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ABSTRACT

The work described in this dissertation was aimed at obtaining an understanding of
the impact of hexenuronic acid (HexA), and its removal during acid hydrolysis (A-
stage), on the physical and chemical properties of Kraft pulps produced from
commercially important South African Eucalyptus hybrid clones which were bleached
to 90% I1SO brightness using an O/ODED, sequence. The clones studied included
- E. grandis x E. urophylla (GU) and E. grandis x E. camaldulensis (GC) which were
each sampled from two sites representing extreme differences in site quality. Using
the GU clone from the good site, the first phase of the project involved optimising the
conditions of the A-stage to ensure maximum removal of HexA but with minimal
impact on pulp quality. The optimum conditions found was a temperature of 95°C, a
reaction time of 180 minutes and pH 3.5. The second phase of the project involved
applying the optimum conditions to the remaining GU clones from the poor site and
the GC clones from the good and poor sites in order to determine their response to

the A-stage.

The results from the study showed that HexA concentration ranged betwéen 60-
70umol/g in the unbleached pulps of both clones, and were found to be unreactive
during oxygen delignification. Acid hydrolysis however, proved to be effective in the
removal of HexA, with the concentration dropping by approximately 98% during acid
hydrolysis using a temperature of 125°C, reaction 180 minutes and pH 3.5. Due to
the removal of HexA, the Kappa number was reduced by up to 6 units. By
correlating the reduction in HexA with the reduction in Kappa number during acid
hydrolysis, 10.7pmol HexA was found to be equivalent to 1 Kappa number unit.
Glucose, xylose and lignin remained fairly constant during acid hydrolysis, whilst pulp
viscosity was severely affected by the A-stage. The drop in viscosity was found to be
more pronounced at temperatures higher than 110°C. One of the major advantages
of including the A-stage in the bleaching sequence was the significant savings in
- bleaching chemicals required to reach 90% ISO brightness. In most instances
chlorine dioxide savings greater than 50% were achieved for pulps that were acid
hydrolysed prior to bleaching compared to reference pulps that did not undergo acid
hydrolysis prior to bleaching. In addition to this, it was found that the pulp yield
across pulping and bleaching was unaffected by inclusion of the A-stage in the
bleaching sequence, thus offering a distinct advantage for the production of bleached
. chemical pulps. Most of the physical properties of the pulps were also unaffected by



acid hydrolysis carried out using the optimum conditions. The exception was tensile
strength, which showed reduced values for the acid hydrolysed pulps; and brightness
reversion, for which no clear-cut relationship could be found with the removal of
HexA. Species, site and xylose content were found to influence the amount of HexA
formed during Kraft pulping — the GU clones generally contained higher amounts of
HexA compared to the GC clones from similar sites, whilst poor sites and higher
xylose content (in wood} resulted in higher amounts of HexA in the unbleached

pulps.
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materials are cooked with chemicals to separate the
fibres by dissolving lignin.

Pulps bleached using chlorine dioxide rather than
elemental chlorine gas as a bleaching agent. This
virtually eliminates the discharge of detectable dioxins
in the efluent of pulp manufacturing facilities.

Defines how quickly or slowly water is drained from the
pulp. Freeness is reported in ml CSF and is a measure
of the degree of refining or beating.

Wood from trees of angiosperm class, usually with
broad leaves.

Used to define the degree of delignification by giving a
measure of the lignin content of pulp.

Chemical process in which wood chips are cooked in
digesters at high temperature and pressure using
aqueous solutions of NaOH and Na,S.

Property of paper which minimizes the "show-through”
of printing from the backside or the next sheet. The
higher the opacity the less likely that the printing on one
side will be visible from the other side.

Property of paper that zallows the permeation of air, an
important factor in ink penetration.

Ability of paper or paperboard to resist an applied
bending force and to support its own weight while being
handled.

Maximum tensile strain developed in paper before
rupture. The stretch or elongation is expressed as a
percentage.

Measure of how likely paper will continue to tear once
started. Tear index is the ratio of the tearing strength
(expressed in N) and the substance of paper
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Tensile strength

Total chlorine free

Yield

Zero-span tensile strength

(expressed in g/m?), determined by standard methods
of test.

Measure of how likely paper is to break when pulled at
opposite ends. Tensile index is the ratio of the tensile
strength (expressed in N/m) and the substance of
paper {expressed in g/m?), determined by standard
methods of test.

Pulp bleached with a sequence that includes no
chlorine or chlorine derivatives.

Ratio of product output and raw material input,
expressed as a percentage.

Measure of the tensile strength at the moment of tensile
failure of fibres randomly orientated in a sheet. It is
used to determine the maximum strength of pulp fibres
when beaten/refined.
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CHAPTER ONE

INTRODUCTION AND AIMS

Eucalyptus Kraft pulps began to appear on the world markets in the mid 1960s and in
less than a decade evolved to become important raw materials for a wide range of
printing and writing papers, specialty papers, and tissue papers (Cotterill & Macrae,
1997). Due to the rapid growth in consumption of these papers, increasing demands
have been placed on the development of technologies for pulping and bleaching of
hardwood eucalypts. The focus of this development has been improved quality,
especially in terms of higher brightness levels, but also papermaking properties,
decreased effluent emissions and cost-efficient pulp production. In terms of the
bleaching process, fundamental research has in the past largely focussed on lignin
chemistry. However more recently, intensive investigations have been directed
toward carbohydrate chemistry, where various researchers have shown that
hemicelluloses influence a variety of important properties throughout the pulping,

bleaching, and papermaking process.

Hemicellulose, a complex component of lignocellulose, is a heteropolysaccharide
consisting of pentose, hexose and glucurenic acids (Tanczos et al., 2003). The most
abundant hemicellulose in hardwoods is O-acetyl-4-O-methylglucuronoxylian,
whereas arabino-4-O-methylglucuronoxylan forms a major part of the softwood
hemicelluloses (Sjostrom, 1981; Teleman ef al, 1996b). During Kraft pulping,
extensive modification of the hemicelluloses occur as a result of the dissclution of low
molecular weight chains, end-initiated depolymerisation reactions {primary peeling),
and alkaline hydrolysis of glycosidic bonds, leading to secondary peeling and a
decrease in the degree of polymerisation (Sjéstrdém, 1993). In addition, part of the 4-
O-methylglucuronic acid side groups, which also undergo alkaline dissolution along
with the degradation/dissolution of the xylan chain, are converted to hexenuronic acid
{HexA} (Teleman et al, 1995; Buchert ef. al, 1995; Tanczos et al, 2003). The
mechanism of these alkali catalysed reactions was first proposed by Clayton (1963),
with Johansson and Samuelson (1977) providing the first evidence to directly support
this speculation. Nuclear magnetic resonance (NMR) spectroscopy, which is a well-
established method for the characterisation of hexenuronoxylan {(which is xylan
containing HexA), has played a key role in the elucidation of its pulping and



bleaching chemistry, and together with mass spectroscopy finally confirmed the
occurrence of HexA groups during Kraft pulping {(Teleman et al., 1995).

The presence of HexA in Kraft pulps has become an active area of research and has
been shown to have important implications for the manufacture of bleached chemical
pulps. The amount of HexA produced in the pulp has been shown to be influenced
by pulping conditions such as temperature, pulping time, ionic charge, hydroxyl ion
concentration, sulphidity and liquor-to-wood ratio (Buchert et al., 1995; Gustavsson et
al,, 1999; Gustavsson & Al-Dajani, 2000; Jiang ef al, 2000; Daniel et al, 2003;
Pedroso & Carvalho, 2003; Daniel et al., 2004; Simao ef al., 20054, b).

Hexenuronic acid has been found to be unreactive in alkaline oxygen and peroxide
bleaching stages (Vuorinen el al., 1996), but due to its unsaturated nature, reacts
readily with chlorine dioxide, chlorine, ozone and peracids (Vuorinen et al., 1999). As
a consequence, this feads to higher bleaching chemical consumption, increased
production costs, and increased effluent emissions (Petit-Breuilh et al., 2004).

Hexenuronic acid is also known to consume permanganate in the Kappa number test
{Li & Gellerstedt, 1997), thus distorting the measurement of residual lignin in pulp
(Tanczos et al., 2003). Since Kappa measurements are widely used to evaluate the
delignification efficiency in pulping and bleaching processes, the presence of these
unsaturated constituents affect the results of this analysis and gives erroneously
higher measurements for the amounts of residual lignin in the pulp.

Brightness reversion of Kraft pulps have been attributed to the presence of residual
lignin, chlorinated extractives and oxidised carbohydrate units. Carboxylic acids and
their counter ions have, in the past, also been reported to affect brightness reversion
(Sjostrom & Eriksson, 1968; Scallan, 1983). More recently, brightness reversion has
been shown to be strongly influenced by the presence of HexA (Buchert et al., 1996;
Vuorinen et af., 1999).

The intensive chelating ability of HexA results in a strong affinity of Kraft pulps for
transition metals ions (Vuorinen et al, 1996), which are known to catalyse the
degradation of hydrogen peroxide. As a result, extreme demands are placed on the
metal profile adjustment prior to peroxide bleaching. The reaction of HexA with other
electrophilic bleaching chemicals such as ozone leads to the formation of oxalic acid
(Vuorinen ef al., 1999; Elsander et al., 2000}, and thus intensifies scaling problems in



bleaching equipment.

Acid hydrolysis studies (Vuorinen et al., 1996, Bergnor-Gidnert et al., 1998; Ratnieks
et al, 2001; Furtado ef al, 2001) have identified reaction conditions under which
HexA can be removed from Kraft pulps without significantly impacting on the pulps
physical and chemical properties. Despite this significant body of work done abroad,
very little has been done to examine the existence of HexA in pulps produced from
South African grown tree species, and their impact on local bleaching operations. It
is common practice in South Africa to adopt and run, usually at non-optimal levels,
pulp and paper technologies that were developed for northern hemisphere tree
species. However, because of the considerabie variability of hardwood raw material
properties, both morphological and chemical, and their varying response to the
heterogeneous nature of wood pulping and the subsequent bleaching process, it is
important to understand the response of South African resources to these
technologies to ensure superior performance under optimum processing conditions.

The primary focus of this study was therefore to develop an understanding of the
impact of HexA, and its removal during acid hydrolysis, on the physical and chemical
properties of Kraft pulps, produced from two commercially important South African
Eucalyptus hybrid clones, and which were bleached to 90% ISO brightness using an
elemental chlorine-free bleaching sequence {(O/ODyED,). To this end, the aims of
the study were to:

(1) Identify and verify a reliable and cost effective method for the measurement of
HexA in Eucalyptus pulps;

(2) Using this method, monitor the level of HexA in pulps through the various stages
of the pulping and bleaching process;

(3) Identify the optimum conditions for the acid hydrolysis stage that resuits in
maximum removal of HexA prior to bleaching but with minimum impact on final pulp

quality;

(4) Determine the impact of acid hydrolysis on pulp bleachability, and on the
chemical and physical properties of the bleached pulp;

(5) Correlate HexA removal to Kappa number reduction.



CHAPTER TWO

LITERATURE REVIEW

21 INTRODUCTION

The use of wood as papermaking fibres dates back to 1840 AD (Bamber, 1985) and
is currently the principal source of cellulosic fibre for pulp and paper manufacture.
They provide as much as 93% of the world’s virgin fibre requirements, whilst non-
wood sources such as bagasse, cereal straws and bamboo provide the remainder
{Smook, 1992). Eucalypius species in particular, are grown extensively in many
countries and occupy about 80% of the total area covered by hardwoods in South
Africa (Malan, 1991). As a result it has become the most important local source of
hardwoods in this country (Malan & Gerischer, 1987), and by far, the single most
important eucalypt species from a commercial standpoint is Eucalyptus grandis
(Poynton, 1979). Planted extensively throughout the humid, subtropical and warmer
temperate parts of the summer rainfall area, this species is managed on a medium to
short term rotation for the production of sawlogs, telephone and transmission poles,
mining timber, building and fencing materials. Rapid advances in pulping
technologies have also led to the international usage of Eucalyptus for the
manufacture of paper, and consequently, this hardwood has become an important
source of papermaking fibres. This short fibred pulp is ideal for writing and tissue
paper because of the high (bleachable) pulp yield, excellent bulk, softness, flexibility,

and low bleaching and refining energy requirements (Sidaway, 1988).

The use of clones and hybrid species of trees has become increasingly widespread
in South Africa, due to the ever-increasing demands placed on the forestry industry
to produce more timber and to improve the quality of the timber they produce.
Research has shown that the productivity of forestlands can be greatly improved
through sound silvicultural practices or by the use of clones from suitable genotypes,
or a combination of the two (Malan, 1993). Hybridisation, which is a crossing of
diverse species, has also been shown to be a promising technique in tree breeding to
increase yields and adaptability, and to change or improve product quality. Hybrids
of Eucalyptus grandis and Eucalyptus camaldulensis or Eucalyptus urophylla, which
combines the fast growth rates of the former with the high resistance to drought and



cold of the latter two, are examples of this (Malan, 1993). Eucalyptus grandis x
Eucalyptus urophyila (GU) and Eucalyptus grandis x Eucalyptus camaldulensis (GC)
clones were chosen for this study because they are currently two commercially
important hardwood species used by the South African pulp and paper industry.

22 WOOD CHEMICAL COMPOSITION

Wood is a carbohydrate composed principally of carbon, hydrogen, and oxygen. As
far as the chemical components of wood are concerned, a distinction is made
between the main macromolecular cell wall components - cellulose, hemicellulose
and lignin, which are present in all woods, and the minor low molecular weight
components, extractives and mineral substances, which are generally more related
to wood species and varies in the type and amount present. The proportions and
chemical composition of lignin and hemicellulose differ in softwoods and hardwoods,

while cellulose is a uniform component of all woods.

2.21 Cellulose

Cellulose is the main constituent of wood, averaging between 40-50% of the dry
wood substance (Haun, 1970). As a linear homopolysaccharide, cellulose is
composed of B-D-glucopyranose units, which are linked together by 1:4 glycosidic
bonds (Sjostrdm, 1981). The linear arrangement of the B-linked glucose units in
cellulose presents a uniform distribution of hydroxyl groups on the outside of the
chain. When two or more cellulose chains make contact, the hydroxyl groups are
ideally situated to ‘zip’ the chains together by forming hydrogen bonds. Zipping many
cellulose chains together in this way gives a highly insoluble, rigid and fibrous
polymer that is ideal cell wall material (Solomons, 1992). Although there are hydroxyl
groups at both ends of the cellulose chain, these groups exhibit different behaviours. -
The carbon-1 hydroxyl group is an aldehyde hydrate group derived from the ring
formation by the intramolecular hemiacetal linkage and has reducing properties,
whilst the hydroxyl group at the carbon-4 end of the cellulose chain is an alcoholic
hydroxyl with non-reducing properties (Fengel & Wegener, 1984; Kadla & Gilbert,
2000; Smook, 2002}



2.2.2 Hemicellulose

The cellulose and lignin of plant cell walls are closely inter-penetrated by a mixture of
polysaccharides called hemicelluloses (McGinnis &  Shafizadeh, 1980).
Hemicelluloses were originally believed to be intermediates in the biosynthesis of
cellulose (Sjostrém, 1981). Today it is known, however, that hemicelluloses belong
to a group of heterogeneous polysaccharides that are formed through biogsynthetic
routes different from cellulose. Structurally, the hemicelluloses differ from cellulose in
that they are branched and have much lower molecular weights (Sjostrdom, 1981).
Unlike cellulose, which is a homopolysaccharide, hemicelluloses are
heteropolysaccharides. These polymers yield, on hydrolysis, the hexose sugars D-
glucose, D-mannose, D-galactose and the pentose sugars D-xylose and L-arabinose
(Browning, 1970).

A summary of the chemical composition of hardwdods and softwoods is given in
Table 2.1. In terms of hemicellulose, hardwoods appear to generally contain more
hemicellulose than softwoods, with both hardwoods and softwoods containing
essentially the same hemicelluloses, but with the type varying much more in
softwood than in hardwood species. The hemicelluloses in hardwoods consists
mainly of the pentose sugar xylose, while in softwoods it consists mainly of the
hexose sugar, mannose. Both hardwoods and softwoods contain small amounts of

miscellaneous hemicelluloses consisting largely of the hexose sugar, galactose.

The principal hemicellulose in hardwoods is glucuronoxylan, which is more
spegcifically termed O-acetyl-4-O-methyiglucurono-8-xylan. The backbone of this
structure consists of B-D-xylopyranose units linked by 1:4 bonds (McGinnis &
Shafizadeh, 1980; Teleman et af, 2000). Most of the xylose residues contain an
acetyl group on about seven out of ten xylose units, usually located at carbon-2 or
carbon-3 (Teleman ef al.,, 2001), but preferentially at carbon-3 (Haun, 1970). The
xylose units in the xylan chain additionally carry 1:2 linked 4-O-methyl-a-D-glucuronic
acid groups (Tanczos et al., 2003). These average about one uronic acid per ten
xylose units {Haun, 1970; Sjostrdm, 1981; Teleman et al, 2001). The xylosidic
bonds between the xylose units are easily hydrolysed by acids, whereas the linkages
between the uronic acid groups and xylose are very resistant. Acetyl groups are
easily cleaved by alkali, and the acetate formed during Kraft pulping mainly originates
from these groups (Sjostrém, 1981).



Table 2.1 Chemical Composition of Wood ® (Haun, 1970).

Hardwoods {%} Softwoods (%)
Cellulose 40-50 40-45
Lignin 20-25 25-35
Pectin 1-2 1-2
Starch Trace Trace
Hemicellulose 26-36 . 25-30
Glucuronoxylan Very large Small
Glucuronoarabinoxylan Trace Small-medium
Glucomannan Smaill Large
Galactoglucomannan Very small Small-medium
Arabinogalactan Small Very Small ®
Other galactans Trace-small Trace-small

3 Extractive free, ash free basis
® Certain larch species contain medium to very large quantities

Besides xylan, glucomannans are also present in small amounts in hardwoods
(Haun, 1970; Sjostrém, 1981), usually between 3 to 5% (McGinnis & Shafizadeh,
1980). This polysaccharide consists of D-glucose and D-mannose in a straight chain
linked by 1:4-8 — bonds (Haun, 1970; McGinnis & Shafizadeh, 1980; Sjéstrém, 1981)
with the ratio of glucose:mannose varying between 1:2 and 1:1 (McGinnis &
Shafizadeh, 1980; Sjéstrém, 1981). The mannosidic bonds between the mannose
units are more rapidly hydrolysed by acid than the corresponding glucosidic bonds,
and as a result glucomannan is easily depolymerised under acidic conditions
(Sjostrom, 1981).

2.2.3 Lignin

Lignin can be described as a three dimensional macromolecule with a high molecular
weight (Abreu et al, 1999). It is a complex molecule originating from
phenylpropanoid precursors such as coumaryl, coniferyl, and sinapyl alcohol {Figure
2.2.1).
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Figure 2.2.1 Phenylpropanoid lignin precursors (Sjostrom, 1981; Abreu et al,, 1999).

Although composed of carbon, hydrogen and oxygen, lignin is not a carbohydrate. It
is essentially phenolic in nature. The precursor alcohols are formed by a series of
enzymatic reactions starting with D-glucose formed during photosynthesis, through a
series of pathway reactions (shikimic acid and cinnamic acid pathways) (Glasser,
1980). In lignin, the precursors through an enzyme-catalysed dehydrogenative
polymerisation reaction results in the formation of a randomly branched and cross-
linked structure, for which frequent carbon-to-carbon linkages between phenyl

propane units are characteristic (Sarkanen, 1970).

Lignin can be divided into several classes according to their structural elements. The
so-called ‘guaiacyl’ lignin, which occurs in almost all softwoods, is largely a
polymerisation product of coniferyl alcohol. The ‘guaiacyl-syringyl’ lignin, typical of
hardwoods, is a co-polymer of coniferyl and sinapyl alcohols, the ratio varying from
4:1 to 1:2 for the two monomeric units (Sjdstrém, 1981).

In wood, lignin occurs between individual cells and within the cell walls. Between
cells, it serves as a binding agent to hold cells together. Within cell walls lignin is
very intimately associated with cellulose and serves to impart rigidity to the cell. In
the woody tissue of angiosperms, lignin is found in tracheids, fibres, vessels, and
parenchyma cells (Abreu et al., 1999). The lignin concentration is high in the middle
lamella and low in the secondary wall (Sjostrém, 1981). Because of the thickness of
the secondary wall however, about 70-80% of the lignin is located here, with
measurements indicating that the lignin in the secondary wall of hardwood fibres
have a high content of syringyl units whereas larger amounts of guaiacyl units are
present in the middle lamella (Sjostrém, 1981; Tsutsumi, 1995).



2.3 CELLWALL

It would be impossible to understand the chemical reactions occurring in the pulping
process and account for the physical properties of wood without some understanding
of the arrangement of cellulose, hemicellulose and lignin in the cell wall. Further to
this, the mechanical properties of wood fibres are dependent not only on the
chemical composition of the fibres but also on the organisation of their constituents,

and the interaction between them.

The cell wall is built up by several layers (Figure 2.3.1): the middle lamella (ML),
primary wall (P), outer layer of the secondary wall (S1), middle layer of the secondary
wall (S2), inner layer of the secondary wall (S3), and the warty layer (W) (Sjéstrém,
1981).

S3

S2

S1

ML

Figure 2.3.1 Schematic of cell wall (Smook, 1992)

The concentric arrangement of the cell wall layers is due to the difference in the
chemical composition and by the different orientations of the structural elements.
The middle lamella is located between the individual cells and serves to bind or glue
the cells together. At early stages of growth it is mainly composed of pectic
substances, but it eventually becomes highly lignified (Sjostrom, 1981) and is
essentially free of cellulose (Fengel & Wegener, 1984). The transition from the
middle lamella to the adjacent primary cell wall layer is not very distinct and so are
both often referred to as the compound middle lamella. The primary wall is a thin



layer consisting of cellulose, hemicellulose, pectin and protein, and is completely
embedded in lignin. Microfibrils, which are bundles of cellulose molecules (Smook,
2002), are arranged in thin crossing layers in the primary wall (Fengel & Wegener,
1984).

The secondary wall consists of three layers, all of which are composed of cellulosic
microfibrils embedded in an amorphous matrix of hemicellulose and lignin. The most
important fayer is the S2 layer which makes up about 80% of the fibre wall (Batchelor
et al., 1997; French ef al., 2000}, and therefore largely determines the fibre properties
{Long et. al., 2000). The S2 layer consists of helically wound cellulose microfibrils,
with the angle of the helix with respect to the fibre axis known as the microfibril angle
{Batchelor et. al., 1997; French el. al., 2000). In the outer layer (S1), the microfibrils
form either a Z-helix or S-helix, while the microfibrils in the innermost layer (S3) are
orientated in both the Z and S-helix direction (Sjdstrom, 1981).

24 KRAFT PULPING

In an effort to find a substitute for expensive sodium carbonate (soda ash) as
makeup for the soda process, it was discovered that the addition of sodium sulphate
to the chemical recovery furnace (where it is reduced to sulphide) significantly
accelerated delignification, and produced a much stronger pulp. This process was
referred to as the Kraft process and was patented in 1884 (Smook, 2002). Today,
Kraft pulps dominate the world market place for wood pulps because they are clean,
strong and stable in appearance (MaclLeod ef al., 1985). These qualities make them

ideal for the manufacture of high quality printing papers.

In the Kraft pulping process, the wood chips are cooked in digesters at temperatures
of about 170°C and in aqueous solutions of sodium hydroxide and sodium sulphide
{(Kerr, 1970). The objective is to promote lignin fragmentation and subsequent
reaction products dissclution, whilst minimising carbohydrate (cellulose and
hemicellulose) degradation and/or dissolution (Carvalho et af., 2000). Studies with
lignin-model compounds, representing various structural units in lignin, have
identified three cleavage reactions that occur during the alkaline fragmentation of
lignin during Kraft pulping (Bryce, 1980}):

1 Cleavage of a-aryl ether bonds in phenolic units by way of quinone-methide
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intermediates. The additi.onal phenolic groups formed in these reactions
increase the solubility of the lignin and make it more susceptible to other

degradation reactions.

(2) Cleavage of B-aryl ether bonds in phenolic units by way of epi-sulphide
intermediates. The quinone-methide intermediates react more rapidly with
sulphide ions than with hydroxyl ions. This explains the more rapid and
extensive degradation of lignin by Kraft pulping liquors than by soda liquors.

(3) Cleavage of B-aryl ether bonds in non-phenolic units by way of epoxide
intermediates. By this reaction, phenolic and glycolic groups are liberated,
resulting in complete separation of neighbouring units in the lignin structure
and the formation of more stable, lower molecular weight fragments.

The degradation of lignin is also accompanied by condensation reactions that occur
simultaneously and which retard lignin dissolution. It has been suggested that the
major part of condensation occurs at the unoccupied carbon-§ position of the
phenalic units (Sjostrdm, 1981). The syringyl units of hardwoods cannot, of course,

undergo condensation.

The Kraft process is not totally selective for lignin, and the carbohydrates are also
degraded. The main reactions of cellulose and hemicellulose that occur in alkali can
be summarised as follows (Kocurek, 1996):

(1) Saponifcation (hydrolysis of an ester using an alkali to form a salt} of acetyl
groups in acetylated hemicelluloses.

(2) Sequential loss of sugar units from the reducing end of the polysaccharides
(‘peeling’ reaction) until a ‘stopping’ reaction prevents further loss.

(3) Random cleavage of the main polysaccharide chain.

The carbohydrate material lost in peeling is converted to various hydroxy acids,
which reduce the effective alkali concentration of the cooking liquor. If the peeling
reaction was allowed to continue, the whole polysaccharide would eventually be
converted to soluble acids. The cessation of peeling may be due to a re-
arrangement of the reducing end-group which makes it resistant to peeling {chemical
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stopping) or because the reducing end-group has become physically inaccessible to
the alkaline reagent (physical stopping).

Because of the alkaline degradation of polysaccharides, Kraft pulping results in
considerable carbohydrate losses leading to reduced yield and pulp intrinsic viscosity
(Carvatho et al., 2000). The acetyl groups from hardwood xylan are hydrolysed at
the very beginning of the Kraft cook (Sjéstrom, 1981). The reactions of xylan and
their retention in Kraft pulps are of considerable interest, since the carbohydrate
composition of pulp fibres influences the quality of the paper made from them. The
retention of large amounts of xylan in conventional Kraft pulps is probably explained
by their comparative stability to alkali, and to the fact that their solubility in the
cooking liquor is reduced both by the falling alkalinity during the cook and by the
removal of their uronic acids (Kocurek, 1996).

2.5 HEXENURONIC ACID

2.5.1 Formation during Kraft pulping

In the early 1950s, the 4-O-methyl-glucuronic acid unit was found to be the main
acidic constituent of xylan in both hardwoods and softwoods (Jiang et al., 2000).
This finding led to intensive investigations into the alkaline degradation of 4-O-
methyl-glucuronoxylan, (which is xylan containing 4-O-methyl-glucuronic acid
groups). In 1983, Clayton hypothesised that 4-O-methyl-glucuronic acid was
converted to HexA by the elimination of the 4-O-methoxyl group, after the loss of the
hydrogen atom attached to the fifth position of the glucuronic acid residue (Figure
2.5.1).
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Figure 2.5.1 Conversion of 4-O-methyl-glucuronic acid (A) to hexenuronic acld (B}
during Kraft pulping (Clayton, 1963),

Using 2-O-(4-O-methyl-8-D-glucopyranosyluronic  acid}-D-xylitol as a model
compound for xylan, Johansson and Samuelson (1977) provided the first evidence to
support this speculation. They showed that treatment of this compound with sodium
hydroxide at elevated temperatures resulted in a 50% vyield of 2-O-(4-deoxy-f-L-
threo-hex-4-enopyranosyluronic acid)-D-xylitol (hexenuronic acid-D-xylitol), which
degraded with time. This experiment showed that epimerisation at carbon-5 of 4-O-
methyl-8-D-glucopyranosyluronic  acid occurred to give  4-O-methyl-8-L-
idopyranosyluronic acid, which is then degraded to HexA (Johansson & Samuelson,
1977). Nuclear magnetic resonance (NMR) spectroscopy, which is a well-
established method for the characterisation of hexenuronoxylan, has played a key
role in the elucidation of its pulping and bleaching chemistry, and together with mass
spectroscopy finally confirmed the occurrence of HexA groups during Kraft pulping
(Teleman et ai., 1995).

As HexA is formed during Kraft pulping, it is also simultaneously degraded in the
alkaline medium of the cooking liquor, or partially eliminated as a result of xylan
dissolution {Gustavsson & Al-Dajani, 2000). Alkaline hydrolysis of glycosidic bonds
leads to the formation of xylan with a lower degree of polymerisation, which is
removed from the pulp by dissolution in the cooking liquor, carrying HexA groups with
it (Pedroso & Carvalho, 2003). [t therefore appears that the concentration of HexA in
unbleached pulps is the result of two competing processes, ie. formation and

dissolution/degradation.

During Kraft pulping, the rate of formation and degradation/dissolution of HexA has
been shown by many researchers to be influenced by various process parameters.
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For softwoods, HexA is essentially formed early in the cook, i.e. during the heating up
period of the pulping cycle, but then decreases continuously with time (Buchert et a/., -
1995; Gustavsson & Al-Dajani, 2000). Jiang and co-workers (2003) found, for
softwoods, that higher Kappa number pulps generally contained higher amounts of
HexA, thus supporting these earlier observations that HexA groups formed during the
rise-to-temperature in pulping are partially degraded in the latter phases. Using the
results of studies by Ross and Thompson (1965) on the degradation of methoxyl
groups, Jiang et al. (2000} demonstrated a temperature dependence for the
formation of HexA during the heating up period of the pulping cycle. They showed
that HexA is not formed in significant amounts at temperatures lower than 130°C. In
addition to pulping time and temperature, the rates of dissolution/degradation of
HexA, for softwoods, have been shown to increase with increasing hydroxyl ion
concentration, hydrogen sulphide ion concentration and ionic strength (Gustavsson &
Al-Dajani, 2000).

In investigations into the effects of process variables on the content of HexA in
hardwood Kraft pulps, Daniel et al. (2003) showed that for E. globulus pulps, unlike
softwood pulps, HexA content increased with increasing pulping time (degree of
delignification). They also showed that at constant Kappa number 14, HexA content
decreased when increasing the active alkali from 17-24%, but increased when the
active alkali increased in the lower range of 14-17%. In the same study, they found
that HexA concentration also increased when increasing sulphidity from 15-28%,
decreased when the pulping temperature was increased from 150-170°C or when the

liquor-to-wood ratio increased from 4-8.

In other studies, Pedroso & Carvalho (2003) and Simao et al. (2005b) showed, for E.
globulus Kraft pulps, that alkali and temperature were the main factors affecting the
amounts of HexA in pulps, whilst sulphidity appeared to be insignificant. Similar to
the study by Daniel et al. (2003), Pedroso and Carvalho (2003} also found that HexA
concentration increased with pulping time. Further to this, they showed that by
increasing the temperature from 150-170°C at lower effective alkali (12.8%), HexA
content increased, whilst at higher effective alkali (17%), increasing the temperature
in the same range, decreased the HexA content. Simao et al. (2005a) found similar
results, with lowest HexA contents achieved at higher temperatures and higher alkali
charges for E. globulus.

In addition to the influence of process variables, HexA content also depends on the
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species being pulped (Jiang et al, 2000). For example, hardwood pulps contain
more HexA groups than softwood pulps similarly cooked (Vuorinen et af., 1999),
primarily because hardwoods contain more 4-O-methylglucuronoxylan than
softwoods (Sjostrom, 1981).

2.5.2 Significance of hexenuronic acid

The presence of HexA groups in pulp resuit in increased consumption of potassium
permanganate in the Kappa number test (Li & Gellerstedt, 1997; Li ef al., 2002) due
to the well-known fact that permanganate reacts with carbon-carbon double bonds.
Since Kappa number measurements are widely used to evaluate the efficiency of
delignification in pulping and bleaching processes, the presence of these unsaturated
constituents will affect the results of this analysis and give erroneously higher
measurements for the amount of residual lignin in the pulp. Studies carried out by
Vuorinen and co-workers {1996) to determine the contribution of HexA to Kappa
number measurements, found that 10gmol of HexA contributed to 1.05 Kappa units.
This result was much higher than those reported by Li and Gellerstedt (1997) who
quoted values of 0.86 Kappa units.

Hexenuronic acid belongs to a class of compounds that contain enol ether or
unsaturated carboxylic acid groups. These functional groups strongly influence the
stability and reactivity of HexA, and are the targets of both electrophilic and
nucleophilic attack. As a result, chlorine dioxide and other electrophilic bleaching
chemicals such as chlorine, ozone, and the peracids, react with the ‘ene’ functionality
of HexA groups (Buchert et al., 1995; Vuorinen et al., 1996; Vuorinen et al., 1999).
This means that bleaching chemicals are not consumed during delignification,
leading to higher bleaching chemical consumptions, increased production costs, and
increased effluent emissions (Petit-Breuilh et al., 2004).

Consumption of other bleaching chemicals such as hydrogen peroxide are affected
indirectly because HexA results in a strong affinity of Kraft pulps for certain transition
metals which are mainly bound to the uronic acid groups (Vuorinen et al., 1996).
These metal ions, with manganese (1l) being the most harmful (Vuorinen ef af.,
1996}, are known to catalyse the degradation of hydrogen peroxide during peroxide
bleaching. The HexA groups have however, been reported to be unreactive in
alkaline oxygen and peroxide bleaching stages (Buchert ef al., 1995; Gellerstedt & Li,
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1996).

The brightness reversion of Kraft pulps has been aftributed to the presence of
residual lignin, chlorinated extractives or oxidised carbohydrate units. Carboxylic
acids and their counter ions have, in the past, also been reported to affect brightness
reversion (Sjostrém & Eriksson, 1968; Scallan, 1983). The yellowing tendency of
Kraft pulps has been especially shown to be proportional to the uronic acid content
(Spinner, 1962), and the removal of HexA in particular, has been shown to improve
the brightness stability of these pulps (Vuorinen et al., 1996; Buchert ef al.,, 1997).

2.5.3 Degradation by acid hydrolysis

The presence of HexA in Kraft pulps has never been verified by conventional
carbohydrate analysis, but by the use of NMR spectroscopy (Teleman et al., 1995).
The most likely reason for this is that the conventional method of analysis of
carbohydrates includes an acid hydrolysis step (Wallis et al., 1996; Dahiman et al.,
2000). Enol ethers are acid labile, which means that the HexA groups are unstable
in acidic conditions (Jiang et al., 2000) and are decarboxylated (Tanczos ef al., 2003}
and degraded to furan derivatives (Teleman ef al,, 1996a). Structural analysis of the
acidic degradation products of hexenuronoxylan led to the proposed pathway shown

in Figure 2.5.2.

In their study on the kinetics of the hydrolysis of HexA, Vuorinen and co-workers
(1999) found that at a constant pH and temperature, the hydrolysis of HexA groups
follows first order kinetics:

A [HexA)] = A [HexApnay (1-6™) 2-1

The hydrolysis rate first increased with decreasing pH but then reached a maximum
at pH ~3. It follows, that the reaction rate is proportional to the fraction of free HexA.
The pH dependence of the rate constant in this case, is given by the expression:

K™ Ko/ (14 Ke/[Hs0']) 22

Where, k, and K, denote the rate constant for the free acid and the acid dissociation

constant, respectively. Vuorinen and co-workers (1999) also found that the
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temperature dependence of the hydrolysis rate constant for a birch Kraft pulp
corresponded to an activation energy of 87.6 kJ/mol. The corresponding entropy of
activation was -83 kJ/mol. They found that the observed reaction kinetics was very
fast in comparison with the hydrolysis of simple pyranosidic linkages (activation
energy of 114.5kJ/mol), and that the high reaction rate therefore led to a high
selectivity at relatively low temperatures between 85 and 115°C. Typically, a 90%
reduction in the HexA content reduced the viscosity by 50-100 dm*kg. However,
studies carried out on softwood Kraft pulps showed that acidic treatment of the pulps
had similar activation energies for both HexA removal and pulp viscosity losses, and
these were lower than those previously reported for some hardwood Kraft pulps
{Bergnor-Gidnert et al., 1998).
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Figure 2.5.2 Proposed reaction pathway for the acid degradation of hexenuronic acid
groups attached to xylan, to 2-furoic and formic acids {Teleman et al., 1996a).

The removal of HexA by acid hydrolysis prior to bléaching offers several advantages.
One of the major general advantages of acid hydrolysis, and the subsequent removal
of HexA, is the reduction of bleaching chemical costs. Vuorinen and co-workers
(1996) found that the amount of furan derivatives produced during acid hydrolysis
correlated linearly with the decrease in Kappa number of both unbleached and
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oxygen bleached softwood and hardwood pulps. They found that depending on the
type of pulp, the selective hydrolysis treatment removed 20-60 milli-equivalents HexA
per kilogram of pulp and reduced the Kappa number by 2-7 units. This resulted in a
30-40% decrease in chemical consumption during ECF bleaching of birch Kraft

pulps.

Furtado, Evtuguin and Gomes (2001) studied the effect of the acid stage on
Eucalyptus globulus Kraft pulp bleachability and strength during ECF bleaching. In
this study, the conditions for the acid pre-treatment of the unbleached pulp were
selected to obtain maximum chlorine dioxide savings with minimal losses in yield and
viscosity. They found that the acid stage at 90°C and pH 3-3.5 completely satisfied
their demands, with savings in chlorine dioxide up to 13—17%, viscosity reductions of
105-115 dm>/kg and yield losses between 2.2-1.9%.

Ratnieks ef al. (2001) studied the effects of the acid stage to increase bleach pulp
production, improve digester Kappa number, and improve acid washing of calcium
saits. They used an acid stage at 90°C and pH 3.5 and found that the acid stage
reduced the Kappa number by five units with a selectivity of 50 dm*kg per Kappa
number reduction (i.e. 250 dm®kg viscosity loss).

2.5.4 Removal of hexenuronic acid ~ impact on pulp quality

Acidic treatment of Kraft pulps at elevated temperatures have been reported to give a
reduction in the Kappa number due to the removal of HexA (Li & Gellerstedt, 1997;
Vuorinen ef al., 1999; Jiang et al., 2000; Pedroso & Carvalho, 2003). However, the
process is not totally selective and can result in attack on the carbohydrates. This is
evident by the loss in pulp viscosity. Viscosity is of great importance in process and
quality control, particularly in the bleach plant, because carbohydrate degradation
beyond a certain level critically affects pulp strength.

Furtado ef al. (2001) studied the effect of the acid stage on bleachability and strength
and optical properties of ECF bleached E. globulus Kraft pulps. They found no clear
dependence between pulp brightness reversion and HexA elimination, and only a 1%
difference in opacity between an ADEDED and conventional DEDED bleached pulp.
The tensile and burst strength of the pulps bleached using the two sequences were
virtually equal, with the tear resistance 10% lower in the pulps bleached with the
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ADEDED sequence. In the same study, Furtado ef al. {2001) also studied the effect
of the acid stage before and after the oxygen stage in an OADEDED and ACDEDED
bleaching sequence. In both sequences they found an increase in pulp brightness
(2% 1S0) and with a decrease in the pulp brightness reversion. The opacity
remained unchanged. The addition of the acid stage before and after the oxygen
stage had no negative influence on the tear, tensile and burst strengths of the
bleached pulp, with the tear strength slightly improving when the acid stage was
added after the oxygen stage.

Ratnieks et al. (2001) obtained similar results when installing an acid stage in the
fibre line for improved eucalyptus pulp production. They found that the pulp quality,
measured by the physical strength of the fibres, showed an increase, with tensile
strength improving by 10%.

2.5.5 Hexenuronic acid and bleachability

The extent of delignification, measured as Kappa number, and the conditions used in
Kraft pulping, affect the chemical composition and structure of unbleached pulps and
therefore, their bleachability (Gustavsson et al., 1999; Colodette et al., 2002). As the
extent of delignification increases, the composition and structure of the pulp, namely
the residual lignin, is strongly modified (Gustavsson et al., 1999). It is therefore not
surprising that relationships may be established between bleachability and the
chemical structure of lignin. Researchers have thus shown that the decrease in
bleaching response is associated with an increase in the degree of condensation of
lignin, a lower content of 8-O-4 structures and a higher guaiacyl:syringyl ratio
{Gustavsson ef al., 1999).

However, Daniel and co-workers (2004) showed that for pulps with the same Kappa
number, produced by varying the pulping conditions, no clear correlation could be
established between bleachability and the content of £3-O-4 structures, phenolic
hydroxy groups, guaiacyl:syringyl ratios or the degree of condensation of residual
lignin. At constant Kappa number, they found that the bleachability increased with a
decrease in the residual lignin/HexA content ratio. They also suggested that other
chemical structures present in pulps, such as lignin-carbohydrate complexes {LCC)
or other unknown unsaturated structures, probably issued from carbohydrates, play a
key role in the bleaching response of pulps.
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in their quest to determine the role of HexA in pulp bleachability, Jiang and co-
workers (2003) suggested that the change in the reactivity of the residual lignin in the
pulp could be attributed to the formation of covalent bonds between HexA and lignin,
and that these reactions become even more significant during oxygen delignification.
Because oxygen is a radical generator (Sjostrom, 1981), they proposed that the
linkage is formed during a radical coupling reaction {Figure 2.5.3). The radical
coupling reaction intermediates (lIl) and HexA radicals (V) could be formed from the
extraction of an electron from quinone methide moieties (If) and HexA (IV),
respectively. The coupling reaction product (Vl1} is expected 1o make both HexA and
lignin more resistant towards delignification and bleaching reactions, and therefore

explains the lower reactivity.
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Figure 2.5.3 Proposed reaction pathway for the formation of a covalent bond between
lignin (1) and HexA (IV) {(Jiang et al., 2003).

2.5.6 Methods for quantification of hexenuronic acid

During the last few years, several methods have been developed to quantify the
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