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Abstract

Xylan is the main hemicellulose in birch, eucalyptus, and most other hard-

wood species. During kraft pulping a series of chemical reactions and physi-

cal processes involving xylan takes place. The processes studied here are the

following: dissolution, degradation, redeposition onto the fibres, side-group

conversion, and cleavage of side groups off the xylan backbone. The side

group in native xylan consists of methylglucuronic acid, which is partly con-

verted into hexenuronic acid during kraft cooking. Hexenuronic acid affects

the pulp in terms of increased brightness reversion and reduced bleachability.

The kinetics of the side-group cleavage and conversion reactions were stud-

ied using various analytical tools. The study revealed that the most common

methods for methylglucuronic acid quantification can be significantly im-

proved in terms of accuracy. A modification and combination of two of the

methods was suggested and evaluated.

In order to minimise the hexenuronic acid content, a common suggestion

involves the use of a high cooking temperature. The kinetic study found

that the degree of substitution of pulp xylan is only slightly affected by

temperature, and that the observed effects are likely to be more associated

with the xylan content of the pulp than with the hexenuronic acid content

of the xylan. For the dissolved xylan, however, the degree of substitution

indicated a high temperature dependency for birch kraft cooking.

By collecting black liquors at different stages in the cook, different molecular

properties of the dissolved xylan was obtained. The liquors were charged

at later parts of the cook, making the dissolved xylan to reattach to the fi-

bres. Depending on the molecular properties of the added xylan, the tensile

strength properties of the produced paper were improved. These improve-

ments in paper properties were correlated to the molecular behaviour of the

added xylan in solution.



Sammanfattning

Ved best̊ar i huvudsak av lignin, cellulosa och hemicellulosa och den vik-

tigaste hemicelullosan i lövved är xylan. Under sulfatkoket är syftet att

avlägsna lignin men samtidigt sker en viss oundviklig utlösning av xylan i

kokluten. Dessutom sker kemiska reaktioner som modifierar xylanmolekylen

och i de senare delarna av koket kan xylan falla ut p̊a cellulosafibrerna. Xylan

best̊ar av en kedja sockerenheter, xylos, av vilka vissa är substituerade med

sidogrupper. Den viktigaste sidogruppen är metylglukuronsyra som under

kokning kan omvandlas till hexenuronsyra. Sidogrupperna p̊averkar xylanets

tendens att adsorbera p̊a ytor samt dess tendens att bilda aggregat av flera

molekyler.

Genom att växla koklutar, inneh̊allande olika typer av xylan, kan xylan f̊as

att adsorbera/falla ut p̊a fibrerna i sulfatkoket. Det betyder att fiberytan

förändras och kan, efter kokning och tvättning, formas till papper med en

förbättrad styrka. I detta arbete jämförs xylanets molekylära egenskaper i

kokluten med dess förm̊aga att öka styrkan hos den producerade massan.

Steget fr̊an molekylniv̊a till pappersprovning är ofantligt stort och syftet

med detta arbete är att öka först̊aelsen för bakomliggande orsaker till xylan-

ets styrkehöjande egenskaper. Utifr̊an resultaten föresl̊as en kokteknik som

kan tillämpas i den industriella processen med hjälp av sm̊a processtekniska

förändringar.
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Tack till övriga kollegor p̊a KTH och STFI-Packforsk för utnyttjande av

instrument och gott samarbete. Biofibre Materials Centre, BiMaC, tackas för

finansiering av detta projekt och för gränsöverskridande sociala aktiviteter.
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Preface

On earth, there are approximately 3.95 billion hectares of forest, comprising

some 30% of the total global land area. Approximately a third of the global

forest area is protected or located in remote areas not suitable for harvesting.

Even so, much of this enormous forest production is currently used as raw

material in a large variety of products and processes. Moreover, increasing

environmental concerns are leading to efforts to replace oil-based materials

with products manufactured from renewable resources.

Forest products, such as pulp for papermaking, have long been produced as

cheap bulk products, so the focus of development efforts has been process

economy and increased production capacity. In recent years, however, there

has been a shift towards improving the properties of pulp as a product,

so combining greater process economy and improved pulp properties has

become a hot topic. The present research examines liquors currently used in

kraft cooking with an emphasis on improving the strength properties of the

produced pulp.

Although the positive effects of hemicelluloses, in particular, xylan, on pulp

strength have long been known, a lack of understanding restricts its use. The

potential of xylan as a pulp strength enhancer could be great, as pronounced

improvements have been obtained in some studies (though not in others).

The chemical reactions of xylan during kraft cooking are examined in Papers

I, II, and IV. During the course of the research, it was realized that the ac-

curacy of existing methods for uronic acid quantification were low; method

development was thus carried out, which is reported in Paper III. The ten-

dency of xylan to attach to cellulose was studied in papers I and V and the

effects of xylan with different molecular properties on pulp strength were

examined in Papers I and IV.



Papers

This thesis is a summary of the following papers; the papers are referred to

by roman numeral and appended at the end of the thesis.

I Influence of birch xylan adsorption during kraft cooking

on softwood pulp strength

Danielsson, S. and Lindström, M.E.

Nordic Pulp and Paper Research Journal (2005), 20(4), 436–441

II Kinetic study of hexenuronic and methylglucuronic

acid reactions in pulp and in dissolved xylan during

kraft pulping of hardwood

Danielsson, S., Kisara, K., and Lindström, M.E.

Industrial & Engineering Chemistry Research (2006), 45(7),

2174–2178

III An improved methodology for the quantification of uronic

acid units in xylans and other polysaccharides

Li, J., Kisara, K., Danielsson, S., Lindström, M.E., and

Gellerstedt, G.

Carbohydrate Research (2007), 342(11), 1442–1449

IV The effect of black liquor exchange in the kraft cook on the

tensile properties of Eucalyptus urograndis kraft pulp

Danielsson, S. and Lindström, M.E.

Submitted to Nordic Pulp and Paper Research Journal

V Adsorption of Hardwood Black Liquor Xylan on Cellulose

Danielsson, S., Josefsson, P., and Lindström, M.E.

In manuscript



Related Material

Some of the results presented in the above papers, as well as other related

material, are found in:

Danielsson, S., Jacobs, A., and Lindström, M.E.

Topochemical modification of fibres during kraft pulping

13th International Symposium of Wood, Fibre and Pulping Chemistry (ISWFPC),

Auckland, New Zealand (2005) Vol. 2, pp. 155–160

Danielsson, S., Brännvall, E., and Lindström, M.E.

Xylan as a surface modifying agent in the kraft cook

Abstracts of Papers, 231st ACS National Meeting, Atlanta, GA, United

States, March 26–30 (2006) CELL 132

Danielsson, S., Eriksson, M., and Lindström, M.E.

The influence of kraft cook additives on paper strength

6th International Paper and Coating Chemistry Symposium (PCCS), Stock-

holm, Sweden, June 6–9 (2006) p. 54

Kisara, K., Danielsson, S., and Lindstrom, M.E.

The possibility of control on forming and cleaving reactions of

HexA during kraft pulping

TAPPI Engineering, Pulping & Environmental Conference, Atlanta, GA,

United States, November 5–8 (2006)

Danielsson, S. and Lindström, M.E.

Utilization of black liquor xylan to increase tensile properties of

kraft pulp

3rd International Colloquium on Eucalyptus Kraft Pulp (ICEP), Belo Hori-

zonte, ES, Brazil, March 4–7 (2007)



Contribution to Papers

The author’s contributions to the appended papers are as follows:

I Principal author. Took part in outlining the experiments,

and performed all experimental work except running the SEC

for molecular weight determination.

II Principal author. Took part in outlining the experiments,

and performed about half of the experimental work.

III Co-author to result and discussion sections. Took part in

outlining the experiments and performed kraft cooking

experiments.

IV Principal author. Planned and performed the experiments.

V Principal author. Planned and performed the experiments,

except preparing the MFC surfaces for QCM measurements.



Contents

Introduction 1

Wood Composition . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

The Art of Paper Making . . . . . . . . . . . . . . . . . . . . . . . 4

Kraft Cooking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

Xylan Reactions in Kraft Cooking . . . . . . . . . . . . . . . . . . . 7

Xylan Attachment to Cellulose . . . . . . . . . . . . . . . . . . . . 10

Pulp Strength . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

Xylan and Pulp Strength . . . . . . . . . . . . . . . . . . . . . . . . 14

Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

Experimental 16

Kraft Cooking (Papers I–V) . . . . . . . . . . . . . . . . . . . . . . 16

Xylan Analysis (I, II, IV and V) . . . . . . . . . . . . . . . . . . . . 17

Uronic Acid Detection (II–IV) . . . . . . . . . . . . . . . . . . . . . 17

Xylan Adsorption (I & V) . . . . . . . . . . . . . . . . . . . . . . . 18



Pulp Charges (I & IV) . . . . . . . . . . . . . . . . . . . . . . . . . 19

Physical Testing of Pulps (I & IV) . . . . . . . . . . . . . . . . . . 20

Results and Discussion 21

Xylan Degradation and Dissolution during Kraft Cooking (I & IV) 21

Side Group Reactions of Xylan (II & IV) . . . . . . . . . . . . . . . 26

Quantification of Uronic Acids (III) . . . . . . . . . . . . . . . . . . 35

Xylan Adsorption on Cellulose (I, IV & V) . . . . . . . . . . . . . . 40

Black Liquor Xylan as a Strength Enhancer in the Kraft Cook (I &

IV) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

Industrial Application 59

Conclusions 61

Bibliography 62



Introduction

Wood Composition

Wood is a very heterogeneous material and its composition and structure

differ between species, individuals, locations of growth, and parts of tree

stem. Although the diversity of wood structure is high, it always consists

mainly of cellulose, hemicellulose, and lignin, together with small amounts of

extractives, such as terpenoids, resin acids, fatty acids, pectin, proteins, and

inorganic matter.

Cellulose is a linear polysaccharide consisting of linked anhydrous glucose

units, with a degree of polymerization of approximately 10 000. Most of

the cellulose molecules are naturally organized in sheets, which in turn are

organized in bundles of sheets called fibrils. The fibrils also contain cellulose

of the less-ordered, so-called paracrystalline structure. The cellulose fibrils

form aggregates that build up the cell wall (Lennholm and Henriksson, 2007).

Figure 1: A representative formula of O–acetyl–(4–O–methylglucurono)xylan, the main
hemicellulose in hardwood.
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Figure 2: The most common types of linkages within the lignin molecule.

Hemicelluloses are found in the matrix between cellulose fibrils in the cell

wall have been shown to be closely associated with both cellulose and lignin.

Xylan comprises a group of hemicelluloses that will be the focus throughout

this thesis. Softwood xylans differ slightly in structure from those found in

hardwoods, although both have a backbone of β-(1 → 4)-d-xylopyranosyl

units. Figure 1 shows a representative formula for O-acetyl-(4-O-methyl-

glucurono)-xylan, which is the main hemicellulose in hardwoods, represent-

ing 27% of the dry mass of birch wood (Sjöström, 1993). Unlike cellulose,

hemicelluloses are branched molecules, and the degree of polymerization of

extracted wood xylan is between 100 and 145 (Jacobs et al., 2002). The side

group 4-O-methyl-α-d-glucurononic acid (MeGlcA) seen in Figure 1 is easily

deprotonised, introducing charges to the polymer.

Lignin differs from cellulose and hemicellulose in many ways. This macro-

molecule is not a linear polymer with a certain repeating unit, but rather

has a more complex structure. It consists mainly of phenolic hydroxyphenyl

propane units: coniferyl alcohol in softwood and coniferyl alcohol together

with sinapyl alcohol in hardwood. In addition, both hardwood and softwood

lignin often contain small amounts of p-coumaryl alcohol. The hydroxyphenyl

propane units can be linked in different ways, and a tentative structure is

shown in Figure 2. Lignin is best described as a three–dimensional crosslinked
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Figure 3: The wood cell. (Adapted and reprinted with permission from Côté (1967).)

web with great variations in structure: it is moreover connected to carbohy-

drates at different sites Sjöström (1993).

Figure 3, represents a model of a wood cell with its different cell wall layers.

The thin primary wall (P) and the middle lamella (ML) have high lignin

contents but also consist of cellulose, hemicellulose, pectin and extractives.

The middle lamella is located outside the primary wall and links the wood

cells together. The fibril aggregates in the primary wall build up a network

extending in random directions, as depicted in Figure 3. The secondary wall

consists of three sub layers, in each of which the fibrils run in a specific

direction. In the thin outer layer, S1, the fibrils run in a direction almost

perpendicular to the fibre direction. The S2 layer is very thick and account

for the major part of the wood material. It is the most important layer deter-

mining the physical properties of the wood fibre and thus its paper making

properties. The fibrils are oriented at a small angle to the fibre direction,

and this angle varies strongly. The microfibrillar angle is important for the

mechanical properties of the fibres. The third sub layer in the secondary cell
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wall, S3, resembles S1 in terms of fibril direction and is the thinnest sec-

ondary sub layer. In technical texts, the wood cell as shown in Figure 3, is

frequently referred to simply as ”wood fibre”, a usage that will be adopted in

here.

The Art of Paper Making

The word ”paper” derives from the mistakes of Greek speaking scholars, who

thought the material was identical to the ancient Egyptian writing material

papyrus, which is woven from papyrus plants. The Egyptians used papyrus

as early as circa 3000 BC. The earliest man made paper so far discovered

is dated at AD 8 (Kuniholm and Wiener, 2007). The Chinese Ts’ai Loun

improved the papermaking process so significantly in AD 105 that he is often

described as the first inventor. The raw material of early paper could be

linen, wool, old rags or hemp waste. The first documented use of wood

as raw material for papermaking was in 1840, when the German Freidrich

Gottlob Keller invented the stone groundwood process (Sixta, 2006). In this

mechanical pulping process, logs are pressed to a rotating stone, loosening

the fibres from the wood tissue. This process is, although modified, still used

producing pulps of relatively low strength but excellent optical properties.

The first chemical pulping process was the soda cook, developed in 1851 by

Hugh Burgees and Charles Watt in England. In this process, wood, rags or

straw were cooked in sodium hydroxide, which degrades and dissolves large

parts of the lignin that glues fibres together. Within a few years, the acid

sulphite process was invented, producing a brighter pulp than the soda cooked

pulps. Carl Dahl is usually called the inventor of the kraft process as he was

the first to add sodium sulphate as a make-up chemical in the soda cooking

process (Dahl, 1884). The kraft process has since become the most common

chemical pulping process worldwide for many reasons. Kraft pulp is usually

stronger than sulphite pulps. The recovery system of cooking chemicals was

early developed for the kraft process, while it was troublesome for the sulphite
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process in the early years. The kraft process is less sensitive to variations

in the raw material. The drawbacks compared to the sulphite process are

low yield, the formation of malodorous gases, and the fact that the produced

pulp is darker and harder to bleach. When effective bleaching chemicals

were adopted and most of the malodorous gases collected and burned, the

kraft cooking process gained ground over the sulphite process. Although the

sulphite process has, to some extent, fallen victim to prejudices and distrust

not always based on scientifically proven data, the complete domination of

the kraft process is quite sensible when it comes to producing pulps with

good strength properties.

Kraft Cooking

The active cooking chemicals in the kraft cook, the hydroxide ion and the

hydrogen sulphide ion, degrade the wood lignin and makes it soluble in cook-

ing liquor. The delignification of wood in kraft cooking is accompanied by

the simultaneous dissolution of carbohydrates. Different carbohydrates are

dissolved to different extents, and it is the balance between lignin and car-

bohydrate dissolution that determines the selectivity of the process. Due to

the heterogeneity of wood and of lignin, the rate of delignification in kraft

cooking is controlled by three apparent reaction kinetics (Wilder and Daleski,

1965, Kleinert, 1966, Lémon and Teder, 1973). The observed delignification

can be viewed as the sum of the three kinetics, one of which dominates at

any given time during the kraft cook (Lindgren and Lindström, 1996). In

the initial phase, the rate of delignification is high, and almost 20% of the

lignin is dissolved via initial phase kinetics. The bulk delignification rate is

lower, and by the time this phase decreases in significance and the residual

phase starts to dominate, approximately 90% of the lignin has been removed.

Residual delignification is very slow and, in the case of hardwood, may even

completely stop (Axelsson, 2004). The kinetics of carbohydrate dissolution

are somewhat different. There are only two observed kinetic phases of car-
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bohydrate dissolution, with a very high dissolution rate in the first and a

lower one in the second. The transition point between the two phases occurs

very early in the cook (Lindgren, 1997): after this point, the carbohydrate

dissolution proceeds as the bulk delignification does, and the selectivity of

the cook becomes relatively high. In terms of selectivity, the cook must be

terminated rather early to minimize the influence of residual delignification

kinetics. The energy of activation of the bulk phase delignification is lower

than that of the second-phase carbohydrate dissolution (Vroom, 1957, Kubes

et al., 1983, Lindgren and Lindström, 1997), which gives an increased selec-

tivity when the cooking temperature is lowered. The energy of activation for

the cleavage of the most frequent linkage in lignin, β-O-4, has been found

to be very close to the reported energy of activation for the bulk deligni-

fication of spruce (Gierer and Ljunggren, 1979). However, there are clear

differences in activation energies between wood species suggesting that not

only the β-O-4 cleavage is important for the bulk delignification.

In conventional kraft cooks, the chips and liquor are loaded into the digester

simultaneously, and heated under pressure for a certain length of time until

the desired degree of delignification is achieved. This cooking method involves

high alkalinity early in the cook, leading to severe carbohydrate degradation

and low alkalinity by the end. This results in a low overall delignification rate

and may even cause lignin precipitation, as the solubility boundary of lignin

in terms of pH, temperature, and ionic strength is very close to the conditions

encountered in the later parts of a conventional kraft cook (Surewicz, 1962,

Norgren et al., 2001). In the late 1970s and 1980s several important im-

provements were made to the kraft cooking process to increase its selectivity,

meaning a higher delignification rate and reduced carbohydrate degradation

(Hartler, 1978, Nordén and Teder, 1979, Teder and Olm, 1981). The findings

resulted in several new industrial processes, reviewed by Hartler (1997). All

of them involve replacing the cooking liquor at certain points in the kraft

cook, to control the chemical concentration, ionic strength, and amounts of

dissolved wood components in the liquor. These process changes made it pos-

sible to delignify the wood to a greater extent without affecting pulp strength
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or yield. The liquor exchanging technique can be managed in a variety of

ways and is still subject for improvements. In the fibre line, the cooking is

still the least selective unit operation; it is now common to interrupt the cook

at rather high kappa numbers and prolonging the more selective processes;

oxygen delignification in 1 or 2 reactors followed by multistage bleaching.

Research into using existing cooking liquors in the best way has continued

over the years and, has been a specific focus of pulp technology research at

KTH. Differences between laboratory cooked and industrially cooked pulps

can be explained by the differences in retention time of the black liquor

(Brännvall, 2007). Process properties improved by liquor exchange include

pulp bleachability (Axelsson, 2004), delignification rate and shifting of the

defibration point towards higher lignin contents (Sjödahl, 2006) and in the

present thesis, pulp strength.

Xylan Reactions in Kraft Cooking

The native form of birch xylan is modified during kraft cooking. The three

degradation reactions; – endwise peeling, alkaline hydrolysis, and secondary

peeling – decrease the molecular weight of all polysaccharides to different

extents. In the alkaline media, the acetate groups are immediately hydrol-

ysed: furthermore, the 4-O-methylglucuronic acid (MeGlcA) side group on

the xylan is partly removed from the backbone. In the early 1960s, methanol

was detected as a degradation product of MeGlcA, and a reaction mechanism

for the formation of hexenuronic acid was suggested (Clayton, 1963). The

existence of this mechanism was later supported by experimental reactions

with model compounds (Johansson and Samuelson, 1977). It was not, how-

ever, until the 1990s that the existence of a “false lignin” structure in kraft

pulps, contributing to the kappa number was observed (Maréchal, 1993) and

later identified as 4-deoxy-β-l-threo-hex-4-enopyranosyluronic acid (HexA)

(Teleman et al., 1995). The likely reason for the late verification of this struc-

ture is that it is not stable in acidic conditions which are used in traditional
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Figure 4: The formation of hexenuronic acid from 4-O-methylglucuronic acid and the
cleavage of the two substituents.

pulp component analysis. Analytical methods have later been developed and

modified and today there are a few different HexA quantification methods

available. They are based on enzymatic or acid hydrolysis of the glycosidic

bond, releasing the hexenuronic acid from the xylan molecule. The hydrolysis

products can be separated using various chromatographic methods. MeGlcA

is harder to detect quantitatively. The most common methods for quantifying

uronic acid groups in xylans are the colorimetric uronic acid assay (Filisetti-

Cozzi and Carpita, 1991) and the methanolysis method (Huang et al., 1992,

Bertaud et al., 2002). Both these methods have advantages over, for exam-

ple, enzymatic methods in terms of simplicity and rapidity and require only

conventional instruments and chemicals. The methods are, however, strictly

dependent on the operating conditions. In addition, the uronic acid structure

becomes chemically modified during different parts in the analytical proce-

dure or storage, which may mean that it escapes detection by either of the

two methods.

The finding of HexA stimulated great interest in pulping research, as it was
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realized that this structure had previously been mistaken for lignin. Its simi-

larities to lignin lie in its effect on pulp properties, such as its contribution to

the kappa number (Li and Gellerstedt, 1997), its consumption of bleaching

chemicals (Maréchal, 1993, Buchert et al., 1995), and its involvement in the

brightness reversion (Vuorinen et al., 1996). Unlike kraft pulp lignin, HexA

is a colourless structure and therefore can seemingly lower the efficiency of a

certain bleaching stage if the brightness is a control parameter. To produce a

fully bleached pulp with high brightness stability, a low HexA content is cru-

cial. Attempts to minimize the amount of HexA in the pulp both in the kraft

cook and in subsequent bleaching have therefore been made. Some studies

have considered the kinetics of hexenuronic acid formation and degradation,

together with the degradation of MeGlcA, resulting in the reaction scheme

presented in Figure 4. The suggested conditions for minimizing the amount

of HexA in an unbleached pulp often involve high temperature and high al-

kali levels (Ek et al., 2001, Shatalov and Pereira, 2004, Simao et al., 2005).

Such kraft cooking conditions, however, also minimize the xylan content of

the produced pulp. High xylan content is important, in terms of both its

contribution to pulp yield (Dillen and Noreus, 1968, Sjöblom, 1988) and its

ability to improve pulp strength (Leopold and McIntosh, 1961, Pettersson

and Rydholm, 1961, Schönberg et al., 2001, Molin and Teder, 2002). The

focus should be on the desired pulp properties. A recent study demonstrated

that when comparing pulps of equal kappa numbers, a pulp containing large

amounts of HexA and smaller amounts of lignin was easier to bleach than

one containing less HexA and more lignin. HexA was observed to have no

significant influence on brightness stability, meaning that it causes the same

brightness reversion as the corresponding amount of residual lignin (Gus-

tavsson and Ragnar, 2007). In summary, it seems as though, to achieve an

optimal kraft cook in terms of yield, consumption of bleaching chemicals,

brightness stability, and strength, the HexA content after the cook should be

rather high than low; however, this is still under debate.
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Xylan Attachment to Cellulose

If the non-electrostatic attraction between a negatively charged polymer and

a negatively charged surface is high enough to overcome the electrostatic re-

pulsion, the polymer can adsorb onto the surface. The electrostatic influence

is largely dependent on the ionic strength in solution. At high ionic strengths,

the electrostatic forces become insignificant and the adsorption mimics the

adsorption of an uncharged polymer onto a uncharged surface. The same

balance of forces holds between two negatively charged polymers in solution.

This means that as soon as the distance between molecules becomes small

enough, the molecules will start to aggregate. The aggregation kinetics de-

pend on movements in the liquor, concentration of xylan in solution, and

temperature. It was demonstrated as early as the 1950s that xylan is rather

stable when dissolved in cooking liquor (Saarnio and Gustafsson, 1953) and

that it can reattach to the cellulose fibres later in the cook (Yllner and En-

ström, 1956, 1957, Clayton and Stone, 1963). It is dissolved as a polymer,

and the amount of dissolved xylan can be as high as 8% on wood at early

cooking times in a birch soda cooking (Axelsson et al., 1962) and just below

1% on wood in pine kraft cooking (Simonson, 1963). Later on in the cook,

the concentration of xylan in the cooking liquor decreases, partly due to re-

deposition but mostly to degradation reactions. It is possible to lower the

pH in the later parts of the cook in order to attach xylan to the fibres with-

out any precipitation of lignin (Aurell, 1963). Given this background, it was

suggested that xylan rich black liquor to be withdrawn early in the cook. It

would then be reintroduced later in the cook, while controlling cooking con-

ditions such that adsorption is governed, resulting in up to a 2% increase in

yield in a kraft cook of birch (Aurell, 1965). Walker (1965) demonstrated the

importance of xylan having a low uronic acid content if high adsorption is to

be achieved. This effect was used to explain the observation that birch xylan

attaches to cellulose to a much greater extent than pine xylan does (Hansson

and Hartler, 1969). The present thesis presents a comparative adsorption

study of birch and eucalyptus xylan.
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Pulp Strength

Pulp strength can be evaluated by strength testing laboratory sheets. Pulp

strength equals paper strength after excluding the influence of paper tech-

nological parameters (e.g., paper forming, drying, and pressing) and of the

addition of paper chemicals, by using standardized procedures when man-

ufacturing the hand sheet. Paper strength is multifaceted, as paper can,

for example, be pulled, torn, folded back and forth, and compressed until

it breaks, all of which can be done in various directions. Depending on the

manufacturing conditions and the intended use of the end product, a partic-

ular set of quality requirements will have to be fulfilled. Traditionally, the

tear resistance has been in focus for pulp producers. There are two main

reasons for this measurement being questioned. The stresses a test piece

is subjected to during the measurement is usually not similar to what the

product must withstand. Secondly, no fundamental material parameter is

measured, making the tear mechanism difficult to understand. Tear resis-

tance is less and less reported in research papers as a consequence but is still

used to rate pulps among producers. The fracture toughness is used for many

materials as a scientific measurement of the ability of materials to withstand

break propagation. It can be related to the forces acting on a paper in the

drying section of the paper machine. In this work, the tensile strength is

in focus, which is one of the most important quality requirement of many

products. Paper is a network of fibres, and its tensile strength depends upon

the strength of the fibres themselves, fibre shape in the load direction, the

contact area between fibres, and the fibre–fibre joint strength (i.e., the force

it takes to pull apart two fibres with a given contact area) (Page, 1969).

Studies demonstrate both the existence of intact fibres in the rupture zone

(Davison, 1972) and that a large proportion of the fibres are broken (Van den

Akker et al., 1958). Whether the limiting factor of paper strength is related

to the strength of the fibres themselves or of the fibre–fibre interactions is

determined by the degree of bonding in the sheet. Rarely, however, does only

one of these two come into play; instead, a combination of the two is what
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usually determines paper strength, as some fibres are pulled out intact from

the sheet while others are broken and pulled apart.

The basic reinforcing element in wood fibres is the fibril aggregate and the fi-

bres strength is limited by the transfer of load between the fibril aggregates.

Fibre strength is primarily determined by the nature of the raw material.

Single latewood fibres have a higher tensile strength than do earlywood fi-

bres (Leopold and McIntosh, 1961, McIntosh, 1963), and spruce fibres are

stronger than those of pine (Leopold, 1966). This difference can be at-

tributed to the S2 fibril angle in the fibres and to the cell wall thickness.

The smaller the fibril angle, the greater the tensile strength and tensile stiff-

ness of the fibres (Leopold, 1966), and the thicker the cell wall is thicker, the

more material there is to bear the load. The thick latewood fibres also have

a higher E-modulus in the thickness direction compared to earlywood fibres

(Paavilainen, 1993). This difference is important for the sheet properties

since latewood fibres end up to a greater extent shaped as pipes, whereas

earlywood fibres collapse to a great extent in the sheet during forming and

pressing. This is one reason why earlywood fibres produce paper with high

tensile strengths but low in tear and high density. However, fibre strength

does not depend solely on the origin of the fibres, but also on the cooking

and bleaching process used. The chemical composition of the pulp greatly

affects fibre strength. Both increased cellulose (Gurnagul et al., 1992) and

hemicellulose (Spiegelberg, 1966) content have been reported to give an in-

creased fibre strength. The likely reason for the discrepancies is differences

in the studied system. Is there enough hemicellulose in the matrix between

the fibril aggregates, an increased cellulose content is positive i.e. more fibril

aggregates to bear load. However if the hemicellulose content is too low,

the load transfer between the fibril aggregates decreases and so will the fibre

strength (Page et al., 1985).

When fibre–fibre joints are being formed during the consolidation of a pa-

per sheet through pressing and drying, the flexibility of the fibre surfaces

is of great importance. The fibres are swollen in water and shrink consid-
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erably in the thickness direction when water is removed. At this stage, a

flexible fibre surface will be better able to connect and adapt its shape to

that of neighbouring fibres, allowing a high degree of contact. Dry strength

agents are developed from this view to increase either the contact area be-

tween fibres or the fibre–fibre joint strength by modifying the fibre surface.

Increased contact area between fibres can also be achieved by mechanical

means. To increase the tensile strength of a paper sheet, the pulp is beaten

prior to papermaking. Fibres in water experience a subtle balance between

swelling forces, mainly originating from charged groups in the hemicellulose

and lignin, and restraining forces located in the supramolecular structures of

the fibrils. During beating, delamination of the fibre wall takes place (Page

and De Grâce, 1967); this breaks down the internal structure of the cell

wall, allowing the fibres to swell more. External fibrillation is also caused by

beating, and this phenomena helps create large contact areas between fibres.

Formation of fines is another process taking place during beating, which en-

hances the fibre–fibre joint strength. Beating also has negative effects on the

pulp: it increases the time required for pulp dewatering, and may reduce

the production rate of a pulp drier or a paper machine. Furthermore, the

increase in tensile strength obtained by beating is always accompanied by an

increase in sheet density. When evaluating different paper products, strength

qualities should be compared at a given sheet density, as this property affects

many critical product properties. For example, high sheet density results in

low opacity, low air permeabilty, high hygroexpansion (which reduces the di-

mensional stability of the product when subject to moisture) and low bending

stiffness. All these effects are severe for the paper product. Hence, process

changes that allow pulp to be produced with less beating to achieve a given

tensile strength and stiffness, i.e., increased beatability, will lead to great

improvements in both the production process and product properties.
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Xylan and Pulp Strength

It has been known for many years that the tensile properties of pulp and pa-

per can be enhanced by increasing the amount of hemicelluloses in the pulp

(Rydholm, 1965). In an early publication, it was shown that locus bean gum

can significantly improve the joint strength and the strength of a produced

paper (Leech, 1954). During kraft cooking, the cooking conditions affect the

xylan content of the pulp but do not have a strong influence on the mannan

content.(Aurell and Hartler, 1965). Xylan is therefore the focus in this work

and is the single hemicellulose considered from now on. It was early sug-

gested that xylan could both act as a glue between fibres and increase their

swelling capacity (Pettersson and Rydholm, 1961). Both these effects have

been used to explain the observed strength increase. Centola and Borruso

(1967) related the increase in strength with increased hemicellulose content

to the structure of the fibre surface rather than to the chemical composition.

As discussed earlier, there are contradictory results reported regarding the fi-

bre strength and chemical composition. Molin and Teder (2002) observed no

change in fibre strength when pulp was cooked under different cooking condi-

tions to achieve different hemicellulose contents; they observed no increase in

bond strength either, measured as the z-direction tensile index, although the

tensile index of the sheet was increased. However, Schönberg et al. (2001)

reported a clear increase in the Scott bond value with increasing xylan con-

tent when the xylan content was changed by enzymatic hydrolysis and xylan

sorption. It was recently demonstrated that the tensile strength-increasing

effect of xylan is completely associated with the xylan located on the surface

of the fibres, whereas the correlation between the xylan content of the inner

part of the fibres and the sheet strength was not as pronounced (Sjöberg

et al., 2004). In summary, there are discrepancies between the reported re-

sults regarding fibre strength and xylan content but the tensile strength of

the sheet can be correlated to the xylan content and the location of xylan

in the fibre is of importance for how well this correlation is. It seems as

though xylan, when attached to the fibre surface, creates “softer” and more
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swollen fibre surfaces. These softer surfaces enable larger contact areas with

neighbouring fibres alternatively stronger joints when consolidated in the

sheet. Xylan may, however, also affect the density of the paper sheet. In

an industrial study, it was demonstrated that it is possible to improve the

tensile properties of the manufactured pulp significantly, by exchanging black

liquors in order to increase the amount of dissolved xylan present (Dahlman

et al., 2003). However, the sheet density was also increased and the tensile

strength at a given sheet density only slightly improved. The positive ef-

fects of exchanging cooking liquors, i.e., removing liquors at one point in the

process and feeding them back at another, on pulp properties, such as de-

creased alkali demand in the cook, increased yield, and increased beatabilty

were reported early on (Aurell, 1965, Dillen and Noreus, 1968). However,

several mill trials have attempted to use dissolved xylan to improve tensile

strength properties achieving very different results. In the worst case only

the sheet density was increased, which resulted in an increase in the required

grammage of the pulp for a given tensile strength and sheet thickness. In

conclusion, the role of xylan in paper strength, still not properly understood,

will be the focus of this thesis.

Objective

The location of xylan in fibres have been shown earlier to be important for

its ability to increase tensile strength. The aim of this study was to increase

the understanding behind the strength increasing effect of xylan. To reach

further understanding, the effect of xylan on paper strength was studied

for a variety of xylans, having different molecular properties, behaviour in

solution and tendency to attach on cellulose. The pulp properties in interest

are tensile strength and sheet density.
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Experimental

A more detailed description of the experiments is given in the related papers;

only a general introduction and overview of the methods used is provided

here.

Kraft Cooking (Papers I–V)

In this thesis, three different wood raw materials were examined; one soft-

wood (Picea abies) and two hardwood (Betula pubescens/pendula and Euca-

lyptus urograndis). The xylan reactions were studied in the hardwood cooks,

whereas both softwood and hardwood fibres were used when studying the

effect of dissolved xylan on the pulp strength.

The kraft cooking experiments were carried out using two different sets of

equipment. One consisted of autoclaves charged with chips and liquor and

rotated in a temperature-controlled polyethylene glycol bath. It was possible

to remove one autoclave from the bath and cool it while cooking was contin-

ued in the others. This system was often used when many different cooking

times were being compared. The disadvantage of using such a set-up is the

limited amount of chips that can be treated at one time (approximately 300

g dry weight). The other set-up consisted of a forced circulation digester,

in which the cooking liquor was circulated between the digester vessel and

a steam-heat exchanger. A drawback of this system is that it yields just

16



one batch of pulp in every experiment; on the other hand, the maximum

chip capacity is over 2 kg and it is possible to exchange cooking liquors in

this system – a central focus of this thesis. After cooking, all pulps were

washed in deionised water for 12 h and defibrated in a water-jet NAF defi-

brator (Nordiska Armatur Fabriken). Kappa number (ISO 302:2004), resid-

ual hydroxide ion concentration (SCAN N 33:94), and hydrogen sulphide ion

concentration (SCAN N 34:96) were determined.

Xylan Analysis (I, II, IV and V)

Samples of the black liquors were neutralized using acetic acid and poured

into ethanol to precipitate the dissolved xylans. The precipitate was then

washed several times in ethanol:water mixtures and then finally in acetone

instead of diethylether, as was originally suggested in Axelsson et al. (1962).

The molecular weight of the dissolved xylan was determined using a size-

exclusion chromatography (SEC) method, as described by Jacobs and Dahlman

(2001). The amounts of Klason lignin in the wood, pulps, and precipitated

black liquor xylan were determined using the TAPPI method, (T222 om-83),

while the carbohydrate composition was determined after acid hydrolysis,

according to the method of Theander and Westerlund (1986).

Uronic Acid Detection (II–IV)

The hexenuronic acid contents of pulp and precipitated xylan were deter-

mined using the method described in Gellerstedt and Li (1996), which in-

volves hydrolysis with mercury acetate, followed by oxidation, and finally

condensation with barbituric acid, giving a coloured product suitable for

HPLC separation and UV detection. The total uronic acid contents of pulps

and precipitated xylan were determined using the colorimetric method in-

volving carbazole addition, as described in Filisetti-Cozzi and Carpita (1991).
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The light absorbance detection was carried out from 400 to 700 nm, and the

absorbance at 525 nm was used for calibration with the d-galacturonic acid

standard and then for quantifying uronic acids. After systematic study of the

carbazole method, the total absorbance at 525 nm was found to include the

contributions of HexA and cellulose. Therefore, the total uronic acid content

could be obtained by direct reading at 525 nm for the xylan samples. Pulp

samples were always charged to contain 200–300 nmol total uronic acids, so

the absorbance of the cellulose could be minimized but corrected for when

required. The MeGlcA contents were subsequently calculated by subtract-

ing the HexA content from the total uronic acid contents. The amount of

MeGlcA was later also determined through methanolysis, followed by GC-

FID detection (Bertaud et al., 2002) to evaluate the accuracy of the method

used. Eucalyptus pulps were analysed using a modified methanolysis method.

The development of the methods used is described in Paper III.

Xylan Adsorption (I & V)

Cotton linters were heated together with birch black liquor with adjusted con-

centrations of hydroxide ions and hydrogen sulphide ions. The degradation

of the cellulosic material was determined and compensated for by cooking

cotton fibres together with white liquor under the applied conditions. In

these cotton cooks, the hydrogen sulphide ion concentration was 0.2 mol/L,

the sodium ion concentration 2.0 mol/L, and the xylan concentration 7 g/L.

Black liquors from previous kraft cooks were mixed with cotton at adjusted

hydroxide ion, sulphide ion, and sodium ion concentrations and diluted to

reach equal xylan concentrations. One hundred millilitres of this mixture was

put into an autoclave containing 10 g of dry cotton fibres. The autoclaves

were rotated in a temperature-controlled glycol bath for particular periods

of time. After cooling, the cotton linters were washed in deionized water for

12 h and subsequently dried. The dry content was determined gravimetri-

cally and the xylan content measured using acid hydrolysis (Theander and
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Westerlund, 1986).

Purified black liquor xylans were dissolved in alkaline media (0.4 mol/l NaOH

and 1 mol/l NaCl). The instrument Nano ZS, MALVERN c© instruments was

used to determine the amount and size of aggregates in solution.

Adsorption of purified black liquor xylan on microfibrillated cellulose surfaces

was studied using the quartz crystal microbalance with dissipation (QCM–

D) technique; this method is based on measuring the frequency changes of a

vibrational piezoelectric quartz crystal. If the film of the substrate being sub-

jected to adsorption by an adsorbate is flat, uniform, and rigid, the decrease

in frequency is proportional to the increase in mass according to Sauerbrey

(1959). As well, the energy dissipated in the system can be measured, reveal-

ing information regarding the visco-elastic properties of the adsorbed layer.

A highly viscous layer is related to high energy dissipation by means of its

capacity to hold solvent molecules. A flat and rigid adsorbed polymer layer,

without loops and tails, will not affect the dissipation. The purified black

liquor xylan was dissolved in 1 mol/L NaCl in water at pH 10. Microfib-

rillated cellulose (MFC) model surfaces were prepared, the xylan solutions

added, and the change in frequency and disspation recorded.

Pulp Charges (I & IV)

Both the surface and total charges of unbeaten pulps were determined. The

total charge was determined using conductometric titration according to Katz

et al. (1984), while the surface charge was determined using polyelectrolyte

titration. Poly(diallyldimethylammonium chloride) (pDADMAC) was ad-

sorbed onto fibres in a solution, as described by Winter et al. (1986), at a

low electrolyte concentration of 10−5 mol/L NaHCO3 as recommended by

Horvath et al. (2006). The fibres were separated by means of filtration, and

the excess pDADMAC was titrated using potassium polyvinyl sulphate (Ter-

ayama, 1952) in the presence of orthotoluidine blue indicator.

19



Physical Testing of Pulps (I & IV)

Some pulps were wet disintegrated (ISO 5263) and beaten in a PFI mill (ISO

5264). Hand sheets were prepared using the Rapid-Köthen method (ISO

5269-2:2004). The tensile strength properties and the z-directional tensile

strength were evaluated according to ISO 5270:1999 and SCAN-P 80:1998,

respectively. Sheet thickness was determined according to SCAN P88:2001.
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Results and Discussion

Chemical and physical processes affect all carbohydrates during kraft cook-

ing. In this thesis, the reactions involving xylan have been studied and will

be discussed below. First the dissolution and degradation of xylan molecules

are considered, followed by a section discussing the reactions involving the

side groups on the xylan backbone. Analytical methods used to determine

these side groups are treated in the subsequent section. Next, studies of the

aggregation of dissolved xylan molecules in the cooking liquor are presented

together with the process of redeposition onto cellulose fibres. Finally, the

potential of xylan as a pulp strength enhancer is considered.

Xylan Degradation and Dissolution during Kraft

Cooking (I & IV)

Birch and eucalyptus wood chips were cooked as presented in Table 1 using

a liquor-to-wood ration of 4:1. Identical charges of cooking chemicals were

used in all cooks. Both hardwoods contain considerable amounts of xylan

that partly dissolve in the cooking liquor and partly remain in the pulp fi-

bres. In Figure 5 the amounts of xylan in pulp and cooking liquor are shown

at different cooking times. To compare the different cooks, the cooking time

was recalculated to correspond to the time at 150◦C, using the energy of

activation for the bulk delignification of birch of i.e., 117 kJ/mol (Lindgren
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Table 1: The Cooking parameters for Eucalyptus urograndis (Cooks EU1-5) and birch
(Cooks B1-6). Either a circulation or autoclave cooking device was used as indicated.

Cook Cooking Temp. H-factor Pulp yield Kappa no
device (◦C) (%) (HexA kappa)1

EU1 Circ. 130 27 66.6 -
EU2 Circ. 130 362 52.0 16.7 (6.3)

EU3 Circ. 150 35 61.0 -
EU4 Circ. 150 450 50.7 15.3 (5.2)
EU5 Circ. 150 840 49.7 12.8 (4.5)

B1 Autoclave 165 2 82.5 -
B2 Autoclave 165 96 65.6 -
B3 Autoclave 165 662 51.0 17.7 (4.5)
B4 Autoclave 165 1704 50.6 13.2 (4.2)
B5 Circ. 140 70 - -
B6 Circ. 165 96 - -

1The contribution to kappa no of HexA calculated from the HexA content
according to Li and Gellerstedt (1997).

and Lindström, 1997). The cooks for eucalyptus wood at different tempera-

ture, indicate that a lower cooking temperature preserve more xylan in the

pulp than does cooking at higher temperature. The difference in xylan con-

centration in the black liquor between the two temperatures is small, which

indicates that degradation rather than polymeric dissolution is affected by

temperature. It can also be seen that a smaller fraction of the wood xylan

remains in the pulp when cooking birch than when cooking eucalyptus wood.

Furthermore, higher amounts of xylan in the cooking liquor is seen for birch.

However, it should be noted that the xylan contents in the two wood species

differ, 27% of the birch (Betula pendula/pubescens) wood and 13% of the

Eucalyptus urograndis wood consists of xylan. This makes the count basis

different in Figure 5. More xylan dissolves as a polymer in birch cooking but

the fraction of material lost due to degradation reactions seems to be similar

for the two wood species, as the sum of dissolved and pulp xylan is similar

throughout the cook. The part that was not found in neither the black liquor
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Figure 5: The amounts of xylan in pulps and black liquors (BL) in kraft cooking of birch
and Eucalypt (Euc) wood at different cooking temperatures and times. For details see
Table 1. The cooking time was recalculated to correspond to the cooking time at 150◦C,
using the energy of activation for bulk delignification of birch, 117 kJ/mol (Lindgren and
Lindström, 1997).

nor within the pulp has been degraded. The method used to purify the black

liquor xylan requires a particular molecular weight, as smaller molecules will

not precipitate, but will stay in solution during purification and so be clas-

sified as degraded in this study. It is seen that, in all cooks, rather high

amounts of xylan is dissolved as a polymer. This research deals with how

it can be used within the kraft cook and affect the tensile properties of the

produced pulp.

To follow degradation reactions during cooking, the xylan dissolved in the

black liquors presented in Table 1 was purified and the molecular weights

determined as shown in Figure 6. It can be seen that eucalyptus xylan has

a higher molecular weight in the black liquor than does birch xylan, as was

earlier demonstrated for eucalyptus wood and pulp xylan (Pinto et al., 2005).

During cooking, the molecular weight of xylan decreased and the degradation
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Figure 6: The molecular weight of birch and eucalyptus (Euc) xylans in black liquors at
different cooking times and temperatures. For details see Table 1. The cooking time was
recalculated to correspond to the cooking time at 150◦C, using the energy of activation
for bulk delignification of birch, 117 kJ/mol (Lindgren and Lindström, 1997).

reactions seemed to be strongly affected by cooking temperature for eucalyp-

tus. For birch, the effects of different cooking temperatures were only studied

after very short cooking times and the two different temperatures ended up

producing xylan at the same molecular weight. It should be pointed out that

the molecular weight of all samples that were prepared in the circulation

digester was determined at the same time, using the same calibration and

internal standard. The autoclave prepared samples were analysed at another

occasion. This makes the molecular weight values for the circulation samples

comparable and might explain the difference between the molecular weights

of similar xylans prepared at the two different equipments (samples B2 and

B5 and B6 in Table 1. There is no reason why the circulation digester should

yield lower molecular weights. The molecular weight determination is some-

times difficult and in the following graphs other parameters are shown, which

all are comparable for the two different cooking equipment.
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Figure 7: The amount of Klason lignin in birch and eucalyptus (Euc) xylans, dissolved
in the black liquors at different cooking times and temperatures. The cooking time was
recalculated to correspond to the cooking time at 150◦C, using the energy of activation
for bulk delignification of birch, 117 kJ/mol (Lindgren and Lindström, 1997).

As the lignin content has been found to affect the solubility of xylan (West-

bye et al., 2007), the amount of Klason lignin in the isolated black liquor

xylan was studied. The results are shown in Figure 7 and overall it seems as

though the amount of lignin bound to xylan increases during cooking. This

may be due to condensation reactions, alternatively a result of selective dis-

solution/degradation reactions. It is also seen that, compared to dissolved

birch xylan, eucalyptus xylan dissolved in the black liquor is bound to higher

amounts of lignin. This likely reflects structural differences in the wood xy-

lan.
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Side Group Reactions of Xylan (II & IV)

In kraft cooking, the uronic acid groups in xylan are consumed through con-

version to hexenuronic acid and cleavage off the xylan backbone. The uronic

acid contents of the samples described above were determined through hy-

drolysis with sulphuric acid followed by the formation of a coloured complex

with carbazole, as described in Filisetti-Cozzi and Carpita (1991); the results

are shown in Figure 8. First of all, eucalyptus wood xylan was found to

contain higher amounts of uronic acids than were found in birch xylan. This

is in line with earlier findings (Pinto et al., 2005). Throughout the cook, the

eucalyptus xylan was observed to contain higher amounts of uronic acids,

both in the black liquor and in the pulp. Most striking was probably the

difference in behaviour between the two wood species xylans. When birch

is kraft cooked, xylan with a rather high degree of substitution (DS) is dis-

solved, the opposite, however, is observed for eucalyptus. The somewhat

surprising fact of lower amounts of uronic acids in the black liquor xylan

than in the corresponding pulp xylan have earlier been reported for another

eucalyptus specie, Eucalyptus globulus (Lisboa et al., 2005). This suggests

that there are differences in the molecular structure between eucalyptus and

birch xylan and that solubility of uronic acid groups is not what limits the

dissolution of xylan in eucalyptus kraft cooking. Despite the extreme cooking

time, only a slight decrease in DS is observed between approximately 3 h and

9 h of birch kraft cooking.

Another set of pulps was prepared in a set of kraft cooks of birch wood, using

a high liquor-to-wood ratio of 75:1, in order to maintain constant concentra-

tions of cooking chemicals. The amounts of glucuronic acid in pulp xylan and

dissolved xylan are shown in Figure 9 at different cooking temperatures and

different degrees of delignification of birch wood. The degree of delignifica-

tion is here indicated by corrected kappa number, to exclude the contribution

of HexA, estimated according to Li and Gellerstedt (1997). Again, the DS

of MeGlcA of xylan is higher for the dissolved Birch xylan than for the pulp

birch xylan. It is also evident that cooking temperature has a large effect on
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Figure 9: The MeGlcA content in dissolved (BL) and pulp xylan expressed as degree
of substitution at different degree of delignification of birch wood. The corrected kappa
does not include the contribution from HexA. The method used here involves carbazole as
described in Filisetti-Cozzi and Carpita (1991).

the amount of MeGlcA in dissolved xylan, whereas the amount of MeGlcA in

pulp xylan is not markedly affected by a change in temperature. Johansson

and Samuelson (1977) found that the conversion of 4-O-MeGlcA to HexA

and the degradation of HexA followed pseudo-first-order kinetics, working

with model substances in water solution. In the case of the kraft cooking

of wood, the situation is more complex. However as a simplification, the

reaction scheme in Figure 4 was studied as follows. It was assumed that the

change with time of the glucuronic acid content in xylan can be expressed;

d[MeGlcA]

dt
= −kMeGlcA[MeGlcA] (1)

where kMeGlcA is the rate constant of all glucuronic acid consuming reactions.

The differential equation has an obvious solution;

[MeGlcA] = [MeGlcA]0e
−kMeGlcAt (2)
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Table 2: Observed k values and energies of activations for MeGlcA-consuming reactions
and for delignification.

Temperature kMeGlcA(pulp) kMeGlcA(solution) k delignification

(◦C) (min−1) (min−1) (min−1)

140 0.0013 0.0003 0.0042
150 0.0031 0.0013 0.0090
160 0.0050 0.0022 0.0159

Ea (kJ/mol) 120 180 118

Here [MeGlcA]0 is the initial MeGlcA content of wood xylan. The same set

up was used for the delignification kinetics.

d[kappacorrected]

dt
= kdelignification[kappacorrected] (3)

The rate constant, kMeGlcA was estimated from the least square fit of Equation

2 to the amounts of MeGlcA shown in Figure 9 for different cooking times.

From the temperature dependency of the rate constant, kMeGlcA and the

Arrhenius law of kinetics seen in Equation 4, the energy of activation could

be estimated as shown in Table 2.

k = Ae−
Ea
RT (4)

Here, k is the rate constant, A is Arrhenius’ pre-exponential factor, Ea the

energy of activation, R the general gas constant, and T the absolute temper-

ature. The energy of activation for delignification is in line with the value

for the bulk delignification of birch (117 kJ/mol) reported by Lindgren and

Lindström (1997), in which the delignification was viewed as three parallel

delignification kinetics. The decrease in the glucuronic acid content of pulp

xylan displays a temperature dependency very close to that of the delignifi-

cation, which implies that it is difficult to control the glucuronic acid content

of pulp xylan by means of temperature. For dissolved xylan, the situation

is different, and the temperature dependency of the methylglucuronic acid-

consuming reactions is higher than the temperature dependency of delignifi-
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Figure 10: The HexA content of dissolved (BL) and pulp xylan in birch kraft cooking,
expressed as degree of substitution at different degree of delignification. The samples are
the same as in Figure 9.

cation. This is also seen in Figure 9. Dissolved xylan is more accessible for

chemical reactions than is pulp xylan and this might explain the differences

in the temperature dependency of the side-group reactions.

Although the cooking temperature was varied within the whole range of

values found in industrial processes, the amount of hexenuronic acid in pulp

xylan was only slightly lower at the higher cooking temperature as seen in

Figure 10. Minimizing the HexA acid content of pulp by increasing the

temperature does not significantly affect the actual hexenuronic acid content

of xylan. It is well established that high cooking temperature results in a low

selectivity, producing pulps with a low xylan content. The reported effects

of cooking temperature on the HexA content are likely more closely related

to the xylan content of the pulp. For kraft cooking of Eucalyptus globulus,

it has been shown that it is difficult to reach low levels of HexA in the pulp

even at extreme cooking conditions (Ek et al., 2001). In the case of dissolved

xylan, the effect of cooking temperature on HexA content is also small. It is
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difficult to draw far-reaching conclusions since the lines cross each other, but

it is clear that the difference between them is small. As well, in the case of

HexA, the DS values for dissolved xylans are higher than for the pulp xylans.

Examining the degree of side-group substitution in the xylan that goes into

solution and to some extent also readsorbs onto the fibres is troublesome.

The change in MeGlcA content with cooking time might well be related

to either the selective dissolution of high-substituted xylans and/or to the

readsorption of low-substituted xylans. To avoid this problem, the total

amounts of MeGlcA and HexA (in both dissolved and pulp xylan) were de-

termined for different cooking times and temperatures. To obtain addable

data for pulp and dissolved xylan, the amounts of hexenuronic acid and 4-O-

methylglucuronic acid will from now on be expressed in terms of µmol/g of

wood. This means that when xylan is degraded, a decrease in the MeGlcA

content, and to some extent in the HexA content, is observed. Bearing the

reaction scheme outlined in Figure 4 in mind, the change in HexA content

may be expressed as follows;

d[HexA]

dt
= k1[MeGlcA]− k3[HexA] (5)

By substituting [MeGlcA] by Equation 2, Equation 5 can be written;

d[HexA]

dt
= k1[MeGlcA]0e

−(k1+k2)t − k3[HexA] (6)

This equation also has an explicit solution as follows:

[HexA](t) =
k1[MeGlcA]0
k1 + k2 − k3

(e−k3t − e−(k1+k2)t) (7)

Equation 7 is continuous and valid for all values of t. However, only certain

points were measured and it is possible to build a ratio for this equation
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Table 3: Rate constants calculated from the experimental data.

Temperature k 1 k 2 k 3

(◦C) (min−1) (min−1) (min−1)

140 0.0006 0.0001 0.0011
150 0.0016 0.0004 0.0028
160 0.0036 0.0007 0.0071

Ea (kJ/mol) 129 143 141

between the HexA contents at two chosen values of t.

[HexA](t1)

[HexA](t2)
=
e−k3t1 − e−(k1+k2)t1

e−k3t2 − e−(k1+k2)t2
(8)

As the MeGlcA-consuming reactions are 1 and 2 as defined in Figure 4, it

follows that;

kMeGlcA = k1 + k2 (9)

kMeGlcA was obtained the same way as in Table 2, but now the sum of the

content in the pulp and dissolved was used. The only unknown parameter in

Equation 8 is k3 leading to a unique solution. The fraction in Equation 8 can

be created for any two points in a series, and in this study the first and last

points. Once k3 has been determined, k1 is the only unknown parameter in

Equations 7 and 9. It is so possible to determine k1 for all values of [HexA] at

different cooking times. However they should all produce the same result, so

the average was used in this study. When k1 is known, k2 is easily calculated

using Equation 9. The results of these calculations are presented in Table 3.

It is evident that the best fit occurs when values of k2 are very low and it seems

as though most MeGlcA is consumed by conversion to HexA before cleavage

off the xylan backbone rather than by cleaved off as such. As the values for

k2 were very low, the model was simplified for the purpose of comparison. At

all temperatures, the k2 values were set to zero and new values for the other
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Table 4: Rate constants calculated from experimental data. All values of k2 were set to
zero.

Temperature k 1 k 3

(◦C) (min−1) (min−1)

140 0.00074 0.0013
150 0.0020 0.0055
160 0.0042 0.0109

Ea (kJ/mol) 133 156

rate constants were calculated. Such a model is simpler to work with as the

production of HexA now equals the consumption of MeGlcA. This model fit

the data almost as well (the R2 value being 0.777 and 0.778 respectively)

and the values of the rate constants are shown together with the energies of

activation in Table 4. As seen in the table, the rate constants and energies

of activation are only slightly affected by this modification.

All the energies of activation presented in Tables 3 and 4 exceed the energy

of activation of bulk delignification. This means that cooking at low tem-

peratures produces a xylan richer in MeGlcA than does cooking at higher

temperatures. As seen in Figure 9, this highly charged xylan stays in so-

lution and the MeGlcA content of pulp xylan is only slightly affected by

the change in cooking temperature. The situation is different for the hex-

enuronic acid, since the reaction rates of both formation and degradation

are more temperature sensitive than the delignification rate is. The effect

of temperature will, hence, not be as pronounced as in the case of MeGlcA.

All HexA and MeGlcA contents are shown in Figure 11; the solid lines rep-

resent the models expressed in Equations 2 and 7 using the k values shown

in Table 3. The MeGlcA content of wood was estimated from the best fit to

the measured points (134 µmol/g wood) and, not surprisingly, was found to

be lower than is claimed in the literature for the MeGlcA content in birch

wood (213 µmol/g wood) (Jacobs and Dahlman, 2001). As discussed earlier,

carbohydrate degradation is best described by two different kinetic phases.

33



Figure 11: The amounts of uronic acids in both dissolved and pulp xylan. The upper
curves indicate the amounts of methylglucuronic acids and the lower curves the amounts
of hexenuronic acids at different cooking temperatures; triangles indicate 140◦C squares
150◦C, and circles 160◦C.

While studying these side group reactions of xylan, another observation was

made. The amount of klason lignin that is connected to the dissolved xylan

increases with cooking time as was stated earlier. It seems likely that addition

reactions between lignin structures and degradation reactions of xylan are

responsible. Also, when cooking at higher temperatures, the dissolved xylan

is connected to less amounts of lignin. This was also indicated earlier and

is now seen clearly in Figure 12. The pattern seen is recognised from the

methylglucuronic acid behaviour and it is possible that the side groups are

links between xylan and lignin. During kraft cooking, when the side groups

are cleaved off, also the lignin is loosened from xylan. That the amount of

lignin increases with cooking time is likely related to degradation reactions

of xylan and possibly condensation reactions between lignin structures.
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Figure 12: The amount of klason lignin in dissolved birch xylans at different degrees of
delignification.

Quantification of Uronic Acids (III)

Quantifying uronic acids is challenging and as discussed in the introduc-

tion, the two most common methods suffer from critical drawbacks. The

carbazole method, used in the previous section, is based on acid hydroly-

sis with concentrated sulphuric acid followed by the addition of carbazole

(Filisetti-Cozzi and Carpita, 1991). When the mixture is heated a red colour

is formed, the intensity of which is related to the amount of uronic acids

present. Under these reaction conditions, furfural and hydroxymethylfurfural

(HMF) should be formed from pentoses and hexoses, respectively. Moreover,

2-furancarboxylic acid (FA) and 5-formyl-2-furancarboxylic acid (FFA) are

formed from HexA. The structures of these compounds are shown in Figure

13. These four compounds were subjected to the recommended conditions

for the carbazole method and the spectra obtained are shown in Figure 14.

In this method the absorbance at 525 nm is used for detection and, as seen

in Figure 14, FFA displays a strong absorbance, which is what is used in the
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Figure 13: Furfural and HMF are formed through acid hydrolysis of pentoses and hexoses
respectively. FA and FFA are formed from uronic acids such as HexA.

quantification. However, furan structures also contribute to light absorbance

at this wavelength, especially HMF from hexoses, e.g. cellulose. Different

concentrations of d-galacturonic acid (GalA) and FFA were subjected to the

carbazole method. A linear relationship was found between absorbance and

sample concentration for both structures. However, the difference was the

slope of the linearity, which was considerably lower for GalA than for FFA,

suggesting that FFA is an inappropriate choice as an external standard in

this method. The reason for the large difference is likely an incomplete con-

version of GalA to FFA. The rates of the formation of FFA from GalA and

4-O-MeGlcA have been demonstrated to be virtually identical Scott (1979),

which suggests that GalA is suitable as an external standard. The interfer-

ence from cellulose is obviously a problem when working with pulp samples.

To study such interference, model experiments were carried out using micro-

crystalline cellulose and GalA. At amounts of GalA as high as 300 nmol, no

increase in uronic acid content was apparent for additions of up to 1 mg of

cellulose. For lower amounts of uronic acids, a correction factor had to be ap-

plied to compensate for the absorbance of cellulose originated structures (i.e.,

HMF). In the kinetic study discussed in the previous section ”Side-Group re-

actions”, the amounts of uronic acids were always between 200 and 300 nmol

in each sample. This way, the interference with cellulose was minimized and

corrected for when required.

The methanolysis method is based on the rapid hydrolytic cleavage of the

glycosidic linkages by hydrochloric acid in methanol (Bertaud et al., 2002).

Liberated monosaccharides end up in the form of their corresponding methyl
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Figure 14: The absorbance at different wavelengths for the hydrolysis products of struc-
tures depicted in Figure 13, using the method described in Filisetti-Cozzi and Carpita
(1991).

glycosides while carboxylic acids are esterified. After acetylation, the reac-

tion products can be separated by means of GC and analysed using MS. This

method does not suffer from any interference from cellulose, though it have

other problems related to quantification. The linkage between 4-O-MeGlcA

and xylose is more stable than the xylose–xylose linkage and it has been

observed that aldo-uronic acid dimers are present after the methanolysis,

which causes a large error in uronic acid quantification. On top of that, the

released monomers are not completely stable in the reaction medium, which

also causes errors in quantification. Huang et al. (1992) demonstrated that

the highest yield of 4-O-MeGlcA in methanolysis was found at the initial

acid concentration, as HCl, of 3.6 mol/l and Bertaud et al. (2002) found

later the best compromise between the degree of cleavage of the glycosidic

bonds (70%) and the stability of the released uronic acids (20%) by chang-

ing the reaction conditions. The only possible way to achieve quantification

using a reaction that suffers from both being incomplete and including the
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simultaneous degradation of a major reaction product would be by intro-

ducing an external reference having a behaviour virtually identical to that

of the unknown sample. Such a reference, 4-O-methylglucuronic acid, has

been suggested (Huang et al., 1992), but since it contains no glucosidic link-

age, it can be expected to suffer from an even greater degree of degradation

in the methanolysis reaction than would a uronic acid attached to a xylan

chain. As an external standard, a commercial xylan having a known con-

tent of uronic acid groups would be suitable. For this purpose, the modified

carbazole method described above, employing GalA as an external standard,

should be first applied on the xylan. As mentioned, the presence of hex-

ose in samples interferes with the structure being quantified, while pentoses

do not cause this problem. A commercial birchwood xylan was subjected to

methanolysis under the optimal conditions said to produce the most complete

hydrolysis of both xylan and 4-O-MeGlcA from beech xylan (Huang et al.,

1992). For quantification, erythritol was used as an internal standard. In a

series of 11 experiments employing different amounts of xylan in the range of

11–44 mg, a linear relationship was found between the detected amounts of

4-O-MeGlcA and the amounts of xylan. This indicates that the methanoly-

sis method and carbazole method can be related. Methanolysis revealed the

xylose content of the commercial xylan to be 4005 (± 6.8%) µmol/g; this

was approximately 54% of the total amount of xylose in the sample deter-

mined through acid hydrolysis and GC (Theander and Westerlund, 1986).

The remaining amounts still escaped detection due to incomplete cleavage

of the xylose–xylose linkages and, as discussed earlier, incomplete conversion

to FFA. Again, this indicates the importance of using an external standard

that reacts identically to the sample being investigated.

Hexenuronic acid is not stable under the conditions applied in methanol-

ysis but should be detectable using the carbazole method as part of the

total uronic acids. To demonstrate this, two birch pulps containing different

amounts of hexenuronic acids were manufactured in a circulation digester at

a high liquor-to-wood ratio of 75:1, to keep the cooking chemical concentra-

tions and ionic strength constant. Pulp 1 was produced at 160◦C and pulp 2
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Table 5: Comparison of the methods. Pulps 1 and 2 were manufactured at high and low
temperatures respectively to similar kappa numbers. The detected uronic acids are 4-O-
Methylglucuronic acid (MeGlcA), galacturonic acid (GalA) and glucuronic acid (GlcA).

Method Uronic acids Pulp 1 Pulp 2
detected (µmol/g) (µmol/g)

Methanolysis 4-O-MeGlcA 60 64
GalA 15 12
GlcA 10 11
Sum 85 86

Carbazole All 129 135
Carbazole after
HgAc2 hydrolysis All except HexA 81 80

Difference 48 55

HgAc2 and HPLC HexA 48 55

at 140◦C and the cooking times were adjusted to obtain similar final kappa

numbers of 16.4 and 16.0, respectively. The pulps were analysed according

to the two methods and, moreover, they were subjected to selective hydroly-

sis of the hexenuronic acids and subsequently examined using the carbazole

method. The difference between the total uronic acid content before and

after hydrolysis was seen to equal the amount of hexenuronic acids in the

two pulps, determined using the HPLC method described in Gellerstedt and

Li (1996), as seen in Table 5. This indicates that the hexenuronic acids are

included in the total uronic acids detected in this method. A fact that has

not been realized when evaluating uronic acids (Simao et al., 2005).

It is further seen in Table 5 that the methanolysis method, calibrated using

commercial birch xylan, gives somewhat higher values than does the car-

bazole method calibrated using GalA, i.e., 85 and 86 compared to 81 and

80 µmol/g. The advantage of using separation prior to detection is, apart

from the possibility of identifying uronic acids, higher accuracy. If the signal

comes from one pure compound, no interference will cause any detection er-

rors. This is even more important when handling samples containing a large
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Table 6: The xylan contents of the pulps evaluated using methanolysis and acid hydrol-
ysis. Figures presented in % mass.

Method Pulp 1 Pulp 2

Methanolysis 17.1 18.8
Acid hydrolysis 16.5 16.0

variety of compounds. The various compounds are all likely to absorb light

and it may be difficult to know exactly what is being measured. However, the

difference between carbazole and methanolysis, shown in Table 5 is small and

indicates that it is possible to use the carbazole method. It must yet be re-

membered to use a correction factor to compensate for the interference from

cellulose. To reach as high accuracy as possible, this modified methanolysis

method should be used, in which commercial xylan is used as an external

standard.

The xylan content, as shown in Table 6, correlates reasonably well to that

obtained using the conventional acid hydrolysis method. Methanolysis of-

fers a simple and relatively fast way to determine xylan content. The acid

hydrolysis was carried out according to Theander and Westerlund (1986),

using monosugars as external standards. The accuracy of the xylan content

determination in this method would likely be improved by the introduction

of polymeric xylan as an external standard. The xylan content determined

using the modified methanolysis method should be checked to ensure it is

not too far from the values determined using other methods. If the results

are close, then the value for 4-O-MeGlcA content should also be reliable.

Xylan Adsorption on Cellulose (I, IV & V)

The mechanism underlying the process by which xylan goes from being in

solution to being attached to the fibres during kraft cooking remains unclear.

Whether this occurs via an adsorption or a precipitation/crystallization pro-
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cess has been discussed, and different descriptions of the phenomenon are

found in the literature. The concept of precipitation involves a loss of solu-

bility, and this is likely to be the case when the hydroxide ion concentration is

lowered. Linder et al. (2003) suggest a mechanism for the assembly of xylan

on cellulose surfaces in which the hydrophobic interactions between the lignin

structures associated with xylan molecules play an important role in forming

aggregates. Another possibility is that aggregates are formed via hydropho-

bic interactions between low-charged segments of the xylan molecules. These

processes are examples of precipitation. However, it is also possible that the

low solubility of xylan when pH is decreased is not related to any hydrophobic

interactions at all. Examining xylan–cellulose interactions using NMR mea-

surements revealed that there was a change in the conformation of xylan,

and it was suggested that the xylan adapted to the three-dimensional struc-

ture of cellulose when attached (Mitikka et al., 1995, Paananen et al., 2000).

This implies that there are molecular attractions between the molecules that

make them come together, inducing a change of the xylan conformation.

How exactly this process proceeds is under discussion: there might well be

a crystallization process involving the xylan on the cellulose fibrils, or pure

adsorption may takes place, followed by a re-conformation of xylan on the cel-

lulose surface. The adsorption of black liquor xylan is treated below together

with aggregation of xylan in water solution.

Conditions during Adsorption (I & V)

Black liquor from cook B4 in Table 1 was used in this study of xylan adsorp-

tion on cotton fibres. The adsorption over time was studied under different

conditions. For each sample also a reference was made with pure white liquor,

in order to measure the degradation of cotton, which was compensated for

in the results reported below. The deposition of xylan on cotton is seen to

be facilitated by low hydroxyde ion concentration in Figure 15, which is in

accordance with earlier findings (Aurell, 1963, 1965, Hansson and Hartler,

1969).
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Figure 15: The precipitation of xylan
onto cotton fibres at different hydroxide
ion concentrations. The temperature was
150◦C.

0 1 2 3 4
0

10

20

30

40

Cooking time (h)

 T = 140°C
 T = 160°C

Figure 16: The precipitation of xylan
onto cotton fibres at different tempera-
tures. The hydroxide ion concentration
was 0.4 mol/l.

One common explanation is that the partly deprotonized hydroxyl groups

on xylan, the pKa of which is close to 14 at room temperature, become pro-

tonized when the hydroxide ion concentration drops, possibly influencing the

solubility. Both pH and pKa will of course be affected by the large increase in

temperature encountered in the kraft cook. Figure 16 indicates only a slight

increase in the amount of deposited material with increased temperature.

From the temperature dependency of the initial rate of adsorption and from

Arrhenius’ law of kinetics, the energy of activation for xylan deposition onto

cellulose fibres was determined to be 8.4 kJ/mol. The energies of activation

reported earlier were somewhat higher: 4 and 6 kcal/mol, i.e., 17 and 25

kJ/mol (Clayton and Phelps, 1965, Hansson, 1970). This difference can be

explained by the different environments of the adsorption process examined

and the different kinds of xylan used in these two earlier studies. All these

values are extremely low, suggesting that diffusion exerts a rate-controlling

influence.The tendency of xylan to attach is related to its uronic acid con-

tent (Walker, 1965). The amount of carboxylic acids on the fibre surface was

measured as the surface charge of the cotton fibres. The reference fibres were

also measured and their contribution to the surface charge was subtracted

from the measured value of the samples.
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Figure 17: The precipitation of xylan
onto cotton fibres at different hydroxide
ion concentrations. The temperature was
150◦C.
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Figure 18: The precipitation of xylan
onto cotton fibres at different tempera-
tures. The hydroxide ion concentration
was 0.4 mol/l.

The charges on the reference fibres are due to both the small portion of hemi-

cellulose in the cotton and to the degradation products. In Figures 17 and

18, the number of surface-charged groups is normalized to the amount of xy-

lan in the fibres. This allows the cleavage of the glycosidic bonds connecting

the uronic acids to the xylan backbone, together with the degradation of the

xylan itself, to be estimated. As seen in Figure 17, a high hydroxide ion con-

centration gives lower degrees of substitution of the xylan precipitated onto

the cotton fibres. The decrease throughout the experiment implies that more

and more low-charged xylan is attached to the fibres. It can be hypothesized

that both the rate of cleavage of the glycosidic bonds connecting the uronic

acids to the xylan backbone and the rate of degradation reactions of xylan

itself are increased, but to different extents, by an increase in the hydroxide

ion concentration. The effect of temperature is also evident, as seen in Figure

18, showing an increased temperature increases the degree of degradation of

uronic acids in attached xylan.
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Effect of Cooking Parameters on Xylan Deposition (V)

All three molecular properties discussed so far – molecular weight, lignin

content and charge – affect the solubility of the xylan polymer in the cooking

liquor. Now the Eucalyptus urograndis black liquors from the cooks EU1–

EU5 and the birch black liquors from cooks B5 and B6, as outlined in Table

1, were used again. Moreover, one black liquor corresponding to cook B4

in Table 1, but manufactured in the circulation cooking device, was used;

this one will be denoted B4 from now on. The molecular properties of the

dissolved xylans are presented in Table 7, which summarizes the results as was

presented earlier in Figures 6, 8 and 7. The concentration of the liquors were

adjusted to contain 0.4 mol/l hydroxide ions, 0.2 mol/l hydrogen sulphide

ions, 2.5 mol/l sodium ions and 4 g/l xylan. The liquors were added to

cotton fibres.

The results of these experiments are shown in Figure 19. For the eucalyptus

black liquors, it can be seen that those that had been present in the kraft

cook for longer liquor retention times contain xylan with a higher tendency

to attach to the cotton fibres (samples EU2, EU4 and EU5). As well, higher

temperatures in the cooks, in which the black liquors were prepared had a

positive effect on the attachment of xylan. As was seen in Figure 8, longer

liquor retention times results in a dissolved xylan that is less charged. As

both dissolved xylan and fibre surfaces are negatively charged, it is tempting

to explain the phenomena in terms of a decrease in electrostatic repulsion that

must be overcome. Considering the conditions, i.e. ion strengths of a few

moles per litre, it is likely that the electrostatics are insignificant. Moreover,

when pH reaches values close to the pKa of the hydroxyl groups on cellu-

lose and hemicellulose, these groups start to dissociate their hydrogen atom,

leading to highly charged fibre surfaces and highly charged xylan molecules

in solution. In such a system, the amount of uronic acids is unlikely to be

important for the total charge. There must be another mechanism. To attach

to the cellulose, the xylan must get very close to the cellulose molecule. It has

even been reported that xylan changes its configuration and co-aggregates
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Table 7: The cooks outlined in Table 1, together with the molecular properties of the
black liquor xylans as was presented in Figures 6, 7 and 8. The degree of substitution is
given as total uronic acid (UA) content in xylan.

Cook T Cooking [Xylan] Bound M w DS
(◦C) time (g/l) Klason lignin (g/mol) (UA

(min) in xylan (wt%) /xylose)

EU1 130 54 6.5 11 12 500 0.331
EU2 130 832 5.0 14 12 000 0.203
EU3 150 0 6.0 15 12 000 0.329
EU4 150 143 6.7 14 10 500 0.191
EU5 150 294 4.0 22 9 000 0.145

B4 165 166 4.4 17 4 000 0.048
B5 165 0 15.1 5 9 000 0.149
B6 140 86 11.2 15 9 000 0.146

with cellulose (Teleman et al., 2001), in which case substituted xylose units

could cause problems in terms of steric factors.

In the case of the adsorption of birch black liquor xylans, it can be seen first of

all that all of them adsorb to rather high extent. The highest adsorption was

seen for the the black liquors withdrawn early in the kraft cook. The degree

of substitution of uronic acids is low for all birch xylan samples but for longer

retention times in the cook, the molecular weight is small and this might be

the reason for the small amount attached. The highest attached amount was

observed in the B5 liquor which contained xylan of high molecular weight,

while higher amounts of uronic acid and dissolved xylan were also bound

to more lignin than was the xylan in liquor B6 see Table 7. It seems that

when lignin is bound to xylan, it favours adsorption in the studied systems

as well, as was earlier demonstrated for pure systems at neutral pH and at

room temperature (Westbye et al., 2007). The results presented in Figure 19

are presented again in Figure 20, this time plotted against the DS of uronic

acids in xylan. It is seen that for eucalyptus xylan, the lower the DS the

higher the adsorption of xylan. The attachment of birch xylan does not seem

dependent on the DS of uronic acids. The most likely reason is that the DS
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Figure 19: Black liquor xylan adsorption on cotton linters. Details about the black
liquors are shown in Table 7.

of birch xylan is already low and other factors such as molecular weight and

chemically bound lignin are more important.

Aggregation of Black Liquor Xylan (V)

As described earlier, the black liquor xylan was precipitated and washed

(Axelsson et al., 1962). The xylan samples were dissolved in alkaline media

in order to study their aggregation behaviour under“cooking like conditions”.

Dynamic light scattering measurements were used to estimate the size in

solution and thereby determine if the xylan samples were dissolved as single

molecules or rather as aggregates. All samples showed a peak at around 10

nm and another peak at larger sizes. This suggests the samples contain a

variety of xylan molecules, both those that are dissolved as such but also

those that form aggregates. The difference between the samples was which

of the peaks that dominated, i.e., contributed to the largest total volume,
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Figure 20: The attachment to cotton after 60 minutes treatment time. The correlation
with the degree of substitution of uronic acids was only seen for eucalyptus xylans.

and the size of the aggregates. The results from dynamic light scattering

measurements are shown in Figure 21, plotted against DS. The reported

value represent the main peak for each sample. By comparing the molecular

properties outlined in Table 7, it can be seen that, for eucalyptus xylan, longer

retention times lead to highly aggregated xylans in solution. Again, the same

trend is not observed for the birch xylan samples. It is not surprising that the

more aggregated the xylan the more attaches on cellulose. This correlation

supports the theory of precipitation being responsible for xylan deposition.

The adsorption of xylan on cellulose was also studied using a quartz crys-

tal microbalance (QCM). Microfibrillated cellulose (MFC) surfaces were pre-

pared and exposed to xylan solutions. As seen in Figure 22, all xylan became

adsorbed to a significant degree. Once again, the most attachment was seen

for Eucalypt xylan samples EU4 and EU5. In the case of birch, the high-

est adsorption was obtained for B4, representing the longest liquor retention

time in the cook. The dynamic light scattering measurements showed that

this type of xylan is dissolved as single molecules. Yet it adsorbed the most
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Figure 21: Results from DLS measurements of different xylan in alkaline solution. See
Table 7 for details about the black liquor xylans.

in the QCM measurements but not in the cotton adsorption experiment. One

important difference between these studies was the hydroxide ion concentra-

tion. In the light scattering and cotton adsorption experiments it was as high

as 0.4 mol/l, whereas in the QCM measurements, the pH was adjusted to 10.

When there are large amounts of lignin connected to the xylan, the solubility

is strongly affected by this difference. It is possible that the adsorption stud-

ied in the QCM experiment was dominated by the precipitation of molecules.

However, the attachment was strong enough to withstand thorough rinsing

of the sample cell in the QCM.

The dissipation was somewhat difficult to evaluate as it displayed quite large

deviations, as seen in the figure. However, it seems as though the longer

the liquor retention time, the lower the dissipation. This indicates that this

kind of xylan sticks to the cellulose and when attached, interacts less with

the surrounding water compared to the xylan with shorter retention times

and thus contains more uronic acid groups. As well, in this system the

electrostatics were negligible, since the ionic strength was as high as 1 mol/l.
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Figure 22: Adsorbed amount and dissipation of the adsorbed xylan on microfibrillated
cellulose surface. The error bars show the 95% confidence interval. For the adsorbed
amount, the 95% confidence interval was smaller than 0.03 g/m2.

In general, the change in dissipation was very small, meaning the attached

xylan did not increase the viscosity much in the surface layer. It should,

however, be remembered that the MFC surface is highly swollen during the

experiment and that the change caused by attached xylan is in relation to

this small. In summary, low DS favour the adsorption of eucalyptus xylan on

cellulose and the aggregation of xylan in solution, while the opposite is seen

in birch cooks. This difference is probably due to the molecular properties

of the two xylans, such as higher molecular weight and uronic acid content

in Eucalypt xylan compared to birch xylan. Low substituted xylans seem to

adsorb more flat than do highly substituted xylans.
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Black Liquor Xylan as a Strength Enhancer in

the Kraft Cook (I & IV)

In the adsorption study (Figures 15, 16 and 19), it could be seen that the

adsorption rate decreased within the first hour both at high and low tempera-

tures and high and low hydroxide ion concentrations. Most of the adsorbable

material was attached to the fibres within 1 h, after which adsorption was

slow. To adsorb xylan from black liquors, they were added to the later parts

of the cook. The different types of xylan were compared.

Softwood Kraft Cooking

Since only small amounts of xylan is present in softwood pulping, using waste

black liquor from hardwood kraft cooking in softwood pulping is an attractive

option. This is possible in mills having both a softwood and hardwood fibre

production line. The birch black liquors examined earlier (B4, B5 and B6)

were added to the last hour of cooking in a series of softwood kraft cooks.

At the same time, the free liquor present was withdrawn. The xylan concen-

tration in the added birch black liquors was controlled by dilution to 7.8 g/l

for all additions except one addition of liquor from cook B6 that was kept at

its original concentration of 21 g/l denoted ”high-conc. B6”.

The surface composition of produced softwood pulp fibres was determined us-

ing an enzymatic peeling method described elsewhere (Dahlman and Sjöberg,

2002). The results are presented in Table 8 and it can be seen that the ad-

dition of low-molecular-weight xylan (B4) did not increase the amount of

xylan on the surface. As discussed earlier, among the birch xylans, this type

was also seen to attach the least to the cotton fibres, although significant

amounts were attached. Other birch black liquors lead to an evident increase

in the amount of surface xylan. The highest deposition of xylan was seen for

liquor B5, which is in agreement with the cotton adsorption study reported
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Table 8: The relative carbohydrate composition of the outer surface material of birch
pulp fibres (5% of the total mass). Figures in % mass. The reported carbohydrates are
glucose (Glu), xylose (Xyl), hexenuronic acid (HexA), mannose (Man), arabinose (Ara)
and galactose (Gal), which was not always detected (nd). The standard deviation had
earlier been determined for the analysis to not exceed 2% of the percentage. The total
chemical composition was similar for all pulps, the xylan content being between 7 and 8%
for all pulps.

Pulps Glu Xyl HexA Man Ara Gal

Ref 85.3 9.1 0.3 4.2 0.7 0.4
B4 85.9 9.0 0.4 4.0 0.7 nd
B6 83.0 10.6 0.4 4.5 1.0 0.5

high conc. B6 79.4 13.3 0.5 5.6 1.2 nd
B5 82.1 12.1 0.5 4.0 0.8 0.5

above. This xylan also showed the largest aggregate size. Comparing B5

and B6 shows that they are similar molecular weight and uronic acid content

but differ in lignin content. This difference origins in the difference in cook-

ing temperature as discussed in the early sections of Results and Discussion.

The high amount of bound lignin seem to cause the xylan in solution to form

large aggregates and attach to a high extent on cellulose. In the following

section it will be shown what effect this have on the strength properties of

the pulp. It is evident that the HexA content was somewhat increased by

the additions of birch black liquors as seen in Table 8. This was the case

also when measuring the entire pulp. The HexA content increased from 26

µmol/g for the pulp produced with white liquor addition to 28 µmol/g for

all pulps produced with black liquor addition.

The softwood pulps were beaten to different degrees and strength evaluated.

Figure 23 shows the tensile strength for the pulps at different degrees of

beating, represented by increased sheet density. The high conc B6 produced

pulp is not shown. It ended up at the same sheet density and tensile strength

as the shown curve for B6. All the additions birch black liquor increased

the tensile strength compared to when only white liquor was added (WL).

Adding black liquor containing lower molecular weight xylan, B4 did not
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Figure 23: Tensile strength at different sheet denisties. The sheet density was varied
by different degrees of beating. The error bars show the 95% confidence interval for the
study.

increase the strength as much as the high molecular xylan did. This is likely

related to the low amounts of attached xylan. The addition of black liquor

containing xylan of high molecular weight, high degree of substitution (B5

and B6) caused a large increase in tensile strength at a given PFI revolution.

This high molecular xylan manage to increase the fibre–fibre contact area,

alternatively the joint strength. There was however a clear differences in

the behaviour during beating between these two pulps. As seen in Figure

23, the sheet density was significantly increased by the addition of B5 but

only to limited extent by the addition of B6. The two black liquors contain

xylan with similar molecular properties as they were both collected at short

retention times. Their difference in cooking temperature lead however to one

important difference, the amount of bound lignin. The lignin bound to the

dissolved xylan seem to affect the sheet density and the result of B5 addition

is only a slight improvement as compared to the pulp produced with a white

liquor addition compared at a given sheet density. The best effect of xylan
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Figure 24: Tensile stiffness at different sheet denisties. The sheet density was varied
by different degrees of beating. The error bars show the 95% confidence interval for the
study.

as a strength enhancer was so from B6 of which only small amounts actually

was attached, as shown in Table 8.

The tensile stiffness was also increased by the black liquor additions as seen

in Figure 24. Again the improvement was not as pronounced for the low

molecular weight xylan addition (B4) as for the higher molecular weights

xylans (B5 and B6). This property was not erased by the high increase

in sheet density of B5, instead the B5 and B6 additions lead to the same

increase in tensile stiffness at a given sheet density. As tensile stiffness has

been correlated to the fibre shape (Page et al., 1979, Mohlin et al., 1996);

the fibre shape was measured, using the FiberMaster at STFI-Packforsk, and

is shown together with the charges of the fibres in Table 9. The increase in

fibre shape is small but it might suggest that the fibres are straightened out

by the black liquor additions containing high molecular weight xylan. There

has earlier been shown that enzymatic removal of xylan induce a higher curl

of the fibres (Rauvanto et al., 2006). The higher shape factor leads to an
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Table 9: Charge distribution of unbeaten softwood pulps, cooked with addition of differ-
ent black liquors.

Pulps Surface charge Total charge Fibre shape
(µekv/g) (µekv/g) (%)

Ref 4.2 46.1 91.0
B4 4.8 52.6 91.0
B5 4.8 50.2 92.3
B6 5.6 50.6 91.5

high conc. B6 8.9 53.5 91.3

increased tensile stiffness but the greatest increase in shape factor was seen

with the addition of liquor B5, which also produced a high densification of

the formed sheet.

The increases in total and surface charge were small for most additions as

seen in Table 9. The highest increase was again seen for B6 additions. Pulp

produced with high concentration of xylan B6 had a very high surface charge

and xylan content on the surface (Table 8) but, as mentioned, did not display

any further increase in tensile strength, stiffness or sheet density, which sug-

gests that the charge distribution is not the critical parameter for this kind

of fibre modification. The xylan content on the surface has been correlated

to the tensile strength (Sjöberg et al., 2004). In Table 8, it is seen that the

correlation is not obvious. The small increase in xylan content by addition

of B6 lead to the largest increase in strength. As B4 show both the smallest

increase in strength and the lowest xylan content on the surface of the fibres,

the correlation might be more distinct at these low amounts of xylan on the

surface.
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Eucapytus Urograndis Kraft Cooking

The investigated eucalyptus black liquors mentioned above (EU1–EU5) were

added to a subsequent kraft cook of Eucalypt. For purpose of a comparison,

the one birch black liquor that had the greatest effect on tensile strength

of softwood fibres (B6) was added to a eucalyptus cook. The experimental

set-up was just the same as for softwood cooking but the cooking time and

temperature much lower. The xylan concentration was in this study 4.0 g/l

for all added black liquors.

The xylan content of the surface material of these eucalyptus fibres, did not

vary as much as was the case for the softwood fibres, shown in Table 10. This

is of course related to the already high content of xylan in these fibres. The

highest increase was seen with the addition of birch black liquor containing

high-molecular-weight xylan (B6). In the case of eucalyptus black liquor

additions, the ones with short retention times in the preparation cooks (EU1

and EU3), affect the xylan content of the surface to a small extent. Longer

liquor retention times modified the xylan in solution in such a way that its

tendency of attach to the fibres increased (EU2, EU4 and EU5). This was

also shown earlier in the study of adsorption on cotton. It is likely that

the decrease in uronic acid content is related to this effect. The total xylan

content, as determined by acid hydrolysis-GC (Theander and Westerlund,

1986), is also presented in Table 10 and it is evident that the total amount

of deposited xylan is small. The 95% confidence interval for this method is

0.5 % units, which means only the birch black liquor addition resulted in a

significant increase in total xylan content.

All black liquor additions containing xylan with a high tendency to attach

to cotton also produced pulps with improved strength compared to the pulp

produced with white liquor addition with one exception. The addition of EU2

gave a pulp weaker in strength than the reference, at least at high beating de-

grees, as seen in Figure 25. It was presented earlier that the attached amount

on cotton for this type of xylan was in between the values of high DS xylans
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Table 10: The xylan content of the outer surface material of eucalyptus pulp fibres
(representing 5% of the total mass). Figures presented in % mass. The standard deviation
is 1% of the percentage number. As well, the total xylan content is presented.

Pulps Xylansurface Xylantotal

WL 20.0 15.0
EU1 20.4 15.1
EU2 22.0 15.3
EU3 20.8 14.8
EU4 21.8 15.2
EU5 21.3 15.4

B6(EU cook) 23.5 16.4

(EU1 and EU3) and the low DS xylans prepared at the higher temperature

(EU4 and EU5), although the DS of xylan in EU2 and EU4 are similar. Also

the tensile strength of EU2 was observed lower than the strength of EU4 and

EU5, and likely higher than values of EU1 and EU3. Improvements com-

pared to white liquor addition was seen for the black liquor additions B6,

EU4 and EU5, where the birch black liquor increases the strength the most.

The xylan in B6 was prepared using short retention times in the cook. In

light of the results presented in Table 7, it is evident that this kind of xylan

is very similar to the EU5 eucalyptus xylan, produced with long retention

time, in terms of molecular weight and uronic acid content. However, there

is a clear difference in the amount of lignin that is bound to the dissolved

xylan. Dissolved birch xylan at short retention times were rather pure, with

only small amounts of lignin attached (<5%), whereas the eucalyptus xylan

collected after long retention times was seen to have as high lignin content as

22%. It is likely that this difference is related to the difference between the

capacities of these two xylans to increase strength. The remaining eucalyp-

tus liquor additions (EU1–EU3) led to a severe increase in density without,

however also increasing the tensile strength. As seen earlier, the aggregation

size was smaller for xylans containing high amounts of uronic acids, suggest-

ing that they could penetrate the fibre wall to a greater extent than larger

aggregates could. Reported pore sizes in the fibre wall include values ranging
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Figure 25: Tensile strength at different sheet densities for eucalyptus pulps. Details about
the black liquors are presented in Table 1 and the molecular properties of the dissolved
xylans can be seen in Table 7. The error bars are shown in the B6 series and represent
the 95% confidence interval for the study. The lines serve merely to guide the eye.

from 6.5 nm (Maloney et al., 1997), through 22 nm (Berthold and Salmen,

1997) up to 40 nm (Stone and Scallan, 1965); the aggregate size detected in

the present research is within the same range. Moreover, the attachment was

earlier found to be lower for xylans containing large amounts of uronic acids.

However, these small amounts were able to affect the sheet density, and it

can be speculated that smaller aggregates that enter the fibre wall pores get

stuck even if they are not completely attached to cellulose; they thus fill up

pores in the fibre wall, possibly increasing the density. Xylan of lower uronic

acid content will attach to the surface of the fibre wall to a greater extent as

the aggregation size is rather large.

The desired molecular properties of the dissolved xylan seem to be high

molecular weight, low uronic acid content and low lignin content in the xylan.

The liquor retention times should thus be short for birch black liquor, as the

molecular weight decreases otherwise and the uronic acid content is already
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low. When using eucalyptus black liquor, the liquor retention time should be

longer, as xylan seem more stable in the cook, some uronic acids need to be

removed, and the molecular weight of xylan is high enough throughout the

whole cook. As well, the lignin content might increase to too high a level,

which may limit the capacity to increasing strength. Attached lignin can

cause other problems in subsequent unit operations along the fibre line such

as increased demand for bleaching chemicals and it reduce the brightness

stability of the produced pulp.
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Industrial Application

As mentioned in the introduction, the technique of exchanging liquors in

the cook has been done extensively during the last decades. In the study by

Dahlman et al. (2003), birch liquor was transferred to the softwood kraft cook

and as stated earlier, the tensile strength increased somewhat and so did the

sheet density. Little is known about the xylan that was transferred but it is

likely that it was rather degraded, as long retention times for black liquors are

common in continuous cooking. As seen above degraded xylan has only small

effects on the strength. The work on kraft cooking continues and the product

parameter tensile strength at a certain sheet density is in focus in many mills.

In normal Isothermal Cooking, the retention time of the black liquor is around

a factor 2 of the retention time of the pulp. The liquor-to-wood ratio of the

entering chips to the digester determines the retention time for the cooking

liquor. In a mill using Eucalyptus globulus as raw material, the cooking liquor

have been withdrawn after the heating zone and recharged just before the

washing zone. As the cooking is counter current in the later parts of the

cook it is hard to know exactly what retention time this liquor experienced.

It is however known that it was considerably shortened. Pulps from the

blow line were collected and bleached in laboratory to 90% ISO brightness in

the sequence DEDED. Bleached pulps were strength evaluated according to

standard procedures. Three pulps were collected for each run and bleached

and beaten separately. The average values for the tensile strength and sheet

density are shown in Figure 26.
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Figure 26: Tensile strength at different sheet densities for Eucalyptus globulus mill pulps,
bleached to fully brightness in laboratory. The two different pulps were cooked with
different retention time of the black liquor.

It is evident that the dissolved xylan and its retention time in liquor can

affect the physical properties of the formed sheet. The effect for the mill

is important as material can be saved with maintained tensile strength and

bulk. This improvement was obtained without any added substances but

only modifying the process and making use of the existing wood polymers.
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Conclusions

During kraft cooking, xylan is dissolved in the cooking liquor and undergoes

chemical modifications. With the purpose of improving the tensile properties

of the produced pulp, xylan rich black liquor can be added to the later parts

of the cook. This study shows that the molecular properties of xylan in

solution determine the effect on pulp strength. Desired molecular properties

are high molecular weight and low degree of substitution of uronic acids.

Moreover, the amount of bound lignin to the dissolved xylan should be low.

In order to reach these desired molecular properties, the retention time of the

black liquor in the kraft cook, should be short in the case of birch cooking

and long when cooking eucalypt wood. The difference between kraft cooking

of the two wood species originates from differences in the molecular structure

of wood xylan, eucalyptus xylan being higher in molecular weight and uronic

acid content than birch xylan. Also when lower temperature was employed

in cooks preparing the black liquor, the sheet density of the produced pulp

was significantly increased as this black liquor was added to the cook. This

erased the strength improvement, compared at a given sheet density, in one

case (birch black liquor added to softwood cooking) and deteriorated it in

another (eucalyptus black liquor to eucalyptus kraft cook). It is possible that

this has to do with the amount of chemically linked lignin to the dissolved

xylan.

By modifying and combining existing methods for quantification of uronic

acids, higher accuracy was reached. The use of the improved method showed
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higher values of the degree of substitution of uronic acids in Eucalyptus uro-

grandis xylan than previously reported.

Xylan in solution tends to aggregate to different extent and the correlation

between uronic acid content and aggregate size was here seen for Eucalyptus

urograndis black liquor xylan but not for birch black liquor xylan. This sys-

tem is very complex to study as it is not possible to vary only one parameter

at a time. It is likely that other parameters affecting the solution behaviour

for the study of birch xylan was molecular weight and lignin content.

The studied parameters of xylan behaviour can in short be explained by the

DS in the case of eucalyptus and by the molecular weight together with the

amount of bound lignin to xylan for birch.
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Winter, L., L. Wågberg, L. Ödberg, and T. Lindström (1986). Polyelec-

trolytes adsorbed on the surface of cellulosic materials. Journal of Colloid

and Interface Science 111 (2), 537–543.

72



Yllner, S. and B. Enström (1956). Adsorption of xylan on cellulose fibers

during the sulfate cook. I. Svensk Papperstidn. 59, 229–232.

Yllner, S. and B. Enström (1957). The adsorption of xylan on cellulose fibers

during the sulfate cook. II. Svensk Papperstidning 60, 549–554.

73


