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Abstract

The dissolving pulps used in this thesis are higtdg cellulose pulps, with low
amounts of hemicellulose, degraded cellulose aminj produced by acid bi-sulphite
pulping of a fast growing South African hardwoodcBlypt clone. Microcrystalline
cellulose (MCC) grade, viscose grade and cellulasetate grade dissolving pulp
were produced using a 4 stage bleaching proces§,MiScose and cellulose acetate
are the cellulose derivatives of 9#4«ellulose, 92%-cellulose and 96%-cellulose

respectively.

The key properties of the dissolving pulp considdi@ cellulose derivatisation are:
(1) Structure (2) Accessibility and (3) ‘Reactivityhe ‘reactivity’ depends to a large
extent on the supra-molecular structure of cellllosSupra-molecular structure deals
with the arrangement of cellulose | molecules icétlulose fibrils which then make
up the cellulose fibril aggregate. The accessyibf cellulose | depends on the
surface area, as determined by the size of thellasd fibril aggregates, that are
accessible; the structure of the cellulose molegubehich will determine which
hydroxyl groups are accessible; and the size amp@ tyf reagent used during
derivatisation. Supra-molecular changes in celkilfoisril aggregation of cellulose |,
in hardwood acid bi-sulphite pulp, during bleachargd drying were studied using
Atomic Force Microscopy (AFM) and Cross-polarizatidagic Angle Spinning
Carbon-13 Nuclear Magnetic Resonance Spectros®®pyMAS *C-NMR — Solid
state NMR) in combination with spectral fitting.

There was a marked increase in cellulose fibrilreggtion (i.e. supra-molecular
structure) during bleaching of hardwood acid bpsite pulp using 96%-cellulose
conditions. In contrast there was no increase itulose fibril aggregation pulp
bleached using 91%o-cellulose and 92%a-cellulose bleaching conditions.
An increase in hemicellulose and degraded cellulagdeort chain glucan was shown
to correlate with a decrease in cellulose fibrigegation recorded using solid state
NMR. Further changes in supra-molecular structueeewnoticed when each of the
dissolving pulp samples were dried. First time wigybf hardwood acid bi-sulphite

pulp samples induces a significantly different @egof irreversible cellulose fibril



aggregation in the 92%u-cellulose and the 96%m-cellulose pulp samples.

The irreversible increase in cellulose fibril aggagon correlates with the estimated
amount of hemicellulose and degraded celluloseoftsthain glucan present in the
pulp. The percentage increase in cellulose filggragation upon drying is as follows:
96% a-cellulose > 92%u-cellulose > 91%mu-cellulose. Hemicellulose and degraded
cellulose / short chain glucan are among the wetital properties that influence

cellulose fibril aggregation and the presence ssalving pulp samples could provide
steric hindrance preventing the aggregation ofl§br

Reactivity studies were carried out on the 9d%ellulose, 92%-cellulose and 96%
a-cellulose grades of dissolving pulp. During 9&%ellulose reactivity studies, there
was no relationship between cellulose fibril agatem, acid hydrolysis or MCC
preparation. Other possible techniques for 9it¢ellulose reactivity evaluation such
as the degree of polymerization (DP) determinatisimg AFM have been discussed.
Size exclusion chromatography with multi-angle fagght scattering detection was
shown as a more suitable method of estimatingdhetivity of 92%u-cellulose pulp
samples. 96%w-cellulose reactivity studies were carried with thid of a model
system consisting of the acetylation of high puptyp samples viz. cotton linters
cellulose and 96%-cellulose. Results indicate that the initial réactrate constant is
proportional to the specific surface area for the tellulose pulp samples showing
that specific surface area is directly related rial reactivity of the performed
acetylation. This work has shown that it is possit control the cellulose fibril
aggregation and hence specific surface area irrdédry produced 91%-cellulose,
92% a-cellulose and 96%-cellulose by the method in which the pulp is driédus
controlling cellulose fibril aggregation can probabbe one viable route for

controlling the initial reactivity of dissolving fjutowards acetylation.
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Chapter 1

1. Introduction

Dissolving pulp is a high-grade cellulose pulp,hnvidw amounts of hemicellulose,
lignin and resin (Christoffersson, 2005) and is tteav material used in the
manufacture of various cellulose derivatives sueh cellulose acetate, viscose,
microcrystalline cellulose etc. The important ardeof the dissolving pulp, needed to
produce cellulose derivatives, are the supra-mddecstructure of cellulose I,
accessibility to chemicals and consequently ‘redgti (Christoffersson, 2005). The
‘reactivity’ of dissolving pulp is often viewed &as significant quality parameter;
Kréassig stated that the structure of the fibre meitees the ‘reactivity’ and
accessibility of the cellulose to chemicals (Krgs4i996). Cellulose | is one of the
major components of dissolving pulp and constitutes cell wall of plants and
woods. It is thgs-1,4-homopolymer of anhydroglucose (Krassig, 19%@rko, 1987).
Maximising the commercial use of cellulose | disgaj pulp is dependant on
developing a clear understanding of its chemicalperties as a function of the

structural characteristics (Larssenal, 1999).

The popularity of hardwoods for dissolving pulp gwotion has increased gradually
over the last two decades due to the lower cosbattdr availability of the hardwood
raw material (Sixtaet al, 2004). Acid bi-sulphite pulping and the pre-lofgisis kraft
process are of major importance for dissolving paulpduction (Sixtaet al, 2004;
Christoffersson, 2005). In South Africa, Sappi $aic a major manufacturer of
dissolving pulp fromEucalyptusclones, produces approximately 600 thousand tons
per year of dissolving pulp (68 % of total worldoguction) using acid bi-sulphite

pulping.

In the present study, a single Eucalyptus clengrandis x E. urophylla (GU A380)
sampled from a single sitevas selected.

* Site Quality Classification based on Forest Lay@ds for Sappi Landholdings. (Pallett, 2001)



Genetic and environment differences between theeslohave been shown to
influence the pulp properties (Clarke, 2001) hetieesingle clone was selected for
this study in order to minimize the effects of gaerse and the environment on
dissolving pulp quality. The GU clone was processethe laboratory using acid bi-
sulphite pulping and a four stage bleaching sequéncproduce different purity
grades of ‘final’ dissolving pulp i.e. 91%, 92% a@@% a-cellulose. Thex-cellulose
classification is based on the amount of total loethilose and degraded cellulose
removed during bleaching. A 96%-cellulose sample will have low amounts of

hemicellulose and degraded cellulose.

The properties of dissolving pulp depend on therasupolecular structure of the
cellulose. It is thus essential to be able to stellulose | structure. From a very early
date, techniques such as X-ray diffraction (Meyed Mark, 1928) and infrared
spectroscopy (Tsuboi, 1957; Liang and Marchess@889) have been used to study
the crystalline structure of cellulose. X-ray diiftion was able to provide more
information towards the three-dimensional structoirerystalline cellulose whereas
infrared spectroscopy, with the aid of deuteratioas shown existence of crystalline
and non-crystalline cellulose (Tsuboi, 1957). Maoredern techniques used to study
cellulose | structure include Cross Polarizatiaviagic Angle Spinning Carbon 13 —
Nuclear Magnetic Resonance - CP/MAE-NMR (Solid state NMR) (Atalla and
VanderHart, 1984; 1999; Larsset al, 1997; Wickholmet al, 1998) and Atomic
Force Microscopy (AFM) (Fahlén and Salmén, 2005ntkiai and Vuorinen, 2009).
Solid state nuclear magnetic resonance spectrosatlizes the fact that various
magnetic nuclei have different magnetic properti#&g.recording the differences in
the magnetic properties it is possible to estinthte positions of the nuclei in the
molecule. It is also possible to determine how mdifigrent environments there are
in the molecule. Solid state NMR has been appiieitially, to the study of native
celluloses where Atalla and VanderHart (1984) destrated the existence of two

crystalline forms of cellulose | (Figure 1.1).
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Figure 1.1: Approximate CP/MASC-NMR spectra of celluloserland B from plant
celluloses (Atalla and VanderHart, 1984).

This pioneering research opened up the pathwayofioer researchers to follow
(Newman and Hemmingson, 1994; Larsstral, 1995, 1997, 1999; Maunu, 2000;
Duchesneet al, 2001; Hultet al, 2002; Virtaneret al, 2008). Several years later
Larsson and co-workers (1997) showed that, apan fthe presence of cellulose |
and B, other non-crystalline forms also existed. Thdedént components of the C4
region thus consisted of crystalline cellulosg I and l@t+p), paracrystalline
cellulose, non-crystalline components. Mathematfithg of the different regions in
the spectrum, using Gaussian and Lorentian lingped)amade quantification of
spectra possible. Numerous studies such as X-féaation (Teedart al, 1987),
field emission scanning electron microscopy (Duokeand Daniel, 2000), Atomic
force microscopy studies (Fahlén and Salmén, 2B8%¢ been carried out to support
the applicability of solid state NMR to the study cellulose supra-molecular
structure (i.e. cellulose aggregation within the I&2r of the dissolving pulp fibre
wall). Using various experimental methods, a madeatellulose | was hypothesised,
the ‘Cellulose | Fibril Aggregate Model’, showiniget different regions in a cellulose |
spectrum (Larssoet al, 1997; Wickholmet al., 1998).

The objective of the present study is to understhedeffects of pulping, bleaching
and drying on cellulose | structure at the suprdeqwdar level and also to assess the
‘reactivity’ of the different grades of dissolvimylp samples i.e. 91%, 92% and 96%

a-cellulose to manufacture microcrystalline cell@dpsiscose and cellulose acetate



respectively. The degree of cellulose aggregationthie fibre wall has been
determined using solid state NMR. The model, deyedoby Larssoret al. (1997),
has been applied to understand these effects. irainié Salmén (2002, 2003, and
2005) have shown that AFM is a ‘useful tool fomsaerse fibre wall characterisation
on the nanoscale’. Together with image analysisMAgan be used to quantify
cellulose aggregate dimensions within the S2 lajevood and dissolving pulp fibres
(Fahlén and Salmén, 2003; 2005). Cellulose aggeagatisurements using solid state
NMR and AFM in addition to a range of wet chemipabperties i.e. Estimate of
degree of polymerisation (Viscosity), total hemligikeise and degraded cellulose
content and total hemicellulose content (Solubilityignin content (K-number) etc.
have been used to identify the drivers of the ckang supra-molecular structure
during acid bi-sulphite pulping, bleaching and dgyi In addition, the study has tried
to identify any links between cellulose aggregatmal ‘reactivity’ to the production
of various cellulose derivatives. Studies have bemmducted previously using solid
state NMR and AFM on softwoods and kraft pulp (larset al, 1997; Wickholmet
al., 1998; Fahlén and Salmén, 2003; 2005); (Konttad YWuorinen, 2009). Very few
researchers have studied pulping and bleachingandwood and acid bi-sulphite
dissolving pulp. Nocandat al, (2007) have shown that the method developed by
Larssonet al. (1997), for the quantification of cellulose aggaty dimensions in
softwood kraft pulp samples, can be applied to waddtls and dissolving pulp
produced by acid bi-sulphite pulping. For the pwof this thesis the 91%, 92% and
96% a-cellulose dissolving pulp samples will be représdnas 9d, 920 and 96

respectively.

The present study is novel in its approach to sadyngle hardwood clone that has
been acid bi-sulphite pulped, bleached to produdf@ent grades of dissolving pulp
l.e. 9, 920 and 9@. These dissolving pulp grades are used for theymtoon of
cellulose derivatives such as microcrystalline ulele (9%4), viscose (92) and
cellulose acetate (8§. The accessibility of cellulose to chemical re#gds of great
importance in the manufacturing of cellulose ddmes since a homogeneous
substitution of the hydroxyl functional groups imetcellulose | chain is desired in
order to obtain high value products. However, ttnecsure of cellulose | ultimately

governs the accessibility to chemical reagents. skhdy will provide information on



the structure and accessibility of cellulose | and its effect on the chemical ‘reactivity’

of dissolving pulp produced from a single hardwood clone.



Chapter 2

2. Cellulose |

2.1 The cell wall ultra-structure

Wood is composed mainly of three types of mategallulose, hemicellulose and
lignin, with the relative composition varying infidrent species of trees (Fengel and
Wegener, 1984). The wood cell wall is composedhef primary wall (P) and the
secondary wall (S) (Figure 2.1).

Figure 2.1: Simplified structure of the wood celllilshowing the middle lamella and
the layers of the cell wall (R,, $2, S3, and L-lumen) (C6té, 1967)

The secondary wall (S) which is laid down afterl délision can be subdivided into
three layers. The outermost, S1, comprises appeairign 10% wall thickness. The
middle layer, S2, comprises approximately 85% efwhall thickness. The innermost
layer, S3, comprises approximately 1% of the whilkkkness (Fengel and Wegener,
1984, Sjostrom, 1993). The lignin-rich middle latagML) between the fibres serves
to bind the fibres together. The secondary wall taois, mainly, cellulose,

hemicellulose and lignin whereas the primary wdfioacontains a considerable
amount of pectin, xyloglucan and protein (Fengedl &egener, 1984; Sjéstrom,

1993). Knowledge of the ultra-structural arrangetweithin wood fibres is important



for understanding and controlling the ultra-struatichanges that occur during pulp

processing.

2.1.1 Cellulose, Hemicellulose and Lignin

Glucose is produced by the action of photosynthdsesvorth, in the late 1920's,
proposed that the glucose units polymerise withaiti@cent glucose units to form a
long glucan chain (Haworth, 1928) (Figure 2.2). ¥vas removed from the glucose
in this process and so each individual unit is anydroglucose unit (§H100s). The
anhydroglucose unit is in the form of a six sided iconsisting of 5 carbon atoms and
1 oxygen atom, the former carrying side groups Wwiplay an important role in intra-
and intermolecular bonding. Every alternate anhgithi@mose unit along the glucan
chain is rotated around the C(1) — C(4) axis by°1@0assig, 1996) resulting in a

long, straight glucan chain.
Anhydroglucose unit

r A

OH
4 0
0 OH
HO OH 1
N J

Non-reducing end group Reducing end group

Figure 2.2: Cellulose}-(1-4) linked homopolymer of anhydroglucose (Krgs4i996)

The linear glucan chains are linked laterally byitmgen bonds to form linear bundles
(Sjbstrom, 1993), giving rise to cellulose. Pay@nl1838, was the first to determine
the elemental composition of cellulose | and codeluhat it had the empirical
formulae of GH100s5 (Krassig, 1996; Kadla and Gilbert, 2000). Cellelas the most
abundant compound in the cell wall of plants andd# Approximately 40 — 50% of

the dry mass of wood is in the form of celluloser{§el and Wegener, 1984).

Hemicellulose is the second major component in adamibre. Hemicelluloses are a
group of heterogeneous polymers that play a suipgordle in the fibre wall. Twenty

to thirty percent of the dry weight of wood consistf hemicellulose (Fengel and



Wegener, 1984). Hemicelluloses are branched, lovecotar-weight polymers
composed of several different kinds of pentose ladbse sugar monomers (Miller,
1999). The main constituents are glucose, manmgasactose, xylose and arabinose
(Mauna, 2002) with the relative amounts varying kedty with species (Miller,
1999). The main hemicellulose in hardwood is xylanye specifically an O-acetyl-4-
O-methylglucurono-3-D-xylan (Fengel and WegeneB4195jostréom, 1993; Laine,
2005).

The third major component in a wood fibre is ligné&ithough lignin occurs in wood
throughout the cell wall, it is concentrated towtrd outside of the cells and between
cells (Miller, 1999). Lignin is often consideredethicementing agent’ that binds
individual cells together (Miller, 1999). Lignin & branched heterogeneous aromatic
polymer formed of phenylpropane units linked togetmainly byp-O-4 arylether
linkages. These linkages constitute approximaté&y-125% of the dry weight of
wood. Lignin does not dissolve in water or othemomon solvents, but it can be made
soluble by chemical action. Delignification thatcacs during pulping is mainly due
to nucleophillic reactions (Gierer, 1989he reader is referred to the comprehensive
books ‘Pulping processes’ by S. Rydholm (1965) dngnins’ edited by K. V.
Sarkanen and C. H. Ludwig (1971). Both books conthiapters describing the most

important delignification processes during pulping.

In addition to cellulose, hemicellulose and lignmpod also contains minor, non-
structural, extraneous components (Fengel and Véegé&®884). It consists of both
organic and inorganic extraneous materidlfe organic component comprises
extractives which contribute to the following wopdoperties: colour, odour, taste,
decay resistance, density, hygroscopicity and flalnhty. Extractives include
tannins and other polyphenolics, colouring mattssential oils, fats, resins, waxes,
gum starch and simple metabolic intermediates. dektres can be removed from
wood by extraction with solvents, such as watemlabl, acetone, benzene, or ether.
Extractives may constitute approximately 5 — 30%hef wood substance, depending
on factors such as species, growth conditions,timel of year when the tree is cut
(Miller, 1999). The inorganic component of extraneous material tdoiess
approximately 0.2 — 1.0% of wood. Calcium, potassiand magnesium are the more
abundant elemental constituents (Miller, 1999). céraamounts (<100 parts per



million) of phosphorus, sodium, iron, silicon, mangse, copper, zinc are also
present (Miller, 1999).

2.1.2 Cellulose I fibrils and fibril aggregates

In this study the term ‘glucan’ is used to desctitep-(1-4) linked homopolymer of
anhydroglucose. Several glucan chains make up Bulamse fibri’ and several
cellulose fibrils make up a ‘cellulose fibril aggede’. ‘Cellulose fibrils have cross
sections of varying shape with widths in the rahgen a few nanometers to a few
tenths of nanometers’ (Larsson, 2003). The arraegeénof cellulose fibrils into
cellulose fibril aggregates of varying diametersyni@fluence the accessibility of

cellulose to chemicals.

2.1.3 Cellulose | crystallinity

The conceptual structural framework of celluloskrifi aggregation is frequently
discussed (Atalla, 1990). Krassig (1996) stated ttiere is a high tendency of
cellulose to organise into a parallel arrangemégtystallites and crystallite strands’.
This is due to the ability of hydroxyl groups tarfohydrogen bonds with one another
(Sjostrom 1993; Krassig, 1996). X-ray diffractiomsvwused close to a century ago to
study the crystalline structure of cellulose fromod, hemp and bamboo (Nishikawa
and Ono, 1913). Further studies were inevitable pravided X-ray diffraction
patterns of cellulose from different sources andnéwally led to several cellulose
structures being proposed. A crystalline cellulas®lecular model originally
developed by Meyer and Mark (1928) was a landmarkitie molecular models to
follow. Some of these models included work by Saakd Muggli (1974), Gardner
and Blackwell (1974) and Blackwed#it al (1977). More recently, the degree of
crystallinity of wood pulp was evaluated using X-diffraction and solid state NMR
measurements (VanderHart and Atalla, 1984; Teefidl, 1987). VanderHart and
Atalla (1984) demonstrated the existence of twotirdis cellulose crystalline
allomorphs, & (triclinic) and B (monoclinic), using solid state NMR. These
allomorphs are believed to co-exist in the fibrittwa different ratio, depending on

the origin i.e. either plant or animal sources likkees or tunicates respectively
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(VanderHart and Atalla, 1984). Unravelling the ¢ajiine structure of cellulose |
therefore requires the determination of not one tad crystalline structures i.e.
cellulose & and cellulosefl (Figure 2.3). In both cellulose land cellulosef, there
are relatively strong O3—=HOS5 intra-chain hydrogen bonds (Nishiyaetaal, 2002;
Nishiyamaet al, 2003). Nishiyameet al. (2003) described the partially occupied
positions of the hydrogen atoms associated with @t2e and O6 atoms by two
mutually exclusive hydrogen bonding networks. Thiamding suggested that the
intra-sheet bonding involving the O2 and O6 donsrdisordered over the hydrogen
bonding networks in both cellulose. bnd cellulose f. They agreed with earlier
suggestions by Blackwelkkt al. (1977) where van der Waals attraction between
hydrogen bonded sheets were shown to contributeltolose | crystal cohesion and
added that their results show that weak €-eHhydrogen bonding also plays a role.

Figure 2.3 Cellulosenl (left) and cellulosef (right) chains represented by red skeletal
models. The asymmetric unit of each structure esented in thicker

lines with carbons in yellow (Nishiyane al., 2003).

2.1.4 Cellulose | ‘reactivity’

The ‘reactivity’ of cellulose can refer to its cajg to participate in diverse chemical
reactions. Each anhydroglucose unit in a cellulpséymer has three different
hydroxyl groups. The hydroxyl groups at O(2) H, PkBand O(6) H are the main
reactive groups susceptible to chemical modificatiyerlhac and Dedier, 1990).
When discussing reactivity of cellulose | the asdaty of the hydroxyl groups on

the surface of fibrils or fibril aggregates to ttleemical reagents is a crucial factor
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(Krassig, 1996). The accessibility on the surfaédilarils or fibril aggregates is
limited by the compact structure of cellulose l,ethis determined by the presence of
highly ordered regions formed by strong hydrogemdso (Fengel and Wegener,
1984). With the advent of infrared spectroscopygeasibility could be determined by
deuteration (Tsuboi, 1957). Verlhac and Dedier (98escribed the O(3) H as
‘unreactive’ when the cellulose surface was highigered and ‘reactive’ when the
cellulose surface was less ordered. They usedrteegure described Rowland and
Howley (1985) to calculate the availability of sacé hydroxyl groups. More recently
Horikawa and Sugiyama (2008) reported of a Foufiensform Infrared (FTIR)
spectroscopic method to measure the accessibililysize of cellulose fibrils from
the cell wall of Valonia ventricosa by investigation of deuteration and
rehydrogenation. Krassig (1996) proposed that tdoessibility of cellulose | depends
on the surface, as determined by the size of oskulfibrii aggregate, that is
accessible; and the structure of the cellulose cutds, which will determine which
hydroxyl groups are accessible; and the size goel ¢f reagent. The method used in
this study for assessing cellulose | structure aockssibility was to determine the

dissolving pulp reactivity during cellulose deriwvat formation.

2.1.5 Cellulose | derivatives

The 9k, 920 and 9@ dissolving pulp samples were used to manufacthee t
following cellulose derivatives viz. microcrystalé cellulose (MCC), viscose and
cellulose acetate respectively. Each of these naatwing processes is affected by
the quality of the dissolving pulp samples. Chrstéb al. (1998) mentioned that the
‘efficiency of conversion of cellulose into specifilerivatives is dependant upon the
lignin and hemicellulose content of dissolving pulphe presence of residual lignin
in dissolving pulp contributes to the brightnesshaf pulp. The solubility of cellulose
acetate in the acetate process, cellulose acdtatrabiility and solution haze can be
affected by high concentrations of hemicelluloseal{i&z et al., 1998). In the viscose
process, high amounts of hemicellulose in celluloae affect viscose filterability,
xanthation, viscose strength properties and firsdose yield (Rydholm, 1965). In the
microcrystalline cellulose process, the degree alyrperisation (DP) of the @1

cellulose at the start of the process is critinabltaining a final or level-off degree of
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polymerisation (LODP) of ca. 250 anhydroglucosesurnihe term ‘level-off degree
of polymerization’ refers to the relatively constaalue of degree of polymerization
which results when cellulose is subjected to sewari@ hydrolysis (Belfort and
Wortz, 1966). When pulp is hydrolysed with dilut@ds at elevated temperatures, the
non-crystalline regions of cellulose are destroywHile the crystalline regions are
more resilient to acid hydrolysis. The degree diyperisation falls and reaches the
LODP. The hydrolysed pulp is washed. After dryimgd agrinding microcrystalline
cellulose (MCC) powder is obtained (Battista, 1964)

Commercially, cellulose acetate is made from highritp 960 cellulose. The
dissolving pulp is processed using acetic anhydnderm acetate flake.

During viscose manufacture high purityc92ellulose is mixed with 18.5% sodium
hydroxide for a period of 30 minutes. This procesknown as steeping. In the next
step the steeped (alkalized) pulp is ‘pressedétnave excess sodium hydroxide. The
alkalized pulp is then shredded to increase théaseirarea for rapid ageing and
subsequent xanthation. The xanthation reaction watftbon disulphide (G results
in sodium cellulose xanthate. The sodium cellulzaathate is then dissolved in
sodium hydroxide to form viscose and thereafteengl to give optimum degree of
xanthate substitution for spinning. The produatus through a spinning mechanism
and out of a slit into an acid bath, resulting lve formation of viscose filament or
cellulose Il (Schottler, 1988).

2.2 Isolation of Chemical cellulose |

2.2.1 Traditional methods: Sulphate (‘kraft’) pulgivs Sulphite (acid bi-sulphite)
pulping

Sulphate pulping is the most common process ansl am#ium sulphide and sodium

hydroxide as its main chemical ingredients. Thecgss produces a brown pulp often

called ‘kraft’ pulp. The lignin macromolecule is mEymerised mainly through the

cleavage of the ether linkages to become dissalvélde pulping liquor. The normal

operating temperature during pulping is in the earip0 — 180°C while under

pressure. The temperature is critical to the rateepulping process. Pulping time is
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generally up to 4 hours. The ‘kraft’ pulping prosessults in a pulp yield of between
45 — 60%. Kraft pulp fibres are normally used ieduhed form in paper and board
products, however with the addition of a precedingl prehydrolysis stage the kraft
process can also be used to produce dissolving(folpisachiaet al, 2004).

Sulphurous acid and bi-sulphite ions are the magmedients during acid bi-sulphite
pulping. The sulphite pulping cycle is divided intbree main processes; the
penetration period, the pulping period and the veppperiod. Time must be allowed
for the chemicals to penetrate the chips complefBhe slowest chemical reaction
determines the reaction rate (Fengel and Weger®84)1 The temperature in the
reaction vessel is raised slowly over a periodbadua 4 hours to 130°C (Penetration
period). Following the penetration period, the tenapure is raised to the maximum,
usually between 135°C and 145°C and pulping comeseijeulping period). The
pressure is allowed to rise until it reaches al8@@ kPa and then maintained constant
by venting. The pulping period is varied between #$wutes to 103 minutes
depending on the amount of lignin removal requii&then the pulping process ends,
the pressure is reduced below 100 kPa during agbefiabout 90 minutes in order to
recover chemicals (Recovery period). The pulpingisfies during the recovery
period, and at the end the pulp washed and scre@hedtotal pulping time for acid
bi-sulphite pulping is approximately 8.5 hours (§elnand Wegener, 1984). Sulphite
pulping takes longer but has a slightly higher digian the ‘kraft’ pulping process
(Karlsson, 2006). A disadvantage of the sulphiteocess, compared to the
sulphate/‘kraft’ process, is the environmental @ne associated with it i.e. difficulty
in chemical recovery during the process (Karls2006). The sulphite process is
however characterised by its high flexibility comgeh to the ‘kraft’ process. In
principle, the entire pH range can be used forhstdpulping by changing the dosage
and composition of the chemicals, whereas ‘kraftfpphg can be carried out only
with highly alkaline pulping liquor. Thus, the usé sulphite pulping permits the
production of many different types and qualitiepafp samples for a broad range of
applications. The sulphite process can be distsigpd according to the pH into four
different types of pulping namely Acid bi-sulphit8j-sulphite, Neutral sulphite
(NSSC) and Alkaline sulphite. Table 2.1 presents iain pH ranges for different

sulphite pulping processes.
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Table 2.1: pH ranges for different sulphite pulpprgcesses (Uhimann, 1991)

Process| pH Base Active Pulping Pulp yield Applications

reagent | temperature %

°C

Acid 1-2 ca’, SO, H,O, 125 - 143 40-50 Dissolving pulp,
bi- Mg®, H, tissue, printing
sulphite Na" HSG; paper, special paper
Bi- 35| Md", HSO;, 150 — 170 50 — 65 Printing paper,
sulphite Na’ H* tissue
Neutral | 5-7 Nd, HSGOy, 160 - 180 75-90 Corrugated medium,
sulphite NH," SO semi-chemical pulp
(NSSC)
Alkaline | 9 — Na’ SO, 160 - 180 45 - 60 ‘Kraft’ — type pulp
sulphite | 13.5 OH

2.2.2 Chemical pulping

“In a pulping process, wood is converted into férerhis can be achieved
mechanically, thermally, chemically or through antmnation of these techniques”
(Karlsson, 2006). For this study a single cloBegrandisx E. urophylla clone (GU
A380) was sampled from Zululand in Northern Kwa+ZMatal, South Africa, site
quality I, high site index, was pulped using acid bi-sukphiulping conditions.
Chemical delignification, an important process dgrpulping, includes all processes
resulting in partial or total removal of lignin frowood by the action of suitable
chemicals (Gierer, 1985). The lignin macromolecagledepolymerised through the
cleavage of the ether linkages to become dissoinethe pulping liquor. They-
hydroxyl anda-ether groups are readily cleaved under simultamdoumation of
benzilium ions (Funaokat al, 1991). The cleavage of the operyl ether linkages
represents the fragmentation of lignin during asidphite pulping. The benzilium
ions are sulphonated by attack of hydrated sulpdiokide or bi-sulphite ions,
resulting in the increased hydrophylic nature & tignin molecule. The extent of
delignification depends on the degree of sulphonadis well as the depolymerisation
(Funaokaet al, 1991). In summary the aim of pulping is to brekvn the lignin
bonds between the fibres using chemicals and heapling easy removal by

washing, whilst not destroying the cellulose anohizellulose components.

* Site Quality Classification based on Forest Laygds for Sappi Landholdings. (Pallett, 2001)
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2.2.3 Dissolving pulp

The unbleached pulp that results after acid bitstégpulping is used as raw material
for dissolving pulp production. Lignin and hemicgdises in the unbleached pulp are
considered to be contaminants and are removeddardo produce high purity
dissolving pulp samples. This can be done usinggenydelignification followed by a
4 step bleaching sequence. The bleaching sequamceither be Chlorine dioxide —
Alkali extraction — Chlorine dioxide — Hypochlori{®,ED,H) or Chlorine dioxide —
Alkali extraction — Chlorine dioxide — Peroxide ;D,P) stage depending on the
desired end product i.e. ®1920 or 96 dissolving pulp samples. “Dissolving pulp is
a chemical pulp intended primarily for the preparatof chemical derivatives of
cellulose. 1t is utlized for the chemical conversi into products such as
microcrystalline cellulose, cellophane, cellulosetate, cellulose nitrate” (Karlsson,
2006).

2.2.4 Bleaching

Bleaching is the chemical process performed on &aéisulphite pulp designed to
remove hemicelluloses, residual lignin and at #raestime improve the brightness of
the pulp samples. Table 2.2 presents the shortbamthemical treatments used in
delignification and bleaching.

Table 2.2: Shorthand of chemical treatments usekklignification and bleaching

Stage Abbreviation Process

Oxygen O Delignification

Chlorine dioxide D Brightness

Alkali extraction E Extract hemicelluloses and solubilise lignin
stage degradation products

Hypochlorite stage H Polymer chain scission (control viscosity)
Peroxide stade P Brightness and residual hemicellulose removal

& Used for 9& and 92: dissolving pulp production
® Used for 96 dissolving pulp production
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Different grades of dissolving pulp require diffetdleaching conditions. Refer to the
experimental design for details (Tables 3.4, 3.8 a6, Chapter 3). Temperature,
time, pressure and concentration of alkali areedato produce the desired grade of

dissolving pulp.

(i) O stage: Oxygen delignification under alkalnddions

The first commercial oxygen delignification insglbn was in South Africa during
the 1970’s (De Souzet al, 2002). It was seen as a cost effective and ennientally
friendly method to reduce chemical consumptionmybleaching. In the normal state
oxygen is a weak reactant. The reactivity can beremsed by increasing the
temperature and providing a reactive substrate.ubleeof sodium hydroxide provides
the alkaline conditions required to ionise free e hydroxyl groups in residual

lignin (Dence and Reeve, 1996).

HOROCH; + NaOH— 'OROCH; + H,O (1)

As a result of the above reactions (Equation 1,deeand Reeve, 1996), lignin
becomes oxidized and more hydrophilic making itiexa remove from the pulp.
During oxygen delignification approximately 50% residual lignin can be removed
from the pulp (Dence and Reeve, 1996).

(i) D Stage: Chlorine dioxide

The D stage uses chlorine dioxide as a bleachiegtaghe primary function of this
stage is to improve the brightness of the pulp. Phiaciple of the brightening

reaction is based on the reaction of the chloriompounds, produced by chlorine
dioxide, with chromophoric (colour generating) camapds in the pulp (i.e. Lignin).

Chlorine dioxide is a radical bleaching agent amdcts with phenolic and non-

phenolic lignin.

HOROCH; + CIO; + H,O0 — HOOROOCH + CIO, + HOCI + H 2)

It reacts slowly with non-phenolic lignin structarand more easily with phenolic

lignin and ionized lignin structures. As chlorinexide oxidizes lignin it is reduced
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to chlorite (Equation 2). The reaction products mae hydrophilic than the original

compounds and therefore are easier to wash obeqgiulp.

(i) E Stage: Alkaline extraction

The chlorine dioxide stage is normally followed &g alkaline extraction stage to
further remove lignin (Dence and Reeves, 1996). Afialine extraction stage
functions to extract hemicelluloses and solubiligain degradation products which
are subsequently washed out of the pulp. The amufuNaOH added at the alkaline
extraction stage is dependant on the desired endupr i.e. 9&, 920 or 96
dissolving pulp samples. A lower dose will targe¢ 9T and 92 dissolving pulp
samples whereas a higher dose will target thedd$solving pulp sample. This stage
ensures that the chloro and oxidized lignin frora grevious chlorine dioxide (D)
stage are dissolved and removed. The reader isedféo a comprehensive book,
‘Pulp bleaching — Principles and practices’ edibgdDence and Reeves (1996), that
details the reactions and mechanisms involved dwaikaline extraction.

(iv) Hypochlorite stage (Final stage)

The hypochlorite stage is the final stage of bleésgtused to produce both thes91
and 92 pulp samples. This stage uses hypochlorite unttatie conditions at a
temperature of 58°C. The function of this stagisontrol the viscosity of the pulp
(i.e. the degree of polymerisation) whilst incregsihe brightness of the pulp. Using
a higher dose of hypochlorite e.g. in thexQulp sample, results in a lower viscosity

and hence lower degree of polymerisation comparéde 92: pulp sample.

(v) Peroxide stage (Final stage)

‘Hydrogen peroxide is a potent, relatively inexgeasoxidant that chemically
degrades chromophoric components in pulp sampkegdi et al, 2005). The
peroxide stage is used to target ax @pade cellulose pulp. The use of hydrogen
peroxide favours the partial or complete eliminataf elemental chlorine from the
final pulp (Resich, 1995; Johnson, 1994). ‘The fation of the per-hydroxyl anion
has been widely described as important for thecbieg reaction’ (Zeronian and
Inglesby, 1995), the concentration of which depdadsgely on the pH of the solution
(Andrews, 1979). Hydrogen peroxide solutions repite slowly at low temperatures

and pH (Valko, 1955). This stage removes any residiemicelluloses without
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affecting the degree of polymerisation. The reasleeferred to a review, ‘Bleaching
of cellulose by hydrogen peroxide’ by Zeronian dndlesby, 1995 and references
therein, that details the reactions and mechanisumdved during hydrogen peroxide
bleaching.

Thus far, the cell wall ultra-structure of wood;etlsupra-molecular structure of
cellulose | fibrils and fibril aggregates; the cepts of cellulose accessibility and
‘reactivity’; the importance of cellulose derivadly and the processes to manufacture
them; the cellulose | isolation procedure that emgasses acid bi-sulphite pulping
and the delignification and various bleaching iweal required to produce dissolving
pulp has been described. This study presents thewfng techniques, Cross-
Polarization Magic Angle Spinning Carbon-13 Nuclelfagnetic Resonance
(CP/MAS ®*C-NMR) spectroscopy and Atomic Force Microscopy tfee purpose of
understanding cellulose | structure, accessibaityl ‘reactivity’. The strength and
limitations of the techniques to determine celleldsstructure, accessibility and
‘reactivity’ are also discussed.

2.3. Solid state NMR Spectroscopy for determiningeatiulose | supra-molecular

structure

Application of Cross-Polarization Magic Angle Spimp Carbon-13 Nuclear
Magnetic Resonance (CP/MAS’C-NMR) spectroscopy for the purpose of
understanding the cellulose | structure was fiegorted by Atalla and VanderHart
(1984). CP/MAS"C-NMR spectroscopy can detect changes in the fillepolymer
interactions during chemical pulping, bleaching anging. The degree of cellulose
aggregation in the fibre wall can be determinedC®/MAS **C-NMR spectroscopy.
When studying different allomorphs of cellulose®§/MAS *C-NMR spectroscopy,
various methods can be used to resolve the ovenigppeaks, one of which is
spectral fitting (Wickholmet al, 1998; Larssoret al, 1999). CP/MAS"C-NMR in
conjunction with spectral fitting is capable of tthguishing between the different
types of cellulose in pulp. These are the accesdiblil surfaces, paracrystalline
regions, inaccessible fibril surfaces and crystall{cellulose d + IB) components

(Figure 2.4). The assignment of specific resonahessbeen obtained by studies on
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celluloses from known sources; in particudalonia, Cladophora, Halocynthia
cellulose, cotton linters and birch (Wickholet al, 1998). NMR spectroscopy has
shown potential for studying solid-state structuregch as cellulose 1. The
introduction of Cross-Polarisation Magic Angle Spimg (CP/MAS) opened up new
possibilities (Schaefer, 1977; Yannoni, 1982). &metarbon cross polarizations

enhance the sensitivity and the magic angle spgnnmproves the resolution,

13
resulting in well-resolved C spectra (Schaefer, 1977; Yannoni, 1982).

2.3.1 Principles of CP/MAEC-NMR spectroscopy

CP/MAS C-NMR spectroscopy is a useful technique for stagythe structure of
semi-crystalline polymorphic solids. Solid state RMhas not always been used for
structure determination because of line broadenBiad lines characteristic of
conventional NMR measurements on solid sampletndwied to two causes, static
dipolar interactions betweéfiC and'H and the chemical shift anisotropy. The strong
dipolar interaction betweel¥C and neighbouring protons can be removed by high-
power proton decoupling. The second cause of Inmadening, the chemical shift
anisotropy is experimentally diminished by Magic gl Spinning (MAS), which
incorporates a rapid spinning (5 kHz) at an andlB4o7 degrees with respect to the
external magnetic field. Magic angle spinning vailbo average any residual dipolar
broadening (Sanders and Hunter, 1987). Cross-Rateon (CP) is a pulse technique
used to enhance the signal-to-noise ratio of tleetspm, sinceé>C is a low abundance
nuclei and its spin-lattice relaxation in solidslasg (Schaefer and Stejskal, 1976).
This enhancement is performed by first exciting'thespins and then transferring the
magnetism to th&’C-spin system (Schaefer and Stejskal, 1976). Quoksization in
combination with magic angle spinning and high pompton decoupling generates
spectra with comparatively high resolution and gagehsitivity (Schaefer and
Stejskal, 1976). Typical CP/MASC-NMR spectra from cellulose | are made up of
six signals from the anhydroglucose unit split ifitee structure clusters due to the
supra-molecular structure of the cellulose | fibfifigure 2.4). The information
content in this fine structure is high, but the emsibility of the information is

hampered by a severe overlap of the signals (Lamssal, 1999). In order to obtain
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quantitative information on the supra-molecularustiure of cellulose, post-

acquisition processing (spectral fitting) of thesjpa is needed (Larssehal, 1999).

2.3.2 CP/MAS"C-NMR in combination with spectral fitting

Accessible fibril surfaces

Inaccessible fibril surfaces

92 90 88 86 64 82 80 78 76

& (ppm)
Figure 2.4: The fitting of the C-4 region of a CRBI**C-NMR spectrum recorded

on chemically disintegrated onttellulose.

Figure 2.4 shows the experimental spectrum as leehrbne. The fitted spectral lines
and their superposition are shown as solid liné& Broken line of the experimental
spectrum is partially hidden by the superimpos#édispectrum. The model for the
spectral C-4 region of cellulose | fibrils consisté seven distinct lines: three
Lorentzian lines for the signals from the crystadlicellulose | allomorphs, cellulose
la (89.5 ppm), 1¢+p) (88.8 ppm), and p (87.9 ppm), and four Gaussian lines for the
remaining signals attributed to non-crystalline ldeke forms, paracrystalline
cellulose (88.4 — 88.7 ppm), accessible fibril acels (84.3 and 83.3 ppm) and
inaccessible fibril surfaces (approximately - 88@n) (Figure 2.4) (Larssoet al,
1995; Larssoret al, 1997; Wickholmet al, 1998). The spectral fitting of the C-4
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region in plant celluloses is performed by startmigh the dominating signals for
paracrystalline cellulose and cellulose at inadbéss fibril surfaces. After
convergence at this level, additional lines areedddo describe the crystalline
allomorphs and cellulose at accessible fibril steta After final convergence, the
fitted result is evaluated with respect to tffe— value (statistic measure used to
characterize how well an experimentally observedrithution matches an expected
distribution (Presst al, 1986)), agreement of chemical shifts and lindtiag with an
appropriate reference spectrum such as the spedtraotton linters (Cotton linters is
approximately 99.9% pure cellulose 1). If applikhgreement between the obtained
and the expected signal intensity ratios for cefiel bt and cellulosefl is also a
criterion for acceptance (Yamamoto and Horii, 1993) describe the hemicellulose
contribution in the spectra a minimum number ofitlidal Gaussian lines are added
to the cellulose C-4 region to obtain an acceptétilag of the cellulose part of the

spectrum and #-description of the overall spectrum (Hattal, 2001).

2.3.3 Cellulose | Fibril Aggregate Model

A model of aggregated cellulose | fibrils was consted based on spectral fitting and
spin diffusion experiments (Figure 2.5) (Wickhol#901). Two C-4 signals at 84.3
and 83.3 ppm are assigned to cellulose at accesidnll surfaces in contact with
water and the C-4 signal at 83.8 ppm is assigneckliolose at water-inaccessible
fibril surfaces, formed either by interior distamis or aggregation of fibrils (Hult,
2001). Paracrystalline cellulose can be partly @xeld as being due to distortions
from the fibril-fibril contact surfaces reachinganthe fibril interior (Hult, 2001) i.e.
the result of fibrils forming fibril aggregates. iShis schematically illustrated in
Figure 2.5 where the paracrystalline cellulosehiswa to penetrate one layer below
the fibril surface. This is purely an arbitrary repentation since penetration depth is
dependent on the size and severity of the distwstioduced at the fibril surfaces
(Wickholm, 2001).
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o «—/— Accessible surface
| i

i "
+ Inaccessible surface
Para-crystalline

Crystalline

& |

Figure 2.5: Schematic model of four aggregatedutmde | fibrils (Wickholm, 2001)

2.3.4 The application of solid state NMR for determiniagerage lateral fibril
dimensions (LFD) and lateral fibril aggregate disiens (LFAD)

Fibrils have cross-sections of varying shape andthsi in the range from a few
nanometers to a few tenths of nanometers (FengeWgener, 1984; Krassig, 1996;
Atalla, 1999). There is a broad distribution ofriibaggregate structures in pulp
probably due to the presence of hemicelluloses stmalt chain glucan in pulp
samples. In order to calculate the average latiéndl dimensions (LFD) and average
lateral fibril aggregate dimensions (LFAD), spektfitiing has to be performed on
lignin- and hemicellulose-free pulp samples (glécosontent > 95 %) since
interfering signals (signal overlap from hemicedlsg and spinning side bands from
the lignin) influence calculations (Hu#t al, 2001). From the assignment of the
signals in the C-4 region of the CP/MA%E-NMR spectra, lateral dimensions can be
assigned. Assuming a square cross-section (Figie the fraction of the signal
intensity from accessible fibril surfaces (calcudat of lateral fibril aggregate
dimension) or the fraction of the signal intenditym accessible and inaccessible
fibril surfaces (calculation of lateral fibril dimeions) are both denoted g and are

given by the equation:

q= (4”n2 4) 3)
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where n is the number of cellulose chains on tlde sif the square fibril cross-
sections. A conversion factor of 0.57nm width paliudose polymer has been used in
the calculations (Sugiyans al, 1991; Heineet al, 1998; Newman, 1999).

2.3.5 Computation of specific surface area fronetaltFibril Aggregate Dimensions
(LFAD)

Differences in supra-molecular structure of cel@oproduce materials with a

changed amount of interior surface area.

Figure 2.6: Schematic diagram of the fibril aggtega

Average density of cellulose molecuer 1600 kg/n
a = length along one side, in nm

Total surface area exposef=axL x4 4)

Volume:V =a?x L (5)

Mass: M =V x p

=a’xLxp (6)
Specific surface area70:A =0 = aZLX—LXA'
M a“xLxp
4

= (7)

_pxa
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Thus fibril aggregates with different dimension®guce different specific surface
areas. However this theory is limited since inghjtlarge objects yield specific

surface areas too small to measure.

Given that the hydroxyl groups on the fibril aggrgsurface are the only functional
groups available for further reaction, the questiblat arose from the above
computation is whether the specific surface areasued using CP/MAEC-NMR
relates to a measure of chemical reactivity. Towansthis, a series of reactivity
studies were carried out on high purity pulp samgles. 96 dissolving pulp and

cotton linters).

2.3.6 The application of solid state NMR for detrimg initial reaction rates of

dissolving pulp samples

To test the hypothesis that the specific surfa@a atetermined by the solid state
NMR technique relates to chemical characteristich&#f material, an attempt was
made to correlate reaction rate ratios to ratiospeftific surface areas determined by
NMR. Acetylation experiments were performed withmeoercial 96 Eucalyptus
dissolving pulp and cotton linters. These samplesod high purity with respect to
cellulose and differ significantly in their specifsurface areas. Both samples were
oven dried preceding the acetylation reaction. Tigpothesis was based on the
assumption that during the heterogeneous acetylaifocellulose, only hydroxyl
groups situated at the surface of fibril aggregates directly exposed to the
surrounding liquid and hence, initially accessilbte the reagent. Other hydroxyl
groups resides either in the interior of fibrils iarthe interior of fibril aggregates

making them less accessible or inaccessible toethgent.
The reaction scheme is illustrated below

K
ROH+(CH,C0),0 = ROCOCH, +CH,COOH 8)
-1

ROHdenotes the accessible hydroxyl groups on thelosty(CH;CO),O denotes the
acetic anhydride AA), ROCOCH denotes the formed cellulose aceta@®)( and
CH3COOH denotes the formed acetic acliAC). k; andk; denotes the forward and
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reverse reaction rates respectively. The genetal eéapression for the formation
cellulose acetate can be given as (using abbremmti brackets indicating

concentrations)

EA - K [ROHI A4 ~I[CAFTHAG ©)

The experimental setup used a constant amountllofase for all reaction times, a
large excess of acetic anhydriddA] and measured formed amounts of cellulose
acetate CA) only for short reaction times. The short reactiome effectively means
that only a small fraction of all accessible hydfogroups were acetylated and that
any reverse reaction rate can be neglected. The Excess of acetic anhydride used
makes the concentration of acetic anhydride esdBntconstant throughout the

course of the reaction. This allows for the follagriapproximations to be introduced.

dt
d[AAl _
a0 4
-k, [CAI°[HAC]" =0 (12)

Using these approximations pseudo-zero order wraktnetics can be realized

d[stAl = k[ROHJ*[ AAP = K[ROH]* = K’ (13)

The connection between the pseudo zero-order omactite K”) and the specific
surface area, as determined from NMR LFAD measunisnis given below, under
the assumption that the exponanh Equation (13) is equal to one.
K[ROH]= k IMN _ (14)

\%
[ROH] denotes the average volumetric concentratiorcoéssible hydroxyl groups,
_denotes the specific surface arbagenotes the number of moles of hydroxyl groups
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per unit surface area and finalWydenotes the sample volume. Keeping experimental

conditions in agreement with the introduced appr@tions, keeping all parameters

under experimental control equal only changingdékulose substrate, a meaningful

ratio of pseudo-zero order reaction rates can badd. For substrates labelled A and

B
k|0AMN
koo " V. _0a
k; kO'BMN O,
\Y

(15)

Equation (15) relates the ratio of pseudo-zero rorei@ction rate determined from the

kinetic experiments directly to the specific sudarea determined from NMR LFAD

measurements. This means that it is possible toiftélse physical measure LFAD

carries any information that is relevant to theroloal characteristics of the cellulose

material, i.e. its behaviour during chemical mazifion. The system used for the

acetylation was formulated in agreement with theotbtical assumptions made to

reach pseudo zero-order kinetics (Equations 8-15).

2.3.7 Computation of degree of substitution (DS$uffaces

Using the information obtained from the specificface area determination and the

reactivity experiments, the degree of substitufmmhigh purity pulp sample during

the acetylation reaction could be estimated.

Degree of Substitution = no. of substituted hydia@tpups per anhydroglucose unit

N (on)

n (Anhydroglucose unit)

From CP/MAS®C-NMR:

Total average Degree of Substitution =

Total Intensitymethylcarbon

Total Intensity from oneanhydroglioseunit

(16)

(17)
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The total intensity from one anhydroglucose und ane methyl carbon in the acetyl

group are shown in Figure 2.7.

Anhydroglucose unit

r A

Methyl carbon

v

| T T T T | T T T T | T T T T ‘ T T T T ‘ T
200 150 100 50 [ppm]

Figure 2.7: CP/MAS®C-NMR spectrum showing the anhydroglucose unittaed

methyl carbon in the acetyl group

Spectral integrals were determined for the metiyhad (around 20 ppm) and the
collective signals from cellulose (about 120-40 ppiFigure 2.7). The integration

results were combined with the NMR measurements$=-&iD to compute the average
degree of substitution of the glucan chains preseribril aggregate surface areas

(<DS>) using the following equation (Equation 18):

_1(Me) N2
(PS); = 1(C) (4N -4) (18)

Wherel(Me) andI(C) are the integrated intensities over the methyhaigabout 20
ppm) and the cellulose signal region (about 12(@@M) respectivelyN the number
of glucan polymers along one side of the assumedreqcross section of the fibril

aggregate.
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2.4 Atomic Force Microscopy in wood and ultra-strutural research

Atomic Force Microscopy (AFM) has recently been laggpto structural studies on
cell wall characteristics of wood fibres from diéat environments (Fahlén and
Salmeén, 2002, 2003, 2005; Poggial., 2005; Pereirat al, 2001); unbleached pulp
and pulp components like cellulose, hemicellulosd #gnin (Gustafsson, 2002);
during different stages of dissolving pulp prodact(Chunilallet al, 2006) and even
after drying dissolving pulp (Chunilaéit al, 2008; Kontturi and Vuorinen, 2009).
The present study uses AFM to examine the morphzdbgrrangement of cellulose
fibril aggregates within the secondary wall of rgwip fibres, fully bleached pulp
fibores and fully bleached pulp fibres after overyidg. Lateral fibril aggregate
dimensions (LFAD) were measured within the secondall of the fibre. This was
done in order to confirm the results obtained usiolid state NMR showing the ultra-
structural changes that occur during acid bi-sippulping, chemical bleaching and

drying.

The application of AFM for surface characterisatodrwood, fibres, pulp and paper is
still at an early stage; although the technique e tested in almost every part of
the value chain ranging from wood to printed pgptanley and Gray, 1995; Béland,
1997; Niemi and Paulapuro, 2002). The removal ofibelluloses closely associated
with cellulose fibrils in the kraft fibre wall durg the bleaching process has been
suggested to favour an increase in cellulose fagdregate diameter measured using
solid state NMR (Duchesret al, 2001; Hultet al, 2001). AFM was used to identify
changes in cellulose fibril aggregation during datéulphite pulping, bleaching and

drying and was used to validate solid state NMHRlifigs.
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2.4.1 Principle of Atomic Force Microscopy (AFM)

The basic principle of the AFM is the measuremenfooces between the sample
surface and a sharp tip (Figure 2.8). The sampieasnted on a piezoelectric stage
that provides sub-Angstrom resolution. The tipdsused to the end of the cantilever
and moves in ar-y direction across the sample. Changes in topograpbge the tip
and cantilever to deflect with this deflection maasl by reflecting a laser beam from
the back of the cantilever to a position sensifiiletodiode (Meyer and Amer, 1988;
Alexanderet al, 1989; Hanlewt al, 1995).

Detector and
feedback
electronics

Photodiode ,
(detector) //\ I,
\\)) L/ Laser

]
i
[l
¥

““ﬂ-:-——::___ ' Cantilever and tip
,-m——_h\_/\j\,-//x——/‘l

Sample surface

Figure 2.8: Schematic diagram of the Atomic Forderbvscope

2.4.2 Imaging modes

The primary modes of AFM are contact mode and TrappMode™. In contact mode
operation, the probe is in direct contact with tweface as it scans at a constant
vertical force (Jena and Horber, 2002). In contactle the signal of primary interest
is the cantilever deflection signal with cantilew&lection determining the range and
resolution of applicable forces between the tip suolstrate. Since the tip is in contact
with the substrate while they move laterally thexea possibility that the tip may
‘rupture’ a surface. In the Tapping Mode™, the dawer resonates i.e. oscillated at
or close to its fundamental resonance frequency, the tip of the probe makes

intermittent contact with the sample surface (Jand Horber, 2002). Hence the
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Tapping Mode™ is preferred for ‘soft’ materials yeating surface deformation
during scanning. The oscillation amplitude, phasel aesonance frequency are
modified by tip-sample interaction forces; thesarges in oscillation with respect to
the external reference oscillation provide inforimatabout the sample topography
(Jena and Horber, 2002).

2.4.2.1 Application of Tapping Mode™

The Tapping Mode™ (Zhongt al, 1993)is a development of the contact mode
AFM. In the Tapping Mode™, the oscillation of thentilever is driven by a constant
driving force. Amplitude oscillation of the cantiler is monitored and, in contrast to
the contact mode, it is the primary signal of tfapping Mode™. The tip touches the
surface at the bottom of each oscillation, and tdikices the oscillation amplitude of
the cantilever (Puttmaat al, 1994). The feedback control loop of the systaent
maintains this new amplitude constant as the asicii (tapping) tip scans the
surface. The information in a Tapping Mode™ heightge corresponds in principle
to the information in the Contact Mode. Since ipeonly makes intermittent contact
with the surface, tip-surface interactions are migemtler’ than contact mode AFM.
Lateral and shear forces are thus reduced in Tgpblade™ AFM (Nagao and

Dvorak, 1999). The result of scanning in the TaggMode™ is an amplitude image.

Phase imaging is an extension of Tapping Mode™. phase lag between the
cantilever oscillation and the detected oscillaggnal is used to create a topography
image (Nagao and Dvorak, 1999). Phase imagingtipossible in the Contact Mode
since it requires the oscillation and amplitudedfegck loop of the Tapping Mode™.
The acquisition of a phase image is based on irdbam directly from the detector,

which improves image resolution.

2.4.3 Image analysis

The phase images from AFM reveal fibril aggregafasce a scan is obtained (Figure
2.9a) image analysis is performed using Imagé&-PMlus (Version 6.0)
(MediaCybernetic®. A greyscale image of the scan is then obtaitégufe 2.9b).
Thereafter a 3D morphological filter is applied. iwatershed segmentation (Figure
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2.9c). The fourth step involves a mask being creafethe areas that are most likely

to be fibrils aggregates (Figure 2.9d). The fiftepsis to measure the mean fibril

aggregate diameter. The fibril aggregates are dngeed and one of the many fibril

aggregates has been highlighted in green (Fig@e).2The objects or aggregates on

the perimeter are not included in the measurement.
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Figure 2.9: Image analysis using Image Pro Plus

Image analysis reveals the mean fibril aggregaaendter or lateral fibril aggregate

diameter in nanometers. This measurement is howmeamplete since the tip

enlargement effect was not taken into consideradionng the measurement. Wang

and Chen (2007) reported that “the finite sizeha tip apex, no matter how small,

will lead to a systematic enlargement of the ldteize of any surface features”. The

surface roughness (Rq) value is used in calculdhiegip enlargement effect)(The

image is initially flattened fito 3% order) and the surface roughness is determined.
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The angle of the tip (y) is determined by scanmlegtron microscopy (SEM) (Figure
2.10).

This value is substituted into the following eqoati
X = Rgx tany (21)
Wherex = the tip enlargement effect
Rq = surface roughness (roughness coefficient)
tany = size of the tip
In order to get a true estimate of the lateralilfilaggregate dimensions the tip

enlargement effect is calculated and subtracted fiee original LFAD measurement.

The mean of the distribution is computed and theren the mean is reported.
“ /

/4 Angle =z
h=Rq
" Angle =y

——

Cantilever

X
Figure 2.10: Schematic illustrating the tip enlangat effect

2.4.4 Advantages and disadvantages of using theni&tfmrce microscope for

ultra-structural research
AFM has several advantages:

« AFM provides a three dimensional surface profil@asample.

» There is non-destruction of sample surface by sogrin the Tapping Mode™.

* AFM has the ability to study surfaces in vacuunm, ad liquid environments
(Yamada, 2007).
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High resolution AFM (ca. 1A) is comparable to SdagnTunneling Microscopy

and Transmission Electron Microscopy.

Some of the disadvantages are as follows:

The maximum scanner dimensions in the XY plane eafrgm 100 to 150
microns, maximum height Z on the order of 2 microns

An incorrect choice of tip for the required resauatcan lead to image artefacts.

The sample preparation procedure leading up tonsegrhigh resolution images
requires approximately 3 days.

An average of 10 fibres are scanned with the LFA&Bults thus having limited

statistics
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Chapter 3

3 Experimental design

3.1 Experimental design

For this study a singl&. grandisx E. urophylla (GU A380) clone sampled from a
single site was selected in order to minimize thfeces of genetics and the
environment on dissolving pulp quality. Stands df @380 (Site quality 1) were

selected from a compartment in Futalulu, Zululakigre 3.1). The trees were
sampled at age 9 years, chipped with an industhigper and air dried to a moisture
content of approximately 12%. Figure 3.2 shows leesttic of the experimental
design and highlights the Raw material, ProcessBagnples for analysis and the

Analysis methods.

Futalulu, Zululand

Figure 3.1: Map of South Africa highlighting Futalun Zululand

* Site Quality Classification based on Forest Langpds for Sappi Landholdings. (Pallett, 2001)
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Raw Material

Samples for analysis

Wood holocellulose
Subject to sodium chlorite treatment for 3 houis

Eucalyptus grandig urophylla
(Site quality 1: High site; Zululand,;
Age: 9 years)

Logs were debarked, chipped and air dried

for 3 months

Bleaching strategies

9la—Raw, D, E, H
92a—-Raw, Q, E, H
96a—Raw, Q,E, P
Pulp samples were stored wet prior to analysis

Drying strategies

91a, 920, 96u final pulp samples subject to:
Condition drying — 5 days at 23 °C and 50% relativenidity

Air drying — 5 days at room temperature and 70%tnet humidity

Oven drying — 12 hours in an oven at 104 °C

Analysis

Lignin content by K-Number analysis;

Solubility — Total extractable material
(hemicellulose and degraded cellulose content)
i.e. S%, Total hemicellulose content i.e.s%,

degraded cellulose content;- cellulose content;

Viscosity;

Reducing- end groups by Copper humber
analysis;

Processing

Delignification (3 pulp samples)
Acid bi-sulphite pulping
Oxygen delignification (@- Stage)

Bleaching Sequence (3 pulp samples
Chlorine dioxide (- Stage)
Alkali extraction (E- Stage)
Chlorine dioxide (- Stage)

Hypochlorite (H-Stage)
Peroxide (P-Stage)

Reactivity strategies

960 — Evaluating Cellulose Acetate formation on Conuigrd96n and Cotton linters
cellulose
» Acetylation at 40°C - 3, 6, 9 and 12 minute intésva
» Acetylation at 60°C - 2, 3, 4 and 5 minute intesval

920 — Evaluating Viscose formation on two laboratomyppsamples different in
terms of reactivity towards viscose manufacture
Alkcel samples removed after:
e 15 minutes of ‘steeping’
e 30 minutes of ‘steeping’
» 30 minutes of ‘steeping’ and 3 % hours of aging

910 — Evaluating MCC formation on 2 pulp samples wdiffierent LODP
» Pulp sample after 5 minutes of acid hydrolysis
» Pulp sample after 60 minutes of acid hydrolysis

Molecular weight distribution analysis by
SEC-MALLS

Physical measure of supra-molecular structurg
(LFAD) by solid state NMR analysis confirmed on
a Bruker 300 MHz and Varian 500 MHz

Validation of physical measure by AFM analysis
920 and 9@ pulp samples during the bleaching
process and after oven drying

Initial reaction rate constant for the acetylation
reaction determined by solid state NMR and
solution state NMR

Figure 3.2: Schematic diagram of the experimerealgh
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3.2 Delignification

Delignification was carried out in two parts;
» Firstly acid bi-sulphite pulping followed by
* The oxygen (@) delignification step.

3.2.1 Laboratory acid bi-sulphite pulping

Laboratory acid bi-sulphite pulping is a scaled dowersion of the commercial
process and is based on the use of agqueous sulpinide (SQ) and a base i.e.

magnesium oxide.

3.2.2 Pulping liquor preparation

The pulping liquor is made by bubbling sulphur ddexinto 7 litres of a water and
magnesium oxide slurry. The sulphur dioxide readts water to give sulphurous
acid (Holzer, 1954).

SO, + H;0 = H,S0; (1)

Thereafter the magnesium oxide reacts with sulpiiexid to form sulphite via the

following equations:

MgO + 2HSO; — Mg(HSO;), + H,O (2)
Mg(HSG;); + MgO — 2MgSG; + 2H,0 3)

The pH range for the pulping liquor was 1-2. Approately 1700 g of air-dried wood
chips were loaded into a flow-through digester.sTit@action vessel was pressurised
to 850 KPa, and the temperature ramped to 140°€CotWel7 minutes. The reaction
vessel (8 litre capacity) was held at 140°C fomdutes. These conditions are shown
in Table 3.1 below.
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Table 3.1: Acid bi-sulphite pulping conditions

Reagents Conditions

SO 8.0 % - 8.5% (v/v)
MgO 0.75% - 0.85% (m/v
Pressure 850 KPa
Liquor/Wood Ratio 4.3

Ramp time 5h17 min

Pulping time at 140°C 43 min

After completion of the pulping, the spent liguoasvneutralized with base and
disposed of down the drain. The pulp sample wasveh from the reaction vessel
and washed repeatedly with water to remove soletilgnin and excess aci@ihe
pulp samples were then screened through a 0.020nmesh to remove rejects and
unreacted wood chips. The oven-dry weight was detesd and the percentage yield
determined by the following equation:

Percentage yield = massof pulp _(ovendned)_
massof wood chips (ovendried)

x100% (4)

3.2.3 Oxygen delignification (£

Table 3.2 presents the laboratory @elignification conditions adapted from the
commercial scale for the three grades of dissolvgp samples. The time,
temperature and pressure were kept constant andcdheentration of sodium
hydroxide (NaOH) varied i.e. 1%, 2% and 4% for ®#ie, 920 and 9@ respectively
(Table 3.2).

Table 3.2: Q delignification conditions used for the three graaf dissolving pulp

samples
Reagent| 91a | 920 | 96 a
Concentration (%) (m/v) | NaOH 1 2 4
Consistency* (%) 11 | 11 10
Temperature (°C) 100| 100| 100
Pressure (KPa) 0O, 300| 300 | 300
Time (minutes) 60 | 60 | 60

*Consistency — percentage solid content of pulp



3.3 Pulp bleaching

The laboratory bleaching sequence was a scaled demsion of the commercial
process. The results obtained for the viscosityl@mih content (K-number) at the,O
delignification stage were used to adjust the Milear conditions. The aim of
adjusting the bleaching was to produce pulp thatfaoned to the quality control
parameters fon-cellulose, viscosity, solubility ranges prescribemmmercially for
the 91n, 920 and 9@ dissolving pulp grades. Tables 3.3 — 3.5 predamtbteaching
conditions utilized in the laboratory to producen9920 and 96 dissolving pulp
samples. The concentration of reagents; consistehpylp samples; temperature and

duration at which the bleaching stage was completei varied during the 4 stage

bleaching cycles.

Table 3.3: Hypochlorite bleaching of @1

Stage | Reagent Concentration | Consistency | Temperature Time
(%) (m/v) (%) (°C) (min)
D, ClO, 0.9 10 57 60
E NaOH 0.5 11 85 120
D, ClO, 0.6 11 70 180
Hypo oCI 15 12 58 150
NaOH 0.3 - - -
Table 3.4: Hypochlorite bleaching of ®2
Stage | Reagent Concentration | Consistency | Temperature Time
(%) (M) (%) (°C) (min)
D, ClO, 0.9 10 57 60
E NaOH 3.2 11 100 120
D, ClO, 0.6 11 70 180
Hypo ocCI 0.6 12 58 150
NaOH 0.25 - - -
Table 3.5: Peroxide bleaching of©6
Stage Reagent Concentration Temperature (°C) Time (min)
(%) (m/v)
D, Clo, 1 57 47
E NaOH 9 130 120
O,(KPa) 100 - -
MgSO4 5 - -
D, Clo, 2 58 150
Peroxide | H,O, 0.3 63 150
NaOH 0.2 - -
MgSO, 0.3 - -

Consistency = 10%
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3.4 Wet chemistry analysis

In the current study the following chemical propstwere measured:

The permanganate number (K-number method) was tosasisess the lignin content
after each stage of processing. The principle ef iethod is based on the direct
oxidation of lignin in pulp by standard potassiusrmpanganate and back-titrating the
excess permanganate with ferrous ammonium sulktatier’'s salt) standard solution
(Tappi method, UM 251). The procedure for permaatamumber determination is
as follows: Approximately 20 mL of 10% sulphuricidd@and 180 mL of water is
added to 1 g of pulp sample in a conical flask. ftigture is then stirred using a
magnetic stirrer. Twenty five millilitres of 0.1Nofassium permanganate is added and
after 3 minutes 25 mL of 0.1N ferrous ammonium Batp is added followed by 10
drops of N-phenyl anthranilic acid indicator. Thecess is back titrated with 0.1N
potassium permanganate. A blank is also carriedntht the exception of the pulp

sample. The following calculation is used for pengenate number determination:

Permanganate number = (Sample titre — Blank tit@B55 (5)

The acid insoluble lignin content (klason lignim wood and raw pulp was
determined by gravimetric analysis (Tappi metho®) 222). The klason lignin
content is described as the constituent that @lubte in 72% (m/m) sulphuric acid.
The klason lignin content in wood and raw pulp wiagsermined as follow: 0.35g of
extractive free wood sawdust (40 mesh) is adde®i nd- of sulphuric acid in a test
tube with stirring. The test tube is placed in aaewdath at 30°C for 1 hour. The
contents of the test tube are then placed in atSbbttle with 84 mL of water. The
Schott bottle is then placed in an autoclave sattatmperature of 180 and pressure
of 103 kPa for 1 hour. After an hour the contents allowed to cool and then
transferred to a 200 mL volumetric flask and ditlite the mark. The sample is then
filtered using 0.4um filter and placed in an oven at 2GSovernight. The filter paper
is then cooled and weighed to determine the pemgenklason lignin. For pulp the
weight of sample used is 0.2g and 15 mL of sulghaadid is used. The rest of the
experimental procedure is as for the wood sample.
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The viscosity of a pulp sample provides an estinohtihe degree of polymerisation
(DP) of the cellulose chain. Viscosity determinatiof pulp is one of the most
informative procedures that is carried out to cbimése a polymer i.e. this test gives
an indication of the degree of degradation (deerdasmolecular weight of the
polymer, i.e. cellulose) resulting from the pulpiagd bleaching processes. The
viscosity measure involves dispersing 1g of dissglpulp sample (cellulose 1) in a
mixture of (15 mL) sodium hydroxide and (80 mL) caimmonium solution
(concentration of ammonia 166 g/L and concentradiocopper sulphate 94 g/L) for a
period of 1 hour. The dispersed cellulose | isve#ld to equilibrate at 20°C for
1 hour and is then siphoned into an Ostwald vistcem@&he time taken for it to flow
between two measured points is recorded and treosity is calculated using the
specific viscosity constant at the correspondingperature. Viscosity in this study
was determined according to (TAPPI method, T2309dm-

Pulping and bleaching is known to affect cellulesdricture by the generation of
oxidised positions and subsequent chain cleawagrilp samplegRohrling et al.,
2002). The copper number gives an indication ofrddicing end groups in a pulp
sample. The copper number is a measure of the iregipooperties of the pulp and is
defined as the number of grams of metallic coppduced from the cupric to cuprous
state in alkaline solution by 100g cellulose undimdard conditions. The copper
number is inversely proportional to the viscositiytioe pulp samples i.e. with a
decrease in viscosity there is increased chairvagaand hence more reducing end
groups. The copper number also serves as an indeedocing impurities in pulp,
such as oxycellulose, hydrocellulose, lignin andnosaccharides which possess
reducing power. The procedure for determining coppenber is as follows: 2.5 g of
disintegrated pulp is mixed with a carbonate/biocadie (2.6/1, w/w) and 0.4N
copper sulphate solution (95/5, v/v) for exactlgdurs. Thereafter the pulp is filtered
and washed with 5% sodium carbonate followed bydeatnised water. Cuprous acid
is dissolved by treating the cellulose on the ffiltgeith 45 mL of 0.2N ferric
ammonium sulphate. This is left for 10 minutes thiélered off. The pulp is then
washed with 250 mL of 2N sulphuric acid. The fileras then titrated with 0.04N
KMnQO,. The blank is subtracted from the titre value itdd/the number of grams of
reduced copper in the pulp sample (TAPPI metho80T@M 94).
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Low molecular weight carbohydrates (hemicellulosd degraded cellulose) can be
extracted from pulp samples with sodium hydroxBelubility of a pulp in alkali thus
provides information on the degradation of celleloand loss or retention of
hemicellulose during the pulping and bleaching psses. The solubility gives an
indication of the amount of degraded cellulose/sbbain glucan and hemicellulose
present in the pulp.:$(%) and $s (%) indicate that proportion of low molecular
weight carbohydrates that is soluble in 10% and $8%um hydroxide respectively.
S0 (%) alkali solubility gives an indication of thetéb extractable material i.e.
degraded cellulose/short chain glucan and hemloskucontent in a pulp sample.
Sis (%) alkali solubility gives an indication of thetéb hemicellulose content of the
pulp sample and is also known as the percentagengafn%o) cellulose content of

pulp samples.

The quantity of degraded cellulose/short chaingiu@lso known as percentage Beta
(B %) cellulose, was determined by the differenceSjn (%) and 3 (%) alkali
solubilities, i.e.

Degraded cellulose/short chain glucan:&(%) — Ss(%) (6)

Thea-cellulose content is given by the following eqoati

% %
S0% +Sy j -

o-cellulose :100—( >

Si0 (%) and 35 (%) alkali solubilities were determined accordimgTAPPI method
T235 OM- 60 (1960). The principle of the methodb&sed on the extraction of
carbohydrates with sodium hydroxide followed by dation with potassium
dichromate (TAPPI method T235 OM- 60, 1960). Thecpdure for & (%) alkali
solubilities determination is as follows: 1.6g betpulp sample is placed in 100 mL
of 10 % sodium hydroxide (18 % sodium hydroxide $p¢ (%) determination). The
pulp and solution are stirred for a period of 3 m@s and thereafter left at 20°C for a
period of an hour. The pulp sample is filtered ungdecuum using a sintered glass
crucible (G3). Ten millilitres of 0.4N potassiumcbromate and 30 mL of

concentrated sulphuric acid is added to 10 mL efftlrate. Therafter 500 mL of
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deionised water is added and the solution is coddggproximately 20 mL of 10%
potassium iodide is added to the cool solution @amdinutes therafter the solution is
titrated with 0.1N sodium thiosulphate. A blank gden without pulp sample, is also
titrated to give the blank titre. The alkali sollilyiis given by the following equation:

(Blanktitre — Sampléditre) x 0.685%

: (8)
Weightof pulp sample

Alkali solubility =

Table 3.6 presents ranges for the different weimita& properties of industrially
approved 94, 920 and 96 final dissolving pulp grades. The quality requiests are

linked to the end use application for the particplalp grade.

Table 3.6: Ranges of standard wet chemical praggeftir industrial 94, 920 and 96

final dissolving pulp grades

Final pulp 9la 92a 9% a
k-number 0.3 0.3 0.25
Viscosity (cP) 10-14 9-20 28 — 35
Copper number | 1.05-1.34 1.11 - 1.39 0.43 — 0.54

S0 (%) 115-129 95-10.1] 6.4-7.0
Sis (%) 5.8-6.2 46-5.1 2.7-3.3
Si10 (%) —S15 (%) | 5.7 -6.7 49-5 3.7
a-cellulose 90.8 92.5 95.3

The polysaccharides in the®1920 and 9@ pulp after each stage of processing were
measured after their conversion to monosacchandasa two step hydrolysis
procedure with 72% sulphuric acid. The first stapthe hydrolysis process is the
addition of 3 mL of sulphuric acid to 0.2g of ovdned pulp in a test tube with
stirring. The contents of the test tube are theantjtatively transferred into a Schott
bottle with 84 mL of water. The second step in thalrolysis process involves
placing the Schott bottle in an autoclave settatrgerature of 121 °C and pressure of
103 kPa for 1 hour. After an hour the contentsal@ved to cool and then filtered
using a 0.4qum filter. The filtrate is then transferred to a 200 volumetric flask
and diluted to the mark. 50 of the sample is placed in a vial and dilutedms00pl

of water. Twenty microlitres of 1mg/ml fucose (imtal standard) is added using the
autosampler. The monosaccharide constituents (ggyanannose, xylose, arabinose

etc.) were analysed using high performance liglidomatography coupled with
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pulsed amperometric detection (Davis, 1998). Refsestandards of glucose, xylose,
arabinose, galactose, and mannose were preparedstaindards were treated in the
same way as the sample and analysed using higbrpenfice liquid chromatography
coupled with pulsed amperometric detection. The centrations of the
monosaccharide constituents were obtained from délération curves of the

standards.

Molecular weight distribution analysis was perfodneising Size Exclusion
Chromatography coupled with Multi-Angle Laser Lightattering (SEC-MALLS) on
fully bleached 94, 920 and 96 samples after conversion to cellulose nitratectiaes
et al, 1999). Nitration acid was prepared by adding @6gphosphorous pentoxide
(P.0s, AR grade) to 40 mL of 84% ortho phosphoric ackR(grade) in small
portions. The reaction was cooled in an ice bath wontinuous stirring. The mixture
was allowed to cool down for 3 hours with occaslateaking. Thereafter 61 mL of
fuming nitric acid (AR grade) was added to the mmigtwith stirring. It was stored at
0°C. The pulp samples were dried at room tempegdtur12 hours and then flayed
using a blender. The pulp was extracted with aeetimn 8 hours using a Soxhlet
extractor and then dried at 50°C for 2 hours. Eiitenillilitres of the nitration acid
was added to 0.15 g of pulp which was pre-cooleidan The mixture was cooled on
ice for 3 hours with regular shaking. It was théterfed by gravity through a sintered
glass crucible (No.1). Excess acid was neutrallsedvashing with 150 mL of 2%
(w/v) agueous NaCOwithout suction. The sample was washed again @6 ml
deionised water without suction. The remaining watehe sample was drawn off by
suction and the sample was stabilised for 2 hoyrsobering it with methanol (room
temperature). The methanol was filtered off usingtisn and cellulose nitrate was
dried over POs at room temperature for at least 15 hours. Fivdligrams is
dissolved in 10 ml of THF. The solution was left anshaker for 2 hours. Two
millilitres of sample with a glass syringe attaclied 0.45um PTFE filter is injected
(Fischeret al, 1999). Table 3.7 presents the SEC-MALLS columnditions used.
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Table 3.7: SEC-MALLS column conditions

PSS columns Porosity 1@nd 16 A, 20 um particle size
20 x 600 mm

Guard column SDV 07921

dn/dc 0.078

Flow rate 0.8 ml/min

Dawn calibration constant 5.25 x10

Aux1 calibration constant 1.63x10

Solvent RI 1.409

Temperature of the column, light scattering 250C

detector and the RI detector

3.5 Physical measures of structure and accessibylit

Lateral fibril dimensions (LFD) and lateral fibraggregate dimensions (LFAD)
(nanometre scale) of cellulose | were determinedgusolid state NMR. In order to
validate results obtained using the solid state NMRM analysis was performed on
the same pulp samples. The samples analysed wer@ halocellulose; unbleached
pulp samples; B E, hypochlorite and peroxide stages for thex %hd 9a
respectively. A further comparison was made betvikeriinal bleached pulp samples
i.e. 91, 920 and 9@. The wood holocellulose was prepared as followse $awdust
sample was subject sodium chlorite treatment (0fSgpdium chlorite/g of sawdust)
under acid conditions (pH 4-5) at 60°C for threerso After 3 hours the sawdust
sample was washed repeatedly under vacuum usingclanBr funnel and Whatman
No. 2 filter paper. This process was repeated uhél Klason lignin content was
< 10%. The wood holocellulose and pulp samples wtreed wet in airtight bags at

room temperature prior to analysis.

The experiment studying the effect of drying onludebke | supra-molecular structure
was conducted on dissolving pulp samples driedgusiree methods viz. oven dried,
air dried and condition dried. Oven dried pulp skwpvere prepared by placing
dissolving pulp into the oven at 104°C for 18 ho@sndition dried pulp was placed
in a conditioned room at 23°C with relative hunydif 50% for 5 days. The pulp
samples were thereafter sealed in airtight bagdyrfea analysis.
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3.5.1 CP/MAS¥C-NMR data acquisition

All pulp samples were wetted with deionised wati% to 60% water content) and
packed uniformly in a zirconium oxide rotor. Reaagispectra on wet samples gives
a higher apparent resolution compared to dry sar{plewman, 1993). The CP/MAS
13C-NMR spectra were recorded in a Bruker Avance AB® WB instrument
operating at 7.04 T. All measurements were perfdrate290 + 1 K. The MAS rate
was 5 kHz. A double air-bearing probe was applAsgtjuisition was performed with
a CP pulse sequence, by a ds3proton 90 degree pulse, 808 ramped (100 — 50%)
falling contact pulse and a 2.5 s delay betweeatigpns. A TPPM15 pulse sequence
was used fofH decoupling. Hartman-Hahn matching procedure &taon glycine.
The chemical shift is related, as usual, to TMSH{GSi). The data point of
maximum intensity in glycine carbonyl line was gs&®d a chemical shift of
176.03 ppm. The software for spectral fitting waveloped at STFI-Packforsk AB
and is based on a Levenberg-Marquardt algorithmrsian et al, 1997). All
computations are based on integrated signal iritegsas obtained from the spectral
fitting (Wickholm et al, 1998). Further comparative solid state NMR dats svere
recorded in a Varian 500MHz solid state NMR instemty) equipped with two
channels using a 6mm HX MAS probe (15N-31P). Theraiing parameters were
identical to that used at STFI.

3.5.2 Atomic Force Microscopy (AFM)

Our interest centred on scanning fibres, initidlk15 pm and then in thex@L pum
range within the S2 layer of the fibre wall. Thel®&o P47H was equipped with a
scanner that could provide resolution in the 5 nh6um range. The tip used was
specifically manufactured for Tapping Mode™ apgiima and had a tip radius of 2
nm. In order to obtain LFAD measurements usingAtemic Force Microscope, the
dissolving pulp samples have to be prepared in anerasuitable for scanning. A
number of different fibre drying techniques areikde for the preparation of fibres
with a more or less preserved ultra-structure. &hieslude air-drying, freeze-drying,
and critical-point drying. It has been reportedttfraeze-drying and critical-point
drying preserve the fibre wall very well and givengar results, while air-drying

changes the ultra-structure considerably (Danidl @achesne, 1998). Freeze drying
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has hence been selected as the sample preparatamedpre and involves
immobilising the dissolving pulp at low temperat(xe60°C), after which it is placed
under vacuum to remove water by sublimation. TreeZe drying process prevents
structural rearrangements before the sample is letety dry, after which it can be
brought safely to atmospheric pressure and temperabamples are aligned before
freezing to aid in obtaining cross-sections aftexete drying. Fibre bundles are
placed on a lcfmpiece of foil and kept on a moist filter paperarPetri dish with
paper towel in it to prevent premature drying. lichaitrogen is used to freeze the
samples rapidly after which they are placed orstage of the freeze drying apparatus
previously cooled to -60°C and kept under vacuun2fbhours in the freeze drying
apparatus. Freeze dried samples are infiltrated epoxy resin under mild vacuum,
placed in silicon moulds, after which they are podyised in an oven at 70°C for 8
hours preserving the ultra-structure of the pulpas. The preferred epoxy resin for
AFM sample preparation was Spurr’'s resin (Spur§99Samples in polymerised
blocks are sectioned transversely with a sectiookmiess of 0.5um — 1.0 pm.
Sections are collected from the trough of glassetene knives and dried on cover
slips for AFM observation. Originally a diamond feivas used to section the sample
blocks. It was presumed that this would produce hmamoother’ sections for AFM
imaging. This presumption was abandoned when AFAAsOf the sections prepared
using a diamond knife showed signs of chatter.&@r’ is defined as a mechanical
vibration that shows on the sections as marks arklas parallel to the knife edge.
This ‘chatter’ interferes with the measurementhd fibril aggregate dimensions and
is therefore undesirable in the image. A glassekmifis used to section the sample
blocks. This method removed the chatter from AFMnsccreating a better resolved
AFM image. Sectioning with a glass knife was theomdd methodology used

throughout this study.

Atomic Force Microscopy (AFM)was performed with Solver P47H base with a
SMENA head, manufactured by NT-MDT. The cantilevef choice was
SuperSharpSilicon™ SPM-Sensors (SSS-NCLR, Nanosgifyowith a resonance
frequency of 146-236 kHz were used; Force consifal-98 N/m; Tip radius 2nm
(typical), the scan rate ranged from 0.6-1.6 Hz €htire fibre wall has to be scanned

prior to obtaining a scan ofxl um within the S2 layer of the fibre. The step wise
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scanning begins with the entire fibt&5x15 pm, then alBx8 um of the fibre wall.
The next scan is @x3 pm scan of the fibre wall and finally &I pum scan is taken
within the S2 layer of the fibre wall. Scanning hase performed in this manner in
order to minimize deviation from the scan areantériest i.e. the S2 layer. Although
the scanning of thexl um takes ca. 15 minutes the entire process to ohtsingle
scan takes ca. 2 hours. Scans were taken in bghtheode, in which the deflection
of the cantilever was directly use to measure thpogtion (Height image) and in
phase mode, where the phase lag of the cantileer wsed to determine the
differences in material stiffness (Phase image). s&hns were conducted in air
(climate controlled) at 53812 pixels and analysed by Image PRius (Version 6.0)
software. A minimum of 10 scans per sample were ptetad with all presented

guantitative data extracted from phase images.

3.6 Chemical measure of reactivity

The study involves the assessment of the strucameessibility and reactivity using

three grades of dissolving pulp (i.e.09920 and 9@) which are used to manufacture
microcrystalline (MCC), viscose and cellulose ateteespectively. The processes
applied to the pulp samples are unique for eackoblismg pulp grade and therefore
separate reactivity indicators need to be idemwtifar each grade of dissolving pulp in

order to suitably address the question of accegiand reactivity.

Two pulp samples with different supra-moleculausture (i.e. specific surface area
measured using solid state NMR) were used in tretykation reaction i.e. 96
commercial pulp and cotton linters cellulose toed®ine initial reaction rate
constants. The hypothesis is such that if theainiteaction rate constant ratio is
proportional to the specific surface area ratio tloe two different cellulose pulp
samples then chemical reactivity for the acetylhatieaction can be estimated using
the solid state NMR. LFAD measurements obtainedhfsolid state NMR can be
converted to specific surface area (SSA) for sedadhe 96 was acetylated and run

on the solid state NMR using the conditions outibelow.
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3.6.1 Acetylation of dissolving pulp samples folidgtateNMR analysis

Re-slushed pulp samples; ®@lissolving pulp samples and cotton linters cefalo
(>99% glucose); were dried in a heating cabinet ovght at 105°C. The dry sample
(about 0.5g) was taken out of the heating cabindtimmmediately submerged in 50
mL of a mixture of glacial acetic acid (Merck p.and acetic anhydride (Merck p.a.)
(20/80 v/v) kept at the desired temperature (40°608C) using a thermostat. After 1
minute in the mixture (mild stirring), 20 uL of ghuric acid (95-97 % Merck) was
added as a catalyst starting the reaction. The/latien at 40°C is carried out at 3, 6,
9 and 12 minutes intervals. The acetylation at 6@°Carried out at 2, 3, 4 and 5
minutes intervals. After the desired reaction tifme reaction mixture was poured into
400 mL of deionised water, stopping the reactioth sutbsequently washed repeatedly
with 400 mL batches of deionised water until the gfHhe washing water was about
5. The washed sample was dried for two days at r@onperature prior to recording
solid state NMR spectra on the dry samples. Thepkaim run dry because cellulose
acetate domains may swell in the presence of aliqua way that pure cellulose do
not. Swelling can thus induce mobility in these @om leading to signal intensity
discrimination. The data acquisition parametersewtbe same as that for dissolving
pulp samples. The initial reaction rate constatib naas determined using the methyl
intensity determined by solid state NMR. In thectpen the cellulose acetate and the
methyl, in the acetyl groups, intensity is showheTellulose signal is set to 1 and the
relative intensity of the methyl signal is deteredn The graph of methyl intensity vs.
time gives the initial reaction rate constant. B@o materials with different specific

surface areas a ratio of the initial reaction cate be determined.

3.6.2 Acetylation of dissolving pulp samples footmn NMR analysis

The acetylation procedure is identical to that smlid stateNMR however the
acetylation times are different. Preliminary expents showed that reaction times at
40°C (3, 6 and 9 minutes) do not provide any sigminsity on the protoNMR
spectrum. The times were adjusted to maintainrihtili reaction rate viz., 10, 11, 12,
13 and 15 minutes. The pulp samples acetylatedided the laboratory @6and
cotton linters. The dried acetylated pulp samplesrewplaced in deuterated

chloroform. In theory, the acetylated surfaces &hodissolve in deuterated
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chloroform with the solid or unacetylated matefidkred. The dissolved acetylated
pulp is then analysed on the solution state NMRe TGnaph of acetyl intensity
(cellulose triacetate) vs. time gives the initialegylation reaction rate constant
(Goodlettet al, 1971).

3.6.3 Solid statBlMR and SEC-MALLS analysis of alkaline cellulos¢®
Tracking the conversion of cellulose t#lulose Ii

Two 92u laboratory dissolving pulp samples were furthescpssed to the viscose
film at Sappi/Saiccor (Chapter 2, Section 2.1.3)e Two pulp samples differed in
terms of their reactivity towards viscose manufeetuAlkaline cellulose (Alkcel)

samples were removed at different stages in thmses process for analysis by solid
state NMR and SEC-MALLS. The first alkcel sampleswamoved after 15 minutes
of ‘steeping’ and the second was removed after Blutes of ‘steeping’ (Chapter 2,
Section 2.1.5). The third and final sample waswuiseose film. Each of the samples
were analysed on the solid state NMR and SEC-MALlUusshg the acquisition

conditions listed above.

3.6.4 Solid statBIMR analysis of microcrystalline cellulose 91

Two 9lo laboratory pulp samples were further processedmiorocrystalline
cellulose, using acid hydrolysis, at Sappi/Saicddre laboratory pulp samples were
removed at 5 minutes and 60 minutes during the hgrolysis procedure. The
hydrolysed cellulose samples were analysed by stditt NMR using the acquisition
conditions listed above.
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Chapter 4

4. Results and discussion

Cross Polarization/Magic Angle Spinning Carbon lLi:Mar Magnetic Resonance
(CP/MAS **C-NMR or solid state NMR) and Atomic Force Micropgyo(AFM) has
been applied to study the supra-molecular structidireellulose | during pulping,
bleaching and drying. In this study, the Cellul&seril Aggregate Model developed
by Larssoret al. (1997) was applied to determine the lateral fidimhensions (LFD)
and lateral fibril aggregate dimensions (LFAD). Nean (1999) presented an
alternate method for estimating the lateral dimamsiof cellulose crystallites and
compared the estimated dimensions with results fvade angle X-ray scattering.
Although he was able to show a strong correlatietwben the two sets of lateral
dimensions, those measured by the WAXS were lolham that estimated by NMR.
This study acknowledges the existence of other austhfor estimating lateral
dimensions of cellulose crystallites but uses thethod developed Larssost al.
(1997) to determine the lateral fibril dimensionn$=D) and lateral fibril aggregate
dimensions (LFAD).

This chapter presents results for the wood matehralugh the delignification stages
of acid bi-sulphite pulping and Qlelignification; followed by B, E, D, and Final
Hypochlorite or Peroxide bleaching sequence to yredthree different grades of
dissolving pulp i.e. 94, 920 and 9@. The influence of different drying strategies on
LFAD; an evaluation of the reactivity of the ®&Igrade to the microcrystalline
cellulose; the 92 to swelling and viscose and thed9® acetylation in cellulose
acetate production. Where necessary, wet chemicglepies and size exclusion
chromatography coupled with multi-angle laser ligattering (SEC-MALLS) are
presented to try and understand the chemical piepkirivers governing changes in
lateral fibril aggregate dimensions during pulpibtgaching and drying.
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4.1 Wood holocellulose

Due to the complexity of wood and the sensitivitly the solid state NMR to
determining the structure of cellulose the woodamal had to be ‘lignin free’. Wood
holocellulose can be described as ‘lignin-freerdilnaterial prepared from wood by
severe chlorite delignification. The intention obldcellulose preparation was to
maintain the structure of cellulose close to theveaform. The wood holocellulose
has a klason lignin content of 7.2% which is a dase from the original value of
29% in the wood sample (Table 4.1). The glucosexgtmse content, determined by
HPLC analysis, for the wood sample was 47% and%Q&spectively (Table 4.1).
The glucose and xylose content for the wood hololosle sample was 52% and 12%
respectively (Table 4.1). The total recovery (suinklason lignin, glucose, xylose,
galactose, mannose, rhamnose and arabinose) farcibe holocellulose sample was
however ca. 72%. Similar recoveries were also edtiby Inariet al, (2007) and
could possibly be explained by the degradationgpiih and glucose due to the severe
chlorite delignification. Using the method develdpey Larssonet al. (1997) the
LFAD\ur for the wood holocellulose was determined. The DFAveasurement for
the wood holocellulose sample was 22.9 = 2.7 nmblglat.1) with the NMR
spectrum shown in Figure 4.1. This result estabidine LFAD value for the starting
wood material. Table 4.1 highlights the propertésvood, wood holocellulose and

never dried unbleached pulp samples that resutt fre chemical pulping
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Table 4.1: Properties of wood, wood holocellulosd aever dried unbleached pulp

samples that result from the chemical pulping (NiRot-recorded)

Wood _43 _103 Commercially
Wood | holocellulose minute minute pulped
pulp pulp GU A380
Total extractable
material Sio(%) NR NR 10.8 9.2 10.2
Hemicelluloses-$(%6) NR NR 7.6 6.3 6.8
Klason lignin (%) 29 7.2 1.8 1.6 2.8
LFAD yvr (M) NR 22927 | 176+0524.0+09] 16.0x0.3
LFAD apm (nm) NR NR 22.0+5.3336+09 196+1.2
Glucose (%) 47 51 95.1 97.3 95.4
Xylose (%) 10.5 12 3.5 2.7 2.4
Galactose (%) 0.9 0.9 0 0 0
Mannose (%) 0.7 1.0 1.4 0 15
Rhamnose (%) 0.3 0.2 0 0 0
Arabinose (%) 0.2 0.2 0 0
Degraded
cellulose/short chain NR NR 3.2 2.9 34
glucan (%)
T T T T T T T T T T T T T
100 80 60 [ppm]

Figure 4.1: The wood holocellulose spectrum reabrateng the Bruker 300 MHz
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4.2 Delignification

The predominant delignification stage is duringpmdg were the bulk of the lignin is

removed. The majority of the residual lignin isrtheemoved in the second oxygen
(O,) stage of delignification.

4.2.1 Acid bi-sulphite pulping

The acid bi-sulphite pulping conditions, preserite@hapter 3, were used to produce
pulp material. The effect of pulping time on totaktractable material i.e.
hemicelluloses and degraded cellulose/short chaitag — %o (%); hemicelluloses —
Sis (%); degraded cellulose/short chain glucan i:6.(%) — Ss (%) and lateral fibril
aggregate dimensions (LFAD) was investigated. Thee®d pulp samples were
produced i.e. the wood pulped in the laboratory48rminutes; the wood pulped in
the laboratory for 103 minutes and the wood comrallycpulped for 43 minutes.
The spectra recorded are shown in Figure 4.2 lggtitig the differences between the

43 minute and 103 minute laboratory pulped sampieaso the similarities between

the 43 minute laboratory and commercially pulpedda.

o _|
L]
i .1 p
& { [
b 4]
o ‘l'll \_. II \||I
2 Yo
8- A IV
s f |||
- | | |
[ / AN A
4 | f s ! -~
(R PN 2 / W
f / 7 i
. e W N ) x\__,// R 1,43 minute pulp
o Similar AN
7 7/ Commercial pulp
7 Different k
i 103 minute pulp
ol
T T T | T T T | T T T | T
100 80 80

Figure 4.2: The pulp spectra, recorded using ssiate NMR, for the laboratory
produced unbleached pulp samples
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The LFADuywr results between the wood holocellulose and the mh@dute pulp
sample are similar within analysis error, i.e. 222.7 nm and 24.0 £ 0.9 nm
respectively (Table 4.1). It is however known thatnicellulose and lignin interferes
with the solid state NMR spectral resolution hetlee error in the fit may be larger
than that determined (Wickholet al, 1998; Newman, 1999). This is the case for the
wood holocellulose sample which has a xylose cdnfeemicellulose content) of
12% and klason lignin content of 7.2%. By comparisiee 103 minute pulp sample
has a hemicellulose content of 2.7% and klasonirnligrontent of 1.6% and the
spectrum is relatively free from interference. TH&8 minute pulp sample is thus
more accurate in terms of the LFAfk measure. The 43 minute pulp sample and
commercial pulp sample had similar LFAR% (17.6 £ 0.5 nm and 16.0 = 0.3 nm
respectively) and LFAR:y (22.0 £ 3.2 nm and 19.6 £ 1.2 nm respectively).t We
chemical properties show that 43 minute pulp samaplé commercial pulp sample
share similar glucose, xylose, degraded cellulbsefshain glucan, total extractable
material $:% and hemicellulose;&%6 content as well (Table 4.1). This shows that the
LFAD measured by solid state NMR or AFM may dependhe pulp wet chemical
properties. Laboratory pulping for 103 minutes sbadwhat there was an increase in
LFAD\mR (24.0 £ 0.9 nm) and LFARM (33.6 £ 0.9 nm) compared to the laboratory
43 minute pulp sample. Laboratory pulping for 10@utes also had an effect on the
wet chemical properties such as xylose, degradidase/short chain glucan, total
extractable material; &0 and hemicellulose;®%6 content i.e. the properties decreased
upon laboratory pulping for 103 minutes (Table 4Although it may seem evident
that LFAD determined by solid state NMR and AFM niay dependent on the wet
chemical properties of the pulp samples, it is gessible that both the LFAD and
wet chemical properties depend independently onstheerity of the degradation

during acid bi-sulphite pulping.

4.2.2 O stage delignification

The next step after acid bi-sulphite pulping is thestage delignification. Three
different O stages i.e. using &1920 and 9@ bleaching conditions are aimed at
reducing the lignin content of the unbleached ample by 50%.
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Table 4.2: Klason lignin (%), K-number (%) and detgd cellulose/short chain
glucan (%) [0 (%) — Ss (%)] for unbleached and 3 different Oxygen

stages
Unbleached pulp | O stage
Klason lignin (%) 3.4 0.9
9la K-number (%) 2.5 1.9
bleaching Total extractable material§%0) 10.3 10.4
conditions | Hemicelluloses (%) 7.9 6.7
Degraded cellulose/short chain glucan 2.4 3.y
Klason lignin (%) 3.4 1.1
92a. K-number (%) 2.5 1.8
bleaching Total extractable materiak§%0) 10.9 8.1
conditions | Hemicelluloses (%) 7.9 6.7
Degraded cellulose/short chain glucan 2.4 3.2
Klason lignin (%) 4.3 2.0
96a. K-number (%) 3.9 2.0
bleaching Total extractable materiaks%o) 9.8 8.1
conditions | Hemicelluloses § (%) 7.2 6.0
Degraded cellulose/short chain glucan 2.6 2.1

Table 4.2 highlights the klason lignin content; Wamber; S, (%) ‘Total extractable
material’ which includes hemicellulose and degradetlulose/short chain glucan
content and § (%) ‘Total extractable hemicellulose’ content. Tald.2 shows that
the decrease in lignin content (klason lignin (%)d aK-number (%)), in the
unbleached pulp samples after the O stage, washenapproximate range of
25% - 70% for the pulp samples. Apart from thedesl lignin that is removed during
the @ ** 0, ¥ and Q ° delignification stage, there is a change in thilto
extractable material 13 (%) i.e. hemicellulose and degraded cellulose/skbin
glucan content. The total extractable material @0, (%) for the pulp bleached
using Q@ % delignification conditions changed marginally wées the total
extractable material ;& (%) content and total extractable hemicellulosg ($6)
content for the pulp samples bleached using®and Q °* conditions decreased.
There is an increase in degraded cellulose/shaincplucan content for the pulp
samples delignified using 3™ delignification conditions (degraded cellulosefsho
chain glucan content increased from 2.4 — 3.7%)@nd" delignification conditions
(degraded cellulose/short chain glucan content eamed from 2.4 — 3.2%)
(Table 4.2). The pulp sample delignified using®® conditions showed a decrease in

degraded cellulose/short chain glucan content 22&81%, Table 4.2). This could
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possibly be attributed to the use of magnesium hsuép (MgSQ) in the Q
delignification step compared to the ¥&" and Q °* delignification conditions which
does not use magnesium sulphate. Magnesium sulphatbeen used as a protecting

group and prevents excessive cellulose degrad@@iben and Lucia, 2002).

4.3 Bleaching

Following the Q stage, delignified pulp samples were bleachedgusiin, 920 and
96a bleaching conditions (Tables 3.3, 3.4 and 3.5,p&ha3). Bleaching of the acid
bi-sulphite pulp samples were performed in threathing sequences; B “D,H%
and DE,*D,H%* for the 94 and 92 respectively, BE,>™ D,P for the 96 (Chapter
3). The effect of changing the final stage in tlge $roduction from peroxide to

hypochlorite was also investigated. The sequened was the FE,”*D,H"".

Lateral fibril aggregate dimensions measured uswoigl state NMR and AFM were
recorded for the unbleached pulp; after bleachtages B, E.”*, E;°*, B>, H™,
H%* P (Table 4.3). This was done in order to identifstage at which a change, if
any, in LFAD occurs. A change in LFAD would trartsldo a change in cellulose
supra-molecular structure. The average LFAD vahresobtained using the 600 MHz
and 500 MHz solid state NMR is shown in Table &igure 4.3.

Table 4.3: LFAD (nm), measured using solid stateRy¥Mhrough the bleaching stages

LFAD (nm)
Unbleached| D, E Final
91a conditions | 18.5+ 0.8 19.9+0.719.5+0.8/ 20.5+0.8
92a conditions | 18.8 £ 0.8 18.4+£0.7205+0.9/ 22.2+1.4
96u conditions | 18.8 £ 0.9 21.0+£1.025.3+1.2/258+1.3
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Figure 4.3: Effect of bleaching conditions on LFAR

The variation in LFARur With processing is shown in Figure 4.3. The chaimge
LFAD from unbleached pulp to fully bleached dissotypulp for the 9& was from
185 £ 0.8 nm to 20.5 + 0.8 nm and for thea9®as from 18.8 + 0.8 nm to
22.2 + 1.4 nm. The similar profiles suggest tha pulp samples share a similar
supra-molecular structure during the bleaching @sec During bleaching there is a
pronounced increase in LFARR after the B* stage. The LFARur levels off at the
final peroxide stage, 25.3 = 1.2 nm to 25.8 =+ In8 Substituting the peroxide bleach
for a hypochlorite (H) bleach had a marginal effectLFAD. The LFAQywr for the

H%* was 23.7 + 0.6 nm.

Table 4.4: LFADgm (nm), measured using, through the bleaching stages

LFAD arm nm)*
Unbleached| D; E Final
92a. Hypochlorite 38+£2 31+218+2|23+2
960, Peroxide 38+2 21+2/23+2|/30+2

*Results are from 10 AFM scans with the error ia Hygregate
dimension measurement reported

Table 4.5 presents LFAdpy results for the unbleached and samples produded af
Dy, E. > and final P or H stage during ®2nd 96. dissolving pulp production.
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Figure 4.4 and Figure 4.5 show thel Imicron phase images for the unbleached, D

E.” E.>™ and final samples for the 82and 96 bleaching processes. Lighter areas

correspond to regions of higher stiffness (Megeral, 2004) and are therefore

associated with cellulose (Fahlén and Salmén, 2008k, 1967). The darker

structures hence may be considered to be predothiriaratrix’ material (lignin and

hemicelluloses).
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Figure 4.5: ¥1um scans within the S2 layer for the unbleached paffer D,
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Image Pr8 Plus with watershed segmentation was used foregeitg the images

and calculating the LFARm. The unbleached pulp sample has a higher LFAD

(38 £ 2 nm) compared to the in-process and findh pamples bleached usingo92

and 96 bleaching conditions. A marginal increase in LFABs evident for the 92

pulp from the E stage to the Hypochlorite stageami.e. 18 + 2 nm to 23 + 2 nm.
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The 9@ pulp sample however showed a significant increaseFAD from the E
stage to the Peroxide stage i.e. 23 £ 2 nm to 3D nm. Although the absolute
measure of LFAD by AFM is shown, it is the trendserved that are important. The
trends in LFADQgv during the latter stages of the bleaching sequeniteic the
trends observed for the LFARR on the same pulp samples. A few possibilitiestexis
for the variation in the LFAR: and LFADyr: a. the variation may be due to the
number of samples analysed by the two techniques.LFADyvr gives an average
based on ca. 100000 fibres whereas LkADgives an average of 10 fibres scanned
and b. for the unbleached pulp sample, the vanatiay be due to the influence of
hemicellulose and lignin on tip. It may be possitilat changes in material stiffness,
due to presence of hemicellulose and lignin, resulh an exaggeration in LFAD
measured by the AFM.

A closer look at the wet chemical properties, atheaf the bleaching stages, is thus
necessary in order to understand the results fralid state NMR and AFM. Table
4.5 presents the wet chemical properties for tHp pamples processed usingo91
920 and 9@ bleaching conditions, after pulping, @elignification and subsequent
bleaching steps to producecBP2u, 960 P and 96 H.
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Table 4.5: Wet chemical properties at the deligaifon, bleaching and final steps

during dissolving pulp production

Delignification Bleaching
Unbleached
91a conditions pulp O D, E, D, | Final
Lignin (K-number) 2.5 1.9 1.7 1.6 1.1 0.8
Total extractable material %) 10.3 10.4 7.0 10.7 7.2 12.0
Total hemicellulose $(%) 7.9 6.7 5.1 6.7 5.1 7.6
Degraded cellulose/short chain 24 3.7 19 4.0 21 4.4
glucan
92¢. conditions
Lignin (K-number) 2.5 1.8 1.4 1.0 0.8 0.6
Total extractable material %) 10.9 8.1 10.8 8.7 6.2 8.9
Total hemicellulose $(%) 7.9 6.7 6.5 5.2 7.8 5.0
Degraded cellulose/short chain 3.0 14 43 35 39
glucan
960, P - conditions
Lignin (K-number) 3.9 2.0 15 0.7 0.5 04
Total extractable material %) 9.8 8.1 11.0 6.0 6.2 6.5
Total hemicellulose $(%) 7.2 6.0 6.6 3.9 4.0 3.8
Degraded cellulose/short chain 26 21 4.4 51 29 57
glucan
96a H - conditions
Lignin (K-number) 2.5 1.9 1.2 1.1 0.8 0.7
Total extractable material§3%) 9.8 9.0 11.0 6.0 4.5 5.0
Total hemicellulose $(%) 7.5 6.3 6.3 2.8 3.0 2.7
Degraded cellulose/short chain 23 27 4.7 3.9 15 23
glucan

Si1(%) = Total extractable hemicellulosej,$%) = Total extractable Hemicellulose and Degraded
cellulose/short chain glucan

Table 4.5 highlights the following wet chemical peoties of the pulp samples: K-
number; % (%) ‘total extractable hemicellulose’ content ando, $%) ‘total
extractable hemicellulose’ content and degradeldilosk/short chain glucan content.
The LFADyvr Was measured after the first stage of bleachifigr the E stage and
after the final stage i.e..DE, and P or H respectively. The LFQkk measurements
for the raw unbleached 81920 and 9@ pulp samples, on average, varied between
18.5 + 0.8 nm for the %lto 18.8 £ 0.9 nm for the @6(Table 4.3). A similar trend
was noticed at the stage for the 3i, 920 and 9@ pulp samples, which on average,
varied between 18.4 + 0.7 nm for then@® 21.0 = 1.0 nm for the @§Table 4.3). A
significant increase in aggregate dimension is cedtiat the E* (Table 4.3,
Figure 4.3). This increase in LFARR was not as pronounced in thg' & and £
The increase in LFARur at the B° stage could be attributed to either total
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extractable material 13 (%), total extractable hemicelluloses3%) or degraded
cellulose/short chain glucan content. Bleachingel{Chapter 3) show that the
concentration of sodium hydroxide, temperature pnogessing time, used during the
E-stage, for each of the pulp grades was differAnthree-fold increase in sodium
hydroxide (1% to 3.2%) during E-stage of bleachilid) not have a noticeable affect
on the LFAQuwr (supra-molecular structure) of pulp samples urtter £E*** and
E.”® conditions (Table 4.3, Figure 4.3). However a ffisld increase in the sodium
hydroxide concentration (1% to 9%) resulted in ak®d increase in LFARQur for
the pulp sample bleached using%conditions (Table 4.3, Figure 4.3). On inspection
of the wet chemical properties (Table 4.5) it iglent that there was a change in total
extractable material 15 (%), total extractable hemicellulosgg$%), and degraded
cellulose/short chain glucan for each of the pulpdgs at the E-stage that could be
related to the changes in LFALk. Figure 4.6 shows a comparison of total
extractable material 1& (%), total extractable hemicellulosgs$%%), and degraded

cellulose/short chain glucan to LFARk through the 92 bleaching sequence.
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Figure 4.6: Comparison of degraded cellulose/sttwatn glucan, total extractable
material;5(%), total hemicellulose contenig$%) and LFAQymR

during the @2bleaching sequence
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An overview of the LFARwr (Table 4.3) and wet chemical properties (Tablg 4.5
shows that the increase in caustic dose (NaOH) ft&6rto 3% at the £ E,>* had

an effect on the total extractable material, tatatractable hemicellulose, and
degraded cellulose/short chain glucan (Table H®wever, the increase in caustic

dose did not have a noticeable effect on the L@
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Figure 4.7: Comparison of degraded cellulose/stimatn glucan, total extractable material
S0(%), total hemicellulose contentg%%) and LFAD during the 96bleaching

sequence

From Figure 4.7 it is evident that a decrease tal &xtractable material,§&%o), total
extractable hemicellulose %), and degraded cellulose/short chain glucantsesu
an increase in LFARur at E°* stage. An increase from 1% to 9% however had a
pronounced effect on total extractable materiataltextractable hemicellulose,
degraded cellulose/short chain glucan content &@0yvr. There thus seems to be
a threshold value for the pulp samples, with respethe change in total extractable
material $o (%), total extractable hemicellulosgg%%), degraded cellulose/short
chain glucan content from the, Btage to the E stage that either results in arase
in LFADnwr Or not. A change of ca. 25% in total extractablerial So (%), total
extractable hemicellulose; &%), degraded cellulose/short chain glucan confient
the 921 results in a marginal change in LFAkk. A change of ca. 70% in total

extractable hemicellulose &%), 80% in total extractable materials®%6) and 100%
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in degraded cellulose/short chain glucan contespeetively results in a substantial
increase in LFARur. The threshold values for total extractable mateiy (%), total
extractable hemicellulose1§5(%), degraded cellulose/short chain glucan content
should thus be in the range 25% to 70%.

A second D stage @ D,’* D,°®) using 0.6% — 2% chlorine dioxide was
introduced to improve the brightness of the dissgpulp samples after the E-stages.
Chlorine dioxide solubilises residual lignin whigs subsequently washed away.
Table 4.5 shows that the lignin content decreated the D stage for 94, 920 and
96a bleaching sequence. Since thgdiage is essentially a washing stage, LRd®
was not determined on the pulp samples, it wasrmated at the final bleaching

stage where changes in cellulose supra-moleculastste were anticipated.

The chemical (i.e. hypochlorite or peroxide) usedthe final bleaching stage
depended on the grade of pulp being used. Thegauples bleached using®and

920 conditions utilised hypochlorite in the final séagvhereas the pulp sample
bleached using the 86&onditions utilised peroxide in the final stage/pdchlorite is

used to control the degree of polymerisation (DiRthe cellulose molecules. The DP
in this study is represented by the viscosity oé thulp sample. The use of
hypochlorite increases cellulose molecule chainssson and also increases
degradation (i.e. an increase in total extractahkgerial Sy (%) and degraded
cellulose/short chain glucan). The peroxide usethdithe final stage 96bleaching

conditions ‘scavengers’ and destroys elemental ricfdo(Johnson, 1994; Reisch,
1995) resulting in pulp samples with a higher petage of cellulose with little to no

contamination from chlorine.

Table 4.6: Viscosity of the pulp samples at theabd final bleaching stages

Viscosity (cP)| LFAD yur (Nm)

D, Final Final
91a Hypochlorite | 24 24 20.5+0.8
92, Hypochlorite | 40 30 222+1.4
96a Peroxide 21 20 25.8+1.3
960 Hypochlorite | 40 20 23.7£ 0.6
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The use of hypochlorite increased cellulose mobacghain scission resulting in
lower viscosity values (40 cP - 30 cP for thex,92able 4.6) at the final bleaching
stage compared to,Btage. This was not evident for thexqiulp sample which had a
D, stage and Hypochlorite stage viscosity of 24 dire fleason for lack of change in
viscosity could be the dose of hypochlorite usdtk Bk pulp sample uses a dose of
hypochlorite smaller than that used for ther @d 9@ pulp sample. The peroxide
did not affect the viscosity of the &6i.e. 21 cP at the Dstage to 20 cP at the
peroxide stage. The use of hypochlorite insteaghesbxide in the final bleaching
stage for the 96 resulted in a 50% reduction in viscosity at theafistage in the
bleaching sequence i.e. 40cP at thet®20cP at the hypochlorite stage (Table 4.6).
The effect of hypochlorite on the supra-molecutancture of 94, 920 and 9@ was
also evaluated. From Table 4.6 it is evident thatgeroxide had a greater effect on
LFADnwmr than hypochlorite i.e. 25.8 £ 1.3 nm and 23.7 & 1fin respectively for the
960 dissolving pulp sample.

The differences in wet chemical properties and Lké® for each of the pulp
samples is due to different process conditions tsedake the respective dissolving
pulp grades i.e. 91 920 and 9G.. Paradoxically, this implies that attempts to remo
lignin and extractable hemicellulose, during theduction of 9@ dissolving pulp, is
accompanied by a corresponding increase in lafiéndl aggregate dimensions. One
explanation that has been proposed is that degradialose/short chain glucan,
abundant in 94 and 92 pulp samples (Table 4.7), may exert steric hinciaand
prevent cooperative large area contacts betweefacesr of neighbouring fibril
aggregates (Larsson, 2003). This will result imw& tegree of aggregation in thes91
and 92 pulp samples (Table 4.3). The 96with low levels of degraded
cellulose/short chain glucan content show a higlegree of aggregation in the final

pulp sample relative to the &hand 92 pulp samples (Table 4.3).

Table 4.7: Degraded cellulose/short chain glucamtesud for final dissolving pulp

samples
Degraded cellulose/short chain glucan content [§(%) — Sis (%)]
91a Hypochlorite 4.4
920 Hypochlorite 3.9
960, Peroxide 2.7

960 Hypochlorite 2.7
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4.4 Controlling fibril aggregation

The final 9%, 920 and 9@ dissolving pulp samples were initially run on thaid

state NMR in the wet state (never dried). The samplere then subject to drying via
two strategies, viz. oven and condition drying. @wdried pulp samples were
prepared by placing dissolving pulp into the ovérd@4°C for 18 hours. Condition
dried pulp samples were prepared by placing pulp eéonditioned room at 23°C with
50% RH for 5 days. The dried pulp samples were ededl and analysed by solid
state NMR. Table 4.8 show the LFAD measurementh@never dried pulp samples

and the pulp samples after condition drying anchalrying.

Table 4.8: Total extractable materiab®6), LFADyur (nM), of final dissolving pulp

samples subject to different drying strategies

Pulp sample S0 (%) LFAD nvr (nm)

Never dried | Condition dried | Oven dried
91a Hypochlorite 11.4+0.4 17.5+0.6 21.2+1.6 26.1+1.9
92a Hypochlorite 9.1+04 18.3+0.5 22.3+1.6 28.0+2.1
960 Peroxide 6.7+0.5 225+0.7 28.0+2.6 34.7 £ 2.6

Inspection of the data in Table 4.8 shows thatetheas a change in LFAD upon
condition drying e.g. 17.5 £ 0.6 nm to 21.2 + 1r6 for the 9%4; 18.3 £ 0.5 nm to
22.3 £ 1.6 nm for the 92and 22.5 £ 0.7 nm to 28.0 + 2.6 nm for ther.9%he 9k
and 92 pulp samples (Figures 4.8 and 4.9) show an ineraeaslateral fibril
aggregation upon oven drying, 17.5 £ 0.5 nm to 26119 nm and 18.3 £ 0.5 nm to
28.0 £ 2.1 nm respectively. The ®pulp sample (Figure 4.10) shows an increase in
aggregate dimensions from 22.5 £ 0.7 nm to 34./6##. Although the three grades
of pulp samples show similar trends upon oven dyyihe increase in aggregate
dimensions is the largest during oven drying. Ti@@ase in LFARwr was greater
for the 9@ followed by the 92 and 9L with the aggregate dimensions being
34.7 £+ 2.6 nm, 28.0 £ 2.1 nm and 26.1 £ 1.9 nmeesypely. First time drying, oven
or condition drying, induced a degree of irrevdesiaggregation of the cellulose
fibrils i.e. ‘*hornification’. Hornification, a ternmtroduced by Jayme (Jayme, 1944), is
used in wood and pulp literature to describe théfésing of a polymer structure’

taking place in lignocellulosic (cellulose contaigilignin) material upon drying or
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water removal (Dinizt al, 2004). Wetting the samples, prior to running loa $olid
state NMR, does not return the LFAD to the origimaver dried state hence
aggregation is irreversible.
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Figure 4.8: Average LFAD (nm) for the ‘@1using the different drying strategies
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Figure 4.9: Average LFAD (nm) for the ‘@2using the different drying strategies
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Figure 4.10: Average LFAD (nm) for the ‘@6using the different drying strategies

The results thus far point to the possibility ohtrolling LFADyuwr by using different
drying strategies. Condition drying the pulp samptea possible method that can be
used to control fibril aggregation. A plausible Exation for this method of drying is
that the slow rate of water removal (period of yjaat a relative humidity of 50%
and 23°C limits the movement of the fibrils thergdeventing restructuring of the
fibril aggregates. Oven drying presents a relayivelpid form of drying where the
high temperature e.g. during oven drying (104°C)aases the rate at which water is
removed and the movement of the fibrils. This gagdeads to a random restructure
of the fibril aggregates and an increase in latéitail aggregate dimension. If
LFADnvr can be controlled then it can be used to provideotiving pulp samples
with pre-defined specific surface area. Since th&raetable hemicellulose and
degraded cellulose/short chain glucan content emite the LFAD during acid bi-
sulphite pulping and bleaching, there is a posgthihat it can have an influence on
fibril aggregation during drying. This increaseaiggregate dimensions upon drying is
supported by LFAD results obtained on another Byotab clone studied by Nocanda
et al. (2007). They showed that for a total extractablatemal 3o (%) and total
hemicellulose & (%) content of 6.7 and 2.8 respectively there isirmrease in
aggregate dimensions from 22.8 nm to 30.3 nm upgimgl for a 9@ pulp sample
(Nocandeet al, 2007).
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Table 4.9 presents the LFAD measurements recorsied the AFM on never dried
and oven dried pulp samples. Table 4.9 shows bw®aetis an increase in LFARu
for both the 92 and 9@ never dried fully bleached ‘final’ dissolving pugamples.
This trend upon oven drying supports the solidestdR trend for the same pulp

samples.

Table 4.9: LFARgv (nm)* of dissolving pulp samples subject to oveying

Pulp sample LFADsem (nm)

Never dried | Oven dried
920 Hypochlorite | 24.1 +1.9 289+1.8
960 Peroxide 26.7+1.6 322+1.7

* Results are from 10 AFM scans with the errorhia aggregate
dimension measurement reported

Figure 4.11 and Figure 4.12 show the 1xd scans of the never dried and oven dried
920, and 9@ pulp samples. A visual inspection of Figure 4.hdl &igure 4.12 shows
that upon oven drying, there is an increase in LFédpecially for the 96 pulp

sample.
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Figure 4.11: £1 um scans within the S2 layer of never dried and alréed final 92
pulp samples
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Never dried Oven dried
Figure 4.12: £1 um scans within the S2 layer of never dried and alréed final 96

pulp samples

Table 4.10 shows the wet chemical properties of3tliéssolving pulp grades used to

evaluate the effect of drying strategies on LFAD.

Table 4.10: Wet chemical properties of the dissgvpulp samples used to evaluate
the effect of drying strategies on LFAD

Wet chemical property 9ln 92 96
K-number % (lignin) 0.28 0.28 0.32
S10(%) ‘Hemicellulqse’ and degraded 11.4 91 6.7
cellulose/short chain glucan

S15(%) ‘Hemicellulose’ 5.9 4.6 2.4
Degraded cellulose/short chain glucan (%)| 5.5 4.5 3.6
Viscosity (cP) 16 17 36
Cu —Number (%) 11 0.9 0.4

As expected, the Cu-number is related to the vigcod the pulp samples. At low
viscosity levels i.e. 16 cP, for the®pulp, the Cu-number is 1.1%. At high viscosity
levels i.e. 36 cp, for the @6pulp, the Cu-number is 0.4%. Cu-number may also be
regarded as an index of impurities (oxycellulogglrbcellulose etc.) in pulp samples
(Tappi T430, 2009) hence the®has a higher content of impurities than the 8&d

96a.. An increase in aggregate dimension due to drgegms to correlate with the
total extractable material 1& (%) i.e. hemicellulose [@ (%)] and degraded
cellulose/short chain glucan %) - Ss(%)]. During drying, an increased contact
between the cellulose fibril surfaces is establisfleksaneret al, 1997; Newman,

2004) and it seems that the Eucalypt acid bi-stapghulp samples with a higher total
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extractable material have a lower tendency forutadle fibrils to aggregate during
drying. A possible explanation for the phenomeniog, an increase in aggregate

dimensions upon drying, is shown in Figure 4.13 Eigaire 4.14 below.

‘Hemicellulose’ /
Never dried - degraded cellulos
Cellulose

Dried
B Water

. ‘Impurities’ limit
- .
aggregation

v

e

Aggregation upon drying

Figure 4.13: Aggregation of fibrils in the presemdextractable hemicellulose and/or

degraded cellulose/short chain glucan.

, Cellulose
Never dried

Dried
e

P - | Irreversible increase in
aggregation

B Water

v

Aggregation upon drying

Figure 4.14: Aggregation of fibrils in the absemteextractable hemicellulose and/or

degraded cellulose/short chain glucan
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Drying pulp samples results in an irreversible d®ann lateral fibril aggregate
dimensions irrespective of the drying strategiespleyed. The change can be
marginal, as in the case of condition drying, obstantial as in the case of oven
drying the pulp samples. Figure 4.13 shows theeaggion of fibrils upon drying in
the presence of the total extractable contep(%) i.e. hemicellulose and degraded
cellulose/short chain glucan (‘impurities’). Ithewever evident, Figure 4.13, that the
measurement of the fibril dimension for the drieatenial is going to be similar to the
never dried material due to the presence of th@umties’. Rebuzzi and Evtuguin
(2006) recently showed the effect 4-O-methylgluoxsgdan has on fibril aggregation
during drying. They showed that the presence of&bhylglucuronxylan in the pulp
samples diminished the fibril aggregation and hdvamaification during drying. This
scenario resembles that prevalent in the &id 92 pulp samples where the amounts
of extractable hemicellulose and degraded cellédbset chain glucan could possibly

affect fibril aggregation.

The second scenario, Figure 4.14, shows the aggyeg# fibrils upon drying in the
absence or presence of small quantities of ‘im@it Drying removes water from
pores between the cellulose molecules facilitatingir aggregation, however the
absence or presence of small quantities of ‘im@s’itdoes not prevent the
aggregation of fibrils. This scenario resembles dingng of 96 pulp were small
guantities of extractable hemicellulose and degtamlulose/short chain glucan do
not inhibit the aggregation of fibrils. While ths&dudy shows the changes in LFAD
upon drying in the radial direction of the fibrihere have been studies that showed
that relatively pure forms of cellulose (cellulos@nocrystals) also experience
changes in the longitudinal direction upon dryirpiiturri and Vuorinen, 2009).
Table 4.11 presents a summary of total extractalatierial $o(%) and corresponding
LFAD results for 9&, 920 and 96 used in this study.
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Table 4.11: LFARwvr (NmM) and total extractable materiab &0) for never dried final

pulp samples

Pulp sample LFAD (nm) S0 (%)
91a Hypochlorite Run 1 186+0.4 12.0+£0.5
Run 2 19.1+0.5 11.4+04
92a. Hypochlorite Run 1 189+04 9.0+0.4
Run 2 19.8+0.4 9.1+04
960 Peroxide Run 1 226 £0.7 6.5+0.6
Run 1 23.6 0.6 6.7+0.5
96a. Hypochlorite Run 2 23.7+£0.6 50+£0.5

Figure 4.15 highlights the relationship betweemlteixtractable material and LFAD
for the pulp samples. A decrease in total extrdetabaterial corresponds to an
increase in LFAD for the pulp samples.

LFAD vs S(%)
30 -

25 1
—= lf!_'
g” 1= o
€ —ls |
S
9 157 y = -0.814x + 27.856
[ 2
R2=0.8

— 10+

5 -

0 T T T T T T T T 1

4 5 6 7 8 9 10 11 12 13

S1o(%)
Figure 4.15: LFARwr (nm) and final total extractable materiab® for never dried

9%, 920 and 96 pulp samples

This finding suggests that it should be possibleptedict never dried LFAD
measurements based ony $%) values for 94, 92u and 9@ final never dried
dissolving pulp samples using the following equatio

y= -0814x + 27.856 1)

where x = &% and y = predicted LFAD in nm
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Table 4.12 presents a set of total extractable niah® (%) values for 9&, 920 and
96a pulp samples and corresponding predicted and ladeeD.

Table 4.12: Total extractable materiah 86), LFADpredicted(NM) and LFARcwa (NM)

for the never dried final pulp samples

510(%) LFAD predicted (nm) LFAD actual (nm)
9l | 11.8+1.5 18.2+1.2 158+ 0.6
920 | 8.8+0.5 20.7+0.4 16.8 £ 0.6
960, | 6.2+0.9 22.8+0.7 21.4+0.9

The LFADyredicted(NM) trends for final never dried dissolving psimples, shown in
Table 4.12, mimic the LFARwa (nm) trends, i.e. a decrease in total extractable

material results in a corresponding increase in DFA

Table 4.13: Total extractable material £6) and percentage change in LRMR

upon drying
Percentage change in LFARur
Si10(%) Condition dried | Oven dried
9le | 11.4 £0.4 21.2+2.0 493+24
920 | 9.1+£0.4 21.9+2.1 52.7 +3.3
960, | 6.7 £0.5 244 +2.7 542 +2.7

Table 4.13 presents the percentage change in LH#&ID gondition and oven drying
the 91, 920 and 9@ pulp samples. Figure 4.16 summarizes the coroeldietween
the 3 pulp samples upon condition and oven dryinthe total extractable material
S10(%) content.



74

@ Condition dried

dLFAD (%) vs S, (%)

A Oven dried
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Figure 4.16: The percentage increase in fibril aggte dimension upon oven and

condition drying plotted against totalrextable material (%)

Table 4.13 and Figure 4.16 re-affirm that the meéthsed to dry the pulp sample
affects the percentage increase in fibril aggredgateensions for each of the 3 pulp
grades. The percentage increase in fibril aggredeension upon oven drying >
condition drying, with the percentage change imngirep with decreasing total
extractable material 1§ (%) i.e. hemicellulose and degraded cellulose/skb#in
glucan content. As discussed earlier, conditiorindryprobably presents a situation
where there is no, or very little, restructuring tbe fibrils into fibril aggregates
whereas oven drying allows for the restructuringlardls into larger fibril aggregates.
The three dissolving pulp grades have differentcgmtiages of total extractable
material o (%) i.e. 11.4%, 9.1% and 6.7% for theoQP2n and 9@ respectively
(Table 4.13). As discussed earlier, pulp sampleth i higher total extractable
material 3o (%) have a lower tendency for the cellulose fibtdsaggregate during
drying. In summary, there are two distinct phenoméhat seem to influence
LFADywr and the change in LFARr on drying; namely the total extractable
material 3o (%) present before drying and the method in whieh pulp sample is
dried.
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The results suggest that it is possible to pretietpercentage change in LFAD upon
drying for pulp samples if the total extractabl@®mt S, (%) is known. This is vital
commercially since predicting how a pulp is goingbehave upon drying may also
help predict how a particular pulp sample is gdimdpehave during further chemical
reactions towards for e.g. microcrystalline celddpviscose and cellulose acetate.

Using the following equations obtained from Figdr&6:

Condition dried: y =-0.6924x + 28.78 (2)
Oven dried: y =-1.0476x + 61.578 3)

the predicted percentage changes in LFAD upon @ondand oven drying for a
known So(%) are shown in Table 4.14.

Table 4.14: Total extractable materiah80) and predicted percentage change in
LFAD upon drying for the pulp samples

Predicted percentage change in LFADQ
Si10(%) Condition dried Oven dried
9le.| 10.8 21.3 50.3
920.| 8.4 23.0 52.8
90 | 6.9 24.0 54.4

The predicted values (Table 4.14), based on tatadetable material 5 (%), mimic
the trends as shown in Table 4.13 in that the waysample is dried and percentage

of total extractable material affects the perceatelgange in LFAD.

There is further evidence to suggest that thereddferent amounts of extractable
hemicellulose and degraded cellulose/short chaicagl in the pulp samples. Size
exclusion chromatography (SEC-MALLS) of thex9nd 9. cellulose show that the
molecular mass distributions of the pulp samplesdiiferent (Figure 4.17). The &6

has a smaller amount of low molecular weight fiawdi whereas the 8zhas a higher

amount of low molecular weight fractions i.e. delga cellulose/short chain glucan
and hemicellulose. The probable reason for theewdffce in molecular weight

distributions between the @2and 9@, is that the hypochlorite bleaching step is used
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during 921 dissolving pulp production. The result of whichcisain scission which
lowers the degree of polymerisation of the glucémirc thereby creating lower
molecular weight glucan chains. The peroxide bleagrktep used during production
of the 9@ pulp does not produce lower molecular weight ghuclains and results in

a higher level of molecular ordering i.e. high nwollar weight fractions.

Low molecular weight fraction High molecular weidhaction
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Figure 4.17: SEC-MALLS analysis of 82and 96

4.5 Chemical ‘reactivity’

The ‘reactivity’ of dissolving pulp is often seers #ghe most significant quality
parameter (Krassig, 1996). Theo9fulp was acetylated using acetic anhydride to
form acetate flake. The 82vas treated with sodium hydroxide and then mix&t w
carbon disulfide (C8. The resulting cellulose xanthate was dissolvetd imore
sodium hydroxide towards the formation of viscoSke 9X1u pulp was hydrolysed
with dilute acids at elevated temperatures; the-ergstalline domains of cellulose
were preferentially hydrolysed, while the crystadliones remained intact. Attempts at
estimating the reactivity of the pulp samples ioheaf the chemical processes were
carried out using solid state NMBJ-NMR and SEC-MALLS.
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4.5.1 Acetylation studies using@®@rade dissolving pulp

The specific surface area ratio, determined usotigl state NMR, was compared to
the pseudo first order reaction rate ratio whicls wlatermined from the degree of
acetylation. The question to be addressed was: tth@esupra-molecular structure of
cellulose I, present in the @@rade dissolving pulp, influence the reactivitywéwds
acetylation? This study used two pulp samples difierent LFAD in the acetylation
reaction i.e. 96 commercial pulp and cotton linters cellulose. Thesre subject to
acetylation at 40°C and 60°C. It was anticipated tihe different pulp samples would
have different specific surface areas and hendenperdifferently in the acetylation
reactions. The aim of the experiment was to adcevthether the ratio of specific
surface areas for two ‘different’ dissolving pulgngples is similar to the ratio of the
pseudo first order initial reaction rate constaible 4.15 presents the lateral fibril
dimensions (LFD) and LFAD measurements, specifitase areas, pseudo first order
initial reaction rate constant (k) at 40°C and 665Cthe cotton and commercial ®6
dissolving pulp samples. The graph of methyl intgngersus time reveals the pseudo
first order initial reaction rate constant for eathhe dissolving pulp samples.

Table 4.15: LFRur (nm), LFADwr (nm) and Specific Surface Area (SSA) if/gn
for dissolving pulp samples

LFD |[LFAD | SSA k at 40°C k at 60°C
(nm) (nm) | (m?g)

I(isn‘;tetfsn 71+01 | 47+2] 53 1.4 xTor 2x10* | 6 x10° + 6x10*
g&mmerc'a' 404+004 28+1 89 2.4 xP@ 3x10* | 11 x10° + 2x10°

The LFD for the cotton linters cellulose is 7.1 rnbhe native cellulose LFD is larger
than the commercial produced dissolving pulp sar(elerage ca. 4 nm). The LFAD
for the cotton linters cellulose was 47 £ 2 nm canegl to the commercial dissolving
pulp sample i.e. 28 + 1 nm. For a larger LFAD, ewidin Table 4.15, there is a
smaller specific surface area. This implies thatéhs a smaller specific surface area
available for chemical reaction. This is reflectedthe pseudo first order initial

reaction rate constants which are lower for smalbecific surface areas (Table 4.15).
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Table 4.16: Summary of specific surface area rebimpared to initial reaction rate

constant ratio computed from LFARr and density of cellulose

Specific surface area | Initial rate Initial rate
ratio constant ratio | constant ratio
40°C 60°C
Cotton linters / 0.59 + 0.06 0.59 + 0.07 0.58 + 0.09
Commercial 96a pulp

The pseudo first order initial reaction rate constatio and specific surface area ratio
for the commercial 96 and cotton linters cellulose are presented in @dbl6. The
results show that the pseudo-zero order rate aonstto is 0.59 + 0.06 with the ratio
of specific surface area at 40°C being 0.59 + @iy at 60°C being 0.58 £ 0.09. This
shows that the ratio of initial reaction rate camss, k(cotton linters)/k(commercial
96a), reproduce the ratio of specific surface arealoth 40°C and 60°C reaction
temperatures. This implies that:

1.Pseudo first order initial reaction rate ratiogetated to specific surface area

ratio for two different substrates and
2.The pseudo first order initial reaction rate ¢ansratio is independent of

the temperature at which the acetylation reacsqerformed.

A further comparison of acetylated sample analisislved the use ofH-NMR. It
was envisaged that it would provide a rapid refsulthe initial reaction rate constant
compared to solid state NMR. The dried acetylatatp pamples were placed in
deuterated chloroform. In theory, the acetylatefases should dissolve in deuterated
chloroform with the solid or unacetylated matefidéred. The dissolved acetylated
pulp is then analysed by solution state NMR. Thepfgrof acetyl intensity (cellulose
triacetate) vs. time gives the initial reactiorerabnstant (Goodleét al, 1971). Table
4.17 shows a comparison of the different processeslved in the analysis of
acetylated material by solid state NMR dhENMR.
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Table 4.17: Comparison of sample preparation aatysis

Solid state NMR 'H-NMR
1. Commercial 96 pulp 1. Laboratory 96 pulp
Cotton linters Cotton linters.
2. Acetylated at 40°C for 3, 6, 9 and [12. Acetylated at 4C for 10, 15, 20 and 2b
minutes. minutes, dissolved in deuterated chloroform,

undissolved material filtered off,
Goodlettet al,, (1971).

3. Packed in the rotor and run on the sol& Run on the Proton NMR at ca. 2 minutes a
state NMR at ca. 6 hours a sample. sample.

The preliminary"H-NMR reactivity study carried out on 8®ulp samples and cotton
linters showed that the short reaction times, an@ 9 minutes, did not provide any
signal intensity. The experiment was thus perforraedO, 15, 20 and 25 minutes.
Following first order reaction kinetics at the sharaction times, the initial reaction
rate constant was determined from a linear platetiilose triacetate signal intensity
against time.

Table 4.18: Summary of results for specific surfaa ratio vs. initial reaction rate
constant ratio determined by solid state-NMf*H-NMR at 40°C

Specific surface| Initial reaction rate | Initial reaction rate
area ratio constant ratio constant ratio
(m?/g) determined by solid| determined by 'H-
state-NMR NMR
Cotton linters / 0.59 + 0.06 0.55 +0.12 0.60 + 0.05
Commercial 96u pulp

Table 4.18 highlights the results showing the camspa of the two techniques to
determine initial reaction rate constant ratios.e Thpecific surface area was
determined from LFAD measurements using solid XHR. The pseudo initial rate
constant ratio determined by solid state NMR (Gt58.12) and first order reaction
rate constant ratio determined by solution stEt&IMR (0.60 + 0.05) is related to the
ratio of specific surface area (0.59 + 0.06) of élcetylated materials. Results indicate
that the initial reaction rate constant ratio isgortional to the specific surface area

ratio for the cellulose pulp samples. This shovet #pecific surface area is related to
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initial reactivity to acetylation. It is thus pobk to use solution statel-NMR to give

an indication of initial reaction rate constantsdoetylation.

4.5.2 Alkaline cellulose (Alkcell) preparation ugif2 grade dissolving pulp

Alkaline cellulose preparation is the first steptle viscose manufacturing process.
920, dissolving pulp, with extractable hemicellulosehe range of 4.6% — 5.1%, was
used to produce alkcell. The first step in the psscis steeping. Steeping is the
process whereby 18.5% sodium hydroxide is mixedh witlp at 53°C for a defined
period of time to form alkali cellulose (Sappi Sait, Visc001/2004). Samples are
removed after 15 minutes and 30 minutes of ‘staggor chemical analysis. Excess
sodium hydroxide is pressed out of the sample.héunnaterial was sampled at 30
minutes after ‘steeping’ with 3 %2 hours of ageiAgjeing is the process whereby
steeped alkcell, after pressing and shreddingriesidn an oven in the temperature
range of 50°C — 55°C (Sappi Saiccor, Visc003/20@84j)eing the alkcell sample
results in a product which has a specific degrepabymerisation (DP). The DP is
imperative in the viscose manufacturing procesbeOsteps involved in the viscose
manufacturing process include cellulose xanthatm#tion, ripening and spinning.
The final product of the process is viscose. The @B&solving pulp and alkcell
samples were initially analysed by solid state N&H®l then SEC-MALLS.

C2,3and5

]

C1 Ca (of3]
1

30 min 3%, hrs ageing
18.5% NaOH

30 min — 18.5% NaOH

15 min — 18.5% NaOH

92a

120 110 100 90 80 70 60 50 40

Figure 4.18: Solid state NMR spectra oh3®mpared to alkcell material
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The laboratory alkcell material was washed thordygtith deionised water before
recording a spectrum. Figure 4.18 shows a compan$spectra for the starting @2
as well as the alkcell after 15 minutes and 30 meissteeping and also 30 minutes
steeping after 3 % hours of ageing. The startinger@ is cellulose | and has
structure and aggregate dimensions which are maasuusing the spectral fitting
model applied to dissolving pulp samples. Figud®4hows that there is a difference
between the 92 spectrum and the 3 alkcell spectra. Figure 4.8arbl shows this
difference in the C1, C2, C3, C4, C5 and C6 regwwitl the overlaid spectra of the

920 compared to alkcell material.

C2,3,4 —15 min
[ﬁ — 30 mir
‘ — 30 min 3Y, hrs ageing
—92a

15 minute,

30 minute,

30 minute and
after 3% hrs
ageing
(Cellulose 1)

léO 11;.0 1(50 9‘0 86 76 60 56 4‘0
Figure 4.19: Overlaid solid state NMR spectra, rded on a Bruker 300 MHz, of

921 compared to alkcell material

Figure 4.19 shows there is a conversion of celtulds cellulose Il and the solid state
NMR can differentiate between the two forms. ltoaléghlights that the conversion
from cellulose | to cellulose Il is complete aftts minutes of steeping, i.e., the
spectrum for the alkcell sample (Figure 4.20) iaststent with a spectrum obtained
for cellulose Il (Kochet al, 2000).
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Figure 4.20*°C-NMR spectra for cellulose II

By comparison of spectra, solid state NMR can det@oor differences in supra-
molecular structure. However, currently a limitatiof the existing Cellulose Fibril
Aggregate Model is that it is not possible to quatively determine the structural
difference between cellulose Il samples as was dutie cellulose I. SEC-MALLS
was thus used as a tool to gauge if it could detdgfdrences between 82ulp and
alkcell samples. Figure 4.21 presents the SEC-MAldalysis of the 32 pulp

sample and also the alkcell material removed atliffierent stages in the process.
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Figure 4.21: SEC-MALLS distributions for laboratd@%a pulp sample, 15 minutes
and 30 minutes alkcell samples after steppefore ageing and

30 minute alkcell after 3 ¥2 hour aging
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Figure 4.21 shows that there is a difference inecullar weight distribution between
the 921 pulp sample and the alkcell material. The agededlishows the narrowest
molecular weight due to uniform molecular weiglggments. Figure 4.22 highlights
a commercial pulp sample that was deemed highlyctikea in the viscose
manufacturing process. By comparison the shift iolecrular weight distribution

during steeping is more pronounced in the commledissolving pulp sample than

the laboratory produced pulp sample.

0.9

0,8

0,7
—pulp

0.6 ——alkcell 15min
——— alkcell 30min
0,5 —— aged alkcell

04

weight fraction

03
0,2

0,1+

3,0 35 4,0 45 5,0 5,5 6,0 6.5

Ig Mw
Figure 4.22: Commercial dissolving pulp samplesashg a shift in molecular weight
distribution upon steeping

It is apparent in Figure 4.22 that dissolving pwjh an acceptable reactivity to
steeping and aging in the viscose process showieeable shift in the molecular
weight distribution after steeping and aging. Tikipossibly due to the conversion of
cellulose I in the pulp to cellulose Il in the adlicand aged alkcell. SEC-MALLS can
thus be used to gauge the reactivity of ®2lp samples in the viscose manufacturing
process and overcome the solid state NMR limitatibdifferentiating between pulp

samples of low and high reactivity.
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4.5.3 Microcrystalline cellulose (MCC) preparatioom 9o grade dissolving pulp

Microcrystalline cellulose is produced by acid hylgisis of 91 grade dissolving pulp
where almost all non-cellulose material is removadd the cellulose | is

depolymerised.

400

—a&— Pulp A —8—PulpB

350
300 |
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Figure 4.23: Variation of degree of polymerizatieith time after acid hydrolysis for

two 9#& laboratory produced dissolving pulp samples

Figure 4.23 shows the results for the acid hydislgxperiments performed on two
910 pulp samples (Pulp A and Pulp B). Pulp A and Filpere selected based on the
difference in DP after the final stage of bleachiegthe hypochlorite stage where the
hypochlorite dose dictated the DP of the final psgmple. From Figure 4.23 it is
evident that the degree of polymerisation (DP)haf final pulp sample dictates the
final DP or levelling off degree of polymerisatighODP) i.e. the final DP of the
cellulose molecule after acid hydrolysis. The stadd®X. LODP is in the range 170
to 190. In order to achieve this, the starting bBwd be in the 230 to 290 range.

The laboratory produced 81910 after 5 minutes acid hydrolysis and MCC after
60 minutes of acid hydrolysis were further analyssthg solid state NMR. Figure
4.24 show the individual spectra and Figure 4.2ishthe overlaid spectra.
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MCC after 60 min acid hydrolys

91a after 5min acid hydrolys
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Figure 4.24: Spectra of 81910 after 5 min acid hydrolysis and MCC after 60 min

acid hydrolysis
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Figure 4.25: Overlaid spectra of @19 1a after 5 minutes acid hydrolysis and MCC

——5 min MCC
—— 60 min MCC
—91a

after 60 minutes acid hydrolysis

Figure 4.24 and Figure 4.25 highlight that there imarginal difference in spectra
between the laboratory producedn991a after 5 minutes acid hydrolysis and MCC
after 60 minutes acid hydrolysis at the C4 and €ftons. The results are presented in
Table 4.19, where LFD and LFAD measurements arsepted for the three pulp

samples.
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Table 4.19: Solid state NMR on laboratory produg#d 91a after 5 minutes acid
hydrolysis and MCC after 60 minutes acidioyysis

LFD (nm) | LFAD (nm)
9la 3.73+0.03 23.0+£0.6
91a after 5 minutes acid hydrolysis 3.97 £0.03 23.1 £+ 0.7
MCC after 60 minutes acid hydrolysis| 4.14 + 0.06| 22.7 £ 0.9

Spectral fitting for the 3 samples show that thera significant increase in LFD with
increasing hydrolysis time i.e. 3.73 £ 0.03 nm,73t20.03 nm and 4.14 £+ 0.06 nm for
the starting 94, 91o after 5 minutes acid hydrolysis and MCC after Goutes acid
hydrolysis respectively (Table 4.19). A decreasehi@ amount of accessible fibril
surfaces would correspond to fibrils getting larger an increase in LFD. A study of
the structure of cellulose and MCC by wide-anglera)- scattering (WAXS)
(Leppénenet al, 2009) revealed similar trends as noticed bydssliate NMR.
Leppaneret al (2009) reported an increase in width of crystalliegions of cellulose
fibrils when MCC was made. In contrast the LFAD sw@wa&ments are similar within
the analysis error. i.e. 23.0 £ 0.6 nm, 22.4 £fnY and 22.7 + 0.9 nm for the @1
9l1a after 5 minutes acid hydrolysis and MCC after 6thutes acid hydrolysis
respectively (Table 4.19). This could possibly e do the fibrils (smaller in size)
that suffer more from extensive hydrolysis ratheant larger fibril aggregates. This
experiment shows that apart from chain cleavagalopged hydrolysis may erode
small fibrils while preserving LFAD i.e. the LFADf ¢he original starting material
remains intact during the acid hydrolysis. Theredoot appear to be any relationship
between LFAD, acid hydrolysis or MCC preparatios. discussed earlier the starting
DP of the cellulose molecule govern the MCC LODRdeeit is one of the important
parameters to measure prior to acid hydrolysis. A&Mnother technique that can be
used to measure DP during acid hydrolysis and tf@CM.ODP (Kontturi and
Vuorinen, 2009). This could possibly be used tokrdne changes in DP through the

acid hydrolysis process.
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Chapter 5

5. Summary and recommendations for future work

This study has demonstrated that solid state NMR lm& used to investigate the
supra-molecular structure of cellulose in hardwaod bi-sulphite pulp, in-process
and fully bleached 3i, 920 and 9@ dissolving pulp samples, during their drying and
subsequent conversion to microcrystalline cellulogecose and cellulose acetate
respectively. Trends observed with LFAD measuremeatorded using solid state
NMR during bleaching and drying of dissolving pidpmples were supported by
LFAD measurements recorded using AFM. Wet chenpeaperties for some of the
pulp samples were shown to be intimately relatedh#® LFAD upon bleaching,
drying and for the formation of cellulose derivasvsuch as cellulose acetate, viscose

and microcrystalline cellulose.

LFAD measurements recorded using solid state NMRndubleaching showed
marginal changes in supra-molecular structure duéitu and 92 dissolving pulp
production. The production of 8&lissolving pulp showed a change in LFAD at the
alkali extraction (E) stage, a change which rendhicenstant thereafter. These results
pointed to the effect bleaching, usinge9B20 and 96 conditions, has on LFAD.
These bleaching effects were shown to be intimatdhted to the total hemicellulose
content $g (%) through the bleaching stages. This was higtéighin the alkali
extraction stage, which is principally responsitdethe extraction of hemicelluloses,
where similar doses of sodium hydroxide, usingQhe and 92 conditions, showed
no significant change in total extractable hemide#ie content 3 (%) and LFAD.
Pulp bleached using the ®@6onditions, with a higher dose of sodium hydroxati¢he
alkaline extraction stage, resulted in a decreas#otial extractable hemicellulose
content 3 (%) and an increase in LFAD. The reason behindntbeease in LFAD
was possibly due to the effect of ‘spacers’ on LFMDere the presence or lack
thereof of hemicellulose either resulted in ana@ase in LFAD or not. This change in
LFAD at the E stage for the pulp bleached using 86nditions was however not
evident in the measurements carried out using AFive LFAD, recorded using the
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Atomic force microscope, was however distinguishalbétween the raw and final

dissolving pulp samples.

Drying the pulp in different ways affected the LFAMeasured suggesting that
cellulose fibril aggregation can be controlled anthnipulated during drying.
Condition drying the pulp samples had a minimatetfion LFAD, possibly due to the
rate at which water is removed from the pulp sampleereas oven drying pulp
produced a pronounced increase in LFAD. Lkf&R and LFADyrv results on never
dried and oven dried pulp samples confirm thateheran irreversible increase in
aggregate dimensions upon oven drying. The LFADswesl values correlated well
with the total extractable materiado%) in pulp samples i.e. an increase in aggregate
dimension during drying correlates with a decreaswtal extractable material and
vice versa. LFAD was thus shown to be related, dditeon to the effect of total
extractable material, to the manner in which watexss removed from the pulp

samples.

Solid state NMR and proton NMR proved valuable etating specific surface area
ratio to initial reaction rate constant ratio tegdation for high purity pulp samples
like cotton linters and commercially produced9&his application could prove vital
commercially for predicting the pulp behaviour dhgricellulose acetate production.
The use of SEC-MALLS to determine the reactivity9@f pulp samples of low and
high reactivity overcame the limitation of solicat® NMR to differentiate between
two 92u pulp samples. The solid state NMR can howeveredfitiate between
cellulose | and cellulose Il which can prove valealin future, for cellulose I

characterisation and as a qualitative measureeofate of conversion of cellulose |
into cellulose 1. The solid state NMR could detatdifferences between @1

dissolving pulp samples and the hydrolysis prodwtdifferent reaction times,
pointing to the effect of prolonged hydrolysis ofr. This work adds to the
knowledge available on the supra-molecular strectfrcellulose and highlights the
need for the development of a fitting model forldeke Il in order to quantify the

different regions within the spectrum.

This study focussed on the supra-molecular stractircellulose and showed the

influence of degraded cellulose and hemicellulodeerdon. A structural
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characterisation of the degraded cellulose and dedlmiose could provide further
insight into the influence these components hatherstructure of cellulose and may
be a good starting point for further research. fautstudies will also extend the
current finding on a single clone from a single s$a other clones grown on different
site qualities. This will encompass the study afigjee and environmental effects on
cellulose supra-molecular structure determined blydsstate NMR and AFM.
Nocandaet al. (2007) originally worked with a Eucalypt clone gaes from extreme
site qualities and explored the effect of drying the cellulose supra-molecular
structure using solid state NMR. Nocaneiaal. (2007) showed similar trends in
LFAD upon drying to those observed in the currdntg i.e. an increase in LFAD
upon drying. The study explored the relationshippveen LFAD and total extractable
material content 5 (%), LFAD and total hemicellulose contents $6) and showed
that they are intimately related. The predictiveADFmodels for condition and oven
drying based on total extractable materiagd 8o0) can be expanded to include the
other genotypes. Future studies can add to therduresults such that a data base can
be created for commercial application. This commaé@pplication can be such that
the prediction of the supramolecular structure olppsamples at each stage in the
bleaching process and also after drying is possiiite use of AFM can be explored
further with determination of average pore and mdire. hemicellulose, degraded
cellulose, lignin) distribution in the fibre walllhis can be related to yet another
application of the proton NMR for the determinatiohpore size distribution in the
fibre wall (Topgaarcet al, 2001). This can be used in conjunction with LF&Dere
the distribution of pores within the fibre wall cdre vital for determining the
accessibility of chemicals for chemical reactionscts as in cellulose acetate
formation. Increased accessibility is often seentlas critical prerequisite for
homogenous substitution of cellulose material aadation in pore size distribution

results in inhomogeneous substituted cellulosevdives.

This study is the first to relate (1) Structure), A&Zcessibility and (3) ‘Reactivity’ of

Eucalyptushardwood dissolving pulp samples, to LFAD measuwsithig solid state

NMR and AFM.

Other novel aspects of the study include:

* Measuring changes in the cellulose | supra-molecsteucture upon drying,
which can benefit the dissolving pulp industry, whéhe method in which the
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pulp is dried can affect cellulose | structure, emstibility and ‘reactivity’ of the
dissolving pulp samples
» Predicting LFAD using a wet chemical property sashotal extractable material
(S10%0).
The outputs from this study present a significaep $orward for the dissolving pulp
industry where a method of measuring dissolvingppsiructure, understanding
accessibility and predicting the ‘reactivity’ ofsdoblving pulp samples to further
derivatisation is essential. Furthermore, thesalifigs open up future research
possibilities into developing process modificatiotts control cellulose |1 fibril

aggregation for specific end use applications.
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