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ABSTRACT

Traditional methods for the determination of the neutral

charide composition of complex

biomaterials such as wood pulp arc dil

cult and time-consuming. By comparison analytical pyrolysis
techniques offer the advantages of speed and simplicity. Under the appropriate conditions, pyrolysis

yields products that retain the stereoconfliguration of the parent neutral

charide (the anhydrosugars).

The objective of this investigation was to develop

method (0 quantitate the neutral sacelarides in

wood pulp using on-linc pyrolysis - gas chromatography (Py-GC). Initial efforts focussed on

the yiclds of from isolated p i ing. those found in

wood. Factors such as pyrolysis and cati hange were i i Nexl, it variety
of wood pulps of differing composition and origin were investigated by Py-GC. The numerous

pyrolyzates produced by these pulps were characterized by Py-GC-MS using both electron impact

(EI and chemi

al ionisation (C1). Finally, Py-GC methods were developed to quantify the saceharide
compositions ol the pulps. Comparisons were made with results obtained by acid hydrolysis -

derivatization / gas chromatography. Two on-line pyrolyzers, the CDS Pyroprobe 120* and the

13

Pyrojector®, were compared as to their suitabifity for quantitative analysis.,
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CHAPTER I: INTRODUCTION

1.1. Pyrolysis- Gas Chromatography

L.LL Analytical Pyrolysis

Pyrolysis can be described as a chemical degradation reaction that is induced by thermal
cnergy alone (1). Analytical pyrolysis can be further defined as the characterization of a malcrial or

a chemical process by the instrumental analysis of it's pyrolysis products (1).

Though the first scientific use of analytical pyrolysis was documented in 1860 (2), it was not
until the 1940's that pyrolysis was used in combination with modem analytical instumentation. At
this time a number of reports were made of the use of mass spectrometry to characterize the
pyrolyzates of synthetic polymers (34.5). In 1952, Zemany used pyrolysis - mass spectromelry (Py-
MS) to characierize large molecular weight biopolymers such as albumin and pepsin (6). His results.
were significant in thal characteristic pyrolysis profiks could be reproducibly obtained for these
compounds. The first truely integraled pyrolysis - mass spectrometric instument was described in

1953 ().

The i ion of gas-liquid (GC) in 1952 (8) rapidly Ied to the first

reports of it”s use in combination with pyrolysis (9,10,11). Pyrolysis - gas chromatography (Py-GC)

quickly pynolysis - mass y as the technique of choice ductoit’s abillly to

separate volatil de

and because pyrolyzers could be easily integrated with

GCi In addition, mass was very expensive and difficult to use. The recent
development of ugged open tubular capillary columns greatly enhanced the resolving power of gas

chromatography, and has simplificd the interfacing of GC to mass spectromeiers,  Complex.



mixlures can now be res and

apitlary column
gas chromalography - mass speciometry (Py-GC-MS).

“The technique of Py-GC, in all its forms, continues (o be the dominant method in analy tical
pynlysis. However, Py-MS hassteadily increased in popularity because of it s ability 1o detect larger
molccular weight pyrolyzates that are unable to pass through a GC column.  The developments in

analytical pyrolysis insumentation have been reviewed on a number of occasions (12, 13,17,18).

1.12. Types of Pyrolyrers

The majority of pyrolyzers used incombination with GC fall info three calegories: msistively

heated filaments, inductively heated (Curic - point) fitanents, and continuously heaed

The first two calegorics arc also classified as pulss pyrolyzers.  Each of the above Iypes was
developed carly in the evolution of analytical pyrolysis and the basic features have changed linle

since (14,15,16).

Resistively heated pyrolyzers are usually composed of platinum filaments or ibbons, Soluble

samples can be casily applicd 10 the metal surface, An electric currenl is then passed through the
wire, which intum heals and pyrolyzes the simple. Insoluble samples can be pymlyzed by placing
them in the centre of a coiled filament with the aid of a quartz boat or lube. Modern resistively
heated pyrolyzers, such as the Pyroprobe® (Fig. 2.1) and the Pyrola®, are designed to tightly control

important parameters such as the final pyrolysis temperature and tcmperature rise time.

Inductively heated pyrolyzers operale on a different principle. A sample is applicd to the

surface of a feromagnelic wire which is then placed inthe cenire of a high frequency induction coil.
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A mugnetic flux is initialed, which in tum induces eddy currenis in the wire's surface. The filament
is heated rapidly until a temperature (Curic point) is reached at which the wire becomes paramagnetic
and ubsorbs no more energy. This emperature will be maintained as long as the rf ficld is applicd
1o the wire. The Curic point can be varied from approximately 300 to 1100°C by altering the

ferromagnetic alloy composition of the filament. For insoluble samples, boats, tubes, and v-shaped

ribbons can be used.  Curic - point pyrolyzers arc iscd by a very rapid rise tinie

but arc inflexibie in that the final is incd by the ition of the wire.

Microfumice pymlyzers are simpler in design than the previous two categories. They usually

consist of 2 quarz lube bya gulated mi The tube is constantly

swepl by an inert gas (usually the carrier gas for the GC).  Samples arc cither dropped into the
pyrolysis zonc (vertical fumace), or are placed in a boal which is then moved into the heated region
chorizontal fumace).  Soluble samples can also be coated on a wire which is then introduced into
the pymlyzer. Though microfumace pyrolyzers can give pyrolysis profiles similar to those obtained
using a pulse pynlyzer, imcproducibility can be a serious problem. This is most often duc 1o slow
(emperature risc limes and sccondary reactions occurring as the pyrolyzates are swept through the

large heated zone.

1.1.3. Factors Affecting Pyrolysis

‘There are many parameters that must be tightly controlled in order to guarantee reproducible

pyrolysis. Many of ihese have been (13,19.20.21). It is agreed

(hat & pyrolyzer must be able (o reproduce the sime tempemture-time profile and that, in most cases,

A temperature rise ime in the order of milliscconds is most desirable, In addition, samples must be
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homogenous. small in mass (5-100 pg). and have a large surface 10 volumic ratio. Compliance with
thesc recommendations should minimize the problems of thermal gradients and secondary reactions:

occurring within the sample.

Other factors are important in Py-GC. For example. a high carier gas velocity within the
pyrolyzer is required 1o ensure the fast removal of volatile pyrolyzates from the pyrolysis zone, This
must be donc in order to prevent sccondary reactions which lower the yields of the primary, high
mass products. However, ifthe gas flow is too fast it may affect the femperature-time profile. Cold
spots between the pyrolysis zone and the GC column are another potential problem, The regions in
between these two zones must be kept sufficiently warm in order (o prevent the condensation of the

higher molecular weight pyrolyzates.

Analytical pyrolysis continues lo suffer from the mistaken beliel’ that it is imeproducible. It

has been that even a conti heated mis can reproduce ratios
for synihctic co-polymers in the order of 0.45% relative standard deviation (22). Results such as this
demonstrate that a high degree of precision can be achieved provided the pyrolysis process is

optimised and rigidly controlled.

However, interlaboralory reproducibility has been a serious problem with both Py-

and
Py-MS. Unfortunaicly the development of analytical pyrolysis has not been well coordinated. "This
has resulied in a Jarge varicty of instruments and practices. Comparative interlaboratory trials have
been carried out for both Py-GC (23-28) and Py-MS (29).  Inilia) qualitative and quantitalive
comparisons for PY-GC were poor, especially for complex polymers (23-25). However, the laler

trials set stricter guidelines for all steps in the analysis and this resulied in significant improvements
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in intcrlaboratory precision for both peak intensity and retention time (28). It can be concluded that

as long as the variables arc controlled, different pyrolyzer systems can produce similar results.

1.1.4. Applications of Analytical Pyrolysis

Organic polymers, whether synthetic or biological, arc difficult (o analyze by more
conventional analylical techniques because of their poor solubility and/or complexity. However,
pyrolysis breaks down polymer molccules into smaller, more casily identifiable fragments which are
Trequently characteristic of the parent molecule. It is in this arca that analytical pyrolysis has made
it’s most signiticant contributions. In addition to those given below, there are many examples of the

different applications of analytical pyrolysis to be found in the Joumal of Analytical and Applicd

Pyrolysis. a number of ive review fexis and aricles arc available

(13.30.31,32).

Analytical pyrolysis has important industrial and forensic applications in the characterization
of synthetic polymers and rubbers (33,34,35). It is also used in the analysis of geological and
environmental malerials such as coals (36), kerogens (37), soils (38), and scdiments (39). In food
chemistry, the technique has been used (o investigate the pyrolytic reactions that occur during some

cooking proce: (40).  Analytical pyrolysis has also been used to differcntiate between

microorganisms (41). Finally, it has been used to characterise biopolymers such as protcins (42),
polysaccharides (43), lignins (44), and , as well as intact biological systems such as wood (45) and

spruce needics (46).
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1.2. Wood Pulps

1.2.1. Composition of Wood

Wood is the major supportive tissuc in trees and other higher order plants. It is also

responsible for the upward movement of water and nutrients from the roots to the leaves and upper
pants of the plant. From a chemical point of view. 90 - 95% of the dry weight of wood can he
accounted for by three polymer classes: cellulose, hemicellulose, and lignin (47). Inorganic ash and

extractives, such as waxes, resins, proieins, gums, etc., make up the remainder of the dry weight,

Cellulose is composed entirely of 14-linked B-D-glucopyranose and accounts for 40-50% of
the dry weight of wood (Fig. 1.1). It is a lincar polymer with 4 number average degree of
polymerization (DP,) of 9,000 - 10,000 (48). Because of it's abundance and commercial importance
it has been cxtensively investigated (4849). The individual molecules are aggregated  into

microscopic structures called microfibrils and these form the primary lutice work of the cell walls

CH,0H H  CHOH H
o o
-
_oKoH M Lo Kou o N
o o
OH oH

CH,OH CH,O0H

@n.

Figure L.1: The Structure of Cellulose.



The hemicelluloses are mixtures of short chain polysaccharides (DP, = 100-200). They arc

closely associated with cellulosc and lignin and it is belicved that they act as a binding matrix for
these two insoluble polymers. Fully 25-35% of dry wood is hemicellulose. ‘The structurcs of the

major softwood hemicelluloses are outlined in Fig, 1.2.

Lignins are three dimensional, polyphenoli that are distributed throughout

the cell wall and the middic limella region). Lignin is i into the wall during

the maturation of the cell and gives it strength and rigidity (47). The three lignin precursors are listed
in Fig. 1.3 (48). The monomeric units arc randomly linked via cther and carbon - carbon bonds.

‘Therefore there is no typical repeating unit as there are for the: polysaccharides.

1.2.2. Differences in Chemical Composition Between Hardwoods (Angiosperms) and

Softwoods (Gymnosperms).

As a general rule, hardwoods and softwoods differ in their hemicellulose and lignin

Softwood i is ly a 2:1 mixture of galactoglucomannans and

Hardwood hemi is largely f with small
quantities of’ glucomannans (48.49). In addition, hardwood xylans are heavily acctylated at the C2

or C3 ring positions,

Softwoor* lignins are derived almost entircly from coniferyl alcohol (guaiacol) precursors,
whereas hardwood lignins also contain syringyl propane units (i.c. derived from sinapy! alcohol).

Derivatives of p-coumaryl alcohol arc found in minor amounts in all lignins.
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Figure 1.2: The Structures of the Major i )

and b), Galactoglucomannan (Softwood).

('IHgOH (‘IHZOH CH,0H
ﬁH ﬁH fH
CH CH CH
OCH,4 CH;0’ OCH,4
OH OH OH
p-Coumaryl Alcohol Coniferyl alcohol Sinapyl Alcohol

Figure 1.3: The Lignin Precursors,



1.23. The Pulping of Wood

Pulping is the process by which wood is reduced to fibers. The choice of pulping process
will depend on a number of factors including the end usc of the pulp, the tree specics
10 be cxploited, and the relative costs of the various processes. The most widely used processes fall

into two categorics: mechanical and chemical pulping.

Mechanical pulps are oblained by abrading the fibers from thic wood. This is donc cither by
pressing debarked logs against 4 revolving grindstone or feeding wood chips between two rotating,
grooved disks (50). The former process normally yiclds a pulp with short fibres and a lot of fines.
‘The latter process is called refining and produces a more homogenous pulp. These pulps are used
to make paper with a high opacity. An important advantage of the mechanical pulping is that there
is little wastage (i.c., pulp yiclds arc 90% or greater) and there is no toxic cffluent. However, these

mechanical processes require a large energy input. In addition, paper made of

pulp tears easily and yellows quickly when cxposed 1o light. Generally, mechanical pulps undergo
further treatment and may be mixed with the longer fibres of chemical pulp in order to strengthen

the final product (51).

Chemical pulping processes release the fibres by chemically attacking the encrusting lignin
polymer. There are two predominant processes: kraft and sulfite pulping. In the kraft process wood
chips are usually cooked for 1-2 hours at 170-180°C in a solution of NaOH and Na,S (52). The
proposed lignin depolymerization reactions arc described in Figure 1.4 (53). Kraft fibres are long,
dark and strong and are used to produce paper bags and boxes. Bleached kraft pulp is used for fine

paper. dissolving pulps for the polymer industry, and for white packaging board. In a typical
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Figure 1.4: Example of the Lignin Degradation Mechanisms in Kraft Pulping (53).

kraft pulp, 80% of the lignin, 50% of the hemiy it y the and 10% of
the cellulose are removed during cooking. In addition, the acetyl groups and pendant sidechaing of

the hemicelluloses arce quickly lost.
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The sulfite process is. in fact, a number of pulping processes that cover the whole pH range,

from sulfur dioxide solutions (pH = 1) to sodium sulfite / sodium hydroxide solutions (pH = 13).

that occur
though the alpha carbon of the phenyl propanc unit scems to be the site of initial attack in most
cases. A possible reaction scheme for neutral sulfite (pH 6-10) pulping is described in Figure 1.5

(54). At cither pH extreme lignin removal and hemicellulose degradation is exiensive. Xylans are

'I‘: R2
fnlon b (‘; cl:u,au s JI>
= Cll—Cll— cilo "E_o— CH—Cl—CILoll
ne-Lom, b It b
o —_

ocily octly
R

i
cii0H cion
1IC—S0y" NC—0—R,
NC—S0y" HC—s0y" 211505
+ -~— -—

ocly ocily ocH,

o on on

R) andRy = Phenyl Propane Units

Figure 1.5: Example of the Lignin Degradation Mcchanisms in Neutral Sulfite Pulping (54).
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prefercntially lost at low pH whercas the mannans are casicr (o remove in alkaline processes. Pulp

yields tend 1o be higher (75 - 90%) for mid-range proce:

s but mechanical defribation may be

needed to completely scparate the fibres. Because of the flexibilty of the sulfite procy

pulps with
a wide varicty of characteristics and end uscs can be produced. For example, acid sulfite pulps (low
PpH) arc uscd for dissolving pulps and intermediate pH pulps (pH 4-10) can be used for newsprint,
paper, and corrugated board. Finally, the recently developed alkaline process (pH 11-14) produces

a pulp similar to kraft pulp but without the noxious odow

sociated with the Tatter process (54).

There are many processes that do not fit neatly into cither of the above categories.  For
example, many processes use an initial chemical soak 1o soften the lignin prior to grinding or refining
(chemimechanical). Other processes use heat 1o achieve the same effect (thermomechanical), Steam-
explosion pulp is produced when wood that has been treated with steam (with or without chemicals)
at high pressures is suddenly depressurised. Finally, there are the recently developed solvent pulping

processes. A good example would be the Alcell® cthy! alcohol pulping proces

(55). Wood chips
are cooked in an alcohol-water mixture at 200°C. Delignilication is enhanced by the conversion of

the hemicellulose acetyl groups into acetic acid.

1.3. Traditional Methods of Wood Pulp Carbohydrate Analysis

1.3.1. Non-Specific Saccharide Analysis

The following are examples of ly used methods for izing wood and pulps

that do not distinguish between individual monosaccharides present in the sample.  The total
carbohydrate content is determined by removing the lignin, This can be achicved by treating the

sample with chlorine gas and 2-aminocthanol until a white residuc, caled holocellulose, remains (56).
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Inevitably, some of the hemicellulose will be lost during this freatment.

‘The cellulose content can be determined in a number of ways. For example, Cross and
Bevan cellulose is obtained by chlorination of the wood sample, followed by washing with 2%
Na,SO, and 3% $O,, and finally by boiling in N,SO, solution (57). Alpha cellulose content is
determincd by treating holoccllulose with 17.5% NaOH (58). This procedurc removes most, though

not all, of the hemicelluloses.

The pentose content, xylose and arabinose, is deiermined by boiling the sample in 3.85 N
HCI with some NaCl (59). These sugars form furfural which is then separated by distillation. Its

is i i i with orcinol-FeCl reagent. The uronic acid content can

be determined by gencrating, and subsequently analyzing for, CO, from ils carboxylic acid moictics,
This is done by boiling the sample in 12% HC1 (60). Alternatively, colorimetric analysis can be used
01,62).

1.3.2. Monosaccharide Analysis

The wood polysaccharides are reduced to their constituent monosaccharides by acid

The most commonly used method is Sacman hydrolysis (63). The wood sample is

hydroly:
treated with 720 H,SO, at 30°C for 1 hour to swell it. The acid is then diluted to 1 M and the

solution is refluxed for 2 to § hours, The insoluble material remaining is referred to as Klason lignin,

cven though it may confain as much as 15 % carbohydrate.

Trilluoroacetic acid (TFA) is also uscd to hydrolyze wood and wood pulps (64,65.66). It is



a volatile acid which facilitates it's removal after the hydrolysis

cp. In addition, anhydrous TFA

is a good solvent for cellulose which can aid in it's hydml;

Fengel et al. have developed a

hydrolysis procedure specifically for lignocellulosics (65). The sample it

paked ovemight in
anhydrous TFA at room temperature, followed by refluxing for | hour. The solution is then diluted

10 80% TFA and refluxed for 15 minutes. Finally the solution is diluted t0 30% TFA and refluxed

for 2 hours. In another i igatior, Paice ct al. hydrolyzed i ic samples in different
concentrations of TFA at 100°C in scaled, cvacuated vials (66). They found that the best resulls were

obtained for 2 hours in 80% TFA.

In general these methods are effective al releasing the neutral monosaccharides from the

samples. However, little or no uronic acid is detected.  In addition, some of the monosaceharides

arc acid labile (c.g., arabinose and xylose) and care must be taken not 1o destroy them, “This must

be balanced with the fact that cellulose requircs an aggressive hydrolys

Traditionally, the monosaccharides were separated by paper chromatography (63). “The
individual monosaccharides could then be quantified using, for cxample, the Nelson-Somogyi

colorimetric assay for reducing sugars (67). However, methods

ased on high performiance liquid

chromatography (HPLC) or gas chromatography (GC) are now dominant,

The most successful HPLC methods for ide separation usc fon-cxchang

However, in many cases sizc exclusion is the principal scparatory mechanism.  For example, Paice

ct al. (66) used a HPX-85 lead ion exchange column with deioniscd water as mobile phase. The
disaccharide cellobiose was the first analyte (o be cluted. More recently, a method for the

scparation of wood hydrolyzates based on truc ion exchange principles was published (68).
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Because saccharides do not contain chromophores or fluorophores, refractive index is the
most commonly used detector in HPLC. However, it has poor sensitivity (0.1 pg/ul) detection limit).
By comparison, pulsed amperometric detection is quite sensitive (0.1 ng/ul) detection limit) and was
uscd in the investigation of the wood hydrolysates by Edwards ct al. (68). Alternatively, the

saccharides can be derivatized to increase their UV or fluorescense sensitivity.

CHO
CH,0H HC—OH
HOH P — HO—CH
" HC—OH
D-Glucopyranose HC—OH
HoC—OH
NaBH,
HyC—OAc H,C—OH
HC—OAc HC—OH
AO—CH Acic Ayl HO—CH
.
HC—O0Ac p— HC—OH
HC—OAc (or I-methylimidazole) HC—OH
HyC—0Ac H,C—OH
Glucitol Hexacetate Glucitol
Figure 1.6: Alditol Acetate Derivatization, Conversion of D-G into Glucitol

Hexacetate.
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Mono- and oligosaccharides are involatile and therefore must be derivatized il

GC method

is adopted. Alditol acctate derivitization is the procedure most widely used and i

ed in I

1.6. Though this method is relatively laborious, only one acetate product is produced per

specics. This is not the case with other procedures such as trimethylsilyation. In their discus
alditol acetate preparation and analysis, Fox ct al. (69) reviewed the columns and stationary phases
used 1o separate alditol acetate compounds. Capillary columns offer superior resolution and peak
shape with respect to packed columns, In addition, the more polar the stationary phiase the better the

resolution between alditol acctates within the same cl

(. s, efe.). The flame

pentoses, hexos

ionization detector is most commonly used and is s ive enough for most purposes.  However,

samples with a complex matrix may require the usc of

more sclective deftector. In (hes s

sclective ion itoring with a ma

would be the iate detector.

1.4. Pyrolysis of Carbohydrates

From an analytical point of view, pyrolysis offers an altemative methad of ¢

orizing

these frequently intractible polymers. However, there has also been a great deal of interest in applied

pyrolysis for the production of useful chemicals from carbohydrate-containing biomass (70).

1.4.1. Carbohydrate Pyrolysis Mechanisms

‘The pyrolysis of polysaccharides, and cven simple monosaccharides, can produce a wide

varicty of products and unravelling all the potential reaction mechanisms has proved no simple ti

For the sake of simplicity and becausc of the widespread intercst in

the focus of attention for most rescarchers,



17-

Shafizadeh divided the pyrolysis of cellulose into three distinctive. temperature related
pathways (71). Low temperature pyrolysis (ambicnt to 300°C) slowly yields char, water, CO, and
CO. Intermediate temperature pyrolysis (300-600°C) produces mainly 1,6-anhydro-B-D-glucopyranose
and other relatcd compounds. Above 600°C gasification of the polymer occurs. In many instances
all three processes may occur during the course of pyrolysis. Other parameters, such as the time-
temperature profile, the presence of inorganic impuritics, and the rate of removal of the pyrolyzates

from the heated zone, can have a significant effect on the naturc and distribution of products.

The principle product of fast pyrolysis is 1,6-anhydro-8-D. L
Though the fruc reaction mechanism has not been determined, a number of theorics have been
proposed. Golova suggested that pyrolysis is initiated by homolytic fission at glycosidic bond sites

dispersed throughout the cellulose molecule (72). The polymer is then rapidly unzipped via a sclf-

radical 1o form (Fig. 1.7).

Most rescarchers discount this in favour of a heterolytic fission mechanism. Essig ct al. (73)
proposed that breakage of the glycosidic bond produces a resonance stabilised carbocation which then
undergoes an intramolecular addition (Fig. 1.8). The process is propagated by the continual loss of

the levoglucosan end unit.

However, pyrolysis of cellulose also produces 1,6-anhydro-8-D-glucofuranose, II, at
approximately 10% the yicld of levoglucosan, and neither of the above mechanisms can account for

its formation.  Shafizadeh ct al. (74) have proposcd the generation of a number of intermediate

via the ilic di of the glycosidic bond by one of the ring hydroxyl

groups (Fig. 1.9). One of these, 1,4-anhydro-e<-D-glucopyranosc, IIT, could then rearrange to form
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cither levoglucosan, I, or 1.6-anhydro-8-D-glucofuranose, 11,

A large number of smaller, non-specific compounds can be formed during pyrolysis. Indeed,

Pouwels ct al. pyrolyzed microcrystalline cellulose by curie-point-GC-MS and detected 96 pyrolyzates
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(75). Many of the larger | such as 1.4:3,6-dianhydro-o<-D: W

2; V, and 2 VL are istic products of celinlose

pyrolysis and Shafizadch (71) has proposed that these products arc formed by the degradation of

and the i i (Fig. 1.10). The smaller products are formed by
a varicty of multistep pathways involving the rupture of the pyranose ring. They may originate from

, and 2 number of mechanisms

the pyranose units in the polymer chain or from the anhydrosuga

have been proposed (75,76).

1.4.2. Matrix Influences

ussed in section 1,

In addition to those paramelers 3,

the composition of the matrix can
have a profound influcnce on the mature of the pyrolysis products. For example, it has been shown
that acids enhance the formation of levoglucosenone from cellulose at the expense of levoglucosan

.
‘The presence of inorganic ash is especially important in the pyrolysis of carbohydrates. VFor
example, Essig et al. found that as litte as 0.05% NaCl (w/w) can reduce levoglucosan yields from

55% 10 9% (78). There was a corresponding increase in the yields of char and light volatiles.

1.4.3. The Specificity of Anhydrosugars

arc the only that retain the original
stercoconfiguration of the parent saccharide.  Budgell et al. (79) demonstrated that unique

anhydrosugars could be produced for a varicty of hexoses and pentoses, and they could be resolved
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using polar phase capillary gas chromatography. This

same system was used (o characterize e

saccharide composition of a number of homo- and ides (80,43).

electron impact mass spectrometry could distinguish between different classes of anhydrosuy

1 and 1 but not between within the same

class (i.c., 1 and 1, The ides encounierc

in this study and the anhydrosugars they produce when pyrolyzed are illustrated in Figure 1,11,

1.5. Objectives of This Study

The objective of this work was 10 determing the usefuliness of on-line Py-GC (-MS) as a

qualitative and quantitative tool for the investigation of the

of wood pulps.

Traditional methods of saccharide analys

arc long and arduous and do not lend themscelves o

routine use. By comparison, Py-GC offers the advantages of speed and simplicity. Morcover, it has

been shown that unique pyrolyzalcs can be produced for neutral saccharides (79).
Prior to this investigation, a number of pyrolyzers were investigated as lo their suitability for
carbohydrate analysis. The instruments were judged on criteria such as case of sample weighing and

loading,

ly of pyrolysis, and cffccti ol pyrolyzate transfer.  Where possible,

hardware modifications were made to mcet the above demands. Those pyrolyzers that were Tound

1o be most suitable arc described in scetion 2.5

Initial experiments focussed on the pyrolysis of isolated polysaccharides thal were

p of the different classes found in wood. The influence of parameters, such

as e pyrolysis temperature, inorganic ash and its removal, and ion exchange, were investigated.
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Next, the saccharide compositions of a number of wood pulps were characterized by Py-GC.
The pulps chosen were both hardwoods and softwoods and were manufaciured by a number of
different processes, Where necessary, pyrolyzates were identificd by Py-GC-MS using both clectron
impact (EI) and chemical ionization (CI). Here again, the influence of a number of parameters such

as methods of ash removal, i hange and pH were i Based on these

results, optimized pre-treatment procedures for pulps of differing chemical composition were

developed.

Finally, analytical approaches were cvolved whereby the saccharide composition of the pulps
was quantificd by Py-GC. Comparisons were made with results obtained by classical methods of

amalysis.



CHAPTER 2: EXPERIMENTAL

2.1. Materials

2.1.1. Chemicals

Trifluoroacetic acid was purchased from Sigma Chemicals (SI. Louis, Mo.). Analar grade
hydrochioric, sulfuric, nitric and acetic acids, and sodium sulfitc were purchascd from BDI (Tomnio

Ont.). Certified ACS grade pyridine, methanol, i and

were purchased from Fisher Scicntific (Halifax, N.S.). Sodium bomhydride, acetic anhydride, and
I-methylimidazole were purchased from Aldrich (Milwaukee, WL), All mctal chlorides and the

Amberlitc® fon-exchange resin (H* fom) were purchased fom Canfab (Mis

auga, Ont.).

21.2. Carbohydrates and Wood Pulps

Amylosc, e<-cellulose, locust bean gum, arshinogalactan, xylan from oatspelts, 1,6mhydro-g-

D: and all ides were purchased from Sigma Chemicals (St. Louis, Mo.).
Standard alditol acctatc mixtures were purchased from Pierce Chemicals (Rockford, 11,).

Microcrysialine cellulose (TLC grade) was obtained from J.T. Baker Chemical Company (NJ.).

Avicel was obtained from FMC C ion (Phi PA). The standards, 14-
pyranose,  |.d-anhy i fa yranose,  1,6-
and 1,6 were donated by Dr. AS. Perin, McGill

University,

‘The black spruce and birch mechanical pulps and spruce kraft pulps were a gift from Dr. P,

Whiting, Abil

i-Price, Ont. The black spruce sulfitc pulps were donaied by Mr, Gordon Broderick,
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Forest Technologics Laboratory, Noranda ies Centre, PQ. The aspen losion pulp
was obtzined from Dr. B.V. Kokta, CRPP, Universit¢ du Quebec 2 Trois Rividres. The spruce
thermal mechanical pulp and the spruce milled wood lignin were a gift from Dr. M. Kleen, Swedish
Pulp and Paper Insitute, Stockholm. The birch organosolv pulp was obtained from Mr. J. Moisey,

Alcell Co., Neweastle, N.B.

2.2. is / Alditol Acetate Derivati: Procedures

2.2.1. Isolated Polysaccharides

Polysaccharides were hydrolyzed in a manner similar to that described by Honda et al. (81).
Samples (5-10mg) were suspended in 2 M trifluoroacetic acid (TFA) in 15 mL round bottomed
Masks. The flasks were stoppered after purging with nitrogen for a few minutes. This was done in
order to prevent degradation of the monosaccharides by oxygen during hydrolysis. The samples were
then placed in a 100°C oven for six hours. Afier cooling, the samples were evaporated 1o dryness
on a mlary cvaporator. A small aliquot of methanol (2 mL) was added to cach flask and the
hydrulyzales were evaporaied to dryness once again. This procedure was repeated until the odour

of TFA could no longer be detecied (usually three times).

The monosaccharides were analyzed as their ing alditol acetates. Th

were dissolved in water (3mL) and 1-2 mg of NaBH, (a reducing agent) was added o cach flask,
The samples were allowed (o stand at room femperature for one hour, at which time the excess
borohydride was neutralised by the addition of a few drops of 50% acetic acid. The solutions were
evaporated to dryness and the borate was removed from the samples by evaporating three times with

small aliquots of 4:1 methanol / acelic acid.
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Acctic anhydride (I mL) and dry pyridine (1 mL) were added to the flasks, which were then

stoppered and incubated at 100°C for onc hour. After the addition of water (3 mL) the derivatized
solutions were evaporated to dryness. Evaporation was repeated three times after the addition off
small quantitics of methanol (2-3 mL). The derivatized hydrolyzates were dissolved in chlomform

(1 mL) and the insoluble material was removed by passage through a gl

wool filier. The round
bottomed flask was rinsed with 0.5 mL of chloroform which was also filicred and added (o the
original solution. The chloroform was removed under 4 stream of nitrogen and the dricd derivatives

were stored in a freczer until analysis.

2.2.2. Wood Pulps

The hydrolysis procedure followed was that described by Fengel and Wegener for cellulose-
containing material with a high lignin content (65). Pulp samples were extracted for four 10 six hours
with an cthanol/henzene (1:1) mixture to remove lipids, waxes, ele, The dried pulps (15-30 myg) were
suspended ovemight in 5g of anhydrous TFA. After refluxing for onc hour, the acid was diluled (o
80% with deionised water and refluxed a second time for twenly minutes. The samples were further
diluted to 30% and refluxed again for onc hour. After filtration through glass wool the solutions
were cvaporated to dryness on a rotary evaporalor. The residual TFA was removed by repeated

evaporation with methanol until the hydrolyzates were odour free.

Allose, the intemal standard, was accurately weighed into cach flask (2-3 mg), and the
samples was dissolved in watcr (3 ml). The hydrolyzates were reduced by the addition of sodium
borohydride (5-6 mg). Afier onc hour the residual borohydride was neutralised by the addition of

a few drops of 50% aqueous acetic acid. The samples were then evaporated 1o dryness. ‘The
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acetylation procedure is based on that described by Blakeney ct al, (82). The reduced saccharides
were acelylated at room temperature with acetic anhydride (2 ml) using 1-methylimidazole (0.2 ml)
as catalyst. After 10 minutes, water (5 ml) was added to cach flask and the samples were allowed
10 sit until cool. The samples were transferred 10 25 ml screw cap test tubes, the reaction flasks were

rinsed twice with small aliquots of water, and the rinscs were added to the original solutions. The

solutions were extracted threc times with di 2mi). _

pooled, evaporated fo dryness under nitrogen, and stored in a freczer until analysis.

2.3. GC Analysis of Derivatives

The alditol acctate derivatives of the isolated i y were dissolved in
0.5 ml of chloroform and analyzcd using a Varian 3700 gas chromatograph (Georgetown, ONT.)
cquipped with J & W DB-225 capillary column (30 m x 0.225 mm, 025 pm film thickness,
Chromatographic Specialtics, Brockville, ONT.) and a flame ionisation detector. The injection port
and detector were maintained at 250°C and the oven temperature program was as follows: 200°C for
2 min., 3'Cmin uniil 235°C, hold for 25 min, The column flow was 1 mi/min. of helium with a
split ratio of 1:30. The individual alditol acctates were identificd by comparing their relention times

with those of commercially available standards.

The alditol acetate derivatives isolated from the pulp samples, however, gave unacceptable
chromatograms on the DB-225 phase column, most probably duc to delerioration in column
performance. These samples were separated instead on a CPSEL-19 column (30 m x 025 mm, 1.2

pm thickness, Chrompack Canada, Blenheim, Ont.) under similar conditions. Quantification of the

individual saccharide derivatives in the pulp samples was made by comparing their peak arcas with
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that of the intemal standard allose. The relative detector response for cach monosaccaride derivative

with respect to that of the infernal standard, allositol acetate, was determined previously.

2.4. Sample Preparation for Pyrolysis

2.4.1. Proton Exchange of Isolated Polysaccharides

Becausc of the diverse nature of the carbohydrales under investigation no one method for
metal ion removal suited all.  Water soluble polysaccharides were treated using a strong cation
exchange resin (Amberlite H' form). An 0.5% w/v solulion was usually prepared, the resin was
added inaratio of 10:1 and stirred for4 hours, The resin was then allowed (o seitle and the treated

solution was decanied. The polysaccharides were recovered from solution cither by Iyophilisation

or, if possible, by ipitation with a lvent such as i In the latter process,
fincly divided product was oblained when the polysaccharide solutions were added stowly 1o at least
twice the volume of 1on-solvent while vigorously agitting the mixture with a high shear
homogeniser. The polysacchrides were then collected by filtration, sir-dricd to remaove niost of the

volatile solvent and finally oven-dricd at 75°C for cight hours.

Water-insoluble carbohydratcs such as collulose were proton-cxchanged most cffectively by

suspending 0.5g of sample in 100 ml of 0.1 N HCI for 4 hours. The sample was maintained in

suspensionby gentle stirring with a magnetic stirbar. Amylose

proton-exchanged in this manner
using 0.1 N HCI in 50 % aqueous ethanol. The solids were then collecied by filtration, washed witly

200 m1 of deionised water (50% aqucous ethanol for amylose) and oven-dricd at 75°C for cight hours,
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2.42. Proton Exchange of Wood Pulps

After some initial pyrolysis investigations, the most suitable method was found to be the
following. Pulps were deionised by suspending 0.5g of the dried material in 100 ml of 0.1 N HCl
for 4 hours. The samples were then collected by filtration, washed with deionised water (200 ml)

(o remove any residual acid and oven-dried for 8 hours at 50°C.

2.4.3. pH Adjustment of Acid-Washed Wood Pulps

For the study of the influence of suspension pH on the anhydrosugar yield the procedure
described in the last scction was modified (o include another step.  After icid-washing and filtration,
the samples were resuspended for 15 minutes in a solution whose pH was adjusted using 0.1 N HCl
and NH,OH solutions. The samples were collected by filtration, washed with a very small quantity

of water (20 mt), and oven-dricd a1 50°C. The final acidity of the isolated samples was not measured.

2.44. Cation Exchange of Sulfite Pulps

Sulfite-treated pulps were first suspended in 0.1 N HCI for 2 hours, collected by filtration and

washed with a small quaniity of deionised water (S0 ml). The pulps were then suspended for 2 hours

in a 0.1 N solution of the cation under investigation. The chloride salts were used in all cascs. The

pulps were then filtered, washed with deionised water (500 ml) and dried ovenight at 50°C.
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25. Description of Pyrolyzers

Iniial i focussed ping 4 iblc and casy 10 use on-line pyrolysis -
GC method. Two types of pyrolyzers were found to most suitable and they are deseribed in the
following scctions. A third pyrolyzer, the Packard Model 891 Curic Point Pyrolyzer, was also
investigated. However, while soluble samples could be coated on (he curie point wires, it proved
impossible to satisfaclorily apply insolublc samples such as wood pulp fibres, Furthermore, wilh
regard to reproducibility and anhydrosugar yield, the resulling pyrograms were inferior (0 those
produced by the othertwo pyrolyzers. Because of these problems, this pyrolyzer wis notused in lie

following investigations.

252. CDS Pyroprobe 120

“The Pyroprobe 120 (Chemical Data Systems, Ox ford, Pennsylvania) cons of aprobe fitled
with a platinum coil (Fig. 2.1). The sample is placed in a quartz tube filled with a porous quantz plug
which is theninserted into the centre of the coil. The coil is heated resistively to 4 preset femperature

and the pyrolysates are swept by the carrier gas from the tube into the inlerface oven and finally into

the GC injection port (gas flow rale = 13,7 mL/min). The interface oven is maintained al 250°C in
order to prevent condensation of the pyrolysate. The interface design was modified so that the
effluent from the pyrolyser passed through a 22 guage needle before enfering the injection port (Fig,

2.1). Previously, the pyrolyser was attached to the GC injection port by a S cm long, stainless steel,

wide-bore tube. The reproducibility between runs was poor, most probably duc 1o incompl

nixing
of the pyrolysate with the carrier gas.  Also, because the tube was unlicated, there was (he strong

possibility of pyrolyzate condensation on the intemal surfaces of the tbe. By comparison, the
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Figure 2.1: CDS Pyroprobe 120%.
modified design has a very small dead volume and is shorter (1.5 cm in length). Repeated pyrolysis
ofisolated polysaccharides. such as microcrystalline cellulose, was found to give anhydrosugar yields

that vary by 2 % or less.

“The samples. usually 100 -150 pg. were weighed into the quartz tube using a Perkin Elmer
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Autobalance AD-2Z. The tube was fitted with a small quantity of quartz wool in order to Facilitate

sample handling. Unless stated otherwise the samples were pyrolyzed at SO0°C for 20 s

s

no temperature ramp was used (i.c., maximum heating ratc).

2.5.3. SGE Pyrojector®

‘The Pyrojector (Scienti It incering, Austin, Texas)

fa i hewed
furnace lined with a quartz tube (Fig. 2.2). Samples are introduced into the pyrolyzer through a
nomal GC injection port using a solids injector. The septum is pre-drilled 10 allow casy passage of
the injector barrel. The pyrolyzates are swept into the GC injection port by the carrier gas trough

a needle interface similar to that described in the previous scetion (i

al gas Mow rate = 13.7

mL/min.).

For quantitative analysis it is necessary to determine the weight of the sanple before
pyrolysis, and this proved difficult to do using a solids injector. Aficr some fvestigation, the most

suitible weighing procedure was found 10 be the following: The injecior was di

sembled, and the
injector barrel was weighed on the Autobalance AD-2Z. The sanple (1X0-150 pg) was
introduced into the barrel, which was then reweighed. Alter reassembly the sample was injected into

the pyrolyzer. The pyrolysis temperature was 500°C, unless stated otherwise.

‘The solids injector supplied with the Pyrojector was found to be suitable for the introduction
of most isolated polysaccharides into the pyrolyzer. However, the intemal diameter of the injector
barrel was too small 10 accomodate large, fibrous samples such as wood pulps. Therefore, an injector

with a larger bore barrel (2 mm, intemal diameter) was fabricated. The bore through the injection
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ead assembly of the pyrolyser was widened to facilitate the larger injector. The new injector worked

well for the pulp samples and the minor modifications did not affect the performance of (he

pyrolyzer.

2.6. Pyrolysis - Gas Chromatography

Each of the pyrolyzers discusscd above was attached 1o the injection port off

an 3700
Gas Chromatograph cquipped with a flame ionisation defector and aJ & W DB-1701 fused silica
capillary column (1 pm thickness, 30 M x 0329 mm, Chromatographic Specialtics, Brockville,
ONT.). Poor resolution of the anhydrosugar products was oblained if this column or its cquivalent
was not used. The injection port and detector were maintained at 270°C. The temperature program
seltings were as follows: 100°C, hold for 2 minutes, increase S°Cmin™ until 260°C, hold for §
minutes. The split was measured at 10.5:1 with a column flow rate of 1.2 mimin’.  The
chromatograms were acquired using a Spectra-Physics SP4290 integrator linked, via  Labnet
interface, with a Tandy 1200 HD personal computer, and controlled by a Specira-Physics Winner®

data system (San Jose, Califomia).

2.7. Pyrolysis - Gas Chromatography - Mass Spectrometry

2.7.1. Electron Impact Tonization

Pyrolysis-Gas Ch Mass y using eleciron impact ionization, Py-GC-
MS(EI), was carricd out by attaching the Pyrojector 10 the injection port of a Hewlelt Packard Model
5790A GC/MSD equipped with a HP 5970A Workstation. The GC was fitted with a nonnal bore

J & W DB-1701 column (0.255 mm x 30 m, 0.5 pm thickness). Many of the pyrograms, especially
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the wood pulps, contain thirty or more peaks. The increased resolution obtained by using a narrower
bore column facilitated the identification of these peaks. The injection port and MS inlet line were
maintained at 270°C. The oven temperature program and split flow rate were as described in section
2.6. The column flow ratc was | mL/min. The clectron impact ionization voltage was 70 eV. The

mass spectromeler was scanned from 30 to 250 am.u.

2.7.2. Chemical lonization

The Pyrojector was interfaced with a Varian 3700 GC fitted with a normal bore J & W DB-
1701 (0.255 mm x 30 m, 0.5 pm thickness). The end of the capillary column was introduced into
the combination EI/CI source of a VG 7070HS double focussing mass spectrometer equipped with
i DS 2035 data system. The chromatographic conditions were identical to those described in section
2.7. Ammonia was used as the reagent gas and the ion source pressure was 6 x 10° mbar. The
temperatures of the column inlet and ion source were 270°C and 200°C respectively. The source was
used in fhe CI mode and the ionization voltage was 100 ¢V. The mass spectrometer was scanned

from 60 o 250 am.u. at 1 s per decade.

2.8. Inorganic Analysis

28.1. Ashing

The ash content of the polysaccharides and wood pulps was determined using the ASTM
procedure for ashing wood (83). The sample (1-2 g) was placed in a preweighed porcelain crucible
and was weighed to the nearest 0.1 mg. The crucible was then placed in an oven at 105°C for one

hour.  Afier cooling in a dessicator for 30 minutes the crucible + sample was weighed. This
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procedure was repeated until the weight remained constant to within 0.1 mg. The final weight

measurement is used to determined the true dry weight of the sample. The crucible

then placed
on the lip of a 600°C muffle furnace and the contents were allowed to ignite slowly, After 10
minutes, when the majority of the combustible material has been removed, the crucible is moved to
the centre of the fumace, which is then closed. After one hour the crucibles are removed, cooled in
adessicator, and weighed. This procedure is repeated until the weight is constant (o within 0.1 mg.
At cvery transfer siep the crucible is covered with a lid in order to prevent thie loss of sample. The

ash content is detenmined as a percentage of the dry weight,

28.2. The ination of Iron in the Acid-washed, Fe*'-E; Sulfite-Treated Pulps

The ashed samples from the Fe**-exchanged, sulfite pulps were dissolved in 2 mL of ultrapure

HNO, with gentle heating if nece:

ry. The solutions were then diluted 0 50 ml. The iron

was incd using a Perkin-Elmer 2380 atomic absorption spectrophotometer which
was set 1o monitor the absorption at 248 nm. The instrument was calibrated with & commercial

standard solution (1-10 ppm). Samples with off-scale absorbances were diluted 1710 until in range.

2.8.3. Sulfur Content Analysis of the Sulfite Pulps by X-Ray Fluorescence

The sulfite / sulfonic acid content of the sulfite pulps was measured indireetly by determining
their sulfur content using an ARL 8420+ wavclength dispersive X-ray fluorescence spectrometer.
‘Though methods do cxist for delermining the reducible sulfur content in pulps and paper (84,85), they

are laborious and sulfite containing samples are not necessarily yuantitatively reduced. By

X-ray y is fast and accurate, and is routinely used (o quantify
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the major clemental composition of a wide varicty of solid and liquid samples.

Standards were prepared by mixing finely ground Na,SO, with a non-sulfite treated pulp (<
0.1% sulfur). Standard and sample pulps were milled to less than 60 mesh with a Tckmar A-10
analytical mill prior to analysis. The spectrometer was cquipped with a Rh anode X-ray tube source
operated at 30 kV and 100 mA, and an argon flow proportional counter detector. The sulfur K.,
line ( 2€ = 110.68") signal was measurcd for 20 scconds for cach sample. All measurements were

background subtracted (20 = 114.00°).



CHAPTER 3: PYROLYSIS OF ISOLATED POLYSACCHARIDES

3.1. Glucans

3.11. Microcrystalline Cellulose

Microcrystalline cellulose (MC) is a very pure, particulate form of cellulose. It is isolated
from ec-cellulose after intensive mechanical and acid treatment (86). 1t has a low molecular weight
(i.e., degree of polymerization, DP,, of 200). MC from two different sources were investigated:

Avicel® PH-101 from FMC and TLC grade MC from Baker. Here, as with all the foltowing

polysaccharides, the samples were pyrolyzed using the CDS Pyroprobe®.
g P!

Figure 3.1(a) is the pyrogram obtaincd by pyrolyzing Avicel MC at 600'C. The pyrolyzates
were identificd cither by comparison of their retention times with those of authentic standards or by
their EI mass spectra. Table 3.1 lists only the important carbohydrate pyrolyzates. Further discussion
on the identification of pyrolyzates can be found in scction 4.4. The oplimum pyrolysis temperature
for levoglucosan production was found to be between 550 and 600°C. The Avicel MC pyrogrim is
remarkable for its simplicity, especially when compared with that obtained for the same cellulose by
Pouwels ct al. (76) who used Curic-Point Py-GC analysis. Levoglucosan, 73, dominates the
pyrogram and 1,6-anhydro-glucoluranose, 85, is also present, though in smaller quantitics. By

comparing the detector response with that of pure levoglucosan standard it has been determined that

51.6% of the pyranosc units in the cellulose sample were converted into the two anhydrosugar
products (Table 3.2). 1t was obscrved that an oily, non-volatile residuc condensed at the end of the
pyrolysis tube and its presence would account for much of the remaining pyrolyzate.  No char

remaincd in the tube after pyrolysis.
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Figure 3.1: Pyrograms of (a) Avicel Microcrystalline Cellulose and (b) Baker MC treated with

0.05 M KCIL.

Baker microcrystalline cellulose gives a pyrogram similar to that obtained for Avicel.
THowever, the anhydrosugar yield is significantly lower (36.1%). One possible explanation for this
result is that Baker MC contains a small quantity of inorganic material (0.07% ash) whereas Avicel
contains almost none.  After undergoing a mild acid wash as described in section 2.4.1, the % ash
was reduced to near zero and the anhydrosugar yicld for Baker MC rose to 51.0%, which is very
close to that of Avicel MC (Table 3.2). Further acid treatment of cither sample faileu to increase the

yield of anhydrosugars. This yicld scems to represent the maximum obtainable for a pure
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Table 3.1: ion of the Important C: Pyrolyzales Observed in the

Pyrograms of the Isolated Polysaccharides (sce Section 4.4).

Pcak No. Pyrolyzate Identification
3 2-Furaldchyde
3 4-Hydroxy-5,6-dihydro-(2H)-pyran-2-onc
19 Levoglucoscnone
31 1,4-Anhydroarabinopyranose
34 5-Hydroxymethyl-2-furaldchyde
40 1.4-Didcoxy-D-glycero-hex-1-cno-pyranos-3-ulose
42 1.4-Anhydroxylopyranose
60 1,6-Anhydrogalactopyranose
65 1,6-Anhydromannopyranose
70 14-Anhydrogalactopyranosc
73 1 (L
84 1,6-Anhydrogalactofuranose
85 1

polysaccharide under the specified experimental conditions. Morcover, this result is very reproducible

which is important if quantitative results are 10 be oblained from Py-GC.

‘Though this is not conclusive proof, it does scem 1o suggest thal, even at low % ash contenl,

ash removal is very important for the optimum and i ion of Wihen

acid-washed Baker MC was treated with 0.05 M KCI the anhydrosugar yield was greatly reduced
(Fig. 3.1b). In addition, a large quantity of char remained in the pyrolysis tube. This resull agrees
with the findings of other rescarchers, that alkali metals catalyze the char-fonning reactions during

pyrolysis (78,87).
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‘Table 3.2: Yiclds of the Glucose Anhydrosugars for the Glucans.

Glucan Treatment Pcak Arca / % Yicld® % Ash
c 1

Avicel MC None 25149 51.6 0.00

b Acid-Washed 25318 519 0.00

Baker MC None 17610 36.1 0.07

" Acid-Washed 24894 51.0 0.00
Amylose None 5275 10.8 122

" Acid-Washed 24460 50.2 0.00

I': Mcasured as the sum of the peak arcas of both and 1,

divided by the weight of the sample (assuming 100% glucose). Average of duplicate runs.

2 Calculated as the percentage conversion of the glucose units into anhydrosugars. Pure 1,6-
anhydroglucopyranose was used as standard.

3.

2. Amylose

Amylose is an e<-1-4 linked glucan found in many higher order plants. This samplc was
isolated from potato and has a DP, of approximatcly 3200 (88). Pyrolysis of the untreated sample
gives a pyrogram (Fig. 3.2a) very different from that of Avicel MC. The small molecular weight
pyrolyzates are dominant and the anhydrosugar yicld is very low (Table 3.2). However, following
treatment with 0.1 N HCl in 50% aqucous cthanol as described in section 2.4.1, the pyrogram (Fig.
3.2b) is very similar 1o those of the ashiess microcrystalline celluloses.  More importantly, the
anhydrosugar yicld increases to 50.2%. Here also there is a clear relationship between the removal

of the inorganic materials and the increasc in the production of anhydrosugars (Table 3.2).
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‘These results suggest that the anhydrosugar yiclds from the glucans are not dependent on

source, degree of ization, or anomeric i It has been proposed that the initial

reaction at the onset of pyrolysis is a reduction in DP, of the polysaccharide to about 200 (73.90).
This would explain why the longer polymer chain length in amylose docs not affect the pyrolysis.
The fact that the different anomeric linkage scems to have no cffect lends credence

10 reaction mechanisms such as that described in Figure 1.8 (73). In this mechanism the

pyranose unit that cventually forms the anhydrosugar docs not retain the glycosidic oxygen.

‘Therefore the original anomeric configuration is irrclevant.
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Figure 3.2: Pyrograms of Amylosc (a) Untreated and (b) Acid-Washed.
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3.2. Heteropolysaccharides

3.2.1. Locust Bean Gum

Locust bean gum is a galactomannan found in the sced of the tree, Ceratonia Siligua. 1t

consists of a lincar chain of B-1-4 linked mannopyranose units, with side groups of single

galactopyranose units attached at the Cg position of cvery third or fourth mannosc (87). It has a DP,

of approximately 1500.

Pyrolysis of the untreated gum gave the pyrogram illustrated in Figure 3.3a.  Yields of all
chromatographable pyrolyzates were low. However, proton-exchange of a solution of the polymer
(section 24.1) reduced the ash content from 0.99% to 0.19%. This greatly improved the
anhydrosugar yiclds from both mannose and galactose (Fig. 3.3b). Either method of isolation (i.c.,
Irecze-drying o non-solvent precipitation) were equally effective.  The oplimum pyrolysis
temperature for anhydrosugar production was found to be 450°C, which is considerably lower than
that for cellulose. This is not surprising as it has been demonstrated that the hemicellulosic and

pectic substances in - wood, somc of which closcly resemble locust bean gum (ic., the

ctoglucomannans), begin to thermally at low pyrolysis an.

The ratio of the peak arcas of 1,6-anhydromannopyranose, 65, and the sum of the areas of

the gatactose anhydrosugars, 60,70 and 84, was approximatcly 4:1. This anhydrosugar ratio was in

onably  good agreement with saccharide composition obtained using acid hydrolysis -

derivatization - GC analysis (i.c., 3.5:1). Glucose and arabinose residucs arc present in trace

quantitics in the gum and their anhydrosugars were also obscrved in the pyrogram.
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Figure 3.3: Pyrograms of Locust Bean Gum (a) Untreated and (b) Proton-Exchanged.

However, even under optimum conditions, the percent conversion rate into anhydrosugars was
not as large as for the ashless glucans (36.1% for mannosc and 34.8% for galactose). The fact tht
the polysaccharide is not entirely ash free may be responsible for this. However. it was observed that
the polymer melted during pyrolysis. Anhydrosugars formed within the melt would be unable to
volatilise quickly out of the pyrolysis zone thus allowing sccondary reactions to occur. Melting was.

not observed with the glucans.



322. Arabinogalactan

“The arabinogalactan uscd here is isolated from larchwood. 1t consists of a lincar chain

of B-1-3 linked D- units with si composed of L-arabi and D-

galactopyranose, attached at the C, position (90). From acid hydrolysis it has becn determined that
the galaclosc to arabinose ratio is approximately 5:1. Upon pyrolysis, the untreated polysaccharide

charred exiensively and gave a pyrogram with only low molecular weight peaks. However,

ic peaks to the of arabinose and galactose were clearly
present in the pyrogram of an arabinogalactan sample which had been previously allowed to undergo

proton exchange using the same procedure as described for locust bean gum (Figure 3.4),

Despite the fact that the proton-cxchanged sample contains very little ash, the conversion rate
of the saccharide units into anhydrosugars is again low, especially for arabinose (9.1% for arabinose
and 20.5% for galactosc). This is in contrast with the results obtained by Essig et al. (91). They
reporied a 79% conversion rate for arabinose in acid-washed com bran using low temperature,
vacuum pyrolysis (260-300°C). In this present study, however, it was found that the best conversion

rale was achicved at a pyrolysis lemperature of 400°C.

These low yiclds may have a number of causes. It is known that arabinose decomposes very
readily at low pyrolysis temperatures (92), and it is probable that the Py-GC used here failed to
remove the arabinose products from the pyrolysis zone rapidly cnough to prevent sccondary reactions.
Furthermore, it was observed that, like locust bean gum, the arabinogalactan melts readily even at

low pyrolyis temperatures.
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Figure 3.4: Pyrogram of Proton-Exchanged Arabinogalactan,
323. D-Xylan

D-Xylans are a group of plant polysaccharides that consist primarily of a lincar chain of 8-1-4
linked D-xylopyranose units. This particular sample, xylan from oat speits, has side groups of’
arabinose, glucose, and glucuronic acid (most likely as the 4-0-methyl cster) attached at the C, and
C, positions (90). The ratio of ncutral saccharides was determined by acid hydrolysis 1o be
approimately 1.00 : 0.10 : 0.12 for xylosc. arabinose, and glucose respectively. Xylose makes up

almost 80% of the treated polymer.

The untreated sample has a very high ash content (4.6%) and thercfore it is not surprising
that only trace quantities of anhydrosugars were observed (Fig. 3.5a). Treatment with H* exchange

resin reduced the ash to 0.09% and there was a ing increase in the ion ol the

anhydrosugars for all three neutral saccharides (Fig. 3.5b). The optimum pyrolysis lemperature was
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proposed that this pyrolyzate is formed via the i formation of Itis
possible that 4-O-methyl acid, like ic acid, is unable 1o form a lactone and
therefore this pathway is 10it. In fact acid, both in ide and

polymeric form, did not produce any unique chromatographable pyrolyzate.

of xylan into

The rac of ion of the
via Py-GC was low and varicd for cach ncutral saccharide (10.5%, 19.0%, and 26.5% for xylose,
arabinosc, and glucose respectively). Here again, as with the other heteropolysaccharides, the xylan
sample was obscrved 1o melt and char during pyrolysis. The yicld of | 4-anhydroxylopyranose, 42,

is especially low and may be partly duc to the fact that some units are attached to uronic acids.
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Figure 3.5: Pyrograms of Xylan from Oat Spelts (a) Untreated and (b) Proton-Exchanged.

found to be 400 - 450°C. 4-Hydroxy-5.6-dihydro-2H-pyran-2-one. 8, was identificd in the pyrogram
by it’s EI mass spectrum, It is known to be unique to the pyrolysis of polymeric xylopyranose units

(93).

The uronic acid content of a number of oat xylans has been determined to be approximately
3% (94.95). However. no chromatographable pyrolyzate was obscrved that could be attributed
exclusively (o 4-O-methyl-glucuronic acid. This contrasts with the fact that glucuronic acid forms

A unigue pyrolyzate, tentatively identified as 1-dcoxy-glucofuranosyl-urono-6,3-lactone (43). It was



CHAPTER 4: PYROLYSIS OF WOOD PULPS

4.1. Introduction

It has been recognised that analytical pyrolysis can provide a fast and incxpensive altemative

for the chemical characterization of wood and wood products (45,96,97). In particular, analytical

pyrolysis has proven o be an excellent method for the characterization of lignins (44,98,99,100).
However, in mosl cascs, the analytes are pyrolyzed with Jittle or no pretreatment. It is ci..ar from
the pyrolysis of the isolated polysaccharides that even trace quantities of some inorganic ions can
seriously affect the nature and yicld of the pyrolysis products. In the following sections the influence

of sample pretreatment on the pyrolysis of wood pulps will be investigated, with emphasis on

anhydrosugar formation from the constituent polysaccharides.

All pulps were reccived as well separated fibres or particles of Iess than Imm thickness,
Therefore no further size reduction was considered necessary. The samples, original and treated, were

oven-dricd at S0°C fer § hours prior to pyrolysis. The following pyrograms were obtained by

pysolyzing the pulps (150 £ 10 pg) with the Pyroprobe as described in scction 2.5.2. The fibres were
teased apart prior to weighing in order to minimize the creation of temperature gradients during
pyrolysis and o prevent the retention of volatile pyrolyzates within the sample. The identity of the
major carbohydrate pyrolyzates observed in the pyrograms of the wood pulps are listed in Table 3.1

in the previous chapter.

4.2, Influence of Deashing

A study was conducted to determine the optimum method of lowering the ash in black spruce
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Figure 4.1: Pyrograms of Black Sprucc Mechanical Pulp (a) Untreated and (b) Acid-Washed.

mechanical pulp. Washing the pulps with deionised water or 0.05 N HCI failed 10 remove much of
the ash. Proton exchange of an aqueous suspension of the pulp with a strong H* exchange resin
proved a little more effective. However, washing with 0.1 N or 0.5 N HCI proved 1o be the most
effective. It was found that there was little or no difference in the pyrogram profiles of pulps acid-
washed with either concentration, Therelfore it was decided to use (. IN HCI in the following studics.

The procedure followed is as described in scction 2.4.2.
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4.2.1. Black Spruce Mechanical Pulp

This is a high yicld. stonc ground pulp. Much of the constituents of the original wood arc
relained. As might be expected, pyrolysis of untreated pulp gave a complicated pyrogram (Fig. 4.1a).
It is dominated by the low molecular weight pyrolyzates and only the glucose anhydrosugars arc
readily identifiable. Washing the pulp with 0.1N HCl, as described in scetion 2.4.2, reduced the ash

content of the pulp from 0.45 1o 0.05 % and also changed the pyrogram profile quitc signilicantly
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Figure 4.2: Pyrograms of Birch Mechanical Pulp (a) Untreated and (b) Acid-Washed,
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(Fig. 4.1b). Levoglucosan, 73,is now the dominant pyrolyzate and the volatile frontal peaks ane

greatly reduced in size. In addition, the anhydrosugars of xylose, 42, arabinose, 31, mannose, 62,

and galactosc, 60 and 70, arc obscrved. Black spruce i softwood and its hemicellulos

composed of xylans and galactoglucomannans. This is clearly reflected in the pyrogram,

4.2.2. Birch Mechanical Pulp

‘This pulp was manufactured in the sume manner as the black spruce pulp. The pyrograms

before and after acid treatment arc illustrated in Figure 4.2 Here again there is a dramatic inc

in anhydrosugar production after washing. There is also i corresponding decrease in the ash content

of the pulp (0.29 10 0.04 %). Being a hardwood, birch hemicelulose is composed mainty of xylan

and contains only small quantitics of glucomannans. This is confinned by the si

anhydrosugar peaks, 42 and 65 in the pyrogram..

4.2.3. Black Spruce Kraft Pulp

The kraflt process has been discussed in scetion 1,23, Krall pulps are usually extensively

and much of the i conlent is also removed (low yicld pulp). Once again acid

washing greatly cnhances anhydrosugar formation and decreases the size of the volatile frontal peaks
(Figure 4.3). The cellulose content of this pulp is almost 90% and the large size of the
anhydroglucosc peaks, 73 and 85, reflect this. Lignin and hemicellulose make up the remaining 10%.

‘Though are iatly lost during i the presence of 1,6+

anhydromannopyranose, 65, in the pyrogram indicates that removal was not complete.  However,

there are no galactose anhydrosugars which suggests loss of pendant groups. These resulls were
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Figure 4.3: Pyrograms of Black Spruce Kraft Pulp (a) Untreated and (b) Acid-Washed.

confirmed by acid hydrolysis - derivatization / GC. The presence of 1.4-anhydroarabinopyranose,

31, has been confinmed by mass spectrometry (both Ef and CI), but only in trace quantitics.

In contrast 10 the previous two pulps, the ash content remains relatively high (0.33% in the
acid washed pulp). This may be due to the inability of the acid solution to access all regions within
the tibres or 10 the presence of inert material (e.g.. silica). In cither case it does not seem to affect

the pyrolysis process.



4.2.4. Alcell® Birch Organosolv Pulp

The Alcell® process has been discussed previously (section 1.2.3). This pulp is also

Acid washing signi improved the yield of the glucose, 73 and 85, and

xvlose, 42. anhydrosugars (Fig. 4.4). Traces of inosc. 31, and 65.were
also observed. The similarity of the pyrogrms of the Aleell and kraft pulps is wemarkable

considering that two different wood species and two different pulping processes were used.
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Figure 4.4: Pyrograms of Birch Alcell* Pulp 1) Unireated and (b) Acid-Washed.
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4.3. Reintroducing Metal Cations - The Effect on Pyrolysis

Acid washed black spruce kraft pulp was resuspended in dilute solutions of potassium,
calcium, or iron (I), as described in section 2.4.4. The pyrolysis profile of the potassium-cxchanged
pulp is completely diffcrent from that of the acid washed (Fig. 4.5a). Thosc pyrolyzates cluting afier
approximately 11 minutes in the acid-washed pyrogram arc almost entirely climinated in this case.
It was also obscrved that there was a significant increase in the amount of char remaining in the
pyrolysis tube. Such a result is in keeping with the findings of other rescarchers, that alkali metals
promote the char forming reactions at the expense of those leading 1o anhydrosugar formation

(73.78).

In contrast, the pyrogram profiles of the calcium- and iron-cxchanged pulps (Fig. 4.5b.c) arc
not radically different from that of the acid-washed pulp. Differences, however, do cxist in the yiclds
of anhydrosugars with the best resulis being obtained for acid-washed pulp. Essig cl al. observed a
similar trend for levoglucosan, 73, in the pyrolysis of cellulose containing the chioride salts of sodium
and magnesium (73). Recently, Richards cf al. carricd out a more comprehensive study on the
pyrolyzaies oblained from the pyrolysis of wood exchanged with a varicty of metal ions (101). Here
again they found that the poorest yiclds for the anhydroglucoses were obtained with alkali metals,
followed by alkali carth, and transition metals, with Fe (11)-cxchanged pulps giving the best overall

yicld.
4.4. The Influence of Suspension pH on the Pyrolysis of Wood Pulps

Acid-washed black spruce kraft and mechanical pulps were resuspended in solutions of
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Figure 4.5: Pyrograms of Acid-Washed Black Spruce Kraft Pulp Treated with (1) 0.1 N KCI,

(b) 0.1 N CaCl, and (¢) 0.1 N FeCl,.
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differing pH and then isolated as described in scction 2.4.3. These pulps were pyrolyzed to examine

the influence of the pH of the ion of The ion pH was

plotted against the peak arca for the combined anhydroglucoscs, 73 and 85, and for anhydroxylose,
42, per microgram of pulp pyrolyzed (Fig. 4.6a and Fig.4.6b). Anhydrosugar production was

when the pH was i 1. As thc pH was increased, the

anhydrosugar yicld dropped quickly and levelled off at approximaicly 10% the maximum attainable
value. Over a number of days, those pulps treated with very acidic solutions (pH's 0.1 and 0.45)
began to degrade and the anhydrosugar yicld upon pyrolysis dropped to zero. However, pulps

suspended in solutions at pH | or above remained stable over the same period.

It has been proposed that the production of levoglucosan from cellulose occurs via an acid
catalyzed pathway such as that described in Figure 1.8 (73). Such a hypothesis would cxpiain the
phenomenon obscrved here. To test this theory, Avicel MC and acid-washed =-ccllulosc were also
suspended in solutions of differing pH. In this instance, however, anhydroglucose production was
relatively constant for both samples over the pH range examined (Fig. 4.7a). e<-Cellulose also
contains a small amount of xylan and the yicld of 1.4-anhydroxylopyranosc is plotted in Figure 4.7b.

Here again, there is very little variation over the pH range examined.

While these results do not discount the possibility of an acid catalyzed pathway for
anhydrosugar production, they do suggest that other factors arc responsible for the phenomenon
observed here, Lignin is present to a greater or lesser extent in all the pulps under investigation and
it may be that this pelymer can interfere in the pyrolysis of polysaccharides. Such a theory may be
quite plausible if free radicals arc formed during lignin pyrolysis as was tentatively proposed by

Evans et al. for the formation of coniferyl alcohol (99). The possibility of lignin interfercnce was
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proposed previously by Shafizadeh et al. to explain the relatively low yield of levoglucosan from

acid-washed cottonwood (102). This theory was di when i ave

excellent yiclds of levoglucosan after extensive washing with deionised water. However, it was not
taken into account that the lignocellulose was isolatcd by digestion in 1% sulfuric acid at high
temperature and pressure.  These aggressive conditions could casily have changed the chemical

composition of the remaining lignin and effect the way in which the polymer pyrolyzes.

ids or ba

Milled wood lignin is isolated from wood without the use of a es (103) and is

considered to be reasonably similar in structure and composi

on to native lignin, A sample
obtained from sprucewood was pyrolyzed before and after being treated with 0.1N THCI for two hours
(Fig. 4.8a.b). While the pyrolysis profile was not aliered radically, the pyrolyzte yields were

significantly reduced by acid washing, This docs not prove that lignin interferes with the pyrolysis

of polysaccharides, but it docs show that lignin pyrolysis is affected by acid washing, possibly duc

to the presence of trace quantitics of acid in the sample.

Finally, it was reported in section 4.2 thal the pyrogram profile of Fe*-exchanged krali pulp

s very similar to that of the acid-washed pulp, and that Richards ct al. found that Fe’'-

exchanged wood gave good yiclds of the anhydroglucoses (101). Itis their hypothesis that the metal

ns prevent lignin from interfering in the production of levoglucosan from cellulose. It is possible,

therefore, that acid:

also block lignin interference.

B present ing of | ide and lignin pyrolytic mechanism

is poor,
it is not possible lo cxplain the exact cause of the pH dependency. However, our results may help

1o begin (o explain the low yields of levoglucosan obtained from acid-washed wood that has
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Figure 4.8: Pyrograms of Spruce Milled Wood Lignin (a) Untreated and (b) Acid-Wasned.

subsequently been washed to neutrality with deionised water (101,102).

4.5, Iden

tion of the Pyrolyzates of Acid-Washed Black Spruce and Birch Mechanical

Pulps by Py-GC-MS.

The pyrograms ol the mechanical pulps are complex and, while capillary GC can separate

the pyrolyzates quite well. it is frequently difficult to make a definite peak assignment when using
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a non-specific detector such as an FID. Mass spectrometry, on the other hand, is ideal for product
identification and is casily interfaced with modern capillary GC columns, The use of on-line
pyrolysis with GC-MS (Py-GC-MS) makes it possible 1o separale and identify the volatile

components of complex pyrolyzate mixtures.

‘Though all the pulps were investigated using Py-GC-MS, only (he acid-wi

d mechanical
pulps of black spruce and birch are discussed here. These pulps gave the most complex pyrogram

profiles and were the most challenging to characterize. In addition, it was found ihat pyrolysis of

the kraft and organosolv pulps failed to produce any pyrolyzates not already observed in fhe

pyrograms of the mechanical pulps. In order (o acquire as much information as possible on each

product, both clectron impact (EI) and chemical ion spectromictrie techniques were

utilized.

4.5.1. Electron Impact Mass Spectrometry

El mass y (EIMS) of pyrolyzates suffers from a number of
problems, as it docs for carbohydrates in gencral. The strong ionization conditions (i.c, 70 ¢V) cause
extensive fragmentation and rearrangement, resulling in spectra that are dominated by low molecular

weight fons. The molccular ion is usually absent from the spectrum or is present al very low

intensitics. Morcover, it is i ible 1o di ish between that differ only in their
stercoconfiguration. Forcxample, the 1,6-anhydropyranose supars of glucose, mannose wud galaclose
give the same EI spectrum, as do the 14-anhydropyranose sugars of xylose and arabinose. Figure

4.9 illustrates the repiesentative El spectra for the anhydrosugars observed during this investigation.
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‘The total ion chromatograms (TIC's) for black spruce and birch mechanical pulps are
illustrated in Figurcs 4.10 and 4.11. Peak assignments (Table 4.1) were made by comparing their
mass specira with those previously reporied in the literature (45,75,96,104-106) or, where possible,
with specira obtained for known compounds. The anhydrosugars ‘were identified both by their EI
mass spectra and their relention times, The pyrolysis products obtaincd from lignin have been well
documented (44,99-100,104-106). Al lignin pyrolyzalcs obscrved here are monomeric, phenolic
compounds, though there is evidence from other rescarchers that dimeric pyrolyzate species arc also
produced by pyrolysis (99). The mass spectra of lignin-derived pyrolyzales arc usually quitc
distinctive and always contain the molecular ion. Pyrolyzates with similar molecular weights and EI
speetra (i.c., cugenol, 33, and cis- and trans-isocugenol, 38 and 44) can be differentiated by their

relative retention times as reported by Faix ci al. (104).

Problems were encountered when G identification of the lower molecular weight

carbohydrate pyrolyzates was attempted. This was due to the Jack of characteri: in their mass

soecint, In some cases (he molecular weights obtained from CIMS and/or their relative relention
times aided in their identification. Finally, because the initial oven temperature was 100°C, many of

the carly cluting pyrolyzates arc not resolved and no attempt was made to identify them.

The origin of the pulps can be readily determined by examining their TIC's. For example,
the pyrogram for birch mechanical pulp contains quite a few syringol derivatives which is indicative
of a hardwood. As expected, the pyrogram for black spruce pulp docs not contain these pyrolyzates.
In addition, it can be seen that the mannose and galactose anhydrosugars are quite abundant in the
softwood pyrogram whereas only small quantitics are present in the hardwood pyrogram. Initially

in the study, a wide bore DB-1701 column (0.329 mm i.d.) was uscd o resolve the pyrolyzates.
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Figure 4.10: ‘Total lon C (TIC) for Acid-Washed Black Spruce ical Pulp

Obained by Py-GC-MS(ED.
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by Py-GC-MS(EI).
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Table 4.1 (continued):

Peak Identification Mass R’ (MH')* | (MNH,')* | Origin
No.
60 | 1.6-Anhydrogalactopyranose 162 2688 180 P
61 | Syringol, -vinyl 180 72 181 198 i
62 | Syringol, 4-allyl 194 2761 195 a2 L
65 | 1,6-Anhydromannopyranose 162 28.58 - 180 P
66 | Coniferyl Alcohol 180 2858 181 198 L
67 | Syringol, 4-propenyl (cis) 194 2890 195 212 L
70 | 1,4-Anhydrogalactopyranose 162 2950 180 P
71 | Unknown ¥ 2978 NO. NO. P
73 | 1,6-Anhydroglucopyranose 162 30.50 - 180 P
75 | Syringaldehyde 182 3128 183 200 L
78 | Homosyringaldehyde 196 3222 197 214 L
9 Acetosyringone 196 3278 197 214 L
80 Unknown 204 N.O. 205 - L
83 Coniferaldehyde 178 33.65 179 196 L
85 | 1,6-Anhydroglucofurannse 162 3395 - 180 P
*: Retention time from EI total ion chromatograms (TIC's). L: Lignin Origin.
*. Protonated molecular ion and ammoniated adducts in ammonia CI spectra. P:PolysaccharideOrigin.

N.O.: Compound not abserved in specified ion chromatogram.

-1
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However, it was found that 1 4-anhydroxylopyranose. 42, co-cluted with 4-methyl syringol, 43, and

was only partially scparated from trans-isocugenol, 44, ‘This problem was solved by using a narrower

bore column (0.255 mm i.d.).

4.52. Chemical lonization Mass Spectrometry

Carbohydrates and their derivatives are labile molecules and, s observed in Figure 4.9,
cxtensively fragment under the strong ionisation conditions of EIMS. Extensive fragmentation is also
obscrved in CIMS when the major ionization mode is proton transfer (107).  For example, when

methanc is used as the CI reagent gas, the mass spectrum for levogluco

1o

xiensive, though
simple, fragmentation with a relatively small Mi' adduet ion (Fig. 4.12a). The major reagent ions,

CHy* and GyHy", have relatively low proton affinitics (130.5 and 1635 keal.mol* resp

cctively) and

will exothermically lose a proton to most organic molecules (107). Isobutane CI also protonates

fevoglucosan, though the molceular on intensity is higher and less fragmentation oceurs (Fig. 4.120).

Because of the higher proton affinity (PA) isobutanc’s reagent ion (1969 kealmol for Cyl1,") proton

transfer is I

cxothermic. In contrasl, when anmo; used as (he re: intense

Nl g

[M+NH,]* cluster ion is fonned with little or no fragmentation (Fig. 4.12¢). NH,* has a high PA

(205.0 keal.mol™) and will only protonate molecules of similar or higher affini

Furthermore,

carbohydrates are also polar and polyhydroxyl in nature which fac s the formation ol stable

cluster fons with NH, through hydrogen bonding.

Ammonia was sclected as the reagent gas in the CIMS studies because of the simplicity of

the resulling carbohydraic mass spectra. The TIC's obtained for black spruce and birch mechanical

pulps using Py-GC-CIMS are given in figures 4.13 and 4.14. Many of the peak assignments made
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in Table 4.1 were confirmed on the basis of their molecular weights obtained by CIMS. Despile a
higher background signal in the Py-GC-CIMS TIC's, the majority of the pyrolyzates identified by

Py-GC-EIMS arc obscrved here also.

Table 4.1 also lists the molccular mass of cach pyrolyzate and the observed adduct formed
with the reagent ions (i.c., [M+H]' or [M+NH,["). By and large the carbohydrae pymolyzates

exclusively formed the [M+NH,]* adduct, exceptions being 37 and 40 which formed both. On the

other hand. the p all the lignin ined the molecular ion (Fig.
4.152). However, many, including all the pyrolyzates derived from syringol moictics, also formed
the ammoniated adduct (Fig. 4.15h). The fact that the lignin pyrolyzates preferentially form the
protonated molecular ion is not surprising. 1t has previously been shown that the addition of polar
functional groups such as hydroxyls, aldehydes and methoxyls increase (the PA of benzene (o vidues
very close 10 that for the ammonium reagent ion (108). Under these conditions profon transfer would
be the preferred pathway. However, the more highly substituted lignin pyrolyzates are also more

polar and arc probably beticr able to form a stable cluster ion.
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CHAPTER §: PYROLYSIS OF SULFITE-TREATED PULPS

5.1: Introduction

! ious chapter it has b cid-washir : greatly improves the yields
of anhydrosugars from pulps and that the pyrograms clearly reflect their saccharide composition.
However, the pyrogram profile of acid-washed steam-cxploded aspen pulp was quite different from
those of the other pulps investigated (Fig. 5.1b). The dominant peak was detennined by mass
spectromelry (seetion 5.3.2) o be levoglucosenone, 19, and, as will be discussed in seetion 6.1.2, the

yiclds of glucose, 73 and 85, and xylose, 42, anhydrosugiry were significantly lower (han expected,

‘This phenomenon could not be atiributed 1o residual ash in the washed pulp,

acid-washing

was effective at removing almost all of it (from 1.28% (o 0.10%). The production of large quas

of levoglucosenone is significant. It has been reported that acid cotalysts enhance the fonmation

Ievoglucosenone from cellulose (77,109). These finding were confimied when microerystalline
cellulose samples, sorbed with a varicty of dilute acid solutions (sulfuric, HCI and acetic acids), were
pyrolyzed (Fig. 5.2). It was found that levoglucoscnone was formed al the expense of the
anhydroglucoses, and that sulfuric acid was by far the most effective catalyst. It has also been shown
that levoglucosenone is the dominant peak in the pyrograms of sulfated algal polysaccharides (110).

However. this is unlikely 10 be due 1o residual HCI remaining in the pulp afier acid-w as all

pulps were treated in an identical manner and no other pulp exhibited this rhenomenon.

Steam-cxploded aspen differs from the other pulps in (hat it was treated with 8% Ni,S0,
during precessing.  As illusirated in Figure 1.5, sulfonic acid groups arc incorporated into lignin

during sulfite pulping. Because steam-cploded aspen is a high yicld pulp, much of its lignin content
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4-Methyl Syringol, 43.
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Figure 5.1: Pyrograms of Aspen Sicam Explosion Pulp (a) Untreated, (b) Acid-Washed and

(c) Fe**-Exchanged.
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Figure 5.2: Pyrogram of Avicel Microcrystalline Cellulose sorbed with dilute H,SO,.

is retained. It is possible, therefore, that the presence of sulfite or lignin sulfonic acid groups in the
pulp itself greatly affects the pyrolysis of the pulp carbohydrates. Interestingly, pyrolysis of the
untreated pulp did not produce levoglucosenone (Fig. 5.1a). This is probably due, at least in part,
1o the fact that the sulfonate groups are “blocked" with metal cations. Acid-washing, however,
protonates the sulfonic groups and thus promotes the in situ production of a strong acid during

pyrolysis.
5.2. The Effect of Ton-Exchange with Fe*

The incorporation of Fe™* jons into the acid-washed pulp of steam-cxploded aspen, as
described in section 2.4.4, significantly improved the yicld of anhydrosugars, and the production of
levoglucosenone was drastically lowered (Fig.5.1 c). The pulp was cxchanged with iron (11) ions

because it was demonstrated that this metal species does not radically alter the pyrogram profile of
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Figure 5.3: Pyrograms of Noranda Sulfitc Pulp (N.S.P. #231090) () Acid-Washed and (b)

Fe**-Exchanged.

black spruce kraft pulp (section 4.2). In most respects this Fe™*-cxchanged pulp pyrogram resembles
those of the mechanical, high yicld pulps discussed in the previous chapter (Fig 4.1 and Fig, 4.2),
Aspen is a hardwood species and this is reflected in the pyrogram of the Fe**-cxchanged pulp. The
peak intensity for 1d-anhydroxylopyranose, 42, is relatively large whereas that for 16-

anhydromannopyranose, 65, is quitc small.
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By way of comparison, a high yicld spruce sulfite pulp was treated and pyrolyzed in the same
manner. Here also, pyrolysis of the acid-washed pulp produces large quantitics of levoglucosenone
and the yiclds of the anhydrosugars arc significantly lowercd (Fig. 5.3a). However, this trend is
reversed when Fe® fons are exchanged into the acid-washed pulp (Fig. 5.3b). The softwood nature

of the pulp is apparent from the size of the 1,6-anhydromannopyranose peak, 65, in this pyrogram.

1t would scem, therefore, that it is possible to prevent the unwanted catalytic propertics of
the sulfonic acid groups during pyrolysis by blocking them with a "benign” metal ion, However, this
hypothesis would seem, a first glance, to clash with the obscrvations reported in section 4.3 where

it was suggesicd then that the presence of acid is beneficial 1o the production of anhydrosugars from

wood pulps. It may be that the nature of the acid anion is important. The pyrogram in Figure 5.2
illustrates the effect of sorbing microcrystalline cellulose with dilute sulfuric acid. Avicel MC was

also sorbed wilh equivalent amounts of HCI and acetic acid solutions, however, these samples

produced far less levoglucoscnone and the yicld of the anhydroglucoses was almost as good as for
the original polymer. H,SO, is a very involatile acid and may, if formed during pyrolysis, persist
Tong enough in the sample to influence the pyrolysis of the carbohydrates. On the other hand, HCI

and CH,COOIH are both volatile and would be removed almost immediately from the sample.

5.3. Comparative Yields of Anhydrosugars Obtained from a Sulfite Pulp Exchanged with

a Varicty of Cations.

A number of metal ions, as well as NH,?, were exchanged into a spruce sulfitc pulp, as
described in section 2.4.4, in order to determine which cation gives the maximum yiclds of

anhydrosugars upon pyrolysis. The yiclds of the anhydrosugars of glucose, xylosc and mannose from
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the cation-exchanged pulps are presented in Table 5.1, The results arc expressed relative
(0 the yiclds obtained for the Fe**-exchanged sample. It was obscrved that the best overall yields

were oblained for the Fe*- and Fe*-cxchanged pulps, The potassi hanged pulp gave by far

the Towest yiclds for all anhydrosugars.

Although fewer cationic specics were investigated in this instance, it would scem that the
trend observed in Table 5.1 follows that reported by Richards et al, (101) for levoglucosan production
from jon-exchanged wood. In the present study, however, the extent to which anhydrosugar

production is affected varics for cach saccharide specics present. For example, calcium fons are more

al to the of than 1o that of the other anhydrosugars, and Hg?* fons

have a greater cffect on the yield of |6-anhydromannopyranose. 1t was decided that Fe®* would be

TABLE 5.1: Comparative Yiclds of Anhydrosugars from a Cation-Exchanged Noranda Sulfite

Pulp
% % %
Cation ! A ! (peak
(peiks 73 + 85) 42) (peak 05)

Fe? 100% 100% 100%
Fe* 97% 101% 120%
Ni** 4% 65% 9%,
Hg 2% 20% 9%
Ca™* 22% 3% 4%

K* 0% 0% 1%
NH,* 105% 74% 74%

!: Caleulated as the peak arca per microgram of the pyrolyzed pulp sample relative to the Fe''-
exchanged pulp, Average of duplicate analysis.
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used for all future qualitative and quaniitative investigations involving i pulps.

5.4. Py-GC-MS (EI) of Softwood Sulfite Pulps
Becausc the pyrolysis product profile of the sulfite-treated pulps changed quite considerably
with the type of pretreatment, it was decided to investigate the identity of the pyrolyzaes using Py-

GC-MS (EI). Only clectron impact mass spectromelry was used in this instance. The pyrolyzates

were identificd in the same manner as described in the previous ipter. The experimental conditions

sseribed in section 2.7.1.

54.1. Py-GC-MS (EI) of Untreated Spruce Sulfite Pulp.

The TIC for an untreated spruce sulfite pulp is given in Figure 5.4 and the identities of the
pyrolyzates arc listed in Table 5.2. The dominant peaks in the pyrogram arc derived from lignin,
11,18,32,44 and 46, The majority of the lignin pyrolyzates were also obscrved in the pyrograms of

the mechanical pulps discussed in the previous chapter. The production of the anhydrosugars,

42,65.73 and 85, is very low and the anhydrosugars of galaclosc are totally absent cven though results
abtained by acid hydrolysis - derivatization / GC indicate a residual presence (approx. 2%) in the
pulp. Furthermore, this TIC is notable for the absence of levoglucosenone. The large peak at 19.45
minutes, of similar retention time to levoglucosenone, has been positively identified as 4-methyl

guaiacol, 18,

The lignin pyrolyzates were identificd using reference EI spectra from the literature

(45.75.96.104-106). Most of the lignin pyrolyzates were also observed in the acid-washed black
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Figure 5.4: Total lon Chromatogram (TIC) of Untreated Noranda Spruce Sulfite Pulp

Obtained by Py-GC-MS(EI).



spruce mechanical pulp (scetion 4.4.1).

5.4.2. Py-GC-MS (EI) of Acid-Washed Spruce Sulfite Pulp

Acid washing significantly alters the TIC of the sulfite-treated pulps (Fig. 5.5). The

pyrogram is now dominated by 19, and levog] . 73. The of
xylose, 42, is also greatly enhanced. On the other hand, most of the carly cluting pyrolyzates
observed in the TIC of the unireated pulp, 4-26, arc cither absent or greatly reduced in size. Two
carbohydrates pyrolyzates, 23 and 49, are unique to the TIC of the acid-washed pulp and may

possibly be pyranoncs,

Furthermore, the lignin pyrolyzte profile is completely chinged. Most of the lignin
pyrolyzates observed in Figure 5.4, 11,18.25,33,35,38,44,56.57.76 and 80 arc abscnt from this trace.

‘The remaining i lignin of signil are cither aldehydes, such as vanillin,

46, and homovanillin, 53, or kelones, such as guaiacyl acclone, 63.

Thice new and unusual lignin pyrolyzates, 58, 72 and 88, were observed in this TIC. Their
molecular weights are considered (0 be 192 aum.u. and their mass spectra are very similar (Fig. 5.6).
Faix et al. (105) observed two peaks of the same molecular weight in the pyrogram of milled wood
lignin from a hardwood. However. neither their spectra nor their retention times, relative to vanillin
on a similar column, correspond with those of the pyrolyzates observed in this sulfite pulp. Duc to

the similarity of their spectra, it is probable that these pyrolyzates arc isomeric.

ing the structures of the other lignin pyrolyzates, the most likely empirical formula
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Figure 5.5: Total Ion Chromatogram (TIC) of Acid-Washed Noranda Spruce Sulfile Pulp

Obtained by Py-GC-MS(EI.



‘Table 5.2: Identificution of the Pyrolyzates in the Sulfite Pulp TIC's.

-88-

Peik Mass | Origin
No.
1| @i)-Furn-3-onc 84 P
3 2-Furaldchyde 96 P
4 2,3-Dihydro-5-methylfuran-2-one 98 P
5 | 5-Methyl-2-furaldehyde (+ unknown) 110 P
7 | 3-lydroxy-2-methyl-2-cyclopenten-1-one 112 P
8 | 4-Hydroxy-5.6-dihydro-(2H)-pyran-2-onc 14 P
9 | 2-Hydroxy-3-methyl-2-cyclopenten-1-onc + Unknown 12 P
1] Guaiacol 124 L
12 2-Fucoie ucid methyl ester 126 P
14| 3-Hydroxy-2-methyl-(4H)-pyran-4-onc 126 P
16| 5-Hydroxymethyl-2-ctrahydrofuraldehyde (1) 144 P
17 2-(propan-2-one) tetrahydrofuran 128 P
18 | Guaiacol, 4-methyl 138 L
19 Levoglucosenone 126 ' 4
20 Methylformyl-(41)-pyran-4-onc 133 P
21| 3.5-Dihydroxy-2-methyl-(4H)-pyran-d-onc 142 P
22 | Unknown 9 P
23 | Unknown (possible pyranonc) 126 P
25 Guaiacol, 4-cthyl 152 L
26 [ 14-3.6-Dianhydro-ee-D-glucopyranose 144 P
28 Unknown 174 L
29 Unknown 174 L
30 Unknown ? P
R Guaiacol, 4-vinyl 150 L
3 Eugenol 164 L




89-

Table 5.2 (continued):

Peak | Identification Mass Origin
No.

34 | 5-Hydroxymethyl-2-furaldchyde 126 P
35 Cathecol 1o L
38 | Isocugenol 104 I
40 | 1.4-Didcoxy-D-glycero-1-cnapyranos-3-ulose 144 »
42 1.4-anhydroxylopyranose 132 ¥
44 Isocugenol (trans) 164 L
43 Unknown '.' »
46 Vanillin 152 L
47 | 1-(@-t1ydroxy-3-methoxyphenyDpropyne 162 1
48 | 1-(d-Hydroxy-3-methoxyphenyDallene 162 1.
49 | Unknown (possible pyranane) 126 »
51 Unknown ? ”»
53 Homovanillin 166 I
54 | Unknown anhydropentose 132 »
55 Acclovallinone 166 1,
56 Aceloguaiacone 166 &
57 Propiovallinone 180 1.
58 | cuH.0, 192 I
59 Structural Isomer of Coniferaldehyde 178 I
60 | 1,6-Anhydrogatactopyranose 162 »
63 Guaiacyl Acctone 180 1.
64 Structural Isomer of Coniferaldehyde 178 L
65 | 1,6-Anhydromannopyrinose 1062 "
66 Structural Isomer of Coniferyl Alcohol 180 I
68 Unknown 2 1]
69 Guaiacol, vinyl ketone 178 1L
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‘Table 5.2 (continued):

Peak | Identification Mass Origin
No.

70 14-Anhydrogalactopyranose 162 P
72 | C L0, 192 L
73 Levoglucosan 162 P
74 | CHL0, 192 L
70 Dihydroconiferyl alcohol 182 L
7 Coniferyl alcohol (cis) 180 L
80 Unknown 230 ?
81 Unknown ? P
82 Coniferyl alcohol 180 L
83 Coniferaldehyde 178 L
85 1,6-Anhydroglucofuranose 162 o
80 Unknown 2 P
87 Unknown ? i
88 | C1,,0, 192 L

P Polysaceharide Origin,

L: Lignin Origin.

for these unknowns is Cy,H,,0,. The number of rings plus double bonds is 6 for this formula (111).
‘The most informative fragment ions are m/z 163, 109 and 68. The m/z 163 ion is probably formed
by loss 0f 29 a.m.u. from the molecular ion, This could be due to the loss of CHO  or CH. Given
the unsaturation indicated by the molecular formula, the former radical is the likelier candidate,
suggesting the presence of an aldehyde group. The prominence of the m/z 109 fragment ion is also

significant, as this is also the base peak in the spectrum of guaiacol. A sccond fragment ion, m/z 81,

is also present in all spectra, including that of guaiacol. This strongly suggests that the pyrolyzates
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(58) 69[100], 109(92], 192{84], 44501, 97(49], 9646}, 55[42], 43[42], 81(42], 163(30].

(72) 109[100], 68[100], 192(71], 81[501, 55(501, 53(42], 52(421, 43(301, 163(25], 110[25].
(88) 109(1001, 68(591, 192(51], 55(501, 81[42}, 163(30}, 110[30}, 53(301, 78(27], 96125].

CHO
( OlIC~—y
ocH, 0Cly
OH on
(CHO one
OCH, OCity
OH OH

Figure 5.6: The EI Mass Spectral Data and Proposed Structures for the Unknown Lignin

Pyrolyzates 58, 72 and 88.

resemble guaiacol in structure. Finally, the prominent ion at m/z 68 can be explained if all the atoms.
not included in the guaiacol structure are contained in a single sidechain. This ion could be fonned
by fission of the sigma bond 1o the aryl group plus a proton migration. This may also explain the

relatively large ion at m/z 110 found in the spectra of compounds 72 and 88.

Based on this information & number of tentative structures are proposed (Fig. 5.6). If these

structures are correct then there should be another pyrolyzate with a mass spectrum similar to that
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of 58. By cxiracting the m/z 192 mass from the TIC a fourth peak, 74, was obscrved at 34.87

minules. Though it's mass spectrum was heavily contaminated with that of levoglucosan, it is similar
to that of 58. ‘This peak was originally overlooked duc 1o its small size and its position at the end

of the downslope of the very large lovoglucosan peak.

‘The formation of these proposed pyrolyzates is difficult to explain due to the length of the
4-carbon alkyl chain.  Lignin is mostly composed of phenyl propanoid groups and it is difficult to
see how these proposed pyrolyzaics could be formed from them, especially using conventional lignin

pyrolytic mechanisms. However, as these structures are only tentative suggestions at this stage, any

proposals 1o their formation would be purely speculative. On the other hand, their mass spectra
show little evidence for allemative structures. For example, there is no evidence (o suggest the

presence ol a bicyclic structure in any of the mass spectra, nor is it likely that there is a fourth side-

chain

ached to the phenyl ring,

-MS (ED) of Fe*'-Exchanged Spruce Sulfite Pulp

The TIC of the Fe*-exchanged pulp (Fig. 5.7) is quitc similar in most respects (o that of the
acid-washed spruce mechanical pulp discussed in scction 43.1. Levoglucosan, 73, is the

dominant peak and the other anhydros . including those of galactose, 60 and 70, are quite

prominent, 1.4-Anhydroarabinopyranose was not obscrved and its absence in the pulp was confimied

by acid hydrolysis ivatization/GC. Finally, although present in this pyrogram,

is greatly reduced in size.

The lignin pyrolyzates arc the same as those observed in the pyrogram of the untreated pulp.
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However, in most cases (licir abundances have been lowered quite considerably.  The same
phenomenon was observed during the study discussed in seetion 5.2 for those pulps exchanged with
other transition metal ions. In contrast, the samples cxchanged with potassium and calcium ions
yiclded greater quantitics of lignin prolyzates. This particular sulfite pulp (Noranda 231090) was
manulactured using a sodium bisulfite solution and therefore the counter cation in the untreated pulp
is almost cxclusively sodium. The pyrogram of (he untreated pulp would be expected 1o he very

similar to that of the potassium-cxchanged pulp, and in fact it is.
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Figure 5.7: Total lon Cl (T1C) for Fe*- Noranda Spruce Sulfitc Pulp

Obtained by Py-GC-MS(ED).



CHAPTER 6: QUANTITATIVE ANALYSIS OF SACCHARIDES IN WOOD PULPS

BY PY-GC

6.1. Introduction

Traditional methods for the quantitative analysis of neutrl saccharides in complex

biomaterials such as wood pulps are difficult. time-consuming, and expensive. There is a clear need

for a faster and cheaper altemative. The results discussed so far have indicated that Py-GC could

T ially be used as a quantil method. 1t is fast, ible and relatively simple. Only one
attempt has been made to quantify the saccharide composition of wood pulps by Py-GC-MS(EL) (96).
However, while it was stated that good correlation was found between the relative peak intensities
of the anhydrosugars and the results obtained by acid hydrolysis, in many instances the anhydrosugar
peaks were barely above background and were only pantially resolved from neighbouring peaks (96).
Morcover, no dircct comparison could be made between (he anhydrosugar yiclds of different pulp
specics. This was due partly 1o their differing chemical compositions and panly 1o the variation in

their inorganic ion content.

A scrics of studics were perfonmed in order 1o assess (he potential of Py-GC for use as a
quantitative tool for wood pulp saccharide analysis. in cach case the oplimum pretreatment
procedures were used.  Samples were deashed as described in section 2.4.2 and the acidity of the
suspensions were adjusted o pH 1 as described in section 2.4.3. This was done in order to ensure
the maximum possible yiclds of anhydrosugars and so that all samples could be direcily compared

with one another. Flame jonisation and ma

spectrometry are equally sensitive for the detection of
anhydrosugars. However, a flume ionisation delector is many times less expensive han a mass

spectrometer, and would therefore be more widely used. For this reason it was decided 1o use an FID
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detector in the following investigations.

Two different methods were used 1o quaniify the sccharide content of the pulps. In the
initial study, the glucose and xylosc conlents of a number of pulps were determined by comparing
their anhydrosugar yields with thosc of isolated polysaccharides (cxiemal standard method). In the
second and third investigations, onc of the pulps was used as a comparative slandard. The Py-GC
results were then compared with the saccharide analysis obtained by normal acid hydrolysis /

derivatization - GC as described in sections 2.2 and 2.3,

In all cases the Pyroprobe®, modified as discussed in section 2.5.2, was used. However, by

way of comparison, the second study was repeated using the Pyrojector®.

6.2. Quantification of Glucose and Xylose in a Number of Wood Pulps by an External
Standard Method

6.2.1. Oplimization of the Pyrolysis Conditions

In the previous chapiers much emphasis was placed on the importance of sample
pretreatment. However, il is also important to fully control the pyrolysis process itself, in order to
cnsure the maximum possible reproducibility between runs, It has been reported  that wood
polysaccharides begin (0 pyrolyze at different temperatures (92), This same phenomenon was

observed during the of the isolated discussed in clapter 3.

Acid-washed black spruce mechanical pulp was used as the standard to oplimize the pyrolysis

comditions. The pulp was pyrolyzed at various temperatures using the Pyroprobe® in order (o find
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Figure 6.1: The Effect of Pyrolysis Temperature on the Anhydrosugar Yields for Glucose

(o) and Xylose (v) from Acid-Washed Black Spruce Mechanical Pulp,

the optimum pyrolysis temperature.  Figure 6.1 plots the peak area per microgram  for

(AX) andl the anh (AG) obtained at each temperature setting

used. The optimum for maxi production is

500°C and that for 14-anhydroxylopyranose lies closer to 450°C. It was decided to use

500°C as the pyrolysis temperature: for future quantitative analysis because anhydroglucose
Y!

production drops off quickly at lower and 1,4-anhy: yield is

only slightly less than at the maximum.

Normally, each set of runs was performed using the same pyrolysis tube in order to

g the i possible ibility. As Table 6.1 illustrates (samples 1,2 and
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Table 6.1: Optimization of Pyrolysis Parameters.

Sample | Tube Wall Sample Temp. % Int. % Int. % Int.
No. 0.D. Thickness Site Ramp Glucose' Xylosc! Mannose'

(mm) (mm) (73485) (42) (65)

1 2.50 046 Centre None 100 100 100

2 2.39 0.54 Cenlre Nonc 84.6 86.1 84.4

3 2.48 0.56 Centre None 85.2 852 89.5

4 2.50 0.46 Centre 5°C/ms 919 n2 88.2

5 2.50 0.46 Centre 1°C/ms 504 7.8 82.7

[ 2.50 0.46 End None 859 108.1 106.8

' Peak arca per pg of sample relative (o sample 1. Average of triplicate analysis.

3), lhe cffect of using quartz fubes with differing diameters and wall thickness on pyrolysis is
pronounced. The thicker walled tubes clearly have a detrimental cffect on the production of all
anhydrosugar products, This miy well be due to the higher heat capacity of the thicker walls. The
more heat the walls absorb, the longer the temperature risc time within the sample, and the greater
the possibilly of aliemate pyrolysis pathways been laken. It is also probable that the outer diameter
of the quartz tbe is important, The tube used in sumple 1 was the widest that would fit within the
platinum coil and it is probable, in this case, that heat transfer during pyrolysis is less hampered by
gas flow between the coil and the lube’s outer surface. Unfortunately, it was found that no two tubes
taken from (he same batch had the same wall thickness and outer diameter. This is due to the
mellhod of manufacture, Larger quartz fubes arc "drawn” to the required diameter by weighting one
end and hicating the wbe until soft. A large variaton in wall thickness and outer diameter would
therefore be expected along the length of the drawn tube, For this reason the same tube was used

for cach sct of samples in the following studies.
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“Table 6.1 also includes the results of rmping the pyrolysis temperature (samples 4 and 5).

In both cases all anhydrosugar yiclds arc lower than for sample 1 (ramp off) which has a temperature

rise of i 50°C/ms to S0°'C i peed of this i the
anhydroglucoses exhibit the grealest sensitivity to temperature ramp rate. It is believed that the
slower increase in sample temperature would permit the occurence of the low temperature charring
reactions discussed by Shafizadeh (71). The hemicelluloses are less affected because they begin 1o
pyrolyze at lower temperatures. In the following quantitative studies, samples were pymlyzed in the

“ramp off" mode.

Sample 6 in Tuble 6.1 illustrates the effect of analyte positioning within the pyrolysis lube.

is also the centre of (he

By moving the pulp sample away from the centre of the tube (whi
platinum coil) the anhydrosugars for xylose and mannose increase in intensity by approximalely
similar magnitudes. suggesting that the lower pyrolysis femperatures experienced at the end of the
tbe are more suitable for the pyrolysis of the hemicelluloses, However, the yield for the
anhydroglucoses is lowered. In addition, the cocfTicient of variation (C.V.) in peak arca increases

[ il 15% for the whercas the C.V. for all anhydrosugars in samples

110 3 and for 1.4 and 1.6 in sample 6 is typically
around 2%. This phenomenon most probably occurs for the same reasons discussed in the previous
paragraph. Becausc of this large increasc in variation, care was taken (o position the analyte in the

centre of the tube.

Finally, the lincar dynamic range was measured for | d-anhydroxylopyranose and for the

from acid-washed black spruce pulp (Fig. 6.2a,b). Good lincarity was

obtained for both from 36 1o 123 pg of pulp sample. Anhydrosugar yields began to drop off at



%

2)

i

_ .

jm

§|5 °

i

s

B
e

B e ]
o 0 100 150 200 250 w0 0
‘Sample Weight (g)

Figure 6.2: Lincar Dynamic Range Curves for Anhydrosugar Production for Acid-Washed
Black Spruce Mechanical Pulp, (a) Anhydroglucoses and (b) 1.4-

Anhydmxylopyrinose.
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around 182 pg. At the largest sample weight pymolyzed (302 pg) the pyrolysis lube was well packed
wilh sample which could have partially restricted the low of carrier gas through the tube. It would
have also crealed large lemperature gradients wilhin the bulk of the sample during pymolysis. This
may be the case with the 182 pg sample also.  Very small ssamples (< 30 pg) were also a problem
because it proved difficult to properly intwduce such samiples into the pyrolysis ube and then weigh
them accuniely using the microbalance. For these reasons it was decided to keep the sample weight

beween 100and 150 pg for fulure quantitative anlysis.

622, Quantification of Glucose and Xylose

Inthe initial igation it ided (o use Avicel microer
(MC) and xylan from oal spelis as extemal standarls for the following reasons. Both are relatively
simple and pure polysaccharides whose structure and saccharide composition have been well
characterised. In addition, their similarity 1o the coresponding polyssccharides found in the pulps
under investigation makes them cffective substilules.  Morcover, there was no pure 1 4-
anhydroxylopyranose available for use as a standanl. Finally, because no solvent is involved in the

method, consccutive muns are very reproducible.

Standard curves were preparcd for the anhydmglucoses from ashless Avicel MCand for 14-
anhydroxylopyranose from the deionised xylan (Fig. 6.3ab). In both cases the X-axis scale is
calibrated (o display the weight of the saccharide in question as measured by acid hydrolysis-
derivatization/GC and not the (otal weight of the sample (i.c.,98% glucose in MC and 79.8% xylose
in xylan). The trace for the anhydroglucoses was lincar over the range lested whereas the (race for

14-anhydmxylopyranose began 1o platcau after 133 pg.  This was possibly duc to the fact that the
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Anhydroglucoses (73 + 85) from Avicel Microcrystalline Cellulose and (b) 1,4-
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-103-

xylan tends to melt during pyrolysis.

For quantitative comparison, pulp samples (100-150 pg) were pyrolyzed in triplicate under
identical conditions. Their glucose and xylose contents were caleulated using the equation of the line

of best fit for the lincar portion of cach standard curve and

isted in Table 6.2, together with the
results obtained by the acid hydrolysis - derivatization / GC (A.IL) procedure deseribed in sections

22and 2.3.

1t can be seen that there is reasonably good correlation between the AL ad Py-GC nesults
in most cases.  Aspen sieam-cxplosion pulp which contained sulfite in its pulping process is the

exceplion. The glucose and xylose content as measured by Py-GC are

nificantly lower than the
results oblained by acid hydrolysis. An explanation for this observation has already been offered in
section 5.0. Both birch mechanical and Alecll® pulps cxhibit higher than expecied xylose
compositions when measured by Py-GC. The reason for this was not obvious at first. However,
subscquent Py-GC-MS analysis indicated that 1 4-anhydroxylopyranose co-clules with 4-O-meiiyl
syringol, a lignin pyrolyzale not formed by softwoods such as black spruce. It was found that the
two peaks could be resolved by using a nomal bore DB-1701 capillary column. This column was

used in the third, and more extensive, investigation reported in this chapler.

Finally, an important conclusion can be drawn from this study. The constituents of wood
pulp are intimately associated wilh one another forming a complex analyte, However, given the
proper sample pretreatment, the yiclds of the anhydrosugars invesligated here are identical 1o those
obtained from matrix-free, isolated polysaccharides. This strongly suggests that the polymers are

pyrolyzing independently of one another. This is quite remarkable considering the complexity of the
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Table 6.2: Percentage Glucose and Xylose Composition of Acid-Washed Pulps as Determined

by Acid Hydroly:

(A.H.) und Pyrolysi

- Gas Chromatography (Py).

Sample %Gle. | %Gk | cv? | %Xyl | %Xyl | CVI || %A
(AH) | (Py (AH) | (Py?

Microcryst 98.0 980 14 - - 00
Cellulose
Xylan from Oat 14.8 - .8 79.8 19 009
Spelts
Black Spruce - 50.5 514 22 113 12.0 18 005
Mechanical
Blick Spruce - 9.2 898 15 43 6.0 32 033
Kraft
Birch - 46.3 456 31 158 21.7 17 004
Mechanical
Birch - 84.1 852 Ll 123 17.8 09 0.16
Aleell
Aspen - Steam 57.8 293 97 9,61 5] 44 0.5
Explosion

! Caleutated
Avicel mi

hery:

2 Coefficient of vari

jation of triplicate Py-GC analyscs.

s the peak arcas of the anhydroglucoses per pg of sample relative (0 that for
alline cellulose.

% Calculated as the peak arca of 1.4-Anhydroxylopyranose per pg of sample relative to that for
deionised xylan fron oat spells.

samples and the highly energetic conditions they expericnce when pyrolyzed.

6.3. Quantitative An:

using a Standardized Sulfite Pulp

e when acid-

The prob

of the Major Saccharides in Fe'-Exchanged, Sulfite-Treated Pulps

pulps were pyrolyzed have already been

discussed (section 5.0). The initial quantitative study clearly indicated that an aliemative method of
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sumple ion and quantification of sulfite-reated pulps was required, By incorporating Fe®*

ions into the pulp the anhydrosugar yiclds were increased and levoglucosenone was greatly reduced
(section 5.1). Morcover, Py-GC-MS (El) analysis revealed that adl the major pyrolyzates were the

same as those produced by the mechanical pulps. Therefore it was decided to attempt 0 quantify

he saccharide content of Fe?*-exchanged pulps, T addition 1o the steam-cxploded pulp,

series of

high yicld sulfite pulps were obtaincd from Nornda. Only glucose, xylose and mannose were

quantificd. In almos! every case, acid hydrolysis revealed that galactose and

from the pulps under investigation.

Initially, saccharide quantification wi

tempted by using isc

standards in the same manner as described in the previous seclion.  However, this was found 1o he

unsuitable as the caleulaicd percontages for the saceharides were still low when compared with e

acid hydrolysis resull

Further work with Hite pulps hat yields

were lowered by exchanging (he pulp with a metal of any kind.

An alicrnative approach is 1o use a well characierised, Fe**-exchanged sulfile pulp as a

standard, The succharide composition of all pulp samples under investigation was detennined using

- derivatization method, and therefore reliable d;

le for

a classical acid hydrolysis were ava
comparison. Furthermore, because a pulp of similar chemical composition and matrix was used as

standard, any problems or characteristics unigue to the pyrolysis of these pulps would be normalised.

6.3.1. Quantification using the Pyroprohe®

The Py-GC results tabulaied in Table 6.3 were obtained by using the first Nora fite
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pulp (N.S.P. 231090) as the comparative standard. The data obtained in this manner corrclatcd
reasonably well with those obtained by acid hydrolysis. All samples were analyzed in triplicate and
il can be seen that the reproducibilty is quite good in most cases. The Py-GC value for the glucose

content for aspen sieam-cxplosion pulp is slightly higher than expected with respect to the acid

hydrolysis results. This could not be attribulable to error in pyrolysis as the variation between the
triplicate runs is low (C.V. is 2.3%). The crror may actually be in the acid hydrolysis results. Of

interest here also is the fact that in one case, aspen steam-cxplosion pulp, mannose was not detected

by acid hydrolysis while Py-GC mcasured it at 1.3%.
Table 6.3 also includes (he results of the inorganic analyses carricd out on the pulps. 1t can
be seen that the clemental sullur content, as determined by XRF (scction 2.8.3), varies between the

pulps. The iron content, as determined by atomic absorbtion spectroscopy (section 2.8.2), follows

this tren . suggesting a direet relationship between the sulfonic acid content and the quantity of

iron exchanged into the pulp. More importantly, the results obtained by Py-GC do not scem to be

affected by the variation in the sulfur and iron contents.

By way of comp

on, @ non-sulfite pulp (Noranda kraft pulp) was preparcd and pyrolyzed
in the same manner as the sulfite pulps. The Py-GC results (Table 6.3) for glucose and mannose do

nat correlate well with those obtained by acid hydrolysis. In contrast, the results obtained for xylose

by both methods are comp; . This may be duc 1o the fact that wood xylans contain exchange

(i.e. uroni

Is). Other non-sulfite pulps, both high and low yicld, behave in this manner also.

Itis probable that the differences in matrix composition (i.c, the lack of sulfonic acid groups in the

Tignin) can account for this difference.



TABLE 63 : Percents, [ ", Pulps as by Acld
GC (A1) ) and Pyrolysis-Gas Chromatography (Py)-
Pulp Sample Glucose Xylose Mannose % % %
s | ash | Fe
AH. | By |cvi| an | B |cvi| AH | B | CV2
% | %) | @) | (% | (%) | ®B) | (B | (B | (%)
N.S.P. 59.0 59.0 04 35 as 19 122 122 0.7 1.8 1.0 07
(# 231090)
N.S.P. 559 523 15 37 36 69 109 94 27 12 09 06
(# 25907)
.S.P. 537 | s19 | 01 | 33 | 25 | 123 | 124 | 92 [ 28 | 36 14 | 14
(# 25910)
N.S.P. 58.1 557 18 26 18 36 6.1 62 0.7 4.1 16 15
(# 25912)
N.S.P. 530 502 34 36 34 15 93 96 40 1.9 11 09
(# 25936)
Aspen-Steam | 569 | 616 [ 23 | 81 | 71 15 | oo [ 13 | 33 | 15 [ 11| 09
Exploded Pulp
Noranda 854 | 960 | 24 | w8 | 132 | 57 | 14 | 06 [ 156 | 03 | 08 [ 02
Kraft Pulp

% % Glucose, xylm and mannose as determined

by Py-GC, are calculated using the areas of peaks 73 + 85 (anhydroglucoses), 42
relative to sample N.S.P. # 231090.

% Coefficient of variation of triplicate Py-GC analyses.

-L01-
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6.3.2. Guantification using the Pyrojector®

For comparative purposes, the same experiment was repeated using the Pyrojector®. The
conditions used in the previous investigation were repeated as closely as possible here. The pulp
samples were introduced into the microfurnace using the wide-bore syringe as described in section

2.5.2. The resulls obtained are given in Table 6.4.

The correlation between the acid hydrolysis and Py-GC results for the three saccharides is

s. In addition, the larger coellicients of variation for the triplicate analyses indicate

Poor in many cas
that pyrolysis with this pyrolyzer is not as reproducible as with the Pyroprobe®. Great care was taken
to ensure that sample introduction was repeated exactly the same way cach time. Furthermore, tests
with microcrystalline cellulose prove that it is possible to carry out a reproducible pyrolysis with this

instrument (Fig. 64).

When a sample is introduced into the microfurmace it falls through the heated zone and comes

10 rest on the quanz wool plug (Fig. 2.2). During its descenl it is exposed 1o a temperalure gradient

as the carrier gas is gradually heated by the fumace oven, Wood pulps contain hemicellulose and

lignin that may begin to pyrolyze during the descent. If this is the case, then it is probably

impossible (0 guaranice reproducible pyrolysis conditions. On the other hand, microcrystalline
cellulose (MC) begins to pyrolyzc at a higher temperature than most other polysaccharides and

probably resists degradation during descent.  Furthermore, the pulp samples are light and bulky by

comparison with MC and their ee down the narrow guartz tube may be slowed by contact with

the walls, especially if the sample becomes ta

ky from the melting of the hemicellulose

palymers. This would affect the temperature at which pyrolysis occurs and the temperature rise time
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Table 6.4: Percentag ide C ition of Fo™'-E» Pulps Obtained using the
Pyrojector®,
Pulp Glucose Xylose Mannose
AH. 1% cv2 AH. Py' cv: AH. Py cv?
% % % % % %
N.S.P. 59.0 | 590 | 9.8 35 35 284 | 122 | 122 | 30
(23/10/90)
NS.P. 530 | 514 | 17 3.6 5.5 84 | 93 9.4 o.1
(25936)
N.S.P. 58.1 ] 389 | 30.2 | 26 | 82 1365 | 6.1 82 | 10.8
(25912)
N.S.P. 537 | 529 | 44 33 3.0 2.0 | 124 9.0 9.0
(25910)
N.S.P. 559 | 428 [ 13.6 | 37 32 0.5 10.9 87 4.9
(25907)
Aspen-Steam | 56.9 | 65.1 53 B.1 35 10.4 ND L6 8.2
Exploded
Noranda Kraft | 854 | 77.1 1.1 | 148 | 103 | 139 1.4 0.s 28.1
Pulp

: % glucose, xylose and mannose as dclcnmncd by Py-GC, are calculated using the arcas
of peaks 73 + 85 a2 and 65
relative to sample N.S.P. # 231090.

: coefficient of variation of triplicatc Py-GC analyses.
within the sample itself.
Unfortunately, it appears that the microfurnace-type pyrolyzer is unable o meet the

demands put on it by this kind of analysis. The Pyrojector” was designed as a simple and
P ¥ ! P

easy to use pyrolyzer and qualitatively it matches the Pyroprobe”. However, the latter
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Figure 6.4: Sample Weight versus Anhydroglucose Peak Area (73 + 85) for Avicel

Microcrystailine Cellulose using the Pyrojector®.

instrument is more suitable for quantitative analyses because of the greater degree of control

it offers over the pyrolysis process.

6.4. Quantitative Analysis of All Neutral Saccharides in the Acid-Washed, Non-Sulfite

Pulps using a Standardized Pulp.

In the first quantitative study, the glucose and xylose contents of a number of acid-

washed pulps were ined using isolated p ides as external standards. Though

the results were encouraging, the procedure was very slow. Each pyrolysis run took
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approximately 40 minutes and the preparation of the standard curves alone was a full day’s
work. However, in the investigation of the Fe*-exchanged sulfite pulps it was demonstrated
that one of the pulps could be successfully used as a comparative standard. In addition to
the advantages discussed at that time, this approach accelerated the speed of analysis because
it eliminated the need for standard calibration curves. Moreover, all the major saccharides

present in the pulps were quantified simultaneously.

It was decided to use this approach in this study also. Black spruce mechanical pulp

was chosen as the comparative standard because it contained

sonable quantities of all the
saccharides to be assayed. Samples were prepared and pyrolyzed in the same manner as
described in section 6.1.1. However, in this instance a normal bore DB-1701 column was
used in order to resolve 1,4-anhydroxylopyranose and 4-O-methyl syringol in the birch

mechanical pulp pyrogram. The results are tabulated in Table 6.5. Galactose was

solely as 1,6- because the other anhydrogalactoses were
ydrogal

often undetectable.

By and large the Py-GC results compare well with those obtained by acid hydrolysis.
‘The one exception is the result for xylose in birch mechanical pulp. It is significantly lower

than than the acid hydrolysis result, which is considered to be a reasonable value for a

hardwood mechanical pulp such as Furthermore, the discrepancy cannot be attributed
to irreproducible pyrolysis runs as the C.V. is only 1.8%. The problem may lic with the

polysaccharide itself. Hardwood xylans can be acetylated at the C2 or C3 positions on the



Table 6.5: The P Ce ition for all th ides in the Acid-Washed Pulps using Acid-Washed Black Spruce

Mechanical Pulp As Standard.

Pulp Glucose Xylose Mannose Galactose Arabinuse
an | oy Jevr | an | |evilan |y [evr | an| o [evr| an ] sy [cv
% | % % | = % | % % | = % | =
Black Spruce | 505 | 505 | 27 | 13 | 113 | 06 | 95 | 95 | 16 | 16 [ 16 | 86 | 10 | 10 | 13
- Mechanical
Black Spruce | 89.2 | 872 | 38 | 43 | 63 15 18 | 23 [ 33 | ND | ND| -~ | ND | ND | -
- Kraft .
Birch - 463 | 484 ) 61 | 158 | 118 ] 18 | 14 18 | 72 | ND | 027 [ 231 | 05 | 03 | 81 E
Mechanical
Birch - Alcell | 84.1 | 856 | 14 | 123 | 102 | 02 | ND | 1.0 | 26 | ND | ND — | ND | <0.1 | 224
Noranda 854 | 861 ( 19 | 148 | 146 | 37 10 14 [195( ND | ND [ — | ND [ ND | -
Kraft Pulp

' % Glucose, xylose and mannose as determined by Py-GC, are ulculaled using the areas of peaks 73 + 85 (anhydm;\ucom), 2
60 relative to acid- d black spruce

mechanical pulp.
2 Coefficient of variation of triplicate Py-GC analyses.

N.D.: Not Detected.
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Table 6.6: The Percentage Xylose in the Acid-Washed Pulps determined by the method of

Kicen ct al. (96).

Pulp % Xylose % Xylose cv?
AH. PY'

Black Spruce - 1.3 1.3 0.4
Mechanical
Black Spruce - 43 6.1 LS
Kraft
Birch - 15.8 149 2.5
Mcchanical
Birch - Alcell 123 14.3 13
Noranda Kraft 15.1 14.4 33
Pulp

' Determined afier summing the arcas of peaks 8 + 42; relative 1o acid-washed black spruce

mechanical pulp.

% Coefficient of variation of triplicate Py-GC analyscs.

xylopyranose units whereas softwood xylans are not. If the acetyl groups prevent the xylose units

to which they are attached from forming the then the yield of 1.4 I
would be lower than expected. This restriction is not present when samples are analyzed by acid
hydrolysis. This phenomenon is not as pronounced with the Aleell™ birch pulp as most of the

ndant acetyl groups are removed during the Aleell® pulping process (112).
e & p

In their investigation, Kleen el al. (96) determined the relative intensity of xylose in wood

pulps after summing the peak intensitics of 1.4 42, and 4-hydroxy-5,6-dibyd

(2H)-pyran-2-onc, 8, a known xylosc marker. ‘The intensities for the latter pyrolyzate was always

significantly higher for hardwood pulps than for softwoods, This

ne phienomenon was observed

here also. Table 6.6 lists the % xylose results determined after summing the peak arcas of both
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pyrolyzates. There is a marked improvement in the correlation of the Py-GC and acid hydrolysis
results for the two hardwood pulps. The xylose content of the softwood pulps arc not greatly altered
from Table 6.5. Thercfore, it would appear that this is a more suitable approach for xylose

detemination,

Galactose and arabinose are cither absent from the pulps or are present only in small amounts
and so it is not surprising that the reproducibility of their pyrolysis results is poorer than for the other

saccharides. Howcever, at such low concentrations the accuracy of the acid hydrolysis results can also

be challenged, especially considering the sensitivity of arabinose to the aggressive acidic conditions
required o hydrolyze the wood polysaccharides. Furthermore, small amounts of galactose and

arabinose were detected by Py-GC in two of the pulps even though they were not obscrved by acid

hydrolys



CHAPTER 7: CONCLUSION

The objective of this investigation was to assess the ability of on-line pyrolysis - gas
chromatography (mass spectrometry). Py-GC (MS). 1o characterize and to quantify the neutral
saccharide composition of wood pulps by the analysis of distinct anhydrsugar products. The initial

studics on oplimizing the ion of from isolated

Forthe glucans i i jinc cellulose and amylose, ash removal and the temperature
of pyrolysis had the greatest effect on the yields of the anhydroglucoses. Furthermore, after proton
exchange the anhydrosugar yicld was almost identical for all glucans, suggesting that neither the

degree of i nor the ic of the glycos

lic linkages had any effect on

formation. A number of were also i and, in each case,

proton exchange was required for optimum anhydrosugar production. Moreover, the best lempera

e

for pyrolysis was significantly lower than that for the glucans. However, the anhydrosugar

rales of the ides were ially lower than those of the glucans. ‘This
may be due in part to the higher thermal instability of some of the anhydrosugars, particularly the

pentoses, and in part to melting of the heteropolysaccharides.

Aticntion was then tumed (o the wood pulps. Here again the yields of anhydrosugars from
all the neutral saccharides in the pulps were greatly increased by lowering the ash content. This was
best achieved by suspending the pulp in 0.1 N HCI solution. In addition, a relationship was observed

‘between ion and the pH of the solution, with maximum yiclds being

obtained at approximately pH 1. 1t was postulated that the presence of trace acid in the pulp prevents
lignin from interfering in the pyrolysis of the wood polysaceharides. Furthermore, from a qualitative
point of vicw, deashing allows dircct comparisons 1o be made between the pulp pyrograms

irrespective of origin, composition and method of pulping.
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However, sulfitc-treated pulps behaved differently from the other pulps. The pyrograms of
the acid-washed sulfitc pulps were dominated by levoglucosenone. It was proposed that acid-washing
protonates sulfonate groups present in the pulp and, during pyrolysis, promotes the in situ formation
of acid. This would cnhance the formation of LGO from cellulose at the expense of the
anhydroglucoses. This cffect can be counteracted by exchanging the pulps’ acidic groups with
cations, cffectively preventing acidic catalysis. The best anhydrosugar yields were obtained for pulps

exchanged with Fe?* or Fe* ions.

e pyrolyzate profiles of a number of pulps were investigaied by Py-GC/MS. Both El and

NH, Clmass ry were used (o igate the acid-washed ical pulps of black spruce

and birch, The major and lignin were fully identified . However,

some difficulty was encountered when attempting 1o identify the smaller pyrolyzates, particularly
those derived from carbohydrates,  Nevertheless, most of the key pyrolyzates were posivitcly

identificd.

The pyrolyzate profiles of a reference sulfite pulp at various stages of pretreatment were also
investigated by Py-GC/MS(EI). The type of lignin and carbohydrate pyrolyzates produced by the
untreated and Fe*-cxchanged pulps were basically the same, though the yiclds of many differed quite
considerably. In contrast, the lignin profile of the acid-washed pulp was quite diffcrent. Many of
the lignin pyrolyzates typical of the other pyrograms were absent and those that were identificd were
cither aldehydes or ketones. In addition, a number of new, isomeric lignin pyrolyzates were observed

and these too are believed 10 be aldehydes.

The ultimate objective of this rescarch was to quantify the saccharide composition of the
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pulps by analytical pyrolysis. Initially, the glucose and xylose content of a number of acid-washed

pulps was determined by Py-GC (-FID) using isolated polysaccharides as extemal standards, By and

large, the results were encouraging and corrclated reasonably well with those obtained by acid

hydrolysis / derivatization - GC. However, this approach did not suit the analysis of acid-washed,
sulfite-treated pulps as their anhydrosugar yiclds were low and irreproducible. This problem was

overcome by analyzing pulps cxchanged with Fe** fons and, for quantitative analy:

using one of

them as a comparative standard.

A final and more extensive study was carricd oul on (he acid-washed, non sulfite-treated

pulps. A narrower bore capillary column was uscd 1o resolve 1 4-anhydroxylopyranose from 4-

methyl syringol in the pyrogram of birch mechanical pulp. Also, black spruce mechanical pulp was
used as a comparative standard for quantitative analysis (as opposed 10 the use of external standards).

Here again the saccharide composition results obtained by Py-GC and by acid hydrolysis /

derivatization - GC corrclated quite well except in the case of xylose for birch mechanical and, to
alesser extent, birch Alcell® pulps. It s believed that the low xylose values for these pulps oblained
by Py-GC arc duc to the fact that hardwood xylans arc heavily acetylated,  However, belter

correlation was obtained if the peak arcas of 14 42, and 4-hydroxy-5,0-

dihydro-(2H)-pyran-2-onc, 8, u known xylose marker, were combined for quanitation,

The above quantitative studics were carried out using the Pyroprobe® fiticd with a platinum

coil. For the major ides, the ibility in was very good (C.V. was usually
5% or better). However, when the second quantitative study was repeated using the Pyrojector®, the

results did not compare well with thosc oblained by acid sis. Ft he

Wwas quite poor in many cases. This was aliribuied to the design of the Pyrojector™ pyrolyzer which
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allowed more variation in the pyrolysis conditions.

However, the Pyroprobe® had a number of flaws, For cxample, it was found that the
dimensions of the pyrolysis tube influenced the anhydrosugar yiclds and, because no two tubes had
the same diameter and wall thickness, it was necessary to use the same one for a sct of analyscs.
Morcover, il was nccessary 1o place the analyte in the same position (the centre of the tube) each time
in order 10 ensure good reproducibility, These problems may prove (o be major obstacles to the
development of a routine or automated quantitative method based on Py-GC. However, it may be
possible to avoid thesc problems by using an altemative pyrolyzer design. For cxample, the Pyrola®
pyrolyzer fitted with detachable platinum boats would climinate the need for quartz tubes and would
allow for casy weighing and manipulation of the samples. In addition, because the heat no longer
has to pass through a quartz barrier before reaching the sample, a fasier and more reproducible

temperature rise would result.

The quantitative studics were carricd out using a flame ionization detector (FID). By and
large this proved (o be a good choice as it has cxcellent sensitivity for the type of compounds
encountered here and because of the long term stability of its signal. However, due to the complexity
of the pyrograms, problems were often encountered when attempting to identify small peaks,

especially | d-anhyd 31, and the 73 and 85. In addition, some

anhydrosugars were not fully resolved from neighbouring pyrolyzates as in the case of I,4-anhydro-

xylopyranose, 42, in the hardwood pulp pyrograms, thus making quantitation difficult.

These problems can be overcome by using a mass spectrometer as a detector, Modem EI

quadrupole mass spectrometers are casily interfaced with capillary GC, and their ion signal is usually
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stable over relatively long periods of time. Furthermore, the sensitivity of EIMS is at least as good
as FID for these type of compounds, especially in ion sclective mode.  Another advantage of using

selected ion itoring is its ability to discrimis between By choosing to monitor

only those ions unique to, or at least most prominent in, the mass spectra of the desired analyte, the
chromatogram can be greatly simplified. For cxample. Figure 7.1 contains the extracted fon
chromatogram (EIC) for the ion m/z 57 for acid-washed black spruce mechanical pulp. When
compared to the TIC (Fig. 4.10), this EIC is simpler and clcarer. and this despite the n/z of the

cxtracted  ion. The anhydrosugars arc the only prominent peaks and cven [4-

31 s clearly i

This study has shown that, under the right conditions, analytical pyrolysis can be used as an
allemative method for the qualitative and quantitative analysis of the ncutral saccharides in wood

pulps. Typically, it takes two to three days to carry out the acid hydrolysis / derivatization - GC
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Figure 7.1: Extracted lon Ch (m/z 57) for Acid-Washed Black Spruce

Pulp.
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method described in sections 2.2.2 and 2.3. Furthermore, the method is laborious and difficult. By
comparison, a pulp can be pretreated (i.c., deashed, pH adjusted and oven-dried) and pyrolyzed in
a single working day. In addition, cach siep in the pretreatment is simple to carry out. Finally, if

an FID detector is used, the only additional capital costs would be the pyrolyzer itsel.

The advantages of using analytical pyrolysis as a fast and simple screening method for a wide

range of biomaterials are now appreciated. It is hoped that in the near future analytical pyrolysis will

reach its full potential both as a qualitative and quantitative tool for the analysis of polysaccharides,

ligning and other biopolymers.
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