7
Lonnberg, 1991

Constanza, 2001 Poplar ~ °99 0.05 1.4

Constanza, 2001 Poplar °99 1.00 7.3

Kazi, 1997 Spruce  °99 2.27 54.0 1.5 0.01130 3.2 0.00027 2.8

x Estimation based on permanganate number.
° Assumed after NaOH treatrment.

reasons have been quoted as being responsible for the low activation energy —
namely, the application of Fick’s second law of diffusion, which does not consider
surface area, and the special experimental set-up used (impregnator) where no
NaOH-desorption step from the wood block (which also needs activation) was con-
sidered. Nevertheless, the numerical values of D in radial directions were quite
comparable, such that any of these values can be used for modeling the impregna-
tion process by diffusion.

4.2.3.6 Diffusion Model
(The numerical solution of the diffusion model is described in Section 4.2.3.8.)
The presented diffusion model is essentially based on the studies of Kazi and
Chornet [2,55,56]. This model has been selected because it is applicable to differ-
ent impregnation temperatures and pressures, and also demonstrates the main
parameters influencing the efficiency of impregnation. As mentioned previously,
any impregnation process comprises both liquid impregnation into the capillaries
and diffusion through cell walls, pit membranes and other structural elements of
the fibers. To avoid any significant chemical reactions, impregnation should be
conducted at a lower temperature, preferably below 100 °C. When the cell wall
pores are filled with water — or, in other words, when the moisture content in the
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chip is well above its fiber saturation point — the chemical impregnation is con-
trolled by diffusion.

4.2.3.6.1 Model Structure

The impregnation model is limited to the following assumptions:

¢ Chemical impregnation follows Fick’s second law of diffusion.

 The model considers axial and radial diffusion. Both axial and
radial diffusion coefficients are independent of radial and axial
position in the cylindrical samples. However, radial and tangen-
tial diffusion are not distinguished and are treated equally.

* The solute concentration (NaOH) in the impregnation solution
remains constant.

¢ The temperature is uniform throughout the sample.

* No chemical reactions occur between the matrix and the diffusing
chemicals at the temperature of impregnation.

* The diffusion coefficient of NaOH into wood is considered to be
independent of pH (valid for concentrations > 1 mol L™).

 Despite swelling, the sample geometry remains invariant with time.

In the present model, D is assumed to be dependent only on pressure, tempera-
ture and the pore structure of the chip sample.

The pressure influence on diffusion can be expressed by extending the Arrhe-
nius-type equation [Eq. (49)]:

D:Do-\/_TTPm-Exp(—E) (66)
RT
where:
« D = diffusion coefficient, cm*s™
* D, = diffusivity constant, cm”*s™- K™’
¢ p=dimensionless pressure term (i.e., the ratio of absolute pres-
sure to atmospheric pressure)
* m= pressure power constant

Considering all of the assumptions made above, the diffusion process can be
described by Fick’s second law of diffusion [35]. Its differential form in cylindrical
coordinates is given by Eq. (67):

aCc 1 o ac\ a (._aC :
e o5 e (05)] ke 7

where C is the concentration of the diffusing species at the position (1, z), k is the
reaction constant between chemical and matrix, n is reaction order, r is radial
direction and z is axial direction.
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If it is assumed that no chemical reaction (of relevance) takes place, the term
k - C"can be eliminated from Eq. (67).

Radial and axial diffusion are investigated separately. Thus, the radial direc-
tional impregnation is isolated from the axial one by sealing the outer surface in
the radial and axial directions. The surfaces were sealed with an appropriate seal-
ing material, thereby creating impermeable barriers. The open faces represent
then either the axial or the radial surfaces (Fig. 4.14).

radial

axial Sealed surfaces

A B

Fig. 4.14 Sketch of the wood sample prepared for unidirec-
tional impregnation according to Kazi and Chornet [57].

(A) For radial impregnation, the axial surfaces are imperme-
able; (B) for axial impregnation, the radial surfaces are
impermeable.

Equation (67) is divided into two separate equations: one for radial concentra-
tion and one for axial concentration only. Thus, it is assumed that there is no in-
teraction between radial and axial diffusion processes.

4.2.3.6.2 Radial Concentration Profile

A long circular cylinder in which diffusion is everywhere radial. Consequently,
concentration is then a function of radius, r, and time, t, only, and the diffusion
equation becomes

aC 1 9/ dC

ﬁ7Dr. [?E<r§):| (68)
The initial and boundary conditions must be considered:
e IC: C=0at0<r<aatt=0

e BC: C=Cyatr=aatt=>0
C=finiteatr=0att>0
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e C, chemical concentration at the edge of the sample
(= initial concentration)
*a radius of the cylindrical sample

In contrast to the case of Kazi and Chornet, Eq. (68) is solved numerically (for an
explanation, see Section 4.2.3.8).

4.2.3.6.3 Axial Concentration Profile
The equation for the axial concentration profile is given as:

oC 9'C

with the initial and boundary conditions given below:
e IC: C=0atz>0att=0
e BC: C=Cjatz=0att>0

C=Cjatz=Zatt>0

Again, Eq. (69) is solved numerically (see Section 4.2.3.8).

4.2.3.6.4 Experimental

The heartwood section of Populus tremuloides was chosen as a substrate for the
impregnation study. A cylindrical probe with a radius a = 25 mm and a length
Z = 150 mm was prepared. The axis of the cylindrical sample is parallel to the
fiber axis representing the longitudinal direction. The radial surface represents
the radial and tangential surfaces of the wood sample.

The bare surfaces were exposed in the impregnator to a solution of 2.3 mol L™
NaOH for 60 and 15 min for radial and axial impregnation, respectively, under a
variety of conditions (temperature 25, 50, 75 or 100 °C; pressure: 200, 790, 1480
and 2179 kPa). The experimental set-up and the conditions are described in detail
elsewhere [56,57]. The concentration profile of Na' ions, the diffusing species,
was determined by measuring the local X-ray intensity on the sliced sample. After
completion of the impregnation, the samples were frozen and sliced at marked
locations using a fine power saw. The marked samples were then subjected to
scanning electron microscopy analysis. The X-ray intensity of the sodium element
at the sample edge was defined as reference intensity, I,. The X-ray intensity is
directly proportional to the concentration of the Na* ion. Thus, the X-ray intensity
ratio, I/I,, translates to the concentration ratio, c/c,. Equations (68) and (69) can
be solved using I/1,.
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42.3.6.5 Examples and Results

A selection of the results published by Kazi and Chornet [56] were used to evaluate
the impregnation model and to calculate D at the given impregnation conditions.
Axial impregnation with a 2.3 mol L™ NaOH solution was calculated for two dif-
ferent conditions:

 Conditions A: Pressure 200 kPa, Temperature 75 °C, time 15 min.

 Conditions B: Pressure 1480 kPa, Temperature 100 °C, time 15 min.

The concentration profiles obtained from model and experimental results are
depicted in Fig. 4.15.

Figure 4.16 shows the radial profiles for the same impregnation conditions as
in Fig. 4.15, under conditions B.

The calculated diffusion coefficients, D, at the given conditions are summarized
in Tab. 4.14.

1.0 Hardwood Axial Impregnation
NOA A P=200kPa; T=2348K,t=15min
o S ® P=1480kPa; T =373 K, t = 15 min
"(E 0,8 1
c
i)
g 0,6 1
c
3
c \\Q\\ [+
g 0,4 e
T °
3
2 02
A @ Experiment
1T— Model
0,0 T T T T ¥ T T T
0 10 20 30 40

Axial Position, Z, mm

Fig. 4.15 Profiles of concentration ratio for axial impregnation
with 2.3 mol L' NaOH at specified conditions A and B

(see text). Wood sample length Z =150 mm; radius a=25 mm
(data from Kazi and Chornet [56]).
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1,0 1
® Hardwood Radial Impregnation
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Fig. 4.16 Profile of concentration ratio for radial impregnation
with 2.3 mol L™ NaOH; impregnation pressure = 1480 kPa;
temperature = 100 °C. Wood sample length Z = 150 mm;
radius a = 25 mm (data from Kazi and Chornet [56]).

Tab. 4.14 Conditions of selected impregnation experiments [56]
and calculated diffusion coefficients, D, by numerical solution
(see Section 4.2.3.8).

Parameter unit Axial Radial
Temperature °C 75 100 100
Pressure kPa 200 1480 1480
Time min 15 15 60
D (calculated) 10°cm?s™  293.6 503.3 0.98

According to the results listed in Tab. 4.14, the D-value for axial diffusion is
more than 500-fold higher than that for radial diffusion under the same impreg-
nation conditions. This ratio of diffusion coefficients is thus more than 10-fold

higher than that reported by Christensen [38] and Behr et al. [37].

Based on extensive impregnation experiments, Kazi and Chornet have calcu-
lated the coefficients Dy, m and E, from Eq. (66) for the radial and axial directions.

The results are shown in Tab. 4.15.

The diffusion coefficients calculated directly by the impregnation model, and
summarized in Tab. 4.14, correspond quite well with those calculated with Eq. (66)
using the average diffusion coefficient parameters listed in Tab. 4.15. The activa-



4.2 Kraft Pulping Processes

Tab. 4.15 Diffusion parameters from Eq. (66) calculated by Kazi
and Chomet [56]. These values were obtained from experiments
using 14 samples impregnated with a 2.3 mol L-1 NaOH
aqueous solution at different pressures, temperatures and times.

Parameter unit Axial Radial

D, cm?- st K05 1.98%107* 5.77%1077
m 0.27 0.38

E k] mol™ 1.235 2.700

tion energies for diffusion in the radial and axial directions are significantly lower
than those obtained by others (see Tab. 4.13). Several explanations for the low acti-
vation energies have been put forward. First, when diffusion occurs from the
impregnated wood to the water solution surrounding the wood sample, the effec-
tive surface area can be assumed to be significantly higher than the geometric
area due to surface roughness. Second the release of the diffusing substance from
the wood block comprises two process steps, namely desorption and diffusion.
Accounting for both the higher effective surface area and the elimination of the
desorption process step would eventually lead to lower activation energies.

The model also considers the influence of the pressure during impregnation of
wood chips. Such pressure may change the geometry of the pore system, and also
affect the diffusion coefficient for chemical diffusion into the wood chip. The dif-
fusion coefficient has been considered to be proportional to the dimensionless
pressure with a power factor m. The pressure power factor in the axial direction is
found to be smaller than that for the radial direction, which means that the influ-
ence of pressure is more significant in the radial direction (see Tab. 4.15).

The established impregnation model is able to predict the required time to
reach a steady-state concentration distribution within the chips which is a prereq-
uisite for homogeneous delignification reactions. The point concentration from
the surface to the center of the chip can be simulated by considering both chip
length and thickness. The course of the average and the center NaOH concentra-
tion in relation to the bulk concentration as a function of impregnation time were
calculated for two different impregnation conditions (Tab. 4.16).

The simulation result is shown in Fig. 4.17. Compared to the minimum concen-
tration at the chip center, the average concentration rises rapidly with increasing
impregnation time. The increase in impregnation pressure from 200 kPa to
2000 kPa reduces the impregnation time needed to reach an average concentra-
tion of 99% (of the NaOH concentration in the bulk solution) from 15 min to only
8 min. The same concentration level at the chip center requires a prolongation of
the impregnation time of up to 5 min, depending on the applied pressure.
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Tab. 4.16 Conditions for the impregnation of hardwood chips:
influence of pressure. Based an these conditions, the course of
average and minimum concentration in a chip are simulated by
the introduced impregnation model [56].

Parameter Unit Conditions

A B
Chip length mm 25 25
Chip thickness mm 6 6
Pressure kPa 200 2000
Temperature °C 80 80
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Impregnation time, min
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Fig. 4.17 Course of average and minimum concentration of
NaOH in a hardwood chip of thickness 6 mm and length

25 mm with impregnation time at two different pressure
conditions. Impregnation model based on Kazi and Chornet
[56] (numerical solution).

The simulation of point concentrations across the axial and radial directions in
a chip enables determination of progression of the impregnation front for a given
impregnation time. The two-dimensional concentration profile across chip length
and chip thickness after an impregnation time of only 1 min (80 °C and 2000 kPa)

is shown in Fig. 4.18.
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Fig. 4.18 Concentration distribution after 1 min of impregna-
tion. Chip dimensions: thickness 6 mm, length 25 mm.
Model simulation using the following impregnation condi-
tions: pressure 2000 kPa, temperature 80 °C. Impregnation
model based on Kazi and Chornet [56] (numerical solution).

As expected, the concentration gradient in both directions — axial and radial —
remains very pronounced after 1 min of impregnation. In this particular case, the
minimum concentration of the diffusing species, NaOH, is reached at only 1 mm
beneath the chip surface (radial direction).

Chemical impregnation into wood chips having a moisture content above the
fiber saturation point can be modeled by diffusion mechanisms. The introduced
model considers both radial and axial diffusion processes, and is able to predict
the required time to impregnate wood chips to achieve a uniform distribution of
active cooking chemicals.

4.2.3.7 Effect of Impregnation on the Uniformity of Delignification

The effects of chip size have been evaluated by several research groups. In a study
of kraft pulping of pine chips, Backman [57] stated that above a thickness of 1 mm
the reaction rate is at least partially controlled by the transport steps, while below
this thickness the rate is probably controlled by the rate of the chemical reactions
involved. Hartler and Ostberg identified that the Roe number remained constant
when the thickness was 3 mm or less [58], and Larocque and Maass found essen-
tially the same effect of chip size [59]. Both the chip size and the uniformity of
chip dimensions are very important criteria for pulp properties. In particular, chip
thickness is a critical dimension which strongly controls the extent of delignifica-
tion, the amount of rejects, and even strength development. Chip length and
width have been shown to have a minimal influence on delignification [12], with
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thick chips showing very steep delignification gradients. Wood is overdelignified
at the surface, while chip centers are almost undelignified. Gullichsen et al. [8]
reported a kappa number gradient from 14 on the surface to more than 120 in the
chip center for a 8 mm-thick chip of a Scots pine cook with an average screened
kappa number of 23.4 [8]. The same authors also noted that only chips with a
thickness <2 mm can be uniformly delignified under conventional cooking condi-
tions [8]. Uniform thin chips without knots and reaction wood can be produced
either by efficient screening or by applying an innovative chipping technique.
Another approach involves the application of chip pretreatments and optimization
of impregnation conditions, aimed at improving penetration and efficient diffu-
sion.

Recently, the effects of chip steaming and increased pressure impregnation dur-
ing the hot black liquor stage on the kappa number distribution inside handmade
pine chips (Pinus silvestris) were investigated by using reflection Fourier transmis-
sion infra-red (FTIR) spectroscopy (equipped with a microscope which enables a
lateral resolution of an area of approximately 100 x 100 um) [60]. Two scenarios
with different impregnation conditions have been compared with regard to the
uniformity of delignification. Scenario A represents very poor impregnation con-
ditions involving no pre-steaming and applying only 5 bar overpressure during
the hot black liquor stage. Scenario D, a very efficient mode of impregnation,
combines intensive pre-steaming (30 min, 105 °C) with a high-pressure treatment
(9 bar overpressure) during the hot black liquor stage. The subsequent cooking
steps and conditions were identical for the two scenarios investigated (Superbatch
technology, 17% EA on wood, 40% sulfidity, 170°C, 890 H-factor in cooking
stage). The handmade chips were cut to a length of 34 mm (longitudinal direction
in wood), a width of 14 mm (tangential direction in wood) and a thickness of
8 mm (radial direction in wood). To analyze the uniformity of delignification,
cooked heartwood chips were cut across the thickness dimensions at distances of
2 mm. Infrared spectra were measured along the chip length and along the chip
width from the middle to the edge, with steps of 2 and 1 mm, respectively. The
kappa number profiles within heartwood chips for cooking scenarios A and D are
illustrated in Fig. 4.19.

In cooking scenario A, the middle part of the 8 mm-thick chip (4 mm deep) was
clearly undercooked. There was a gradual transition along the chip length from
the edge kappa number of 40 to the undercooked regions with kappa number
over 90. In the tangential direction (along the chip width), kappa number rise
was, however, very abrupt close to the chip edge, which confirmed the limited
mass transfer in this direction (not seen).

In scenario D, with the application of pre-steaming and higher pressure profile,
the uniformity of delignification of heartwood chips was significantly improved,
though some gradient was present in the middle (4 mm deep) layer of the chip.
However, the undercooked region was much narrower than in scenario A. These
results confirmed the beneficial effect of reinforced impregnation conditions with
regard to the uniformity of delignification.
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Fig. 4.19 Delignification profiles within the pine heartwood of handmade chips [60].

An alternative method has recently been introduced to determine the alkali and
lignin concentration profiles in the free and entrapped liquor as a function of chip
thickness [61]. Eucalyptus globulus chips with dimensions of about 30 x 30 x 1 mm
and 30 x 30 x 6 mm were used as raw material for the impregnation and cooking
studies. Impregnation trials were carried out at 5°C and 80°C using a cooking
liquor with an effective alkali (EA) concentration of 19.3-22.6% on dry wood, a
sulfidity of 25-30%, and an initial liquor:wood ratio of 6:8. Cooking experiments
were conducted at 165 °C using only the 6-mm chips. At the end of each trial the
chips were immediately separated from the remaining free liquor and the excess
liquor at the surface was carefully removed with sorption paper. The chips were
then pressed to 350 bar for 2-3 min to release the entrapped liquor that had been
collected in a previously inertized flask and cooled in a similar ice bath. The free
and entrapped liquors were analyzed for EA and lignin concentrations according
to standard methods [62,63]. The concentration profiles for EA in both free and
entrapped liquors are illustrated for experiments with 1- and 6-mm chips at 80 °C,
and with 6-mm chips at 165 °C (Fig. 4.20). The results confirmed the remarkably
high difference between the entrapped and free liquor concentrations, especially
at the beginning of the reaction. For the thin chips of only 1 mm thickness, the
EA concentrations in both liquors were similar at about 60 min impregnation
time. However, for the 6-mm chips, even after 300 min, there was no equalization
of EA concentrations. Performing these experiments at a cooking temperature of
165 °C yielded a more significant decrease in the concentration of EA in the free
liquor, but this was not followed by a higher increase of EA concentration in the
entrapped liquor. These findings clearly indicate that higher consumption rates of
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Fig. 4.20 Effective alkali concentrations (normalized) in the
free (FL) and entrapped (EL) liquid phases versus time for
1- and 6-mm chips at 80°C and 165 °C.

alkali occur when chemical reactions are conducted at temperatures above 80 °C.
Moreover, the results reveal that, in such a heterogeneous process, the alkali con-
centration profiles in the free and entrapped liquors do not necessarily appear as
image and mirror image.

The consumption of EA does not correspond to the alkali concentration in the
bulk liquor because the alkali inside the chip is not totally consumed by the wood
components. It is clear that the alkali concentration in the entrapped liquor deter-
mines the dissolution of wood components, and this must be considered in the
development of a heterogeneous delignification kinetic model.

The concentration profiles of dissolved kraft lignin in both entrapped and free
liquors depend heavily on the reaction temperature. At 80 °C, the concentration of
dissolved lignin in the bulk liquor remains very low, indicating only a small
degree of delignification at this temperature. Inside the chips, the concentration
rises quickly to a constant low level. When the temperature is increased to 165 °C,
the dissolved lignin concentration in the entrapped liquor reaches a maximum
after about 80 min. Continuing the cooking process leads to a decrease in dis-
solved lignin concentration in the enclosed liquor due to a slow-down of the
delignification rate, and this results in an overall enhanced mass transfer of lignin
to the free liquor. The whole mass balance of lignin calculated from lignin concen-
tration profiles in the entrapped and free liquors and the lignin content in the
wood chips is illustrated in Fig. 4.21.
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Fig. 421 Mass balance of lignin during impregnation at 80 °C
and kraft cooking at 165 °C using Eucalyptus globulus chips
with a thickness of 6 mm.

The data shown in Fig. 4.21 confirm that at a temperature of 80°C, which is a
typical temperature for impregnation, only negligible delignification occurs. At
165 °C, the expected pattern of residual lignin as a function of time can be ob-
served. The total normalized mass of lignin increases up to 10% of its initial value
being attributed to experimental errors as dissolved extractives contribute to lignin
concentration using UV detection at 280 nm.

4.2.3.8 Numerical Solution of the Diffusion Model
The solution of Eqgs. (68) and (69) is calculated numerically by a finite difference
scheme. The origin of the coordinate system is located at the cylinder center. For
the radial concentration profile [Eq. (68)], the interval [-a, a] is divided into 2n
pieces of equal size Ah= a/n, for the axial concentration profile [Eq. (69)] the inter-
val [-Z/2, Z/2] is divided into 2n pieces of size Ah= Z/2n. C; denotes the concen-
tration at iAh, thus Ci(t) = C(iAh,t).

The derivation of a smooth function can be approximated by a central difference
quotient:

df flx+h)—f(x—h)
dx )= 2h ‘ (70)
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To obtain an approximation for a second-order derivation, the second-order deriva-
tion is replaced by a central difference quotient of first-order derivations, after
which the first-order derivations are replaced by central difference quotients.

The resulting difference equations for Eq. (68) are

. D, 1 1 .
G)= o5 (14 29C() ~ 260 + CL(((1—57)  i=T.n1 (71)
i

and

. D, ,

Ci(t)= W(Ciﬂ(t) —-2G((t)+ Ci(t) i=1,..,n—-1 (72)
for Eq. (67).

The condition that C is finite at r = 0 in Eq. (68) implies %—f (0,t) =0fort>0

and symmetry of problem Eq. (69) implies %C (0,t) = 0 for t > 0. After approxima-

tion of C,, C, C,with a quadratic polynomial this conditions transform into:

Go(1)= 3G~ 3G 73)

After inserting Eq. (73) into Eqgs. (71) and (72) respectively, a system of ordinary
differential equations (ODE) is obtained which can be solved by any standard
numerical ODE solver with good stability properties.

Euler’s implicit method is used in the sample code. Only a set of linear equa-
tions with a tridiagonal system matrix is solved each time step.

4.2.4
Chemistry of Kraft Cooking
Antje Potthast

4.2.41 Lignin Reactions

In pulping operations the lignin macromolecule must be degraded and solubi-
lized to a major extent. Inter-lignin linkages are cleaved and the fragments dis-
solved in the pulping liquor. The reactivity of different lignin moieties towards
pulping chemicals and pulping conditions is highly dependent on the chemical
structure. An understanding of the major reactions of lignin moieties has been
established by experiments applying low molecular-weight model compounds fea-
turing lignin substructures, assisted by modern analytical techniques. The reactiv-
ity of lignin subunits differs most notably depending on whether the phenolic
units are etherified, or not. In general, the reactivity of phenolic moieties is signif-
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icantly enhanced over nonphenolic lignin units. In the following sections, the
reactions of the more reactive phenolic units under alkaline pulping conditions

will be addressed.

4.2.4.1.1  Phenolic Subunits
The following reactions form the basis of the degradation/
dissolution of phenolic lignin moieties during pulping under alkaline conditions:
* Jonization of phenolic groups
e Cleavage of a-aryl-ether bonds and the most abundant -O-4-
ether links
* Liberation of free phenolic groups

l OMe

The B-O-4 and a-O—4-ether links (cf. Scheme 4.2) taken together represent the
most abundant connections between lignin units (up to 65%) [1]. Hence, the be-
havior of these moieties in the pulping process have been extensively analyzed in
model compound and lignin studies.

The key-intermediate is the para-quinone methide (3), which is formed from
the B-aryl ether structure upon ionization of the phenolic residue and elimination
of the aryl substituent in a-position by a vinylogous B-elimination [2] or by alkali-
induced cleavage of the cyclic a-aryl ether bonds, for example cleavage of the phe-
nylcoumaran-type substructure via quinone methide. The reaction is reversible,
but addition of a nucleophile (e.g., HS") in a subsequent reaction step leads to re-
aromatization by nucleophilic addition of HS™ to the C-a of the quinone methide,
which is the driving force. A common feature of all major pulping processes is
the reaction of nucleophiles (nucleophilicity increases in the order OH™ < HS™
< SO,") with electron-deficient centers at the lignin molecule, resulting in cleav-
age of inter-lignin linkages and a higher hydrophilicity of the resulting lignin frag-
ments and thus a better dissolution in the pulping liquor.

4.2.41.2 Lignin: General Structure

Once the para-quinone methide has been formed, a number of reactions may pro-
ceed as outlined in Scheme 4.3, which can be divided according the type of trans-
formation into addition, elimination and electron transfer reactions. The electron
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density distribution at the quinone methide intermediate, as illustrated in Scheme
4.4, finally determines the pathway of subsequent processes. The size of the
respective atomic orbital [Lowest Unoccupied Molecule Orbital (LUMO) distribu-
tion; Scheme 4. 4, left] denotes the nucleophilicity — that is the probability of a
nucleophilic attack, whilst red zones (Scheme 4.4, right) denote centers of high
electron density. The electron-deficient sites are marked in Scheme 4.3 by 6+, situ-
ated at alternating carbons starting from the keto carbon.

Quinone methide-Intermediate

CH,OH CH,OH CH,OH
A0 A : HOH,C
OAr OAr & OAr
-ArO”
OMe k\ OMe 5+ OMe
OH=_ o 0
OH 3
2 c
1
% B \
» Electron transfer
ﬁ\ggggnhﬁgs Elimination reactions
P reactions

Scheme 4.3 Formation of quinone-methide (3) and subsequent reaction pathways.

Scheme 4.4 LUMO-distribution (left) and electron density
distribution of the quinone-methide intermediate [4].
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Reaction Path A

Addition of Nucleophiles

In kraft cooking, the nucleophilicity of the hydrosulfide anion is higher as com-
pared to the hydroxyl ions, which results in an improved delignification behavior
in comparison to soda pulping. Other nucleophiles present in the pulping liquor,
such as the carbon-centered mesomer of phenoxide anions or nucleophilic species
originating from carbohydrates, may also compete for the quinone methide,
finally resulting in condensation reactions rather than fragmentation.

Scheme 4.5 outlines the fragmentation of the B-aryl ether bond by hydrosulfide:
after addition of HS™ to the quinone methide, an intramolecular attack at the
neighboring B-carbon (neighboring group participation [5]) causes formation of a
thiiran intermediate 6. Elimination of elemental sulfur (formation of polysulfide)
with concomitant re-aromatization yields coniferyl-type structures (8).

CH,OH

CH,OH
il
OAr QAF

CH,OH _ CH,0OH

+HS~ l\v s,
—_— —_— —_—
) oMe - OMe - OMe -~ ome
4 5 6 7 8

Scheme 4.5 Addition of hydrogen sulfide to quinone methide structures.

Cleavage of phenolic a- and B-aryl-ether linkages proceeds relatively easily. This
reaction has thus been proposed as the major pathway occurring in the initial
phase of delignification in kraft pulping [6] (see Section 4.2.5, Kinetics).

Condensation Reactions

The formation of stable carbon—carbon bonds between lignin units is normally
referred to as “condensation”. Such condensation processes lead to lignin struc-
tures which are more difficult to cleave. This applies mainly to the terminal phase
of the kraft cook as well as to the residual lignin structures. The unoccupied
5-position in guaiacyl units is very susceptible to carbon—carbon coupling reac-
tions, and is less frequent in kraft lignin as compared to the more genuine MWL
(Milled Wood Lignin). The lignin moieties with 5-5’, B-5, 5-O-4 and diphenyl-
methane structures (DPM) are considered as condensed units. Condensation reac-
tions are thought to proceed through addition of a carbon-centered mesomer of
phenoxide anions (donor) (in the carbon-centered resonance form) to a quinone
methide (acceptor), and results in a novel a-5-bond (primary condensation), a
Michael-addition-type reaction [7]. Condensation with formaldehyde leads to
stable diarylmethane units (cf. elimination reactions) (Conclusive evidence for the
outlined condensation reactions during pulping and in residual lignin structures

Z
\
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is still missing [56].) However, it has recently been shown with 2D-NMR tech-
niques that the amounts of DPMs are very small [below the detection limit for
HSQC experiments (0.05-1%)] [8,9], while novel a-5 are shown to be present only
to a minor extent [10,55]. Interestingly, more o-5-units are found in hardwood
than in softwood lignins, and these structures are more abundant in the dissolved
lignin than in the residual one. From the structures of these moieties it is con-
cluded that condensation occurs after lignin degradation rather than before. Thus,
if condensation really occurs in lignin (it can also be simply an accumulation of
native lignin condensed moieties), the mechanism might be different to that
hitherto comprehended.

Condensed phenolic structures can be analyzed using "C-NMR, permanganate
oxidation and *'P-NMR [11]. *'P-NMR is a semi-quantitative technique, especially
with regard to condensed moieties, and requires a good resolution of the spectra.
*'P-NMR is limited to the analysis phenolic (condensed/non-condensed) moieties
only.

Recently, Gellerstedt et al. [12] proposed a novel concept for the formation of
condensed units in residual lignins based on a one-electron mechanism with ele-
mental sulfur as the radical initiator. The products of a model study with the ob-
served sulfur bridges are presented in Scheme 4.6. However, the model does not
explain condensation reactions in soda pulping.

An increase of condensed structures in residual lignins as kraft cooking pro-
ceeds was also confirmed by solid-state NMR. However, it cannot be determined
whether these structures are just enriched during pulping or are formed de novo
[13], which is a general question dealing with condensation in lignin chemistry.

OH
OH 3
H,C CH,

polysulfide/NaOH
cH.  165° 30 min s S

3
OH Q
H,C CH,

OH

OH

Scheme 4.6 Model reaction to demonstrate the action of
sulfur as electron-transfer reagent under kraft conditions to
bring about condensation reactions in lignin (from Ref. [12]).
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Reaction Path B

Elimination Reactions

Starting from the quinone methide, the y-hydroxymethyl group can be eliminated
as formaldehyde, resulting in an enol ether structure. This reaction is prevalent in
soda pulping, causing a lower selectivity [5], but also observed at the start of the
bulk delignification phase during kraft pulping, despite a high initial charge of
sodium sulfide [50]. The amount of enol-ether structures approaches a maximum
at about the time when the maximum cooking temperature is reached, and is
believed to have a decisive influence on the amount of residual lignin [14]. How-
ever, the total amount of enol-ether is rather small, especially in residual lignins.
Interestingly, a large quantity of enol-ether units was detected in dissolved soda
lignin, as expected, but not in the corresponding residual soda lignin [10].

The B-hydrogen can also be eliminated in another base-induced reaction. The
formaldehyde, which is highly reactive, can further condense with carbon-cen-
tered mesomers of phenoxide anions leading to stable diarylmethane compounds
10 (Scheme 4.7) that have been suggested to be present in residual lignin [15,16].
The amount of these diarylmethane structures have been roughly estimated by a
combination of nitrobenzene oxidation and the nucleus exchange method [15-19],
though this technique has been proven to be erroneous.

The B-aroxy styrene-type structures (9,11) show a high resistance towards alkali,
and may even survive the kraft cook (cf. structure of residual lignin)[20,21].

CH,OH
~ “OAr
CH,OH .-
= “on ‘ OMe
OAr / 10
7
“OH -HCHO OAr
. = HCHO
i OMe g O O
o OMe MeO OMe
3 o 9 O 10 O

Scheme 4.7 Formation of enol ethers and elimination of
formaldehyde with subsequent condensation to diaryl-
methane-type structures.

The action of the strong nucleophile HS™ also causes a partial demethylation
reaction at the methoxyl groups of lignin [22]. The formed methyl mercaptane is
itself a strong nucleophile, and reacts further with another methoxyl group to
yield dimethyl mercaptane (Scheme 4.8), an extremely volatile (but nontoxic) com-
pound which is responsible for the typical odor of kraft mills. Methyl sulfide can
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be further oxidized to dimethyl disulfide upon exposure to air. In total, about 5%
of the methoxyl groups of lignin are cleaved.

OX.
— — + CH,SH —»CHasch —— CHSSSCHJ
O0—CH, SR o
OR OR
R=H or Me

Scheme 4.8 Demethylation reaction at lignin methoxyl groups and formation of mercaptanes.

Reaction Path C

Electron-transfer Reaction

In the alkaline cooking liquor, reducing compounds such as carbohydrate moi-
eties, or pulping aids such as AHQ (Anthrahydroquinone), are also present.
Hence, the quinone methide can be reduced by different compounds, as was dem-
onstrated by model compound studies (Scheme 4.9). The process is postulated to
proceed according to a single-electron transfer mechanism involving radical inter-
mediates (12) [23]. The structural analysis of residual lignin in pulp also supports
the occurrence of such mechanisms to a minor extent [24].

OR"

OR OR OR
OAr . OAr OAr =
+e~
— -ArOH
g OMe OMe oMe -7 OMe
o o o o
3 12 13 14

Scheme 4.9 Reduction of the quinone methide, and formation of coniferyl-type structures.

4.2.4.1.2 Nonphenolic Units

Non-phenolic units are more difficult to cleave than units with a free phenolic hy-
droxyl group. To a small extent, fragmentation proceeds via oxirane intermediates
(13) formed by a neighboring group-assisted mechanism (Scheme 4.10).
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I OMe

The cleavage of nonphenolic lignin units requires more drastic conditions (tem-
perature, alkalinity), and the reaction is consequently assigned to the bulk deligni-
fication phase of a kraft cook.

/N CH,OH ( CH,OH CH,OH
o- 0 (HS) o -
r \__HO"or HS®
_A
_ ~
OMe -~ OMe OMe
OMe OMe OMe

% ch.on

M

Me
OMe 18

Scheme 4.10 Intramolecular formation of epoxides and
nucleophilic opening of the oxirane, either by hydroxyl or
hydrosulfide ions (path A) or by carbohydrate hydroxyl groups
and subsequent formation of stable LCC. (path B)

Starting from epoxide 16, hydroxyl groups of carbohydrate moieties can also
attack C-a, resulting in opening of the oxirane ring and formation of lignin-carbo-
hydrate ether bonds. These linkages are stable to some extent under the condi-
tions of bulk delignification, and are thus considered to be one of the reasons for
alkali resistant inter-unit linkages and incomplete removal of lignin [25]. Example
reactions, carried out with model compounds, also underline the necessity of high
alkalinity towards the end of a kraft cook to prevent the increasing formation of
stable lignin—carbohydrate-complexes (LCC) (Scheme 4.10, Path B).
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For a-keto lignin units (frequency of 19 in MWL of spruce approx. 0.2 per Cy
unit [26,27]), a sulfidolytic cleavage as depicted in Scheme 4.11 is also possible.
Nonphenolic a-ether structures are stable in all phases of the kraft cook [128].

CH,OH

S
(0]
OAr
+HS _ -OAr
HS
OMe
OMe

20 22

Scheme 4.11 Sulfidolytic cleavage of the b-O-4 ether at a-carbonyl structures.

4.2.41.3 Chromophore Formation

In comparison to other pulping methods (e.g., the sulfite process), residual lignin
in unbleached kraft pulp has always a higher specific absorption coefficient — that
is, the pulp appears darker. The reason for this can be seen in the formation of
unsaturated and highly conjugated compounds. The oxidation potential of phe-
nols is substantially lowered under alkaline conditions; hence the formation of
quinoide and higher condensed structures from phenolic lignin units is favored
in the presence of oxygen or air, according to Scheme 4.12.

The formation of such structures — together with the alteration within the residual
lignin itself — are one reason for the decreased bleachability of kraft pulps. Chro-
mophores can be isolated and analyzed after hydrolysis with BF;-acetic acid com-
plexes [28].

24

Scheme 4.12 Formation of chromophores from phenolic lignin substructures.
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4.2.41.4 Residual Lignin Structure (see Section 4.2.5)

The structure of the residual lignin which still remains in the pulp after cooking
depends highly on the degree of delignification, as well as on the kraft process
conditions. To study this lignin, an isolation procedure must be applied, with cur-
rently available approaches being enzymatic procedures and acid-catalyzed hydro-
lysis [29-32] or combinations thereof [33,34]. It is important to know that the pro-
cedure chosen (e.g., acidolysis) has an influence on the structure of the residual
lignin [35,36], and that the yield of dioxan lignin is rather low. Enzymatic methods
isolate the lignin less destructively, with a higher yield with still intact lignin car-
bohydrate linkages. The yields of residual lignins, for both enzymatic and acid
hydrolyses, are lower for hardwood lignins [37]. Enzymatic methods introduce
protein impurities which must be removed at later stages [38], but improved
methods to remove the latter from lignin preparations are available [37]. An acid
hydrolysis may cleave ether linkages to a certain extent, but provides lower yields
and somewhat purer lignin preparations.

Residual lignin still contains intact B-O-4 ether structures, as well as a very
small amount of enol ethers which are indicative of elimination reactions. Lignin-
carbohydrate complexes are also proposed to be present in residual lignin [30,39-
41], and this has been confirmed with 2D-NMR [10,55]. Residual lignins can gen-
erally be characterized by changes in the functional group distribution, or by dif-
ferent NMR techniques.

Condensed structures (5-57, B-5, 5-O-4 and DPM) in residual lignins are either
enriched or generated during pulping, and can be roughly determined by degrada-
tion methods or NMR techniques, or combinations thereof [42—-47]. However, the
DFRC method showed a limited potential for quantification with lignins [48].

Phenolic groups determine to a large extent the reactivity of lignin, and increase
its solubility. Free phenolic groups are generated by cleavage of the different ether
linkages, hence the dissolved lignin contains more free phenols compared to the
residual lignin, whereas in MWL the value is even less (Tab. 4.17).

Table 4.17 Phenolic hydroxyl groups in different
lignin fractions according to Gellerstedt [49,50].

Lignin type OH-groups/100 C9
Wood 13

Residual 27

Dissolved 50-60

The same trends were subsequently confirmed later by Faix et al. [51] and Froass
etal. [52,53].

B-Aryl ether structures: In general, the amount of B-aryl ethers decreases as the
kraft cook proceeds, although a substantial number of noncondensed B-aryl ether
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structures remains in the residual lignin. The numbers of these in the dissolved
lignin, and in the lignin remaining in the pulp, approach similarity towards the
final phases [21,50]. However, in most dissolved lignins the amount is rather low,
and it can be concluded that most of them are cleaved.

Quinoide structures: o-Quinones may result from the oxidation of ortho-dihydroxy
benzenes (catechols), which are formed upon demethylation of the aromatic
methoxyl groups (cf. Scheme 4.8 and Scheme 4.12). They exhibit a dark color, and
are therefore considered to form a major part of the chromophores of kraft pulp
[54]. An overview on the structure of residual and dissolved kraft lignins as visual-
ized by NMR has been provided by Balakshin et al. [55].

4.2.4.2 Reactions of Carbohydrates

The reactivity of carbohydrates in kraft pulping depends highly on structural fea-
tures such as morphology, crystallinity or degree of polymerization (DP). Cellulose
is more resistant towards alkaline media and suffers less degradation than hemi-
celluloses.

Under strongly alkaline conditions (as prevail in kraft and soda pulping), all car-
boxyl groups are neutralized. Swelling promotes penetration of the cooking chem-
icals into the wood matrix. The high pH at the beginning of the cook may also
ionize part of the hydroxyl groups and lead to a deacetylation (T > 70 °C) of acetyl
moieties in hemicelluloses (from softwood galactoglucomannans and hardwood
glucuronoxylans) with increasing temperature. The hemicelluloses, in particular,
undergo base-catalyzed hydrolysis of acetoxyl groups to produce acetoxyl anions,
which consume a considerable amount of base during the heating-up period of
the kraft cook, and are responsible for a decrease of about 0.35 and 0.9 mol alkali
per kg wood for hardwood and softwood, respectively [56]. In addition, acids
formed from the carbohydrates decrease the effective alkali content.

A major portion of the deacetylated hemicelluloses dissolve in the pulping
liquor. At a later stage of the cook, the hemicelluloses precipitate on the cellulose
fiber, increasing the fiber strength. During the bulk phase of the cook the carbohy-
drates — including the deacetylated hemicelluloses — are reasonably stable. In the
final residual delignification phase the decrease in the concentration of alkali
tends to decline, and this leads to the aforementioned reprecipitation of hemicel-
luloses on the fiber matrix. The retake of xylan (addressed in detail by Meller [57])
can be analyzed spatially on the resulting fibers by using either chemical [58] or
enzymatic peeling techniques [59,60]. Degradation of celluloses also occurs mostly
in the final phase.

In general, the following reactions proceed with carbohydrates under kraft con-
ditions:
¢ Deacetylation @ T < 70°C
e Peeling and stopping reactions @ T > 80°C
e Random hydrolysis (= secondary peeling) @ T > 140 °C
¢ Fragmentations
* Dissolution of hemicellulose
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e Elimination of methanol from 4-O-methylglucuronic acid resi-
dues and formation of hexenuronic acid

 Re-adsorption of hemicelluloses on the fiber surface

» Stabilization of carbohydrates against peeling (oxidation)

 Formation of chromophores

4.2.42.1 General Reactions Decreasing the DP

The degradation of wood carbohydrates can be divided into three basic reactions.
End-wise peeling (A, Scheme 4.13) slowly lowers the DP from the reducing end,
whereas oxidative peeling (B) cleaves the polymer chain randomly and alkaline
hydrolysis (C), occurring at higher temperatures, is also referred to as secondary
peeling. All of these processes (cf. Scheme 4.13) may occur simultaneously, their
rate being highly dependent on the chemical structure and the prevailing condi-
tions (type of monomer, branching, state of oxidation, concentration of hydroxyl
ions, temperature).

C: alkaline B: oxidative peeling A: peeling
hydrolysis

TH e Y HDH N
acid or lacton

|:| anhydrosugar unit
B&Z] oxidized unit
—D—m 777\ reducing end unit

777 Nt R N S S 777 R 7779\
I

considerable DP loss

Scheme 4.13 Schematic model of cellulose/hemicellulose
degradation under alkaline conditions.

Peeling
Peeling removes the terminal anhydro-sugar unit, generating a new reducing end
group until a competitive stopping reaction sets in, forming a stable saccharinic
acid end group. The peeling reaction starts with the well-known Lobry de Bruyn-—
Alberda van Ekenstein rearrangement [61], an isomerization reaction of carbohy-
drates under alkaline catalysis with the intermediate formation of an enediol
anion species (28) [62,63].

The elimination of the cellulose chain in B-position to the anionic intermediate
leads to a dicarbonyl structure (33) in the leaving unit, which is extremely
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unstable under alkaline conditions and undergoes various degradation reactions,
such as benzilic acid rearrangements or Cannizzaro reactions, eventually yielding
isosaccharinic acid (34) or 2,5-dihydroxypentanoic acid, respectively, as main deg-
radation products of cellulose (Scheme 4.14). Enolization of the starting carbohy-
drate as the rate-determining step is accelerated by increased OH" concentrations.
Depending on the reaction conditions, about 50-60 glucose units are peeled off
before a competitive stopping reaction sets in (Scheme 4.15) [64]. Here, reducing

-OH
OH
HOH,C H</ HOH,C_ OH
RO » 0
HO™  on H\:HCB/H R0 —OH
27 1,2-endioll 28 29 H
-OH
OH OH //
ROS OH =—— RQ = OH RO~ = OH
30 31 HO
HOH,c_ OH HOH,c_ OH
-RO- : 0 : 0 BAR CH,OH_ OH
B OH OH -
HO o HO OH
32 3 34
HO

R = cellulose chain

Scheme 4.14 Mechanism of the peeling reaction. BAR = benzilic acid rearrangement.

HOH,C_ OH HOH,C_ OH HOH,C_ OH, OH
H HOH,C OH
Rd & o RO o RO OH
-~ HO" HO e — HO RO OH
39 ” H -HO 27 H 29 0 3
HoH,c_ OB /
: HOH,C OH on
co o S0 Ro% s
H o
40 H
-H,0
OH
HOH,C OH
o]
RO 0 38 o) BAR 37
H —~—— OR
41 RO OH
OH OH o

Metasaccharinic acid

R = cellulose chain

Scheme 4.15 Major stopping reaction. BAR = benzilic acid rearrangement.
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end groups are stabilized by conversion into the corresponding aldonic acid by
simple oxidation, or by conversion to metasaccharinic acid (41) or 2-hydroxy-2-
methyl-3-alkoxy-propanoic acid, respectively [65]. The activation energies for the
peeling and stopping processes have been estimated as 103 kJ mol" and
135 kJ mol ™, respectively [66]. This implies that the peeling reaction becomes less
pronounced with increasing temperature.

Oxidative Peeling
If keto or aldehyde groups are present along the cellulose chain, they generally

cause cleavage of the glycosidic bond in alkaline media by B-alkoxy elimination
(cf. Scheme 4.16). Therefore, oxidized groups in the C2, C3 or C6 position are

OH0 OH
RO y/o\ 0 oR
HO OH HO
K
42
\O OH"
(o]

OH
H
OHO o
+ N\ OR
RO
Ho OH HO OR
OH 43 o 44 Ho  COOH 45

reducing fragment

Scheme 4.16 B-elimination reaction at C2-keto units.

OH lo) OH
(o] g lo) o
—_—
RO
RO o OR’ HO OH
HO HO OH
OH OH 43
46 47 reducing fragment
OH OH OH
o o o) 5
RO o .
HO OR OR
OH
o 48 OH OH
OH OH OH
0 RO ° RO °
+ —
HO Ho OR’ P> B —_—>
OH o o A
50 4 OH o

non-reducing fragment

Scheme 4.17 Cleavage of the glycosidic bond by
B-elimination at C3-keto and C6-aldehyde structures along
the cellulose chain [67].
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considered as “weak links” or “hot spots” along the chain. Keto groups at C2 (42)
or an aldehyde at C6 (46) and the anomeric carbon are referred to as “active carbo-
nyls”, leading to a new reducing end group (43), which might undergo further
degradation reactions. A keto group at C3 (48) is considered as an “inactive car-
bonyl”, since B-elimination eventually forms a non-reducing end (50) and a stable
acid (51) (cf. Scheme 4.17).

Alkaline Hydrolysis

At elevated temperatures (T > 140°C), direct chain cleavage of cellulose com-
mences — a process that is also referred to as alkaline hydrolysis or secondary peel-
ing. This reaction is mainly responsible for observed yield losses during alkaline
pulping. The reaction mechanism is depicted in Scheme 4.18.

Elevated temperatures facilitate a conformational change of the pyranose ring
from the *C, conformer with all hydroxyl groups arranged in equatorial position
to a 'C, conformation, with all hydroxyl groups arranged axially (52). Starting
from this molecular geometry, the ionized hydroxyl at C2 reacts by intermolecular
nucleophilic attack to form an oxirane intermediate (53) under elimination of the
cellulose chain in position 1. The intermediate oxirane can be opened either by
reaction with hydroxyl ions (formation of a terminal glucose moiety, 43) or again
by an intramolecular reaction with the ionized C6 hydroxyl, yielding an anhydrate
(levoglucosan, 54). The activation energy has been determined to be 150 kj mol™
for cotton [68] and 179 k] mol™ in Soda-AQ-pulping for spruce cellulose [69].

The ultrastructure of cellulose also plays a crucial role in the reaction under
alkaline conditions, and may also affect the reaction rate [70]. Atalla et al. [71]
demonstrated by raman spectroscopy cellulose II structure is formed in kraft
pulp, while Isogai et al. [72] reported the formation of cellulose IV from amor-
phous regions of cellulose I during kraft pulping. Amorphous regions are more
readily attacked than highly ordered domains. Even though the DP is decreased,
the total yield loss during alkaline hydrolysis at elevated temperatures is appreci-
ably small.

CH,0H OR HC OH

H
OH- OH
o) /
(0]
53
/ H,C—0
OH
(0]

R = cellulose

OR OH 54

Scheme 4.18 Alkaline hydrolysis of glycosidic linkages at elevated temperatures.
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Specific Reaction of Xylans

The side chain substituents in the xylan (either the 4-O-methylglucuronic acid in
hardwood xylans, or the arabinopyranose in some softwood xylans; for structures,
see Chapter 1) significantly hamper the alkaline degradation [73] (see above). The
xylan backbone undergoes the peeling reaction until a unit with a substituent in
position 2 or 3 is reached, or a stopping reaction with the formation of xylo-meta-
saccharinic acid and xylo-isosaccharinic acids sets in.

Model studies have indicated that at low temperatures the linear backbone of
xylans are subjected to the peeling reaction at a higher rate compared to cellulose
[74], though the peeling reaction was strongly retarded by side chain branches
(4-O-methylglucuronic acid) in position C2 (57) [75].

OH OH
[o} o
MeO o MeO °
HO HO
—_—
OH —— OH + degradation

. o (0] products
HO L0 HO 0, .0
H HO OH HO \OH HO
o OH o) HO OH

57 58 59

Scheme 4.19 Stopping of the peeling reaction at 4-O-methyl-
glucuronic acid side chains (adopted from Ref. [75]).

Johansson and Samuelson [76,77] demonstrated that the peeling reaction is also
hindered by a rhamnose substituent at C2 or an end group carrying a 4-O-methyl-
glucuronic acid residue. Since these units are more stable, the peeling reaction
pauses at this point until a temperature is reached at which the substituent is
cleaved and the peeling process can be then resumed [78-81]. Recently, novel
insights into the distribution of uronic acids within xylan showed that uronic
acids are distributed rather randomly in hardwood xylan, but quite regularly in
softwood xylans [82].

Also galacturonic acid end groups stabilize the xylan against peeling at lower
temperature (T > 100°C), but they are equally degraded at temperatures above
130°C. 4-O-Methylglucuronic acid residues, partially converted into the corre-
sponding hexenuronic acid (T > 120 °C) (cf. Scheme 4.20), are believed to stabilize
the xylan towards depolymerization. The hexenuronic acid formed has a higher
stability towards alkali, so that further peeling of the chains is prevented [83]. The
arabinose units in softwood xylans also contribute to the higher alkali stability by
inducing the stopping reaction. However, at elevated temperature these effects are
reduced and the arabinose units are also cleaved [84].
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Scheme 4.20 Formation of HexA and cleavage of the side chain [83,90].

The hexenuronic acid side chains in xylans undergo elimination of methanol
under alkaline conditions, forming hexenuronic acid residues (i.e., 4-deoxy-L-
threo-hex-4-enopyranosyl-uronic acid, 61, 62) [85]. The reaction is promoted with
both increasing alkali concentration and temperature [86,87]. After kraft pulping
only about 12% of the carboxyl groups in accessible xylan are still of the
4-O-methylglucurono-type [88]. Formation of HexA is discussed as a cause for the
stability of xylans during kraft cooking due to prevention of peeling reactions at
the branched unit. Eventually, the hexenuronoxylose is further decomposed to
xylitol 83. HexAs are seen as being partly responsible for the diminished bright-
ness stabilities of bleached pulps. As under acidic conditions hexenuronic acids
are unstable, an acidic treatment can be used to selectively remove HexA from the
pulp [89].

Hexenuronic acids add to the total carboxyl group content in kraft pulps, and
also to the kappa number. To estimate the actual amount of residual lignin in
pulps, a modified kappa number has been proposed, which selectively disregards
nonlignin fractions [91,92]

Specific Reactions of Glucomannans

Glucomannans are less stable than xylans, and undergo a rapid endwise peeling.
One reason for the higher reactivity is the lack of substituents [93]. Galactose resi-
dues in galactoglucomannans are believed to have a similar stabilizing effect as
the side chains in xylans [84,94]. However, Timell [95] considers the link between
Gal and the backbone as a rather weak one, which will be cleaved readily under
alkaline extraction conditions.

Xylan and Fiber Morphology
During pulping, the xylan is dissolved and also modified to a large extent. Towards
the end of the cook [96,97], part of the xylan — which is still of oligomeric nature —
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is re-precipitated at the cellulose fibers [98-102], thereby increasing pulp yield
[103], changing the mechanical characteristics (increasing strength) of kraft pulps
[104,105], and affecting the fiber quality. Hereby, the structure of the xylan affects
the adsorption characteristics to a large extent, and increasing the removal of car-
boxyl groups thereby favors the retake of xylan [106].

The interaction of cellulose and hemicellulose in kraft pulps can be addressed
by a number of modern analytical approaches. Differences in hemicellulose con-
centrations are observed between the surface and the inner layer of a kraft pulp
fiber. In the pulps investigated (softwood and hardwood), the amount of hemicel-
luloses is generally larger at the surface as compared to the inner layer. The MWD
and sugar composition of the hemicellulose deposits can be studied with MALDI
and CE [107,108]. Analysis of the solid material involves CPMAS-"C-NMR studies
[109-112], association and localization of hemicellulose on pulps are studied by
GPC [113-116], and the use of enzymes in combination with other analytical tech-
niques provides insights into bonding types [117-119], as well as LCC and hemi-
cellulose structures [120,121].

Carbohydrate-derived Chromophores

Low molecular-weight carbohydrates can undergo further reactions under the
alkaline conditions of a kraft cook. Besides a series of isomerizations and further
fragmentations, condensation to cyclic compounds and phenols can also occur
(cf. Scheme 4.21). A number of catechols, phenols and acetophenones could be
detected in model studies with glucose and xylose [122]. Some of these can also
form stable radicals [123], which can also be detected in alkaline solutions from
hot caustic extractions of cellulose [124]. Chromophores are also produced by oxi-
dation reactions under alkaline conditions [125].

HO——H —2 H——
H——OH HO——H \ I 0 OH
H——OH H OH _ [FO He R1
CH,OH
Scheme 4.21 Formation of chromophores from carbohydrate monomers.

4.2.4.3 Reactions of Extractives

Extractives are complex mixture of terpenes, fats, waxes, resin acids, fatty acids,
phenols and tannins. Most extractives are soluble in alkaline solutions, and a
good solubility permits the processing of wood species that are rich in extractives
(including tropical woods). In kraft pulping, however, high extractive contents of
wood may result in a considerable reduction in pulp yield. This in turn leads to an
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increase in the consumption of chemicals, since extractives react rapidly with
alkali and thus the amount of available hydroxyl ions is reduced [126]. The dissolu-
tion of extractives during pulping is of primary importance. Extractives are
responsible for pitch problems in papers, they may also prevent delignification by
covering parts of lignin with resinous material or simply reduce the penetrability
of cooking chemicals into the wood [127], and they add to the toxicity of kraft mill
effluents. The total amount of extractives which can be recovered from pulp mills
varies greatly with the wood species and the storage conditions of the wood
(Scheme 4.22). The highly volatile fraction is called turpentine, sulfate turpentine
or tall oil (from the Swedish “tall” = pine), and is recovered from the digester relief
condensate [128]. The sulfur-containing fractions (mercaptanes) need to be
removed from the distillates.

Ve (\/\);/\COOR extractives

saponification

turpentine —=<—— pulping | 7 P
isomerization

/\(\/\)I;/\COO_Na+ soap skimmings
L acidification

crude tall oil

destillation
pitch residue

fatty acids resin acids

extraction <——  heutral
compounds

(e.g. sterols)
light oil

Scheme 4.22 Fractions of extractives obtained after kraft cooking [128].

Fatty acids and resin acid esters are saponified in alkaline pulping and recov-
ered as tall oil soap [1]. Acidification of the crude tall oil yields the corresponding
free acids. This deacidification process consumes a large amount of sulfuric acid,
which can be reduced by a carbon dioxide pretreatment.

Wood terpenes undergo mainly condensation reactions during pulping, and are
collected as sulfate turpentine. The major reactions of extractive components are
as follows:

e Fatty acids [129]: these undergo isomerization reactions (the shift
of double bonds in the fatty acid chain from cis to trans, or vice
versa) under alkaline pulping conditions, and are mainly dis-
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solved. Nonconjugated double bonds are transformed to mainly
conjugated isomers. The degree of conjugation is highly influ-
enced by the prevailing conditions during the cook. For linoleic
acid, almost no isomerization was observed at 150 °C, whereas at
180 °C almost 98% were isomerized [130]. The incorporation of
fatty acids into residual lignin has recently been demonstrated [12].

e Resin acids [129]: these are also mainly dissolved. Part of the levo-
pimaric acid (65) is converted to abietic acid (66), though the
extent of this reaction during pulping is variable (Scheme 4.23).
The acidification and heating of sulfate soap finally converts most
of the levopimaric acid [131,132].

COOH 6 COOH

Levopimaric acid Abietic acid

Scheme 4.23 Conversion of levopimaric acid to abietic acid during the kraft process.

o Waxes: sterol esters and waxes are saponified much more slowly
as compared to the glycerol esters. Waxes and triglycerides are
hydrolyzed during alkaline pulping; hence, no esters are detected
in sulfate soaps [129]. The sterol esters, waxes and free sterols do
not form soluble soaps as do free acids, and therefore have a ten-
dency to deposit and as such cause pitch problems.

A number of extractives survive the cook more or less unchanged, and this portion
is referred to as the “non-saponifiable” fraction.

4.2.4.4 An Overview of Reactions During Kraft Pulping
The course of dissolution of lignin and carbohydrates reveals three distinct phases
of a kraft cook: initial, bulk, and residual delignification which affect the single
wood components as summarized in Scheme 4.24.
e Initial phase: the initial stage is characterized by losses in the car-

bohydrate fraction, which is more pronounced for hardwoods as

compared to softwoods [133]. The hemicelluloses undergo deace-

tylation and physical dissolution, and peeling reactions also start.

Cellulose degradation by peeling is negligible in terms of yield

loss. Reactive phenolic lignin units, such as 0-O-4-ethers, are

cleaved as early as the initial phase.
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* Bulk phase: The core delignification occurs in the bulk phase and,
importantly, both phenolic and nonphenoplic -O-4-ether bonds
are cleaved. About 70% of the lignin is removed. The reactions of
the carbohydrates are characterized by secondary peeling (i.e.,
alkaline cleavage of the glycosidic bonds), but also by stopping
reactions, which are favored at elevated temperature. Methanol is
liberated from 4-O-methylglucuronic acid side chains, and hexe-
nuronic units are formed.

* Residual phase: the residual phase begins at a delignification rate
of about 90%. Delignification has slowed down considerably due
to depletion of reactive lignin units. It is believed that the chemi-
cal nature of the residual lignin hampers further degradation
reactions. A slow delignification is accompanied by rapid carbohy-
drate degradation, causing disproportionate carbohydrate losses.
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| Hemicelluiose « Formation of HexA * Re-
« Deacetylation and - Cleavage of side chains Precipitation
- issolution of hemicellulose « Peeling, stopping, « Lhromophor-
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by T hydrolysis
£ 1
= 904 LIGNIN / * B-O-4 ether cleavage + Condensation|
B- and 0-O-4 ether cleavage (phenolic and non-phenolic units) * Chromophor-
1 of phenolic units g *Major part of the lignin removed formation
60 - « Condensation
30
0 cooking time in min

T 1 1
0 40 80 120 160 200 240

Scheme 4.24 Phases of delignification and respective reactions of wood components.

4.2.4.5 Inorganic Reactions

As can be deduced from Scheme 4.5, nucleophilic attack of hydrogen sulfide
results in the formation of elemental sulfur, which in turn results in a temporary
loss of active hydrogen sulfide. Elemental sulfur can further react with hydrosul-
fide ions to polysulfide (Scheme 4.25). This polysulfide may disproportionate to
thiosulfate and hydrosulfide. During a kraft cook, the amounts of polysulfide and
sulfide varies [12]. Gellerstedt et al. [12] demonstrated a rather constant concentra-
tion of sulfide ions and a decrease in polysulfide towards the end of a conventional
kraft cook. Teder [134] showed that the stoichiometric composition of a polysulfide
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solutions depends on the alkalinity, while the average size of the polysulfide
anions (S,S”) in equilibrium with elemental sulfur is independent on the prevail-
ing alkalinity. However, the concentration of hydrosulfide ions decreases with
increasing alkalinity.

HS™ + xSy===5,5" + H,0 (a)
SpS 4 HS™+ OH == 582, S 8% b
mnS + HS ™+ OH- === S8, S,S (b)

Scheme 4.25 Formation of polysulfide ions (a) and reaction
of polysulfide ions under cooking conditions.

The analysis of inorganic compounds in cooking liquors can be performed with
either ion-exchange chromatography or capillary electrophoresis [135,136]. Qui-
none-type compounds are thought to be responsible for the rapid oxidation of sul-
fide ions to sulfite and thiosulfate [134].

4.2.5
Kraft Pulping Kinetics
Herbert Sixta

4.2.5.1 Introduction

The removal of lignin during kraft pulping is accompanied by the loss of carbohy-
drates, which mainly consist of hemicelluloses. Following a complete kraft cook,
the removal of the two major wood components shows a characteristic pattern.
The course of delignification in relation to the content of carbohydrates reveals
three distinct phases throughout the whole cooking process. The initial stage is
characterized by a substantial loss of carbohydrates, small but rapid delignifica-
tion and high alkali consumption. In the second stage — generally referred to as
the bulk delignification — the main dissolution of lignin takes place and the
amount of carbohydrates and the alkali concentration in the cooking liquor
decrease only slightly. Reaching a certain degree of delignification, the continua-
tion of the cook results in the residual delignification phase where the degradation
of carbohydrates, mainly cellulose, predominates. The low selectivity in the final
phase of a conventional kraft cook is a limiting factor, as both the yield loss and
the molecular weight degradation of cellulose are unacceptable. Consequently, the
cook should be interrupted before the residual phase is attained. Figure 4.22
shows the course of delignification and carbohydrate degradation during alkaline
pulping of beech (Fagus sylvatica) and spruce (Picea abies).

From the results in Fig. 4.22 it can be clearly seen that alkaline delignification is
accomplished in three phases. In the initial phase of alkaline pulping, approxi-
mately 22% of the total polysaccharides in both spruce and beech wood are
removed (which equals 15% and 16.9% of the mass of spruce and beech wood,
respectively). At the same time, the removal of lignin amounts to 11.7% of the
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Fig. 4.22 Yield of total amount of carbohydrates as a function
of the amount of lignin during alkaline pulping of spruce and

beech at a liquor-to-wood ratio of 4:1; an EA-charge of 20.6%

on wood; Results from Masura [1].

total lignin in spruce wood and 8.6% of the total lignin in beech wood (which
equals 3.4% and 1.8% of the mass of spruce and beech wood, respectively). Based
on the total wood yield, the removal of polysaccharides at the beginning of the
cook is 4.4-fold larger for spruce wood and 9.3-fold larger for beech wood as com-
pared to the lignin dissolution. The second cooking stage is characterized by a
very selective removal of lignin. There, only 6.8% of the total polysaccharides in
spruce wood and 5.9% of the total polysaccharides in beech are degraded to alka-
line soluble components (equal to 4.7% and 4.5 % of the mass of spruce and
beech wood, respectively). Simultaneously, 52.8% of the total lignin content in
spruce wood and 54.5% of the total lignin content in beech wood are dissolved
(which corresponds to 15.3% and 11.4% of the masses of spruce and beech woods,
respectively). This confirms that the second delignification phase is highly selec-
tive, as the amount of lignin removal is 3.2-fold that of the carbohydrates for
spruce wood and 2.5-fold that of the polysaccharides for beech wood. The third
phase of alkaline degradation is again characterized by a more intense degrada-
tion of the polysaccharide fraction as compared to the residual lignin. Although
the carbohydrate and lignin fractions of beech wood and spruce wood differ in
their molecular and structural composition, the course of delignification and car-
bohydrate dissolution is comparable for both species.

Removal of the single carbohydrate fractions during kraft pulping of pine (Pinus
sylvestris), divided into cellulose (C), galactoglucomannan (GGM) and 4-O-methyl-
glucuronoarabinoxylan (AX), was studied extensively by Aurell and Hartler [2].
Figure 4.23 shows the relative content of the wood components as a function of
the total yield during the whole kraft cooking process. Between 100 and 135 °C, or
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in the yield range between 92 and 78%, an extensive loss of GGM can be observed
which contributes predominantly to the yield loss during this initial cooking
phase. The loss of GGM is probably due to peeling reactions.

At 135 °C, the residual GGM remained quite stable throughout the subsequent
cooking. Its stabilization cannot be explained solely by chemical stabilization (e.g.,
the formation of metasaccharinate end-groups), but may also be attributed to the
formation of a highly ordered structure, which would significantly decrease the
rate of hydrolysis of the glycosidic bonds.

The dissolution of AX and lignin follows a similar pattern up to a temperature
of approximately 140°C. The amount of AX removed is quite small even during
the later phases of kraft cooking. The peeling reaction is of little importance, since
the removal of xylan is not significantly influenced by the presence of sodium bor-
ohydride [2]. The comparatively high stability of the softwood xylan towards the
peeling reaction is due to the arabinose substituents in the C-3 position. Arabi-
nose is easily eliminated by means of the B-alkoxy elimination reaction under
simultaneous formation of a metasaccharinic acid end group which stabilizes the
polymer chain against further peeling [3]. The content of 4-O-methylglucuronic
acid side groups of AX decrease significantly in the early phases of the cook. Si-
multaneously, the amount of another type of acidic group, 4-deoxyhex-4-enuronic
acid (HexA), increases. The HexA is a B-elimination product of 4-O-methylglu-
curonic acid [4,5]. The highest amount of hexenuronic acid, approximately 10% of
xylan, is detected at the end of the heating period. During the subsequent cooking
phases, about 60% of the formed hexenuronic acids are degraded again. The
removal of xylan increases during the cooking phase at maximum temperature,
which in part can be attributed to dissolution and in part to alkaline hydrolysis
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(secondary peeling). In addition, peeling reactions contribute to the degradation
of AX. The dissolution of xylan depends strongly on the effective alkali concentra-
tion. With an increasing effective alkali concentration, the amount of AX present
in the solid residue decreases. In the final cooking phase, when the effective alkali
concentration drops below a certain level, the absolute yield of AX increases again
due to its readsorption onto the fibers [6]. Hence, the alkalinity and the alkaline
profile of the kraft cook strongly affect the amount of AX present in the pulp. Dur-
ing a conventional kraft cook, 10-15% of the cellulose is dissolved. The removal of
cellulose starts at about 130 °C, increases to the maximum temperature, and then
slows down gradually. The cellulose degradation is limited to the amorphous
zones, probably involving peeling reactions, initiated at higher temperatures by
alkaline hydrolysis of glycosidic bonds.

The three phases of the kraft cook are obviously governed by the different reac-
tivity of the wood components involving different chemical and physical pro-
cesses. To achieve a high-quality pulp combined with an acceptable yield, the
chemical reactions must be stopped at a residual lignin content which can be
selectively removed in a subsequent ECF or TCF bleaching treatment. This is the
predominant aim of paper grade production. In the case of dissolving pulp pro-
duction, the major target is to adjust a certain weight average molecular weight of
the pulp carbohydrates, measured as intrinsic viscosity. The control of the most
important process and pulp quality parameters, such as the lignin content (mea-
sured as kappa number), the molecular weight (measured as intrinsic viscosity)
and the pulp yield requires a highly advanced process control system. The basis of
such a cooking model is the description of the kinetics of the chemical reactions
that occur in the digester. Because of the heterogeneity of the system, however,
pulping reactions are complicated and can thus not be regarded in the same way
as homogeneous reactions in solution.

This chapter provides first a review of both empirical and partly mechanistic
models of delignification, carbohydrate degradation and cellulose depolymeriza-
tion. Finally, a rather complete kinetic model for softwood kraft cooking is pre-
sented in detail. This kinetic model combines the model proposed by Andersson
et al. with expressions for the kinetics of delignification and carbohydrate degrada-
tion and the modified model of Kubes et al. which describes the rate of cellulose
chain scissions [7,8].

4.2.5.2 Review of Kraft Cooking Models

4.2.5.2.1 Model Structure

Kinetic studies are important in providing essential evidence as to the mecha-
nisms of chemical processes. The chemical reactions occurring during the kraft
pulping process in the solid-interface of wood and pulping liquor are very complex
and thus not known in detail. The pulping processes therefore cannot be treated
as having reaction kinetics similar to those of homogeneous reactions in solution.
The present picture of the reaction mechanisms is that the swollen lignin in the
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wood chip is degraded into fragments at the solid-liquid interface by the hydroxyl
and hydrosulfide ions present in the pulping liquor. Assuming different lignin
species, the delignification reaction of each can be approximated to a first-order
reaction. The rate constant can be calculated from the simple expression:

dL.
_Ttl k- (74)

The influence of the pulping temperature on the rate of delignification can be
expressed quantitatively according to the Arrhenius equation [9]:

k:A~Exp(—%~%> (75)

The validity of this simple approach has, however, been questioned on the
grounds that the rate-determining reactions are unknown [10]. Nevertheless, the
temperature dependence of the delignification reaction using the Arrhenius equa-
tion can be applied, provided that the reaction does not change over the tempera-
ture range studied [11].

The major objective of the development of kinetic models is to improve the con-
trol of digester operation. During the past 45 years, many studies of the kinetics
and transport behavior of the kraft pulping process have been carried out. Based
on the experimental results of these studies, kraft pulping models of varying com-
plexity have been developed for control and design purposes. Basically, all models
are data-driven and, according to Michelsen, can be categorized as either empiri-
cal (black box) and pseudo first-principle models (partly mechanistic) [12].

Empirical Models
Delignification

H-Factor concept

Process control in practical pulping is mainly based on empirical models due to
their simplicity and ease of implementation. One of the earliest kinetic models
was developed by Vroom and this, even today, is widely used for control purposes
[13]. This model is called the H-factor, and expresses the cooking time and temper-
ature as a single variable in batch reactors. It is defined as:

H= jkL - dt (76)

to

where k; is the relative reaction rate of pulping (dimensionless). The rate at 100 °C
is chosen as unity, and all other temperatures are related to this rate. An Arrhe-
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nius-type equation is used to express the temperature dependence of the reaction
rate. At a temperature T, it is expressed as

E,, 1

Ln(kyr) = Ln(A) — 7 T (77)

The reference reaction rate at 100 °C is simplified to

E 1
Ln(kL,l()O”C) =Ln(A) - % "373.15

(78)
The relative reaction rates at any other temperature can be expressed by the fol-
lowing equation:

kL.(T) _ E,p _ EA,L
koc R-37315 R-T

Ln (79)

The activation energy values E, for bulk delignification published in the literature
range from 117 kJ mol ' [14] for birch to 150 k] mol ' [15] for pine. Assuming an
activation energy of 134 k] mol ", according to Vroom the H-factor can be
expressed as

t t

szm-dt:JExp-(43.197@)41# (80)
klOO‘C T

to to

The H-factor is designated as the area under the curve of k vs. time in hours. As
an example, the H-factor for 1-h isothermal cooking at 170°C equals a value of
925. The H-factor was developed to predict the temperature or cooking time
needed to achieve a given Kappa number. This means that the result is only valid
when the relationship between the H-factor and the Kappa number is known, pro-
vided that the other cooking conditions such as effective alkali concentration,
liquor-to-wood-ratio, etc. are kept constant. In this case, the prediction of kappa
number is of sufficient precision. Figure 4.24 shows as an example the course of
kappa number and yield as a function of H-factor for softwood kraft cooking.

Depending on the charge of effective alkali and the sulfidity of the cooking
liquor, H-factors in the range of 1000 to 1500 are needed for a complete kraft cook
[17].

A number of simple models for the relationship between two or three process
variables have been developed. Hatton describes a model to predict yield and
kappa number based on the H-factor and the charge of effective alkali for a variety
of wood species with an equation of the form [18]:

Y=«x=o0—p-[(LogH)(EA)"] (81)
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Fig. 4.24 Course of kappa number and yield as a function of
the H-factor. Spruce/pine = 1:1; liquor-to-wood-ratio = 3.8:1;
maximum temperature = 170 °C; EA-charge = 19% on wood;
sulfidity 38% [16].

where Y is the yield, k the kappa number, a and b are adjustable parameters, H is
the H-factor, and EA is the effective alkali charge based on wood.

The integration of additional process parameters into the model structure cer-
tainly improves the precision of kappa number prediction. For example, the
model of Bailey et al. uses five variables in a 20-term polynomial to predict kappa
number [19]. Despite the high complexity, the reliability of these models is limited
to the specific cooking plant investigated.

Control of kraft pulping by monitoring of hydroxy carboxylic acids

A prerequisite for reliable H-factor control is that the cooking conditions are pre-
cisely known and kept strictly constant, since the prediction of the cooking time
needed to reach the target kappa number is based only on temperature measure-
ments. Typical industrial conditions, however, include uncontrollable variations in
the moisture content and the quality of chips, the concentration of the active cook-
ing chemicals, and the temperature measurements. Alternatively, it was suggested
to correlate the progress of delignification with the carbohydrate degradation tak-
en place during cooking. The majority of carbohydrates in kraft pulping are
degraded to hydroxy carbonic acids according to the peeling reaction (see Section
4.2.4.2.1). The formation of these short-chain acids is directed by temperature and
effective alkali concentration. Detailed investigations have shown that adequate
information with regard to the extent of delignification can be obtained simply by
analyzing the key hydroxy monocarboxylic acids as their trimethylsilyl derivatives
by gas-liquid chromatography [20]. Kraft pulping of pine can be reliably controlled
by following the concentration ratio comprising the sum of 3,4-dideoxypentanoic
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acid (A) and anhydroglucoisosaccharinic acid (B) divided by the concentration of
2-hydroxybutanoic acid (C). This procedure is also advantageous because it avoids
the difficulty of measuring the absolute concentrations.
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Fig. 4.25 (A) Acid concentration ratio versus ~ C = 2-hydroxybutanoic acid. (B) Ratio of the
kappa number of pine kraft pulping according concentrations of xyloisosaccharinic acid to

to [21]. EA-charge 18-24% on wood, sulfidity  a-glucoisosaccharinic acid as a function of the
35%. A= 3,4 dideoxypentonic acid; wood composition consisting of birch and pine
B = anhydroglucoisosaccharinic acid; (according to [21]).
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Figure 4.25A shows the concentration ratio in relation to the course of kappa
numbers. Based on this relationship, it was possible to determine the end point of
the cook with an accuracy corresponding to + 2 kappa number units. However,
the described method for the determination of the ratio of hydroxy monocar-
boxylic acids is still too time-consuming to be used for process control under
industrial conditions.

The fragmentation pattern of the carbohydrates under alkaline cooking condi-
tions is different for softwoods and hardwoods. Thus, the proportion of, for exam-
ple hardwood in a wood composition consisting of a mixture of hardwood and
softwood, can be detected by using this method. Among different possibilities, the
ratio of xyloisosaccharinic acid to a-glucoisosaccharinic acid determines the com-
position of the softwood and hardwood chip mixtures as seen in Fig. 4.25B, which
shows clearly that the composition of the chip mixtures can be reliably deter-
mined on the basis of the analysis of the hydroxy monocarboxylic acids.

Carbohydrate degradation

The selectivity of kraft pulping is determined by the ratio of polysaccharide degra-
dation and lignin removal. For the production of dissolving pulp, the most impor-
tant control parameter is the average degree of polymerization, determined as
intrinsic viscosity. A kinetic model for the degradation of pulp polysaccharides
(cellulose and hemicelluloses) can be derived by assuming the initial number of
molecules to be M, and the initial total number of monomer units as N,, then the
initial total number of bonds is n,, where [22]

1
=Ny—M, =N, (1- 82
Mo 0 0 0 ( D Pn,O) (82)
where DP,,is the initial degree of number average polymerization= Ny/M,.
Similarly, the number of bonds in the polymer substrate remaining at time t
can be described as:

n,=N,—M, =N, - <1 - D;’m) (83)
where M, is the number of polymer molecules at time t, DP,, is the degree of
number average polymerization at time t = N,/M,, and n, is the number of inter-
monomer bonds per molecule at time t.

For first-order kinetics of bond scission, the rate is proportional to the number
of unbroken bonds in the polymer and the hydroxide ion concentration:

dn

—, = ke [OH ] -n (84)

In the case of constant hydroxide ion concentration the equation simplifies to:
n ’ —14
In|—) =—k.-[OH " t=—kc-t (85)
Moy

where k. is the rate constant of the first-order reaction.
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Substituting for n, and n,

mef 1)7mof 1>:7h¢ (86)
DP,, DP,,

If DP, and DP, are large, which is valid in the case of pulp polysaccharides, this
simplifies to a zero-order reaction:

(1 1):a=h¢ (87)

DP,, DP,,

where CS is the number of chain scissions per anhydroglucose unit and k¢ is a
reaction rate for cellulose degradation; assuming DP,, = 1500 and DP,, = 1000,
the number of chain scissions calculates to 0.33 mmol AHG .

It must be taken into account that this approach is strictly applicable only if the
polymer is linear, monodisperse, and there is no loss of monomer units during
scission. Although the pulp carbohydrates are by no means monodisperse and
there is also some loss of monomers during scission due to peeling reactions, the
model is applicable to predict the degree of average polymer weight with sufficient
precision. In a certain range of the degree of polymerization it can be assumed
that the polydispersity remains constant during the degradation reaction.

The rate of cellulose chain scission is also strongly dependent on the hydroxide
ion concentration, as expressed by Eq. (85). The value of a can be obtained as the
slope of a plot of In(kc) against In([OH]). Kubes et al. studied the effect of hydrox-
ide ion concentration for both kraft and Soda-AQ pulping of black spruce [23]. Fig-
ure 4.26 illustrates the effect of [OH] on the rate of cellulose chain scissions at a
cooking temperature of 170 °C.

According to Fig. 4.26, Soda-AQ cooking displays a more pronounced effect on
the rate of cellulose chain scissions as compared to kraft cooking. The correspond-
ing values for the power constant in Eq. (85) have been determined to be 2.63 for
Soda-AQ and 1.77 and for kraft pulping, respectively. In the case of kraft pulping,
Eq. (87) can thus be modified to

1 1 , 177
- =CS=k.-[OH ]t 88
(Dpn,t DPn,O) CS C [O ] ( )

The temperature dependence can be described by the Arrhenius equation accord-
ing to the following expression

. E
ke :A~Exp(—%-%> (89)

where E, ¢ can be calculated from the slope of the graph of In k¢ versus 1/T.
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Fig. 4.26 Effect of hydroxide concentration on
the rate of cellulose chain scissions in the
course of kraft and Soda-AQ cooking of black
spruce at 170°C as a plot of In(k.) against
In([OH]) with liquor-to-wood ratio amounts to
0.5-2.6 mol L"; The Tappi Standard Viscosity

Method T-230 (0.5% cuene) was converted by
the equation IV[mL g™'] = 1x10°x[8.76xlog(V) —
2.86] to the intrinsic viscosity (IV = SCAN-CM-
15:88) which again was converted to DP, by the
appropriate equations included in the SCAN
Method CM 88.

Kubes et al. obtained an activation energy of 179 + 4 k] mol ' for the chain scissions
in both Soda-AQ and kraft pulping. This result reveals that additives such as sulfide
for kraft and anthraquinone for Soda-AQ pulping do not affect pulp viscosity. This
observation was confirmed quite recently, showing that the activation energies for cel-
lulose degradation were not influenced by the addition of AQ and PS, either alone
or in combination, and were in the range of 170-190 k] mol ™" [24,25].

Finally, Eq. (90) represents the complete rate equation for cellulose chain scis-
sions of Soda-AQ and kraft pulping combining the expressions for temperature
and hydroxide ion concentration dependences:

1 1 21538
SODA—AQ:(DP —DPO):ZBOCm”-B@-(——T—){OHj“H
n,t n,

1 1 21538
KRAFT : - =4.35-10" - Exp- | — [[OH]"7-
Dpn,t DPn,O T

(90)

Following Vroom'’s approach, Kubes et al. have derived the G-factor model for vis-
cosity loss as a means for expressing the effect of cooking time and temperature
in a single variable [8,23]. Analogous to the H-factor concept, the reaction rate con-
stant for cellulose degradation, ke, can be related to the rate at 100 °C which is cho-
sen as unity. Thus, the relative reaction rates at any other temperature can be
expressed by the following equation:
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kC.(T) Esc Exc

L - -
"tcwrc R-37315 R-T

(91)

Inserting the activation energy for viscosity loss, 179 kJ mol ™, leads to the follow-
ing expression for the G-factor:

t
G= [Exp~ (57.7072) ~dt (92)

ty

At a constant hydroxide ion concentration, the G-factor can be related to the chain
scission according to Eq. (93):

1 1
— — )xG (93)
DP,, DP,,

In industrial pulping the hydroxide ion concentration varies as a function of time.
Fleming and Kubes recognized a linear correlation between the cellulose chain
scissions and the product from residual alkali concentration and G-factor.
Figure 4.27 shows a plot of ((OH,] - G) against the reciprocal viscosity average
degree of polymerization, 1/P,, for both hardwood (birch and aspen) and softwood
kraft pulping.
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Fig. 4.27 Reciprocal viscosity average degree of polymeriza-
tion against ([OH,,] - G-factor) for kraft pulping of birch,
aspen and spruce at 30% sulfidity and a liquor-to-wood-ratio
of 5:1 (according to [26]).
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The results confirmed a linear relationship between 1/DP, and the product
from [OH, ] and G-factor, with different slopes for hardwoods and softwood. The
reason for the more intense cellulose degradation in the case of hardwood pulps
might be due to the lower amount of residual lignin being a measure of protection
against polysaccharide degradation. The intercept on the ordinate corresponds to
a viscosity average degree of polymerizations of 5315 for hardwood and 5080 for
softwood which in turn correspond to intrinsic viscosities of 1550 and 1495 mL g,
respectively.

Pulping selectivity: As a consequence of its high activation energy, viscosity loss
accelerates more rapidly than delignification as temperature increases. The ratio
of k; to k¢ can be used to represent the pulping selectivity. The values of this ratio
against the cooking temperatures have been calculated on the basis of kraft pulp-
ing of black spruce at constant alkali concentration (Tab. 4.18).

Tab. 4.18 Pulping selectivity denoted as the ratio of k, to k..
Kraft cooking of black spruce wood [OH] = 1.1 mol L™,
liquor-to-wood ratio = 24:1; sulfidity = 30% according to [25]
Liet al. (2002).

Temperature k. k. k./k.
[°q] [kappa min™] [minT]

150 1.25E-04 6.70E-07 187
160 3.23E-04 2.14E-06 151
170 8.62E-04 6.79E-06 127
180 1.76E-03 1.72E-05 102

a) apparent second-order reaction kinetics.

Pulping selectivity is improved by decreasing the cooking temperature, as
expected. Consequently, cooking at low temperatures makes it possible to extend
kraft cooking to lower kappa numbers without impairing pulp quality.

H- or G-factor models are very useful for batch pulping as they predict the
kappa number and viscosity quite satisfactorily when the relationships between
these factors and pulp quality parameters for any particular pulping system are
known. These models do not possess any general validity, and cannot be trans-
ferred from one system to another as they do not take into account the chemistry
of the pulping operations. The H-or G-factor models must be calibrated for each
single pulping system. The amounts and types of lignin, hemicelluloses and
extractives in the wood vary significantly. Hardwoods contain mixtures of syringyl
and guaiacyl lignins, whereas softwoods contain mainly guaiacyl lignin. Lignins
also differ in the relative amounts of linkages between the phenylpropane units
(see Chapter 2.1.1.3.2). The chemical composition of hemicelluloses and extrac-
tives, and the proportion of their basic constituents, are also highly dependent
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upon the wood species, and even on their provenance. Thus, the reactivity of the
single wood constituents towards fragmentation reactions cannot be depicted in a
simple model. Therefore it seems improbable that an empirical model such as the
H-factor can ever be adapted with a high degree of precision to the kraft process,
in particular when using continuous-flow operation. A reasonably good model
would certainly need to take into account the major chemical steps.

Pseudo First-principle Models

More elaborate models consider different reaction conditions such as hydroxide
ion and hydrogen sulfide ion concentrations, temperature, and classification into
different pulping stages or the different reactivities of wood components [7,15,
27-35]. Some models even consider chip dimensions, ion strength, dissolved sol-
ids and pulping additives such as anthraquinone or polysulfide [31,36-39]. The
more comprehensive and partly mechanistic models use either the concept of
parallel or consecutive reactions of the wood components [7,12]. The former is
often referred to as the Purdue model, derived at Purdue University, USA [40],
while the latter was developed primarily at University of Washington, USA, with
Gustafson as the prominent representative [28].

Both models, however, can be traced back to the work of Wilder and Daleski
[36], Kleinert [41], LeMon and Teder [27] and Olm and Tistad [35]. The Purdue
model, which was developed by Smith and subsequently modified by Christensen,
includes an in-depth description of the main wood components as high- and low-
reactive lignin (HR-L, LR-L), cellulose (C), the hemicellulose components galacto-
glucomannan (GGM) and arabinoxylan (AX), dissolved solids, and extractives.
The latter are assumed to react very quickly, while the digester is being filled with
cooking liquor. Hydroxide ions and hydrogen sulfide ions are considered to be
active species of the cooking liquor.

A plot of the non-lignin constituents removed during pulping against lignin dis-
solved indicates the initial, bulk and residual delignification pattern for both kraft
and soda processes (see Fig. 4.22). The shape of diagram is almost independent of
the operating conditions, type of wood or equipment. The kinetics of dissolution
of the five wood components is expressed as a set of first-order ordinary differen-
tial equations according to the general equation:

% - [k'(OH’) + k"(OH’)“(HS’)b} (X - X) (94)
where X is the concentration of the wood components j, X; , is the unreactive por-
tion of the reactant j, k" and k” are rate constants as a function of temperature
using the Arrhenius equation.

Further, mass transfer equations were provided to calculate differences in the
concentration of caustic and hydrogen sulfide between the free and entrapped
liquors [42]. The model also consists of mass and energy balances formulated as
first-order ordinary differential equations that are solved in 50 compartments
along the digester [43]. The Purdue model considers only the initial and bulk
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stages. Recently, Lindgren and Lindstrom reported that the amount of lignin in
the pulp at the transition from bulk to residual delignification is decreased by
increasing the [OH™] concentration in the final stage and the [HS™] concentration
in the bulk phase. They also concluded that the residual lignin is not created dur-
ing the main part of the cook but exists already at the beginning of the bulk phase.
Moreover, the amount of residual lignin is also decreased by reducing the ionic
strength in the bulk phase [33]. The corresponding kinetic model can be assigned
as a development of the Purdue model because it also uses the concept of parallel
reactions. Lindgren and Lindstrom (and later also Andersson) pointed out that the
existence of unreactive wood components is questionable because the amount of
residual phase lignin can be lowered using reinforced conditions [44]. A compre-
hensive model based on the concept of three consecutive reaction steps was devel-
oped by Gustafson et al. [28]. This concept, however, suffers from the abrupt tran-
sitions between the three phases, initial, bulk and residual. The wood components
are divided into two components, lignin and carbohydrates. The separation of car-
bohydrates into cellulose and hemicellulose was accomplished by Pu et al. [45].
The rate expression for the initial period is taken from Olm and Tistad [35], for
the bulk delignification from LeMon and Teder [27] and the form of the residual
delignification originates from Norden and Teder [46]. The rate expressions [Egs.
(95-97)] are:

Initial stage:

dL

5= 36.27’<\/T7'<Exp(*4810/T> L (95)

Bulk stage:

B (koM | + b[OH " [s")L (96)

Residual stage:

dL 10804 1074

=B (19.64 - T) [OH|"7*L (97)
Further, the calculation of carbohydrates is simplified by using a functional rela-
tionship between the time derivative of carbohydrates and the time derivative of
lignin. Thus, the carbohydrate degradation is always a ratio of the lignin degradation,
which is an inadmissible assumption following the results from Lindgren [47].

4.2.5.2.2 Process Variables

In numerous studies, the influence of reaction conditions, chemical additives,
wood species, chip dimensions and other factors on delignification and carbohy-
drate degradation have been evaluated using both consecutive and parallel reac-
tion concepts. An overview of the reported results is provided in the following sec-
tions.
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Effect of Temperature

The process of delignification during kraft pulping can be divided into three
phases depending on the rate of lignin dissolution [15]. It is commonly accepted
that, in all three phases, the delignification rate is of apparent first order with
respect to the remaining lignin content. The temperature dependence of the rate
constants follows the Arrhenius expression according to Eq. (75). It appears rea-
sonable to assign the degradation reactions of the different lignin structural units
(e.g., alkyl-aryl ether cleavage) with different phases of the technical pulping pro-
cess [48]. It has been shown by extensive studies using model compounds that the
degradation of lignin during kraft pulping may be primarily ascribed to the cleav-
age of alkyl aryl-ether linkages [49]. The alkyl-aryl ether bond types can be classi-
fied into phenolic a-aryl ether linkages, B-aryl ether bonds in phenolic and non-
phenolic units (see Chapter 2.1.1.3.2). Thus, the facile cleavage of phenolic a-aryl
ether bonds has been shown to dominate the initial phase of delignification [50].
The initial period is characterized by rapid delignification, significant hemicellu-
lose degradation, and major alkali consumption. The activation energy of the deg-
radation reaction of a model substrate representing the p-hydroxy-phenylcumaran
structures in the lignin (a-aryl ether bond) to form o,p’-dihydroxystilbene in an
aqueous alkaline solution of 1 M sodium hydroxide was found to be 77.5 k] mol ™
[51]. Kinetic studies using wood chips or wood meal as a substrate revealed activa-
tion energies for the initial phase of delignification in the range between 40 and
86 kJ mol ™" (see Tab. 4.19). The low activation energy values indicate that delignifi-
cation in the initial phase is mainly a diffusion-controlled process that is indepen-
dent of the alkali concentration, as long as it is above a minimum level. The initial
phase delignification is expressed in general as Eq. (98):

dL E,
E_fA,ﬁAExp(fR.T)-L (98)

where L represents the percentage of lignin in the wood with respect to the initial
composition, T is the reaction temperature (in K), and E, is the activation energy
(in kJ mol ™).

According to the published literature, an activation energy of 50-55 k] mol ' can
be assumed for the initial phase delignification (see Tab. 4.19). The existing data-
base does not allow any influence to be assumed of the composition of the cook-
ing liquor (Kraft versus Soda), additives (AQ) and wood species on the activation
energy of the initial phase delignification.

Kondo and Sarkanen proposed that the initial delignification in kraft pulping
consists of two kinetically distinguishable periods, ID1 and ID2, resulting in the
dissolution of 13% and 11% of the initial lignin, respectively. ID1 is characterized
as a rapid phase of indeterminate kinetic order and an estimated activation energy
of 50 k] mol', whereas ID2 is designated as subsequent slower phase, conform-
ing with first-order kinetics and a determined activation energy of 73 kJ mol .

The bulk phase delignification is associated with the cleavage of B-aryl ether
bonds in nonphenolic arylpropane units which could be expected to constitute the
rate-determining reaction [48]. Miksche investigated the alkaline degradation of
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erythro-veratrylglycerin-B-guaiacyl ether by determining the formation of guaiacol
in an aqueous alkaline solution of 1 M sodium hydroxide [52]. The fragmentation

reaction follows first-order kinetics with respect to the substrate and the hydroxide
ion concentration. The activation energy, E,, for this degradation reaction has
been determined as 130.6 k] mol™. The data in Tab. 4.19 show that most pub-
lished activation energies of bulk phase delignification are reasonably close to this

value, and are largely independent of the wood species, the presence of hydrosul-
fide ions (Kraft versus soda), and additives (AQ, PS).

Tab. 4.19 Comparison of literature data an activation energies for delignification.
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Phase/ wood source Process I:s ratio EA In (A) Model concept Reference

period [K) mol™]

Initial Pinus silvestris L. (dry) Kraft 20 50.0 consecutive  [35]
Pinus silvestris L. (wet) Kraft 20 61.0 consecutive  [35]
Pinus silvestris L. Kraft 10 60.0 consecutive  [15]
Tsuga heterophylla Kraft 10 50.0 one-stage [80]
Eucalyptus regnans Soda 100 73.0 consecutive [92]
Tsuga heterophylla Soda 75 80.1 22.1 consecutive  [93]
Douglas flr Kraft 50 85.8 22.5 parallel [30]
Indian mixed hardwood  Soda-AQ 5 20.8 consecutive  [93]
Quercus Kraft 6 38.8 [94]
Picea abies Kraft 41 50.0 parallel [7]

Bulk Picea marina Soda 17 134.0 one-stage [95]
Pinus taeda Soda 200 142.3 34.7 one-stage [36]
Pinus taeda Kraft 200 119.7 30.2 one-stage [36]
Picea excelsa Kraft 10 134.9 consecutive  [41]
Tsuga heterophylla Kraft 100 134.0 [76]
Tsuga heterophylla Soda 100 129.7 [76]
Pinus silvestris L. Kraft 20 134.0 consecutive  [35]
Liquidambar styraciflua L. Soda 10 130.2 32.3  bulk stage [39]
Liquidambar styraciflua L. Soda-THAQ 10 120.1 30.5 bulk stage [39]
Liquidambar styraciflua L. Soda-AQ 10 113.8 28.5 Dbulk stage [39]
Pinus taeda Soda 100 152.0 44.7  bulk stage [96]
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Tab. 4.19 Continued.

Bulk Pinus taeda Soda-AQ 100 137.0 34.7 bulkstage [96]
Pinus silvestris L. Kraft 10  150.0 consecutive [15]
Quercus mongolica Kraft 50 119.7 27.9 consecutive [29]
Fagus Kraft 120 1472 37.3 consecutive [37]
Pinus densiflora Kraft 120 162.2 39.4 consecutive [37]
Western hemlock Kraft 10 113.0 consecutive [80]
Eucalyptus regnans Soda 100 132.0 consecutive [92]
Pseudotsuga menziesii Kraft 50 123.8 30.5 parallel [30]
Tsuga heterophylla Soda 75 131.1 31.6 consecutive [93]
Hybrid poplar Kraft 6 1528 41.0 one-stage [82]
Pinus elliotii Kraft 6 1250 319 consecutive [32]
Picea abies Kraft 41 127.0 parallel [33]
Betula pubescens Kraft 47 117.0 parallel [14]
Picea abies Kraft 32 136.0 parallel [34]
Pinus silvestris L. Soda-AQ 85 110.0 parallel [97]
Quercus Kraft 6 1155 [94]
Picea mariana Kraft 24 1385 29.8 one-stage [25]
Picea mariana Kraft-AQ 24 126.1 27.0 one-stage [25]
Picea mariana Kraft-PS 24 1422 314 one-stage [25]
Picea mariana Kraft-PSAQ 24 1385 30.6 one-stage [25]
Picea abies Kraft 41 127.0 parallel 7]

Residual Picea excelsa Kraft 10 90.0 consecutive [41)
Pinus silvestris L. Kraft 10 120.0 consecutive [15]
Pseudotsuga menziesii Kraft 50 110.0 23.4 parallel [30]
Tsuga heterophylla Soda 75 117.0 26.3 consecutive [93]
Picea abies Kraft 41 146.0 parallel [33]
Betula pubescens Kraft 47 135.0 parallel [14]
Picea abies Kraft 32 152.0 parallel [34]
Pinus silvestris L. Soda-AQ 85 158.0 parallel [97]
Picea abies Kraft 41 127.0 parallel 7]
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The model concept, however, has shown to have an influence on the calculation
of activation energy. Blixt and Gustavsson have shown that the assumption of par-
allel reactions results in a decrease of the activation energy for the bulk phase by
more than 10 k] mol™ as compared to the concept of consecutive reactions [34].
Simultaneously, the value for the residual phase delignification increases signifi-
cantly so that a lower value for the bulk than for the residual phase delignification
is obtained. This has also been confirmed by recalculating the data from Kleinert
using a model with two parallel reactions, which in fact gives 127 k] mol ™ for the
bulk phase and 138 kJ mol ' for the residual phase delignification, in contrast to
the values of 135 kJ mol ™ and 90 kj mol ™, respectively, that had been obtained
with a model using two consecutive reactions [41]. The higher activation energy
for the bulk phase delignification using a consecutive model concept can be led
back to the delignification of parts of the residual phase lignin (depending on the
reaction conditions). Lindgren and Lindstrém assumed that the initial concentra-
tion of the residual lignin species, denoted as L3, was independent of the cooking
temperature [33]. Andersson found, however, an improved fit when considering
the effect of temperature, by recalculating the data from Lindgren and Lindstrom,
particularly for the high temperature levels [7]. As a result, the activation energy
of the residual phase delignification (or the delignification of L3) decreased from
144 k] mol ™" to 127 k] mol ', which is equal to the fitted value for the bulk deligni-
fication (or the delignification of L2). For a reliable process control of kraft pulp-
ing, it is necessary to improve the knowledge of the physical and chemical proper-
ties of the residual phase lignin. Since the first considerations were made about
the kinetics of delignification, it has been assumed that the residual lignin is
formed during the cook [41,53]. Models based on this assumption (consecutive
concept) were found not to be very suitable for extended delignification or contin-
uous-flow digesters, especially in those cases where [OH™] was changed [7]. On
the other hand, if the residual phase lignin is assumed to be present in the wood,
then the amount can be determined by extrapolation of the residual phase to the
beginning of the cook. This model concept — known as the parallel concept — can
be used to predict the course of extended delignification quite satisfactorily (see
also Chapter 4.2.5.3).

Effect of [OH ] and [HS]

The concentrations of the active cooking chemicals, the hydroxyl and hydrosulfide
ions, influence the rate of delignification of the different lignin species (parallel
model concept) or in the different pulping phases (consecutive model concept) in
different ways. If the concentrations of hydroxyl and hydrogen sulfide ions are
considered as variables for the rate equation, the constants k; in Eq. (74) can be
expressed as equation of the type:

k =k - [OH |.[HS]" (99)
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where k{’ represents the true first-order rate constant for the lignin species j or the
delignification phases j, a and b are the reaction orders with respect to [OH" ] and
[HS].

To investigate the effect of [OH™ ] concentration on the rate of delignification,
the kinetic experiments are carried out by keeping the [HS™] concentration at a
constant level, while evaluating the reaction kinetics at different levels of [OH]
concentrations. Following this condition, Eq. (99) can be rewritten as:

k =k [OH]Y (100)

with k” =L/ [HS9]” and j=1to 3.

The reaction order a for the lignin species j can thus be obtained as the slope of
the linear relationship between the logarithm of the rate constant k; and the loga-
rithm of the hydroxyl ion concentrations. Similarly, the exponent b is obtained by
the slope of the plot of In(k;) against In([HS]). Figure 4.28 illustrates the effect of
[OH] on the rate of the delignification for the initial, bulk and final phases using
the data from Chiang and Yu [30].
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A final: a=0.65

Fig. 4.28 Effect of [OH"] on the rate of delignification;

Kraft pulping with [HS™] = 0.23 M = const; at three [OH"]

levels: 0.81 M, 1.13 M and 1.61 M; cooking temperature:

170°C, liquor-to-wood ratio: 50:1. Data recalculated from Ref. [30]

The results show correspondingly (Tab. 4.20; Fig. 4.28) that the delignification
reactions in the initial phase proceed with zero-order with respect to both [OH"]
and [HS™ ] concentrations.
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Tab. 4.20 Comparison of literature data an reaction orders with
respect to reactant concentrations.

Phase/ Wood source Process l:sratio Reaction orders Model concept Reference
period
[OH"] [HS]"

Initial Picea excelsa Kraft 10 0.00  0.00 consecutive  [46]
Douglas fir Kraft 50 0.00  0.00 parallel [30]
Picea abies Kraft 41 0.00  0.06 parallel 7]

Bulk Picea marina Soda 17 0.59 n.d. one-stage [95]
Pinus taeda Soda 200 1.00 n.d. one-stage [36]
Pinus taeda Kraft 200 1.00 0.69 one-stage [36]
Pinus silvestris L. Kraft 10 0.50 0.40 consecutive [27]
Betula verrucosa Kraft 10 0.49  0.66 one-stage [98]
Picea excelsa Kraft 10 0.7-0.8 0.1-0.4 consecutive  [46]
Quercus mongolica Kraft 50 072 0.31 consecutive  [29]
Fagus Kraft 120 1.05 0.29 consecutive [37]
Pinus densiflora Kraft 120 0.66  0.13 consecutive  [37]
Eucalyptus regnans Soda 100 0.84 n.d. consecutive [92]
Pseudotsuga menziesii Kraft 50 0.62 0,39 parallel [30]
Tsuga heterophylla Soda 75 0.70 nd. consecutive  [93]
Pinus elliotii Kraft 6 0.50  0.60 consecutive [32]
Picea abies Kraft 41 1.00  0.32 parallel [33]
Betula pubescens Kraft 32 1.00  0.41 parallel [14]
Picea abies Kraft 41 0.48  0.39 parallel [7]

Residual Picea excelsa Kraft 10 0.70  0.00 consecutive  [17]
Pseudotsuga menziesii Kraft 50 0.62 0.00 parallel [30]
Picea abies Kraft 41 0.20  0.00 parallel [7]

n.d. not determined

This seems to be understandable, as any conditions used in kraft pulping are
sufficient enough to cause the cleavage of phenolic a-aryl ether linkages which are
the predominant structural units in the lignin of the initial phase [54]. The rate of
delignification of the bulk phase lignin is, however, significantly influenced by
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both [OH "] and [HS™ ] concentrations. In most published reports, the influence of
[HS"] is reported to be weaker compared to that of [OH ]. The corresponding
reaction orders with respect to [HS™ ] are in the range of 0.3-0.5, and those with
respect to [OH" ] are determined to be between 0.4 and 0.8 (see Tab. 4.20).

The presence of hydrogen sulfide ions (strong nucleophiles) facilitates the cleav-
age of B-ether bonds via the formation of a thiirane structure, thus increasing the
delignification rate of bulk phase lignin (see Section 4.2.4.). Finally, the rate of
degradation of residual lignin is influenced by the concentration of [OH" ] with an
exponent of 0.6-0.7 which means that a ten-fold increase in hydroxide concentra-
tion would yield a four- to five-fold increase in the delignification rate of the resid-
ual phase lignin. It is commonly accepted that the rate of residual lignin degrada-
tion is almost unaffected by the concentration of hydrogen sulfide ion [33,53]. It
has been speculated that the dominating delignification reaction in this phase is
the alkali-promoted cleavage of carbon—carbon linkages originally present or gen-
erated by condensation reactions [50,54,55]. Besides an influence on the reaction
rates, the concentration of the active cooking chemicals in the earlier phases
affects the amount of residual lignin. An increase in hydrogen sulfide concentra-
tion in the initial phase, for example, does not affect the rate in that phase; rather,
it increases the rate of delignification in the subsequent bulk phase and also
decreases the amount of residual lignin. Moreover, an increase in [OH ] concen-
tration in the initial phase also decreases the amount of residual lignin. The
amount of residual phase lignin is defined as the lignin content determined by
extrapolation of the delignification rate in the residual phase to the reaction time
zero [56]. Using this definition, Gustavsson et al. established a relationship be-
tween the amount of residual phase lignin, L, and the hydroxide and hydrogen
sulfide ion concentrations according to Eq. (101):

L, =0.55—10.32-[OH | "*-Ln[HS ] (101)

The validity of this equation has been specified for [OH"] concentration in the
range from 0.17 to 1.4 M, and for [HS] from 0.07 to 0.6 M. According to Eq. (101),
the influence of hydrogen sulfide ions on the amount of residual phase lignin is
much stronger when the cooking is performed at low hydroxide ion concentration
[57]. In the absence of a strong nucleophile (e.g., hydrogen sulfide ion) in cooks at
low [OH ] concentration, alkali-stable enol ether structures or condensation prod-
ucts will probably be formed from the quinone methide intermediate instead of
the desirable sulfidolytic cleavage of B-aryl ether bonds [58]. The solubilization of
lignin at a low hydroxide concentration requires the fragmentation of lignin to
lower molecular-weight fractions, and this can be achieved at a high [HS™] concen-
tration due to sulfidolytic cleavage of the B-aryl ether bonds.

Knowing which concentrations of the active cooking chemicals influence the
pulping performance and resultant pulp quality provides the basis for improving
the selectivity of kraft cooking, and a better understanding of delignification in
the final cooking phase, which is of major practical importance.
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Effect of Sodium lon Concentration (lonic Strength) and of Dissolved Lignin

The sodium concentration of the cooking liquor (an approximate measure of the
ionic strength) exerts an influence on the amount of residual phase lignin in a
similar manner as a decrease in [OH ]. For a sodium concentration of up to
1.9 mol L the effect is seen to be small, but in the range typical for industrial
kraft pulping (2-3 mol L) the amount of residual phase lignin is significantly
increased. It has been reported that in kraft pulping of both birch and spruce
wood, an increase in sodium ionic strength from 1.3 to 2.6 mol L' causes an 80%
increase in the amount of residual phase lignin [38], while the rate of delignifica-
tion remains unchanged. It has been speculated that this effect might be due to a
decreased solubility of the lignin fragments, but this is unlikely because a reduced
solubility would also result in a decreased rate of delignification — which definitely
is not the case. This strengthens the hypothesis that the main influence on the
amount of residual phase lignin is via the activity of the reactants. The desirable
decrease in sodium ion concentration of an industrial cooking liquor below a criti-
cal level of 1.8 mol L can only be accomplished by increasing the dilution factor,
but this would require additional evaporation capacity.

The rate constant k; in Eq. (74) is influenced by the concentration of dissolved
lignin in various ways. The presence of dissolved lignin in the early stages of kraft
cooking (e.g., the beginning of the bulk phase) causes an increase in the bulk
delignification rate, which in turn results in a higher viscosity at a given kappa
number. Moreover, the addition of dissolved lignin during the bulk delignification
results in a yield increase of about 0.5% on wood (valid for the use of Pinus silves-
tris L. as a wood source) [59]. The mechanism of this increased selectivity is not
known, but it has been speculated that the added lignin may increase the absorp-
tion of sulfur by the wood during the precooking stage [59]. Another reason for
this positive effect might be the generation of polysulfide ions, which may acceler-
ate the cleavage of ether linkages in the lignin via the oxidation of enone and qui-
none methide-type intermediates [60]. However, adding dissolved lignin at a late
stage of the cook (e.g., kappa number <50) reduces the delignification rate during
the final phase. Consequently, the presence of dissolved lignin during extended
delignification inevitably leads to a decrease in selectivity. The ratio of the reaction
rates of bulk (k) and final delignification (k) is reduced by 17-50%. The reasons
for this negative effect of dissolved lignin on delignification rate during the final
phase are not physical effects, such as the sorption of lignin by fibers or a reduc-
tion in the rate of diffusion of released lignin fragments. Condensation reactions
between the dissolved lignin and the fiber lignin or carbohydrates are thought to
be responsible for the disadvantageous effect of dissolved lignin on delignification
selectivity [59]. The addition of black liquor from previous cooks already in the
early pulping stages (as is the case in modern displacement cooking procedures)
leads to an increase in the concentration of dissolved lignin throughout the whole
cooking process. The presence of dissolved lignin early in the cook almost com-
pensates for the negative effect in the later part of the cook.
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Effect of Wood Chip Dimensions and Wood Species

As discussed earlier in this chapter, “impregnation” — the transport of chemicals
into wood chips — is a combined effect of penetration and diffusion. While pene-
tration is confined to the heating-up period, diffusion occurs during the whole
cooking process. Under the conditions of alkaline cooking, the rate of diffusion of
chemicals into the chip is almost the same in all three of its structural directions.
Farkas studied the influence of chip length and width [61], and found both dimen-
sions to have an insignificant influence on the rate of delignification and amount
of screening rejects. The lack of influence of chip length on delignification rate
was confirmed by others [62,63]. Thus, there is general agreement that chip thick-
ness is the most critical dimension for delignification, pulp yield, and the amount
of screening rejects. Chip thickness determines heterogeneity in delignification,
with Backman reporting that maximum yields were generally obtained by using
3 mm-thick chips [64]. Based on a study of the kraft pulping of pine chips, Back-
man further concluded that above a chip thickness of 1 mm, the reaction rate is at
least partially controlled by the transport steps (penetration, diffusion), whereas
below this thickness the rate is probably controlled by the rates of the chemical
reactions involved [65]. Hartler and Ostberg reported that the Roe number (lignin
content) remained constant when the chip thickness was 3 mm or less [66]. When
using thicker chips, the same extent of delignification can be achieved only by a
higher alkali charge and/or higher cooking intensity (H-factor), and both would
result in a lower yield. Chip thickness is more critical for hardwood than for soft-
woods, with hardwood chip use resulting in significantly more rejects than with
softwood chips of the same thickness. The reason for this higher sensitivity of
hardwood chips in terms of thickness might be associated with the more hetero-
geneous hardwood fiber morphology (see Chapter 2.1.2; Wood Structure and Mor-
phology), in particular in hardwoods, such as oak or ash, where the vessels are
closed by tyloses that enter the vessel from the neighboring ray cells [67]. Wood
density and morphology are factors which influence the rate of diffusion and
thereby a critical chip thickness.

Thus, optimal chip thickness is dependent on the cooking conditions and the
wood species. Delignification rates during the early kraft cooking phase were
reported to increase with decreasing chip thickness when using both beech and
Japanese Red Pine. This infers that the initial delignification phase is diffusion-
controlled, even when using chips with thicknesses of 1.7-3.7 mm for beech and
2.6-7.2 mm for Red pine [37]. In the bulk delignification stage, the rate of deligni-
fication was not seen to depend on chip thickness for either wood species. In
industrial pulping, the influence of chip thickness can also be expressed by the H-
factor needed to reach a certain kappa number.

Kraft cooking of pine chips (Pinus silvestris L.) with an effective alkali charge of
22%, a sulfidity of 30%, a liquor-to-wood ratio of 4:1, and a maximum cooking
temperature of 170°C, requires H-factors of 2140, 2425, and 3600 to achieve a
kappa level of 30 when using chips of 3, 7, and 12 mm thickness, respectively.
Furthermore, pulping selectivity is impaired significantly due to the longer cook-
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ing time. The viscosity decreased from 950 to 800 ml g™ at a kappa number of 30
when using 12-mm rather than 3-mm chips [68,69].

An increase in chip thickness also leads to a reduced cooking capacity. For
example, when compared to 3 mm-thick chips, 7 and 12 mm-thick chips showed
reduced cooking capacities of 5% and 21% respectively, assuming a total cooking
cycle of 6 h for the 3-mm chips.

Another factor to consider in process control of kraft pulping is the difference
in delignification rate among softwood and hardwood species, which can in turn
be related to the specific structural building blocks of lignin. Softwood lignins are
referred to as guaiacyl lignin, whereas hardwood lignins are composed of both
guaiacyl and syringyl units in varying ratios (see Chapter 2.1.1.3.2, Structure of
Lignin). The kinetics of the bulk and residual delignification in kraft pulping of
birch (Betula pubescens) and spruce (Picea abies) were compared, with the delignifi-
cation pattern being described with the same model for both wood species. The
amount of residual phase lignins in cooking of both birch and spruce are affected
by the reaction conditions in a similar manner. The only difference is the less pro-
nounced influence of hydrogen sulfide ion concentration on the amount of resid-
ual phase lignin in the case of birch. This explains the well-known experience in
industrial pulping that, in kraft pulping, sulfidity is less important for hardwood
than for softwood. This different behavior may be traced back to the fact that
native lignin in birch wood exhibits fewer cross-linked structures compared to
spruce, due to the presence of syringylpropane units. The bulk delignification of
birch is 2.2-fold more rapid than that of spruce (recalculated from Ref. [14]).

Hou-min Chang and Sarkanen evaluated the rates of delignification of two soft-
wood (Western true fir and Western hemlock) and two hardwood species (Maple,
Madrona) at 150 °C [70]. Their results clearly suggest that a high content of syrin-
gylpropane units in lignin promotes the rate of delignification in the kraft cooking
process. This again can be explained by the fact that syringylpropane units are
less susceptible to condensation reactions. The results indicate a distinct linear
correlation between the rate of delignification and the syringyl content of the lig-
nin of the initial wood species (S/G = 0, 0.52, and 1.44 for Western true fir and
Western hemlock, Maple and Madrona, respectively).

The kraft pulping of wheat straw (Triticum aestivum) involves a third category of
lignocellulosic material. It is known that wheat straw contains more p-hydroxy-
phenylpropane units and fewer B-aryl ether linkages than softwood or hardwood
lignin. In addition, 20-30% of the lignin units are phenolic, and a large number
of ester linkages exist between lignin and carbohydrates [71]. Kraft pulping experi-
ments carried out under the same conditions with wheat straw, birch wood and
spruce wood showed that the amount of residual phase lignin in wheat straw and
birch wood was 33% and 53% of the amount of residual phase lignin in spruce
wood, respectively [38,72]. Moreover, about 90% of the lignin in wheat straw reacts
according to the rapid initial delignification kinetics, in contrast to spruce and
birch wood, where only 15-25% of the lignin is removed during the early stage of
the cook. In the case of wheat straw, lignin removal can therefore be explained by
the hydrolysis of ester linkages and cleavage of phenolic o-aryl ethers.
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Fig. 4.29 Comparative evaluation of the course of kraft

delignification for spruce wood, birch wood and wheat straw

using the same conditions: [OH"] = 0.5 mol L™;

[HS™]1=0.3 mol L, temperature = 150 °C, liquor-to-wood

ratio = 100:1 (according to [38]).

A comparison of the delignification patterns in kraft pulping of spruce wood, birch
wood and wheat straw, using the same reaction conditions, is shown in Fig. 4.29.

The rates of residual delignification for the three different lignocellulosic raw mate-
rials are approximately the same, but the activation energy for the residual phase
was reported to be less for wheat straw as compared to spruce and birch [72].

Cho and Sarkanen found differences in the bulk delignification rates of Douglas
fir, Southern yellow pine and Western hemlock on the basis of the corrected
H-factor concept [73]. To obtain the same degree of delignification, Douglas fir
requires a 1.28-fold higher H-factor as compared to Western hemlock. These dif-
ferences in bulk delignification rate cannot be attributed to different values of the
activation energy because this was identical for both species. Among a number of
different factors, the lower bulk delignification rate of Douglas fir as compared to
Western hemlock has been attributed to a higher degree of dehydrogenation.
Interestingly, the reaction rates for sapwood and heartwood of Douglas fir were
identical, indicating that wood morphology plays a minor role with regard to pulp-
ing kinetics, provided that the degree of impregnation is satisfactory.

Variations in the type of wood chips and seasonal variations in wood chip con-
stitution can be considered by using a multiplier (the value of which is close to
1.0) to correct the frequency factors in the kinetic rate expression. Values above
1.0 indicate that the chips are more reactive with the result that, at given condi-
tions, lower kappa numbers are obtained [74].

Wood age was also reported to have an influence on the rate of delignification
[75]. Wood samples from very old eucalyptus species (e.g., E. diversicolor, estimated
to be about 200 years old) contained appreciable amounts of lignin which was
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very easily removed by a mild alkali treatment at low temperatures. It has been
speculated that acids generated in the wood over a long period of time modified
the wood in a manner similar to a mild prehydrolysis treatment.

Effect of Chemical Additives: Soda versus Kraft; Soda-AQ, PS

Unlike activation energies, delignification rates are significantly dependent on the
presence of nucleophiles such as hydrogen sulfide ions, anthraquinone, or poly-
sulfide. The delignification rates in soda-AQ pulping were found to be two- to
three-fold higher compared to soda pulping [39]. Wilson and Procter reported a
two- to three-fold higher delignification rate for kraft as compared to soda pulping
[76], while Farrington et al. found that the addition of AQ to soda pulping resulted
in a delignification rate equal to that of kraft pulping [77]. Labidi and Pla studied
the influence of cooking additives by using poplar as a raw material [31]; their
results suggested that the first delignification phase was equivalent for soda, soda-
AQ and kraft cooking, indicating that during this stage the main phenomenon is
not the cleavage of alkyl-aryl ether linkages but rather diffusion of the cooking
chemicals. The delignification rate of the subsequent cooking phases increased,
however, in the order soda < soda-AQ < kraft. Recently, Li and Kubes investigated
the kinetics of delignification during kraft, kraft-AQ, kraft-PS and kraft-PSAQ
pulping of black spruce using the apparent second-order kinetics in kappa num-
ber [25]. The results clearly revealed that the addition of AQ, PS and the combined
addition of PSAQ accelerated delignification in the kappa number range from 10
to 60. In relation to standard kraft pulping at 170 °C, the rate constants increased
to 1.7, 1.8 and 2.1, for kraft-AQ, kraft-PS and kraft-PSAQ, respectively.

The amount of residual phase lignin is lowered by 30% for spruce and 10% for
birch wood, when polysulfide is added to a kraft cook [38]. One explanation for
this may be that polysulfide is able to introduce carboxylic groups into the residual
phase lignin, thus increasing its water solubility. The ability of polysulfides to
degrade enol ether structures may however also be important.

4.2.5.3 Structure of a Selected Kinetic Model for Kraft Pulping
As mentioned previously [7], the raw material wood is characterized by four major
components of lignin (L), cellulose (C), galactoglucomannan (GGM), and arabi-
noxylan (AX). Based on an analysis of the individual sugars, the single carbohy-
drate components are calculated as follows:
e AX s the simple sum of arabinose and xylose.
* GGM is the sum of galactose and mannose and a contribution

from the glucose which is assumed to be one third of the man-

nose content [78].
¢ The cellulose content is estimated from the total glucose corrected

for the glucose present in GGM.

The total carbohydrates, composed of C + GGM + AX, are labeled CH. According
to the well-established observation of three different reaction phases, the wood
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components are divided into three species of different reactivity and dissolution
behavior. The model is based on the assumption that all species of the four wood
components react in parallel throughout the entire cooking process; this permits
a better description of transition from the bulk to the residual phase reactions
when compared to the assumption of a consecutive model ([28]).

4.2.5.3.1 Delignification Kinetics

The general structure of the model is derived from models introduced by Smith
[40], Christensen et al. [79] and later Chiang et al. [30], by Blixt and Gustavsson
[34], and later improvements of Andersson et al. [7]. The delignification is
described by three parallel reactions, assuming that the single lignin species react
simultaneously. A general rate equation can be expressed as:

dr,
=k [OH]*[HS "I, (102A)

L.
% = k- [OH " [HS "L (102B)

for j = lignin species 1, 2, and 3.

Equation (102) is based on the assumption that the delignification is of appar-
ent first order with respect to the lignin content in the wood [80]. Using this struc-
ture, the model is only valid for kraft cooking conditions, with [HS] > 0. If pure
soda cooking must be considered (the sulfide concentration is reduced to 0),
Eq. (74) must be replaced by Eq. (103), as established by LeMon and Teder [27]:

dL;

2= (k- [oH ]+ - [HS ") - (103)

J

The general solution of these first-order rate equations is displayed in Eq. (104):

3
Lo=Y Ly- Exp(—kLJ : t) (104)

Jj=1

The sum of the three lignin species corresponds to the total amount of lignin. In
the special case of constant concentration cooks (high liquor-to-wood ratio), degra-
dation of the lignin species (L1, L2, and L3) can be approximated by straight lines
when plotted as a log/linear diagram (Fig. 4.30).

The sum of the three lignin species corresponds to the total amount of lignin.
The proportions of the lignin species (L1, L2, and L3) can be quantified by using
Eq. (104). A selection of literature data with regard to the single lignin weight frac-
tions is provided in Tab. 4.21.
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Fig. 430 Degradation of the three lignin species of
prehydrolyzed Eucalyptus saligna during the course of a
subsequent kraft pulping under isothermal conditions
(T=160°C) and constant [OH"] and [HS"] concentrations [81].

Tab. 4.21 Lignin weight fractions, L1, L2, L3, selected from literature data.

Wood species I:s L, L,/L, L,/L, L,/L, Reference
% ow

Lobolly pine 200: 1 28.6 0.18 [36]
Western hemlock 10:1 29.4 0.24 [80]
Western hemlock 75:1 285 0.16 0.78 0.06 [93]
Douglas fir 50:1 0.24 0.71 0.04 [30]
Hybrid poplar 6:1 25.6 0.48 [82]
Poplar 0.19 0.75 0.06 [31]
Spruce 41:1 29.5 031 0.64 005 [7]

According to Tab. 4.21, the published lignin weight fractions corresponded
quite well, except for the hybrid poplar where a very high extent of initial delignifi-
cation was reported [82]. The wood from old trees was reported to contain rather
high amounts of lignin that could easily be removed by alkali at low temperatures
at the start of the cook. The suggestion was that the hydrolytic action of acids in
the wood over a long period may have modified the wood in a manner similar to
mild pulping [75].

However, most of the models do not account for any subsequent changes in
alkali concentration as occurring in modern industrial batch and continuous cook-
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ing processes. Lindgren and Lindstrom [14,33,47], Lindstrom [38] and Gustavsson
[56] have clearly shown that the initial amount of L3 in constant composition
cooks is not an homogeneous lignin, since reinforcing cooking conditions can
make part of it to react as L2. The amount of L3 is strongly affected by [OH] and
to some extent by [HS] and ionic strength. For spruce pulp, significant interac-
tions between these effects have been observed. In order to reduce the amount of
L3, it is important to have a low concentration of hydrogen sulfide in combination
with a high hydroxide concentration. Interestingly, Lindgren and Lindstrém [33]
could not detect a dependency of the initial concentration of L3 on cooking tem-
perature, whereas Andersson et al., using Lindgren and Lindstrém’s experimental
data, confirmed an influence of temperature on L3, since the fit improved slightly
when considering the effect of temperature [7]. Andersson et al. observed that the
amount of lignin at the intersection of the log-linear extrapolations for the species
L2 and L3 depends on the cooking conditions, [OH"], [HS ], and temperature.
(Ionic strength was also observed but not considered in the model.) The intersec-
tion of the log-linear extrapolations corresponds to the lignin level of equal
amounts of L2 and L3, denoted as L¥, as depicted in Fig. 4.31.
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Fig. 431 Course of total lignin, L2, L3 and L* during kraft
pulping at 170°C and constant [HS™] = 0.28 M and increasing
[OH]. L* shows a significant influence on [OH"]. Experimental
data from Lindgren and Lindstrém [33]

The dependence of L* on the three major cooking parameters, temperature,
[OH ] and [HS™] has been evaluated by nonlinear regression analysis, assuming
no cross-coupling terms. The expression for L* is given in Eq. (105):

[* =049 ((OH] +0.01)"® . ([HS™] +0.01) " (1.83 — 2.91 - 107°(T — 273.15)%)

(105)
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The initial amounts for L, , and L, are known and hence the sum of the initial
amounts for species 2 and 3 L,,; =L, o — L, . The initial values L,, and L;, depend
on cooking conditions, and can be calculated as follows using the definition of L:

L,y = L* - Exp(ki, - At) (106)

Ly = L* - Exp(ky, - At) (107)

where ki, and k;; are the rate constants for the first-order reactions for species 2
and 3 in Egs. (102) and (103), respectively and At is the time interval after which
species 2 and 3 reach the same level L*. Summing these equations yields

Ly50 = L* - [Exp(ky, - At) + Exp(ky, - At)] (106)

which can be solved numerically for At by any standard nonlinear equation solver
and obtaining L,, and L,, from Egs. (106) and (107).

L,(t) and L;(t) can now be calculated from Eq. (104) as long as the reaction con-
ditions remain constant. If reaction parameters change at time t. , the model
assumes that the two lignin species, L2 and L3, interchange reversibly and instan-
taneously. The situation is treated as if the cook starts at time t. with initial values
L, and L, exactly calculated as above from the actual total amount of species 2
and 3 L,,;.= L,(t)+Ls(t,). If reaction conditions change continuously, the calcula-
tions Egs. (106-108) and Eq. (104) must be carried out for sufficient small time
steps.

The influence of ion strength of the liquor is not considered in the model. All
experimental data used for the development of the kinetic model were obtained at
comparable ion strength levels of [Na'] = 1.5 M. Lindgren and Lindstrém have
shown that reasonable variations of ion concentration around this value have only
a slight influence on the delignification kinetics [33].

4.2.5.3.2 Kinetics of Carbohydrate Degradation

Few studies have been conducted to investigate carbohydrate degradation kinetics.
In order to develop a model, the experimental data as published by Matthews
(slash pine) and Smith and Williams (Loblolly pine) were employed [40,83]. In the
proposed model, the carbohydrates are divided into three components: C, GGM,
and AX. The course of the carbohydrate components during kraft pulping also
reflected the presence of three different species within each component. Thus, it
appears justified to further divide the three components into three species, similar
to the lignin model.

Unlike the situation in the lignin model, the [HS™ ] showed no influence on car-
bohydrate degradation. The influence on alkali concentration was, however, more
pronounced in the initial stage, where even very low concentrations led to a sub-
stantial loss of carbohydrates. An amount of 7% (based on wood) of directly dis-
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solved wood components, consisting of acetyl groups and low molecular-weight
hemicelluloses, was determined by Kondo and Sarkanen [80]. This value was cal-
culated by measuring the amount of degraded hemicelluloses of wood meal stabi-
lized against alkaline peeling by borohydride reduction and extrapolating to zero
time. The insertion of a rate constant k, into the kinetics equation reflected the obser-
vation that degradation of carbohydrates occurs easily under very mild conditions.
The proposed structure for the carbohydrate kinetics is provided in Eq. (109):

dCH;y
dat

= —ken, ((OH|"+k,) - CHy (109)

for the three components, i, C, GGM, and AX, each with three species, j=1 to 3.

Since only limited data were available for the individual carbohydrate compo-
nents, only the total carbohydrates, CH = C + GGM + AX, were considered. It has
been shown by Lindgren that the proportion of the carbohydrate species is also
dependent on the sodium hydroxide concentration [47]. The intersection of CH2
and CH3, denoted as CH*, was conducted from the log-linear extrapolation of the
experimental data in a manner similar to that described for lignin. The relation-
ship between CH* and reaction conditions was derived by nonlinear regression
analysis. In contrast to I*, no dependency on temperature was found; thus,
regressing CH* against [OH" | yields Eq. (110):

CH* =423 4 3.65 - ([OH] + 0.05) *** (110)

The initial amounts for CH, , and CH,,, are known and hence the sum of the ini-
tial amounts for species 2 and 3 CH,,;, = CH,,,y — CH,,. The initial values CH,,
and CH,;, depend on the cooking conditions and can be calculated as follows
using the definition of CH:

CH,, = CH* - Exp(kcy, - At) (111)

where At is again defined as the time interval between t (L*) and t(0).
The initial amount of CH3 is calculated using the expression in Eq. (112):

CH,, = CH, + CH; — CH,, = CH* - Exp(kcy, - At) (112)

where CH2 and CH3 are calculated by using Eq. (102), where key, and key; are
the rate constants for the first-order reactions for species 2 and 3 in Egs. (102) and
(103), respectively, and At is the time interval after which species 2 and 3 reach
the same level CH*. Summing these equations yields:

CH, 30 = CH* - [Exp(kcy, - At) + Exp(kcy, - At)] (113)

which can be solved for the time interval At using the nonlinear equation solver
(see Appendix).
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4.25.3.3 Kinetics of Cellulose Chain Scissions

The kinetics of carbohydrate degradation, observed as a viscosity drop or cellulose
chains scissions, have been studied to a much smaller extent than the kinetics of
delignification. The rate expression describing the cellulose chain scissions, de-
rived in Section 4.2.5.2.1, Chapter Carbohydrate degradation, can be used to calcu-
late the average degree of polymerization parallel to model the extent of delignifi-
cation and carbohydrate degradation. Equation (90) describes the cellulose chain
scissions as a function of the most important reaction conditions, temperature,
effective alkali concentration and time. Due to lack of experimental data, there is
only one expression for the whole pulping process [see Eq. (90)].

1 1 21538
) = 435.105 - Exp( - 22> . [0H |74
(DPn,, DPn,o) 35107 Bxp ( T ) [OH] 40)

For simplicity, DP, can be used instead of DP,. DP, is calculated from intrinsic
viscosity according to SCAN-CM-15:88; assuming a DP, , = DPy = 5080 = Intrinsic
viscosity (IV) = (5080°”) - 2.28 = 1495 ml g for softwood pulps (see Fig. 4.26), a
reaction time of 120 min at 160 °C (isothermal conditions), a constant [OH"] of
0.9 mol L™, and a chain scission [OH "] of, CS, 1.10 x 10"*/AHG can be calculated
which corresponds to a DPy of 1/(CS + (DP,,) DP, = 1/(CS + DP,) = 3258 =
IV=1065mLg".

4.2.5.3.4 Concentration of Cooking Chemicals, [OH"] and [HS] [28]

Experimental evidence indicates that diffusion in porous wood material may limit
the pulping rates during the early stages of kraft pulping [28,35]. The transport of
chemicals and dissolved solids between the wood chips and the bulk liquor
includes diffusion processes [42]. The diffusivities of the wood components are
zero as they are bound in the wood. The diffusion of the degradation products is
not considered as the pulping reactions are assumed to be irreversible. Because of
the very low consumption rate of hydrogen sulfide throughout the cook, an equal
distribution between solid and liquid phases can be expected. The diffusivity of
sodium hydroxide, however, must be estimated. As the diffusion process is a rate
phenomenon, the diffusion coefficient may be related to temperature by an Arrhe-
nius-type relationship [42]. McKibbins measured diffusivity by immersing cooked
chips in distilled water and comparing the measured chip sodium concentration
dependency on time to that predicted by non-stationary diffusion theory [42]. Dif-
fusion was considered to be proportional to the concentration difference of the
respective alkali in the entrapped and free liquor. Hence, for a set of different tem-
peratures, the following expression was derived [Eq. (114)].

(114)

2452.4
D=134%10"%.VT- Exp(— > )

where D is the diffusion coefficient (in cm” min™') and T was temperature (in K).
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Because McKibbins measured cooked chips at a given level of pH and cooking
intensity, D had to be corrected with respect to these variables. This approach was
made in the 1960s by Hartler [84], and earlier by Higglund [85] and Bickstrom
[86]. These authors identified relationships between pH and the so-called effective
capillary cross-sectional area (ECCSA), and between the pulp yield and ECCSA.
ECCSA is a measure of the diffusion area in the wood chips. Thus, Eq. (114) is
corrected with respect to pH and lignin content with the ECCSA data published
by Hartler [84]. Benko reported that the diffusion of sodium hydroxide is approxi-
mately 12-fold faster than that of lignin fragments due to the higher molecular
weight of the latter [87]. The corrected value of D is expressed in Eq. (115):

2452.4
D:5.7*10*2~\/T-Exp(— ?[ )~(—2.0-0LL+0.13-[OH’]°'55+0.58) (115)

where @, is the mass fraction of lignin.

The constant, 0.057, is calculated by demanding the D-values from Eqgs. (114)
and (115) to be equal at selected conditions: T = 170°C, o, = 0.03 and [OH] =
0.38 mol L.

Neglecting transverse diffusion (across the fibers), one-dimensional wood chips
with thickness, s, can be considered. At the beginning of the cook (t = t), it is
assumed that the average [OH ] in the bound liquor (chip phase) depends on the
wood density, pq., and the chip moisture according to the following equation:

Vi — MC,
[OHilbound: (W) ’ [OHi}ﬁ'ee (116)

where MCy [l kg™ dry wood] = MC,/(1 — MC,), which is the average [OH | result-
ing from diluting the penetrating liquor with chip moisture.

The volume of bound liquor, Vy;, can be estimated considering the following
simple relationship between the dry wood density, py., and the density of wood
substance, p,, according to Eq. (117):

Mye My 1 1

Vo=V — V= we e 2~ 117
! Pac Pue Pc 1.53 ( )

where Vy is the void volume, V,, the chip volume, V,, the volume of wood sub-
stance, m,, the mass of wood substance, and p,, the density of wood substance,
which is approximately 1.53 and constant for all practical purposes, wood species
constant and even pure cellulosic material.

The degree of penetration, P, determines the volume of bound liquor, Vy;, using
Eq. (116):

Vy=P-V, (118)

P is nondimensional.
In case of full impregnation, Vy; equals V.
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Example:

Given: P = 1; pgc = 0.45 kg L' MC, = 0.45 Lkg™'; [OH]gee = 1 mol L™

Result: Vy = Vyy= 1/0.45 — 1/1.52 = 1.56 L kg '; MC, = 0.45/(1 — 0.45) = 0.82 L kg "
[OH]youna = {(1.56 — 0.82)/1.56} x 1 mol L™ = 0.47 mol L.

During the course of the heating-up period, the pulping reactions start. The
generated degradation products neutralize alkali as they diffuse out of the chips.
Alkali is transported from the bulk phase to the boundary layer, and then diffuses
into the chip to replace the sodium hydroxide consumed by the degradation prod-
ucts. Diffusion of alkali within the porous chip structure obeys Fick’s second law
of diffusion. The one-dimensional wood chip is divided into 2n slices with the
width, Ah = s/2n. For calculation of the gradient of the [OH] within the chip, a
value of 20 was chosen for n (see Fig. 4.32).

Fick’s second law of diffusion for a one-dimensional chip is expressed as:

aC d , dC
y(z,t):a—z(DE(z,t))—Ra fort<0;0<z<5/2 (119)

where C is the alkali concentration (mol L), D the coefficient of diffusion
(cm’ min™") and Ra the reaction rate of [OH], (mol L™ x min™).
The initial concentration is given as

C(z,0) = Cy(2) for 0<z<5/2 (120)

constant under assumption in Eq. (114).

[OH gy ]

80°C
[OH ]125°C
[OH]17O°C
-S/2 S
Ah— T
20 -0 0o 10 20
boundary chip centre boundary
layer layer

Fig. 4.32 Schematic of a one-dimensional chip stages at: the start of the cook at 80 °C (solid
model; s = chip thickness; 2n slices with width curve); after reaching 125 °C in the heat-up time
Ah = s/2n; the gradient of bound [OH"] across (broken curve); and at the start of the cooking
the chip has been calculated for three cooking phase at 170 °C (dotted curve).
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In the chip center, the plane of symmetry, no concentration gradient occurs at t
> 0, as expressed in Eq. (121):

g—g(o,t):o £>0 (121

The mass flow rate at the solid-liquid interface is considered as proportional to
the concentration difference of the free and entrapped liquor, and must equal the
mass flow rate which is expressed by Fick’s first law of diffusion according to
Eq. (122):

dC s s
2600 = k(Cual) — CG0) (122)

D
where k is the mass transfer coefficient.

As it is assumed that the bulk phase is homogeneous and well-stirred, the hy-
droxide ion concentration in the free liquor has no concentration gradient and is
described as Cy,. According to the conservation of mass, the mass of free liquor
decreases by the mass passing through the boundary layer. Thus, the balance on
the bulk phase gives the following equation:

AChun Voun aC s

o W=-AcD=—(

) (123)

Vpur i assumed to be the constant volume of the free liquor, and A the surface
area where the mass transfer takes place. The total area is double the circular
(chip) area, Ac = 2r’r. The disk (chip) volume calculates to Vg, = 1’ms, so that with
Ac =2Vg,,/s, Eq. (123) leads to:

dCBulk ¢

2V,
(1) = — Ch”’Da—C s
dt SVBMlk az

G:t) t>0 (124)

The system is fully described by Eqs. (119-124). A method for the numerical
solution of the differential equations to determine the [OH™ ] across the chip thick-
ness is described in the Appendix.

4.2.5.3.5 Alkali and Hydrogen Sulfide Consumption

One prerequisite for studying the influence of [HS ] and [OH] on the rate of
delignification is to use a high liquid-to-wood ratio (L/W) that ensures a constant
liquor composition. During industrial kraft cooking, where L/W ranges between 3
and 5, the concentration of cooking chemicals decreases as a result of the con-
sumption of chemicals by wood components. Consumption of the active cooking
chemicals must be considered when applying rate expressions to predict the
extent of delignification and carbohydrate degradation. The main alkali consump-
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tion is caused by degradation reactions of carbohydrates (peeling reactions), where
an average effective alkali consumption of 1.6 mol mol ™' degraded hexose unit has
been reported [88,89]. The dissolved lignin contains approximately 0.8 phenolic
groups per monomer, and finally the released carbonic acids (acetic and uronic
acids) require a stoichiometric amount of caustic for neutralization. The alkali
consumption can thus be expressed as a linear function of the degradation rate of
the most important wood components [7,28,79,82,90]. To implement the specific
alkali consumption, values reported by Christensen into the kinetic model proved
to be most appropriate [79]. The specific effective alkali values are listed in
Tab. 4.22.

Tab. 4.22 Specific consumption of active cooking chemicals [79].

Component EA-consumption NaHS-consumption

[kg NaOH kg’ [mol OH mol™  [as kg NaOH mol kg [mol HS mol™

removed] removed] removed] removed]
Lignin 0.15 0.66 0.03 0.13
Cellulose 0.40 1.62 0 0
Glucomannan 0.40 1.62 0 0
Xylan 0.40 1.32 0 0

The data listed in Tab. 4.22 reflect the observation that the consumption of
hydrogen sulfide ions is low during kraft pulping. A specific sulfur consumption
of 5-10 g kg™! of wood due to reactions which produce thiolignin and other sulfur-
containing compounds was reported by Rydholm; this exactly covers the range
shown in Tab. 4.22 [91].

4.253.6 Model Parameters

According to Andersson, the model parameters originate from nonlinear regres-
sion analysis of the experimental data from Lindgren and Lindstrém [33], the
investigations of Lindgren [47], and the course of the hemicelluloses components
from Matthew [83]. The initial proportions of species 2 and 3 are obtained by
means of the distribution model. The influence of [OH" | and [HS™ ] was derived
from the studies by Kondo and Sarkanen [80] and Olm and Tistad [35] for species
1, from Lindgren and Lindstrém [33] for lignin species 2 and 3, and from Lindg-
ren [47] for carbohydrates species 2 and 3. The model parameters listed in
Tab. 4.23 were obtained by re-fitting the experimental data using the distribution
model [7]. Since Olm and Tistad found that the proportion of lignin and carbohy-
drate reactions is independent on temperature for species 1, it can be assumed
that the activation energy must be similar for both reactions (E, = 50 kj mol™)
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[35]. This low value indicates that the degradation of this species is diffusion-con-
trolled, and this has been considered in the model. The pre-exponential factors, A,
listed in Tab. 4.23 were derived from constant composition cooks using very high
L/W ratios (41:1). These values were adjusted by a correction factor, f, to simulate
the conditions of industrial cooks with L/W ratios of between 3 and 5. In practical
cooks, the increasing concentration of dissolved organic substances accelerates
the reaction rates of species 2 and simultaneously retards the reaction rates of spe-
cies 3; this is compared to constant composition cooks, which can be adjusted by
choosing the appropriate correction factors, less than or equal to 1 (Tab. 4.23)
[34,59]. The regression analysis revealed a rather large correction factor 6 to simu-
late the course of carbohydrate species 1, CH1, but this was most likely due to the
limited experimental data points available.
The reaction rates k;; and key; can thus be calculated according to Eq. (125):

E 1 1

The model parameters used in the distribution model are summarized in Tab. 4.23

[7].

Tab. 4.23 Model parameters used in Eqgs. (102), (109) [7].

Compo- Initial value powers const pre-exp corr. E,
nent [% ow] [OH T [HS T [k [A] Factor [f] [k) mol™]
L1 9.0 0.00 0.06 0 0.1 1.5 50
L2 19.0 0.48 0.39 0 0.1 1.2 127
L3 15 0.20 0 0 4.7-107 1 127
C1 3.0 0.10 0 0 0.06 6 50
c2 4.1 1.00 0 0.22 0.054 2 144
C3 36.4 1.00 0 0.42 6.4-10™* 0.4 144
GM1 12.8 0.10 0 0 0.06 6 50
GM2 2.5 1.00 0 0.22 0.054 2 144
GM3 4.5 1.00 0 0.42 6.4-107* 0.4 144
AX1 1.1 0.10 0 0 0.06 6 50
AX2 1.6 1.00 0 0.22 0.054 2 144
AX3 4.5 1.00 0 0.42 6.4-107* 0.4 144

a) over-dried wood
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Validation and Application of the Kinetic Model

* Prediction of delignification in the case where [OH ] is changed.

After an initial impregnation stage, the course of delignification during a constant
composition cook with a L/W ratio of 41:1 at a very low alkali concentration of
[OH]=0.1 M and [HS ] = 0.28 M was determined [33]. After a cooking time of
approximately 220 min, the cooking liquor is replaced with a high-alkalinity liquor
of [OH ]=0.9 M and [HS ] = 0.28 M. In a second run, the cook was run at a high
[OH"] concentration of 0.9 M prior to a change to a very low alkali concentration
of [OH"] = 0.1 M. Figure 4.33 shows that the presented model developed by
Andersson et al. is able to predict both scenarios very precisely [7].

N
o
saal

Lignin on wood [%]

o
—

T T T T T T T T T
0 100 200 300 400
e [OH]=041M ¢ [OH]01tc0om time [min]
v [OH]=09M @ [OH]09t00.1M

fffff lignin trend (dashed) for step decrease in [OH] from 0.9 to 0.1 M
lignin trend (solid) for step increase in [OH] from 0.1 to 0.9 M

Fig. 4.33 Model predictions of an autoclave cooking scheme.
The effect of changing [OH"] from 0.1 to 0.9 M and 0.9 to

0.1 M in the residual phase in two cooks at constant

[HS™] =0.28 M and maximum cooking temperature of 170 °C.
Data from Lindgren and Lindstrém [33].

e Prediction of the unbleached pulp quality of softwood kraft pulp-
ing and the course of EA-concentration using a conventional
batch process.

The wood raw material consisted of a mixture of industrial pine (Pinus sylvestris)
and spruce (Picea abies) chips in a ratio of about 50:50. The chips were screened in
a slot screen, and the fraction passing a plate having 7-mm round holes and
retained on a plate with 3-mm holes were used. Bark and knots were removed by
hand-sorting. The mean (+ SD) thickness of the chips was 3.5 £+ 1.5 mm; the cor-
responding mean length of the chips was 25.4 £ 6.5 mm. The chips had a dry con-
tent of 49.5% and were stored frozen. The cooking trials were carried out in a 10-L
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digester with forced liquor circulation. The digester was connected to three pres-
surized preheating tanks, which allowed precise simulation of a large-scale opera-
tion. In addition, dosage volumes, temperatures and H-factors were monitored
and recorded on-line. The digester and pressurized tanks were heated by steam
injection and/or a heat exchanger in circulation and/or an oil-filled jacket. Dry
wood chips (1700 g) were charged, followed by a short steaming phase (7 min,
0.2 g water g wood, final temperature 99 °C). Subsequently, the white liquor with
an average temperature of 90°C was added to a total L/W ratio of 3.7-3.8:1. The
effective alkali charge (EA) of 19% was kept constant. The sulfidity varied slightly
in the range between 35 and 39% (see Tab. 4.24). The conventional batch cooking
procedure was characterized by a heating-up time of 90 min and a H-factor- con-
trolled cooking phase at constant temperature. The cooking phase was terminated
by cold displacement from bottom to top using a washing filtrate at 80 °C compris-
ing an EA concentration of 0.2 mol L™, a sulfidity of 65% (equals to [HS ] of
0.19 mol L") and a dry solid content (DS) of approximately 10%. The time—tem-
perature and time—pressure profiles are shown schematically in Fig. 4.34.

Finally, the pressure was released to fall to atmospheric by quenching with cold
water. Two series of H-factors in the range between 800 and 1400 were investi-
gated at two different cooking temperatures, 170°C and 155 °C. Further details
concerning the experimental conditions and the results are summarized in
Tab. 4.24.
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profiles of a selected laboratory kraft cook using conventional
batch technology (cook labeled CB 414).
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Fig. 4.35 Selectivity plot of pine/spruce kraft cooking:
comparison of predicted and experimentally determined
values (see Tab. 4.24).

The most important parameters characterizing the results of a kraft cook —for
example, unscreened yield, kappa number, intrinsic viscosity and the content
of carbohydrates — have been predicted by applying the kinetic model introduced
in Chapter 4.2.5.3. The correspondence between the calculated and the experi-
mentally determined values is rather satisfactory for unscreened yield, kappa
number and intrinsic viscosity. The content of carbohydrates differ, however, sig-
nificantly (on average, by >2%) mainly due to the fact that the measured values
are based simply on the amounts of neutral sugars (calculated as polymers, e.g.,
xylan = xylose x 132/150). By considering the amounts of side chains (4-O-methyl-
glucuronic acid in the case of AX and acetyl in the case of GGM), the difference
between calculated and experimentally determined values would be greatly dimin-
ished. Moreover, the experimental determination of carbohydrates in solid sub-
strates always shows a reduced yield due to losses in sample preparation (e.g.,
total hydrolysis). The predicted yield values are a little higher (average 0.5%) and
show a more pronounced dependency on cooking intensity as compared to the experi-
mentally obtained values. The selectivity, or the viscosity at a given kappa number, is
predicted rather precisely which is really remarkable because modeling of the
intrinsic viscosity is based on a very simple approach [see Eq. (90) and Fig. 4.35].

A detailed glance at the single values reveals that the calculated viscosity values
show a higher temperature dependency, especially at lower kappa numbers. This
might be due to several reasons, for example, a changed degradation behavior of
the residual carbohydrates (degree of order increases with an increasing removal
of the amorphous cellulose part and the hemicelluloses, etc.) and/or an altering
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dependency on EA concentration at lower levels. The difference in predicted and
experimentally determined values is however very small, considering both the
model-based assumptions and the experimental errors.

Consequently, the model is appropriate for optimization studies to predict the
influence of the most important cooking parameters.

The precise calculation of the time course of EA concentration in the free and
entrapped liquor throughout the whole cook is an important prerequisite to reli-
able model kraft pulping. For a selected cook (labeled CB 414), the concentration
profiles of the free effective alkali are compared for the calculated and experimen-
tally determined values as illustrated in Fig. 4.36. The agreement between model
and experiment is excellent.

The heterogeneous nature of the cooking process is clearly illustrated in
Fig. 4.36, where the concentration profiles for the effective alkali in both free and
entrapped cooking liquors are visualized. The difference between these profiles is
remarkable up to a temperature level of approximately 140 °C. The EA concentra-
tion in the entrapped liquor has been calculated for two cases, the average value
in the chip (denoted bound EA) and the minimum value in the center of the chip
(denoted center EA). Interestingly, the EA concentration in the bound liquor (for
both calculated cases) experiences a minimum value after a reaction time of about
40 min at 127°C, presumably due to augmented EA consumption caused by
extensive hemicellulose degradation reactions (peeling) in the initial phase.
According to the selected example, the EA concentration inside the chips ap-
proaches that outside the chips only after reaching the cooking phase.

1,54 180
= 121 {160 g
o)
E ®
= 0,9 4140 Q_
~ [
K @
g 0,6 4120 c;
“8‘ -3
T 03] {100

00— - . - . : — 80

00:00 01:00 02:00 03:00
Time [hh:mm]

o exper. free EA ——calc. free EA ----- calc. bound EA —-—— calc. center EA
Fig. 4.36 Course of the effective alkali con- liquor”, which corresponds to the EA concentra-
centration in the free and entrapped cooking  tion in the middle of the 3.5-mm chip. Model
liquor during a kraft cook (CB 414); the and experimental values for free EA concentra-

entrapped liquor is differentiated in “bound tion. Note that the initially ensued bound EA
liquor”, which equals the average content of  value has been calculated according to
entrapped EA concentration, and the “center ~ Eq. (116).
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4.2.5.3.7 Appendix

Numerical Solution of the Kinetic Model
The numerical approximation for the solution of Eqs. (119-124) is calculated by a
finite difference scheme. After replacing the spatial derivations with difference
quotients, a system of ordinary differential equations for the concentration C at
discrete points is obtained.

The origin of the coordinate system at the chip center is located and the one-
dimensional wood chip is divided into 2n slices with the width Ah = s/2n. Ci

denotes the concentration at height iAh; thus, C;y = Cjany. The derivation of a
smooth function can be approximated by a central difference quotient

af  _fle+h)—flx—h)

i (x)= 5 ) (126)

The difference quotient is applied consecutively in Eq. (119), with h= Ah/2 obtain-
ing the following difference equations

0= 23 () = 2C() + Co() +Ra, i=1,n—1 (127)

To simplify expressions, it was assumed that D does not depend on the spatial
direction; the general case, however, can be solved using the same principle.

After approximating C,, C;, C, with a quadratic polynomial and minding
[Eq. (121)], we obtain

G)=3G) —3 G0 (128)

The same approximation for C,, C,_;, C,_, results in

IC(1) 1

92—~ m(} C,(t) —4C,_1(t) + C,_,(t)) which, after combining with
Egs. (122) and (124), yields

Col8)= Cousl8) = 1y (3 ColD) = 4 Coa(9) + Coa0) (129)
and
Con) = 20 B C,0) =49+ Coa(0) (130

Equations (127-130) define a system of differential algebraic equations (DAEs).
After elimination of C,, and C,, by inserting Eq. (128) and Eq. (129) into Egs.
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(127) and (130), the DAEs simplify to a system of ordinary differential equations
(ODE) which can be solved by any standard numerical ODE solver that has good
stability properties, for example, an implicit Runge Kutta method. Euler’s — which
has excellent stability properties — is used in the sample code, and although a set
of linear equations must be solved for every time step, the method is very fast
because the system matrix is almost trigonal.

4.2.6
Process Chemistry of Kraft Cooking

4.2.6.1 Standard Batch Cooking Process

In standard batch cooking, the whole amount of chemicals required is charged
with the white liquor at the beginning of the cook. Certain amounts of black
liquor are introduced together with white liquor to increase the dry solids content
of the spent liquor prior to evaporation. The concept of conventional cooking
results in both a high concentration of effective alkali at the beginning of the cook
and a high concentration of dissolved solids towards the end of the cook which,
according to kinetic investigations, is disadvantageous with respect to delignifica-
tion efficiency and selectivity.

4.2.6.1.1 Pulp Yield as a Function of Process Parameters

Pulp yield is a very decisive economical factor, as the wood cost dominates the
total production cost of a kraft pulp. Consequently, the knowledge of the relation-
ship between process conditions and pulp yield is an important prerequisite for
economical process optimization. Based on the numerous published reports on
conventional kraft pulping, it is known that the pulp yield generally increases by
0.14% per increase of one kappa unit for softwood in the kappa number range of
30 to 90, and by 0.16% for hardwood in the kappa number range of 10 to 90,
respectively [1]. In the higher and lower kappa number range, the influence on
yield is slightly more pronounced. Kappa numbers below 28 should be avoided
when using conventional kraft pulping technology, because the yield and the vis-
cosity losses increase considerably. The pulp yield is also influenced by the effec-
tive alkali charge (EA). It is reported that in pulping of softwood an increase in the
EA charge of 1% NaOH on wood, will decrease the total yield by 0.15% [2]. The
small overall drop in yield is explained by two oppositely directed effects, namely
an increase in the retention of glucomannan and a decrease in xylan due to
increased peeling reactions. The influence of EA charge is much more pro-
nounced in case of hardwoods due to the very small amounts of glucomannans
present. An increase of 1% EA charge results in a total yield loss of about 0.4%
(Fig. 4.37) [3].
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4.2.6.1 Standard Batch Cooking Process

In standard batch cooking, the whole amount of chemicals required is charged
with the white liquor at the beginning of the cook. Certain amounts of black
liquor are introduced together with white liquor to increase the dry solids content
of the spent liquor prior to evaporation. The concept of conventional cooking
results in both a high concentration of effective alkali at the beginning of the cook
and a high concentration of dissolved solids towards the end of the cook which,
according to kinetic investigations, is disadvantageous with respect to delignifica-
tion efficiency and selectivity.

4.2.6.1.1 Pulp Yield as a Function of Process Parameters

Pulp yield is a very decisive economical factor, as the wood cost dominates the
total production cost of a kraft pulp. Consequently, the knowledge of the relation-
ship between process conditions and pulp yield is an important prerequisite for
economical process optimization. Based on the numerous published reports on
conventional kraft pulping, it is known that the pulp yield generally increases by
0.14% per increase of one kappa unit for softwood in the kappa number range of
30 to 90, and by 0.16% for hardwood in the kappa number range of 10 to 90,
respectively [1]. In the higher and lower kappa number range, the influence on
yield is slightly more pronounced. Kappa numbers below 28 should be avoided
when using conventional kraft pulping technology, because the yield and the vis-
cosity losses increase considerably. The pulp yield is also influenced by the effec-
tive alkali charge (EA). It is reported that in pulping of softwood an increase in the
EA charge of 1% NaOH on wood, will decrease the total yield by 0.15% [2]. The
small overall drop in yield is explained by two oppositely directed effects, namely
an increase in the retention of glucomannan and a decrease in xylan due to
increased peeling reactions. The influence of EA charge is much more pro-
nounced in case of hardwoods due to the very small amounts of glucomannans
present. An increase of 1% EA charge results in a total yield loss of about 0.4%
(Fig. 4.37) [3].
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Fig. 4.37 Total pulp yield in kraft pulping of southern pine
and southern mixed hardwoods as a function of kappa num-
ber (according to [1]).

Sulfidity exerts a significant influence on pulp yield for softwood and hardwood
at sulfidity values below 15%. Compared to a pure soda cook, the addition of
sodium sulfide to achieve a sulfidity of 15% enables a yield increase of approxi-
mately 2.8% for softwood and 2.4% for hardwood, respectively [4]. A further
increase of the sulfidity to 40% means an additional yield increase of about 1% for
softwood and only about 0.2% for hardwood. Yield is also affected by the chip
dimension [5]. A reduction in chip thickness improves the uniformity of pulping,
which leads indirectly to a slight increase in pulp yield. The better uniformity of
pulping in case of thin chips makes it possible to reduce the EA charge which in
turn results in an improved pulp yield at a given kappa number (see Chapter
4.2.3, Impregnation).

In conventional cooking, the EA concentration profile follows an exponential
decrease with increasing cooking intensity measured as H-factor (see Fig. 4.36;
see also Fig. 4.38). In the initial phase of hardwood (birch) kraft pulping, about
8% xylan can be dissolved in the cooking liquor, depending on the EA concentra-
tion [1]. Part of the dissolved xylan can be adsorbed onto the surface of the wood
fibers in the final cooking phase as soon as the pH falls below 13.5 [6]. In the
pulping of birch, a yield increase of 1-2% has been observed due to the reprecipi-
tation of dissolved xylan [7]. The effect on yield is reported to be about half for soft-
wood (pine) as compared to birch due to the lower amount of xylan present in
both wood and cooking liquor.

Conventional kraft pulping in batch digesters is a very simple process and com-
prises the following steps:
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e Chip filling.

¢ Chip steaming.

e Introduction of an aqueous solution containing the cooking
chemicals in the form of white liquor, or a mixture of white liquor
and black liquor from a preceding cook.

 Heating the digester to a cooking temperature of about 170 °C by
direct steam or by indirect heating in a steam/liquor heat exchan-
ger.

e In case of indirect heating, the cooking liquor is circulated
through a heat exchanger to even out temperature and chemical
concentration gradients within the digester.

 Cooking is maintained until the target H-factor is reached. The
pressure is controlled by continuously purging volatile substances
being released during the cooking process.

» Condensable gases are partly recovered as wood by-products,
such as turpentine.

 Digester content is blown by digester pressure to a blow tank.

The pulp from the blow tank is then washed and screened before it enters the
bleach plant.

The performance of conventional kraft pulping is predominantly dependent on
the wood species, the wood quality, the EA charge, the ratio of hydrogen sulfide
ion to hydroxide ion concentration, the time-temperature profile, the H-factor,
and the terminal displacement and pulp discharge procedure. Laboratory trials
according to the description in Chapter 3 (see Section 4.2.5.3.6. Reaction kinetics:
Validation and application of the kinetic model) were conducted to investigate the
influence of sulfidity, cooking temperature and H-factor. A mixture of industrial
pine (Pinus sylvestris) and spruce (Picea abies) in a ratio of about 50:50 was used as
raw material. The time-temperature and time-pressure profiles correspond to a
conventional batch cooking procedure, characterized by a long heating-up time
(see Fig. 4.34). Approximately 80% of the EA is consumed already during the heat-
ing-up time, which corresponds to an H-factor of about 180 (Fig. 4.38). This leads
to the conclusion that 80% of the alkali-consuming reactions occur in the course
of only 15% of the total cooking intensity (180 H-factor versus 1200 H-factor to
obtain a kappa number of about 25).

At the start of bulk delignification, the hydroxide concentration reaches a value
of about 0.45 mol L. From the viewpoint of delignification kinetics, the course of
hydroxide ion concentration in a conventional batch cook — with a high [OH"] dur-
ing the initial and a low [OH"] during bulk and residual delignification — is very
unfavorable. Moreover, delignification efficiency and selectivity are impaired due
to the increasing concentration of dissolved solids in the late stages of cooking.
An increase in sulfidity, even only by 3% from 35% to 38%, shows a significant
improvement in delignification selectivity characterized as viscosity—kappa num-
ber relationship. The reduction in cooking temperature from 170°C to 155°C
reveals a further slight improvement in delignification selectivity (Fig. 4.39).
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(Picea abies) in a ratio of about 50:50. The
EA-charge was kept constant at 19% on oven-
dry wood, sulfidity varied from 35 to 38%,
liquor-to-wood-ratio 3.7 L kg™'. (See also

Fig. 4.36.)

Lowering the cooking temperature additionally improves the screened yield,
mainly because of more homogeneous delignification reactions resulting in a

lower amount of rejects (Fig. 4.40).
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Fig. 4.39 Selectivity plot (viscosity—kappa number relation-
ship) of pine/spruce conventional kraft cooking (according to
[8]). Influence of sulfidity: [HS™] = 0.28 versus 0.31 mol L™
and cooking temperature: 170 °C versus 155 °C. The EA-
charge was kept constant at 19% on o.d. wood, liquor-to-

wood-ratio 3.7 L kg™'.
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Fig. 4.40 Pine/spruce conventional kraft cooking. Screened
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(according to [8]). Influence of sulfidity: [HS™] = 0.28 versus
0.31 mol L™ and cooking temperature: 170 °C versus 155 °C.
The EA-charge was kept constant at 19% on o.d. wood, liquor-
to-wood-ratio 3.7 L kg™'.

The effect of sulfidity and cooking temperature on the processability and selec-
tivity of conventional batch cooking is illustrated for a kappa number 25 softwood
kraft pulp in Tab. 4.25.

Increasing sulfidity and lowering the cooking temperature to 155 °C improves
the viscosity of the unbleached kappa number 25 pulp by 60 units, and the
screened yield by more than 2%. The yield increase can be attributed to a lower
amount of rejects and higher contents of arabinoxylan and cellulose (Tab. 4.25).
Moreover, a significant lower amount of carboxylic groups of the unbleached pulp
derived from high-sulfidity and low-temperature conditions is noticeable. It can
be speculated that this pulp contains a lower amount of hexenuronic acid, as it is
reported that a low cooking temperature leads to a lower hexenuronic acid content
at a given kappa number [9-11]

Despite the yield and viscosity advantages, the reduction of cooking tempera-
ture from 170°C to 155 °C results in an extension of the cooking time by approxi-
mately 200 min (Tab. 4.25). The cover-to-cover time of a conventional batch cook
would thus increase from about 265 min to 465 min, which is totally unacceptable
from an economic point of view. At a given digester volume, the prolongation of
the cooking cycle due to a reduction in cooking temperature would reduce the pro-
duction capacity by 43% (1-465"'/265""). On the basis of conventional batch cook-
ing, technology improvements in the pulping efficiency and selectivity are very
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limited. The progressive knowledge on pulping reactions and delignification
kinetics finally led to the development of modified kraft cooking concepts.

Tab. 4.25 Production of unbleached softwood kraft pulps with
kappa number 25 using a conventional batch cooking
procedure. Comparison of three different cooking conditions:
(a) low sulfidity (S), high cooking temperature (T); (b) high
sulfidity, high cooking temperature; (c) high sulfidity and low
cooking temperature, according to [8].

Parameter Units Low S, High T High S, High T High S, Low T
Max. temperature °C 170 170 155
H-factor 1200 1296 1400
Total cooking time? min 190 200 430
[OH" )i mol/L 1.25 1.26 1.27
[HS | mol/L 0.28 031 031
[OH Jeciduat mol/L 0.25 0.26 0.26
[HS hesidual mol/L 0.20 0.21 0.20
[DS™ Jesidual g/L 140 149 156
EA-charge %NaOH 19.0 19.0 19.0

on oven-dried

wood

Yield_tot % 49.0 48.3 49.2
Yield screened % 45.3 46.0 48.0
Kappa number 25.9 25.0 25.2
Brightness %ISO 31.2 32.3 32.0
Viscosity ml/g 1102 1134 1162
Cellulose % 75.41 75.61 75.4
AX % 8.0 8.5 9.3
GGM % 8.3 8.1 7.9
DCM % 0.13 0.13 0.12
Copper % 0.47 0.43 0.36
COOH mmol/kg 111 128 93

a) Comprises 90 min of heating-up time, time at T, ,, and 30 min

max
of cold displacement and discharge.
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4.2.6.2 Modified Kraft Cooking

From an environmental standpoint, it would be highly desirable to lower the re-
sidual lignin content (kappa number) as much as possible before entering the
bleach plant. In commercial practice, most softwood kraft pulps are, however,
delignified only to a kappa number in the range from 20 to 35, depending on the
technology applied. The reason for this constraint can be referred to limitations in
pulp quality and pulp yield. Pulp with lower strength properties will not be
accepted by customers.

The strength properties of an unbleached kraft softwood pulps reach an opti-
mum in the kappa number range from 22 to 35. A mill study including both con-
tinuous and batch digesters revealed that conventional pulping in kraft softwood
mills can be extended to kappa numbers close to 25 without deteriorating
unbleached pulp strength (Fig. 4.41).
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Fig. 4.41 Tear index at given tensile strength as a function
kappa number. Results from different kraft mills. Mill | oper-
ates a continuous digester using a spruce/pine mixture; Mill
|1 operates batch digesters using softwood furnishes (accord-
ing to [12]).

The optimum target kappa number, however, is determined not only by pulp
strength properties but also by yield and other parameters. Reinforcing delignifi-
cation from kappa number 32 to 25 reduces the yield of screened pulp from
47.2% to 45.7% in case of conventional cooking [12].

In a given process, prolonged cooking results in a gradual degradation of the
carbohydrate chains, observed as a drop in viscosity and in a decrease in yield.
The pulp viscosity of a softwood kraft pulp can be correlated to pulp strength,
expressed by the product of specific tearing strength and tensile strength [13]. The
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Fig. 4.42 Strength, estimated by the product of tensile index
and tear index, of a softwood kraft pulp related to its intrinsic
viscosity (according to [13]).

relationship between viscosity and pulp strength can be approximated by the type
of saturation curve shown in Fig. 4.42.

Teder and Warnquist have chosen a value of 850 mL g™ as the lowest acceptable
viscosity after bleaching for a softwood kraft pulp [13]. This relationship is valid
for conventionally and ECF bleached pulps, including an oxygen stage. As seen
from Fig. 4.42, pulp strength is seriously deteriorated when the viscosity falls
below 850 mL g . Taking a viscosity drop in the course of ECF-bleaching of
approximately 150 viscosity units into account, the viscosity should be about
1000 mL g after cooking. In the case of TCF-bleaching, the overall viscosity loss
during bleaching accounts for more than 300 units, which in turn requires an
unbleached viscosity of more than 1150 mL g™ at a given kappa number.

The selectivity of conventional kraft cooking improves by increasing the sulfid-
ity of the white liquor. Raising the sulfidity from 25% to 35% and further to 45%
increases the viscosity by 110 and 125 mL g at a given kappa number of 30,
respectively [14]. Considering the pros and cons of high sulfidity, in general the
disadvantages prevail slightly. The potential drawbacks of higher sulfidity (>35%)
can be summarized as more costs for malodorous gas collection, incineration and
recovery, the tendency to more corrosion in the recovery furnace, the more
reduced sulfur to oxidize in the white liquor, and a higher amount of inert sulfur
and sodium compounds. However, in case of high wood costs and high waste-
water treatment costs, raising the sulfidity might be a favorable measure.

The need to reduce environmental pollution by simultaneously keeping the
pulp quality at the desired level (see Fig. 4.42) was the basis of seeking possibili-
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ties to modify the kraft cook so that selectivity would be improved. These modifi-
cations should it make possible either to enter the bleach plant with a lower kappa
number, or — in order to gain also the yield advantage — to sufficiently increase the
viscosity at a given kappa number (in the range of 25-30) so that a subsequent
TCF- or ECF-bleaching treatment would be applicable. The principles of modified
cooks, with the focus on increasing the ratio of delignification to carbohydrate
degradation rates, r,/r¢, are primarily based on the results of pulping kinetics
investigations (see Section 4.2.5, Kraft Pulping Kinetics). The principles of modi-
fied cooking are summarized in the next section.

4.2.6.2.1 Principles of Modified Kraft Cooking
The modified kraft cooking technique was initially developed at the Department
of Cellulose Technology at the Royal Institute of Technology and STFI, the Swed-
ish Pulp and Paper Research Institute during the late 1970s and early 1980s
[15-19]. This allowed the kraft pulping industry to respond to environmental chal-
lenges without impairing pulp quality. Based on numerous investigations, it is
well established that a kraft cook should fulfill the following principles in order to
achieve the best cooking selectivity [20]:
« The concentration of EA should be low initially and kept relatively

uniform throughout the cook.
* The concentration of HS™ should be as high as possible, especially

during the initial delignification and the first part of the bulk

delignification. This allows a faster and more complete lignin

breakdown during bulk delignification.
* The content of dissolved lignin and sodium ions in the pulping

liquor should be kept low during the course of the final bulk and

residual delignification phases. This enables enhanced delignifi-

cation and diffusion processes.
* The rate of polysaccharide depolymerization increases faster with

rising temperature than the rate of delignification. Consequently,

a lower temperature should improve the selectivity for delignifica-

tion over cellulose depolymerization [21].
* Avoidance of mechanical stress to the pulp fibers, especially dur-

ing the discharge operation. The digester must be cooled to a

temperature below 100 °C (and the residual overpressure must be

removed from the digester via the top relief valve) prior to dis-

charge of the pulp suspension, preferably using pumped dis-

charge [22].

Effect of [OH"] (Alkali Concentration Profile)

Kinetic studies have demonstrated that the rate of delignification in the initial
phase of kraft pulping is independent of the alkali concentration, providing that
sufficient alkali remains for the reaction to continue (see Section 4.2.5, Kraft Pulp-
ing Kinetics). A logical modification of the conventional process is therefore to
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delay the addition of alkali until it is required, for example, in the bulk and resid-
ual delignification phases. The bulk delignification rate is most dependent on the
EA concentration.

A low and uniform concentration of EA is favorable with respect to delignifica-
tion selectivity [18]. A controlled alkali profile, where the EA concentration was
maintained at levels from 10 g L™ to 30 g L' throughout the cook of Eucalyptus
syberii and Eucalyptus globulus resulted in higher strength properties (measured as
zero span tensile and tear indices) in the kappa number range 8-18 as compared
to conventionally produced kraft pulps [23].

An increase in EA charge accelerates the delignification rate and the transition
from bulk to final delignification phase moves towards a lower lignin content,
resulting in a shorter cooking time at a given cooking temperature, or making a
lower cooking temperature possible at a given cooking time to attain a given
kappa number target. Thus, in industrial cooking, the level of EA concentration
during bulk delignification will also determine the cooking capacity. Conse-
quently, a compromise between productivity and pulping selectivity must be
found in practice.

When the EA concentration in the final cooking stages of a softwood kraft cook
is increased in a first case at the beginning of the cook (A-profile), and in a second
case after a cooking time of 60 min, a clear relationship between the residual EA
concentration at the end of the cooks and the H-factor required to reach a target
kappa number of 25 can be established (Fig. 4.43) [24].
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Fig. 4.43 H-factor after 120 min of cooking pine (Pinus sylvestris). Sulfidity of white liquor

time required to reach a kappa number 25 37%. Two different EA profiles were established
as a function of the residual effective alkali due to the time of adding the final and third EA
(EA) concentration at the end of the cook charge, simulating a modified continuous

(according to [24]). Kraft pulping of Scots digester operation.
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Fig. 4.44 Total yield of Scots pine (Pinus 37%. Two different EA profiles were established
sylvestris) kraft cooking to kappa number 25 due to the time of adding the final and third EA
as a function of the residual effective alkali charge, simulating a modified continuous
concentration at the end of the cook digester.

(according to [24]). Sulfidity of white liquor

From these results it can be concluded that the temperature can be lowered by
15°C when the final EA concentration is raised from 3 to 40 g L by simulta-
neously keeping the cooking time constant. The H-factor requirement of both EA
profiles is quite comparable. This result agrees well with the findings of Lindgren
et al., that a high EA concentration during the final cooking stage accelerates the
delignification of residual lignin [25]. It is common knowledge that the pulp yield
generally decreases when the EA concentration is increased [26]. The relationship
between yield and EA dosage is, however, very complex and additionally depends
on the temperature level and EA concentration profile throughout the whole cook.
The effects of both EA profile and residual EA concentration on total yield are
compared in Fig. 4.44.

The kraft cooks with the higher EA concentration at the beginning of the cook-
ing stage experience significant yield losses when the residual EA concentration
exceeds 20 g L. This observation is also in line with the results obtained from a
two-stage kraft process comprising a pretreatment step with a constant hydrogen
sulfide ion concentration ([HS] = 0.3 mol L) and varying hydroxide ion concen-
trations [0.1-0.5 mol L") and a cooking stage where the initial hydroxide ion con-
centration is varied from 1 to 1.6 mol L [27]. The pulp yield decreases sharply
when the residual EA concentration exceeds 0.4 mol L™ (Fig. 4.45).
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Fig. 4.45 Pulp yield of pine kraft pulps produced according to
a two-stage laboratory cook at a kappa number 20 as a func-
tion of the residual alkali concentration (according to [27]).

The loss of pulp yield is mainly caused by a decrease in the xylan yield (total

yield from 44.1% — 42.2% on wood parallels the change in the xylan content
from 3.8% — 2.1% on wood).
The study also shows that when the comparison is made at the same total EA
charge, approximately 1% higher pulp yield is achieved if the alkali charge is
more shifted to the pretreatment stage ([OH] 0.1/1.6 mol L versus 0.5/
1.0 mol L.

Shifting the final EA charge to the late cooking stages, however, contributes to a
preservation of the yield throughout the whole range of residual EA concentration
investigated (see Fig. 4.44). Hence, high EA concentrations at the beginning of
the cooking stage seem to be particularly unfavorable with respect to pulp yield.
However, when the EA profile is modified in such a manner that the alkali con-
centration at the beginning of the cook remains relatively low and the concentra-
tion is increased only at the end of the cook, pulp yield can be preserved and vis-
cosity can even be improved.

The higher hemicellulose content of the pulp derived from the late EA addition
indicates that when the EA concentration at the beginning of bulk delignification
is moderate (means below 15 g L), a high concentration at the end of the cook
does not impair pulping selectivity with respect to pulp yield. Thus, a high EA
concentration at the beginning of bulk delignification degrades hemicelluloses,
predominantly xylans. The reprecipitation of xylan onto the fibers during the final
cooking phase is however limited due to the high EA concentration. A further
advantage of the high EA concentration at the end of the cook is partial degrada-
tion of the hexenuronic acid (HexA). However, the reduction of HexA is more pro-
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nounced when the EA concentration is increased at the beginning of the cook,
which is in agreement with the findings of Vuorinen et al. [28]. On the basis of
these findings and appropriate process simulations, a new continuous cooking
process denoted as Enhanced Alkali Profile Cooking (EAPC) has been developed
[29] (see also Mill applications).

Effect of [HS™] (Sulfide Concentration Profile)

The sulfide concentration should be as high as possible to attain high delignifica-
tion selectivity (yield versus kappa number and viscosity versus kappa number).
This is particularly important during the transition from initial to bulk delignifica-
tion, where the addition of hydrogen sulfide ions to quinone methide intermedi-
ates favors subsequent sulfidolytic cleavage of the PB-O-arylether bond at the
expense of condensation during the bulk delignification [30]. A lack of sulfide
ions may also lead to a carbon—carbon bond cleavage of the B-y-linkage to yield
formaldehyde and styryl aryl structures [30] (see Section 4.2.4).

The pretreatment of loblolly pine chips with sodium sulfide-containing liquors
(pure Na,S or green liquor) in a separate stage prior to kraft pulping results in a
higher pulp viscosity at a given kappa number as compared to conventional kraft
pulping (at a kappa number level of 25, the intrinsic viscosity — recalculated from
Tappi-230 — increases from 950 mL g™’ to 1080 mL g . Conditions: pretreatment:
l:'s = 4:1; temperature 135°C, EA-charge of Na,S 13.5 wt% NaOH; kraft cook: (a)
after pretreatment: EA-charge 12 wt% NaOH, (b) without pretreatment: EA-charge
20.5 wt% NaOH; all residual conditions were constant). The pretreatment of
wood with aqueous sodium sulfide solutions at temperatures of about 140 °C prior
to a modified kraft cook results in an additionally improved delignification selec-
tivity [31]. The beneficial effect observed is probably related to an increased uptake
of sulfur/sulfide which also leads to a faster delignification in a subsequent kraft
cook.

The increase in pulping selectivity can only be obtained when about 70% of the
pretreatment liquor is removed ahead of the addition of white liquor in the subse-
quent kraft stage [32]. The high viscosity is solely due to the lower alkali require-
ment during the kraft cook. Thus, the increase in selectivity when pretreating the
chips with hydrogen sulfide-containing liquors at temperatures around 135 °C can
be attributed to enhanced lignin degradation at any given EA dosage [32].

The treatment of wood chips with sulfide-containing liquors under conditions
typical for impregnation yields sulfide absorption. The sorption of sulfide in wood
chips increases with increasing hydrogen sulfide ion concentration, time, temper-
ature, and concentration of sodium ions, but decreases with increasing hydroxide
ion concentration [33,34]. At a given temperature and reaction time, there is a rela-
tionship between the sulfide sorption in wood and the ratio of the concentrations
of hydrogen sulfide and hydroxide ion concentration, similar to a Langmuir-type
adsorption isotherm (Fig. 4.46).
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Fig. 4.46 Sulfide sorption in wood (50% pine, 50% spruce) as
a function of the ratio of hydrogen sulfide ion to hydroxide ion

concentrations at a temperature of 130 °C after 30 min
(according to [33]).

The saturation level of absorbed sulfide ions amounts to approximately
0.3 mol kg™ wood, which corresponds to about 25 S units per 100 C9 units. The
presence of polysulfide in the treatment liquor doubles the amount of sulfide
sorption. Due to the high hydroxide ion concentration, the ratio of hydrogen sul-
fide ion to hydroxide ion concentration yields only about 0.25 at the beginning of
a conventional cook ([HS™] = 0.28 mol L™, [OH | = 1.12 mol L' equals a sulfidity
of 40%). According to Fig. 4.46, the amount of absorbed sulfide is very low. The
ratio of hydrogen sulfide ion to hydroxide ion concentration governs the extent of
cleavage of B-aryl ether linkages in phenolic structures and the formation of enol
ether structures. At high ratios, the formation of enol ether structures is mini-
mized, and the cleavage of B-aryl ether structures is favored. Laboratory trials dem-
onstrated that pretreating wood chips with a solution exhibiting a ratio of hydro-
gen sulfide ion to hydroxide ion concentration as high as 6 prior to a kraft cook
produces pulps with approximately 100 mL g higher viscosity at a given kappa
number as compared to a conventional kraft cook without pretreatment (Fig. 4.47).
The results also indicate that there is no difference in selectivity after pretreatment
with different types of black liquor with higher and lower molecular weights of
the lignin, or with a pure inorganic solution as long as the solutions have an equal
ratio of hydrogen sulfide ion to hydroxide ion concentration. This implies that the
organic matter in the black liquor has no perceivable effect on the selectivity.
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Fig. 4.47 Selectivity plot — intrinsic viscosity versus kappa
number — for kraft pulps made from wood chips consisting

of 50% pine and 50% spruce chips, pretreated with different
kinds of black liquors and for a reference kraft cook (according
to [33]). Pretreatment conditions: [HS]/[OH] = 6; 130°C, 30 min.

In order to provide a [HS]/[OH ] ratio of at least 26:1 to ensure sufficient sul-
fide sorption, it is clear that there is a need to separate the hydrogen sulfide from
the hydroxide of the white liquor. The concept would be to apply the sulfide-rich
liquor alone or combined with black liquor to the early phases and the sulfide
lean liquors in the late stage of the cook. A novel method for the production of
white liquor in separate sulfide-rich and sulfide lean streams has been proposed
[35,36]. This process utilizes the lower solubility of sodium carbonate and sodium
sulfide in the recovery boiler smelt to achieve a separation of these two com-
pounds. Preliminary results have shown that the sulfide-rich white liquor fraction
exhibits a sulfidity of 55%, whereas the sulfide-lean white liquor fraction shows a
sulfidity of less than 5% (Tab. 4.26). Further advantages of this separation into two
fractions are the significantly higher EA concentration of the combined white
liquors, the 6% higher overall causticity, and the lower hydraulic load in the green
liquor clarification, slaking, causticizing and white liquor separation systems. The
higher causticity can be attributed to the reprecipitation of sodium carbonate
from the part of the sulfide-lean liquor recycled back to smelt leaching.
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Tab. 4.26 Composition of conventional and alternative white liquors (according to [36]).

Constituents Unit Conventional Alternative white liquor recovery

Sulfide-rich Sulfide-lean Total

NaOH g NaOH L™ 88.9 194.3 130.6
Na,S g NaOH L™ 47.9 234.3 6.2
Na,CO, g NaOH L! 16.1 trace 27.9
Active alkali (AA) g NaOH/L™! 136.8 428.6 136.8 226.5
Effective alkali (EA) g NaOH L 112.8 311.5 133.7 188.4
Sulfidity % on AA 35.0 54.7 4.51 33.7
Causticity % 84.7 99.9 82.41 88.6
Percentage of total EA % 100.0 49.8 50.2 100.0

Effects of Dissolved Solids (Lignin) and lonic Strength

Delignification selectivity is negatively affected by the organic substances dis-
solved during the cook at given liquor-to-wood ratios (3:1 to 5:1). The reason for
the impaired final pulp quality can be attributed to the reduced delignification
rate at a late stage of the cook due to the presence of the dissolved organic matter
[18] (see Section 4.2.5.2.2, Reaction kinetics). The removal of dissolved wood com-
ponents, especially xylan, during the final cooking stages is however disadvanta-
geous to total yield as the extent of xylan adsorption on the pulp fibers diminishes.
The xylan content in a pine kraft pulp would be 4-6% without adsorption com-
pared to 8-10% after a conventional batch cooking process, and hence the total
yield would be reduced by 2% from 47 to 45% [37].

The level of dissolved lignin concentration in the final cooking stage is also a
major determinant of delignification selectivity in batch cooking. In order to avoid
extra dilution and to preserve material balance, a lower lignin concentration in the
final cooking liquor means shifting to a higher concentration in the initial stages
of the cook. A linear relationship between the gain in viscosity at a given kappa
number and the dissolved lignin concentration after displacement with fresh
cooking liquor has been obtained [38]. A reduction in the dissolved lignin concen-
tration from 62 g L™ to approximately 40 g L™ corresponds to an overall increase
in viscosity of 100 mL g ' [38].

A detailed study on the effects of dissolved lignin has been conducted by Sj6-
blom et al. [39]. The results of Pinus silvestris kraft cooks in a continuous liquor
flow digester demonstrate that the presence of dissolved lignin during the later
stages of delignification (bulk and final) impairs the selectivity expressed as vis-
cosity—kappa number relationship. The effect increases with prolonged delignifi-
cation. Interestingly, the presence of lignin during the initial phase and the transi-
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tion phase to bulk delignification results in an increase in pulp viscosity. The addi-
tion of untreated black liquor from a previous cook decreases selectivity more as
compared to the addition of dialyzed black liquor or precipitated kraft lignin
(Indulin AT from Westvaco) at a given lignin concentration (Fig. 4.48). Conven-
tional batch cooking and continuous liquor flow cooking with the addition of
untreated black liquor in the final part of the cook show comparable selectivity in
the kappa number range 20-32. Figure 4.48 shows that, in comparison to these
cooks, continuous liquor flow cooking without the addition of lignin to the cook-
ing liquor (CLF reference) produces pulps with 200-250 mL g™ higher viscosity in
the given kappa number range. The better selectivity may be explained partly by
the low concentrations of dissolved lignin and sodium ions which increases the
delignification rate, and partly by the continuous supply of hydrogen sulfide ions.
In conventional cooking there seems to be a lack of hydrogen sulfide ions at the
beginning of the bulk delignification phase, and this might increase the propor-
tion of enolic ether structures in the lignin [40].
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Fig. 4.48 Selectivity plots of laboratory Pinus sylvestris kraft
cooks comparing the concepts of continuous liquor flow
(CLF) and conventional batch (Batch) technology, as well as
the addition of untreated and dialyzed black liquor during the
final cooking stage according to Sjéblom et al. [39].

CLF reference: [OH | = 0.38 mol L™; [HS ] = 0.26 mol L; Batch: 20% EA on
wood, 40% sulfidity, liquor-to-wood ratio 4:1; cooking temperature 170 °C for both
concepts; untreated or unchanged black liquor and dialyzed black liquor in a con-
centration of 50 g L' lignin, each of which is added at the end of bulk delignifica-
tion until the end of the cook.
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Moreover, the presence of dissolved lignin in alkaline solution leads to an
increase in the alkalinity when the temperature is raised [41]. The amount of hy-
droxide liberated from lignin when increasing the temperature from 25 to 170°C
equals approximately the amount being consumed by dissolution of precipitated
lignin at 25 °C. The effect of increased temperature on the acid/base reactions is a
displacement towards the acid forms according to the following equation:

B+ H,0=HB + OH"

The release of hydroxide ions at high temperatures is most pronounced in the
pH range 10-12, where the phenolate and carbonate ions react to form phenols
and hydrogen carbonate, respectively [42].

The determination of alkali concentration at 170°C is measured indirectly by
the extent of cellulose degradation caused by alkaline hydrolysis using high-purity
bleached cotton linters (stabilized with NaBH, treatment against alkaline peeling
degradation). It has been shown that in a lignin-free cooking liquor (white liquor),
the alkali concentration at 25 °C must be increased by 31% in order to obtain equal
alkalinities at 170°C with that of a lignin solution of 44 g L™ Figure 4.49 illus-
trates how much the EA concentration must be increased in a lignin-free solution
at 25 °C to reach the alkalinity at 170 °C of a lignin solution of a given concentra-
tion. The relationship is valid at an effective alkali concentration of 0.6 mol L™ in
the lignin solution at 25 °C.

The selectivity is also impaired by an increasing ionic strength (e.g., sodium
ions) during the final part of the cook. The effect of dissolved lignin on selectivity
is, however, greater than that of sodium ions limited to the concentration levels in
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Fig. 4.49 Difference in alkali concentration at  Both solutions show the same alkalinities at

25 °C between lignin-free solution and lignin- 170 °C. The relationship is valid at an alkali con-
containing solutions, [OH"]-[OH"],, as a func- centration of 0.6 mol L™ at 25°C.

tion of lignin concentration (according to [41]).
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normal cooks. The presence of untreated black liquor during the final part of the
cook causes a lower yield of approximately 0.5% at a given kappa number. The
yield loss originates from the prolonged cooking necessary to reach a given kappa
number.

The sole effect of liquor displacement was studied for kraft cooking of radiata
pine [43]. Liquor displacement means the replacement of black liquor by fresh
white liquor in the late stage of the cook. The results from laboratory cooking
experiments clearly show that if the displacement is conducted earlier in the cook
(1200 H-factor), then the effective alkali split ratio has no influence on pulping
selectivity. However, if displacement is delayed until 1600 H-factor, pulping selec-
tivity increases for both effective alkali split ratios investigated (see Fig. 4.50).

In another study, a three-stage process with both high initial sulfide concentra-
tion due to a low liquor-to-wood ratio and the use of a sulfide-rich white liquor
(vapor phase cook until H-factor 300) and low final lignin concentration suggests
a substantial selectivity advantage compared to a modified reference cook
[26,44,45]. A dissolved lignin concentration in the final cooking phase as low as
20 g L' (compared to 40 g L' for the modified reference and 70 g L™ for the con-
ventional reference cooks) is achieved through drainage of the free liquor at H-fac-
tor 1200. The bisection of the dissolved lignin concentration in the final cooking
phase results in an increase of approximately 90 units in pulp viscosity at a given
kappa number, which again is about 60 and 160 units higher as compared to the
modified and conventional reference cooks, respectively [44].
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Fig. 4.50 Selectivity plot as viscosity—kappa to conventional kraft batch cooking. Constant
number relationship for radiata pine kraft conditions: Total EA-charge 15.6% on o.d.
pulps (according to [43]). Influence of liquor ~ wood; 26.5% sulfidity; max. cooking tempera-
displacement at different effective alkali split ~ ture 170°C.
ratios at different H-factor levels in comparison
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The application of liquor exchange at a predetermined H-factor to reduce the
content of dissolved lignin and sodium ions in laboratory kraft pulping of hard-
wood (e.g., different Eucalyptus species) was also very successful in improving the
relationship between pulp strength and kappa number [23]. If liquor exchange is
combined with alkali profiling, the benefits gained are substantially additive.

The rate of delignification is determined by the initial fraction of EA alkali
reflecting the higher alkali concentration at the start of the bulk phase. High pulp-
ing rates can be maintained at low EA split ratios if displacement is shifted to ear-
lier cooking stage [43].

Effect of Cooking Temperature

The rate of carbohydrate degradation during alkaline pulping is affected by both
EA concentration and cooking temperature (see Section 4.2.5.2.1, Kinetics of car-
bohydrate degradation). Kubes et al. determined an activation energy of
179 + 4 kJ mol™ for the chain scissions of the carbohydrates by applying the
Arrhenius equation that describes the temperature dependence in Soda-anthra-
quinone (AQ) and kraft pulping [21]. The corresponding activation energy for
bulk delignification is known to be about 134 k] mol™ (see Tab. 4.19 in) [46]. The
selectivity of kraft cook with respect to the intrinsic pulp viscosity is defined as the
ratio of the rate of delignification (k) to the rate of carbohydrate degradation, de-
termined as chain scissions (k). Pulping selectivity improves by decreasing the
cooking temperature due to a significantly higher activation energy for the chain
scissions (see Tab. 4.18). Laboratory and industrial cooking experiments according
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